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Active galactic nuclei (AGN) are among the most extreme objects in the uni-

verse: galaxies with a central supermassive black hole feeding on gas from a hot

accretion disk. Despite their potential as powerful tools to study topics ranging

from relativity to cosmology, they remain quite mysterious.

In the first portion of this thesis, we explore how an AGN may influence the

formation of stars in its host galaxy. Using high-resolution 22 GHz radio imaging

of an X-ray selected sample of radio-quiet AGN, we find that the far-infrared radio

correlation for normal star forming galaxies remains valid within a few hundred par-

secs of the central engine. Because the core flux is often spatially isolated from star

formation, we can also determine that the radio emission in radio-quiet AGN is con-

sistent with both coronal and disk-jet coupling models. Finally, we find that AGN

with jet-like radio morphologies have suppressed star formation, possibly indicating

ongoing feedback.

The second portion of this thesis uses optical AGN light curves to study the



physics of accretion. The Kepler spacecraft produces groundbreaking light curves,

but its fixed field of view only contained a handful of known AGN. We conduct an X-

ray survey of this field, yielding 93 unique X-ray sources identified by optical follow-

up spectroscopy as a mixture of AGN and stars. For the AGN, we spectroscopically

measure black hole masses and accretion rates.

We then analyze a sample of 22 Kepler AGN light curves. We develop a

customized pipeline for AGN science with Kepler, a necessary step since the initial

data was optimized for the unique goal of exoplanet detection. The light curves

display an astonishing variety of behaviors in a new regime of optical variability

inaccessible with previous facilities. We find power spectral slopes inconsistent with

the damped random walk model, characteristic variability timescales, correlations

of variability properties with physical parameters, and bimodal flux distributions

possibly consistent with passing obscuring material. We also conclude that this

regime of optical variability is not produced by simple X-ray reprocessing. Finally,

we explain how this work supports future robust accretion studies with upcoming

large timing surveys.
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Preface

Readers of this thesis will notice that Chapter 2 and Chapters 3 and 4 address

quite different scientific goals. Before setting out to read this document, it is perhaps

helpful to understand the circumstances that led to its structure. The X-ray survey

described in Chapter 3 was executed in 2012 and 2013 in the fixed field of view

of the Kepler space telescope, with the ultimate plan of following up the sources

discovered thereby with Kepler. By the time the survey was completed and just

after we had submitted preliminary targets to Kepler in May 2013, the spacecraft

unexpectedly suffered the loss of its final redundant reaction wheel and lost its ability

to point, suspending operations and throwing the future of the mission into serious

doubt. In this period of uncertainty, I began work on another thesis-worthy project:

high-resolution radio imaging of star formation in AGN. This resulted in several

interesting results and a paper, which manifests here as Chapter 2. Eventually,

means were devised of repurposing the Kepler spacecraft as the K2 mission, which

has different fields of view than the original. This was fortunate for the continuance

of my X-ray survey, which has proceeded in these new fields, but this is not described

here. Because the new AGN discovered in the X-ray survey were in the original

field, only the preliminary handful were observed by Kepler before the failure, and

the extensively-planned analysis could not be undertaken. Instead, a comprehensive

analysis of a different sample of AGN in the original Kepler field, selected by another

method, is described in Chapter 4 and will soon be submitted for publication.

Two of the chapters in this work have been published in The Astrophysical

Journal. Chapter 2 is published as “Radio Properties of the BAT AGNs: the FIR-
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radio Relation, the Fundamental Plane, and the Main Sequence of Star Formation”

[Smith et al., 2016] and Chapter 3 is published as “KSwAGS: A Swift X-Ray and

UV Survey of the Kepler Field. I.” [Smith et al., 2015]. Portions of Chapter 2 were

presented at the Great Lakes Quasar Symposium in London, Ontario (May 2016),

the 15th Meeting of the High Energy Astrophysics Division of the AAS in Naples,

Florida (April 2016) and the European Week of Astronomy and Space Science Sym-

posium on Stellar and AGN Feedback in Athens, Greece (July 2016). Chapter 3

was presented as a poster at the Swift: 10 Years of Discovery Conference in Rome,

Italy (December 2014). Portions of Chapter 3 and Chapter 4 were presented at

the Active Galactic Nuclei: What’s In a Name? Conference in Garching, Germany

(June 2016), and are published in its proceedings. Preliminary results from Chap-

ter 4 were presented at the 229th meeting of the American Astronomical Society in

Grapevine, Texas (January 2017).

In addition to the work presented here, I have published a paper on the infrared

selection of optically-elusive AGN as “An Infrared and Optical Analysis of a Sample

of XBONGs and Optically Elusive AGNs” in The Astrophysical Journal [Smith,

Koss & Mushotzky, 2014], as well as two first-author papers in my undergraduate

studies [Smith et al., 2010, 2012]. I have also been a co-author on seven published

works. Most relevant to this thesis are the discovery of a characteristic timescale in

one of the first Kepler AGN which used a preliminary version of my Kepler pipeline

[Edelson et al., 2014] and an investigation of the variability of the stellar X-ray

sources discovered by the KSwAGS survey [Howell et al., 2016].
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Chapter 1: Introduction

1.1 Introduction

It is now well known that in the cores of all large galaxies, both spiral and

elliptical, there dwells a black hole of enormous mass, reaching millions to billions

of times the mass of the sun. Despite the prevalence of these so-called supermassive

black holes, their discovery took many decades of circumstantial evidence and de-

ductive reasoning, and was only possible because some black holes make themselves

known by consuming gas from a hot, swirling disk of matter. Only about 10%

of galaxies host black holes that are actively feeding, but these objects were the

keys to discovering supermassive black holes in galactic cores generally. They were

first discovered as a class by Carl Seyfert in 1943, when he found that a sample of

galaxies with very bright central point sources exhibited optical spectral lines with

very high excitations and widths indicating high rotational velocities. However, the

importance of this discovery would have to wait until the astronomical community

became caught up in the mystery of newly discovered “quasi-stellar objects” (QSOs)

in the 1950s. These strange phenomena were first seen as star-like point sources on

photographic plates, which spatially corresponded to bright radio sources and with

optical spectra featuring emission lines at mysterious wavelengths. The somewhat
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cumbersome phrase “quasi-stellar radio source” eventually morphed into shortcut

“quasar.” In an early attempt to understand QSOs, Lodewick Woltjer (1959) made

this simple physical argument: since the point sources are not resolved, they must

be quite small, and if the luminous matter is gravitationally bound, the nuclear mass

must be extremely high. Quantitatively, he made the impressive point that a billion

solar masses must occupy a space smaller than 100 parsecs. Rampant speculation

arose on how this might be possible, with theories ranging from a chain reaction of

supernovae in a very dense star cluster [Burbidge, 1961] to massive conglomerations

of bare quarks [Pacini, 1966]. More intrigue was added to the picture when Schmidt

[1963] identified the mysterious emission lines as the Balmer lines of hydrogen, but

with a redshift of z = 0.158.

At a conference in 1964, Schmidt described the basic properties of QSOs as

follows: starlike, with high ultraviolet flux, broad emission lines, variability over

time, and large redshifts. The redshifts were not immediately assumed to be cosmo-

logical in origin; many believed that the QSOs were fast-moving objects within the

Milky Way, although the complete non-detection of a blueshifted QSO complicated

this picture. Further cataloguing soon made it clear that there was a large group

of QSOs that did not have the characteristic radio emission, and that these “radio-

quiet” QSOs in fact outnumbered the radio loud variety that had been discovered

first.

While this speculation was ongoing, Matthews, Morgan & Schmidt [1964]

and Zwicky [1965] had identified a new kind of object they called N-type galaxies.

Their defining characteristic was that they appeared to be star-like, but upon closer
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inspection had a very faint host galaxy that was almost outshined by the nuclear

source. Slowly, the picture came together that QSOs, N-type galaxies, and the

strange galactic centers with odd emission line properties discovered by Seyfert in

1943 were the same kind of objects at different points along a continuum of nuclear

brightness. A term arose that encompassed all of these different types, which is still

used today as the umbrella term: active galactic nuclei, or AGN.

Having established the cosmological nature of AGN, speculation on the physics

that gave rise to such overwhelming nuclear emission continued. As already men-

tioned, variability was very early recognized to be a ubiquitous property among

active galaxies. It was soon joined by X-ray emission [Elvis et al., 1978]; these two

properties remain among the few properties of almost all classes of AGN.

The idea of gravitational accretion as a power source for AGN was in place

quite early [Salpeter, 1964, Lynden-Bell, 1969], but competed stiffly with several

other models. Variability was a key factor in solidifying a black hole as the source of

the enormous observed energy output. If the flux varies by some amount in a time t,

it sets a limit upon the size of the region in which the variability has taken place of

r ≤ c× t, where c is the speed of light. The fastest-varying early sources were found

to have size limits of approximately one light-day, or a few hundred astronomical

units (AU). This restricted the possible sizes much further than the 100 parsec limit

of the physical resolution discussed earlier, all the way down to solar-system size

scales. There remained no other possible explanation: the massive energetic release

was the result of the gravitational potential of a single object, which in such a small

space must be a black hole. It is important to realize that all of this was taking place
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while black holes were still mathematical theoretical constructs, before the discovery

of the first stellar mass black hole in 1972 [Bolton, 1972, Webster & Murdin, 1972].

Over time, the evidence for supermassive black holes at galactic centers became

overwhelming, culminating in direct dynamical studies of the stars and gas orbiting

the black hole itself. In nearby galaxies, the group dynamics of stars and gas in the

black hole’s gravitational potential can be modelled and fitted to obtain a confident

value for the mass of the black hole (see the review by Ferrarese & Ford [2005]). In

the Milky Way, we can track the individual stars orbiting our own supermassive black

hole [Genzel et al., 2010], enabling a confident mass measurement of 4.1 × 106M�.

Of course, the Milky Way black hole is inactive, although there is evidence that it

may have been an AGN as recently as a few million years ago [e.g., Zubovas &

Nayakshin, 2012].

Although AGN are the most luminous non-transient objects in the cosmos

and, through benefit of their vast energetic output, have relevance to both our own

galaxy and the history and evolution of the universe, the engines that provide this

enormous energy are still quite mysterious.

In this thesis we will examine two principal aspects of AGN. First, we study the

properties of star formation very close to the nucleus to improve our understanding

of the empirical relationship between the black hole and its host galaxy. Second, we

study the optical variability of AGN as a probe of accretion disk physics.

In order to set the stage for the latter chapters, we must first introduce the

necessary terminology. We will then briefly cover the motivation for studying the

interrelationship between the environment of the supermassive black hole and the
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host galaxy, as well as the history and motivation for the study of AGN variability.

Finally, we introduce the major observing facilities that were used in these analy-

ses before moving onto the main body of work. The sections that follow here are

1) a general introduction to AGN terminology, 2) a review of some important se-

lection effects, 3) a phenomenological introduction to Chapter 2 on circumnuclear

star formation in AGN, 4) a phenomenological introduction to Chapters 3 and 4,

which describe two stages of the variability project, and 5) an introduction to the

innovative space telescopes and ground-based facilities utilized in this thesis.

1.1.1 Types of AGN

This section will describe the physical classes of AGN in the current taxonomy.

Due to the historical sequence described above, the term QSO or its radio-loud

counterpart “quasar” is typically used for the most luminous objects, usually at

high redshifts. Most of the work done here is on the less-luminous subclass of

Seyfert galaxies, in which the nucleus is clearly active but the host galaxy is easily

visible. There are two types of Seyfert galaxies, classified by the widths of the

lines in their optical spectra. Seyferts with the characteristic broad lines that led

to their original discovery are called Seyfert 1 AGN, or Type I AGN, abbreviated

as Sy1. These broad components have widths of 103 − 104 km/s, and only occur

in the permitted lines (HI, HeI, and HeII, for example). In addition to the broad

components, the hydrogen lines have a narrow component with several hundred

km/s widths. Similarly, the forbidden lines, such as [O III] λ5007Å, also tend to
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Figure 1.1: Sample spectra of a Seyfert 1 and Seyfert 2 type galaxy.
Sy 1 galaxies have broad components on their permitted lines, while
Sy2 galaxies do not. These spectra are taken from the astronomy slide
collection of Bill Keel.

have widths of hundreds of km/s. Seyfert 2 AGN (or Type II, Sy2) have only the

narrow components of the permitted lines, with no indication of broad bases. An

example of each type of spectrum is shown in Figure 1.1.

This dichotomy in the spectra is attributed to viewing angle. In order to

understand how, we must discuss the physical origin of the various components

of the optical spectrum. First, the light of the continuum (the power-law which

underlies the emission lines) is thought to come from the accretion disk. The disk
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provides both the continuum emission in the optical spectrum, as well as the ionizing

ultraviolet (UV) radiation that gives rise to both the broad and narrow emission

lines. The permitted lines in Sy1 spectra are Doppler-broadened by their motion

in the gravitational potential of the supermassive black hole, so the gas emits these

lines is quite dense and quite near to the central engine. The narrow line-emitting

gas is also ionized by accretion disk photons; however, the fact that the forbidden

lines do not have broad bases means that the narrow-line gas is farther away from the

black hole. The geometry of the central regions of an AGN is shown in Figure 1.2.

The black hole is surrounded by the accretion disk. Sometimes, a jet is emitted

perpendicular to the disk. This configuration is in turn surrounded at a greater

distance by a thick torus of dust and gas. This torus is puffier than the disk,

preventing edge-on viewers from seeing the accretion disk or the close-in broad line

clouds. Such viewers would then see only the narrow lines, and essentially no AGN

continuum. If, however, the viewer is looking at the AGN face-on, they will see the

accretion disk and broad line clouds and the spectrum will have the characteristic

power-law continuum shape and broad components on the permitted lines. In a very

special and rare case, the viewer would be looking directly “down the barrel”, along

the jet axis. The optical spectrum in this case is a featureless continuum, and the

object typically has extremely rapid variability and is radio-loud. These are called

“BL Lacertae” spectra after the first such object discovered, often abbreviated as

BL Lac or “blazar.”

