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One of the great mysteries surrounding active galactic nuclei (AGN) is their

triggering mechanism. Since the discovery that almost all massive galaxies host

nuclear supermassive black holes, it has become clear that a trigger mechanism is

required to turn on and continue to fuel the central black hole. While it is established

that accretion processes are responsible for the energy emitted, the source of the

accreting material is still controversial. Furthermore, the energy input from phases

of black hole growth is thought to be a key regulator in the formation of galaxies

and the establishment of various scaling relations. Theorists often invoke galaxy

mergers as the violent mechanism to drive gas into the central regions and ignite

luminous quasars, but among more common moderate luminosity AGN, there has

been great controversy whether secular processes or mergers dominate AGN fueling.

A survey in the ultra hard X-ray band (14–195 keV) is an important new way

to answer the fundamental question of AGN fueling. This method is independent

of selection effects such as dust extinction and obscuration that plague surveys at

other wavelengths because of the ability of the primary continuum to easily pass

through large columns of obscuring gas and dust (<1024 cm−2).

In this PhD, we have assembled the largest sample of ultra hard X-ray selected

AGN with host galaxy optical data to date, with 185 nearby (z<0.05), moderate

luminosity AGN from the Swift BAT sample. We find that these AGN show



much higher rates of both mergers and massive spirals suggesting both mergers and

accretion of cold gas in late type systems are important in AGN fueling. We also find

that the most common AGN survey technique, optical line diagnostics, is heavily

biased against finding AGN in mergers or spirals. Finally, in agreement with the

merger driven AGN link, we find that dual AGN systems may be more common

than current observation suggest since some of them are only detected using high

spatial resolution, hard X-ray (>2 keV) imaging.



THE HOST GALAXIES OF

ULTRA HARD X-RAY SELECTED AGN

by

Michael J. Koss

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland at College Park in partial fulfillment

of the requirements for the degree of
Doctor of Philosophy

2011

Advisory Committee:

Professor Richard F. Mushotzky, Advisor, Chair
Professor Sylvain Veilleux
Professor Chris Reynolds
Dr. Jack Tueller
Professor Greg Sullivan, Deans Representative



c© Michael J. Koss 2011



Preface

Other than the first chapter which serves as an introduction and largely draws on

work in the literature, most of the research described in this work have been pub-

lished elsewhere or presented at professional conferences. A summary of work was

given in a thesis talk at the 2011 Winter American Astronomical Society Meeting in

Seattle, Washington entitled AGN Triggering: New Results From The Swift Sample

Of Hard X-ray Selected AGN.

Chapter 2 has been accepted for publication in an upcoming issue of the Astro-

physical Journal as the Host Galaxy Properties of the Swift BAT Ultra Hard X-ray

Selected AGN. Parts of this chapter were also published as a conference proceedings

in X-ray Astronomy 2009, Present Status, Multi-Wavelength Approach And Future

Perspective 2009 in Bologna, Italy. Finally, material in this chapter was given as

a poster presentation in the 2009 and 2010 Winter American Astronomical Society

Meeting.

Chapter 3 was published in the June 2010 issue of Astrophysical Journal Letters

as Merging and Clustering of the Swift BAT AGN Sample (Koss et al. 2010). Part

of this chapter was also given as a poster presentation at the 2010 High Energy

Astrophysics Division Conference in Kona, Hawaii in 2010. This work was featured

as a NASA press conference as Swift Survey Finds ’Smoking Gun’ of Black Hole

Activation, an astronomy picture of the day, and received coverage online in CBS
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news and Fox.

Chapter 4 was published in Astrophysical Journal Letters as Chandra Discovery

of a Binary Active Galactic Nucleus in Mrk 739 (Koss et al. 2011). This work was

also featured as a NASA press release and featured online in U.S. News & World

Report, Popular Science, and MSNBC.
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In loving memory of my father, John Koss. Dad, I am sorry you didn’t

get to see the end of this, but you remain always in my heart.
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Chapter 1

Introduction

1.1 Motivation

The launch of the Swift satellite a year before I entered graduate school in 2004

provided an exceptional research opportunity. The Burst Alert Telescope (BAT)

instrument on the satellite offered the chance to study nearby sources of ultra

hard X-rays over the entire sky with unprecedented sensitivity. This wavelength

is uniquely useful in the study of Active Galactic Nuclei (AGN) since the ultra hard

X-rays can easily penetrate much of the surrounding dust and gas to directly im-

age the black hole emission and overcome many of the biases in studying AGN at

other wavelengths. The goal of this PhD is to use this ultra hard X-ray survey of

AGN to understand the environmental factors that activate and continue to fuel

AGN, through an understanding of the conditions of the host galaxies in which

they are found. We begin with an introduction to AGN, their survey methods, and

the unified model, as well as the Swift satellite and BAT instrument, and finally

an introduction to optical imaging and spectroscopy, the Sloan Digital Sky Survey

(SDSS), and the sample of host galaxies used in this study.
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1.2 Active Galactic Nuclei

An AGN is a compact region at the center of a galaxy that emits a large amount of

radiation, sometimes producing more energy than the entire rest of the host galaxy.

The study of AGN began with Carl Seyfert recognizing in 1942 that a very small

fraction of galaxies had bright stellar-appearing cores with many high ionization

lines in their spectra. He also noticed lines in optical spectra were much broader

than in normal galaxies.

Galaxies hosting an AGN, called active galaxies, have several unique features

that make them different from normal galaxies. Their AGN emission region is very

compact, and has not been resolved even in the nearest known AGN in the galaxy

NGC 4395. Imaging studies with the Hubble Space Telescopes (HST) show that

the AGN remains unresolved at spatial resolutions of 0.05′′ giving an upper limit

on the size of the emitting region of only ≈1 pc (Filippenko et al. 1993). Active

galaxies also show extra nonthermal radiation in wavelengths outside of the typical

UV, optical, and infrared blackbody radiation generated from stars that dominate

the emission in normal galaxies. They can be observed from radio frequencies of

<100 MHz to extreme gamma rays at frequencies of 1022 Hz. Besides nonthermal

emission, AGN often show expulsion of energy in two oppositely directed beams

called jets.

Because of their tremendous energies, AGN are thought to be powered by grav-

itational accretion onto a central massive source, which is extremely efficient at

turning rest mass into energy (Lynden-Bell 1969). Supermassive black holes with

typical masses of 106 to 1010 M� are thought to be the central source in AGN

since bright nuclear star clusters of the required mass and small size are difficult

to construct and maintain. Studies of nearby galaxies have also shown that nearly

2



all massive galaxies with bulges harbor a supermassive black hole in their center

(Magorrian et al. 1998).

As matter falls into the black hole an accretion disk on a scale of ≈0.01 pc is

expected to form because matter traveling on different orbits typically collide and

mix to form a single disk. In order for matter to fall into the black hole it must lose

its angular momentum through dissipation in the accretion disk. This process gives

rise to intense frictional heating and makes the accretion disk hottest near the black

hole and cooler farther away. The accretion disc of a black hole is hot enough to

emit soft X-rays just outside of the event horizon as well as UV and optical emission

at larger radii in the accretion disk.

For most AGN, the majority of hard X-ray (>2 keV) and gamma ray emission

comes from inverse Compton scattering of the photons emitted by the accretion

disk. In normal Compton scattering, photons scatter off stationary electrons and

lose some energy in the recoil process. In inverse Compton scattering, the energy of

the photons is increased by scattering off relativistic electrons.

1.3 Initial Survey Techniques and

AGN Unification

The study of AGN has historically been complicated by the many ways they are

found. The most basic selection mechanism of AGN, first used by Carl Seyfert, is a

bright central source with a very small point like angular size, that has broad and

strong emission lines (Seyfert 1943). However, this method depends on the contrast

between the host galaxy and the point like nucleus that varies with wavelength and

with the brightness of the host galaxy. Early surveys to find AGN also used radio

techniques (Baade & Minkowski 1954) or irregular galaxy color in imaging (Sandage
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1971).

AGN have been classified as quasars or Seyfert galaxies depending on the lu-

minosity of the AGN. AGN typically have total bolometric luminosities of 1042 all

the way up to 1048 erg s−1. The characteristic luminosity of a field galaxy is ≈1044

erg s−1, so the ratio of the AGN to host galaxy light is between 1% up to 1000

times greater. The most luminous AGN are classified as quasars with bolometric

luminosities typically greater than 1045 erg s−1. In quasars, it is difficult to identify

the host galaxy because of the AGN brightness and because they are more often

found at high redshifts. In Seyfert AGN, such as were originally found in spiral

galaxies by Carl Seyfert, the AGN luminosity does not overwhelm the host galaxy

light. The presence of broad optical emission lines further separates Seyfert type 1

galaxies from Seyfert type 2 galaxies with only narrow permitted and forbidden line

emission.

Optical emission line diagnostics using ground based telescopes is one of the

easiest and most common modern ways to select AGN. In addition to broad emission

lines discussed previously to select Seyfert 1, optical emission line diagnostics identify

narrow line Seyfert 2 galaxies because the hard ionizing continuum from the AGN is

different from star-formation in the host galaxy. The ionizing spectra of all but the

hottest O stars cut off near the He II edge at 54.4 eV (Dopita & Sutherland 1995),

whereas the AGN contains a large fraction of higher energy photons. The traditional

AGN line diagnostics (Baldwin et al. 1981; Veilleux & Osterbrock 1987) and more

modern ones (Kewley et al. 2006) use ratios of high to low energy ionization lines

to separate AGN galaxies from star forming ones. These lines are selected to be

nearby in wavelength to minimize the effects of reddening on the line ratios.

The AGN unified model attempts to explain all types of observed properties of

AGN as only differences in viewing angle (Antonucci 1993). In this model (Fig-

4



ure 1.1), the essential parts of an AGN are a supermassive black hole (SMBH) with

an accretion disk, obscuring torus, and broad and narrow-line region gas. The dusty

or molecular torus is considered to be a region of 1-100 pc around the central SMBH

with extremely high column densities of >1025 cm−2 that absorbs much of the ra-

diation from the central engine and reemits in the infrared. The broad line region

(BLR) is composed of clumpy, high density, high column density gas within ≈1 pc

of the SMBH with typical velocities of ≈3000 km/s. Such high velocities cannot

be due to thermal motions of the ions, but must be from the Doppler motions in

moving gas. The narrow line region gas is composed of lower density and column

gas that extends to much large areas of about kpc scales in AGN. Unlike the BLR,

the narrow line region gas has been resolved spatially.

In the unified model, orientation determines the type of AGN observed. When

the obscuring torus is blocking the line of site, soft X-ray to optical emission from

the accretion disk is absorbed as well as emission from the BLR and only a narrow

line AGN is detected. Even if the line of sight is blocked by the obscuring torus,

some direct ultra hard X-ray emission (>10 keV) may still be visible because of its

high penetration ability as well as the torus re-emission in the infrared. When the

obscuring torus is not in the line of site, a broad line AGN is observed. Thus, type

1 and type 2 Seyferts are thought to be the same objects, but seen from different

orientations (Osterbrock 1978). Support for the unification model has come from

the fact that narrow line AGN have been found to have a BLR in polarized light

that is hidden by obscuration but visible in polarized light (Antonucci & Miller

1985). Finally, sources with beamed radio emission, such as blazars, are thought to

be viewed along a synchrotron-emitting jet component (Blandford & Rees 1978).

While the narrow line region provides a way to observe obscured AGN, one large

problem is the presence of dust in this region. Dust is thought to be destroyed in the
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Figure 1.1: Schematic of AGN unification model from Urry & Padovani (1995).

BLR, but extend throughout the narrow line region. This dust will scatter and and

absorb radiation and can substantially change the level of ionization, complicating

AGN identification. An additional complication is that in some AGN, bursts of

star formation can overwhelm the AGN photoionization signature in the narrow

line region. This is particularly important for the next section since one of the

advantages of using the ultra hard X-rays for surveying AGN is that this wavelength

is not affected by dust and such energetic photons are only emitted in large amounts

from AGN.
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1.4 The Swift Satellite and the BAT Ultra Hard

X-ray Survey

The Swift satellite (Gehrels et al. 2004) was launched into a low-Earth orbit on

a Delta 7320 rocket November 20, 2004. Swift has three co-aligned instruments,

the Burst Alert Telescope (BAT) observing in the ultra hard X-rays, the X-ray

Telescope (XRT), and the Ultraviolet/Optical Telescope (UVOT) (Figure 1.2). Its

three instruments were designed to observe gamma ray bursts (GRBs) and afterglows

in the gamma-ray, X-ray, optical, and ultraviolet wavebands. Its main mission was

to detect GRBs in order to determine their origin, how they evolve with redshift,

and to use them to study the early universe. Because of the very large field of view

(FOV) of the BAT instrument instrument (120◦ × 90◦) the final goal, particularly

important for this thesis, was to perform the most sensitive all sky survey in the

ultra hard X-rays to date.

The Swift BAT followed a long line of instruments developed to study the X-

rays and gamma rays. The study of cosmic X-rays and gamma rays began with

rocket borne X-ray counters (Giacconi et al. 1962) and gamma-rays counter on the

Ranger III lunar probe (Metzger 1964). There were a variety of rocket, balloon, and

space instruments during the subsequent decades, but the High Energy Astronomical

Observatory (HEAO-1), launched 1977 August 12 (Marshall et al. 1980), performed

the most sensitive all sky ultra hard X-ray survey (13-180 keV) before the launch of

Swift. The HEAO-1 instruments covered the entire sky 3 times during its operating

period that went until 1979 January 13.

Because of the difficulty of focusing energetic ultra hard X-rays, Swift BAT uses

a coded aperture mask to detect sources (Figure 1.3). In BAT, the mask contains

54,000 lead tiles that form a unique shadow pattern that can be reconstructed to
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Figure 1.2: The Swift satellite and its three instruments.

determine the positions and fluxes in sources. Making reflecting materials in the

ultra hard X-rays (>10 keV) has been impractical until only recently (see Chapter 5),

since the typical atomic spacings in solids are ≈1 Å, which corresponds to an energy

of ≈10 keV. Thus, traditional soft X-ray mirrors rapidly lose effective reflecting

area above several keV. While BAT has a poor angular resolution of only a few

arcminutes and lower sensitivity compared to instruments using focusing optics,

BAT has a much larger FOV than possible using focusing optics and can image

1/10 of the entire sky.

Since GRBs are distributed throughout the sky, the BAT instrument has ob-

served the entire sky repeatedly since the satellites launch in 2004. As of 22 months,

the BAT survey had identified 461 objects of which 262 are AGN (Figure 1.4) and

had an average survey exposure time for the entire sky of 4 Ms or 47 days (Tueller
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Figure 1.3: The coded aperture mask technique for detecting sources using the

shadow pattern on the detector.

et al. 2010). Because of the large positional error of BAT (≈ 2′), higher angu-

lar resolution X-ray data for every source from Swift-XRT or archival data have

been obtained allowing associations with 97% of BAT sources (Figure 1.5) . At 22

months1, the BAT survey has a sensitivity of approximately 2.2 × 10−11 erg cm−2

s−1. With this sensitivity, the BAT survey is about 10 times more sensitive than the

previous all-sky ultra hard X-ray survey, HEAO-1 (Levine et al. 1984). In addition,

the HEAO-1 survey detected only 85 sources, including only 22 AGN (Remillard

et al. 1993). About 15% of BAT AGN in the 22 month catalog, or 30 of the AGN,

have never before been detected as AGN at other wavelengths.

1http://heasarc.gsfc.nasa.gov/docs/swift/results/bs22mon/
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Figure 1.4: All sky map of ultra hard X-ray sources detected with Swift BAT.

Above the galactic plane the dominant sources are Seyfert AGN.

Figure 1.5: Example of XRT followup of BAT detections to determine the ultra

hard X-ray source. Left: BAT flux map showing a detection of a source. Middle:

XRT followup image of BAT detection in the 2-10 keV range showing a source

within the galaxy NGC 1142. Right: Optical gri image from the SDSS showing

the galaxy NGC 1142. Note the BAT flux image scale is 15 times larger than

XRT or SDSS image.
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Figure 1.6: SDSS gri-color composite image of a galaxy merger in NGC 2445 at

z=0.013 similar to the median redshift of the BAT AGN galaxies. The additional

3 panels on right show simulated images of this galaxy at higher redshifts. The

simulated images were created using the FERENGI software from Barden et al.

(2008) and show HST GEMS F606W–F814W images at z=0.35, z=0.5, and z=1.0

showing the severe effects of surface brightness dimming.

The BAT AGN are very nearby with a median redshift of 0.03 and provide an

excellent opportunity to answer the controversial question of AGN fueling and its

relationship to the host galaxy. Since it has imaged the entire sky it has a large

number of these galaxies to answer these questions. Other X-ray AGN host galaxy

surveys using focusing optics with Chandra or XMM at lower energies of 2-10

keV have been completed such as in the GOODS or COSMOS fields. While these

surveys have much higher sensitivities than Swift BAT at 14-195 keV, they cover

a very small area of the sky and must probe objects at moderate redshift (out

to z≈1) to have a large sample size. More nearby (z<0.05) AGN offer the best

opportunity to study the host in detail since high spatial resolution data are easily

obtainable. In Figure 1.6, we show a simulation of the difficulty of studying the host

galaxies of high redshift AGN in mergers because of the dramatic problem of surface

brightness dimming. Even with the capabilities of HST, this is a major problem for

higher redshift X-ray surveys studying merging galaxies or morphology (z>0.5).

Additionally, studies at high redshift are forced to use rest frame UV images, where

we know much less about the appearance of the normal galaxy population (Abraham

1997).
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Finally, AGN emission in the ultra hard X-ray band has the unique advantage

that it suffers very little from confusion from other sources. In the optical, stellar

light is a major contributor, in the UV, light from young massive stars often domi-

nates, and in the IR, dust reradiation from massive stars dominates, and finally in

the radio, there is emission from HII regions, young supernovae, and other indicators

of rapid star formation (Mushotzky 2004). In addition, these surveys may miss an

important population of obscured narrow line AGN only visible in the ultra hard

X-ray and mid-IR wavelengths (Ueda et al. 2007). While the mid-IR wavelength is

less obscured, this wavelength range is problematic because of confusion with emis-

sion from star formation, sensitivity to the amount of obscuring material, and the

lack of a unique way to select AGN from other luminous IR galaxies (Hickox et al.

2009; Stern et al. 2005). Therefore, the ultra hard X-ray, >15 keV range offers an

important new way to select AGN for a less biased survey.

1.5 The Sloan Digital Sky Survey

Any study of the host galaxies of AGN relies heavily on an understanding of how they

are different from normal galaxies. Since the emission from stars in these galaxies is

predominantly emitted in the optical and NIR, one of the best way to study the host

galaxies in these wavelengths. Until the advent of massive sky surveys, studies of

host galaxies using morphology and color were limited to smaller samples of bright

nearby galaxies in a few filters. In the past decade the Sloan Digital Sky Survey

(SDSS), provided high resolution imaging and spectroscopy, and was used for the

study of the host galaxies of hard X-ray selected AGN and how they are different

from normal galaxies.

The SDSS survey (Abazajian et al. 2003) operated between 2000-2008, and was
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a critical resource in studying the host galaxies of AGN for this PhD. The survey

mapped over 35% of the sky, with photometric observations of ≈500 million objects

and spectra for over 1 million objects. The survey used a 2.5-m wide-angle optical

telescope at Apache Point Observatory in New Mexico. The survey used five filters

(u, g, r, i, and z) covering 3000–10000 Å, roughly the limited UV available from the

ground, all of the optical, and a limited part of the NIR. The SDSS telescope used

the drift scanning technique for imaging which keeps the telescope fixed to avoid

tracking errors and an array of thirty CCDs covering 1.5 square degrees of sky at a

time. The SDSS SkyServer enabled easy public access to both spectra and images,

as well as large catalogs of photometry and morphology, with the final release in

January 2011.

The massive SDSS survey was also capable of recording 640 optical spectra at

once and provided a large database of optical spectroscopy for over 100,000 galax-

ies. This database provided a sample of well matched inactive galaxies to use as

a control sample for comparison to the host galaxies of BAT AGN. Additionally,

a sample of ≈600 emission line selected Seyferts in the same redshift range as the

BAT sample was used to provide a better understanding of how ultra hard X-ray

AGN are different from AGN selected using emission line diagnostics.

In the study of BAT AGN detailed in this PhD, we used a combination of SDSS

data and our own data from the Kitt Peak 2.1m telescope to study the properties of

ultra hard X-ray selected AGN. We used publicly available SDSS imaging comple-

mented with 17 nights of optical imaging data from the Kitt Peak to cover a large

sample of ≈185 BAT AGN in Northern declinations (>-25◦). The Kitt Peak sample

was obtained in February 2008 and November 2008 using the t1ka, t2ka, and t2kb

CCDs. At Kitt Peak, we used the same filters (u, g, r, i, and z) as the SDSS. Each

galaxy was imaged so that a high level of signal-to-noise ratio could be achieved,
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Figure 1.7: Random sample of 18 gri composite images of galaxies in the BAT

AGN sample taken at Kitt Peak. An arcsinh stretch was used with flux scaled by

magnitudes (Lupton et al. 2004).

similar to the SDSS, to capture faint features and low surface brightness emission

with 12 minute exposures in u and 6 minute exposures in griz. The u images were

obtained at twice the imaging time because of the higher sky brightness and lower

signal-to-noise ratio in this band. Limiting magnitudes and observing conditions

can be found in Table 1.1. A random sample of gri tricolor images that have been

flux calibrated using the procedure of Lupton et al. (2004) can be found in Fig. 1.7.

This large sample size was critical to finding statistically significant differences be-

tween the BAT AGN host galaxies and normal galaxies or AGN selected at other

wavelengths.
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Table 1.1. Observing Summary–SDSS and Kitt Peak

u g r i z

SDSS [mag]1 22.3 23.3 22.9 22.3 20.7
Kitt Peak [mag] 24.2 24.8 24.4 23.7 22.0
SDSS (′′)2 1.36±0.22 1.30±0.19 1.17±0.17 1.14±0.18 1.15±0.18
Kitt Peak (′′) 1.67±0.76 1.56±0.47 1.46±0.41 1.44±0.59 1.42±0.48

1Detection based on overlapping fields in SDSS and Kitt Peak sample with at least
5 pixels above signal-to-noise ratio>3.

2PSF function was calculated using the FWHM of a single gaussian fit to the 10
brightest unsaturated stars.

1.6 Thesis Outline

This thesis is comprised of six chapters focusing on understanding the host galaxies

of ultra hard X-ray selected AGN with a final chapter on development of focusing

optics for this wavelength. Using the relatively unbiased nature of this selection

mechanism along with the largest sample of ultra hard X-ray selected AGN with

host galaxy optical data to date we have found important host galaxy characteristics

that are linked to the AGN fueling.

The thesis is structured in the following way. Chapter 2 focuses on the link

between the AGN and the host galaxy. We examine the colors of host galaxies and

address whether the AGN quenches star formation or is linked to star formation. We

also discuss whether certain galaxy morphologies are linked to AGN. In addition, we

investigate how galaxy stellar mass is linked to ultra hard X-ray emission. Finally,

we test the unified model of Seyferts using ultra hard X-ray selected AGN and

investigate how BAT AGN are different from AGN selected using optical emission

line diagnostics. Chapter 3 and 4 study the AGN merger connection of the BAT

sample and also provide a case study of a single BAT AGN galaxy that hosts a rare
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dual AGN only detected in the hard X-rays. Chapter 5 is a discussion of continuing

instrumentation development in the ultra hard X-rays and work on the InFOCµS

balloon project. Finally, Chapter 6 provides a summary of the results of this PhD

as well as a discussion of exciting future projects using the Swift BAT ultra hard

X-ray selected AGN.
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Chapter 2

Host Galaxy Properties

2.1 Introduction

We begin with a study of the host galaxies properties of ultra hard X-ray selected

AGN. The goal is an understanding of what environmental factors trigger the AGN

to begin emitting so much energy and what continues to fuel this process. While

most galaxies with bulges harbor a supermassive black hole in their center (Magor-

rian et al. 1998), only a small fraction exhibit the powerful radiative or kinetic

output associated with AGN. While it is well established that matter falling onto

the supermassive black hole is emitted as energy, the source of this material remains

highly controversial. To understand what activates and continues to fuel AGN, we

must better characterize the conditions of the host galaxies in which they are found.

Numerical simulations suggest that quasars (Lbol>1045 erg s−1) are the end prod-

uct of mergers between gas-rich disk galaxies, and that supermassive black hole ac-

cretion heats the interstellar material and quenches star formation leading to passive

elliptical galaxies (di Matteo et al. 2005). Alternatively, other simulations suggest

sources other than mergers may fuel lower luminosity AGN, such as gas stream-

ing down galactic bars or steady cold gas streams (Dekel et al. 2009; Hopkins &
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Hernquist 2006; Mulchaey & Regan 1997).

A number of observational studies have provided interesting yet contradictory

results about the relationship between the host galaxy and the AGN. A study of

the host galaxies of X-ray selected AGN from the Extended Chandra Deep Field-

South found that AGN are in the most luminous galaxies, with intermediate optical

colors, and bulge dominated morphologies (Silverman et al. 2008). Another study of

narrow emission line (NL) AGN in the Sloan Digital Sky Survey (SDSS) found the

hosts were predominantly massive early-type galaxies and the most luminous AGN

galaxies had significant star formation (Kauffmann et al. 2003a). An additional

survey of the SDSS NL AGN host galaxies found, compared to a sample of nearby

inactive galaxies, most AGN occur along the red sequence (Westoby et al. 2007).

Even though these studies draw their conclusions from large optical surveys or soft

X-ray surveys, their results may be biased by missing an important population of

obscured AGN.

The BAT AGN sample have already provided several interesting results about

their host galaxies. A study of the morphologies based on NED classifications and

DSS imaging found a majority to be in spirals or peculiars (Winter et al. 2009).