If a dusty torus-like structure is indeed the reason that Sy2 AGN spectra do

not have broad lines, then one might expect to be able to see broad lines in the

7



infrared spectra, since infrared emission is less susceptible to dust extinction than

optical. Infrared spectroscopy has indeed revealed broad permitted lines in many

objects which optically appear to be Sy2 galaxies, implying a hidden Sy1 nucleus

[DePoy et al., 1987]. This so-called “unified model” of AGN was most convincingly

confirmed by the use of spectropolarimetry: emission from the obscured broad-line

gas is scattered into the line of sight of an edge-on observer by material well above

the disk plane and torus (see the dotted line in Figure 1.2). This light would be

polarized due to the scattering. Antonucci & Miller [1985] found unambiguous broad

emission lines in polarized optical spectra of Sy2 galaxies, lending strong support to

the viewing-angle argument.

Although now widely accepted and used to interpret observations, the com-

munity realizes that this model is overly simplistic. Our concept of the torus is

constantly evolving; for example, perhaps it is a clumpy collection of dust clouds

[e.g., Krolik & Begelman, 1988] instead of a smooth, homogenous distribution [Pier

& Krolik, 1992]. It has been proposed that some AGN may not have a population

of broad-line emitting clouds at all [Bianchi et al., 2008]. Additionally, there are

various types of AGN which we have not discussed here with peculiar emission line

and obscuration properties (i.e., LINERs and XBONGs, as well as many others)

that challenge the universality of the unified model. However, for the purposes of

the analyses presented here, the basic model is a good reference point.
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Figure 1.2: A cutaway diagram of an active nucleus, demonstrating the
emitting region geometry and the resultant spectral types from different
viewing angles.

9



1.1.2 Selection Effects in AGN Samples

Because AGN emit across the entire electromagnetic spectrum, selection tech-

niques have been employed in every waveband. Different selection techniques intro-

duce various biases in the sample. These must be borne in mind while interpreting

results, as is comprehensively reviewed in Mushotzky [2004]. In this section we will

briefly explore the consequences of selecting AGN in different wavebands, in order

to motivate the X-ray selection of the parent sample for the objects discussed in

Chapter 2, as well as the X-ray survey conducted in Chapter 3, and to introduce

the infrared color selection applied in Chapter 4.

As already mentioned, the first quasars were discovered as bright radio sources

associated with star-like optical sources. While this type of selection will undoubt-

edly find a relatively pure sample of quasars (especially if they are selected to have

flat radio spectra) it will miss as much as 90% of the AGN population, which is

radio-quiet [Smith & Wright, 1980, Sramek & Weedman, 1980]. Broad optical emis-

sion lines, the hallmark of optically-selected AGN, are indeed relatively rare in

radio-selected samples [e.g., Kristian, Sandage & Katem, 1974, Sadler et al., 2002].

There is thus little overlap between radio and optically selected samples, a serious

red flag for interpretation.

In the infrared, optical, and UV, color selection is a powerful tool. The tech-

nique is effective because the spectral energy distributions (SEDs) of AGN are

slightly different from those of the host galaxy stellar population, and so one can

use ratios of fluxes at different wavelengths to choose objects based on, essentially,
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the shape of the continuum in any chosen band. In the infrared, the SED can be

well-fit by a power law with Fν ∝ ν−1 [Edelson & Malkan, 1986], generally thought

to be the result of thermal re-radiation of the UV/optical disk continuum by dust.

Stars, and therefore galaxies made up of stars without an AGN component, are not

well described by a power law. There are numerous algorithms for selecting AGN

based on this difference, made all the more useful by the publicly available all-sky

surveys of infrared photometric colors by the Wide Field Infrared Survey Explorer

(WISE) and 2-Micron All-Sky Survey (2MASS) satellites [e.g., Stern et al., 2012,

Mateos et al., 2012]. However, these selection methods will fail on dust-obscured

AGN, in which the infrared continuum is dominated by dust in the host galaxy at

large, or on AGN with ongoing starbursts that may contribute to the infrared colors

[Veilleux, 2002]. Edelson & Malkan [2012] improved on this technique by including

a requirement for the photometrically-selected AGN candidate to be spatially coin-

cident with an X-ray source, which helps to mitigate the presence of impostors in

the sample, as we will shortly explore.

In the optical, detection of Doppler-broadened spectral emission lines is a

definitive sign of an AGN. Although unfeasible in the early years due to the intensive

process of obtaining spectra, recent databases like the Sloan Digital Sky Survey

(SDSS), which collects optical spectra for hundreds of objects at a time, have enabled

this technique en masse. However, one need only revisit Figure 1.2 to see why this

would miss a large fraction of AGN: orientation effects would prevent all Sy 2 objects

from being included. The same pitfall applies to selection by optical colors or an

ultraviolet excess. Optical selection of AGN is a vast field with a rich literature, but
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it is not a technique used widely in this thesis, so the discussion is deferred to the

relevant portions of the upcoming chapters in which some context is necessary.

X-ray selection is perhaps the most complete way to assemble a sample of AGN,

since X-ray emission is ubiquitous across almost all AGN types. Additionally, there

are few confusing sources of X-rays, whereas stellar or dust emission can contaminate

all other wavebands. Strong starbursts may contribute to the soft X-ray (0.2-5 keV)

flux in some galaxies, and X-ray binaries can contribute to the hard (2-10 keV) X-ray

flux. However, the ultra-hard (14-195 keV) X-ray band is devoid of contamination.

Detection of a luminous point source in the ultra-hard band in a galactic center is a

clear and unambiguous indicator of an AGN. Even better, hard X-rays are extremely

penetrative, and so all but the very most obscured active nuclei are recovered by

this technique. X-ray selection therefore assembles a nearly-complete sample of

AGN with a wide range of black hole masses and accretion rates, as demonstrated

by Hickox et al. [2009] and demonstrated in Figure 1.3.

1.1.3 The AGN - Host Galaxy Connection

The observed population of galaxies in the universe falls into two broad cate-

gories: red ellipticals that are no longer forming stars, and blue star-forming spirals.

When galaxies first form, collapsing into disks, they begin forming stars. Young, hot

stars are blue in color, and the host galaxies of starbursts are likewise blue. There

is a dearth of galaxies in between these two populations in color-mass diagrams, as

shown in Figure 1.4 [Schawinski et al., 2014]. This relatively empty region is often
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Figure 1.3: Distributions of bolometric luminosity (a), black hole mass
(b) and Eddington ratios (accretion rates, c) for AGN selected by ra-
dio (yellow dot-dash), X-ray (green solid) and infrared (pink dashed)
techniques. From Hickox et al. [2009].
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called the “green valley.” Some mechanism must be responsible for causing young,

blue, star-forming galaxies into so-called “red and dead” ellipticals. Interestingly,

AGN host galaxies tend to occupy the intermediate region of the diagram, implying

that an AGN may be a phase of galaxy evolution responsible for shutting off star

formation in the host [Nandra et al., 2007, Silverman et al., 2008, Cimatti et al.,

2013]. The predominant idea is that the AGN produces powerful winds and radia-

tive outflows, which evacuate gas and dust from the host galaxy and deplete the

reservoir from which new stars can form. This outflow can take the form of radiation

pressure on dust grains or can manifest as AGN-driven winds. The dust grains are

slightly charged due to proximity to the quasar, allowing them to couple to ionized

gas, which becomes entrained in the outflow. Such outflows and motions also serve

to heat the gas, which further prevents the gravitational collapse necessary for star

formation to begin. These processes are commonly referred to as “feedback.”

There is ample evidence that galaxy-scale winds and outflows exist. For exam-

ple, there is a class of quasars that exhibits broad, blue-shifted UV absorption lines

that indicate fast-moving absorbing material along the line of sight [e.g., Ganguly

et al., 2007]. We have also seen evidence of galactic “superwinds” emanating per-

pendicular to the galaxy plane, although whether these are more likely to be driven

by AGN or by powerful starbursts depends on their outflow velocity [Heckman et

al., 2000, Velleux, Cecil & Bland-Hawthorn, 2005].

There are a number of empirical results suggesting that despite a hundred-

millionfold discrepancy in size, the central supermassive black hole and its host

galaxy manage to affect one another (see the review by Fabian [2012]). The most
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Figure 1.4: The distribution of galaxies from the Sloan Digital Sky Sur-
vey (SDSS) in u− r color versus total stellar mass (contours). Elliptical
galaxies occupy the red sequence, while star-forming spirals occupy the
blue cloud. X-ray selected AGN host galaxies (colored symbols) occupy
the intermediate region, often termed the “green valley.” From Schaw-
inski et al. [2009b] .
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widely known is the strong correlation between the mass of the black hole (MBH)

and the velocity dispersion of the stellar bulge of the host (σ∗) [Gebhardt et al.,

2000]. This relationship holds for all types of host galaxy (elliptical and spiral) and

across many orders of magnitude in mass, as shown in Figure 1.5, adapted from

Gültekin et al. [2009]. Correlations have also been found between MBH and the host

luminosity and total stellar mass in the bulge [Magorrian et al., 1998, Marconi &

Hunt, 2003]. The regulation of star formation via feedback is a natural explanation

for such relationships. The theoretical work of Di Matteo, Springel & Hernquist

[2005] has shown that including feedback from quasars in galaxy evolution simu-

lations naturally reproduces the M − σ∗ relation. Additionally, negative feedback

from quasars has been required in cosmological simulations to regulate the rapid

growth of galaxies. Without it, the simulated universe includes too many large,

blue, star-forming galaxies compared to what is observed [Ciotti, Ostriker & Proga,

2010]. Therefore, feedback from AGN seems to be required from both observational

and theoretical standpoints.

Because of the many indications that the presence of an AGN affects the star

formation in the host, it is prudent to examine how the properties of star formation

differ between AGN hosts and quiescent galaxies. One relationship in particular

has been critical to these examinations: the very strong correlation between far-

infrared (FIR) and radio luminosity in normal, non-AGN star-forming galaxies.

Originally discovered by van der Kruit [1971] and codified in the review by Condon

[1992], the tightness and linearity of the FIR-radio correlation has been useful in

confidently studying star forming galaxies out to high redshifts. The canonical plot
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Figure 1.5: The empirical relationship between supermassive black hole
mass and stellar bulge velocity dispersion, from Gültekin et al. [2009].
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from Condon [1992] is shown in Figure 1.6. This correlation arises because both

the FIR and radio emission is related to the star formation rate (SFR): the FIR is

re-radiated emission from dusty H II regions, while the radio luminosity comes from

synchrotron emission emitted by electrons accelerated in supernova remnants. The

question of whether the FIR-radio relation holds in AGN is quite important, if we

are to use either the FIR or the radio emission as a proxy for the star formation rate

(SFR) in cosmological studies. If the AGN itself contributes significantly to either

the FIR or the radio emission, then the relationship would no longer hold. The first

step, then, is to determine whether or not the AGN contributes to the emission in

these wavebands.

Of course, radio-loud AGN produce a large amount of radio emission that

contaminates the relation. However, even studies of radio-quiet AGN have found

that faint radio cores seem to be ubiquitous in sufficiently sensitive observations

[e.g., Nagar et al., 2002, Maini et al., 2016]. The origin of nuclear radio emission in

radio-quiet AGN is puzzling and remains an open question. We address this in our

sample of 70 radio-quiet, X-ray selected Seyferts in Chapter 2.

Although originally assumed to be minimal, or at least overwhelmed by ther-

mal re-radiation from star formation, the AGN contribution to the FIR emission

has been shown to be as high as 50% at 60− 70µm [Mullaney et al., 2011, Shimizu

et al., 2017]. Careful modeling of the FIR spectral energy distribution (SED) can

remove the AGN component, leaving only the FIR emission expected from star for-

mation. In order to remove the AGN contribution to the radio flux, we have turned

to high-resolution spatial imaging of the nuclear source and the surrounding star for-
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Figure 1.6: The linear relationship between 1.4 GHz radio luminosity and
FIR luminosity for quiescent, normal star-forming galaxies from Condon
[1992], referred to throughout the text as the FIR-radio correlation.
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mation. The resolution of the Jansky Very Large Array (JVLA) enables us to isolate

the star formation and AGN contributions to the radio flux, and together with the

decomposed FIR emission, test the FIR/radio correlation in AGN (Chapter 2).

Many studies of large galaxy surveys have found that the SFR of blue, star-

forming galaxies are correlated with the total stellar mass of the galaxy, M∗, along

a narrow track called the “star formation main sequence,” shown in Figure 1.7

[Brinchmann et al., 2004, Noeske et al., 2007, Rodighiero et al., 2010]. There has

been much discussion about whether or not AGN hosts lie on this main sequence, or

fall below it [Mullaney et al., 2012, Rosario et al., 2013]. Shimizu et al. [2015] found

that a significant fraction of the ultra-hard X-ray selected Swift-BAT AGN lay well

below the main sequence, implying that the AGN is suppressing star formation in

its host. In Chapter 2, we follow up on this matter with our high-resolution radio

imaging campaign, and find that objects with small, nuclear radio jets are most

likely to lie below the main sequence. As evidence for feedback in action, this is

currently tentative due to the small sample size, but in Chapter 5 we describe an

ongoing observational program (PI Smith) designed to address this issue robustly.

1.1.4 AGN Variability and Accretion Physics

Optical flux variations were one of the very first properties of AGN to be

recognized, and as described above, were the key with which the small size and

thus identity of the central source was determined. Today, variability remains an

important tool for studying physical processes that are beyond the reach of even
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Figure 1.7: The relationship between SFR and stellar mass for ∼ 3000
galaxies in four different redshift groups (the four panels). The blue
circles indicate objects with indications of star formation, including ro-
bust detection at 24µm, blue photometric color or emission lines. Green
plus signs indicate galaxies with red colors and no 24µm detections, in-
cluding objects with weak AGN-like line ratios. Orange arrows indicate
objects with no 24µm detection and no emission lines, with elliptical
morphologies. From Noeske et al. [2007].

our highest-resolution imaging instruments. Optical variations come from the ac-

cretion disk, which as we have noted is the origin of the optical continuum flux. A

good average value for the size of an accretion disk is ∼ 10−2 parsecs, according

to analytical arguments by Goodman [2003]. At the distances of AGN, this is im-

possible to directly image except in rare cases of microlensing, and will remain so

for many generations of telescopes to come. So, optical flux variations offer one of

the only means of probing the structure and behavior of the accretion disks around

supermassive black holes.

In 1963, before the extragalactic nature of quasars was known, Matthews &

Sandage [Matthews & Sandage, 1963] used optical plate comparisons to determine

that the quasar 3C 48 varied by 0.4 magnitudes over 13 months. This was the very
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first discovery of AGN variability. It was followed up by Smith & Hoffleit [1963]

and Sharov & Efremov [1963] with more archival data. These studies found that

the flux of 3C 48 would double or halve over the course of several years, but that

changes also occurred on the scale of days to weeks. Sandage [1964] and several

follow-up efforts searched for variability in the 8 quasars known at the time, and

found evidence of 0.1 - 1.5 magnitude changes in all of them. It was recognized

by the 1970s that all optically variable objects were broad-line quasars or Seyfert 1

galaxies, and that narrow-line quasars and Seyfert 2 galaxies did not vary, although

it was not known why. This makes sense in view of the current unified model (see

Figure 1.2), since the variability arises from the accretion disk, which is invisible in

Sy 2 AGN.

It was clear from plots of quasar flux over time, called “light curves,” that

their variability was not periodic. Even characteristic timescales were elusive. The

stochasticity of AGN light curves would go on to be seen in every variability survey

conducted since. The earliest dedicated studies were monitoring campaigns of three

AGN in the local universe: NGC 4151, NGC 5548, and 3C 273. Typically these

campaigns consisted of monthly, weekly, or daily visits to the sources for a single

photometric data point, over the course of several years; for example, the 7-year

daily monitoring of NGC 5548 by Peterson [1994] shown in Figure 1.8. In the 1980s

and 1990s, photometric surveys of larger samples of higher-redshift AGN began to

proliferate, since a single wide-field telescope image can capture many of these AGN

hosts at a time. Some examples of these surveys include the 16-month monitoring

of 300 radio-quiet quasars with the South Galactic Pole telescope [Hook et al., 1994]
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and a 10-year B-band monitoring program of 183 quasars in a region of the sky

known as SA-94 [Cristiani, Vio & Andreani, 1990]. The history of such studies is

well-reviewed by Ulrich, Maraschi & Urry [1997]. The modern era of AGN variability

studies consists of many tens of thousands of objects, typically as byproducts of

huge surveys dedicated to locating transient phenomena like supernovae and tidal

disruptions of stars by supermassive black holes. The Panoramic Survey Telescope

and Rapid Response System [Pan-STARRS; Kaiser et al., 2010], the Sloan Digital

Sky Survey Stripe 82 [Sesar et al., 2007], and the Palomar Transient Factory [Law

et al., 2009] are a few examples of surveys that have produced tens of thousands

of AGN light curves, albeit typically with uneven sampling and large data gaps. A

more extensive discussion of the current optical variability literature is undertaken

in the latter sections of Chapter 4.

Variability of AGN is not confined to optical wavelengths. In fact, AGN have

been seen to vary in every wavelength in which they have been studied, from radio

to X-ray. X-ray variability studies are especially fruitful, as the X-ray emission is

believed to come from very near the black hole. Many interesting clues have been

seen in X-ray light curves, which due to their space-based nature are cleaner and

more rapidly and evenly sampled than ground-based studies. Two properties of

X-ray light curves of accreting black holes are particularly relevant for this work.

First, the histograms of fluxes in a light curve are well-fit by lognormal distributions

[Uttley & McHardy, 2005]. Second, the variability of a given light curve segment

is linearly correlated with the average flux of that segment, in the so-called “rms-

flux” relationship [Uttley & McHardy, 2001]. The sense of this very tight, linear

23



Figure 1.8: Optical light curve of NGC 5548 over approximately 7 years.
From Peterson [1994].

relationship is that when a given object is brighter, it is more variable. As we will

examine in Chapter 4, whether or not the optical light curves of AGN also exhibit

these properties has implications for the relationship between the optical and X-ray

emitting regions.

Although AGN variability has been long recognized and studied, the cause of

the variability is still unknown. Intuitively, one might imagine that flux variations

result from a changing mass accretion rate: perhaps we see a higher flux when the

accretion rate is high, simply because more matter is being converted into energy,

and less when it is low. However, simple arguments rule this option out. The fastest
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that information can travel through the disk is the sound speed, and at the typical

temperatures and densities of the plasma that we believe makes up the disk, it would

take many years to decades for the bulk of the disk to “know” about an accretion

rate increase. Such slow variations are at odds with both the observed fluctuations

on hour-day timescales, as well as inconsistent with the observation that the UV

and optical flux seem to vary almost simultaneously, not many years apart as one

would expect from an outwardly-propagating energy release following an accretion

surge.

It has also been proposed that the observed flux variations of quasars are not

intrinsic to the AGN itself, but are instead the result of substellar-mass objects grav-

itationally lensing the quasars somewhere along our line of sight [Hawkins, 1993].

This phenomenon is known as microlensing, and while it enjoyed some early suc-

cesses, it is now recognized that AGN variability is an intrinsic phenomenon. The

most compelling piece of evidence for this is the now well-established fact that the

broad emission lines also vary, and they do so in response to the continuum varia-

tions after some time lag. Measuring these lags has enabled us to effectively map

out the location of the broad line emitting gas using light travel time considerations.

The kinematics of the broad line gas can then be used to measure the mass of the

central black hole quite effectively. This process is known as reverberation mapping

[Peterson et al., 2004].

Another common explanation has been a shot noise model, in which the vari-

ability is due to the superposition of discrete flares randomly distributed in time

[Cid Fernandes et al., 2000]. This description is quite general, as the origin of the
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discrete flares could be caused by many types of instability within the accretion

disk [Kawaguchi et al., 1998] or by more exotic explanations like stellar collisions

or supernovae. In the early days before black holes were established as the central

source in radio-quiet AGN, very dense nuclear star clusters were serious candidates

[Terlevich et al., 1992]. In this framework, interpreting variability as a superposition

of supernovae had some traction.

Of course, the generality of the shot noise model is also a pitfall, since even

if the mathematical model fits the data well, the physical origin of accretion disk

flares (or whatever else the discrete events may be due to) is not revealed. Lyubarskii

[1997] proposed a model in which fluctuations in the instantaneous mass accretion

rate form in the disk and propagate inwards. Because these fluctuations occur

on timescales approximating or exceeding the viscous time, which decreases with

smaller radii, long-timescale fluctuations in the outer disk acquire ever-shorter su-

perpositions of fluctuations as they move inward. The observed rms-flux relationship

and lognormal flux distributions seen in X-ray light curves arise naturally from this

multiplicative process, so this description, commonly referred to as the model of

“propagating fluctuations,” is very attractive. Additional supporting evidence for

this model comes from the discovery that variations in the observed flux in high

energy X-ray bands tend to lag behind those in lower energy bands, indicating that

the fluctuations underlying the variability first occur in the lower-temperature envi-

ronments further out, and then move inwards to higher-temperature regimes [Nowak

et al., 1999]. However, one requires a mechanism to drive the fluctuations.

The best current candidate for this driver is the magneto-rotational instability
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(MRI). The instability of a viscous flow between annuli of a charged plasma was

realized early by Chandrasekhar [1960], and extended to astrophysical disks by Bal-

bus & Hawley [1991]. They showed that astrophysical accretion disks are unstable

to axisymmetric perturbations if they are threaded with a weak magnetic seed field.

The upshot is that disturbing a parcel of gas along the radial direction will result

in a nonlinear dynamical instability. Many follow-up simulations have shown that

this mechanism is effective at injecting and maintaining disk turbulence, allowing

for angular momentum transport outwards and thus mass accretion rate inwards

[Hawley & Balbus, 1991, Stone et al., 1996, Reynolds & Miller, 2009, Jiang, Stone

& Davis, 2014]. Recent work by Hogg & Reynolds [2016] has found that propa-

gating fluctuations remain a robust phenomenon even within the full machinery of

magnetohydrodynamic (MHD) theory, and that the magnetic dynamo seen in most

accretion disk simulations may be the driving mechanism.

Additionally, much modern research focuses on a mathematical model called

the damped random walk, or Ornstein-Uhlenbeck process. Introduced as a statistical

model for AGN variability by Kelly, Bechtold & Siemiginowska [2009], the damped

random walk functions around a driving term which “kicks” stochasticity into a light

curve around its mean value. After each kick, the perturbation decays exponentially

back to the mean, resulting in overlapping of events and long-term correlations. The

formalism can be found in Kelly, Bechtold & Siemiginowska [2009], with an improved

treatment allowing for a linear combination of stochastic processes given by Kelly,

Sobolewska & Siemiginowska [2011]. This theory makes the testable prediction that

the power spectral density of variability should scale with temporal frequency as
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∝ ν−2. As is reviewed more comprehensively in Chapter 4, most X-ray studies and

some ground-based optical studies do find PSDs that are well-modelled by a power

law with a slope of −2, with some important exceptions.

The work described in Chapter 4 addresses AGN variability using a new tool:

light curves from the space-based timing telescope Kepler. The light curves from

Kepler are the highest precision and most evenly sampled optical light curves ever

obtained. However, the specificity of purpose with which Kepler was designed makes

it quite difficult to use the data products for AGN science. Much of Chapter 4 is

dedicated to addressing challenges that arose from Kepler ’s data handling, which

was optimized for exoplanet science.

In summary, the literature on AGN variability is still confusing, and the origin

of the phenomenon is very much an open question. The work described in Chapter 4

takes the necessary initial steps to use space-based AGN light curves from the Kepler

exoplanet-hunting satellite to probe a brand new realm of AGN variability, an avenue

that will become more important after the launch of the Transiting Exoplanet Survey

Satellite (TESS) in 2018. Chapter 5 will address some of the implications that the

early Kepler work will have for TESS and other upcoming time domain surveys.

1.1.5 A Brief Summary of the Facilities

Most of these results could not have been obtained a decade ago, since the

analyses leverage enormous improvements in observational facilities that have oc-

curred in recent years. Each chapter discusses the relevant facilities in greater detail;
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this discussion emphasizes the novelty of the work. First, the radio images of cir-

cumnuclear star formation in AGN that are used in Chapter 2 would not have been

possible with the original Very Large Array (VLA). The array is a radio interfer-

ometer located in Soccoro, New Mexico, that consists of 27 radio antenna dishes

that move along tracks to allow transitions between its largest (A) and smallest (D)

configurations. Originally constructed in 1980, the array underwent a major up-

grade beginning in 2001 to leverage the great technological improvements in signal

processing over the previous two decades. Completed in 2012, the Expanded Very

Large Array, later dubbed the Jansky Very Large Array (JVLA), had increased the

instrument’s overall bandwidth, improved spectral coverage, and greatly enhanced

the spectral resolution. This can be read about in detail in Perley et al. [2011].

Without the resulting improvement in dynamic range from the JVLA upgrade, the

radio images we use in Chapter 2 would have required unworkably long integration

times. We were able to obtain each image in a matter of minutes, and the ongoing

observations for this project, described in Chapter 5, leverage these improvements

still further.

The X-ray and UV survey described in Chapter 3 was executed using the Swift

spacecraft. Swift was designed to catch transient explosions known as gamma ray

bursts, and provide near-instantaneous follow-up once the location of the transient

had been identified. To this end, the spacecraft is outfitted with three telescopes.

The first is the Burst Alert Telescope, or the BAT. The BAT is sensitive to very

high energies (14− 195 keV) and able to localize detections to within 4 arcminutes

[Barthelmy et al., 2005]. Once the gamma ray burst is localized, the spacecraft
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captures its afterglow using its other two instruments, the co-aligned X-ray Telescope

(XRT) and the UV-Optical Telescope (UVOT). Although optimal for gamma ray

burst science, we use this instrument for different purposes. The ultra-hard X-ray

BAT is ideal for selecting a very complete sample of AGN. The latest Swift-BAT

Catalog of ultra-hard X-ray sources was published by Baumgartner et al. [2013],

and the AGN sample drawn from it has been used extensively due to its relatively

unbiased nature with respect to luminosity, black hole mass, and accretion rate.

This is the parent sample for the project described in Chapter 2. We also made use

of Swift, this time with the XRT and UVOT, to conduct our own survey, described

in Chapter 3, to locate new AGN in the field of view of the Kepler spacecraft.

Kepler represented an immense improvement over ground-based optical timing

efforts. Designed to detect the parts-per-million signals of planets eclipsing other

stars, it is the most accurate astronomical photometer ever built, capable of detect-

ing variations in flux that were impossible in the past. Furthermore, it does it from

space, which prevents the usual interruptions that plague ground-based variability

studies (for example, weather and the diurnal cycle). To facilitate the discovery of

exoplanets with orbits of ∼ 1 year, the spacecraft stared at a fixed field of view near

the galactic plane for the entirety of its 4-year mission, offering long, evenly sampled

baselines. We have leveraged these capabilities to study AGN variability in a regime

that was not accessible to any previous instruments. This, along with the technical

challenges of adapting Kepler light curves for AGN science, is extensively discussed

in Chapter 4.

We conclude by noting that the optical spectroscopy used in this thesis was
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largely obtained at the brand new 4.3 meter Discovery Channel Telescope at Lowell

Observatory, in which the University of Maryland is a major partner, which became

operational in January 2015. Although the spectrograph is repurposed from another

telescope, the projects described here are some of the very first optical spectroscopic

observations obtained at this facility, which is now enabling the work of a large

number of University of Maryland scientists and students.
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Chapter 2: Radio Properties of the Burst Alert Telescope Active

Galactic Nuclei: the Far Infrared-Radio Relation, the

Fundamental Plane, and the Main Sequence of Star For-

mation

2.1 Introduction

The apparent ubiquity of the correlation between the mass of a galaxy’s central

supermassive black hole and the stellar velocity dispersion of its bulge, known as the

MBH− σ relation [Gebhardt et al., 2000, Ferrarese & Merritt, 2000, Gültekin et al.,

2009], has prompted a robust investigation of the mechanisms by which these regions

may influence one another. The concept of feedback in active galactic nuclei (AGN)

attempts to explain the correlation by proposing a positive or negative regulatory

effect of the AGN on star formation. In negative feedback scenarios, the AGN

quenches the near-nuclear star formation by expelling or heating gas in the central

regions [e.g., Di Matteo, Springel & Hernquist, 2005, Hopkins et al., 2006, Dubois

et al., 2013]. Positive feedback models suggest that AGN-driven jets or outflows

generate turbulence and shocks which then trigger the collapse of giant molecular

clouds and promote star formation [Klamer et al., 2004]. The relationships may
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also be explained by co-evolution instead of ongoing interactions between the active

nucleus and the nearby star-forming regions. Regardless of the physical method, it

is now accepted that star formation and AGN activity are related phenomena.