Other studies found that BAT AGN have been shown to have additional reddening of

the narrow line region not accounted for in optical studies and be misclassified as star

forming or composite regions (Meléndez et al. 2008; Winter et al. 2010). In the case

of host galaxy colors, two studies using <20 BAT AGN reached different conclusions:

Schawinski et al. (2009b) found that the AGN tend to be in intermediate or red

galaxies and possibly suppress star formation, while Vasudevan et al. (2009) found

BAT AGN in blue, starforming galaxies. This contradiction highlights a major

problem in current AGN host galaxy studies: the paucity of large, uniform samples

with high quality data. To make progress on this issue, we have assembled the
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largest sample of ultra hard X-ray selected AGN with host galaxy optical data to

date, with 185 AGN in total. The BAT AGN and comparison samples are discussed

in §2.2; data reduction and analysis in §2.3 with additional discussion of removal of

AGN light, the comparison sample, and selection effects in Appendix §A; the results

in §2.4; and the summary and discussion in §2.5.

2.2 Samples

2.2.1 BAT AGN Sample

We selected our sample to focus on Seyfert AGN in the BAT sample which contribute

the large majority, 87% of the total sample, and 99% of the nearby, z<0.05 sample.

We use the classifications of Tueller et al. (2010) to exclude beamed sources such

as blazars. We also restrict the sample to nearby AGN (z<0.05) which includes

80% of the BAT sample. These AGN can be further classified on the basis of broad

or narrow emission lines. We define NL AGN as having Hα<2000 km/sec using

spectroscopic data from Winter et al. (2010), Ho et al. (1997b), and the SDSS. For

those BAT galaxies without spectra, we use available data from NED to separate NL

and broad-line objects. The BAT sample has 50% (93/185) NL and 50% (92/185)

broad-line sources. In addition to including the entire range from unobscured to

highly obscured, the AGN have moderate luminosities, and therefore accretion rates,

typical of the local universe (log L2−10 keV≈43, Sazonov & Revnivtsev 2004).

By imposing an upper redshift limit (z<0.05) to the sample, we focus on galaxies

that are close enough to have good spatial resolution (700 pc) from ground-based

optical imaging. We further restrict our survey to Northern declinations (>-25◦).

We also exclude six nearby galaxies with bright foreground Galactic stars where

photometry is difficult and three nearby bright galaxies with saturated pixels. This
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survey covers 125 nearby AGN or 50% of the entire BAT AGN sample from the

22 month survey. We also included an additional 60 AGN galaxies detected in the

58 month BAT sample catalog (Baumgartner et al. 2010, submitted) with X-ray

followup with the Swift XRT telescope that showed a coincident source to the

14–195 keV BAT source in the 2–10 keV band.

The optical imaging data for these galaxies include 17 nights at the Kitt Peak

2.1m telescope in the ugriz SDSS bands (Table A.1) and data from the SDSS (Ta-

ble A.2). The final Kitt Peak and SDSS sample includes a total of 185 galaxies, 79

BAT AGN host galaxies observed at Kitt Peak, 92 from the SDSS, and 14 galaxies

observed by both the SDSS and at Kitt Peak.

2.2.2 Comparison Samples

To better understand the host galaxy properties of BAT AGN, we used a comparison

sample of inactive galaxies and a sample of emission line selected AGN from the

SDSS. We will henceforth refer to the three samples as the BAT AGN, inactive

galaxies, and SDSS AGN, respectively.

The inactive galaxies were selected from the SDSS to have high quality photom-

etry and similar redshifts as the BAT AGN. We selected all non-QSO galaxies from

the SDSS DR7 with spectra and imaging data with redshift confidence, zconf>0.9

and a redshift interval similar to the BAT AGN (0.01<z<0.07). We chose this

slightly higher redshift interval because many of the SDSS galaxies with z<0.01 are

too bright to be targeted in spectroscopy. We also removed NL Seyfert or LINER

AGN from this sample using emission line diagnostics (Kewley et al. 2006) and the

Garching catalog of reduced spectra of narrow line AGN (Kauffmann et al. 2003a).

Galaxies totaled 68,275. We will refer to this sample as the inactive galaxy sample.

Finally, we used a sample of emission line selected AGN in the SDSS for com-
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parison, which we refer to as the SDSS AGN. Winter et al. (2010) found that the

majority (75%) of a sample of 64 BAT AGNs were Seyferts. Only 3/64 (<5%) of

BAT AGN were classified as LINERS, so we excluded this type of AGN from the

comparison sample. We chose narrow-line AGN since the nucleus is invisible in the

optical band and thus does not have to be modeled to determine the host galaxy

properties. We therefore chose a sample of all type 2 Seyferts in the SDSS DR7 with

0.01<z<0.07. We used 1282 Seyferts in this redshift range.

To ensure that the BAT AGN were not more intrinsically luminous than the

SDSS AGN sample of Seyferts, we compared the [O III] of the BAT AGN with

available spectra to the SDSS AGN (Figure 2.1). When measuring [O III], we

used the narrow Balmer line ratio (Hα/Hβ) to correct for extinction assuming an

intrinsic ratio of 3.1 and the Cardelli et al. (1989) reddening curve. For reference

we also included LINERS in the SDSS. For the BAT AGN we used spectroscopic

data from Winter et al. (2010), Ho et al. (1997b), and the Garching Catalog of

SDSS spectra Kauffmann et al. (2003a). We find that the BAT AGN have similar

[O III] luminosities as the SDSS NL Seyferts, suggesting that they also have similar

intrinsic luminosities (although there may still be differences, see §2.5). We find a

similar relation when only including sources with SDSS spectroscopy and excluding

spectroscopic data from Winter et al. (2010) and Ho et al. (1997b).

2.3 Data Calibration, Reduction, and Analysis

Throughout this work, we adopt the following cosmological parameters to determine

distances: Ωm= 0.27, ΩΛ= 0.73, and H0 = 71 km s−1 Mpc−1. For galaxies with

z<0.01, we use the mean value of redshift independent distant measurements from

NASA Extragalactic Database (NED) when available. Unless otherwise noted, error
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Figure 2.1: Average [O III] luminosities for the NL AGN in the BAT sample

compared to the SDSS sample of narrow-line Seyferts and LINERS. The error

bars indicate standard deviations in each bin. We find that the distributions of

[O III] from the NL BAT AGN and NL SDSS Seyferts used in this study are from

the same parent population (P(K-S)=82%). The [O III] luminosity is a measure

of AGN power and suggests the NL BAT AGN have similar AGN power as SDSS

NL Seyferts.

bars correspond to 1σ standard deviation of the sample.

2.3.1 Initial Calibration

The initial imaging analysis involved calibration of zero point magnitudes, coadding

SDSS plates for larger galaxies, and removing extraneous sources (e.g. foreground

stars, other galaxies). For calibration of the Kitt Peak data, we used the primary

standard star network of 158 stars used by the SDSS for calibration (Smith et al.

2002). A calibration star was imaged before and after each galaxy at similar airmass.

Extinction coefficients were determined using standard stars on a nightly basis.

Standard IRAF routines were used to remove bias, dark current, and CCD non-
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Figure 2.2: Example of the removal of foreground stars to perform photometry on

the galaxy using SExtractor. On left, r band image of NGC 2110 in linear scale.

In the middle, detection of objects above 1.5σ; the galaxy is shown in yellow and

foreground stars are shown in red. On the right, gri composite image to check

source separation in arcsinh stretch scale. Foreground stars in front of the galaxy

are replaced using the IRAF FIXPIX routine. Stars outside of the galaxy are

replaced with average sky values.

linearity. Galactic extinction corrections were made based on data from IRAS and

COBE/DIRBE (Schlegel et al. 1998). For 8 SDSS galaxies extending across multiple

SDSS plates, the MONTAGE software was used to reproject the images, rectify

background and coadd plates. WCSTools was used to register Kitt Peak images

from USNO stars (Mink 1996). Nearby foreground stars and galaxies were identified

using segmentation maps produced by SExtractor (Figure 2.2, Bertin & Arnouts

1996). The segmentation map identified object pixels using a threshold of 3σ and

a minimum of 5 pixels in griz. In the u band, the detection threshold was set

to 1σ to ensure that faint star forming regions were detected. The segmentation

map was visually compared to three color gri images to ensure proper star and

galaxy separation. Stellar or foreground galaxy objects were masked with the IRAF

FIXPIX routine.
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2.3.2 Host Galaxy Photometry

The residual host galaxy colors were measured after removing the AGN light con-

tribution using GALFIT. To ensure that the AGN emission was properly removed

we performed simulations of AGN galaxies to test GALFIT and also checked the

subtraction for BAT AGN (see Appendix §A for a discussion). A modified form

of the Petrosian system, the same as is used in the SDSS automated pipeline, was

used for photometry (Blanton et al. 2001) for both the SDSS and Kitt Peak observed

BAT AGN galaxies. The Petrosian aperture is determined to be large enough to

enclose almost all of the flux for typical galaxy profiles, but small enough that the

sky noise is not significant. For consistency, the Petrosian aperture is determined

from the r band and applied to the other bands. A galaxy with a bright stellar

nucleus, such as a broad-line Seyfert galaxy, can have a Petrosian radius set by the

nucleus alone; in this case, the Petrosian flux misses most of the extended light.

Therefore the Petrosian radius in the r band was determined after the AGN model

from GALFIT was subtracted. We then used the software KCORRECT (Blanton &

Roweis 2007) with the ugriz photometry to calculate the stellar masses. This code

uses the stellar population models of Bruzual & Charlot (2003) and photoionization

models of Kewley et al. (2001). We used the same software to calculate the stellar

mass for the inactive galaxy and SDSS AGN control samples.

We also made a comparison of the overlapping galaxy data from the SDSS and

Kitt Peak to ensure there were no systematic differences in photometry. In some

cases, the automated SDSS pipeline’s photometry shreds bright galaxies into many

smaller galaxies which leads to incorrect photometry estimates for bright, nearby

galaxies (see Appendix §A). For cases where shredding wasn’t a problem, the colors

of overlapping galaxies observed at Kitt Peak and in the SDSS showed good agree-
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ment in griz with mean color differences less than 0.02 mag and sample standard

deviation less than 0.05 mag. The u band is more uncertain with mean (u − g)=

0.05±0.16 mag brighter for the Kitt Peak measurements. This difference is expected

because the u band measurements in the SDSS have a lower signal-to-noise ratio

and also suffer from a red leak1.

There were also ten nearby galaxies or 5% of the sample with pixel saturation

in the SDSS images because of a bright nucleus. For these galaxies we masked the

saturated pixels and fit the remaining image with a point source (PS) and floating

Sérsic Index. We then used the model fit to recover the saturated pixels. We

restricted using this method to those galaxies with saturation in a single imaging

band with <25 pixels saturated. This excluded three very nearby galaxies (z<0.005;

NGC 1068, NGC 4151, NGC 3998) with saturated pixels in multiple filters from the

study. For five images of nearby galaxies taken at Kitt Peak, the estimated Petrosian

radius extended beyond the edge of the CCD. In these cases we used the maximum

part of the image available to determine the photometry. In addition, 16 galaxies

or 9% had very low signal-to-noise ratio measurements in the u band and were not

included in the photometry.

We have also provided a detailed discussion of the selection effects in the X-ray

selected BAT sample of AGN, and the optically selected SDSS AGN and inactive

galaxies (see Appendix §A). These selection effects are also included to enable com-

parison with AGN surveys at other wavelengths and for comparison with high-z

studies.

1http://www.sdss.org/dr7/algorithms/fluxcal.html
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Figure 2.3: Plot of average Petrosian g − r and u − r for BAT AGN, inactive

galaxies, and SDSS AGN. We find that the BAT AGN have bluer average colors

than inactive galaxies or SDSS AGN in all but the lowest stellar mass bin. The

error bars indicate standard deviations in each bin.

2.4 Results

2.4.1 Colors, Internal Extinction, and FIR emission

Since host galaxy color traces star formation, a comparison of BAT AGN host

galaxy colors to a sample of inactive galaxies should show whether the AGN is

linked to enhanced or suppressed star formation. A full listing of the photometry

measurements of the different samples can be found in Table A.4. A plot of g − r

and u− r for BAT AGN, inactive galaxies, and optical AGN can be found in Figure

2.3. We find that the BAT AGN are bluer in both g−r and u−r than the sample of

inactive galaxies and SDSS AGN in all but the lowest stellar mass bin (Table A.5).

A Kolmogorov-Smirnov (K-S) test indicates a <1% probability that the distribution

of host galaxy colors for the BAT AGN are from the same parent distribution as

the inactive galaxies or SDSS AGN.

Host galaxy colors can be reddened in galaxies with high inclinations and large

amounts of dust, so we measure whether these corrections change our result that

the BAT AGN tend to be bluer than inactive galaxies or SDSS AGN. Because of the
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relative uncertainty in these measurements, we do not apply individual reddening

corrections on any plots, but estimate how reddening corrections effect the average

colors of the samples. In Figure 2.4, we show tricolor images of the 6 reddest and

bluest BAT AGN host galaxies in g − r. The predominance of face-on spirals in

the bluest sample and edge-on spirals in the reddest sample indicates the need for

reddening correction based on inclination. Masters et al. (2010) studied internal

extinction of galaxies identified as spirals in Galaxy Zoo and provided corrections

based on the measured inclination from the SDSS photometry. For the three sam-

ples, we find that the average extinction for spiral galaxies is similar (0.04±0.03 in

g − r), but because of the higher number of spirals in the BAT AGN sample com-

pared to SDSS AGN or SDSS inactive galaxies (see next section), there is a larger

extinction correction for the BAT AGN sample (Figure 2.5).

There are galaxies that have high levels of star formation, but are reddened in

the optical wavelengths because of the presence of dust. For example, in the BAT

AGN sample, the reddest galaxy in g − r is NGC 6240, a luminous infrared galaxy

(LIRG) in a major merger, which shows a large amount of star formation in the far-

IR. This indicates that dust can play a significant role in reddening the optical light

and hiding increased levels of star formation. Therefore, we estimate the total dust

extinction (AV ) for each galaxy by fitting the host ugriz SEDs using FAST (Kriek

et al. 2009) with single-burst stellar population models. We use stellar templates

from Bruzual & Charlot (2003) with the Chabrier (2003) initial mass function and

solar metallicity. We fit a Calzetti et al. (2000) dust extinction reddening law (AV =

0–3). We assume that RV =3.1, and therefore E(B-V)=AV /3.1. We find that the

reddening determined using fits to the optical SED of BAT AGN (0.34±0.26 in

g − r) are on average larger than for comparable inactive galaxies (0.20±0.14) or

SDSS AGN (0.21±0.13). Therefore, we do not find evidence that the bluer measured
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Figure 2.4: Upper: Tricolor images of six bluest BAT AGN host galaxies in g− r.
We find that these BAT AGN are predominantly in mergers and face on spirals.

Lower: Tricolor images of six reddest BAT AGN host galaxies in g − r. We find

that 4/6 of these BAT AGN are in edge-on spirals that are reddened by internal

extinction. The predominance of face on spirals in the bluest galaxies and edge-on

spirals in the reddest galaxies indicate the need for a reddening correction based

on inclination.
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Figure 2.5: Left: A plot of the average inclination color correction for BAT AGN,

inactive galaxies, and SDSS AGN in spirals based on the corrections in Masters

et al. (2010). The average extinction for spiral galaxies is similar between the

three samples. However, because of the higher number of spirals in the BAT AGN

sample (see Figure 2.8), there is a larger extinction correction for the BAT AGN

sample. Right: Plot of average dust reddening based on fitting the AGN host ugriz

SEDs using FAST (Kriek et al. 2009) with single-burst stellar population models.

We use stellar templates from Bruzual & Charlot (2003) with the Chabrier (2003)

initial mass function and solar metallicity. We fit a Calzetti et al. (2000) dust

extinction reddening law (AV = 0–3). We assume that RV =3.1, and therefore E(B-

V)=AV /3.1. The extinction in the g−r band is very similar (E(B-V)=1.06*E(g−
r)). The extinction in the u-r band is E(u− r)=2.30*E(g − r).

colors of BAT AGN, compared with those of inactive galaxies and SDSS AGN, can

be explained as smaller dust reddening. In fact, reddening corrections make the

BAT AGN even bluer than comparable SDSS AGN or inactive galaxies. We also

find that the reddening corrections for host galaxy inclination are on average much

smaller than dust reddening (0.04±0.03 vs. 0.34±0.26 in g − r).

The far-IR provides an additional tracer of star formation that is less sensitive to

reddening than shorter wavelengths. The 90 µm emission is a useful tracer of strong

bursts of recent star formation and is less affected by AGN emission (Mullaney et al.

2011; Netzer et al. 2007). We first looked at the rate of detection in AKARI in each

of the samples in the same redshift range (0.01<z<0.05). In this redshift range,

54±5% (86/185) of BAT AGN are detected by AKARI at 90 µm, compared to only

4±1% of SDSS AGN, and 5±1% of inactive galaxies. The error bars represent 1σ
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Poisson statistics.

To ensure this difference was not an effect of the differences in the distribution of

stellar mass and redshift of the samples, we matched each BAT AGN to one inactive

galaxy and one SDSS AGN based on redshift and stellar mass. We find a similar

percentage for both inactive galaxies 7±3% (11/158) and SDSS AGN 3±2% (5/158)

detected by AKARI. The error bars represent 1σ Poisson statistics.

While there is a possibility of AGN contamination in the 90 µm emission, the

similar levels of AKARI detections for the inactive galaxies and SDSS AGN indicate

that this level of contamination is limited. In addition, the AGN contamination to

the FIR should be similar for BAT and SDSS AGN since the [O III] luminosities are

similar and [O III] is an indicator of bolometric luminosity. All of these results indi-

cate that the BAT AGN are more luminous at 90 µm, which suggests enhanced star

formation among BAT AGN when compared to SDSS AGN and inactive galaxies.

2.4.2 Host Galaxy Morphology

We investigated galaxy morphology to find which environments are most conducive

to hosting an AGN and how ultra hard X-ray selected AGN are different than the

SDSS AGN or inactive galaxies. A full listing of the morphological measurements

can be found in Table A.6. While we have limited our results to NL AGN because of

the difficulty of subtracting the light distribution to make morphological measure-

ments (Pierce et al. 2010), we provide morphological measurements of broad-line

AGN after AGN light subtraction with GALFIT in this table as well.

The first measure we compared was concentration. To enable comparison with

the SDSS, the concentration index is defined as the ratio of the radii containing

90 and 50 per cent of the Petrosian r-band galaxy light C = R90/R50. A galaxy

with a steep concentration profile, such as an elliptical, will show a relatively large
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Figure 2.6: Left: Plot of concentration vs. stellar mass with contours showing

inactive galaxies and points for the BAT AGN. The contour levels are plotted on

a linear scale with each level representing 10% of the data (6875 inactive galaxies).

A dashed line is shown at C=2.6 at the separation between early and late types.

Right: Plot of average concentration index by stellar mass. We find that at low

stellar mass (log M∗ < 10), BAT AGN tend to have higher concentrations than

inactive galaxies or SDSS AGN. The error bars indicate standard deviations in

each bin.

value for the C, while galaxies with a more shallow light profile, such as spiral

and irregular galaxies, will have a lower C. In addition, the concentration index is

strongly correlated with the galaxy’s bulge to total luminosity ratio as well as the

supermassive black hole mass. A plot of concentration vs. stellar mass is shown in

Figure 2.6 for BAT AGN compared to inactive galaxies and SDSS AGN. We find

that at low stellar mass (log M∗ < 10), BAT AGN tend to have higher concentrations

than inactive galaxies or SDSS AGN indicative of stronger bulges or a larger fraction

of elliptical galaxies. However, as shown below, the BAT AGN sample has a very

low elliptical galaxy fraction.

While C measurements are useful, they have been shown to be more closely re-

lated to luminosity than morphology (Gavazzi et al. 2000). Since the human eye has

consistently proven better than computational techniques at identifying faint spiral

structure in images (Lintott et al. 2008), we used a catalog of visual classifications

from the Galaxy Zoo project DR1 (Lintott et al. 2008). Before morphological classi-
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fication, we matched each NL BAT AGN to one inactive galaxy and one SDSS AGN

by redshift and stellar mass. We then used the visual classifications of morphol-

ogy to divide host galaxies into elliptical, spiral, intermediate, and peculiar/merger

(Figure 2.7). Each galaxy had on average 37 independent classifications for a total

of over 15,000 classifications for the 3 samples. Elliptical or spiral galaxies were

defined as galaxies in which on average >80% people selected this type. We define

the peculiar/merger category following Patton & Atfield (2008) by requiring a pro-

jected separation of <30 kpc and a radial velocity differences of less than 500 km/s

between the sample galaxy and its possible companion. The remainder of galaxies

we classify as intermediate.

A comparison between the Galaxy Zoo classifications of the samples can be

found in Figure 2.8. We find that BAT AGN are more likely to be found in spiral

morphologies at a rate (41%) roughly twice that of inactive galaxies (22%) or SDSS

AGN (21%). We also find fewer BAT AGN in elliptical or intermediate types. We

find that BAT AGN are more likely to be found in merging systems (see Chapter

3 for a detailed discussion). We see no statistically significant differences in the

morphologies of inactive galaxies or SDSS AGN.

In addition, we looked at the Hubble Types of the BAT AGN sample compared

to the Third Reference Catalog of Bright Galaxies (RC3) to confirm our results with

Galaxy Zoo (Figure 2.9). We used all galaxies in the RC3 in the same redshift range

as the BAT AGN. The RC3 is composed of bright galaxies with optical B mag<15.5

and size larger than 1′. This restriction excludes many faint galaxies or about 98%

of the SDSS sample in the same redshift range. The BAT AGN sample has slightly

higher optical luminosities than the RC3 (mean MB = −20.33±0.82 vs. MB =

−20.03±1.03) and is at similar distances (mean z=0.025±0.01 vs. z=0.019±0.01

for the RC3). We find more BAT AGN in early type Sa-Sb spirals (40%) compared
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Figure 2.7: Random sample of gri composite images of BAT AGN galaxy hosts

classified as elliptical (top row), intermediate (second row), spiral (third row), or

peculiar/merger (bottom row) from Galaxy Zoo DR1.
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Figure 2.8: Histogram of morphologies from the BAT AGN, inactive galaxies, and

SDSS AGN. The morphologies were taken from measurements in the Galaxy Zoo

DR1. The error bars represent 1σ Poisson statistics. We find a higher incidence

of spirals in the BAT AGN sample and less ellipticals and intermediates. We also

find more merging/peculiar types in the BAT AGN sample.

to the RC3 catalog (26%). We see fewer BAT AGN in ellipticals (3%) compared

the RC3 catalog (16%). The larger number of spiral morphologies in the BAT AGN

sample is consistent with our analysis of morphologies using Galaxy Zoo.

Since spiral galaxies tend to be found in less massive systems than elliptical

galaxies, we examined the relationship between morphology and stellar mass. For

the BAT AGN in spirals, we find a higher average stellar mass (log M∗=10.34±0.27)

than in ellipticals and intermediates (log M∗=10.07±0.42). A K-S test indicates that

the probability is <4% that the populations are the same. This finding is in agree-

ment with Schawinski et al. (2010) who found that optical AGN in elliptical systems
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Figure 2.9: Hubble types of 174 BAT AGN host galaxies from HyperLeda. The

RC3 catalog includes all galaxies in the same redshift range as the BAT AGN. In

this system, T = -6 to -4 correspond to ellipticals (E), T = -3 to 0 to lenticulars

(S0), T = 1 to 3 to early type spirals (Sa-Sb), T = 4 to 6 to spirals (Sb-Sc), and

T>6 to late type spirals (Scd>). Poisson statistics are assumed in the error bars.

We find more BAT AGN in early type Sa-Sb spirals (40%) compared to the RC3

catalog (26%). We see fewer BAT AGN in ellipticals (3%) as compared the RC3

catalog (16%).

tend to be in less massive systems. We further investigated the predominance of

massive spirals amongst BAT AGN by plotting the ratio of the number of spiral to

elliptical galaxies by stellar mass (Figure 2.10). For massive systems (log M∗ >10.5),

we find that BAT AGN are found in spirals at a rate that is 5 to 10 times higher

than optical AGN or inactive galaxies.

We also examined the galaxy inclination. A study of SDSS galaxies by Maller

et al. (2009) found that elliptical galaxies rarely have small axis ratios, and galaxies

with b/a<0.55 are 90% disk galaxies. Therefore the axis ratio can be a reliable

quantitative tracer of morphology. To enable comparison with the SDSS catalog,

we used the galaxy axis ratio in the g band (b/a). The axis ratio (b/a) is determined
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Figure 2.10: Ratio of the number of spiral to elliptical galaxy morphologies as a

function of stellar mass (M∗). Galaxy morphologies are taken from Galaxy Zoo.

The error bars represent 1σ Poisson statistics. We find that the BAT AGN have

a much larger number of massive spirals (log M∗ >10.5) and very few ellipticals

compared to inactive galaxies or optical AGN.

from the major and minor axes derived from SDSS isophotal photometry. A plot

of axis ratios of the samples can be found in Figure 2.11. For the axis ratios, we

find a larger percentage of NL BAT AGN have b/a<0.55 which is where Maller

et al. (2009) found almost 90% disk-like systems. This result is consistent with the

increased incidence of spirals found by Galaxy Zoo for the BAT AGN. We find no

difference between the axis ratios of the inactive galaxies or SDSS AGN.

Previous studies have suggested that optical emission line classification of Seyfert

galaxies may be missing a population of edge on galaxies (Kirhakos & Steiner 1990;

Simcoe et al. 1997). Since the NL BAT AGN are more likely to be in disk galaxies

which have lower axis ratios, we separated the samples by morphology in Galaxy Zoo

and then did a comparison of axis ratio. In this case we do not see any statistically
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Figure 2.11: Upper panel: cumulative distribution of galaxy axis ratios in the r

band (b/a) for the NL BAT AGN, inactive galaxies, and SDSS AGN. The axis

ratio (b/a) is determined from the major and minor axes derived from SDSS

isophotal photometry. Randomly distributed spirals with a cos θ distribution of

axis ratios is shown for reference. We find that more NL BAT AGN have b/a<0.55

than inactive galaxies and SDSS AGN. This limit is where Maller et al. (2009)

found almost 90% disk-like systems, and is consistent with increased incidence of

spirals in NL BAT AGN compared to inactive galaxies and SDSS AGN. Lower

panel: comparison of axis ratios by morphology type within each sample. We

do not find evidence that BAT AGN are preferentially in inclined systems when

compared by morphology type. 37



significant difference in axis ratios between NL BAT AGN spirals compared to spirals

in inactive galaxies or SDSS AGN.