There is a nearly linear, remarkably tight relationship between the infrared and

radio emission found in normal star forming galaxies, called the far-infrared (FIR)-

radio correlation [Condon, 1992], which is widely used in studies of star formation

out to high redshifts. It would be convenient to be able to apply this relationship to

studies of star formation in AGN. This is complicated by the fact that even radio-

quiet AGN tend to have nuclear radio emission in addition to extended emission from

star formation. Further, a number of necessary assumptions are often employed in

applying the FIR-radio correlation to AGN, including the use of star formation

spectral energy distribution (SED) templates which assume that the AGN does not

contribute to the far-IR emission. Recent work has shown that this assumption is

flawed [Lira et al., 2013]. It has also been shown that Seyferts have a wide variety

of circumnuclear radio structures within the central kiloparsec, some attributable

to star formation and some to linear structures resembling jets [e.g., Baum et al.,

1993]. It is even possible that the star formation environment surrounding the active

nucleus may be quite different from that in isolated star forming regions in the host

galaxy, and that circumnuclear star formation in AGN may not follow the FIR-

radio relation at all. It is known that Seyferts tend to depart from this relationship,

showing a radio excess that can be attributed to the AGN in the core [Wilson, 1988,

Roy et al., 1998, Morić et al., 2010]. Roy et al. [1992] and Baum et al. [1993] showed

that subtraction of the core AGN emission significantly improved the relation, but
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this was not borne out in the larger study by Roy et al. [1998].

In order to investigate this thoroughly, we have conducted a 22 GHz radio

imaging program with the Karl G. Jansky Very Large Array (VLA) of 70 radio-

quiet AGN from the ultra-hard X-ray Swift-BAT survey [Baumgartner et al., 2013].

With these high resolution (1 ′′) radio images of a relatively unbiased AGN sample,

we may spatially separate any emission due to star formation from the AGN core,

and test the FIR-radio correlation using only the extended radio emission (beyond

a few hundred parsecs).

These observations also enable us to address another important mystery: the

origin of the core radio emission in radio-quiet AGN. There seem to be very few, if

any, radio-silent active galaxies. Radio observations with sufficient sensitivity have

found compact radio emission in the majority of radio-quiet AGN [e.g., Nagar et

al., 2002, Panessa et al., 2010, Maini et al., 2016]. Ideas range from scaled-down

versions of the powerful synchrotron jets seen in radio-loud AGN, to pure and highly

compact star formation, to coronal synchrotron emission similar to that in active

stars. Parsec-scale extended jet-like morphologies have been seen in some radio

quiet AGN [e.g., Orienti & Prieto, 2010]; however, Laor & Behar [2008] found that

the relationship between the X-ray and radio luminosities of radio quiet AGN was

consistent with an extension of the same relationship for coronally active stars,

and Baldi et al. [2015] observed millimeter-band variability in the radio quiet AGN

NGC 7469 consistent with X-ray variability, implying a common physical origin

(presumably the corona). Correlations have been observed between the radio and

X-ray luminosities in AGN of all types, and both of these quantities seem to be
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related to the supermassive black hole mass in a “fundamental plane of black hole

activity” [Merloni et al., 2003]. The relationships between the X-ray luminosity, core

radio luminosity and MBH can place interesting constraints on accretion flow models

and the geometry of the circumnuclear emitting regions. Using the same spatial

decomposition that allows us to study the extended star formation in isolation, we

see how the isolated AGN radio core properties of our sample fall on these relations.

The paper is organized as follows. In Section 2.2, we discuss the properties of

the sample and describe the detailed observations and reduction techniques. Sec-

tion 2.3 discusses flux density measurements. Section 2.4 focuses on the different

star formation morphologies revealed by our high resolution maps. In Section 2.5.1,

we describe our methodology for decomposing the infrared SED into AGN and star

formation components, and Section 2.5.2 discusses our final results on the FIR-radio

correlation. The fundamental plane and X-ray-radio correlation results are discussed

in Section 2.6. Section 2.7 examines where our samples of various radio morpholo-

gies fall on the main sequence of star formation. We discuss final conclusions in

Section 2.8.

Whenever redshifts and luminosities are discussed, we have assumed cosmo-

logical parameters H0 = 67.8 kms−1Mpc−1 and Ωm = 0.308, consistent with the

most recent results from Planck [Planck Collaboration XIII, 2015].
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2.2 Observations and Reduction

2.2.1 Sample

Our parent sample is drawn from the 58-month version of the Swift-BAT all-

sky survey [Baumgartner et al., 2013]. The survey was conducted in the ultra-hard

X-ray band (14-195 keV). Because of its very high energy, this band is not affected

by obscuration up to very high columns (> 1024 cm−2). By the survey’s 58-month

catalog, it had detected ∼ 600 AGN of various types, many of which had never been

detected as AGN at other wavebands. Hard X-ray selection is the least biased way

to select AGN [Hickox et al., 2009, Koss et al., 2011a]; the vast majority of all AGN

are hard X-ray sources. Since optical, radio, infrared, and ultraviolet properties

of the source do not enter into the selection, the sample is chosen independent of

galaxy mass, galaxy luminosity, dust properties, radio loudness, or star formation

rate. Additionally, most of the BAT AGN are relatively nearby, so high angular

resolution translates to high spatial resolution for most of our sample. Our original

work on the star formation in the BAT AGN was done in Mushotzky et al. [2014],

wherein we observed 313 of these objects with far-IR Herschel PACS 160 µm and

70 µm images either from our Cycle 1 open-time program or the Herschel Science

Archive. Mushotzky et al. [2014] attempted to separate the star formation and AGN

contributions to the infrared SED using Herschel imaging at 70 µm and 160 µm of a

subset of the ultra-hard X-ray selected sample of Swift-BAT AGN, but were unable

to spatially distinguish the components with Herschel ’s 6 ′′ resolution. It was clear
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that spatial decomposition would require higher resolution images. However, the

AGN and the star formation can also be disentangled spectrally. By decomposing

the Herschel SED into AGN and star formation (SF) components, the methods

in Shimizu et al. [2015] allow us to predict the radio emission expected from the

FIR-radio correlation using the SF component of the FIR SED only, putting us in a

position to test the FIR-radio correlation if we obtained radio images with sufficient

resolution to spatially decompose the AGN core and extended star formation.

Many of the BAT AGN are detected in the FIRST [Becker et al., 1995]

and NVSS [Condon et al., 1998] surveys at 1.4 GHz; however, these surveys have

∼5 ′′ and 45 ′′ resolution, respectively. As indicated by the unresolved Herschel

images at 6 ′′, higher resolution is needed to achieve the separation of the AGN

and extended components. To this end, we initially obtained K-band (22 GHz)

continuum observations of 45 of the Swift-BAT AGN with the VLA in C-array,

which has an angular resolution of ∼1 ′′. We chose our initial sample to be un-

resolved in the Herschel 70µm images, and to be radio-quiet. All of our targets

have L1.4 GHz ≤ 1023 W Hz−1, based on archival NVSS data. Additionally, we ob-

tained VLA B-array follow-up observations of 17 objects which were unresolved in

C-array, or which had a significant unresolved core and were sufficiently bright that

B-array observations were feasible regardless of source structure. These images have

a resolution of ∼0.3 ′′. Although the B-array provides higher angular resolution, it

also requires longer integration times to reveal extended structure, limiting the sam-

ple size for which we could obtain images of sufficient sensitivity. As described in

Section 2.4.2, the majority of our B-array follow-up observations did not alter the
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morphological classification obtained with our C-array imaging. Finally, we ob-

tained C-array observations in the following cycle for 25 new objects selected to be

at low redshifts, to provide maximal spatial resolution and to supplement the orig-

inal sample. Unlike the first set, this sample had no preselection to be unresolved

in the Herschel images. The final total observed sample is 70 targets.

2.2.2 Observations and Reductions

All observations were conducted in the K-band, which has a central frequency

of 22 GHz and a large 8 GHz bandwidth. We selected K-band (22 GHz) for our

initial study rather than the more traditional lower frequency bands because we

were aiming for 1 ′′ angular resolution to spatially resolve the star formation and

AGN emission, which was only possible at K-band in the available arrays (C and

D arrays). We remained at K-band for our subsequent two sets of observations to

provide a data set at a uniform frequency. The initial sample of 45 objects was

observed in C-array in May 2013, the B-array sample was observed in September

2014, and the final low-redshift sample was observed in February 2015. Each object

was observed in a one-hour block with 2-3 other objects. Each observing block

began with attenuation scans, followed by flux and bandpass calibration on either

3C 48, 3C 138, or 3C 286, depending on sky position. Each object was observed

for 3-8 minutes based on scheduling block constraints, and was followed before and

after by a gain calibration scan.

The data were processed using the Common Astronomy Software Applica-
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tions package (CASA) [McMullin et al., 2007], which was developed to process in-

terferometric and single-dish data from radio astronomical telescopes and is hosted

primarily by the National Radio Astronomy Observatory (NRAO)1.

After passing the raw data through the standard VLA reduction pipeline,

we split off each individual object from the main measurement set, averaging over

all 64 channels within each spectral window, resulting in a single data point per

window. This reduces the amount of processing time without compromising the

data. Then, each object was imaged with Briggs weighting (robust=0.5) and cleaned

to a 0.03 mJy threshold or the dynamic range limit, whichever was higher. The

images were then assessed for systematic errors; some exhibited significant radio

frequency interference (RFI) signatures, which we removed by flagging the affected

spectral windows. Images with a peak flux density exceeding 1 mJy went through

iterative rounds of phase-only (non-amplitude) self-calibration of their visibility data

(sources with lower peak flux densities did not have high enough signal-to-noise in

the self-calibration solutions). Although the fractional bandwidth ( 36%) of the

observations is quite large, standard multi-frequency synthesis using the CASA task

CLEAN worked well because the angular extent of emission is less than 10 to 20% of

the primary beam width and because the achievable dynamic range of the data was

modest (typically 100/1 or less). In most cases this is because our sources are fainter

than 3 mJy (100 times the thermal noise, which is approximately 30µJy). For the few

sources with peak flux densities higher than 3 mJy, the dynamic range was limited

by factors such as gain calibration errors that we were unable to correct. In cases

1For more information on CASA, see www.casa.nrao.edu.
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where the S/N warranted it, we specified two terms in the multi-frequency imaging,

providing spectral index maps. In general the spatial spectral index variations were

small and had no effect on the imaging. In the end, five images had to be discarded

due to persistent RFI banding, and three objects were not detected at our sensitivity

threshold (Mrk 653, Mrk 595, and 2MASX J0107-1139). The final sample of useful

images consisted of 62 objects, and is tabulated in Table 2.1.

Lastly, we applied a Gaussian 6 ′′ taper to the visibility data of each observa-

tion, to create a second image with resolution mimicking that of the original Herschel

observations. In the end, we have 62 images at 1 ′′ resolution and 62 at 6 ′′ resolution,

which we later use to compare extended and core emission (see Section 2.5.2).

Table 2.1: The Herschel-BAT Sample

Name α δ z Predicted Flux Core Flux Extended Flux Morphology
J2000 J2000 mJy mJy mJy

2MASX J0353+3714 58.427 37.235 0.018 0.74 0.32 0.48 compact
2MASX J0423+0408 65.9199 4.1338 0.045 0.33 0.58 6.41 jet
2MASX J0444+2813 71.0376 28.2168 0.011 1.26 2.91 1.23 compact
2MASX J1200+0648 180.2413 6.8064 0.036 0.49 0.82 0.42 extended
2MASX J1546+6929 236.6014 69.4861 0.038 0.11 0.27 1.21 jet
2MASX J1937-0613 294.388 -6.218 0.010 3.55 5.16 3.24 extended
2MASX J2010+4800 302.5725 48.0059 0.026 0.19 0.16 0.09 compact
2MFGC 02280 42.6775 54.7049 0.015 1.50 0.34 1.08 extended
ARK 347 181.1237 20.3162 0.022 0.19 0.42 0.48 compact
CGCG 122-055 145.52 23.6853 0.021 0.35 1.79 0.24 compact
CGCG 229-015 286.3581 42.461 0.028 0.08 0.20 0.20 compact
CGCG 420-015 73.3573 4.0616 0.029 0.34 0.83 0.34 compact
CGCG 493-002 324.639 32.085 0.025 0.20 1.18 0.26 extended
ESO 548-G081 55.5155 -21.2444 0.014 1.04 0.46 2.14 extended
ESO 549- G 049 60.607 -18.048 0.026 3.37 0.77 1.94 extended
IC 0486 120.0874 26.6135 0.027 0.79 0.77 1.03 extended
IC 2461 139.992 37.191 0.008 1.62 0.46 0.69 compact
IC 2637 168.457 9.586 0.029 2.70 2.01 3.32 extended
IGR J23308 352.696 71.336 0.037 0.41 0.11 0.40 compact
IRAS 05589 90.5446 28.4728 0.033 0.42 2.46 0.33 compact
MCG -01-30-041 178.159 -5.207 0.019 1.33 0.37 1.10 extended
MCG +02-57-002 335.938 11.836 0.029 0.14 0.38 0.14 extended
MCG +04-48-002 307.1461 25.7333 0.014 9.40 0.44 8.53 extended
MCG +06-16-028 108.5161 35.2793 0.016 2.33 2.24 1.17 extended
Mrk 18 135.493 60.152 0.011 1.90 3.45 1.68 extended
Mrk 198 182.3088 47.0583 0.024 0.79 0.83 0.47 extended
Mrk 279 208.2644 69.3082 0.030 0.63 3.03 0.05 compact
Mrk 359 21.8856 19.1788 0.017 1.31 0.53 0.28 compact
Mrk 477 220.1587 53.5044 0.038 1.01 5.45 0.65 compact
Mrk 590 33.64 -0.767 0.026 0.43 2.02 0.72 compact
Mrk 739E 174.122 21.596 0.030 1.76 0.31 1.05 extended
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Table 2.1 – continued from previous page
Name α δ z Predicted Flux Core Flux Extended Flux Morphology