Finally, the SDSS catalog provides independent measurements of the fraction of

early type galaxies from the photometry and spectroscopy. The SDSS spectroscopic

parameter eClass classifies the spectral type of the galaxy using the principal com-

ponent analysis technique, and the photometric parameter fracDevr measures the

fraction of galaxy light that is fitted by a de Vaucouleurs law. Following Bernardi

et al. (2003) we define as early type galaxies those objects with eClass<0 from spec-

troscopy and fracDevr > 0.8 from photometry. In this comparison we only use NL

BAT AGN with spectroscopy in the SDSS (185). We find a statistically smaller num-

ber of NL BAT AGN in early type galaxies (39%±8), compared to inactive galaxies

(61%±6) or SDSS AGN (56%±6). The error bars represent 1σ Poisson statistics.

These results are consistent with a spectroscopic study of 64 BAT AGN which found

that the majority of NL BAT AGN have spectra consistent with late type galaxies

based on measurements of the stellar absorption indices (Winter et al. 2010). The

percentage of BAT AGN galaxies classified as early type galaxies (39%±8) using

SDSS spectroscopy is significantly larger than that based on morphological mea-

surements from the RC3 or galaxy zoo (3% and 10% respectively). This is likely

because the SDSS spectroscopy uses a 3′′aperture and is measuring only the central

bulge portion of the galaxy.

2.4.3 Colors, Morphology, and Ultra Hard X-ray Emission

Since we found BAT AGN host galaxies have a greater number of merger and spiral

morphologies, an additional question is how this is related to host galaxy colors. To

test this we used a sample of BAT AGN in the process of mergers (see chapter 3) and

did a comparison of their host galaxy colors compared to those BAT AGN not in
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Figure 2.12: Histogram of u− r and g − r colors of BAT AGN in major mergers

vs. BAT AGN that are not in major mergers. The error bars represent 1σ Poisson

statistics. The merging galaxies show a bluer distribution of colors than non-

mergers.

mergers. A histogram of the merger and non-merger sample is shown in Figure 2.12.

When separated by color, we find that the merging population has bluer colors and

hence is likely to have an increased level of star formation. We also find that spiral

morphologies have bluer average colors than elliptical or intermediate morphologies

(Figure 2.13).

Since galaxies of different morphologies tend to have different colors, we examined

the colors of spirals in the BAT AGN, inactive galaxy, and SDSS AGN samples to

look for differences. In Figure 2.14, we show a plot of the colors of galaxies classified

as spirals in Galaxy Zoo. We find a much smaller difference in colors of the three

samples when we compare only galaxies with spiral morphologies. This suggests

that the higher incidence of spirals in the BAT AGN sample may largely account

for the bluer host galaxy colors when compared to SDSS AGN or inactive galaxies.

A plot showing the color of each BAT AGN and its morphology can be found in

Figure 2.15. We also show the inactive galaxy colors with contours. We find that

the BAT AGN occupy a unique space in color, morphology, and stellar mass by

tending to be in massive spirals and mergers that are bluer than massive ellipticals.

In terms of ultra hard X-ray luminosity, we do not find a significant difference
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Figure 2.13: Average u − r color for different morphologies of BAT AGN. The

error bars indicate standard deviations in color for each morphology. Galaxy

morphologies were taken from Galaxy Zoo. We find spiral and merger morpholo-

gies are on average bluer than elliptical or intermediate morphologies. We find a

similar trend in g − r.

between ellipticals, intermediates, or spirals. However, we do find a larger mean

ultra hard X-ray emission from BAT AGN in mergers (log L14−195 keV =43.64±0.48)

when compared to the non-merger sample (log L14−195 keV =43.32±0.61). A K-S

test indicates a <5% probability that the ultra hard X-ray emission from AGN in

mergers is from the same population as the non-merger sample.

2.4.4 Stellar Masses and Ultra Hard X-ray Emission

We find that the BAT AGN host galaxies are predominantly in the most lumi-

nous and massive of galaxies. The mean optical luminosity is higher for BAT AGN

(Mr of -21.41±0.82) compared to inactive galaxies (-19.84±1.03), and SDSS AGN (-

20.95±0.69). The BAT AGN also have higher mean stellar mass (log M∗=10.28±0.4)
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Figure 2.14: Plot of Petrosian g− r for BAT AGN spirals, inactive galaxy spirals,

and SDSS AGN spirals. The error bars indicate standard deviations in each bin.

We find a much smaller difference in colors of the three samples when we compare

only galaxies with spiral morphologies. We find a similar trend in the u−r colors.

This suggests that the higher incidence of spirals in the BAT AGN contributes to

the bluer colors found when compared to the SDSS AGN or inactive galaxies.

compared to inactive galaxies (9.46±0.58) and SDSS AGN (10.18±0.28). This sug-

gests that the BAT AGN tend to be in more massive galaxies than the SDSS AGN

or inactive galaxies. See Figure 2.16 for a histogram of the stellar masses of the pop-

ulations. A K-S test has <0.01% probability that the BAT AGN stellar masses are

from the same population as the inactive galaxies or SDSS AGN. We also confirm

that SDSS AGN are in more massive galaxies than inactive galaxies (Kauffmann

et al. 2003a). We also fit a Schechter function (Figure 2.17) and find that the log-

arithm of the characteristic stellar mass (M∗) from the best fit is 10.28, 10.02, and

9.89 for the BAT AGN, SDSS AGN, and inactive galaxies in agreement with our

findings that BAT AGN are more massive than inactive galaxies or SDSS AGN.

We also find that the average hard X-ray luminosity increases with stellar mass
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Figure 2.15: Petrosian g − r of BAT AGN (black dots and letters) and inactive

galaxies (contours) plotted as a function of logarithm of the stellar mass (M∗).

The contour levels are plotted on a linear scale with each level representing 10% of

the data (6875 inactive galaxies). In the BAT AGN sample, m, denotes a galaxy

in a merger, s, a spiral morphology, i an intermediate morphology, and black dots

denote ellipticals. We find a predominance of BAT AGN in blue, massive spirals

and mergers in the regions outside of where most inactive galaxies lie. We find a

similar trend in the u− r colors.

(Figure 2.18). The lowest quartile stellar mass has log L14−195 keV = 43.07±0.88 and

the highest quartile stellar mass has log L14−195 keV = 43.72 ± 0.36. In the lowest

stellar mass quartile 34% of sources have log L14−195 keV <43 while in the highest

stellar mass quartile none of the sources have log L14−195 keV <43. A K-S test has

<0.2% probability that the distributions of ultra hard X-ray luminosities are the

same for the lowest quartile and highest quartile of stellar mass. In addition, for

the average stellar masses, we find a linear correlation between log L14−195 keV and
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Figure 2.16: Histogram of stellar masses (M∗) of the BAT AGN sample com-

pared to inactive galaxies and SDSS AGN. The error bars represent 1σ Poisson

statistics. The BAT AGN have significantly higher average stellar masses (mean

log M∗=10.27±0.4) than inactive galaxies (9.45±0.58) and slightly higher stellar

average stellar masses than SDSS AGN (10.18±0.28).

log M∗ with a slope of 0.62±0.14 and a less than 2% probability that the values are

uncorrelated.

2.4.5 Tests of Unification Model

We also tested the Unified Model of Seyferts using the BAT sample. In this model,

it is assumed that all AGN are the same types of objects so host galaxy properties

such as color, star formation, and morphology should be independent of the Seyfert

type or level of obscuration toward the central engine.

We find that the host galaxy colors of narrow and broad-line AGN are the same

in agreement with the unification model. Both the g−r and u−r colors of broad-line

AGN and NL AGN after GALFIT subtraction for AGN emission are very similar
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Figure 2.17: Plot of binned cumulative galaxy stellar mass function for the BAT

AGN, SDSS AGN, and inactive galaxy sample. A single Schechter function has

been fit to each sample (dotted line). We find that the logarithm of the char-

acteristic stellar mass (M∗) from the best fit Schechter function is 10.28, 10.02,

and 9.89 for the BAT AGN, SDSS AGN, and inactive galaxies respectively. This

suggests that the BAT AGN tend to be in more massive galaxies than the SDSS

AGN or inactive galaxies. The faint end slope (α, where M< M∗), is 0.09, 0.21,

and -0.15 for the BAT AGN, SDSS AGN, and inactive galaxies respectively.

(Figure 2.19). For broad-line AGN, the mean g − r is 0.66±0.15 and for NL, the

mean g − r is 0.68±0.12 with P(K-S)=43% that the populations are the same. In

u − r, the color for broad-line AGN is 2.16±0.55 and NL AGN is 2.18±0.61 with

P(K-S)=99% that the populations are the same.

An additional test of the Unified Model can be done by checking whether there

is any correlation between color and column density in the BAT sample. Column

densities were obtained from the literature (Bassani et al. 1999; Noguchi et al. 2010;

Winter et al. 2008, 2009) and the Tartarus database. We see no correlation between

column density and host galaxy color (Figure 2.20). Since host galaxy color measures

the relative amount of star formation, this suggest that there is no relation between
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Figure 2.18: Plot of average ultra hard X-ray luminosity vs. stellar mass. Error

bars represent the standard deviations in each bin. We find greater ultra hard

X-ray emission for galaxies with larger stellar mass. A K-S test has <0.2% prob-

ability that the distributions of ultra hard X-ray luminosities are the same for the

lowest quartile and highest quartile of stellar mass. In addition, for the average

stellar masse, we find a correlation between log L14−195 keV and log M∗ with a

slope of 0.62±0.17 and a less than 2% probability that the values are uncorre-

lated. We have also plotted a line with a linear fit between stellar mass and ultra

hard X-ray emission.

X-ray column density (NH) and star formation.

We also investigated whether the NL and broad-line AGN have different rates

of star formation in the far-IR. We define a proxy for specific star formation rate

as the logarithm of the ratio of 90 µm emission from AKARI to stellar mass. The

mean value for this parameter for the narrow-line AGN is 33.6±0.4 erg s−1M−1
� and

for broad-line AGN is 33.4±0.4 erg s−1M−1
� . A K-S test indicates a 35% probability

that the rates of specific star formation for the narrow and broad-line AGN are the

same in agreement with the Unified Model of AGN.

In addition, we compared the morphologies of broad and narrow-line AGN. Be-

cause of the difficulty of determining morphology class for galaxies with very bright

AGN, we limited our sample to galaxies where AGN PS component contributes less
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Figure 2.19: Comparison of average BAT AGN host galaxy colors separated by

broad-line and narrow-line. The error bars indicate standard deviations in each

bin. Petrosian u− r by stellar mass (M∗) for broad-line and narrow-line AGN in

the BAT sample. Both narrow-line and broad-line AGN show similar host galaxy

colors in agreement with AGN unification with P(K-S)= 99% and 36% for u− r
and g − r respectively.
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Figure 2.20: Scatter plot of X-ray column density vs. host galaxy u − r. We see

no correlation of X-ray column density with host galaxy color in agreement with

AGN unification. We also find no correlation in g − r.
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Figure 2.21: Comparison of BAT AGN host galaxy morphologies separated by

broad and narrow-line AGN. The error bars represent 1σ Poisson statistics. We

see no difference in the morphologies of the two samples in agreement with AGN

unification.

than 35% of the total light in the r band (%PSr < 35). A plot of the percentage in

each sample of different types of morphology can be found in Figure 2.21. We see

no difference in the morphologies of broad and narrow-line AGN.

Finally, we compared the axis ratios of BAT AGN with different optical clas-

sifications and obscuring column densities. In the unified model of Seyferts, the

observed X-ray spectra of Seyfert 2s are expected to have higher absorbing column

density than Seyfert 1s due to an edge-on view of the obscuring torus. However,

edge-on spirals have been shown to have a geometrically thick layer of obscuring ma-

terial in the host-galaxy planes that can also increase the absorbing column density

(Simcoe et al. 1997). We confirm this by finding more NL AGN in highly inclined

systems with smaller axis ratios (b/a<0.4; Figure 2.22, left). We also compared

X-ray column density vs. host galaxy inclination and found more inclined systems

tend to have higher average X-ray column densities (Figure 2.22, right). This finding

confirms an earlier result from the smaller 9-month sample of BAT AGN (Winter
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Figure 2.22: Left: Percent of narrow-line AGN vs. host galaxy inclination as

measured by the axis ratio (b/a). The error bars indicate standard deviations in

each bin. Galaxies with lower axis ratios tend to be more edge on. We find more

NL AGN in highly inclined systems with smaller axis ratios. Right: X-ray column

density vs. host galaxy inclination as measured by the axis ratio (b/a). The error

bars indicate standard deviations in each bin. Galaxies with higher inclinations

have a higher mean X-ray column density. A K-S test indicates a <5% probability

that the X-ray column densities from the lowest and highest distributions of axis

ratios are from the same parent population.

et al. 2009).

2.5 Summary and Discussion

We have assembled the largest sample of ultra hard X-ray selected AGN with host

galaxy optical data to date, with 185 AGN in total. We have performed extensive

modeling with GALFIT to effectively remove the AGN light from the optical images.

Using optical photometry, morphology, and spectroscopy, along with FIR emission

we found:

(i) The BAT AGN galaxies are bluer in optical color than inactive galaxies or

SDSS Seyferts of the same stellar mass.

(ii) We find a much higher incidence of spiral morphologies in BAT AGN compared

to SDSS AGN or inactive galaxies. Amongst massive galaxies (log M∗ > 10.5),
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the BAT AGN show a preference for spiral morphologies that is 5 to 10 times

higher than SDSS AGN or inactive galaxies. We also find that the bluer colors

of BAT AGN can be accounted for by a higher fraction of mergers and spirals.

(iii) The BAT AGN have greatly enhanced 90 µm emission compared to inactive

galaxies or SDSS Seyferts matched in redshift and stellar mass.

(iv) The BAT NL AGN have similar intrinsic [O III] λ5007 luminosities as NL

SDSS Seyferts of the same redshift range.

(v) The BAT AGN are found in the most massive host galaxies with high concen-

tration indexes indicative of large bulge-to-disk ratios and large supermassive

black holes.

(vi) We also find that the average ultra hard X-ray luminosity increases with stellar

mass and that BAT AGN in mergers have greater ultra hard X-ray emission

than those in other morphological types. This suggests a link between super-

massive black hole growth and the mass of the host galaxy.

(vii) In agreement with the Unified Model of AGN, we find the host galaxy colors

and morphology are independent of X-ray column density and optical Seyfert

classification.

These results indicate that host galaxy morphology is related to the activation

and fueling of local AGN. Ultra hard X-ray selected AGN are particularly associated

with massive spiral galaxies and galaxy mergers. These types of objects are generally

associated with bluer colors, compared to the red massive early-type galaxies at

similar stellar masses. These observational results provide some evidence for an

association between AGN activity and galaxy mergers (e.g., di Matteo et al. 2005),

and also provide examples of AGN activity driven by the stochastic accretion of cold
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gas that should be more prominent among late-type systems (Hopkins & Hernquist

2006).

Recent simulations have also suggested a transition between the fueling mech-

anisms of AGN with nonmerger events predominantly powering lower luminosity

AGN and merger-induced fueling dominant in more luminous quasars (Hopkins &

Hernquist 2009). We may be seeing evidence of this transition in our sample of

BAT AGN that is powered both through merger events and less powerful nonmerg-

ers such as accretion of cold gas in late type systems. In support of this, we find

that BAT AGN in mergers have a greater ultra hard X-ray emission than those

in other morphological types. However, only a very small fraction (5/185) of BAT

AGN in this sample are above the minimum bolometric luminosity associated with

quasars (Lbol>1045 erg s−1). These results suggest that the process of merging may

be important for powering more moderate luminosity AGN as well (see also Chapter

3).

In interpreting the results of an X-ray flux limited survey, it is useful to remember

that the observed flux is a product of the black hole mass and accretion rate. On

average, more massive galaxies will tend to have higher mass black holes that will

produce a larger average X-ray flux than smaller galaxies with on average smaller

black holes. However, among massive galaxies, elliptical morphologies are much

more common than spirals, yet we find the most luminous hard X-ray AGN almost

exclusively in spiral morphologies. This suggests that spiral morphologies must have

higher accretion rates than elliptical morphologies. This finding is in agreement with

recent theoretical predictions that suggest that only spirals typically have enough

gas to trigger higher levels of radiatively efficient accretion in a geometrically thin

disk (Fanidakis et al. 2011). In order to understand this further, we are in the

process of accurately measuring black hole masses to study the accretion rates for
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this sample.

Previous optical surveys have found that AGN tend to be in massive galaxies

(Kauffmann et al. 2003a), occur along the red sequence (Westoby et al. 2007), and

tend to have similar numbers of galaxy mergers as inactive galaxies (Li et al. 2006).

However, in an ultra hard X-ray survey of AGN, we find that AGN host galaxies

are bluer than inactive galaxies with higher numbers of massive spirals and galaxy

mergers. We do not find observational evidence that the AGN suppresses star

formation.

It is surprising that the optical morphologies and colors of ultra hard X-ray

selected AGN are so different than emission line selected Type 2 Seyferts given their

similar bolometric luminosity as measured in [O III]. However, these results are

consistent with recent Spitzer surveys that have found that the AGN detection rate

in late-type galaxies and mergers is much larger than what optical spectroscopic

observations suggest (Goulding & Alexander 2009; Satyapal et al. 2008; Veilleux

et al. 2009b). Finally, studies of X-ray selected AGN at higher redshifts, have also

found a significant population of AGN classified as star forming using emission line

diagnostics (Yan et al. 2011, accepted).

In the BAT AGN sample, there are several results that suggest optical emis-

sion line classification may be biased against late-type galaxies and mergers. In

this study, we found that the axis ratios of BAT AGN are in general more inclined

and have greater levels of internal extinction than comparable SDSS AGN. This

extinction could obscure or dilute the narrow-line region and cause AGN galaxies

to be misclassified as star forming regions. This finding is also in agreement with a

previous analysis of BAT AGN that found optical emission line diagnostics prefer-

entially misclassify merging AGN because of optical extinction and dilution by star

formation (see also Chapter 3).
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Another possibility is that the BAT AGN may be much more intrinsically lumi-

nous than their [O III] emission suggests. Since the majority of BAT AGN either

have broad lines or are NL AGN that are correctly classified as Seyferts, yet are

found to have much greater hard X-ray luminosities, this must be an important fac-

tor. In support of this, two studies of BAT AGN have found a very weak correlation

between the [O III] and hard X-ray luminosity and that BAT AGN have additional

reddening of the narrow line region not accounted for in optical studies (Meléndez

et al. 2008; Winter et al. 2010). This is also supported by the much greater num-

ber of narrow-line SDSS Seyferts compared to hard X-ray selected AGN. In the

SDSS survey area, there are 24 optical emission line selected narrow-line Seyferts

detected for each hard X-ray AGN at the same redshift. Some of these undetected

sources may be heavily absorbed Compton-Thick AGN missed in the hard X-rays,

but even the highest estimates expect only ≈ 50% of local narrow-line AGN are

Compton Thick (Risaliti et al. 1999). If the BAT AGN are intrinsically more lumi-

nous than [O III] emission line selected AGN, this may explain their higher rates of

mergers and enhanced FIR emission. We are currently in the process of assembling

a larger survey of optical spectra of BAT AGN to better understand optical and

X-ray measures of intrinsic luminosity.
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Chapter 3

Merging and Clustering

of BAT AGN

3.1 Introduction

The Swift BAT all sky hard X-ray sample of AGN is uniquely suited to test whether

local AGN are found in mergers or with close companions that may be driving their

AGN activity because it is conducted in the 14–195 keV energy band. This band

is optically thin to much of the dust and gas obscuring the AGN and thus does

not suffer from many of the biases of optical emission line classification of AGN. In

our study of the host galaxies of BAT AGN in the last chapter, we found more in

mergers based on morphological classification. Because of the current controversy

as to whether moderate luminosity AGN like those in Swift BAT are triggered in

mergers, we focus an additional chapter on their merging and clustering of ultra

hard X-ray selected AGN using a sample of 181 BAT-detected AGN.

Simulations of the growth of black holes suggest that mergers of galaxies trigger

the AGN phenomenon (di Matteo et al. 2005). Tidal torques produced during
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the galaxy interaction send gas into the nuclear region to feed the black hole and

enhance AGN activity (Domingue et al. 2005). Later in the merger phase the two

supermassive black holes coalesce and a rapid accretion phase is entered with a burst

of star formation before settling into a relaxed state.

The observational evidence for mergers driving AGN activity has been contradic-

tory and seems to depend on the luminosity of the AGN. Clear evidence for higher

incidence of mergers is seen among QSOs (Serber et al. 2006; Veilleux et al. 2009a).

Early studies of the environment of Seyfert galaxies also appeared to show an excess

of close companions (Petrosian 1982), but recent studies of typical AGN have found

no evidence for higher rates of mergers or close companions (Miller et al. 2003).

For instance, X-ray studies of AGN at intermediate redshifts did not find increased

levels of mergers or close neighbors (Grogin et al. 2005). Host galaxies of AGN in

the COSMOS survey do not have greater numbers of nearest neighbor galaxies or

disturbed morphologies compared to normal galaxies (Gabor et al. 2009). Finally,

Li et al. (2006) analyzed 90,000 local (z <0.1) optically selected narrow-line AGN

from the Sloan Digital Sky Survey (SDSS) and found that only 1 in 100 AGN has

an extra neighbor within 70 kpc when compared to a control sample. At larger

scales between 100 kpc and a Mpc, AGN were clustered more weakly than normal

galaxies.

Recent studies of the BAT AGN sample have indicated that it may have increased

rates of mergers. For instance, Schawinski et al. (2009b) found an excess of residuals

in the images after galaxy model subtraction with GALFIT for 16 BAT AGN. Winter

et al. (2009) also found 33% of BAT galaxies as peculiar or disturbed galaxies based

on visual inspection of the 9 month survey.

Section §3.2 describes our imaging and spectroscopic data and the analysis tech-

nique for measuring the incidence of nearby companions, §3.3 describes our results
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and whether merging galaxies may have higher levels of optical extinction or dilution

by star formation, and finally the results are summarized in §3.4.

3.2 Data and Analysis

For our analysis, we considered three samples. We studied a sample of BAT-detected

AGN galaxies, a control sample of inactive galaxies from the SDSS matched to the

BAT sample, and finally a sample of type 2 Seyferts from the SDSS matched to

the BAT sample. We will henceforth refer to the three samples as BAT AGN, the

control sample, and SDSS AGN, respectively. Our BAT AGN sample consists of

nearby (z < 0.05) AGN and the total sample includes 181 BAT-detected AGN host

galaxies, ≈90% of the entire northern hemisphere AGN sample. In this BAT AGN

sample, 72/181 galaxies have spectral and imaging coverage of galaxy neighbors in

the SDSS. We used these 72 BAT AGN to compare to the other two samples. We

subtracted the AGN contribution using GALFIT (Peng et al. 2002) for the broad-

line AGN in the SDSS and Kitt Peak (see Chapter 2) images in the BAT sample.

We generated a control sample of inactive galaxies to compare apparent merger

rates. Recent studies have found that merger rates are strongly linked to stellar mass

and star formation. Geller et al. (2006) found increased star formation with smaller

galaxy separation. In addition, Patton & Atfield (2008) found that at least 90% of

all major mergers occur between galaxies which are fainter than L?. Therefore, to

construct our control sample we used galaxies in the SDSS that have matched stellar

masses, g–r colors (as a proxy for star formation), and redshift. From the comparison

sample we excluded broad-line AGN using the SDSS galaxy class and narrow-line

AGN using the Garching catalog (Kauffmann et al. 2003b). We also limited the

redshifts to z > 0.01 because of the tendency of the automated SDSS photometry
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to shred bright galaxies into multiple components. We selected 2 matched control

galaxies for each of the 72 BAT AGN for a total size of 144 control galaxies.

We also used a sample of emission line selected AGN in the SDSS for comparison,

which we refer to as the SDSS AGN. Winter et al. (2010) found that the majority

(75%) of a sample of 64 BAT AGN were Seyferts. We therefore chose a sample

of type 2 Seyferts from the Garching catalog using the emission line diagnostics of

Kewley et al. (2006). We matched each of the 72 BAT AGN to the SDSS Seyfert

sample in terms of color, stellar mass, and redshift for a total of 72 SDSS AGN.

We applied the same analysis technique to each of the three samples. To deter-

mine stellar masses we used the software kcorrect (Blanton & Roweis 2007) with

the ugriz photometry. To determine the redshifts of possible companion galaxies

we used the spectroscopic sample from the SDSS DR7. Since there is a 55′′ fiber

collision limit in the SDSS, as well as apparent magnitude limits for the spectro-

scopic survey, we supplemented our spectroscopic data for companions. We added

any spectroscopic data of galaxy companions publicly available through NED closer

than a projected separation of 30 kpc. In the range of 30 kpc to 1 Mpc we only used

the redshifts of galaxy companions in the SDSS. Throughout this work, we adopt

the following cosmological parameters to determine distances: Ωm= 0.3, ΩΛ= 0.7,

and H0 = 70 km s−1 Mpc−1. We define apparent mergers as galaxies that show

close physical pairs (with a real-space separation of <30 proper kpc) or clear signs

of a disturbed morphology such as tidal tails or bridges between galaxies based on

visual inspection of three-color images.

We measured the closest companion to each member of our BAT AGN, control,

and SDSS AGN samples on scales up to 1 Mpc. To decide whether the neighboring

galaxy is at the same radial distance, we followed the criteria of Patton & Atfield

(2008) and used radial velocity differences of less than 500 km s−1 between the
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sample galaxy and its possible companion. We also looked at the gri composite

image of each galaxy for signs of recent mergers such as tidal tails, binary nuclei,

and disturbed morphologies.

3.3 Results

We find that 18% (13/72) of the BAT AGN galaxies have disturbed morphologies

consistent with a recent merger. Another 4 BAT AGN (6%) are in close physical

pairs with separations of 20–30 kpc, where tidal effects are considerably weaker.

Finally, one additional BAT AGN (1%) shows a single nucleus with signs of tidal

tails. The overall fraction of BAT AGN undergoing mergers is therefore 25% (18/72).

A full listing of the BAT AGN galaxies in apparent mergers is in the top panel of

Table 3.3. In Figure 3.1, we show images of nine of these galaxies selected at

random from Table 3.3. In the control sample we find only 1% in apparent mergers

and for the SDSS AGN sample we find 4%. This small rate is consistent with that

of Patton & Atfield (2008) who found merger rates of 2% for normal galaxies at

similar distances and cosmology and other studies that have found no differences in

merger rates between optically selected AGN and normal galaxies.

We also searched for galaxy companions to BAT AGN outside of the SDSS

spectroscopic sample using NED. For the 109 BAT AGN with images and spectra

obtained at Kitt Peak, we find a lower rate of 22/109 or 20% in apparent mergers.

This lower number is expected because of the reduced number of spectra of galaxy

companions in NED. A listing of these BAT AGN in apparent mergers is in the

bottom panel of Table 3.3.

Application of our technique to an independent sample of INTEGRAL-selected

AGN detected in the hard X-rays (z <0.05, Beckmann et al. 2009) in the northern
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Table 3.1. BAT AGN in Apparent Mergers

Galaxy Name1 z log M∗

M�
2 Dist (kpc)3 Disruption4 Companion5 Notes6

2MASX J09043699+5536025 0.037 10.4 9 X 2MASX J09043675+5535515 SDSS
ARP 151 0.021 9.6 10 X SDSS J112535.23+542314.3 SDSS
KUG 1208+386 0.023 10 24 2MASX J12104784+3820393 SDSS
MCG +06-24-008 0.026 10.2 30 SDSS J104444.22+381032.9 SDSS
Mrk 0739E 0.03 10.47 2 X NGC 3758 SDSS
Mrk 1018 0.043 9.7 ... X ... SDSS
Mrk 110 0.035 10 ... X foregound star?, tidal tail SDSS
Mrk 463E 0.05 10.67 4 X Mrk 463W SDSS
Mrk 477 0.038 9.9 19 X SBS 1439+537 SDSS
NGC 0835 0.013 10.5 15 X NGC 833 SDSS
NGC 1142 0.029 10.7 17 X SDSS J025512.06-001032.9 SDSS
NGC 5106 0.032 10.6 25 X NGC 5100 NED01 SDSS
NGC 985 0.043 10.6 2 X NGC 0985 NED02 SDSS
UGC 03995 0.016 10.6 9 X UGC 03995 NOTES01 SDSS
UGC 05881 0.021 10.8 24 SDSS J104644.87+255502.1 SDSS
UGC 06527 NED03 0.026 10.5 24 X UGC 06527 NED02 SDSS
UGC 07064 0.025 10.2 30 CGCG 158-011 NED01 SDSS
UGC 08327 NED02 0.037 10.9 35 X UGC 08327 NED01 SDSS
2MASX J00253292+6821442 0.012 10.1 3 X ...
2MASX J11454045-1827149 0.033 10 14 X LEDA 867889
2MASX J17232511+3630257 0.04 10.35 21 2MASX J17232321+3630097
ESO 490-IG026 0.025 10.7 ... X ...
FAIRALL 0272 0.022 10.3 19 X FAIRALL 0271
IRAS 05589+2828 0.033 10.4 8 X 2MASX J06021038+2828112
M106 0.002 9.9 24 NGC 4248
MCG +04-48-002 0.014 10.2 24 NGC 6921
MCG -02-12-050 0.036 10.7 33 X 2MASX J04381113-1047474
Mrk 279 0.03 10.5 27 X MCG +12-13-024
Mrk 348 0.015 10.3 22 2MASX J00485285+3157309
Mrk 520 0.026 10.4 ... X ...
NGC 235A 0.022 9.9 9 X NGC 0235B
NGC 2992 0.008 10.3 20 X ARP 245N
NGC 3227 0.004 10 10 X NGC 3226
NGC 3786 0.009 10 14 X NGC 3788
NGC 5506 0.006 10 17 SDSS J141324.11-031155.8
NGC 6240 0.024 117 0.98 X ...
NGC 7319 0.022 10 11 X Stephan’s Quintet
NGC 7469 0.016 10.5 25 IC 5283
NGC 931 0.017 10.6 6 X UGC 01935 NOTES01
UGC 11185 NED02 0.041 10.2 24 X UGC 11185 NED01
2MASX J04234080+0408017 0.048 10 6 X ... Uncertain
3C 111.0 0.048 10 24 2MASX J04181911+3801368 Uncertain

.

1The top section includes BAT AGN in apparent mergers (18/72) that was compared to the SDSS AGN and
control sample. The bottom section includes apparent mergers in the Kitt Peak sample (22/109) with spectroscopic
coverage of companions only from NED.

2Host galaxy stellar mass based on using ugriz photometry and the kcorrect software of Blanton & Roweis (2007).

3Distance to nearest galaxy companion.

4Signs of disruption consistent with a merger.

5NED name where available.

6SDSS: In the SDSS spectroscopic sample, uncertain: Companion is within 2 mags of the J -band filter mags of
BAT AGN galaxy, but has no spectroscopic redshift.

7Galaxy nuclei are too close to accurately separate galaxies for stellar mass.

8Based on a recent Chandra observation.
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Figure 3.1: Composite gri images of BAT AGN hosts with disturbed morphologies

or companions within 30 kpc from the SDSS and Kitt Peak. The nine galaxies

were selected at random from the 40 galaxies in Table 3.3. An arcsinh stretch was

used as described in Lupton et al. (2004) with intensity scaled by flux. Galaxies

from left to right, first column: NGC 235A, NGC 1142, UGC 08327 NED02,

Mrk 1018, ESO 490-IG026, SBS 1439+537, second column: UGC 06527, 2MASX

J0904, NGC 985, Mrk 0739E, Fairall 0272, third column: NGC 7319, Arp 151,

2MASX J1145, NGC 6240, UGC 11185.
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hemisphere finds a similar rate of 28% (15/53) in apparent mergers with companions

within 30 kpc or in disrupted systems.

In addition, we looked for faint companions to BAT AGN in the SDSS pho-

tometric catalog with no spectroscopy. We looked specifically at the magnitude

difference between the galaxy and its possible companion. Within 30 kpc we find

no additional close companions within 2 mag of the host galaxy for the BAT AGN,

but an additional 1% for the SDSS AGN, and 2% for the control sample. Between

2 and 3 mag, we find 4% for the BAT AGN sample, 3% for control sample, and 3%

for the SDSS AGN. These faint galaxies could be at higher redshifts, and the small

percentage indicates we miss only a small number of true faint companions.

We use the approach of Bell et al. (2006) for a rough estimate of the number of

mergers per Gyr to assess the incidence of mergers. They estimate a typical merger

timescale of 0.4 Gyr for a merger of two equal mass galaxies of radius 15 kpc that are

within a distance of <30 kpc of each other. Mergers of unequal masses will tend to

take longer because of reduced dynamical friction, so Bell et al.’s approach provides

an upper limit on the merger rate. Following this method, the merger rate per Gyr

is the percentage of galaxies in apparent mergers divided by 0.4 Gyr or about 63%

per Gyr for the BAT AGN. This suggests that galaxy merging may be an important

mechanism to power the AGN.

Next, we looked for the presence of companions on larger scales, between 30 kpc

and 100 kpc. The cumulative distribution of nearest companion galaxies within 100

kpc can be found in Figure 3.2-left. The mean nearest neighbor galaxy separations

are 41±28 kpc, 72±18 kpc, and 61±24 kpc for the BAT AGN, control galaxies, and

SDSS AGN sample respectively. For galaxies with companions within 100 kpc, a

Kolmogorov–Smirnov (K-S) test indicates a <5% chance that the distribution of

nearest neighbor distances for the BAT AGN are from the same parent distribution
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Figure 3.2: Left: cumulative distributions of BAT AGN, control galaxies, and

SDSS AGN with nearest neighbors identified in the SDSS survey as a function of

physical separation in kpc. The error bars assume Poisson statistics. The filled

circles indicate BAT AGN with any galaxy companion. The triangle line is for

AGN with a companion galaxy that has a stellar mass within a factor of 10 of the

galaxy and may be considered a major merger. We find a much higher fraction of

BAT AGN with close companions on scales < 100 kpc. Right: fraction of BAT

AGN, control galaxies, and SDSS AGN with companions with projected physical

separations of 100–1000 kpc. An excess of companions at 100–250 kpc is seen

among BAT AGN.

as the control galaxies or SDSS AGN. This indicates that the BAT AGN have, on

average, more and closer companions than the control or SDSS AGN galaxy on

scales less than 100 kpc. We confirm that SDSS AGN and normal galaxies have

similar clustering and apparent merger rates (e.g., Li et al. 2006): a Kuiper test

of the SDSS AGN and control galaxies gives an 87% chance that both samples are

taken from the same parent population.

We also determined the fraction of galaxies with neighbors between 100 kpc and

1 Mpc. A K-S test of the distribution of closest companions within 250 kpc yields a

likelihood of <1% that the distributions of BAT AGN and control galaxies or SDSS

AGN are from the same parent population. A Kuiper test indicates that there is less

<5% probability that the BAT AGN companion galaxy distances are from the same

parent population as the control sample or SDSS AGN. In addition, a statistically

higher percentage of BAT AGN have neighbors at 100–250 kpc compared to the
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control or SDSS AGN (Figure 3.2-right). All of these statistical tests indicate that

the BAT AGN have closer companions than the control or SDSS AGN sample on

scales less than 250 kpc.

Next, we examined the optical spectra of the BAT AGN in more detail to test

whether the hard X-ray method may be selecting different types of AGN compared

to the optical emission line classification. Optical fluxes were corrected for galactic

extinction based on Balmer decrements and were taken from Winter et al. (2010), Ho

et al. (1997a), and the Garching catalog of reduced optical spectra. The total sample

includes 29 broad-line and 45 narrow-line BAT AGN. We examined the distribution

of the hard X-ray to [O III] λ5007 ratio for the non-merging and merging broad-line

AGN (Figure 3.3) and found that all but one of the merging broad-line AGN, NGC

3227, are in the higher X-ray to optical ratio bin. Merging and non-merging systems

have similar hard X-ray luminosity distributions so this larger X-ray to [O III] ratio

in merging systems is attributed to an [O III] deficit, possibly due to unaccounted

optical extinction.

In the case of narrow-line AGN, we find that merging galaxies do not have higher

hard X-ray to [O III] ratios than non-merging galaxies. The mean hard X-ray to

[O III] ratio is about 10 times larger for the narrow-line compared to the broad-

line AGN, though, so other factors may have a stronger influence on the ratio such

as the amount of narrow-line region gas, the geometry of the torus, the scattering

fraction, or different levels of absorption of the hard X-ray flux for these objects.

This higher hard X-ray to [O III] ratio among narrow-line AGN contradicts the

AGN unification model, unless the [O III] flux is affected by orientation effects

and/or is severely underestimated due to extinction.

We also looked to see if a disproportionate fraction of merging systems are missed

as AGN using optical emission line diagnostics. Using the classification scheme of
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Figure 3.3: Histogram of the hard X-ray to [O III] λ5007 ratio for broad-line

BAT AGN. In order to mitigate possible systematics effects associated with the

different instrument configurations of the various surveys, we averaged the [O III]

flux measurements from the different surveys before calculating the X-ray to [O

III] ratios. A K-S test indicates a 3% chance that the distributions of non-mergers

and mergers are taken from the same parent population.

Kewley et al. (2006) we find that 19% of the non-merging BAT AGN are classified

as composite or HII region-line galaxies rather than AGN. In galaxies undergoing

a merger we find a rate of 33%. The lower merger rate in the SDSS AGN sample

may therefore be due to the fact that the optical emission-line classification is biased

against mergers.

Elevated star formation activity could dilute the AGN emission, causing the AGN

to be missed using optical emission line classification. We therefore investigated the

IRAS data to see if the level of star formation in the merging systems was higher

than the non-merging systems (Figure 3.4). The 60 µm is a useful tracer of strong

bursts of recent star formation and is less affected by AGN emission. We define the

specific star formation rate as the logarithm of the ratio of 60 µm emission to stellar

mass.

The mean of the specific star formation rate for merging systems is higher
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Figure 3.4: Left: histogram of the IRAS 12 µm to hard X-ray emission ratio for

merging and non-merging BAT AGN. The sample includes 28 mergers and 85 non-

mergers. No difference is observed between merging and non-merging systems.

Most systems have L12µm/LBAT ≈0.1%, confirming the known strong correla-

tion between the mid-IR and hard X-ray emission [e.g.,][]Vasudevan:2010p5970.

Right: histogram of the logarithm of the ratio of 60 µm emission to stellar mass.

This ratio is larger on average among merging systems, indicating enhanced star

formation in these systems.

(30.59±0.42 erg s−1M−1
� ) than for non-merging systems (30.34±0.57 erg s−1M−1

� )

and a K-S test indicates a 2% chance that the distribution of star formation ra-

tios for merging and non-merging galaxies are the same. A Kuiper test has a 10%

chance. If we include upper limits of the IRAS flux a Kuiper test indicates a 7%

chance. These statistical tests indicate enhanced star formation activity in merging

systems compared to non-merging systems.

To further investigate the possibility that BAT AGN are found in galaxies with

higher merger rates than average, we looked at the level of star formation activity

based on the IRAS 60 µm emission in BAT AGN compared to normal galaxies in

the control sample and redshift-matched SDSS AGN. A larger fraction of the BAT

AGN (61%) are detected at 60 µm than normal galaxies in the control (14%) and

SDSS AGN (11%). We also find that 18% of the BAT AGN are luminous infrared

galaxies (LIRGS;LIR > 1011L�) and only 3% of the control galaxies and 1% SDSS

AGN are LIRGs. These results indicate that BAT AGN have elevated star formation
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activity relative to normal galaxies and SDSS AGN (AGN contamination to the 60

µm emission in LIRGs is negligible; (Petric et al. submitted).

3.4 Summary and Discussion

We find a larger fraction of BAT AGN with disturbed morphologies or in close

physical pairs (<30 kpc) compared to matched control galaxies or optically selected

AGN. The high rate of apparent mergers (25%) suggests that AGN activity and

merging are critically linked for the moderate luminosity AGN in the BAT sample.

We also investigated why this merging rate is larger than in optical AGN samples.

We find that merging broad-line AGN galaxies are preferentially found in galaxies

with high hard X-ray to [O III] λ5007 ratios. We also find a higher specific star

formation rate in merging systems in the BAT sample. This suggests that these

merging AGN may not be identified using optical emission line diagnostics because

of optical extinction and dilution by star formation. Additional support for this

picture comes, for instance, from Goulding & Alexander (2009) who found that

optical emission line classification may be missing 50% of local AGN identified via

mid-infrared spectroscopy with Spitzer. This also seems to be the case at slightly

higher redshifts and luminosities among ULIRGs (LIR > 1012L�; Veilleux et al.

2009b).
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Chapter 4

Detection of a Binary AGN in

Mrk 739 using Chandra

4.1 Introduction

In the previous chapter we found that the merger rate of BAT AGN host galaxies is

much than higher normal galaxies suggesting an association between AGN activity

and galaxy mergers. If galaxy mergers are the prime way to ’ignite’ the central

source by sending a large amount of gas into the center region and triggering the

AGN (di Matteo et al. 2005), then we expect some fraction of these binary black

holes to be actively growing simultaneously, thus creating a binary AGN. Thus, the

detection and frequency of binary AGN is important since it provides constraints on

models of galaxy formation and a critical test of the merger-driven AGN model. We

had also found in chapter 3 that AGN selected using optical emission line diagnostics

preferentially fail to detect merging BAT AGN. We therefore hypothesized that the

fraction of binary or double AGN systems may be much higher than optical emission

line surveys suggest and proposed time using the high spatial resolution of Chandra
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(≈ 0.5′′). The use of Chandra was critical, since in most of these objects, the angular

resolution of the Swift XRT or XMM-Newton is unable to determine the presence

of multiple nuclei for separations <10′′ in equal luminosity sources or <15′′ if the

secondary X-ray source is faint.

Despite their theoretical importance, only a handful of close binary AGN (<5 kpc

projected separation) have been discovered. The two clearest cases are the Chandra-

detected double nucleus in the luminous infrared galaxy (LIRG; LIR>1011L�) NGC

6240 (Komossa et al. 2003) with a projected separation of 1 kpc at a distance

of 103 Mpc and the LIRG Mrk 463 at 3.8 kpc separation and a distance of 220

Mpc. Recently some likely binary AGN have been discovered based on double-

peaked [O III] λ5007 emission lines (Liu et al. 2010). However, there is still some

question whether these systems are ’true’ binary AGN or are a single AGN with an

asymmetric distribution of outflowing gas in the narrow line region (Fischer et al.

2011; Smith et al. 2010). Unfortunately, these systems are at higher redshifts with

extremely close separations where the resolution of Chandra is unable to resolve

these objects to confirm their binary AGN nature.

In this chapter we focus on a single binary AGN in the BAT sample, Mrk 739,

which is important because of its extremely close 3.4 kpc separation and because

it shows no evidence of being an AGN in the optical, UV, or radio. This suggests

that binary AGN may be more common than surveys at other wavelengths suggest.

Other than NGC 6240, it stands as the nearest case of a binary AGN discovered to

date.

67



4.2 Observations and Data Analysis

In the following subsections, we describe the observations and analysis of Mrk 739.

Throughout this work, we adopt Ωm= 0.3, ΩΛ= 0.7, and H0 = 70 km s−1 Mpc−1 to

determine distances. At the redshift of Mrk 739, 1′′ corresponds to 580 pc.

4.2.1 Optical: SDSS Imaging and Gemini Optical Spec-

troscopy

Mrk 739 was imaged by the SDSS on March 10, 2005. Using a Sérsic profile with a

fixed bulge (n=4), we fit the optical nuclei using two-dimensional surface brightness

fitting (GALFIT; Peng et al. 2002). In Mrk 739E, a point source component was

used to measure the AGN light since it has a broad line region (BLR).

We observed Mrk 739 with Gemini on February 7, 2011. Both nuclei were

observed simultaneously in the B600-G5307 grating with a 1′′ slit in the 4300–7300

Å wavelength range. The exposure totaled 37 minutes. We follow Winter et al.

(2010) for correcting Milky Way reddening, starlight continuum subtraction, and

fitting AGN diagnostic lines. To correct our line ratios for extinction, we use the

narrow Balmer line ratio (Hα/Hβ) assuming an intrinsic ratio of 3.1 and the Cardelli

et al. (1989) reddening curve.

4.2.2 UV and Radio: XMM −Newton and VLA

Mrk 739 was observed in the UV with XMM −Newton in June 2009 (PI Brandt,

Vasudevan in prep.). We follow the XMM ABC guide for photometry. We also

analyzed archival VLA observations with times of 33 minutes at 1.49 GHz and 38

minutes at 4.86 GHz.
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4.2.3 X-rays: Chandra

Chandra observed Mrk 739 on April 22, 2011 with an exposure time totaling 13

ks. Sub pixel event repositioning was applied to improve the resolution of the

image. Two extraction regions of 1.5′′ radius were used for spectral fitting and

timing analysis with CIAO version 4.3. To fit the X-ray spectra, we used a fixed

Galactic photoelectric absorption (Kalberla et al. 2005), a floating photoelectric

absorption component at z=0.0297, and a power law. For the eastern source (Mrk

739E), we also include a pileup model because mild pileup (10%–20%) is expected

based on pixel count rates.

4.2.4 Submillimeter: CO Observations

The 12CO (2–1) and (3–2) molecular lines of Mrk 739 were observed with the James

Clerk Maxwell Telescope (JCMT) on March 12–13, 2011. The A3 (211-279 GHz)

and HARP (325-375 GHz) receivers were used. The spectra were co-added, binned,

and fitted with linear baselines. To calculate velocity-integrated line flux densities,

we assumed an aperture efficiency of 0.60 and 0.53 for the A3 and HARP receiver

and followed Greve et al. (2009).

4.3 Results

4.3.1 Optical Properties of Mrk 739

Two hard X-ray point sources coincide with the best fit model of the optical light

from the bulge components (Figure 4.1). The bulge magnitudes are mr=14.03±0.15

for Mrk 739E and mr=13.75±0.15 for Mrk 739W. The small difference in apparent

magnitudes suggests a major merger between the two galaxies.

69



Figure 4.1: Left: composite SDSS gri filter image of Mrk 739. Right: SDSS

r-band image overlaid with contours from Chandra (blue) at same scale. The

X-ray sources are coincident with the bulge components seen in the optical for

Mrk 739E and Mrk 739W.

The optical spectra for both sources are shown in Figure 4.2. Mrk 739E shows

broad lines (FWHM Hβ=2960 km s−1 and Hα=2120 km s−1) consistent with a

Seyfert 1. Mrk 739E also has strong [Fe VII] 5721 and 6087 Å emission, a feature

of some Seyfert 1 galaxies indicative of highly ionized material near the central

AGN (e.g., Veilleux 1988). In Mrk 739W, there are narrow lines at the spectral

resolution of instrument (FWHM=280 km s−1). Based on the Balmer decrement,

E(B − V )=0.26 for Mrk 739E and E(B − V )=0.43 for Mrk 739W. Mrk 739W

is classified as a starburst using the [OI]/Hα and [SII]/Hα line diagnostics and a

composite galaxy using the [NII]/Hα diagnostic (Kewley et al. 2006). Assuming

that all of the Hα luminosity is from star formation and using Kennicutt (1998),

the estimated star formation rate (SFR)=0.3 M� yr−1.
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Figure 4.2: Upper panel: optical spectra of Mrk 739E and Mrk 739W. Lower

panel: emission line ratios of Mrk 739W, the narrow line source discovered to be

an AGN in X-rays. Mrk 739W is consistent with star formation in the [OI]/Hα

and [SII]/Hα diagnostics and a composite galaxy in the [NII]/Hα diagnostic.

4.3.2 UV, Far-Infrared, and Radio

The UV image from XMM −Newton Optical Monitor shows sources coincident

with the hard X-ray sources (Figure 4.3). In the UV,mUVW1=15.4±0.1 andmUVM2=16.6±0.1

for Mrk 739E and mUVW1=16.6±0.1 and mUVM2=16.4±0.1 for Mrk 739W. The spec-

tral index connecting 2500Å and 2 keV, αOX, is -1.10±0.04 for Mrk 739E, typical

of an AGN (-1.15±0.24; Steffen et al. 2006). In Mrk 739W, αOX=-1.53±0.1, sug-
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gesting the UV is dominated by star formation. Assuming all the UV emission

in Mrk 739W is from star formation and following Kennicutt (1998), we estimate

SFR=0.6 M� yr−1.

Mrk 739 was detected in all bands by IRAS. The measured luminosity is logL�,IR=10.9

and logL�,FIR=10.6. Following the Kennicutt (1998) relationship between far-

infrared (FIR) luminosity and star formation rate, we estimate SFR=6.9 M� yr−1.

Mrk 739E was detected at both 1.49 and 4.86 GHz (Figure 3), with a flux density

of 2.6±0.2 mJy at 1.49 GHz and 0.5±0.2 at 4.86 GHz (after convolving to match

the 1.49 GHz resolution). This is a spectral index (Sν = K × ν−α) of α =1.2±0.5.

The VLA data for Mrk 739W are consistent with resolved star formation and

show no signs of an AGN. The emission at 1.49 GHz has an integrated flux density

of 2.6±0.2 mJy. The 4.86 GHz convolved data also shows resolved emission with

an integrated flux density of 1.3±0.3 mJy. The spectral index for Mrk 739W is

α = 0.8±0.3, consistent with optically thin synchrotron emission from supernovae

found in star forming galaxies. We use Yun et al. (2001) to convert the 1.49 GHz

luminosity of Mrk 739W to a SFR of 3.1 M� yr−1.

4.3.3 X-ray

We detect two hard X-ray sources coincident with the eastern optical nucleus (Mrk 739E)

and western nucleus (Mrk 739W). Both sources show hard X-ray spectra extending

out to 10 keV (Figure 4.4). In the 2–10 keV band, we find a FWHM of 0.48′′± 0.05

(280 pc) for Mrk 739E and 0.51′′ ± 0.07 (295 pc) for Mrk 739W. The Chandra

spectra of Mrk 739E is well fit (χ2
ν=1.4) by a power law (F ∝ E−Γ+2) with photon

index Γ = 2.1 ± 0.1 and NH = 1.5 ± 0.2 × 1021 cm−2 consistent with a Seyfert 1.

Mrk 739W is well fit (C-stat/dof=0.8) by a harder power law with more absorption

and a photon index Γ = 1.0± 0.2 and NH = 4.6± 0.1× 1021 cm−2. While positive
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Figure 4.3: Left: XMM −Newton UVM2 image of Mrk 739. Right: the grey-

scale image is the 1.49 GHz VLA data, while the contours are the 4.86 GHz

data convolved to 1.49 GHz beam. White ×’s indicate the Chandra hard X-ray

positions. Both the UV and radio data in Mrk 739W show extended emission

consistent with star formation.

residuals do exist at the location of the neutral 6.4 keV iron Kα line in Mrk 739W,

there are too few counts to confirm its existence. The 2–10 keV absorption-corrected

luminosities are L2−10 keV = 1.1×1043 and 1.0× 1042 erg s−1 for Mrk 739E and Mrk

739W, respectively. An archival XMM −Newton 2009 observation of Mrk 739 is

unable to resolve the emission to either source, but shows L2−10 keV=1.0×1043 and

Γ = 1.92± 0.02 consistent with the Chandra spectra of Mrk 0739E.