J2000 J2000 mJy mJy mJy

Mrk 766 184.6105 29.8129 0.013 3.20 4.60 0.24 compact
Mrk 79 115.6367 49.8097 0.022 0.94 1.45 0.94 extended
Mrk 817 219.092 58.7943 0.031 1.40 1.94 0.16 compact
Mrk 885 247.451 67.3783 0.025 0.44 0.23 0.07 compact
Mrk 926 346.1811 -8.6857 0.047 0.48 8.62 1.15 compact
Mrk 975 18.4626 13.2717 0.050 0.76 1.26 0.29 compact
NGC 1106 42.6688 41.6715 0.014 0.60 11.15 0.47 compact
NGC 1125 42.918 -16.651 0.011 2.49 6.14 0.28 compact
NGC 1194 45.9546 -1.1037 0.014 0.05 1.08 0.18 compact
NGC 2110 88.0474 -7.4562 0.008 4.73 42.17 23.93 jet
NGC 235A 10.72 -23.541 0.022 2.13 3.28 1.05 extended
NGC 2655 133.9072 78.2231 0.005 2.29 12.51 2.59 compact
NGC 2992 146.4252 -14.3264 0.008 8.63 12.49 16.78 extended
NGC 3081 149.8731 -22.8263 0.008 1.10 1.21 0.41 compact
NGC 3431 162.8127 -17.008 0.018 0.33 0.69 0.28 compact
NGC 3516 166.6979 72.5686 0.009 1.58 3.70 1.58 jet
NGC 3786 174.927 31.909 0.009 2.15 0.72 1.34 extended
NGC 4388 186.4448 12.6621 0.008 10.19 3.26 10.64 extended
NGC 513 21.1119 33.7995 0.020 2.92 0.87 4.33 compact
NGC 5231 203.951 2.999 0.022 0.76 0.64 0.47 compact
NGC 5273 205.5347 35.6542 0.004 0.64 0.55 0.14 compact
NGC 5548 214.4981 25.1368 0.017 0.80 1.44 3.08 jet
NGC 6552 270.0304 66.6151 0.026 2.10 4.76 0.59 compact
NGC 7679 352.1944 3.5114 0.017 8.55 0.46 6.76 extended
UGC 03478 98.1965 63.6737 0.013 1.34 0.97 0.44 compact
UGC 03601 103.9564 40.0002 0.017 0.36 1.26 0.32 compact
UGC 07064 181.1806 31.1773 0.025 1.77 0.61 0.54 extended
UGC 08327 198.822 44.4071 0.037 1.16 2.57 0.39 compact
UGC 11185 274.0487 42.6608 0.041 0.32 6.82 1.35 jet
UGC 12741 355.4811 30.5818 0.017 0.48 0.31 0.39 compact
UGC12282 344.7312 40.9315 0.017 1.24 0.44 0.48 compact

Note – Properties of the 22 GHz observations of our sample of BAT AGN. Columns are (1) object name, (2) right
ascension, (3) declination, (4) redshift, (5) the 22 GHz flux density predicted from the star formation component
of the Herschel SED using the FIR-radio relation (see Section 2.5.1), (6) the observed 22 GHz flux density in the
compact core, (7) the observed 22 GHz flux density in full 6 ′′ resolution image minus the core component, thereby
encompassing all the extended emission, and (8) the morphological classification based on the factors described in
Section 2.4.

2.3 Flux Measurements

To measure the 22 GHz flux densities of unresolved or compact images and

the compact cores of extended images, we used the CASA command imfit to fit

an elliptical gaussian to our Stokes I image component. Although this method is

questionable for use on extended sources, our compact sources are fitted very well by

a single elliptical component. Each fit was inspected visually and manually re-done

in the case that the elliptical was incorrectly fitted over an inappropriately large
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area to include larger-scale flux.

A major objective in the project was to measure the extended emission in

each image, which could be either star formation or an AGN-related jet or outflow.

Although many of our 1 ′′ resolution images exhibit large-scale structures even at

very low surface brightness, we can be more confident of measuring this extended

emission accurately by using our lower-resolution 6 ′′ images. The extended flux in

the higher resolution images is included in the 6 ′′ beam in most cases. We can

then use imfit on these unresolved large-scale images, and then subtract the core

flux density as measured above in the full-resolution images, to calculate the value

of extended flux only. In the handful of cases with extended flux visible in the

6 ′′ images, it was measured manually in the CASA task viewer, using imstat on

a box region drawn around the extent of the emission.

Of course, the emission inside the 1 ′′ radio cores need not be exclusively caused

by the AGN. For the full redshift range of our sample, 1 ′′ resolution corresponds to

70 parsecs - 1 kiloparsec (see the following section). In order to be as conservative

as possible, we measure the integrated flux density in the compact component of

the image, rather than exclusively inside the unresolved beam, as the “core flux

density.” (Note that the compact component is sometimes larger than the beam,

and so is resolved, despite being compact in morphology). This core flux density

may still include unresolved star formation and jets, as well as the nuclear AGN

component. By measuring the integrated flux density in the compact component

to be subtracted off, we ensure our estimates of the extended star formation flux

densities are conservative lower limits; including the core emission would provide an
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upper limit.

2.4 Nuclear Star Formation Morphologies of BAT AGN

The sample has a wide variety of 22 GHz morphologies. The resolution of the

VLA at 22 GHz in C-configuration is ∼1 ′′. Our objects are relatively nearby with a

redshift range of 0.003 ≤ z ≤ 0.049. This corresponds to a spatial scale of 0.07 kpc

to 1 kpc. The redshifts of our target objects are shown in Table 2.1. Of the 62 total

objects, 34 are compact or unresolved, 22 show significant extension indicative of

star formation or large outflows, and 6 are jet-like. We do not find any tendency for

extended sources to be seen at lower redshifts, so this distribution is not a function

of better resolution in nearby objects.

2.4.1 Core-Dominated Sources

All of our detected galaxies have an unresolved or nearly unresolved core com-

ponent. Additionally, all of our galaxies have emission that is extended relative to

the 1 ′′ beam. However, in approximately half (34 out of 62) of our sources the

extended emission is too weak at 1 ′′ to be significantly detected in individual res-

olution elements, and the detection of extended structure only becomes significant

with smoothing or integrating. We refer to the sources in which extended emission

requires smoothing for significant detection as “core-dominated.”

The origin of this core emission is discussed in more detail in Section 2.5.2

and Section 2.6. It is likely that many of our cores contain both AGN emission and
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unresolved star formation.

2.4.2 Star Formation, Outflows and Jets

Twenty-two of our BAT AGN have extended, morphologically diverse 22 GHz

emission that is not jet-related and six had jet-like morphologies. They are shown in

Figure 2.1 and Figure 2.2, respectively. Among the non-jets are examples of smooth

emission extending outwards from the core (e.g., CGCG 493-002), clumpy emission

(e.g., ESO 549-G049), and star formation rings (e.g., IC 2637). Although we will

show that the emission in these objects is due to star formation, it is important to

note that AGN are capable of driving outflows other than classical, collimated radio

jets. Such outflows can interact with the environment to produce radio emission.

Two of our extended objects, NGC 2992 and NGC 4388 are known to be hosts to

such outflows [Veilleux et al., 1999, 2001]. For consistency with the overall criteria

described in this section, they remain in the “extended” sample.

Determining whether extended radio emission is due to star formation or to a

jet/AGN-driven outflow thus requires more detailed analysis than a qualitative look

at morphology. If a literature search does not indicate a known, well-studied outflow

or jet, we overplot the radio emission on archival optical images. If the radio emission

is located preferentially outside of and perpendicular to the galaxy plane, the object

would most likely be an outflow. We also check whether the observed radio emission

is roughly consistent with that expected from the star formation component of the

infrared Herschel emission (see Section 2.5.1): a significant overage is indicative of a
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Figure 2.1: Radio continuum images at 22 GHz of the 22 radio-quiet
BAT AGN with well-resolved, non-jetlike extended morphologies. The
FWHM of the beam for each observation is shown in blue in the lower left
corner of each image. Contours begin at 50% of the peak flux density, and
decrease outwards by factors of two. A red cross is shown at the phase
center of each image, as well as a 3 ′′ scalebar. Major ticks correspond
to 4 ′′, as can be seen by the scale given in the first panel.
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jet. Finally, we can look carefully at the higher (∼ 0.3 ′′) resolution B-array images,

if available, to further resolve the morphology.

Only six of our B-array follow-up images contained information which might

affect the morphological classification of the objects in question. A comparison of

the C-array and B-array images is shown in Figure 2.3. All but four of our sources

categorized as core-dominated remained compact at the B-array’s higher resolu-

tion. The four exceptions have slightly extended morphology in B-array: Mrk 279,

Mrk 477, Mrk 766, and Mrk 926. For consistency with the rest of the analysis in

which we have defined a core-dominated source as having no extended structure

in our 1 ′′ resolution images, we do not alter their classification here. NGC 235A

has a C-array morphology that could be interpreted as jet-like or star formation,

while its B-array morphology shows significantly more clumping. Additionally, its

extended radio flux density agrees with that predicted from the infrared star for-

mation. These things together led us to classify it as an extended star formation

object. Finally, UGC 11185 has ambiguous C-array morphology but is linear and

jet-like in its B-array image, while also having an extended radio flux density in

excess of the infrared star formation. We have therefore classified it as a jet.

There are two further objects that required greater scrutiny: 2MFGC 02280

and Mrk 79. Both have roughly linear structures that initially indicated a jet-like

classification. However, their Herschel PSF-subtracted images have excess infrared

emission roughly co-aligned with the radio structure, and their extended flux den-

sities are consistent with that expected from star formation. These factors together

led us to classify these as extended, rather than jet-like. However, the reader should
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Figure 2.2: Radio continuum images at 22 GHz of the 6 radio-quiet BAT
AGN with well-resolved, jetlike morphologies. The synthesized beam
for each observation is shown in blue in the lower left corner of each
image. Contours begin at 50% of the peak flux density, and decrease
outwards by factors of two. 2MASX J0423+0408 and NGC 3516 are
shown in 3 ′′-tapered images to improve visibility of the jetlike structure.
A 3 ′′ scalebar is provided in each image, as different zooms were chosen
based on the morphology. A red cross is shown at the phase center of
each image.
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bear in mind these considerations throughout the work.

We note that all objects with a significant excess of radio emission over that

predicted from the infrared star formation have linear, jet-like morphologies (see

Section 2.5.2). The amount of extended radio emission compared to that predicted

from the Herschel observations was used to help classify only the small handful of

cases where the morphology was not clearly jet-like or indicative of star formation,

not as a primary classifying factor. We also note that while morphology cannot

reliably differentiate between a jet and an AGN-driven wind [Harrison et al., 2015],

we only wish to distinguish between radio emission from extended star formation

and from AGN-related sources; those sources may be either jets or AGN-driven

outflows without affecting our general analysis.

We conclude by noting that only six of our objects are host to arcsecond-scale

jets. Importantly, this is only a small fraction of our sample; it is therefore inaccurate

to assume that the unresolved emission in lower resolution surveys such as NVSS

(θ ∼ 45 ′′) and FIRST (θ ∼ 5 ′′) is due entirely to scaled-down cousins of the large

synchrotron jets of radio-loud AGN. See Section 2.6 for a more detailed discussion

of our observations’ implications for the origin of radio emission in radio-quiet AGN.

2.5 Testing the FIR-Radio Correlation

2.5.1 Radio and IR Flux Decomposition

Far-infrared (FIR) continuum flux is frequently used as a star formation tracer,

and it is nearly always assumed that the FIR emission comes exclusively from star
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Figure 2.3: C-array images with 1 ′′ resolution are shown in color in the
background, while foreground contours show B-array 0.3 ′′ resolution im-
ages overlaid. These six objects are those for which the B-array images
added morphological information to that obtained from C-array. Scale-
bars are shown in the bottom right of each image, and a black plus sign
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formation, with no contribution from the AGN. However, our recent Herschel obser-

vations have shown that the AGN can contribute significantly to the mid-to-far IR

Herschel SEDs. We have successfully separated the AGN and star formation com-

ponents using SED decomposition for all 313 Swift-BAT AGN with Herschel data,

which is discussed in detail in the appendix of Shimizu et al. [2015]. We provide a

brief description here, including example SED fits for the reader.

Briefly, we are able to model the far-IR Herschel spectra using two compo-

nents, following the methodology of Casey et al. [2012]. The first component is

an exponentially cut-off mid-IR power law to model dust in the torus heated by

the AGN as the superposition of many hot dust blackbodies, and has the form

Fλ ∝ λαe−(λ/λturn)2 . The second component is a standard modified greybody, Fν ∝

νβBν(T ), with dust emissivity spectral index β and temperature T , which models

well the FIR emission from star formation. The fitting was done using a Levenberg-

Marquardt χ2-minimization algorithm and utilized all IR wavebands with at least

a 5σ detection. As a sample of the fitting results, we show four of our BAT AGN

SEDs in Figure 2.4.