Timing analysis is a critical part of identifying AGN since nearly all show vari-

ability. Bins of 1.5 ks were chosen to ensure >20 counts per bin (Figure 4). We

find statistically significant variations in the fluxes of both sources. There is a fac-

tor of 2.5 change in flux for Mrk 739W and 0.3 for Mrk 739E during the ≈4-hour

observation.

Mrk 739 was detected by Swift BAT with L14−195 keV=2.4±0.5 × 1043 erg s−1,

Γ=2.6±0.4, and a factor of two variability over five years (Figure 4). Because of the
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Figure 4.4: Upper panel: Chandra spectra of Mrk 739E (left) Mrk 739W (right).

Middle panel: Chandra count rate in 1.5 ks bins for Mrk 739E (left) Mrk 739W

(right). There is a factor of 2.5 variability in flux over the 4-hour observation of

Mrk 739W. Lower panel: Swift BAT spectra (left) and average count rate in 3

month bins (right) for Mrk 739.

variability and much steeper photon index of Mrk 739W, it is difficult to identify

the source of the L14−195 keV luminosity (Mrk 739E, Mrk 739W, or both).
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4.3.4 Detection of a Binary AGN

The hard X-ray (>2 keV) band provides one of the best tools for finding AGN since

it is less affected by contamination and absorption and can only be produced in

large amounts by AGN. Our discussion of this binary AGN will be limited to Mrk

739W since Mrk 739E was already known to be an AGN based on its BLR (Netzer

et al. 1987).

In Mrk 739W, the hard X-ray emission is point-like at the location of one of

the bulge components in the galaxy consistent with an AGN. Energetic phenomena

related to vigorous star formation such as OB stars, X-ray binaries, and SN shocks

produce hard X-rays. However, in star forming regions the dominant X-ray emission

is from point-like ultraluminous X-ray sources (ULXs; Bertram et al. 2007). ULXs

are by definition not located at the centers of galaxies where the central supermassive

black hole resides.

The luminous hard X-ray emission, hard photon index, and time variability

of Mrk 739W also provide little support for the hypothesis that this source is a

ULX. In a study of 154 ULXs, the average luminosity is much lower (L0.5−8 keV =

2.2 ± 4.5 × 1039 erg s−1). The most luminous ULX ever detected, ESO 243-49

HLX-1 (Farrell et al. 2009), has a 0.2–10 keV luminosity of 1042 erg s−1, however,

its hard X-ray (2–10 keV) luminosity is only 4×1040 erg s−1 because it has a soft

photon index of 3.4. Therefore, if Mrk 739W is a ULX, it is the most luminous ULX

in the hard X-rays (L2−10 keV) by over an order of magnitude. The average ULX

power law index is also Γ=1.97±0.11, which is significantly softer than Mrk 739W

(Γ=1.0 ± 0.2). Finally, no ULXs have shown such high amplitude variability over

the short timescale of hours with this level of variability only seen on time scales of

days to weeks (Gladstone 2010).
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The measured SFRs in Mrk 739W provide an additional constraint as to whether

the hard X-ray emission could be from star formation. A SFR greater than 200

M� yr−1 would be required to generate the observed hard X-ray luminosity based

on the relationship between SFR and X-ray emission (Ranalli et al. 2003). The

predicted SFR in Mrk 739W is 0.3, 0.6, and 3.1M� yr−1 from the Hα, UV luminosity,

and 1.4 GHz emission. The predicted SFR from FIR emission of the combined

system is 6.9 M� yr−1. All of these rates are significantly lower than the 200

M� yr−1 needed to generate the observed hard X-ray luminosity. In addition, it is

likely that much of this star formation would be extended and resolved in Chandra.

It is interesting that Mrk 739W has not been detected as an AGN using opti-

cal emission line spectroscopy. Noguchi et al. (2010) found that optical emission

line studies are biased against ’buried AGN’ that have a small scattering fraction

or a small amount of narrow line region gas. AGN with a low ratio of [O III]

to hard X-ray luminosity (L[OIII]/L2−10 keV <0.1) tend to be ’buried AGN’. The

L[OIII]/L2−10 keV=0.008 of Mrk 739W is consistent with a ’buried AGN’ and the low-

est ratios found in their study. This finding is also consistent with a recent study

that found that merging AGN selected in the ultra hard X-rays tend to have low

L[OIII]/L14−195 keV ratios and be preferentially misclassified using optical line diag-

nostics (Koss et al. 2010).

For AGN with low luminosity in the [O III] line, nebular emission from star

formation can overwhelm the AGN signature in optical emission line diagnostics.

Schawinski et al. (2010) found that for L[OIII]=1040 erg s−1, nearly 54% of star

forming galaxies with AGN will be classified as star forming or composites. The

small value of L[OIII]=7.5× 1039 erg s−1 in Mrk 739W suggests that star formation

is overwhelming the AGN photoionization signature.

76



4.3.5 CO Properties and Molecular Gas Mass

CO velocity profiles can provide information on the dynamics of the molecular gas.

The 12CO 3–2 and 2–1 spectra in Mrk 739 have almost identical shapes. Each

spectrum has a narrow profile with FWHM=94±8 and 98±6 km s−1 for single-

Gaussian fits to the CO (2–1) and CO (3–2) profiles, respectively. These profiles

are significantly narrower than the CO (2–1) emission from NGC 6240 (Figure 4.5)

and imply a nearly face-on orientation to any disk-like structure in this system.

CO measurements also provide estimates of the amount of molecular gas. In

Mrk 739, ICO=109±33 and 169±51 Jy km s−1 for the 2–1 and 3–2 lines. Following

Solomon et al. (1992), L′CO=10.9×108 and 7.5×108 K km s−1 pc−2 for the 2–1

and 3–2 lines. Adopting α=1.5-4 M� (K km pc−2)−1 for the conversion from CO

luminosity to molecular hydrogen, we find log M�(H2)=9.2-9.6, similar to the Milky

Way (Sanders et al. 1984).

4.3.6 Relative Velocity of the Binary AGN

Measurements of radial velocities provide important insights about the dynamics of

the merger. We use the Na I λλ 5890, 5896 (Na D) absorption lines from stars and

cold gas since narrow emission lines in AGN often have blueshifts (Bertram et al.

2007). There is an offset of ≈40 km s−1 between the two bulge components (8995±15

km s−1 for Mrk 739E and 8953±15 km s−1 for Mrk 739W). The CO data also show

evidence of two components with the peak brightness temperatures similar to the

radial velocities in the Na D absorption lines (Figure 4.5). When fit with gaussians,

the peaks consistent with the Na D radial velocities (8921±22 and 8980±16 km s−1

in CO 2–1 and 8956±12 and 8993±22 km s−1). High resolution (1′′) interferometric

CO imaging of this system would provide evidence to confirm this picture.
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Figure 4.5: Upper left: CO observation of Mrk 739 with an observation of NGC

6240 overlaid for comparison. The brightness temperature of NGC 6240 is reduced

by 0.63 to account for the increased distance of Mrk 739 (Solomon et al. 1992).

Upper right: CO observation with radial velocities of the Na D absorption lines

from the optical spectra. Lower: measured UV and X-ray emission for Mrk 739E.

The extinction-corrected SED model is shown as a solid line and the dashed line

indicates the fit to the observed data.
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There is also evidence of outflows in the narrow line region of Mrk 739E. There

is a 192±22 km s−1 blueshift in the [O III] line and a 153±25 km s−1 in the lower

ionization [O I] λ 6300 line compared to the Na D absorption. This blueshift is

consistent with other nearby QSOs which have an average [O III] blueshift of -174

km s−1 (Bertram et al. 2007). In Mrk 739W, there is no evidence of outflows in the

narrow line region.

4.3.7 Bolometric Luminosity and Eddington Ratios

Using Chandra and UV photometry and following Vasudevan et al. (2009), the

bolometric luminosity is 1.0×1045 erg s−1 in Mrk 0739E (Figure 5). The extinction

corrected 2500 Å luminosity is logL
2500Å

= 43.7 ± 0.3. Using Hβ and continuum

emission (Vestergaard & Peterson 2006), the black hole mass is log MBH=7.04±0.4

M�, giving an Eddington ratio of λEdd=0.71, the highest amongst all the Swift

BAT selected AGN (Vasudevan et al. 2010). Our estimates are consistent with Ho

et al. (2008) who find λEdd=0.78 using only optical spectra and the same method

to determine black hole mass. Uncertainties in intrinsic dust reddening, as well as

the inclination angle and spectral hardening parameter in the accretion disk model

can lower the Eddington ratio at most 58% to λEdd=0.30.

In Mrk 739W, the bolometric luminosity is 2×1043 erg s−1 using only the hard

X-ray data with a bolometric correction factor of 22 from Vasudevan et al. (2009).

4.4 Discussion

We discovered a binary AGN in the galaxy Mrk 739 based on Chandra imaging

showing two unresolved (FWHM≈300 pc) luminous hard X-ray sources with a pro-

jected separation of 3.4 kpc (5.8±0.1′′). We find that a high level of star formation
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combined with a very low L[OIII]/L2−10 keV ratio cause the AGN to be missed in

optical spectroscopy. In the radio, there is resolved emission with a spectral index

consistent with star formation. The CO observations of the (3–2) and (2–1) lines

indicate large amounts of molecular gas in the system. This gas could be driven

towards the black holes during the violent galaxy collision and be key to fueling

the binary AGN. In Mrk 739E, there is a high Eddington ratio (λEdd=0.71) and

small black hole (log MBH = 7.05±0.3) consistent with an AGN accreting at a high

accretion rate. Other than NGC 6240, this stands as the clearest and nearest case

of a binary AGN discovered to date.

Mrk 739 is an important example of how critical high resolution (< 1′′), hard

X-ray (>2 keV) imaging is in finding binary AGN (< 5 kpc). Observations with

Chandra provide one of the most effective tools since obscuration and/or contami-

nation from merger induced star formation can hide the AGN at other wavelengths.

Mrk 739W showed no evidence for hosting an AGN until the Chandra observation

despite a host of previous observations including UV and optical spectroscopy, and

radio data from the VLA. While mega surveys such as the SDSS, 2dF, and 6dF are

finding valuable information on hundreds of thousands of AGN using optical emis-

sion line diagnostics, this technique can be biased against finding AGN in objects

that have high levels of star formation or obscuration like mergers (see also chapter

3, Goulding & Alexander 2009; Veilleux et al. 2009a).

The three nearest binary AGN (NGC 6240, Mrk 739, Mrk 463) discovered to

date with Chandra share many properties which may hold clues as to why they

form. A surprising result is that all three are luminous in the ultra hard X-rays

and detected in the Swift BAT all sky survey (log L14−195 keV > 43.4 erg s−1). This

suggests that binary AGN happen more often in systems with bright X-ray AGN.

More X-ray follow-up work needs to be done with less luminous merging systems to
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confirm this result. The large FIR (60 and 100 µm) luminosities (log L�,FIR=11.5,

11.1, and 10.6 for NGC 6240, Mrk 463, and Mrk 739) suggest that these systems

may be linked to gas-rich progenitor galaxies consistent with theoretical models (Yu

et al. 2011, submitted).
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Chapter 5

Instrumentation Development in

the Ultra Hard X-rays: The

InFOCµS Balloon Mission

5.1 Introduction

The first part of the thesis focused on observational studies of nearby AGN using

the ultra hard X-rays and now I change the discussion to the development of new

focusing optics at this wavelength. Because of the difficulty of focusing energetic

ultra hard X-rays, instruments like Swift BAT used a coded aperture mask of

lead tiles to use a shadow pattern to detect sources. In a coded aperture, images

from multiple apertures overlap and it is necessary to use a complex algorithm

to reconstruct the original image. The image is formed from the whole array of

sensors and therefore accepts much more background radiation than in focusing

optics. Thus, for equal collecting areas, the sensitivity of a focusing instrument is

always better for single point sources. In Swift BAT, the coded aperture provides
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a positional accuracy of ≈5′ for bright sources. This sometimes leads to source

confusion and requires lower energy X-ray followup (<10 keV) to determine the

exact source. Focusing optics could provide a much higher sub-arcminute resolution

with better sensitivity than Swift BAT. In addition, because of increased sensitivity,

variable emission can be studied on much shorter time scales.

The InFOCµS ultra hard X-ray balloon telescope (Figure 5.1) was designed to

extend the focusing optics beyond the limit of current X-ray satellites at 10 keV

using multilayer mirrors and a long 8m baseline. The InFOCµS balloon last flew in

September, 2004, capturing some of the first ultra hard X-ray images using focusing

optics and was scheduled to fly in 2008 or 2009 from Australia. As part of this effort,

I spent a year working on the instrumentation for the balloon launch with 6 months

in Nagoya, Japan working with collaborators on the project under a science grant

from the Japanese Society for the Promotion of Science. Unfortunately, because

of NASA funding issues, the balloon has not yet launched. However, the launch

of a new hard X-ray imaging satellite, NuSTAR, in 2012, holds much promise

for furthering our understanding of AGN by imaging them at high redshift where

the bulk of black hole growth is occurring. Therefore, the discussion of this new

imaging instrumentation in this chapter is important. In the following, I detail my

instrumentation work for this balloon project which focused on the star cameras.

5.2 The Importance of Focusing Optics

in the Ultra Hard X-rays

Focusing optics in the ultra hard X-rays allow a revolutionizing leap ahead in imaging

sensitivity and spatial resolution compared to the current coded aperture mask and

collimator technologies deployed in satellites like BeppoSAX, Swift BAT, Integral,
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Figure 5.1: Image of the InFOCµS Gondola.

and Suzaku. This will greatly improve our understanding of nonthermal processes

in astrophysics such as particle acceleration processes in the same way that grazing

incident telescopes, that focus softer X-rays, revolutionized our understanding of

thermal processes with the systematic mapping of galaxies, clusters of galaxies, and

supernovae remnants.

Currently, the best data for the hard cosmic X-ray background is obtained by

satellites using collimator or coded aperture mask technologies, but these technolo-

gies are unable to resolve the majority of sources producing this flux (≈98% unre-

solved, Ajello et al. 2008). This has led to the prediction of a large population of

obscured high redshift AGN creating the X-ray background. Only a ultra hard X-

ray telescope with focusing optics could provide the sensitivity to resolve the point

sources contributing to this flux. In addition, in the dense galactic center where the

dense gas and dust can’t be penetrated by softer energies, there are so many sources,

that Swift BAT and Integral suffer from source confusion. Ultra hard X-ray fo-

cusing optics will provide the resolution to resolve the individual Galactic sources

such as neutron stars or black hole candidates that are producing this energy.

Multilayer mirrors enable focusing optics to go beyond the 10 keV energy limit
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Figure 5.2: Plot of effective area with energy in keV. Multilayer mirrors such as

used in InFOCµS and NuSTAR enable focusing optics to go beyond the 10 keV

energy limit of grazing incidence optics employed in soft X-ray imaging instru-

ments.

of grazing incidence optics employed in soft X-ray imaging instruments such as

Swift XRT, Chandra, and XMM (Figure 5.2). With the use of multilayer mirrors,

the reflection is through Bragg reflection, and the limiting angle of reflection is

increased up to much higher energies of 10-80 keV. The ultra hard X-ray regime is

also dominated by noise from high-energy cosmic rays hitting the instrument and the

Earths atmosphere, so sensitivity is critical. With focusing optics, systematic errors

can be significantly reduced since the background from cosmic diffuse emission is

related to area, and this will be reduced in focusing, dramatically increasing signal

to noise.
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5.3 The InFOCµS mission

Balloon telescopes in the upper atmosphere are a critical way to perform scientific

observations at a fraction of the cost and time of deploying satellites. At about 40

km, ultra hard X-rays (> 20 keV) are not completely absorbed by the atmosphere.

Balloon flights are also particularly relevant since hard X-ray focusing optics have

not yet been deployed in satellites and the balloon platform allows a very long

baseline for focusing without the complication of folding the telescope into a rocket

shroud. Balloon instruments also offer an important test bed for the future deploy-

ment on satellites.

The InFOCµS balloon mission is a joint collaboration between the United States

and Japan. Nagoya University is contributing the work on the telescope such as

fabricating and applying multilayer mirrors and the star camera for performing fine

pointing measurements. NASA Goddard is contributing the focal plane detector,

telescope gondola, inertial navigation sensor, rough sensor systems, and overall sys-

tem integration.

5.4 Star Camera Hardware Design and Testing

The star cameras provide the fine pointing solution for the telescope, so that the

location of the incident ultra hard X-rays can be determined precisely and the

motors can hold the target in the field of view of the telescope. Because the X-

rays easily penetrate through the balloon, but are absorbed by the atmosphere, it

is desirable to point the X-ray telescope to the zenith, directly through the balloon.

The star cameras detecting optical light must then be pointed off the telescope axis

to determine the pointing direction of the X-ray telescope.
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My major hardware work on the star cameras was to optimize the best integra-

tion time for different operational modes. For instance, doing temperature testing

to observe the change in focal properties of the lens, designing a stepper motor to

ensure the cameras stay focused during flight, selecting a filter to limit sky bright-

ness, and constructing a baffle to limit off-axis optical light. I used a variety images

from the last flight to test the star cameras as well as real time testing on top of the

Nagoya science building.

An overview of the electronic system for each star camera is shown in Figure 5.3.

The flight control computer initiates a TTL pulse to instruct the CCD to take an

image. This image is processed by a small single board computer with the star

camera code to find an attitude solution and PSF of the image that is passed back

to the flight control computer. Once every 10 seconds, an image is stored to the

external hard drive. If the PSF of the image is poor, a focusing sequence can be

done using the stepper motor. The temperature and pressure are monitored during

flight and a heater can be used to keep the CCD within operating temperatures. If

necessary, an image can be sent to the ground station for further analysis.

The star cameras provide the fine pointing solution for the telescope with sen-

sitivity to stars down to magnitudes ≈9 in daytime float conditions. Each camera

(Figure 5.4) combines a 1 megapixel CCD with a 200 mm f/2 lens to image a 2◦ by

2.5◦ field of the sky. I obtained two CCDs to use on the star camera’s, a Prosilica

GE 1380 and 1650. The Prosilica 1650 was more expensive and supposedly more

sensitive. I tested both CCD’s (Table 5.1) to determine which one was more effec-

tive in our star camera application and to test the affects of different temperatures

on the CCDs. I found that the cheaper CCD was more effective than the more

expensive CCD in terms of having fewer hot pixels as well as having hot pixels that

were found in all images that could be easily removed with a mask. I also found that
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Figure 5.3: Overview of the electronic system for each star camera.

Figure 5.4: Star camera lens (Nikon 200 mm lens with 2.56 x 1.92 degrees FOV)

and CCD (Prosilica GE1650).

the number of hot pixels and dark current increases slightly at higher temperatures.

The work on the star camera focused on optimizing several factors including a

filter to maximize signal to noise of the stars during day operations, determining the

quickest integration time for reliable solutions during different operating conditions,

designing a focusing system on the camera to deal with the extreme temperature

variations of day/night during balloon flight. At typical balloon altitudes there is

still atmosphere to create a bright daytime sky background, so a filter needs to

be used during daytime operation. This filter needs to be optimized to maximize

the star signal to background in daytime operations and maintain nighttime perfor-
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mance.

Table 5.1: Star camera CCD testing results for Prosilica 1380 and 1650 under

normal and hot (≈120 degrees F) operating temperatures.

A final critical element of any day time operating star camera is the baffle. The

baffle was constructed to ensure all stars greater than ≈10◦ from the optical axis

are blocked, so that the camera can image during daytime within ≈ 60◦ of the sun.

This baffle must also limit scattered light from its surface. The baffle is attached to

the front of the star camera and is sandblasted using anodized aluminum to prevent

scattered light and reflections inside the baffle.

5.5 Star Camera Software and Testing

The software used a modified form of the pyramid algorithm, using the angles of

individual triads of stars on the image to find matches within the look-up catalog.

Once this was done a fourth detected star was selected from the image. The four star

polygon structure, the pyramid, is associated with an almost certain stellar iden-

tification that is efficient and fast. For the catalog search, I used the HEASARC

database of SAO stars, which has almost 270,000 stars with V mags and proper

motions. The catalog was converted to expected apparent (RA, DEC) based on

the epoch of the observation and restricted to a 5 square degree region based on
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the approximate pointing solutions from rough sensors like differential GPS or mag-

netometers, so that a smaller portion of the star catalog is searched. The output

solution for each field was the RA, DEC for the center of the field and the rotation

angle. After the initial match, the software uses previous star camera solutions for

a reference. After the flight, the star camera and gyroscope pointing solutions can

be combined to obtain a higher accuracy position estimation.

Another challenge was to determine an integration time that will find the proper

solution in the least amount of time given the CDD sensitivity, dynamic range,

and expected star brightness. To maintain >4 stars in a frame, the star camera can

require an integration time of up to 300 ms in bright daytime float conditions. If this

integration time is too short, too few stars will be found for a solution. If the time

is too large, the camera can’t send feedback to the pointing system rapidly enough

to ensure the X-ray target is in the center of the telescope where the response is

maximum. For example, at 40 keV, the mirror response drops to 50% at only a

few arc minutes off axis. In addition, during telescope movement to a new target,

the integration times must be reduced since the images would be streaked as the

telescope moves if the same integration time was used as in pointing. Another

optimization factor is the effect of temperature variations on the focus of the lens.

If the temperature changes the lens can go out of focus and blur the image impeding

the star camera matching to a new star field therefore a stepper motor was tested

and optimized to adjust the focus with temperature.

To test the most effective input parameters for the software, I used images from

a previous flight of InFOCµS in 2004 which used the camera eventually used in the

BLAST balloon mission (Rex et al. 2006). The BLAST camera saved images from

the InFOCµS flight that I used to test the software (Figure 5.5). In Figure 5.6,

I show the number of stars detected at different levels of signal to noise. Using
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Figure 5.5: Left: Image taken from BLAST camera in 2004 flight. Both the

BLAST software and our software detect the same stars. Right: DSS image of

same field showing bright stars.

a detection requirement of σ = 1.4 in three adjacent pixels, the software is 100%

accurate at identifying stars, but finds a smaller number of stars. I also tested the

number of stars detected by magnitude and the detected flux in the algorithm.

I also tested the star camera on the top of the Nagoya University Science building

on clear nights. Because in the night sky it is much easier to detect stars than in

a balloon during the daytime, I was able to detect many more stars in a shorter

0.2 sec integration. In this image the software detected 241 correct stars with a

only 10 false detections (4%). Based on the night sky testing in Japan, my software

achieved real-time pointing solutions at 5 hz with errors of 3′′ in RA and DEC, and

40′′ in roll. These errors were similar to those from star cameras on other balloon

borne telescopes such as BLAST (Pascale et al. 2008).
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Figure 5.6: Upper: number of detected stars with different sigma levels. As

the minimum sigma is lowered more stars are detected but some of them are

incorrect. Lower: detected flux in star camera software vs. calibrated USNO

V-band magnitudes.
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Figure 5.7: Nagoya night sky testing with 0.2 sec integration using the Prosilica

1380 CCD and Nikon 200mm lens with a 4 inch camera baffle. Green circles

indicate USNO stars and red circles indicate stars detected by the software. 241

stars are detected with a 10 false detections (4%). The FOV is 2.54◦ by 1.99◦

with a pixel scale of 7′′/pixel.

5.6 Summary

Focusing optics in the ultra hard X-rays allow a revolutionizing leap ahead in imaging

sensitivity over current coded aperture technologies. The InFOCµS balloon mission

was designed to use multilayer mirrors to extend focusing optics to the ultra hard X-

rays. As part of the InFOCµS collaboration, I designed the hardware and software

for the star cameras that are used to determine the attitude of the X-ray telescope

during flight. The errors were similar to those from star cameras on other balloon
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borne telescopes such as BLAST. While the instrumentation has not yet flown on

InFOCµS, the launch of NuSTAR on February 12, 2012, holds much promise for

furthering our understanding of AGN in the ultra hard X-rays by being able to image

distant AGN at high redshift where the bulk of black hole growth is occurring.

Finally, InFOCµS is eventually expected to fly with a new generation of higher

resolution (5–10′′) ultra hard X-ray optics in 2013 which will need the best resolution

achieved by these star cameras.
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Chapter 6

Conclusions and Future Work

In this dissertation, we have presented results that show that ultra hard X-ray se-

lected AGN have quite different host galaxy properties than methods using other

wavelengths. In particular, we found that BAT AGN have similar [O III] luminosi-

ties as the SDSS Seyferts, suggesting that they also have similar intrinsic luminosi-

ties, yet they have very different properties in terms of their host galaxy properties.

Among our results from our study of the host galaxies in Chapter 2 is that BAT

AGN are powered both through merger events and less powerful nonmergers such

as accretion of cold gas in late type systems. Consistent with this, we find that the

BAT AGN host galaxies have intermediate optical colors (u − r and g − r) that

are bluer than a comparison sample of inactive galaxies and optical emission line

selected AGN suggestive of younger star formation in gas rich systems. These bluer

colors are associated with a much higher fraction of spiral morphologies and mergers

in the BAT sample. BAT AGN also tend to be in rare massive spirals with a rate

that is 5 to 10 times higher than in inactive galaxies or optical AGN. BAT AGN have

enhanced far-IR emission suggestive of higher levels of star formation compared to

the comparison samples. Consistent with a link between supermassive black hole

growth and the mass of the host galaxy, the average ultra hard X-ray luminosity
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increases with stellar mass for BAT AGN. Finally, in agreement with the unified

model of AGN, host galaxy colors and morphology of BAT AGN are independent

of X-ray column density and optical Seyfert classification.

While many recent studies seem to discount the merging hypothesis in fueling

moderate luminosity AGN, this study of BAT AGN has found quite the opposite.

In our study of merging and clustering of the BAT AGN in chapter 3, we found a

higher incidence of galaxies with signs of disruption compared to a matched control

sample (18% versus 1%) and of close pairs within 30 kpc (24% versus 1%). BAT

AGN also have a larger fraction with companions compared to normal galaxies and

optical emission line selected AGN at scales up to 250 kpc. Our results suggest these

merging BAT AGN may not be identified using optical emission line diagnostics

because of optical extinction and dilution by star formation. In support of this

hypothesis, in merging systems there is a higher hard X-ray to [O III] flux ratio, as

well as emission line diagnostics characteristic of composite or star-forming galaxies,

and a larger IRAS 60 µm to stellar mass ratio.