To predict the 22 GHz emission due to star formation, we assume all of our

sources follow the empirical FIR-radio correlation found by Condon [1992]. Equa-

tion 14 from Condon [1992] allows us to convert the FIR emission into a 1.4 GHz

flux density. We use 60 and 100 µm flux densities based only on the best fit modified

greybody component from our SED modeling. This removes any AGN contribution

and provides a pure star-forming FIR flux density. In order to extrapolate from
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Figure 2.4: Decompositions of the Herschel FIR SEDs for four repre-
sentative objects in our sample: Ark 347, a core-dominated object with
higher radio flux than predicted with a likely AGN contribution to the
core; NGC 3516 and IC 2637, extended cases where the model pre-
diction matches the observed extended flux; and MCG+06-16-028, an
extended object where there must be star formation within the compact
core, since the extended emission alone falls below the prediction. The
modeled AGN contribution is given as an orange dashed line, and the
contribution from star formation is shown as a green dashed line. The
purple dashed line shows the radio flux density predicted from the FIR-
radio relation from the star formation component. Pink arrows denote
upper limits. Error bars on the observed infrared points are smaller than
the points in this log-log scaling.
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1.4 GHz to 22 GHz, we first use the approximation of Condon & Yin [1990]:

S

ST
∼ 1 + 10(

ν

GHz
)αbrem−αsynch (2.1)

to estimate the fraction of bremsstrahlung (ST , thermal emission) and syn-

chrotron radiation at 1.4 GHz. We then extrapolate both components to 22 GHz

assuming a spectral index of αsynch=0.8 and αbrem=0.1 for the synchrotron and

bremsstrahlung components, respectively, where flux density Sν ∼ ν−α.

As a sample of the fitting results, we show four cases in Figure 2.4: an object

with observed radio emission exceeding that expected from SF (Ark 347), in which

case we may assume the excess arises from the AGN; two examples in which the

extended radio emission matches that predicted for pure star formation (IC 2637

and NGC 3516); and one case for which the predicted flux density falls between

the total observed flux density and that of the extended emission, in which we can

assume that there is additional star formation within the unresolved core, which was

removed with the core subtraction (MCG+06-16-028). The next section examines

how well the canonical FIR-radio relation predicts this extended emission for our

entire sample.

2.5.2 The FIR-Radio Correlation for BAT AGN

Our high resolution maps allow us to spatially decompose the emission into

circumnuclear extended structure and an AGN nuclear component, which we can

then compare to the star formation flux density expected from the canonical and
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oft-used FIR-radio correlation for normal galaxies from Condon [1992]. This allows

us to determine whether star formation in the immediate environment of an active

nucleus differs substantially from that in the wider host.

As described in Section 2.3, in order to fully capture the extended emission

we subtract the core flux density measured in the 1 ′′ image from the total 6 ′′ flux

density. This enables us to capture low surface-brightness emission that may not

have been apparent in our higher resolution maps. It is this extended flux density,

Sext = S6 ′′ −Score, that we test against the radio flux density expected from SF via

the Condon [1992] relation, using the FIR SF component calculated with our SED

modelling (see Section 2.5.1). The values are given in Table 2.1.

Figure 2.5 plots the observed radio flux density compared to that predicted

from star formation both before (left) and after (right) removal of the central core

source. If we consider the entire flux density in the 6 ′′ image, the radio flux density

is systematically higher than that predicted from the star-formation component of

the FIR SED. The BAT AGN therefore lie above the FIR-radio correlation when

the total 22 GHz radio flux density is included. This is a similar conclusion to that

reached by Zakamska et al. [2016], who found that radio-quiet quasars and star-

forming galaxies fall on two distinct FIR-radio relations, with the quasars having

substantially higher radio fluxes. Older studies like Sopp & Alexander [1991] found

that radio-quiet Seyferts tend to lie on the same FIR-radio luminosity relation as

inactive late-type galaxies, albeit in much lower resolution observations. Rosario

et al. [2013] also found that radio-quiet Seyferts occupied a similar mid-IR/radio

phase space as normal star forming galaxies. However, all of these samples were
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Figure 2.5: The observed 22 GHz flux density versus the predicted flux
density from star formation based on our SED fitting (Section 2.5.1) for
the full 6 ′′ taper (left) and for the 6 ′′ taper with the unresolved 1 ′′ core
flux density removed (right). The dashed line is 1-to-1. Symbols corre-
spond to jet-like sources (red triangles), extended sources (blue circles),
and compact sources (black plusses).
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optically-selected and may suffer from biases not present in our hard X-ray selected

sample. Wong et al. [2016] found that their sample of BAT AGN lie on the FIR-

radio correlation; however, they used the total 60µm luminosity from IRAS, rather

than decomposing the full FIR SED into an AGN and SF component, in order to

directly compare to the 1.4 GHz vs. 60µm luminosity relation from Yun et al. [2001].

Had they removed any AGN contribution to their 60µm luminosities, the radio flux

densities observed would have been above what was expected from the FIR-radio

correlation, consistent with our result.

The right panel of Figure 2.5 demonstrates the effect of removing the core radio

component. The sources behave differently based on morphology. Most of the jets,

as expected, remain above the expected emission from star formation. The core-

dominated sources fall both above and below, but mainly below. Objects that have

higher flux densities than predicted can be attributed to radio jet/outflow emission,

which is perhaps not surprising since these are core-dominated sources. Those with

less emission than predicted can be attributed to over-subtraction of star formation,

since some of the core emission is likely due to star formation. Alonso-Herrero et al.

[2016] showed recently that a number of Seyferts harbor star formation within an

unresolved ∼0.3 ′′ point source in mid-IR imaging, so it is likely that many of our

radio cores contain some star formation.

Finally, one can see that the majority of objects with extended star formation

morphology lie strikingly near the predicted value from the infrared star formation

component. This information is also presented as a histogram in Figure 2.6, for

easier visualization. The blue sample in the histogram (the objects with extended

55



-2 -1 0 1 2 3

Log ( Detected / Predicted ) 22 GHz Flux Density

0

1

2

3

4

5

6

7

8

9

10

11

12

13

N

Core-dominated

Extended

Jet
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morphology) cluster around a ratio of detected vs. predicted flux density of unity.

We therefore conclude that once the unresolved AGN contribution to the 22 GHz

and FIR flux is removed, the star formation within 75-1000 pc of the nucleus adheres

to the predictions of the canonical FIR-radio relation for our sample of radio-quiet,

X-ray selected AGN. Our conclusion is consistent with the results of Baum et al.

[1993], but inconsistent with the result of the subtraction of ∼ 0.1 ′′ cores by Roy et

al. [1998], who found that the core removal did not improve the relation. However,

inspection of their Figure 1 shows that while the scatter in the FIR-radio correlation

did not improve after core subtraction, the sources do settle more evenly along the

line, similar to our results. Therefore, although the radiation fields, star formation

histories, or other factors may be different in the central few hundred parsecs than

in the widespread galaxy, it does not significantly affect the physics which gives rise

to the FIR-radio relation, and the infrared and radio properties of circumnuclear

star formation in AGN is not manifestly different than in star forming galaxies.

Our results show that the FIR-radio relation applies in AGN, including their

inner regions. They also confirm that the star formation component can be reliably

decomposed and measured from the FIR SED. However, radio emission should not

be used in high-redshift radio-quiet AGN to estimate the star formation rate, since

spatial resolution will be inadequate to separate emission due to star formation and

the AGN.

57



2.6 The Origin of Radio Emission in Radio-Quiet AGN

2.6.1 The LX/LR Correlation

Once it was established that even radio-quiet AGN tend to have radio cores,

the origin of this core emission became a matter of debate. One early school of

thought was that all of the radio emission in radio-quiet cores came from the same

sort of relativistic jets that power the large, striking plumes of synchrotron emission

seen in the Fanaroff-Riley classes [Fanaroff & Riley, 1974]. However, if all black

holes are capable of launching synchrotron jets, and the emission from radio quiet

AGN results simply from small, weak versions of such jets, one expects that radio

loudness would be a smooth continuum across large AGN samples. The existence

of such a smooth distribution was in doubt, since early studies concluded that the

AGN radio-loudness distribution was bimodal [Strittmatter et al., 1980, Kellermann

et al., 1989]. More recent work, however, has shown these claims to be incorrect

[e.g., Condon et al., 2013]. Amongst luminous quasars, deep radio surveys have

suggested a smooth distribution [White et al., 2000, Cirasuolo et al., 2003] and

Brinkmann et al. [2000] saw no evidence for a bimodal luminosity distribution in

the cross-matched ROSAT-FIRST catalog. Finally, Ballo et al. [2012] and Bonchi et

al. [2013] found no evidence for a bimodal distribution in large samples of hard X-ray

selected AGN of various Seyfert type. Although not bimodal, the radio luminosity

distribution can be explained by the superposition of two populations, powered by

different phenomena. Kimball et al. [2011] and Condon et al. [2013] have shown that
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the radio-faint population may originate from star formation in the radio-quiet QSO

host, an idea also put forward by Sopp & Alexander [1991] and Padovani [2011].

Padovani et al. [2015] found two very distinct populations of radio-quiet and radio-

loud AGN in the Chandra Deep Field -South VLA sample, described by differing

characteristic luminosity functions and Eddington ratios. Padovani et al. [2015] also

showed that star forming galaxies begin to dominate the faint radio sky at about

0.1 mJy, which is the same value at which radio-quiet AGN begin to outnumber

radio-loud AGN.

However, Zakamska et al. [2016] found that star formation alone was insuffi-

cient to explain the core radio emission in their sample of radio-quiet quasars. Our

data allow us to isolate the core emission, having directly measured and removed the

emission from extended star formation. This enables us to study the correlation of

the nuclear radio luminosity with properties such as black hole mass and accretion

rate and how they might constrain the physical origin of radio-quiet emission.

There are many reasons to expect a correlation between the X-ray and radio

properties of an accreting compact source: the X-ray emission in radio-loud AGN

could be interpreted as Compton up-scattered radio synchrotron photons; there are

theoretical models postulating a fundamental connection between accretion flows

and jet formation; accretion onto compact objects involves both hot accretion flows

manifesting in synchrotron radiation of relativistic electrons as well as the launch of

jets or outflows emitting synchrotron emission in the radio band; and so on. Indeed,

an approximately linear correlation between X-ray and radio luminosity has been

observed for many years, over a wide range of AGN bolometric luminosities [Canosa
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et al., 1999, Brinkmann et al., 2000, Salvato et al., 2004, Panessa et al., 2007, Ballo

et al., 2012]. Laor & Behar [2008] found that the Güdel-Benz relation for coronally

active stars [LR/LX ∼ 10−5, Güdel & Benz, 1993] also held for ultra-luminous

X-ray sources (ULXs), Seyfert nuclei and radio-quiet quasars, and suggested that

therefore the origin of the LR/LX relation is likely coronal. Further, Behar et al.

[2015] found that the 95 GHz emission in a sample of eight radio-quiet AGN followed

a LR/LX ∼ 10−4 relation, but that accounting for X-ray absorption could bring their

sample into alignment with the coronal 10−5 value. Radio-loud AGN lie substantially

above the relation, with LR/LX ∼ 1, implying different physical origins [e.g., Behar

et al., 2015, Balmaverde et al., 2006].

We first explore the correlation between the radio and X-ray luminosities. The

14-195 keV luminosities are taken from the Swift-BAT catalog. The radio luminosi-

ties are given as νLν , for consistency with previous studies [e.g., Laor & Behar,

2008]. Figure 2.7 shows the correlations between LX,14−195 keV and LR,22 GHz for

the full 6 ′′ integrated emission (i.e., including the extended star formation; left

panel), the compact core only (middle panel), and the integrated 6 ′′ emission mi-

nus that predicted from star formation by the infrared SED fitting (right panel).

Regarding those luminosities given in the right panel, since we have shown that the

infrared decomposition correctly predicts the radio emission from star formation,

the difference between the total luminosity and the prediction for star formation

must be attributable to the AGN. The Spearman rank correlation coefficients (ρ)

and the slopes of the regression lines (µ) are also given. We note that the corre-

lation coefficient for all three panels is very close to that found by Laor & Behar
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Figure 2.7: Hard X-ray versus 22 GHz luminosities for the total emission
in 6 ′′(left panel), the compact core emission density only (middle panel),
and the 6 ′′total emission minus that predicted from star formation from
the infrared SED fits (right panel). The red lines show the best linear
fit to the data. Dashed lines show the LX/LR = 105, 104, and 103, for
comparison with previous studies (see text). The slope of each best-fit
line (µ) and the Spearman rank correlation coefficient (ρ) are shown
in each panel. For our sample sizes, the 1% probability of a chance
relationship corresponds to ρ ∼ 0.3, which is comfortably exceeded in
each case.

[2008] for radio-quiet quasars (ρ = 0.71, see their Figure 2, top panel). The Spear-

man correlation coefficients all comfortably exceed the 1% probability chance value

(ρ0.01 ∼ 0.35).

Having established the correlations, we can compare the luminosity ratios

to those predicted by various models. Our sources cluster between the LX/LR ∼

105 and 104 lines for the full 6 ′′ emission, and around the LX/LR ∼ 105 line for

the core luminosity and the total minus the prediction for star formation. This is

consistent with the coronal relationship found by Laor & Behar [2008] and Behar et
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al. [2015]. None of the sources, even those with miniature jets (those in Figure 2.2)

are anywhere near LX/LR ∼ 1, despite a significant radio component coming from

the jets. This may be because these jets are not scaled-down versions of the large,

collimated relativistic radio jets studied in radio-loud samples, but are instead AGN-

driven outflows with radio emission from either shocks or magnetic reconnection in

a wind [Miller et al., 2006, Fukumura et al., 2010]. It should also be noted that the

slopes of the best-fit relations are not significantly different in the panels showing the

entire 6 ′′ emission than in the core measurements. We therefore conclude that the

LX/LR relationship does not successfully distinguish between AGN-driven outflows

(not including well-collimated relativistic jets) and star formation when interpreting

radio emission in radio-quiet AGN.