If AGN are triggered in galaxy mergers, then we expect some fraction to be a

dual AGN. In order to test this hypothesis we obtained Chandra imaging of BAT

AGN in close mergers. In chapter 4, we discuss the discovery of one of the nearest

binary AGN to date, Mrk 739, based on follow up of merging BAT AGN. Mrk 739W

showed no evidence for hosting an AGN until the Chandra observation despite a

host of previous observations including UV and optical spectroscopy, and radio data

from the VLA. Consistent with our study of mergers in chapter 3, we found that a

high level of star formation combined with a very low L[OIII]/L2−10 keV ratio cause

the AGN to be missed in optical observations. We also found large amounts of

molecular gas in the system using 12CO observations of the (3–2) and (2–1) lines

that could be driven towards the black holes during the violent galaxy collision and
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be key to fueling the binary AGN.

Finally, in chapter 5 we discussed the exciting development of focusing optics in

the ultra hard X-rays and the development of the InFOCµS balloon mission. As

part of the InFOCµS collaboration, I designed the hardware and software for the

star cameras that are used to determine the attitude of the X-ray telescope during

flight. The star camera errors were as low as those from star cameras on other

balloon borne telescopes such as BLAST. While the balloon was unable to fly again

during my PhD, its flight in 2004 marked the first instrument to using focusing

optics in ultra hard X-ray imaging.

6.1 Future Work

There are still many exciting scientific projects with the BAT AGN that are exten-

sions of the work done in this PhD. In this next section, we discuss five of these

projects in detail.

6.1.1 Broad Band Correlations in the Swift BAT AGN

One of important properties of AGN is the broadband nature of their emission and

their spectral energy distribution (SED, Elvis et al. 1994). The AGN bolometric

luminosity is one of the most important quantities for understanding the formation

and growth of supermassive black holes. In type 1 AGNs, we have a clear view

of the central supermassive black hole and we can measure the amount of energy

radiated from the far-infrared to hard X-rays. A study of type 1 AGN selected in

the ultra-hard X-rays provides a unique opportunity to study the SED of a less

biased sample of AGN that already has a wealth of information on the emission in

the X-rays.
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As part the work determining the colors of BAT AGN, I did extensive modeling

using GALFIT of the AGN light in the centers of bright Seyfert 1. A natural result

is to construct an AGN SED utilizing these measurements. I also would like to

obtain a better understanding of the entire SED of Swift BAT AGN including how

spectroscopic measures correlate with AGN bolometric luminosity, as well as the

nature of the MIR to FIR emission.

An understanding of the AGN bolometric luminosity is also timely because large

surveys such as the SDSS, 2dF Galaxy Redshift Survey (Colless et al. 2001), and

the 6dF Survey (Jones et al. 2004), are finding samples of hundreds of thousands

of AGN. While the use of diagnostic lines provide an important understanding of

different types of AGN such as LINERs or Seyferts, these surveys often use a single

measure such as [O III] flux to measure the intrinsic bolometric luminosity of the

AGN. Finally, previous studies of the initial 9 month sample of BAT AGN have

found a weak correlation between [O III] luminosity and hard X-ray luminosity

(Meléndez et al. 2008; Winter et al. 2010).

Another important issue in the study of the AGN bolometric luminosity is the

nature of the MIR to FIR emission. Some authors attribute the bulk of the radiation

to star formation in the dusty host galaxy, even for luminous AGN. However, as we

found in Chapter 2 there is also a significant correlation between the BAT ultra-

hard X-ray luminosity and the FIR luminosity. The new availability of all sky

observations from WISE and Akari, as well as archival observations from IRAS,

offer a greater potential to understand the nature of the MIR to FIR emission.

I do have some preliminary results for the optical SED of BAT AGN. In Figure

6.1, we find a linear correlation between i-band PSF emission using Seyferts 1s and

BAT luminosity. In this sample, we excluded galaxies classified as Seyfert 1.9 as

well as X-ray absorbed Seyfert 1s. In Figure 6.2, we plot correlations for all of the
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Figure 6.1: Optical AGN Emission in the i band vs. BAT luminosity.

AGN emission measures in the ugriz with GALFIT, where we again see a strong

correlation of optical emission with ultra hard X-ray emission. We also show the

[O III], [O IV], and 2-10 keV X-ray emission correlations. We find the strongest

correlation in 2-10 keV emission, but a much weaker correlation in [O IV] and no

correlation in [O III]. This suggests that [O III] emission may be a poor estimate of

intrinsic bolometric luminosity.

Since correlations in luminosity are biased because of the common multipliers of

distance, we also plotted the correlations in the average flux ratios with ultra hard

X-ray emission. In Figure 6.3, we show this scatter as the coefficient of variation

in the flux ratios. The coefficient of variation (CV), defined as the ratio of the
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Figure 6.2: Correlations of multiwavelength AGN emission with BAT luminosity.

standard deviation to the mean (σ/mean), is a normalized measure of dispersion of

a probability distribution to enable comparisons of data with different means. We

find the lowest CV in the flux ratios of the optical and 2-10 keV emission to ultra

hard X-ray emission. As we move from the NIR to FIR, we find a increase in the

CV compared to the ultra hard X-ray. Finally, in the [O III] and [O IV] emission

lines we see a much larger CV with ultra hard X-ray emission consistent with the

poor correlation we found in our previous luminosity comparison.

We also measured the Eddington ratios for 90 BAT AGN with available black

hole masses (Figure 6.4). Black hole masses were from reverberation mapping, Hβ,

or velocity dispersions (for Seyfert 2). We assumed LBol= 15×LBAT . We find an

average Eddington ratio for broad line sources of 0.18±0.17 and for narrow sources

100



Figure 6.3: Variability of average flux ratios of ultra hard X-ray emission compared

to other wavelengths.

0.085±0.086 for the BAT AGN sample. We also plot the Eddington ratios by galaxy

morphology (Figure 6.5). We don’t see any significant dependence on morphology

such as mergers or spirals having higher Eddington ratios.

6.1.2 The Frequency of Dual AGN Activation

in the Local Universe

One of the exciting results found in this thesis was that BAT AGN in merging

galaxies, such as Mrk 739, may be hidden double AGN systems only detectable in

the hard X-rays. An extension to this work would be to look at the frequency of

dual AGN activation in the Local Universe for the entire merging sample of BAT
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Figure 6.4: Eddington ratios of BAT AGN.

AGN.

Based on extensive optical follow-up as part of my thesis, I have identified 50

nearby BAT AGN in the process of merging in the northern hemisphere (<30 kpc

companion, z<0.05). 24% or 12/50 of these AGN appear to be dual X-ray AGN

indicating that this is an excellent sample to understand AGN triggering. The

available X-ray data vary from objects whose luminosity are within a factor of 5

of each other (NGC 6240, IRAS 0342+44) to objects with a ratio of 100:1 (NGC

2992/2993). Over half (44%, 22/50) of these merging AGN have only low quality

data from Swift XRT, where a faint or close X-ray AGN would be missed. Ap-

proximately a quarter (24%, 12/50) are in apparent mergers, but don’t have optical

spectra for the galaxy companion.
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Figure 6.5: Eddington ratios of BAT AGN by morphology. In this plot s is for

spiral, m for merger, a dot for elliptical, and i for intermediate between spiral and

elliptical.

As I found in my thesis work on Mrk 739, additional high resolution Chandra

data for this sample is crucial for determining the nature of any dual AGN sources

since other methods can be biased. We are in the process of obtaining Chandra

imaging for another 10 BAT AGN in mergers with companions within 15′′. We have

received data for 7/11 of our approved targets (including the double AGN Mrk 739).

Of these IRAS 0558 is a clear dual AGN with nuclear X-ray emission from a dwarf

companion 20′′ (13 kpc) to the north (Figure 6.6). Later Gemini spectra confirmed

the northern source is a Seyfert 2 at the same redshift and this system is a dual

AGN.

We do have some exciting preliminary results from our sample. The mean 60
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Figure 6.6: Left: Tricolor gri Kitt Peak image of IRAS0558. The two galaxies

are separated by 19′′ and both show hard X-ray emission. Middle: Chandra

observation obtained in January, 2011 as part of our previous Chandra program.

There is a faint northern X-ray source coincident with the northern galaxy. Right:

Swift XRT image in same scale with no detection of the faint northern X-ray

emission, showing the importance of the high resolution of Chandra in detecting

dual AGN that are within 25′′ of each other.

µm emission to stellar mass for the dual AGN is 4 times larger than for the other

hard X-ray selected AGN, suggesting that these systems may be linked to significant

amounts of star formation. The ratio of mean hard X-ray emission to stellar mass

is also 3 times larger than the average for the BAT sample, suggestive of higher

accretion rates. Our non-detections in the Chandra sample are all for low mass

mergers suggesting that dual AGN are more prominent among major mergers where

the neighboring galaxy is within a factor of 3 in stellar mass. Additionally, 8/12 of

the systems show high column densities systems and are narrow line optical AGN.

If we exclude those galaxies in close mergers (<10′′) without Chandra imaging

where we couldn’t resolve X-ray emission from a second source and those without

optical spectra for the second galaxy, we find a surprisingly high dual AGN fraction

that peaks at close separations (Figure 6.7). These results can only be substantiated

with a larger sample (there are only 12 X-ray detected dual AGN in the BAT sample

including the 2 new ones from our 2011 Chandra observations).

We are also in the process of obtaining optical spectroscopy for some remaining
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Figure 6.7: Fraction of dual AGN by projected companion separation from a

sample of merging BAT AGN. We have also included the dual AGN fraction of a

sample of 44 BAT AGN in the SDSS with companions at separations between 30

and 100 kpc.

galaxy mergers in our sample which will likely increase our fraction of dual AGN.

Unfortunately because of fiber collision limits, most merging galaxy companions are

missed in large surveys. We have found 3/50 in systems with dual optical AGN, but

no detected secondary X-ray AGN, presumably because they are Compton-Thick

and all X-ray emission is blocked. Optical emission line diagnostics may detect

emission from the narrow line region gas, which is further from the obscuring torus

and may be seen even if the AGN is Compton-thick.

Finally, we are obtaining optical imaging in the southern hemisphere to identify

additional merging BAT AGN for X-ray follow-up. Our final goal will be to obtain a

significant number of dual AGN (>25) with X-ray observations to understand AGN

triggering in detail. These data will provide a sample to determine the incidence of

multiple accreting nuclei in the low redshift universe for the first time.
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6.1.3 Optical Spectra of the 22 month Sample of AGN

Since much of this thesis focused on the imaging properties of BAT AGN, another

important part of the work on BAT AGN is to investigate the optical spectra of

BAT AGN. As part of this we obtained optical spectra of 60 BAT AGN using the

2.1m Kitt Peak telescope over 14 nights. A sample Kitt Peak spectra of Mrk 3 can

be found in Figure 6.8. Optical spectra provide a wealth of information in terms of

stellar and AGN emission lines, the continuum power law of the AGN, the stellar

continuum, and the level of extinction in the vicinity of the AGN.

We would like to use the optical spectra to answer the critical question of how the

BAT sample is different from selection using optical spectroscopy. We will classify

our sources using the criteria of Kewley et al. (2006) as H II galaxies, Seyferts, or

LINERs using emission line criteria. Using the 60 BAT AGN from Kitt Peak and

≈70 AGN with available spectra in the SDSS, we will be able to identify a large

sample of AGN that are missed using emission line diagnostics and try to answer the

question of whether they are missed because of excess star formation diluting the

AGN lines or obscuration or some other cause. This is important because Suzaku

observations from Ueda et al. (2007) of two heavily obscured BAT AGN suggest

that these AGN have an extremely geometrically thick torus with a small opening

angle and/or have an unusually small amount of gas responsible for scattering with

none of the usual emission lines like [OIII] λ5007 from scattered gas. Finally, by

modeling the continuum with a power law from the AGN and stellar populations

we can get a comparison of the level of star formation near the AGN that we can

use along with our imaging results.

We have several other goals for this spectroscopy project. In the same way as we

did in Chapter 2 and 3, we want to make a comparison of randomly selected Seyfert
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Figure 6.8: Goldcam spectra of Mrk 3 obtained in December 2008 at a resolution

of 400 km s−1.

2 AGN from the SDSS with the optical spectroscopy of BAT AGN. We would like to

compare average level of extinction. We will also compare line diagnostics to BAT

luminosity that correlates with optical signatures of AGN like [O III].

Finally, because of the proximity of the BLR to the central source, measurements

of the BLR in Seyfert 1 are linked to the mass of the black hole. We plan to measure

the black hole mass using the FWHM of the Hβ line and the λ5100 continuum

luminosity using the relation from reverberation mapping (Bentz et al. 2006).

6.1.4 NIR Spectra

Since the extinction coefficient in the K-Band is nearly 10 times smaller than the

optical (Veilleux 1999), NIR spectroscopy enables a test of whether the misclassifi-

cation of BAT AGN discussed in the previous section is caused because of extinction

or by dilution of the AGN emission by starlight. In particular, we would like to look
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at NIR AGN diagnostics on a sample of merging AGN detected in the X-rays but

misclassified as starburst using optical emission diagnostics. This will enable a test

of our hypothesis in Chapter 3 that optical spectroscopy of merging AGN is biased

because of unaccounted obscuration associated with the violent galaxy merger. Fur-

thermore, we would like to test a large sample BAT AGN with optical diagnostics

that classify them as starburst or those BAT AGN that have weak or no optical

emission lines (Figure 6.9).

We also like to investigate those AGN with mismatched Seyfert 1 and 2 classi-

fications based on optical emission line widths and X-ray column densities (Figure

6.10). These objects may be a new class of AGN already discovered at higher red-

shift, but currently with no low redshift analogs. In the XMM large scale structure

survey, 7 out of 61 (11%) optical broad line sources exhibited X-ray absorbed spec-

tra (Garcet et al. 2007). These sources were at much higher redshift (<z>= 1.93)

than our target sources. As the low-redshift analogs of this class, we would be able

to study the sources and hosts in much greater detail.

6.1.5 Molecular Gas in Ultra Hard X-ray Selected AGN

The link between star formation and feeding supermassive black holes is poorly

understood. Several observational studies have found that many active galactic

nuclei (AGN) host galaxies appear to be in the green valley on the color-magnitude

diagram, in between actively star-forming galaxies in the blue cloud and passively

evolving galaxies on the red sequence (Georgakakis et al. 2008; Schawinski et al.

2009a; Silverman et al. 2008). The lower levels of star formation have been attributed

to AGN feedback where the reservoir of gas is heated and expelled during a phase

of accretion onto the central supermassive black hole. However, direct observational

evidence for a link between the destruction of this molecular gas and an AGN phase
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Figure 6.9: Example of optically elusive detected BAT AGN with weak or no

optical emission emission lines. In both of these cases, the Hβ line is not detected

and the [O III] line is only weakly detected.

has been missing so far.

There is also a significant correlation between the BAT ultra-hard X-ray lumi-

nosity and the FIR luminosity as we found in Chapter 2. However, it is not clear

if the variance is due to the contribution from star formation or from the IR AGN

contribution. In addition, hard X-ray selected AGN tend to have much more FIR

emission than optical AGN with similar AGN power based on the [O III] ioniza-

tion line. A study of the amount of molecular gas in the BAT AGN could solve

this degeneracy by identifying whether these AGN tend to have large amounts of

molecular gas fueling increased levels of star formation or instead are involved in
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Figure 6.10: Comparison of optical line width of Hα to the measured X-ray col-

umn. Broad line sources are red triangles and narrow line sources are blue circles.

X-ray methods classify AGN as Seyfert 1 and Seyfert 2s based X-ray column den-

sities of greater or lesser than 1022 cm−2. Above these column densities the optical

flux from the BLR close to the AGN is heavily obscured and only the scattering

from the NLR should be observed. For those narrow line objects with low X-ray

column densities the absorption may be due to dust which can be measured from

line ratios and continuum emission in the NIR.

the destruction of molecular gas in the host galaxy.

We have used the James Clark Maxwell Telescope (JCMT) to observe 40 BAT

AGN in the submillimeter to study the link between star formation, molecular gas

destruction, and the AGN (Figure 6.11). Since molecular hydrogen is difficult to

detect by infrared and radio observations, and the ratio between CO luminosity and

H2 mass is thought to be constant, CO offers a tracer of molecular gas. CO (high-

J)/(low-J) intensity ratios have also been shown to be good tracers of molecular gas

temperature and density within galaxies. We also observed 10 optical AGN from the

SDSS matched in stellar mass and AGN luminosity to the ultra hard X-ray selected

AGN to provide a control sample to test whether optical AGN samples may find

AGN with less molecular gas. We have just completed our observations, and we

detect only 1/10 optical AGN and 34/40 BAT AGN in CO, suggesting BAT AGN
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Figure 6.11: Sample of 4 observations of BAT AGN observed from the JCMT in

the 12CO(2–1) and (3–2) transition.

tend to have larger molecular gas reserves consistent with their larger amounts of

star formation.

6.2 Final Thoughts

While mega surveys such as the SDSS, 2dF, and 6dF are finding valuable information

on hundreds of thousands of AGN using optical emission line diagnostics, our study

of BAT AGN found that this technique can be heavily biased against finding certain

types of AGN like mergers or starbursts in spirals. These selection biases can hide

many of the triggering mechanisms of AGN.

Although Swift BAT has had many exciting discoveries described in this PhD
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and many additional projects still to be done to understand nearby AGN, future

ultra hard X-ray missions hold much promise. By using focusing optics in the ultra

hard X-rays, a much higher subarcminute resolution and lower noise will resolve

much of the X-ray background enabling the detection of a large population of high

redshift sources as well as even more heavily obscured sources. Beginning with the

launch of NuSTAR in 6 months, and continuing with Astro−H, this will revolu-

tionize our understanding of black hole growth in high redshift AGN that trace the

peak growth and evolution of black holes as well as heavily obscured AGN.
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Appendix A

Appendix to Chapter 2

In this appendix, I provide supplementary material for chapter 2 on the host galax-

ies of ultra hard X-ray selected AGN. We explain in detail our simulations using

GALFIT to ensure the AGN is subtracted properly before measurement of host

galaxy color. We also have additional details about the comparison SDSS sample

and catalog as well as selection effects in the BAT and SDSS survey. Finally, we

provide accompanying tables for this chapter.

A.1 AGN Subtraction and GALFIT Analysis

The AGN color is bluer than the host galaxy, so it is important to accurately sub-

tract the AGN light before doing photometry of the host galaxy (Figure A.1). Two-

dimensional surface brightness fitting was done using GALFIT (Peng et al. 2002) in

the ugriz band to measure and subtract the AGN light. The program can simulta-

neously fit an arbitrary number of components using χ2 minimization to determine

the best-fit parameters. Our choice of GALFIT is based on the recent comparison

of GIM2D vs. GALFIT which showed better fitting results and stability in finding

solutions (Haubler et al. 2008). While the median atmospheric seeing of our sample
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Figure A.1: Left : gri composite image of NGC 5548, a Seyfert 1.5, S0/a, with

a larger ring. Middle: GALFIT fitting with a disk (n=1) and bulge (n=4) com-

ponent. Right: Residuals left after fitting with GALFIT. The residual image is

useful for showing what is not being fit, for instance, the non-axisymmetric spiral

arms and large ring beyond the spiral arms.

was only ≈1.5′′, since the sample is at a very low redshift, this ground-based optical

imaging is comparable or even superior to the best HST images at high-redshift

(z>0.5).

Initial estimates of galaxy magnitude, position, position angle, axis ratio, and

half-light radius were provided using SExtractor following the GALAPOGOS routine

(Haubler et al. 2008). A point source (PS) was used to fit the AGN light. The

PSF was modeled using five coadded bright stars in the same image field as the

galaxy. An initial run of GALFIT was done using only a PS component to replace

the SExtractor inputs for central position and PS magnitudes. Sky background

estimates were made using SDSS sky values or from SExtractor.

To model the galaxy light we used the Sérsic profile, which is an exponential

function with a variable half-light radius and an exponential parameter, n, called the

Sérsic index (Sérsic 1968). For n=1, the Sérsic profile is the same as an exponential

disk model. When n=4, the Sérsic profile is the same as a de Vaucouleurs bulge.

Other authors have used different fixed and floating Sérsic index models including
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a fixed bulge (n=4), a fixed disk and bulge (n=1 and n=4), and a floating Sérsic

index (Schawinski et al. 2009b; Veilleux et al. 2006, 2009a). While a detailed study

of the most effective way to measure the AGN and galaxy light has been done for

simulated HST images (Kim et al. 2008; Pierce et al. 2010; Simmons & Urry 2008),

little has been done for ground-based images similar to the current study. Therefore,

to determine the best modeling approach with GALFIT and the associated error,

we simulated AGN galaxies for both our Kitt Peak and SDSS images.

To determine the best model to measure the AGN and galaxy light, we simulated

broad-line AGN galaxies by adding bright stars to the centers of images of inactive

galaxies and NL AGN. We randomly selected one star from our images to use as the

simulated AGN PS and placed it in the center of the galaxy. Since the SDSS and

Kitt Peak data had different PSFs and exposure times, we tested them separately.

To test the SDSS data, we selected 15 inactive galaxies from the SDSS catalog which

matched in redshift, color, and apparent magnitude to our Seyfert 2 galaxies with

0.025 < z < 0.05. These galaxies are the most distant in our sample and have the

poorest resolution, so PS subtraction leads to large errors; they therefore serve as

a worst case scenario for our sample. For the Kitt Peak images we chose a sample

of 10 of the BAT Seyfert 2 galaxies with the same redshift range. For each of the

simulated AGN galaxies we added the star at incremental percentage (%PSr) values

of total (AGN and galaxy) light in the r band. In total, to test them in each filter, we

created 300 simulated AGN galaxies and ran GALFIT 3500 times. We then used

these simulated AGN galaxies to test the effectiveness of GALFIT with different

models.

Figure A.2 shows the simulation results for the different Sérsic models for increas-

ing %PSr light in the r band. We did not find a significant difference in GALFIT

modeling using the Kitt Peak or SDSS samples, so these results include both sam-
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ples. We found an inaccurately modeled PSF will force GALFIT to converge to

artificially high Sérsic indexes for the galaxy model. This has also been found in

simulated HST images (Kim et al. 2008; Simmons & Urry 2008). The PSF mismatch

causes light from the host galaxy component to be artificially increased by effectively

taking light from the AGN component. This happens by inflating the galaxy Sérsic

index. This effect increases as the %PSr increases. In addition, as we move towards

larger %PSr, the associated standard deviation of error of the modeled galaxy light

increases.

To accurately remove the AGN light, it is important to choose the best model.

We did this by finding the difference between the modeled galaxy light and the actual

galaxy light. When no PS component is used in the models, GALFIT still finds a

faint AGN, so after subtraction, the modeled galaxy light component is fainter than

the actual one. When the host galaxy is brighter than the AGN in the r band

(%PSr<50), the worst model is to simply subtract a PS component to estimate the

galaxy light because this overestimates the AGN light. For the Sérsic and PS fitting

models, the best model is to use an n=4 fixed bulge component and PS or n<4

variable Sérsic index and PS since these models have the smallest average error and

standard deviation of error. The worst model is fitting with a disk (n=1) and bulge

(n=4) or fitting with a variable Sérsic Index since these models have the largest

average overestimation of galaxy light and have the largest standard deviation of

error. Simmons & Urry (2008) also found this result using simulated HST images.

To avoid any systematic biases against disk-like systems we used the n<4 variable

Sérsic index although the fixed bulge (n=4) Sérsic model performed similarly. An

initial guess of 2.5 was used for the Sérsic index. The index was allowed to float in

the model along with all other values other than the sky background.

The next step was to broaden the examination of GALFIT’s performance from
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Figure A.2: To determine the best models to use for subtraction of the AGN

light, we tested simulated AGN galaxies using different Sérsic models with a point

source (PS) to fit the AGN light. We varied the AGN to total light (%PSr) in

the r band to test how the models performed at increasing levels of AGN light.

A positive value indicates that the mean host galaxy light is overestimated. The

error bars indicate standard deviations in each bin. As the (%PSr) increases

the host galaxy light is overestimated by all of the Sérsic and PS models and

the standard deviation increases. We find that the model with a PS and floating

Sérsic Index with n<4 or n= 4 is most effective at measuring the AGN light based

on a lower measured AGN contamination and smaller standard deviation.

one filter to the entire ugriz filter set. In Figure A.3 (upper), we show the perfor-

mance in each of the filters. They are similar to each other, but the blue bands have

higher uncertainties because of poorer resolution.

When testing the performance across filters it is important to consider that the

AGN SED emits more energy at bluer wavelengths than the host galaxy; otherwise

we may underestimate the contamination in the bluer bands. To examine this, we
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Figure A.3: Upper Panel: Effectiveness of GALFIT in removing the AGN light

by filter for modeled AGN galaxies. We have used a PS and floating Sérsic Index

with n<4 to measure the AGN light. Increasing levels of %PS are shown. As

the simulated AGN light increases, the galaxy light is overestimated for all filters.

The error bars indicate standard deviations in each bin. The errors are higher for

the u and z where the resolution is poorer. Lower Panel: We also included the

effect of the bluer quasar SED using the colors of AGN (Richards et al. 2006) and

the colors of our average Seyfert 2 host galaxy. The error bars indicate standard

deviations in each bin. The bluer filter performance is worse because of the higher

ratio of AGN to galaxy light.
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assumed a AGN SED power law of f−0.5
ν as has been found for the optical spectrum

of quasars (Richards et al. 2006). We then normalized to the total light in each filter

band based off of the %PSr.

These final modeling results suggest important constraints where GALFIT is

effective in removing the AGN light (Figure A.3, lower). Based on these results,

we restrict our u band photometry to galaxies with AGN brightnesses of %PSr<20

where the contamination is 0.05±0.15 mag. For photometry in the other griz filters,

a less stringent restriction of %PSr<40 is sufficient to keep our errors within σ =

0.05±0.04 mag.

In addition to our simulations, we also tested the real BAT AGN galaxies for

AGN contamination after removing the AGN light measured by GALFIT. The ef-

fects of subtracting the AGN contribution with GALFIT are shown for the u − r

and g − r for the broad-line AGN in Figure A.4. The galaxy colors stay flat with

increasing % of AGN light up to ≈20% for the u band and ≈35% for the griz band.

This agrees with the results of our modeling of AGN contamination at 20% for the

u band and 40% for the griz. Based on these results, we have imposed a tighter

restriction of 35% AGN light on the griz band photometry to ensure there is no

AGN contamination.

We have restricted our color analysis of host galaxies because of our inability

to remove the AGN light with GALFIT for the brightest AGN. After fitting with

GALFIT, 17 or 10% of galaxies had bright broad-line AGN, where %PSr>35, and

these galaxies were not included in the griz analysis because of uncertainty of the

host galaxy photometry (Figure A.5). When we include both the galaxies that

were not included because of pixel saturation and those with with %PSr>35, the

completeness is 71% for the highest quartile of BAT luminosity and >95% for the

other 3 quartiles. In the u band, 41 galaxies or 23% were excluded because the
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Figure A.4: Upper Panel: Average colors in u− r for BAT AGN before and after

AGN subtraction with GALFIT. The error bars indicate standard deviations in

each bin. Using GALFIT for AGN subtraction, the colors are almost constant

for %PSr <20. Based on our modeling we believe the strong blueward shift

above 20% is due to AGN contamination not accounted for from GALFIT. Lower

Panel: Average colors in g − r for BAT AGN before and after AGN subtraction

with GALFIT. The error bars indicate standard deviations in each bin. The ratio

of AGN to galaxy light is smaller in g than u and we see a constant color to

%PSr <35.

120



luminosity of the AGN exceeded 20%. The completeness is 71% for the highest

quartile of BAT luminosity and >95% for the other 3 quartiles. This may introduce

a small bias against QSO-like systems. However, in the regions where GALFIT is

accurate in the removal of the AGN, we do not see any strong trends towards bluer

colors in higher luminosity AGN.

Our photometry will be used to provide colors and stellar masses of the host

galaxy. Contamination from the AGN will be reduced in relative color measure-

ments, since the photometry from all filters includes light from the AGN and will

to some extent be subtracted off in color measurements. Finally, when using pho-

tometry to determine stellar masses, the redder bands are weighted more heavily,

as they tend to be less contaminated by the AGN component than the bluer bands.

A.2 Comparison Sample

In this section, we discuss considerations in our choice of the comparison sample

from the SDSS, the use of catalog photometry, and importance of comparing galax-

ies with similar brightnesses or stellar masses. We have used galaxies with both

photometry and spectroscopy from the SDSS as a comparison sample. Since 50%

(93/185) of BAT AGN galaxies are in the SDSS spectroscopic coverage area, we can

examine these galaxies to determine the completeness of the SDSS catalog sample.

In Figure A.6, the SDSS spectroscopic coverage of BAT AGN by redshift bin is

shown. While 70% of the BAT sample in the SDSS has spectroscopic coverage, the

brightest galaxies in each redshift bin are missed for z<0.03. Above this redshift

a few broad-line AGN with bright nuclei are misclassified as stars. Due to the se-

lection effect against the brightest galaxies, in this study we have chosen a SDSS

control sample of galaxies with 0.01<z<0.07.

121



0.00 0.01 0.02 0.03 0.04 0.05
z

0

20

40

60

80

100

%
P
S
r

griz Limit

u Limit

Broad Line
Narrow Line

0 10 20 30 40 50 60 70 80

%PSr

0

10

20

30

40

50

60

70

80

90

#
 o

f 
A

G
N

griz Limit

u Limit

Narrow Line
Broad Line

Figure A.5: Upper Panel: Plot of %PSr for BAT AGN galaxies by redshift.

Narrow-line AGN are represented as dots and broad-line AGN are indicated by

triangles. Dashed lines indicate the limits above which GALFIT was unable to

effectively remove the AGN light. These galaxies were not included in the analysis

of colors because of AGN contamination. At higher redshifts we find more BAT

AGN with higher ratios of AGN to galaxy light. Lower Panel: Plot of number

of AGN in bins of %PSr. We find that GALFIT finds %PSr <5 for most BAT

narrow-line BAT AGN.
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Figure A.6: Percent coverage of BAT AGN in the SDSS spectroscopic footprint

with spectroscopy. Due to the brightness limits (mr < 15) in the spectroscopic

sample, 30% of the BAT AGN galaxies are missed by the SDSS spectroscopic

sample. In addition, some broad-line AGN with bright nuclei are misclassified

as stars and not included in the SDSS spectroscopy. Finally, some merging BAT

AGN galaxies are not covered because of fiber collision limits in the SDSS. Due

to this effect, we have used SDSS galaxies in the redshift range of 0.01<z<0.07

to compare to BAT AGN.

We also ensured that our own photometry of BAT AGN agreed with the SDSS

catalog measurements. We can measure the differences between our photometry

and those in the SDSS catalog since 62% (116/185) of BAT AGN are in the SDSS

photometric catalog (Figure A.7). The SDSS photometric catalog incorrectly shreds

(Figure A.8) features of bright, nearby galaxies, such as spiral arms, rings, and

dust lanes into different components. This causes a systematic underestimation of

the brightness of galaxies and variations in their measured color. Because of this

shredding effect, we have restricted our SDSS catalog comparison to galaxies with

mr>13.5 and z>0.01, where we find good agreement in photometry. In Figure A.9,

we show a comparison between the g − r of BAT AGN measured in the SDSS

catalog and measured using our own photometry. The SDSS catalog colors show

better agreement than the photometry since the effects of shredding tend to cancel

each other out in relative color measurements.
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Figure A.7: Comparison of our measured Petrosian magnitudes to the SDSS cat-

alog values for a range of magnitudes (mr) (left) and redshifts (right). Negative

values indicate we find a brighter magnitude than the SDSS catalog. Since the

automated routine in the SDSS has a tendency to shred galaxies into multiple

component galaxies, the magnitudes are reduced. This shredding effect is much

stronger for the brightest galaxies. However, for mr>13.5 or z>0.01 the magni-

tudes are in good agreement. Given these results, we have restricted our SDSS

catalog comparison to this range.

Figure A.8: Example of shredding that occurs with the brighter galaxies in the

SDSS for Mrk 705. Each of the blue circles is a unique galaxy or star in the SDSS

photometric catalog. The ring structure of Mrk 705 is separated into unique

galaxies reducing the brightness measured in the catalog.
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Figure A.9: Comparison of the average difference in g− r color between our mea-

surements and the SDSS catalog. The error bars indicate standard deviations in

each bin. The SDSS catalog colors show better agreement than apparent magni-

tudes since the effects of shredding tend to cancel each other out in the reduced

brightness of both filters.

When comparing host galaxy properties, it is important to consider the flux

limited nature of both the SDSS and BAT surveys. In Figure A.10, a plot of average

Mr by redshift for the BAT AGN, SDSS AGN, and inactive SDSS galaxies is shown.

At higher redshifts the SDSS detects AGN and galaxies that are more luminous and

have a higher stellar mass because of a selection effect against optically faint galaxies.

On the other hand, the BAT AGN survey detects AGN galaxies of a constant optical

brightness across a range of redshifts. Due to these selection effects, it is important

to compare host galaxy colors between the BAT survey and SDSS survey only at

similar brightnesses or stellar masses.
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Figure A.10: Plot of average absolute mag in r for the BAT AGN, SDSS AGN,

and inactive galaxies. The error bars indicate standard deviations in each bin.

The dashed lines indicate the approximate brightness and faintness limits from

the SDSS spectroscopic survey. At higher redshifts, the SDSS detects galaxies

that are more luminous and have a higher stellar mass because of the selection

effect against faint galaxies. On the other hand, the BAT AGN survey detects

AGN galaxies of a constant optical brightness across a range of redshifts. Due

to the selection effects it is important to compare host galaxy colors between the

BAT survey and SDSS survey only at similar brightnesses or stellar masses. For

comparison, in the redshift range between 0.03 to 0.05 and the survey coverage

area of the SDSS, the BAT survey has 28 broad-line and 17 NL AGN. In this

same range, the SDSS has 121 broad-line and 411 Seyfert 2 AGN.

A.3 Selection Effects in the BAT Survey

In the ultra hard X-rays, the BAT survey is also flux limited. Assuming the ultra

hard X-ray AGN are distributed randomly following the distribution of luminosities

at lower redshifts, and using the limiting sky sensitivity, we can make a further

estimate of completeness (Figure A.11). We find that the BAT sources are complete

for z<0.05 in this survey for log L14−195 keV>43.7 or ≈log L2−10 keV>43.2 assuming

no intrinsic absorption. In addition, we limited our analysis of morphologies to NL

BAT AGN. The completeness fractions are shown in Figure A.12 as a function of
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Figure A.11: Plot of estimated completeness above a ultra hard X-ray luminosity

within the redshift range of this survey (z<0.05) using the median flux sensitivity

of the 58 month survey (1.1× 10−11 erg cm−2 s−1; Baumgartner et al. 2010, sub-

mitted). This plot assumes the ultra hard X-ray AGN are randomly distributed

by volume and uses the distribution of lower redshift sources to estimate those

missed at higher redshift. We find that the BAT sources are complete for z< 0.05

in this survey for log L14−195 keV > 43.7 or ≈log L2−10 keV >43.2 assuming no

intrinsic absorption.

ultra hard X-ray luminosity. We see that the highest luminosity quartile for BAT

luminosity is less complete than the lowest quartile, although this difference is <20%.

In addition, the BAT survey may miss heavily obscured Compton-thick sources

that may be identified using methods at other wavelengths. Compton-thick sources

are AGN where our line of sight to the source is blocked with obscuring matter

that has an optical depth of τ > 1 (NH > 1.5 × 1024 cm−2 ). At these optical

depths, much of the X-ray emission is reflected and not direct. For Compton-thick

sources, the column densities are so high that little to no direct emission escapes

below 10 keV. Estimates of the number of Compton-thick sources in the BAT AGN

sample have ranged from 3% to 20% (Ajello et al. 2008; Tueller et al. 2008; Winter

et al. 2009). A recent analysis of the INTEGRAL AGN at 20–40 keV finds that the
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Figure A.12: Completeness of various measurements at each quartile of BAT lumi-

nosity. Morphology measurements were limited to narrow-line AGN while color

measurements exclude systems with very bright AGN. The highest quartile of

BAT luminosity is less complete than the lowest quartile, although this difference

is <20%.
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Figure A.13: Plot of average ultra hard X-ray luminosity compared to redshift

for narrow-line and broad-line AGN in BAT. The error bars indicate standard

deviations in each bin. The dashed line shows the approximate flux limit of the

BAT survey. This shows that the BAT survey does have a slight tendency to

find narrow-line AGN at closer redshifts than broad-line AGN. The mean redshift

is 0.027 for broad-line sources and 0.022 for narrow-line sources. The mean log

L14−195 keV for broad-line sources is 43.56±0.65 and 43.37±0.59.
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number of Compton-Thick AGN found by optical and ultra hard X-ray methods is

in agreement up to z=0.015 (Malizia et al. 2009).

We independently estimated the number of missing Compton-thick sources by

investigating the difference in narrow and broad-line sources by redshift. A plot of

average ultra hard X-ray luminosity compared to redshift for narrow-line and broad-

line AGN in the BAT survey can be found in Figure A.13. We have also plotted the

approximate all-sky limiting flux of the BAT ultra hard X-ray detections for the 58

month catalog. This shows that the BAT survey does have a slight tendency to find

narrow-line AGN at closer redshifts than broad-line AGN. The mean redshift is 0.027

for broad-line sources and 0.022 for narrow-line sources. The mean log L14−195 keV is

43.56±0.65 for broad-line sources and is 43.37±0.59 for the narrow-line sources.

An additional way to estimate the number of missed absorbed sources is by mea-

suring the percentage of NL BAT AGN by redshift (Figure A.14). We find that the

number of narrow-line sources falls at higher redshifts. For z<0.01, 61% are NL

AGN while at 0.03<z<0.05 only 31% are NL AGN. If we assume that the ratio of

61% narrow-line AGN in the z<0.01 bin is the true value and is constant with red-

shift, then we will be missing about 50 narrow-line sources at higher redshift or 27%

of the entire sample. However, we do not find any statistically significant difference

in color between NL and broad-line AGN or between luminous (log L14−195 keV>43.5)

and less luminous sources. We also do not find any statistically significant difference

with increasing X-ray column densities. These results suggest that the flux-limited

nature of the survey does not strongly influence our overall results.

We can make an additional estimate of the number of missing Compton-thick

AGN based on the ratio of NL to broad-line AGN in the SDSS survey. In the

redshift range between 0.03 to 0.05, the SDSS has 121 broad-line AGN and 411 NL

AGN. For comparison, the BAT survey has 28 broad-line AGN and 17 NL AGN in
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Figure A.14: Percent of narrow-line sources in different redshift ranges in the BAT

AGN sample. The error bars represent 1σ Poisson statistics. We find that the

number of narrow-line sources falls at higher redshifts. For z<0.01, 61% are NL

AGN while at 0.03<z<0.05 only 31% are NL AGN. If we assume that the ratio

of 61% narrow-line AGN is constant across redshift, we will be missing about 50

narrow-line sources at higher redshift or 27% of the entire sample.

this range. This suggests that approximately 77% (411/532) are narrow-line, which

is greater than the 61% of NL BAT AGN at low redshift, but not outside of the 1

sigma error bars for z<0.02. We may therefore estimate that at a maximum ≈16%

AGN are missed as Compton-thick. Unless a large fraction of the missed sources

have systematically different colors, morphologies or mass than the detected sources

we do not expect a large effect on our results.
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Table A.1: Kitt Peak Observations

Name Date Type1 z Dis2 E(B-V)3 Air4 PSF5

Mpc mag ′′

1RXS J045205.0+493248 2008-02-07 Sy1 0.029 125.3 0.72 1.1 1.2

2MASX J00253292+6821442 2008-11-06 Sy2 0.012 51.2 1.04 1.2 2.5

2MASX J04440903+2813003 2008-02-08 Sy2 0.011 48 0.85 1.1 1.0

2MASX J05054575-2351139 2008-11-06 Sy2 0.035 151.9 0.03 1.7 1.5

2MASX J06411806+3249313 2008-02-09 Sy2 0.047 205.8 0.15 1.0 1.0

2MASX J09043699+5536025 2008-02-13 Sy1 0.037 161.4 0.02 1.1 1.2

2MASX J09112999+4528060 2008-02-12 Sy2 0.026 115.5 0.01 1.0 1.4

2MASX J11454045-1827149 2008-02-06 Sy1 0.032 142.7 0.03 1.6 1.4

2MASX J12005792+0648226 2008-02-10 Sy2 0.035 156.1 0.01 1.2 0.9

2MASX J21355399+4728217 2008-11-07 Sy1 0.025 107.6 0.62 1.0 1.0

2MFGC 02280 2008-02-14 G 0.015 64.8 0.77 1.7 2.1

3C 111.0 2008-02-08 Sy1 0.048 210.3 1.65 1.0 0.8

3C 120 2008-11-05 Sy1 0.033 143 0.29 1.3 1.5

Ark 120 2008-02-11 Sy1 0.033 146 0.12 1.2 1.1

ARK 347 2008-02-09 Sy2 0.022 96.9 0.03 1.0 0.8

ARP 102B 2008-02-13 Sy1 0.024 104 0.02 1.3 1.1

CGCG 420-015 2008-02-10 Sy2 0.029 127 0.08 1.2 0.9

ESO 490-IG026 2008-02-10 Sy1.2 0.024 106.8 0.09 2.0 1.3

ESO 506-G027 2008-02-11 Sy2 0.025 107.7 0.07 1.9 1.3

ESO 511-G030 2008-02-09 Sy1 0.022 96.2 0.06 1.9 1.9

FAIRALL 272 2008-02-10 Sy2 0.022 95.4 0.04 1.2 1.0

HB89 0241+622 2008-11-07 Sy1 0.044 192.2 0.72 1.2 1.2

IC 4329A 2008-02-10 Sy1 0.016 68.7 0.05 2.1 1.4

IGR J21277+5656 2008-09-06 Sy1 0.014 62.8 1.3 1.1 1.2

IRAS 04124-0803 2008-02-13 Sy1 0.037 164.9 0.08 1.3 1.4

IRAS 05218-1212 2008-02-13 Sy1 0.049 214.8 0.16 1.4 1.5

IRAS 05589+2828 2008-02-08 Sy1 0.033 143 0.42 1.2 1.0

LEDA 138501 2008-02-11 Sy1 0.049 215.8 0.16 1.1 1.4

LEDA 214543 2008-02-13 Sy2 0.032 138.8 0.11 1.2 1.3

MCG -01-05-047 2008-11-07 Sy2 0.016 72.2 0.02 1.2 1.3

MCG -01-13-025 2008-02-09 Sy1.2 0.015 68 0.03 1.3 1.2

MCG -01-24-012 2008-02-06 Sy2 0.019 84.2 0.03 1.3 1.7

MCG -01-40-001 2008-02-12 Sy2 0.022 97.6 0.08 1.3 2.1

MCG -02-12-050 2008-02-10 Sy2 0.036 157.9 0.07 1.4 0.9

Continued on Next Page. . .
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Table A.1 – Continued

Name Date Type1 z Dis2 E(B-V)3 Air4 PSF5

Mpc mag ′′

MCG -03-34-064 2008-02-06 Sy1.8 0.016 70.8 0.07 1.5 1.4

MCG -05-14-012 2008-11-06 Sy2 0.009 42.2 0.12 1.9 1.5

MCG -05-23-016 2008-02-11 Sy2 0.008 36.1 0.10 2.2 1.4

MCG +04-22-042 2008-02-12 Sy1.2 0.032 141.5 0.04 1.0 1.6

MCG +04-48-002 2008-09-08 Sy2 0.013 59.3 0.44 1.1 1.1

MCG +08-11-011 2008-11-04 Sy1.5 0.020 87.9 0.21 1.0 0.8

Mrk 10 2008-02-09 Sy1.2 0.029 126.4 0.04 1.2 1.1

Mrk 1018 2008-09-06 Sy1.5 0.042 186.1 0.12 1.2 1.0

Mrk 18 2008-02-09 Sy1 0.011 47.2 0.04 1.2 1.0

Mrk 279 2008-02-07 Sy1.5 0.030 131.7 0.01 1.2 1.3

Mrk 335 2008-11-07 Sy1.2 0.025 109.5 0.02 1.0 1.6

Mrk 348 2008-11-07 Sy2 0.015 64.7 0.06 1.0 1.7

Mrk 352 2008-11-07 Sy1 0.014 63.7 0.06 1.1 1.6

Mrk 417 2008-02-08 Sy2 0.032 142.1 0.02 1.0 0.9

Mrk 509 2008-09-05 Sy1.2 0.034 149.2 0.05 1.5 1.4

Mrk 520 2008-11-04 Sy1.9 0.026 114.7 0.05 1.0 1.0

Mrk 590 2008-02-12 Sy1.2 0.026 113.7 0.03 1.3 1.7

Mrk 79 2008-11-07 Sy1.2 0.022 95.4 0.07 1.0 1.2

Mrk 915 2008-09-05 Sy1 0.024 103.7 0.06 1.4 1.6

NGC 1142 2008-02-13 Sy2 0.028 124.6 0.07 1.2 1.4

NGC 1275 2008-02-12 Sy2 0.017 75.2 0.03 1.2 1.5

NGC 2110 2008-02-06 Sy2 0.007 33.1 0.37 1.6 1.8

NGC 2992 2008-11-06 Sy2 0.007 30.5 0.06 1.8 1.3

NGC 3081 2008-02-10 Sy2 0.007 32.5 0.05 1.7 1.0

NGC 3227 2008-02-08 Sy1.5 0.003 20.9 0.02 1.0 0.8

NGC 3281 2008-02-11 Sy2 0.010 45.4 0.16 2.6 1.4

NGC 3516 2008-02-07 Sy1.5 0.008 38.9 0.04 1.3 1.6

NGC 4102 2008-02-12 LINER 0.002 21 0.02 1.0 2.1

NGC 4593 2008-02-08 Sy1.9 0.009 44 0.02 1.2 1.4

NGC 5728 2008-02-08 Sy2 0.009 29.1 0.10 1.5 1.4

NGC 5995 2008-02-11 Sy2 0.025 108.5 0.15 1.4 1.8

NGC 6240 2008-02-14 Sy2 0.024 105.4 0.07 1.3 2.0

NGC 6814 2008-09-05 Sy1.5 0.005 22.8 0.18 1.4 1.2

NGC 7314 2008-11-06 Sy1.9 0.004 19 0.02 1.9 2.0

NGC 7319 2008-09-08 Sy2 0.022 95.3 0.07 1.1 1.0

Continued on Next Page. . .
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Table A.1 – Continued

Name Date Type1 z Dis2 E(B-V)3 Air4 PSF5

Mpc mag ′′

NGC 7469 2008-11-05 Sy1.2 0.016 69.8 0.06 1.3 2.5

NGC 7679 2008-09-06 Sy1 0.017 73.4 0.06 1.1 1.4

NGC 7682 2008-11-07 Sy2 0.017 73.1 0.06 1.1 1.3

NGC 788 2008-11-06 Sy2 0.013 58 0.02 1.3 1.2

NGC 931 2008-02-10 Sy1.5 0.016 71.2 0.09 1.1 0.9

NGC 973 2008-11-05 Sy2 0.016 69.2 0.09 1.2 1.6

RX J2044.0+2833 2008-11-06 Sy1 0.05 219.4 0.03 1.2 1.7

SBS 1301+540 2008-02-12 Sy1 0.029 129.2 0.02 1.0 1.5

UGC 02724 2008-11-07 Sy2 0.047 209 0.20 1.1 1.3

UGC 03142 2008-02-09 Sy1 0.021 93 0.74 1.0 1.1

UGC 03601 2008-02-09 Sy1.5 0.017 73.3 0.08 1.0 0.9

UGC 12282 2008-09-07 Sy1.9 0.016 72.7 0.14 1.0 1.3

UGC 12741 2008-09-08 G 0.017 74.7 0.10 1.1 2.4

1AGN type and host galaxy type from Tueller et al. (2008). For AGN types, optical iden-

tifications are listed, where available. Where G is indicated, there are no optical emission lines

indicative of the presence of an AGN and the optical spectrum looks like a galaxy spectrum.

2We used the mean of the redshift independent distance in Mpc from NED when available.

Otherwise, we adopted the following cosmological parameters to determine distances: Ωm= 0.27,

ΩΛ= 0.73, and H0 = 71 km s−1 Mpc−1.

3Milky Way reddening values, E(B-V), from IRAS and COBE/DIRBE.

4Median airmass of all five filter observations.