2.6.2 The Fundamental Plane of Black Hole Activity

A scattered correlation between the radio luminosity, the X-ray luminosity,

and the black hole mass in accreting systems, dubbed the “fundamental plane of

black hole activity,” has also been seen in many studies [Merloni et al., 2003, Falcke

et al., 2004, Gültekin et al., 2009]. It takes the following form:

log LR = ξRX log LX + ξRM log M + bR (2.2)

Merloni et al. [2003] found values of ξRX = 0.60 ± 0.11 and ξRM = 0.78+0.11
−0.09

for the coefficients using a multivariate regression analysis, with a dispersion σR =

0.88. They go on to use these measured values to constrain the physics of the
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accretion flow, following a scale-invariant disk-jet coupling model, and conclude that

the observations are most consistent with radiatively inefficient accretion flows, such

as ADAFs, as the source of the X-ray emission in objects where Lbol/LEdd ∼ a few

percent. This scale-invariant model assumes that all of the accretion disk physics can

be reduced to a single observable quantity: the radio spectral index. Merloni et al.

[2003] provide an excellent summary of this analysis in their Section 5, while the full

treatment can be found in Heinz & Sunyaev [2003]. Of course, such interpretations

are based on the assumption that the radio emission comes from a scaled-down

jet, which is difficult to reconcile with both the fact that AGN seem to follow the

Güdel-Benz relation and our own discovery that only a small fraction of BAT AGN

have jet morphology at high resolution. This is corroborated by studies in which

the core emission in the small number of radio-quiet quasars with VLBI imaging

remains unresolved even at milliarcsecond resolutions [e.g., Ulvestad et al., 2005];

however, there are not currently any similar VLBI studies of large AGN samples in

our luminosity range. Merloni et al. [2003] used 5 GHz measurements from a broad

literature sample, while our sample is at 22 GHz, as well as using 2-10 keV X-ray

luminosities as opposed to our 14-195 keV BAT luminosities, so direct comparison

of the observed coefficients is not appropriate. However, we here perform a parallel

analysis to theirs, and propose that our ultra-hard X-ray luminosities may provide

a more pure estimate of the true X-ray power of the AGN cores than the 2-10 keV

emission, and may perhaps be more appropriate for fundamental plane predictions.

The matter of measuring black hole masses in AGN is tricky: MBH − σ∗ mea-

surements are notoriously unreliable [e.g., Dasyra et al., 2007], while dynamical
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methods are impossible for AGN at our sample’s distance. In order to minimize

confusion, we have decided to use only the most reliable methods of MBH mea-

surement available. In order of reliability, these are: water maser emission, rever-

beration mapping, and the width of the broad Balmer emission lines. Two of our

objects have water maser mass measurements: NGC 1194 [Greene et al., 2014] and

NGC 4388 [Greene et al., 2010]. Nine of our AGN have reverberation estimates in

the AGN Black Hole Mass Database [Bentz et al., 2015]. Measurements based on

the doppler-broadening of the Balmer emission lines are less reliable, being subject

to inclination modeling effects [Collin et al., 2006, Peterson, 2014]. However, we are

including these measurements for the five of our Type 1 AGN with values in the

literature to maximize sample size. The masses used for each object and the refer-

ences from which we took the measurements are given in Table 2.2, along with the

other parameters used to calculate the predicted fluxes. We have used these masses,

our 22 GHz core luminosities and our BAT X-ray luminosities in Equation 2 to

calculate the predicted radio luminosity for the scale-invariant jet model of Heinz

& Sunyaev [2003]. The result is shown in Figure 2.8. Our observed 22 GHz core

luminosities lie on a relation with a slope roughly consistent to that predicted by the

fundamental plane at 5 GHz, but are systematically below the predictions. If the

22 GHz luminosities are systematically fainter than at 5 GHz, it is possible that the

objects would shift upwards onto the relation. However, Merloni et al. [2003] point

out that the scatter in the fundamental plane is likely to be explained by inherent

scatter in the radio spectral indices α, so we do not attempt to scale our 22 GHz

measurements to 5 GHz as we do not have spectral index information for the full
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Table 2.2: Fundamental Plane Parameters
Name Log MBH MBH source Log L14−195keV Log Predicted L5GHz

(erg s−1) (erg s−1)
CGCG 229-015 6.91 RM1 43.31 38.10
IC 2637 7.00 Hα2 43.47 38.26
Mrk 279 7.44 RM3 43.97 38.90
Mrk 590 7.57 RM3 43.43 38.68
Mrk 739E 7.05 Hβ4 43.37 38.24
Mrk 766 6.82 RM5 42.9 37.78
Mrk 79 7.61 RM3 43.72 38.89
Mrk 817 7.59 RM6 43.79 38.91
Mrk 926 8.05 Hβ7 44.76 39.85
Mrk 975 7.23 Hβ8 44.05 38.78
NGC 1194 6.50 maser9 43.19 37.70
NGC 3516 7.40 RM10 43.33 38.48
NGC 4388 6.93 maser11 43.64 38.31
NGC 5273 6.66 RM12 41.59 36.87
NGC 5548 7.72 RM3 43.69 38.95
UGC 03478 5.90 Hβ8 42.61 36.89

Quantities necessary for and predicted by the fundamental plane of black hole activity as

described by Merloni et al. [2003]. Sources of the black hole mass measurements are: 1Barth et

al. [2011a], 2Greene et al. [2005], 3Peterson et al. [2004], 4Koss et al. [2011a], 5Bentz et al. [2010],

6Peterson et al. [1998], 7Kollatschny & Zetzl [2010], 8Botte et al. [2004], 9Greene et al. [2014],

10Denney et al. [2010], 11Greene et al. [2010], 12Bentz et al. [2014]

sample. The fact that our objects follow a similar relation to the fundamental plane

relation is consistent with the recent result at 1.4 GHz from Wong et al. [2016]. In

short, the 22 GHz core luminosities of the small subset of our objects with black hole

mass measurements are systematically below, but conform to a similar relation, to

those predicted by the scale-invariant jet model of Heinz & Sunyaev [2003], but are

also broadly consistent with the coronal model supported by Laor & Behar [2008].
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Figure 2.8: Plot of the core radio luminosities observed in our sample
versus those predicted by the fundamental plane of black hole activity,
with symbols differentiating the black hole mass measurement method
used. The red dashed line indicates a 1-to-1 correspondence.
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2.7 The Main Sequence of Star Formation and Feedback

There is a well-studied linear relationship between the total stellar mass of

normal star-forming galaxies and their star formation rates (SFRs), which holds

both locally and at moderate redshifts [e.g., Brinchmann et al., 2004, Salim et al.,

2007, Rodighiero et al., 2010], and maybe even at high redshifts [e.g., Heinis et

al., 2014, Pannella et al., 2015]. Since AGN host galaxies are well-known to lie in

the otherwise sparsley-populated region between the blue, star forming sequence

and the “red and dead” ellipticals on color-mass plots [e.g., Nandra et al., 2007,

Silverman et al., 2008, Schawinski et al., 2009a], it was long thought that AGN host

galaxies would fall below this “main sequence of star formation,” since they should

be in the process of heating and evacuating their molecular gas. Many of the first

main sequence (MS) studies to include AGN did not find this, however; instead,

AGN were found to lie mainly on the MS [Mullaney et al., 2012, Rosario et al.,

2013]. Such a finding supports the idea of co-evolution of the host galaxy and the

AGN, rather than ongoing interaction. Other studies have found that AGN hosts do

indeed fall below the main sequence [Salim et al., 2007, Ellison et al., 2016], and that

their loci on the SFR-M∗ diagram are nearly perpendicular to the main sequence

[Leslie et al., 2016]. Shimizu et al. [2015] found the same result for the BAT AGN:

that they lie systematically below the star formation main sequence, and interpret

this as evidence that AGN feedback reduces the amount of cold gas available for

star formation and reduces the SFR of the entire galaxy.
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2.7.1 Overview of Stellar Mass and SFR Measurement

Shimizu et al. [2015] compared the BAT AGN to the star formation main

sequence as calculated from the Herschel Reference Survey [HRS; Boselli et al.,

2010], a complete sample of ∼300 galaxies with a wide variety of morphological

types and with photometry matching that of the BAT sample, and the Herschel

Stripe 82 survey [HerS; Viero et al., 2014], which includes objects with higher stellar

masses more consistent with the BAT sample.

The stellar masses (M∗) for the galaxies were calculated using the formula

log(M∗/Li) = −0.963 + 1.032(g − i) (2.3)

from Zibetti et al. [2009]. This was the same equation used to calculate the

stellar mass from the Herschel Reference Survey (HRS) by Cortese et al. [2012]. The

g−i color was calculated using the Koss et al. [2011b] photometry. This information

was available for 41 of our sources.

The SFRs were calculated by fitting the Herschel SEDs with the Casey et al.

[2012] model (see Section 2.5.1). Once the star formation contribution to the IR

emission is isolated, the SFR is calculated using the following relation from Murphy

et al. [2011]:

SFRIR =
LIR[erg s−1]

2.57× 1043
, (2.4)

where LIR is the total infrared luminosity from 8-1000µm. In most of our

sample, the FIR emission is unresolved by Herschel ’s 6 ′′ imaging. In our redshift
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range, this scale corresponds to ∼ 0.5 − 6 kpc. Our Herschel observations were

sensitive to emission beyond this scale, and when such emission was observed it was

included in the global SFR calculation. If there was significant extended emission

in the host galaxies that was of insufficient surface brightness to be observed, our

SFRs would be underestimated. To check whether such emission exists, we located

several of our sources for which the Herschel archive had deeper observations, and

then compared the radial profile from our observation against the archival one.

There was no significant difference in any of the sources we compared, indicating

that we are unlikely to be missing low surface brightness extended star formation in

a majority of our sources. The stellar masses and SFRs of our sample used in this

analysis are given in Table 2.3.

2.7.2 Radio Morphologies and the Main Sequence

We can now add our morphological information to the plot in Shimizu et al.

[2015], since our sample was drawn from theirs. The result is shown in Figure 2.9.

With one exception (Mrk 477), all jet-dominated and core-dominated sources are

either within or well below the main sequence, while objects with nuclear star for-

mation evident in our images reside on the main sequence.

Of the jet-like morphologies for which stellar masses are available, 4/4 ob-

jects fall more than 1σ below the main sequence, as well as 13/22 objects with

core-dominated morphology, compared to only 3/15 objects with extended radio

morphologies. All 9 sources more than 2σ below the main sequence are jet-like or

69



Table 2.3: Measured Star Formation Properties
Name Log M∗ Log SFR

M� M� yr−1

2MASX J0353+3714 9.89 0.225
2MASX J0444+2813 10.83 0.067
2MASX J1200+0648 10.93 0.677
2MFGC 02280 10.49 0.340
ARK 347 10.51 -0.083
CGCG 122-055 10.13 0.037
CGCG 420-015 10.82 0.345
IC 0486 10.75 0.629
IC 2461 9.47 -0.496
MCG +04-48-002 10.36 1.048
Mrk 1210 9.99 -0.026
Mrk 18 9.73 -0.049
Mrk 198 10.25 0.463
Mrk 279 10.77 0.581
Mrk 477 9.70 0.919
Mrk 590 11.06 0.564
Mrk 739E 10.65 1.024
Mrk 766 10.09 0.488
Mrk 79 10.79 0.600
Mrk 817 10.56 0.935
Mrk 926 11.20 0.862
NGC 1194 10.66 -0.686
NGC 2110 11.07 0.292
NGC 235A 10.71 0.820
NGC 2992 10.48 0.478
NGC 3081 10.45 -0.190
NGC 3516 10.83 -0.145
NGC 3786 10.23 0.083
NGC 4388 10.02 0.046
NGC 513 10.62 0.858
NGC 5231 10.71 0.457
NGC 5273 9.82 -1.229
NGC 5548 10.62 0.245
NGC 7679 10.16 1.174
NGC 985 10.89 1.042
UGC 03601 10.19 -0.099
UGC 07064 10.69 0.892
UGC 08327 10.80 0.951
UGC 11185 10.72 0.559
UGC 12282 11.37 0.544
UGC 12741 10.24 0.068

Total stellar masses and star formation rates measured as described in Section 2.7.1.
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Figure 2.9: The relation between stellar mass and star formation rate
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core-dominated. This picture is somewhat complicated by the fact that NGC 4388

and NGC 2992, while they have extended non-jetlike morphology, are certainly dom-

inated by AGN-driven outflows (see Section 2.4.2). These two objects lie within the

main sequence on the plot.

Studies on the host galaxies of X-ray selected AGN, and indeed for the Swift-

BAT AGN themselves, often find that they lie in the so-called “green valley”, mor-

phologically between the blue, star forming galaxy sequence and the “red dead”

ellipticals [e.g., Nandra et al., 2007, Schawinski et al., 2009b]. In Shimizu et al.

[2015], this conclusion was borne out: the objects lie below the main sequence of

star formation, but not as far below as red ellipticals. The interpretation has often

been that these galaxies are in the process of transitioning between the two regions

through ongoing star formation quenching. Our results suggest that when an AGN

core or a jet dominates the arcsecond-scale radio morphology, the global host star

formation tends to lie below the star forming main sequence. We have proposed a

large VLA follow-up program to image BAT AGN chosen explicitly to lie below the

main sequence to confirm this result.

2.8 Conclusions

We have imaged 62 radio-quiet ultra-hard X-ray selected AGN using the VLA,

resulting in 22 GHz maps with 1 ′′ spatial resolution. The results and implications

are described here.

1. We find that the extended radio emission has a diverse range of morpholo-
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gies, including circumnuclear star formation rings, amorphous patchy star forma-

tion, and miniature radio jets or outflows. It is therefore not appropriate to assume

that all radio emission in lower-resolution imaging surveys of radio-quiet AGN is

produced by small synchrotron jets.

2. After decomposing the FIR SED into AGN and SF components, we have

compared the 22 GHz flux density of the spatially resolved star formation to that

predicted by the FIR-radio correlation, and found that it matches very closely. We

conclude that the FIR-radio correlation holds in the circumnuclear AGN environ-

ment, but that care must be taken to remove the AGN contamination from both the

FIR and radio emission before it is applied. Consequently, radio emission in radio-

quiet AGN should not be used to calculate star formation rates at high redshifts,

when spatial decomposition is not possible.