5Gaussian FWHM of r band image.
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Table A.2: SDSS Observations

Name Date Type 1 z Dis2 E(B-V)3 Air4 PSF5

Mpc mag ′′

2MASX J01064523+0638015 2005-09-28 Sy2 0.041 178.7 0.05 1.1 1.0

2MASX J03305218+0538253 2004-12-14 Sy1 0.046 201.3 0.37 1.1 1.7

2MASX J03534246+3714077 2003-01-28 Sy2 0.018 78.4 0.53 1.0 0.9

2MASX J07595347+2323241 2003-01-25 Sy2 0.029 128 0.05 1.4 1.4

2MASX J16174158+0607100 2003-04-25 Sy2 0.037 164.8 0.08 1.1 0.9

ARP 151 2002-04-01 Sy1 0.021 90.5 0.02 1.2 1.5

CGCG 031-072 2002-03-05 Sy1 0.033 143.2 0.03 1.2 1.8

CGCG 046-033 2001-04-16 Sy1.5 0.034 148.7 0.03 1.2 1.2

CGCG 102-048 2005-05-09 Sy1.9 0.026 116 0.03 1.1 1.2

CGCG 122-055 2004-12-13 Sy1 0.021 91.8 0.03 1.0 1.1

CGCG 198-020 2006-05-24 Sy1 0.026 112 0.04 1.2 1.6

CGCG 300-062 2001-09-20 Sy2 0.032 143 0.05 1.3 0.9

CGCG 312-012 2003-10-24 Sy2 0.025 110.3 0.04 1.3 1.5

CGCG 319-007 2004-06-15 Sy1.9 0.044 192.2 0.04 1.2 1.3

CGCG 427-028 2006-05-27 G 0.030 131 0.20 1.3 1.7

IC 0486 2002-01-14 Sy1.8 0.027 117.5 0.03 1.1 1.1

IC 0751 2003-04-01 Sy2 0.030 134.1 0.03 1.2 1.4

IC 2461 2002-11-07 Sy2 0.007 72.9 0.01 1.1 1.4

IC 2515 2003-03-07 Sy2 0.019 82.7 0.02 1.0 1.1

KAZ 320 2006-09-18 Sy1 0.034 149.6 0.15 1.6 1.6

KUG 1141+371 2004-01-31 Sy1 0.038 165.5 0.02 1.0 1.4

KUG 1208+386 2004-01-31 Sy1 0.022 98 0.03 1.0 1.6

LEDA 170194 2006-01-31 Sy2 0.036 159.4 0.04 1.4 1.4

M106 2003-03-06 LINER 0.001 7.5 0.01 1.3 1.3

MCG -02-08-014 1999-10-14 G 0.016 71.7 0.05 1.8 1.8

MCG +01-57-016 2005-09-26 Sy1.8 0.024 107.5 0.12 1.1 1.2

MCG +02-21-013 2005-03-10 Sy2 0.034 149.3 0.03 1.0 1.4

MCG +04-06-043 2005-11-04 Sy1 0.033 144.5 0.21 1.2 1.3

MCG +05-28-032 2004-12-15 LINER 0.023 99 0.02 1.1 1.3

MCG +06-24-008 2004-02-17 Sy2 0.025 111.5 0.02 1.0 1.2

MCG +06-49-019 2006-09-16 Sy2 0.021 91.6 0.17 1.0 1.3

MCG +11-11-032 2003-11-20 Sy2 0.036 156.3 0.15 1.3 1.3

MCG+10-17-061 2001-04-15 G 0.009 42.3 0.02 1.1 1.5

MRK 1044 1999-10-14 Sy1.8 0.016 70.4 0.05 1.5 1.5

Continued on Next Page. . .
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Table A.2 – Continued

Name Date Type1 z Dis2 E(B-V)3 Air4 PSF5

Mpc mag ′′

Mrk 110 2001-02-22 Sy1 0.035 153.6 0.01 1.2 1.2

Mrk 1210 2003-01-28 Sy1 0.013 57.6 0.02 1.0 1.0

Mrk 1392 2001-03-19 Sy1 0.036 157.3 0.04 1.5 1.5

Mrk 1469 2002-02-08 Sy1 0.030 134.1 0.03 1.0 1.3

Mrk 198 2003-03-06 Sy2 0.024 105.8 0.01 1.3 1.3

Mrk 268 2004-04-25 Sy2 0.039 173.6 0.02 1.1 1.3

Mrk 290 2001-03-23 Sy1 0.029 128.1 0.01 1.5 1.5

Mrk 463E 2005-05-09 Sy2 0.050 221 0.04 1.1 1.0

Mrk 464 2004-01-28 Sy1.5 0.050 222.8 0.02 1.0 1.0

Mrk 477 2002-05-09 Sy2 0.037 164 0.01 1.1 1.7

Mrk 50 2000-05-05 Sy1 0.023 99.7 0.01 1.3 1.3

Mrk 595 2005-10-12 Sy1.5 0.026 116.4 0.17 1.2 1.1

Mrk 704 2005-03-12 Sy1.5 0.029 126.3 0.02 0.9 0.9

Mrk 705 2006-01-31 Sy1.2 0.028 120.8 0.04 1.2 1.2

Mrk 728 2003-03-23 Sy1 0.035 154.7 0.03 1.3 1.5

Mrk 732 2002-12-11 Sy1.8 0.029 126.3 0.03 1.2 1.5

Mrk 739E 2005-03-10 Sy1 0.029 128.4 0.03 1.0 1.5

Mrk 766 2004-12-15 Sy1.5 0.012 54 0.01 1.2 1.2

Mrk 78 2004-12-13 Sy2 0.037 158.1 0.05 1.2 1.2

Mrk 817 2001-05-18 Sy1.5 0.031 135.2 0.00 1.7 1.7

Mrk 841 2003-04-25 Sy1 0.036 158.2 0.02 1.4 1.4

Mrk 926 2000-09-03 Sy1.5 0.047 206.5 0.04 1.4 1.4

NGC 0835 2000-09-26 Sy2 0.013 56.3 0.03 1.3 1.5

NGC 1012 2005-12-06 G 0.003 16.2 0.21 1.2 1.3

NGC 1052 1999-10-14 Sy2 0.004 19.6 0.02 1.6 1.6

NGC 1194 2002-09-05 Sy1.8 0.013 56.9 0.07 1.4 1.4

NGC 235A 2006-09-17 Sy2 0.022 95.5 0.01 1.7 1.5

NGC 2885 2004-12-13 Sy1 0.026 112 0.04 1.0 1.1

NGC 3079 2001-04-15 Sy2 0.003 19.3 0.01 1.4 1.4

NGC 3718 2002-01-13 LINER 0.003 17 0.01 1.5 1.5

NGC 3786 2004-05-14 Sy1.8 0.008 41.6 0.03 1.1 1.3

NGC 4051 2003-03-26 Sy1.5 0.002 14.5 0.01 1.2 1.2

NGC 4138 2003-04-25 Sy1.9 0.002 15.6 0.01 1.2 1.2

NGC 4235 2003-04-01 Sy1 0.007 35.1 0.01 1.0 1.0

NGC 4388 2003-03-23 Sy2 0.008 18.25 0.03 1.4 1.4

Continued on Next Page. . .
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Table A.2 – Continued

Name Date Type1 z Dis2 E(B-V)3 Air4 PSF5

Mpc mag ′′

NGC 4395 2004-04-25 Sy1.8 0.001 4.11 0.01 1.5 1.5

NGC 452 2004-08-26 G 0.016 70.8 0.09 1.0 1.7

NGC 4686 2002-04-01 G 0.016 71.7 0.01 1.3 1.3

NGC 4992 2003-03-31 G 0.025 108.5 0.02 1.3 1.3

NGC 5106 2003-04-28 LINER 0.031 138.3 0.04 1.1 1.1

NGC 513 2004-09-15 Sy2 0.019 83.9 0.06 1.4 1.4

NGC 5231 2000-05-04 Sy2 0.021 93.5 0.03 1.3 1.2

NGC 5252 2001-03-19 LINER 0.022 95.5 0.03 1.4 1.4

NGC 5273 2004-03-17 Sy1.9 0.003 17.7 0.01 1.0 1.0

NGC 5290 2003-04-25 Sy2 0.008 35.7 0.01 1.0 1.6

NGC 5506 2001-05-24 Sy1.9 0.006 28.7 0.05 1.3 1.3

NGC 5548 2004-06-12 Sy1.5 0.016 71.4 0.01 1.3 1.3

NGC 5610 2004-06-13 Sy2 0.016 72.3 0.03 1.0 1.4

NGC 5674 2001-06-16 Sy1.9 0.024 107.3 0.05 1.1 1.4

NGC 5683 2002-05-08 Sy1 0.036 157.3 0.04 1.2 1.5

NGC 5899 2003-04-29 Sy2 0.008 43.9 0.03 1.3 1.3

NGC 5940 2003-04-27 Sy1 0.034 147.4 0.06 1.3 1.2

NGC 7603 2001-10-15 Sy1.5 0.029 126.6 0.04 1.0 1.0

NGC 985 1999-10-14 Sy1 0.043 187.7 0.09 1.5 1.5

SDSS J104326.47+110524.2 2002-12-14 Sy1 0.047 208.4 0.04 1.0 1.3

UGC 03995A 2001-12-18 Sy2 0.015 68 0.04 1.0 1.6

UGC 05881 2005-01-17 Sy2 0.020 88.1 0.04 1.0 1.0

UGC 06527 NED03 2001-12-20 Sy2 0.026 113.9 0.01 1.1 1.1

UGC 07064 2004-12-15 Sy1.9 0.025 107.6 0.02 1.1 1.1

UGC 08327 NED02 2003-03-24 Sy2 0.036 158.8 0.02 1.2 1.5

UGC 11185 NED02 2005-06-08 Sy2 0.041 174.2 0.07 1.1 1.1

UM 614 2000-05-05 Sy1 0.032 142.3 0.02 1.2 1.2

Continued on Next Page. . .
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Table A.2 – Continued

Name Date Type1 z Dis2 E(B-V)3 Air4 PSF5

Mpc mag ′′

VII Zw 073 2004-10-15 Sy2 0.041 180.1 0.12 1.1 1.2

1AGN type and host galaxy type from Tueller et al. (2008). For AGN types, optical iden-

tifications are listed, where available. Where G is indicated, there are no optical emission lines

indicative of the presence of an AGN and the optical spectrum looks like a galaxy spectrum.

2We used the mean of the redshift independent distance in Mpc from NED when available.

Otherwise, we adopted the following cosmological parameters to determine distances: Ωm= 0.27,

ΩΛ= 0.73, and H0 = 71 km s−1 Mpc−1.

3Milky Way reddening values, E(B-V), from IRAS and COBE/DIRBE.

4Median airmass of all five filter observations.

5Gaussian FWHM of r band image.
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Table A.3. Overlapping SDSS and Kitt Peak Galaxy Colors and Magnitudes

Petrosian
Mr1 u-g2 g-r r-i i-z Aperture3

Kitt Peak-SDSS -0.11±0.13 0.05±0.16 -0.02±0.035 -0.01±0.02 0.02±0.07 1.2±4.8%

1The SDSS website notes that that photometry of the bright galaxies in the SDSS is often
underestimated because of an overestimation of sky brightness near them, see Lauer et al. (2007),
Bernardi et al. (2007), and Lisker et al. (2007).

2The SDSS website also notes that the zeropoint of the u band is somewhat uncertain because
of a red leak.

3Increased difference in Petrosian aperture size in the r band for Kitt Peak vs. the SDSS.
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Table A.5. Color Comparison

log M∗ Type N Mean (g − r) P(K-S)%1 Mean (u− r) P(K-S)%

9.6 to 10 BAT 37 0.62±0.15 2.42±0.91
Inactive 23041 0.63±0.15 41 2.03±0.43 10
SDSS AGN 455 0.72±0.10 <0.01 2.31±0.29 36

10 to 10.3 BAT 39 0.68±0.12 2.18±0.36
Inactive 7542 0.76±0.12 <0.01 2.40±0.38 <0.01
SDSS AGN 743 0.76±0.09 <0.01 2.40±0.39 <0.01

10.3 to 10.6 BAT 39 0.69±0.13 2.26±0.57
Inactive 3108 0.81±0.12 <0.01 2.56±0.22 <0.01
SDSS AGN 397 0.78±0.09 <0.01 2.48±0.28 <0.01

>10.6 BAT 39 0.70±0.14 2.23±0.67
Inactive 820 0.81±0.04 <0.01 2.78±0.20 <0.01
SDSS AGN 148 0.83±0.07 <0.01 2.65±0.27 <0.01

1Probability percentage from a Kolmogorov-Smirnov (K-S) test that the BAT colors are
from the same parent population.

Table A.6: Morphological Properties

Galaxy RP
1 C 2 Class 3 b/a 4 Broad 5

′′ R90/R50

2MASX J00253292+6821442 · · · 6 · · · M 0.43

2MASX J01064523+0638015 12.8 3.10 S 0.80

2MASX J03534246+3714077 8.66 3.03 I 0.56

2MASX J04440903+2813003 30.8 2.92 I 0.91

2MASX J05054575-2351139 7.14 3.37 I 0.87

2MASX J06411806+3249313 9.11 2.93 M 0.82

2MASX J07595347+2323241 15.7 2.80 S 0.49

2MASX J09112999+4528060 9.22 2.90 I 0.70

2MASX J12005792+0648226 17.9 3.30 I 0.55

2MASX J16174158+0607100 9.53 2.83 S 0.25

2MFGC 02280 15.4 2.99 S 0.21

ARK 347 11.2 3.26 I 0.60

ARP 102B 12.1 3.55 E 0.79

CGCG 102-048 10.5 3.04 S 0.36

Continued on Next Page. . .

149



Table A.6 – Continued

Galaxy RP
1 C 2 Class 3 b/a 4 Broad 5

′′ R90/R50

CGCG 300-062 14.0 2.73 S 0.77

CGCG 312-012 8.52 3.04 E 0.95

CGCG 420-015 13.7 3.27 E 0.77

CGCG 427-028 14.6 2.58 I 0.22

ESO 506-G027 44.9 3.74 S 0.31

FAIRALL 272 18.6 3.21 M 0.61

IC 0486 17.5 3.04 S 0.65

IC 0751 16.9 2.85 S 0.28

IC 2461 29.2 3.00 S 0.22

IC 2515 16.6 3.42 S 0.22

LEDA 170194 16.7 2.66 S 0.90

LEDA 214543 10.6 3.13 I 0.87

M106 216. 3.01 S 0.38

MCG -01-05-047 66.1 2.87 S 0.13

MCG -01-24-012 27.9 2.75 S 0.56

MCG -01-40-001 39.6 2.65 S 0.34

MCG -02-08-014 11.9 3.09 S 0.16

MCG -02-12-050 24.1 2.88 M/S 0.89

MCG -05-14-012 15.6 3.39 M/I 0.86

MCG -05-23-016 15.4 3.26 I 0.45

MCG +02-21-013 22.0 2.65 I 0.43

MCG +04-48-002 20.8 2.73 M/S 0.36

MCG +05-28-032 12.9 2.88 S 0.51

MCG +06-24-008 17 2.44 S 0.26

MCG +06-49-019 18.4 3.18 S 0.64

MCG +11-11-032 11.8 3.02 S 0.45

MCG+10-17-061 8.52 2.67 I 0.92

Mrk 1210 15.6 2.93 E 0.86

Mrk 18 8.5 3.15 I 0.15

Mrk 198 7.71 3.31 S 0.86

Mrk 268 12.8 3.31 I 0.45

Mrk 348 55.0 3.19 S 0.97

Mrk 417 9.1 3.18 E 0.77

Mrk 463E 12.6 2.24 M 0.41

Mrk 477 6.19 2.56 M 0.71

Continued on Next Page. . .
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Table A.6 – Continued

Galaxy RP
1 C 2 Class 3 b/a 4 Broad 5

′′ R90/R50

Mrk 732 16.5 3.17 I 0.87

Mrk 78 · · · · · · I 0.61

NGC 0835 24.3 2.99 M/S 0.45

NGC 1012 47.8 2.57 S 0.51

NGC 1052 44.0 3.06 E 0.56

NGC 1142 28.0 2.87 M 0.48

NGC 1194 35.8 3.22 I 0.47

NGC 1275 52.1 3.02 M 0.74

NGC 2110 53.9 3.35 E 0.74

NGC 235A 11.5 3.09 M 0.52

NGC 2992 41.4 3.09 M 0.30

NGC 3079 119. 3.12 S 0.15

NGC 3081 41.8 2.69 S 0.77

NGC 3281 70.4 2.21 S 0.50

NGC 3718 106. 2.65 S 0.42

NGC 4102 51.8 2.60 S 0.41

NGC 4388 81.7 3.13 S 0.18

NGC 452 23.6 2.94 S 0.28

NGC 4686 21.4 3.47 I 0.29

NGC 4992 19.8 2.62 I 0.57

NGC 5106 14.2 2.87 M/S 0.69

NGC 513 13.9 2.27 M/S 0.51

NGC 5231 26.0 2.44 S 0.51

NGC 5252 25.1 3.20 I 0.56

NGC 5290 53.4 2.86 S 0.27

NGC 5506 56.2 2.30 I 0.23

NGC 5610 26.5 2.32 S 0.33

NGC 5728 82.3 2.58 S 0.57

NGC 5899 57.0 2.60 S 0.43

NGC 5995 21.1 3.43 I 0.32

NGC 6240 36.5 2.95 M 0.51

NGC 7319 · · · · · · M/S 0.55

NGC 7682 37.1 2.78 S 0.89

NGC 788 31.7 3.01 S 0.75

NGC 973 · · · · · · S 0.14

Continued on Next Page. . .
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Table A.6 – Continued

Galaxy RP
1 C 2 Class 3 b/a 4 Broad 5

′′ R90/R50

UGC 02724 40.8 1.87 S 0.65

UGC 03995A 45.2 2.37 S 0.44

UGC 05881 10.6 3.19 S 0.38

UGC 06527 NED03 7 3.65 M/S 0.32

UGC 07064 20.7 2.56 S 0.88

UGC 08327 NED02 18.0 3.94 M/S 0.62

UGC 11185 NED02 · · · · · · M/S 0.96

UGC 12741 13.6 3.18 S 0.28

2MASX J09043699+5536025 4.74 3.56 M 0.61 Y

2MASX J21355399+4728217 · · · · · · S 0.18 Y

ARP 151 4.94 3.15 M 0.16 Y

CGCG 031-072 10.5 3.04 I 0.59 Y

CGCG 046-033 11.3 2.50 S 0.75 Y

CGCG 122-055 12.9 2.97 I 0.75 Y

CGCG 198-020 20.6 2.45 I 0.71 Y

CGCG 319-007 12.2 2.68 I 0.61 Y

ESO 490-IG026 28.9 3.59 M 0.68 Y

ESO 511-G030 75.0 3.34 S 0.70 Y

IC 4329A · · · · · · S 0.27 Y

KAZ 320 2.68 2.76 I 0.79 Y

KUG 1141+371 12.2 2.67 I 0.87 Y

KUG 1208+386 11.9 3.26 E 0.94 Y

MCG -01-13-025 16.8 3.19 E 0.61 Y

MCG -03-34-064 11.2 3.37 E 0.81 Y

MCG +01-57-016 7.12 3.78 S 0.86 Y

MCG +04-06-043 13.9 2.91 S 0.92 Y

MCG +04-22-042 15.2 2.92 S 0.56 Y

MCG +08-11-011 1.36 2.47 S 0.70 Y

Mrk 10 31.8 2.64 S 0.41 Y

Mrk 1018 11.1 3.72 M 0.52 Y

Mrk 110 4.64 3.68 M 0.62 Y

Mrk 1392 18.4 3.04 S 0.51 Y

Mrk 1469 8.82 3.26 I 0.35 Y

Mrk 279 19.0 2.73 M/S 0.58 Y

Mrk 352 · · · · · · I 0.83 Y

Continued on Next Page. . .
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Table A.6 – Continued

Galaxy RP
1 C 2 Class 3 b/a 4 Broad 5

′′ R90/R50

Mrk 464 2.6 3.23 I 0.76 Y

Mrk 50 8.03 2.94 E 0.60 Y

Mrk 520 15.0 3.63 S 0.62 Y

Mrk 590 29.3 2.92 M/S 0.97 Y

Mrk 595 7.2 3.24 M/E 0.62 Y

Mrk 705 5.14 3.50 I 0.88 Y

Mrk 728 7.08 3.08 E 0.64 Y

Mrk 739E 14.2 2.18 M/S 0.87 Y

Mrk 766 20.4 2.78 S 0.78 Y

Mrk 79 39.4 2.49 S 0.90 Y

Mrk 817 9.04 3.42 S 0.87 Y

Mrk 915 14.7 2.97 S 0.35 Y

Mrk 926 18.8 2.87 S 0.82 Y

NGC 2885 13.1 3 S 0.69 Y

NGC 3227 81 2.52 M/S 0.56 Y

NGC 3516 · · · · · · E 0.77 Y

NGC 3786 38.4 2.68 M/S 0.59 Y

NGC 4051 · · · · · · S 0.68 Y

NGC 4138 41.3 2.59 S 0.65 Y

NGC 4235 48.2 3.29 S 0.22 Y

NGC 4395 · · · · · · S 0.83 Y

NGC 4593 92.1 2.38 S 0.74 Y

NGC 5273 58.2 2.26 I 0.92 Y

NGC 5548 36.0 3.25 S 0.87 Y

NGC 5674 31.1 1.70 S 0.92 Y

NGC 5683 8.35 3.23 I 0.52 Y

NGC 5940 22.0 2.11 S 0.98 Y

NGC 6814 76.2 2.31 S 0.93 Y

NGC 7314 92.1 2.38 S 0.45 Y

NGC 7469 17.0 3.29 M/S 0.72 Y

NGC 7603 2.21 2.78 M/S 0.65 Y

NGC 7679 17.0 3.29 S 0.64 Y

NGC 931 48.6 3.45 M/S 0.21 Y

NGC 985 22.1 3.20 M 0.71 Y

SBS 1301+540 5.93 3.11 S 0.42 Y

Continued on Next Page. . .
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Table A.6 – Continued

Galaxy RP
1 C 2 Class 3 b/a 4 Broad 5

′′ R90/R50

UGC 03142 28.8 2.00 S 0.78 Y

UGC 03601 13.4 3.02 I 0.74 Y

UGC 12282 34.3 3.08 I 0.27 Y

UM 614 4.9 3.44 I 0.51 Y

VII Zw 073 7.36 2.58 S 0.91 Y

1The Petrosian radius was determined as the point when the Petrosian Ratio=∫ 1.25r

0.8r
dr′ 2πr′I(r′)/π(1.252 − 0.82)r2)/(

∫ r′

0
dr′ 2πrI(r′)/πr2 = 0.2.

2The concentration index is defined as the ratio of the radii containing 90 and 50 per cent of

the Petrosian r-band galaxy light C = R90/R50.

3Galaxy Zoo Class where E stands for ellipticals, I, for intermediates, S, for spirals, and M for

mergers/peculiars. For the Kitt Peak data, which has no Galaxy Zoo data, we use the Hubble

Types from the RC3 with T = -6 to -4 corresponding to ellipticals, T = -3 to 0 to intermediates,

T > 0 to spirals.

4We use the observed axial ratio (a/b) as a proxy for inclination. An a/b=1 corresponds to a

face-on galaxy. We use the g band and fit to the 25th mag arcsecond−2 isophote.

5Whether the galaxy has a broad-line AGN based on SDSS galaxy class or the available optical

spectra. While we excluded these broad-line measurements from the morphological analysis, we

have provided them for completeness. We subtracted the AGN model for these galaxies before

determining the Petrosian radius and concentration index. However, the difficulty of perfectly

subtracting the AGN light distribution makes these values more uncertain.

6The Petrosian radius and concentration failed to converge. This happened more often for close

mergers or in a broad-line AGN where the AGN was imperfectly subtracted.
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Appendix B

Glossary

B.1 Abbreviations

2MASS: Two-micron all sky survey
AV : total extinction in the optical V band
ASCA: the Advanced Satellite for Cosmology and Astrophysics, a Japanese

X-ray satellite launched in 1993
AGN: active galactic nuclei
BAT: Burst Alert Telescope onboard SWIFT, sensitive in the 14–195 keV

band
CO: Carbon monoxide; molecular hydrogen is difficult to detect by infrared

and radio observations, so the molecule most often used to determine the
presence of H2 is CO.

CCD: charge coupled device
CXB: cosmic X-ray background
Dec: declination
dof: degrees of freedom
E: energy; measured in keV for the X-ray band
E(B − V ): selective extinction between the optical B and V bands (AB −
AV )

EPIC: European photon-imaging camera; instrument onboard XMM-Newton
F: flux; measured in ergs s−1 cm−2

FIR: Far-infrared; roughly 40 µm to 250 µm
FITS: Flexible Image Transport System; standard astronomical data for-

mat endorsed by NASA and the IAU
FWHM: full-width half maximum
H I:
GALFIT: data analysis algorithm that fits 2-D analytic functions to galax-

ies and point sources directly to digital images
GRB: gamma ray burst
HEAO-1: High Energy Astronomical Observatory
HEASARC: NASA’s High Energy Astrophysics Science Archive Research

Center
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HST: Hubble Space Telescope
InFOCµS: International Balloon Focusing Optics Collaboration for µCrab

Sensitivity
IR: infrared
ISM: interstellar medium; the gas and dust between stars
kT: measurement of the accretion disk temperature in units of energy; the

Boltzmann constant times the accretion disk temperature
L: luminosity; measured in ergs s−1

LEdd: Eddington luminosity
M: mass
Ṁ : mass accretion rate
NASA: National Aeronautics and Space Administration
NED: NASA/IPAC Extragalactic Database
NIR: Near-infrared; roughly 1 µm to 5 µm.
nH: column density of neutral hydrogen; measured in atoms cm−2

OM: Optical monitor; optical/UV telescope onboard XMM-Newton
PSF: point spread function
QSO: Quasi-stellar object; designation for a type of AGN
RA: right ascension
RC3: third reference catalogue of bright galaxies
SDSS: Sloan digital sky survey; a major multi-filter imaging and spectro-

scopic redshift survey
SExtractor: Source-Extractor; program that builds a catalogue of objects

from an astronomical image
SFR: star formation rate
SMBH: supermassive black hole
Sy: Seyfert type; an optical classification scheme for AGN

Sy1: shows optical broad emission lines and narrow emission lines
Sy1.5: intermediary between a Sy1 and Sy2 source
Sy2: shows only narrow optical emission lines

ULX: ultra-luminous X-ray source
UV: Ultraviolet light. Roughly 100 to 4000 Å.
UVOT: Ultraviolet/optical telescope; onboard SWIFT
VLA: Very Large Array; an array of radio telescopes located near Socorro,

NM
XMM: X-ray Multi-mirror Mission
XRT: X-ray telescope; onboard SWIFT
XSPEC: A data analysis and spectral fitting program used in X-ray as-

tronomy
z: redshift
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B.2 Symbols

χ2: a statistic used to compute goodness of fit for a model
η: efficiency factor for mass to energy conversion
Γ: photon spectral index measured from a power law model
µ: mean/average value
ν: degrees of freedom
σ: signal to noise; alternatively, the measured error/standard deviation or

a cross section
τ : optical depth

B.3 Units

Å: Angstrom; a unit of length
: 1Å= 10−10 m

Crab: a unit of intensity corresponding to the flux density of a bright
X-ray source, the Crab nebula

: 1 Crab = 1060µJ
: 1 Crab = 2.5652× 10−9erg s−1 cm2 keV−1

erg: a unit of energy
: 1 erg = 10−7 J

eV: electron volt, a unit of energy
: 1 eV = 1.60217653(14)× 10−19 J

Jy: Jansky; a unit of flux density
: 1 Jy = 10−23erg s−1 cm2 Hz−1

: 1 Jy = 2.42× 10−18erg s−1 cm2 keV−1

M�: solar mass
: 1M� = 1.9891× 1030 kg

Mpc: Mega parsec; a unit of distance
: 1 Mpc = 3.08568025× 1024 cm or 1.91735281× 1019 miles

sr: steradian; SI unit of solid angle

B.4 Constants

c: speed of light in a vacuum; 2.99792458× 108 m s−1

G: Gravitational constant; G = 6.67300× 10−11 m3 kg−1 s−2

H0: Hubble’s constant; we adopt H0 = 70 km s−1 Mpc−1

h: Planck’s constant; h = 6.626068× 10−34 m2 kg s−1

k: Boltzmann’s constant; 8.617343(15)× 10−5 eV K−1

σT : Thomson cross section; 6.652× 1025 cm−2
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Jordan, B., Jordan, W. P., Jorgensen, A. M., Jurić, M., Kauffmann, G., Kent,
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R., & Pöppel, W. G. L. 2005, A&A, 440, 775

Kauffmann, G., Heckman, T. M., Tremonti, C., Brinchmann, J., Charlot, S., White,

S. D. M., Ridgway, S. E., Brinkmann, J., Fukugita, M., Hall, P. B., Ivezić, Ž.,
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