3. We have compared our isolated core radio luminosities to the BAT X-ray

luminosities and found a strong correlation, as have previous studies. The correlation

we find is consistent with a coronal origin for the radio emission in radio-quiet

AGN. We have also found that the LR/LX relation for our sample does not change

significantly whether we are measuring the total 22 GHz radio luminosity, or only the

central compact emission. The fact that LR/LX does not differ wildly in our sample

between jet-like morphologies (attributed to non-relativistic AGN outflows) and star

formation indicates that using the ratio to distinguish between various mechanisms

of radio emission in radio-quiet AGN is inappropriate, unless one is trying to identify

strong relativistic jets. We have also predicted the expected radio luminosities of our

sources using the fundamental plane of black hole activity, and found that our sample
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is consistent with the scale-invariant jet model used in constructing the fundamental

plane. The jet model has numerous drawbacks, including milliarcsecond imaging

failing to resolve jets as well as the consistency of LX/LR all the way down to

galactic black holes. Nevertheless, the small number of BAT AGN for which we

have reliable MBH measurements conform to the fundamental plane predictions.

4. The parent sample of our objects was found by Shimizu et al. [2015] to

fall below the main sequence of star formation; that is, to have lower global star

formation rates than normal galaxies at a given stellar mass. When we enhanced

this study with our high-resolution radio morphological information, we found that

the objects objects with extended radio emission tend to lie on the main sequence,

while those below the main sequence exhibit compact or jet-like radio morphologies.

This is the first direct connection between radio morphology and the location of

AGN with respect to the main sequence of star formation, and may be evidence of

ongoing star formation quenching.
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Chapter 3: KSwAGS: A Swift X-ray and UV Survey of the Kepler

Field

3.1 Introduction

The Kepler mission was designed to detect exoplanets in the habitable zone

by searching for repeating transits in the light curves of over 150,000 sunlike stars.

The exceptional photometric and temporal precision, high duty cycle and rapid,

continuous sampling required for this task make Kepler a unique asset for the study

of various other astrophysical targets in its 100 square-degree field of view (FOV).

To detect exoplanets with up to year-long orbital timescales, Kepler remained con-

tinuously pointed at a region of the sky in the constellation Cygnus, chosen for its

high density of observable dwarf stars. During its prime mission, Kepler collected

hundreds of thousands of light curves for sources over baselines of a few months

to 4.25 years by telemetering “postage stamps” of pixels around chosen stars and

sampling with 30-minute cadence. In addition to high precision light curves, Ke-

pler also produces Full Frame Images (FFIs), 29.4-minute exposures of the entire

FOV, approximately once per month. The Kepler Science Center maintains that

the full field contains ∼10 million stars above the confusion limit of 20-21 mag, and
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the FFIs can provide photometry on monthly cadences for all objects in the Kepler

FOV, regardless of whether high-cadence light curves were collected. This rich data

set includes previously unidentified variable astrophysical sources over an impressive

range of distance scales, both within the Galaxy and throughout the larger universe.

Sources within the Milky Way include RR Lyrae stars [Guggenberger, 2012], rapidly

oscillating peculiar A (roAp) stars [Balona et al., 2013], and cataclysmic variables

(CVs) [Scaringi et al., 2013].

Optically variable extragalactic sources such as Seyfert 1 galaxies [Mushotzky

et al., 2011] and BL Lac objects [Edelson et al., 2013] are tantalizing candidates,

since the accretion physics in active galactic nuclei (AGN) is poorly understood.

The size scale of the accretion disk is approximately ≤ 0.01 parsecs, or ∼1 mil-

liarcsec for even the nearest active galaxies. Such a measurement is still well below

resolvable scales for any optical observatories. Variability studies are then the only

direct probe of conditions within the disk itself, and consequently of the process of

accretion. Theory predicts model-dependent light curve characteristics; for exam-

ple, Reynolds & Miller [2009] predicted clear g-mode oscillations and characteristic

frequencies in the power spectrum that correspond to local acoustic waves. One also

expects that the characteristic timescales of the disk (i.e., the thermal, viscous, and

dynamical timescales) would be evident in light curves with sufficiently rapid and

regular sampling. Kepler provides the AGN community with its first opportunity

to measure such effects in the optical.

Kepler ’s bounty of unprecedented high-precision light curves has resulted in

its FOV being one of the best-studied regions of the sky. Objects in the KIC (Kepler
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Input Catalog) overlap with the 2-Micron All-Sky Survey [2MASS; Skrutskie et al.,

2006], the Wide-field Infrared Survey Explorer [WISE; Wright et al., 2010], and

the Galaxy Evolution Explorer survey [GALEX; Martin et al., 2003]. Additionally,

Everett et al. [2012] conducted an optical photometric survey of the field in the

UBV bands. An X-ray survey of the Kepler field is therefore prudent, providing an

important and unique resource for locating interesting variable objects in this field.

X-ray selection is an effective way to curate a sample of astrophysically inter-

esting variable stars and extragalactic sources. To capitalize on the wealth of data

for the objects in the Kepler field, both photometric and archival, we have conducted

the Kepler-Swift Active Galaxies and Stars survey (KSwAGS), a Swift X-ray tele-

scope (XRT) survey of four modules of the Kepler field that is approximately ten

times deeper than the ROSAT All-Sky Survey [RASS; Voges et al., 1999]. We chose

these four modules to lie along a line approximately perpendicular to the galac-

tic plane, sampling a range of galactic latitudes. Additionally, the co-aligned Swift

UV/Optical Telescope (UVOT) provides concurrent UV coverage for each KSwAGS

pointing. We present here the first KSwAGS catalog of X-ray sources in the original

Kepler FOV, their UVOT and archival data, and an introduction to the KSwAGS

series of temporal analysis papers. This first phase of the KSwAGS survey detected

93 unique X-ray sources. This includes a number of known stellar variables and

two previously identified AGN. For newly discovered sources, we present the best

determination of the nature of the object via optical spectra, X-ray to optical flux

ratios (fX/fV ), the shapes of the broadband spectral energy distribution (SEDs),

and, where possible, inspection of the optical light curves. Since the Kepler FOV
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was chosen explicitly to be typical of the Milky Way galaxy, results should be widely

relevant and offer a typical density of exotic variable sources near the galactic plane.

This paper serves as an introduction to the survey, which is currently ongoing in the

new Kepler (known as K2) ecliptic plane fields. The time variability physics and

temporal analyses will be presented in the following chapter, focused separately on

the stellar sources and the AGN.

This paper is organized as follows: in Section 3.2, we describe our X-ray and

UV survey and the identification of the optical counterparts. Section 3.3 explains

the various methods used to classify the sources as either stellar or extragalactic,

and to categorize the sources based on their optical spectra or archival information.

In Section 3.4, we provide samples of the light curves and analysis of a stellar source

and an AGN, to exemplify the content of the follow-up papers dedicated to each of

these samples. Section 3.5 describes our ongoing survey in the new ecliptic plane

K2 fields, and the final section summarizes the products of the survey and future

directions.

3.2 Survey Field and Source Detection

KSwAGS was conducted with the Swift X-ray Telescope (XRT), which oper-

ates in the 0.2 - 10 keV range with a sensitivity of 2 × 10−14 erg cm−2 s−1 in 104

seconds. The XRT field of view (FOV) is 23.6×23.6 arcmin [Burrows et al., 2005].

The co-aligned UV/Optical Telescope (UVOT) is sensitive to the 170-650 nm range

and has a sensitivity of B = 22.3 in white light in 1000 seconds and a FOV of 17×17
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arcmin [Roming et al., 2005]. The UVOT has six broad-band optical and UV filters;

the KSwAGS survey uses the the near-UV uvm2 filter (λc = 2246 Å), since the

Kepler FOV is already well-studied in the optical. Additionally, the UVOT NUV

filters suffer from a phenomenon known as “red leak,” in which the NUV flux is

artificially inflated by the counting of optical photons due to red tails in the filters’

transmission curves. The uvm2 filter has the smallest amount of red leak of the

three NUV filters [Breeveld et al., 2011].

The entire Kepler FOV consists of 21 modules. KSwAGS covers four of these

modules, outlined in red in Figure 3.1, and subtends ∼6 square degrees. The mod-

ules are roughly perpendicular to the galactic plane, decreasing in galactic latitude

from Region 1 to Region 4. Each of the four modules is covered in 56 total point-

ings, indexed from 00 to 55, with each pointing lasting approximately 2 kiloseconds.

Figure 3.2 shows the locations of the XRT and UVOT pointings on the sky; note

the smaller UVOT field of view.

For source detection, the XRT raw images and exposure maps were analyzed

using XIMAGE. The background was optimized and the sources were located using

the task detect with a S/N ≥ 3, making use of the bright qualifier. The bright

flag creates a weighted mean of each excess and optimizes the point-spread function

(PSF), preventing the detection algorithm from erroneously interpreting one large

source as several smaller “detections”; however, note that if two real sources were

within the optimized PSF, our method would report only one source.

After removing duplicate sources from pointing overlaps and eliminating de-

tections of extended emission from single sources, we have detected 93 total X-
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Figure 3.1: Map of the Kepler FOV, with the Swift-surveyed modules
outlined in red. Region 1 is the upper right module, with the regions
increasing in number toward the galactic plane (bottom left).
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ray sources with S/N ≥ 3, which corresponds to approximately 12 total counts or

0.006 cts s−1 within our narrow range of exposure times and background estimates.

Table 3.1 lists these detections, as well each source’s XRT count rate and exposure

time. In this table, we assign each source an identifying number (KSw #) based

on increasing right ascension. We will use this ID number to refer to the sources

throughout the paper and in subsequent tables.
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On the Swift spacecraft, the XRT and UVOT are co-aligned to allow for

simultaneous multiwavelength follow-up of GRBs detected onboard. To identify

the counterpart in the simultaneous UVOT images, we overplotted a contour map

of each XRT source onto the co-aligned UVOT image, and selected the counterpart

visually. Once a counterpart is selected, we use the FTOOL uvotsource to obtain

the UV source’s position and flux density. This information is also given in Table

3.1. The UVOT FOV is approximately half the size of the XRT FOV, so some of

our sources do not have UVOT counterparts listed because the XRT source was

beyond the edge of the UVOT image. Note, however, that the overlap of our Swift

pointings (see Figure 3.2) mitigates this problem to some degree, and so ∼ 65% of

our XRT sources have measurable UVOT counterparts.

Once all detectable UVOT counterparts had been identified, we looked up

their optical counterparts in the Kepler Input Catalog (KIC). For our typical S/N

ratio, the XRT can typically localize a source position to 3.5 ′′ with 90% confidence.

Much of this uncertainty is due to the star-tracker attitude solution onboard the

spacecraft [Goad et al., 2007]. Positional uncertainty can be reduced when a UVOT

sky image is present. With a PSF of 2.5 ′′ for each filter and a pixel scale of ∼ 0.5 ′′,

an uncorrected UVOT position is typically accurate to within 1 ′′ [Roming et al.,

2005]. When stars in the UVOT field of view can be matched to the USNOB1

catalog, the aspect correction can result in UVOT positions that are accurate to

within 0.5 ′′. Therefore, if the object has a UVOT counterpart, we use this position

to query the KIC. An X-ray source might not be detected as UVOT source if it

suffers from heavy extinction either from dust in the Milky Way or, in the case
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of AGN, from innate host galaxy dust. This is certainly the case for KSw 93,

Cygnus A, which is a very bright X-ray source but is also a Type 2 AGN. However,

the majority of our sources without UVOT counterparts result from the relative

FOV sizes between the XRT and the UVOT. Table 3.2 denotes which of these was

the case. In the absence of a UVOT source, we query using the X-ray coordinates.

The set of coordinates that was used to query the KIC is given for each source

in Table 3.2. In 16 cases, an object had more than one possible KIC counterpart

within 5 ′′; the KSwAGS source number of each of these targets is indicated by an

asterisk in Table 3.2. We have done a case-by-case analysis for each of these to

determine which counterpart is the most likely. In the cases of KSw 2, 20, 35, 39,

55, 82, and 93, we have spectroscopically confirmed the listed KIC counterpart as

an AGN (see Section 3.3.1). Since AGN are ubiquitously X-ray sources, we can

be confident that this is the correct identification. In the case of KSw 85, the

listed KIC counterpart is a known ROSAT source and active star, and KSw 35 is a

spectroscopically-confirmed white dwarf. The remaining cases (KSw 19, 26, 37, 41,

45, 50, 72, and 77) are less certain; we determined the most likely KIC counterpart

for these objects by overlaying UVOT and XRT contours on STSci-DSS III images

and choosing the optical source most congruent with the available contour sets.

Once determined, the KIC counterpart can then be used to obtain the flux ratio

fX/fV (Section 3.3.2), magnitudes from various sky surveys in other wavebands to

construct broadband spectral energy distributions (SEDs) (Section 3.3.3), and most

importantly, all quarters of Kepler time series data for the source (Section 3.4).
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Of all 93 sources, 23 were already identified in the literature. We obtained

optical spectra for an additional 30 sources on the 200-inch Hale telescope at Palo-

mar Observatory during August 26-28 2014. These spectra were obtained using

the double beam spectrograph (DBSP) with a slit width of 1 ′′, equipped with the

D-55 dichroic filter to split light between the blue and red arms. The blue arm

used a 1200 mm−1 grating with R∼7700 and covered 1500 Å. The red arm used a

1200 mm−1 grating with R∼10,000 and covered 670 Å. We observed at least two

spectrophotometric stars each night and arc lamp exposures were obtained before

each source exposure at the source location. Red spectra were wavelength calibrated

with a HeNeAr lamp and blue spectra with a FeAr lamp. While one night was clear

and provided stable seeing at ∼ 1 ′′, our seeing deteriorated on the second night,

restricting our observations to targets with optical magnitudes MV ≤ 17. Data re-

duction was done using IRAF two- and one-dimensional routines for spectroscopic

data and produced a final one-dimensional spectrum for each observation. Optical

spectra are further discussed in Section 3.3.1.

3.3 Characteristics of Sources

All sources are summarized in Table 3.2, which contains their most likely KIC

counterparts; all available fluxes from GALEX, the Everett et al. [2012] UBV sur-

vey, and 2MASS; the X-ray to optical flux ratios; and whether or not the object

has an archived Kepler light curve. We also provide any previous identifications of

the sources in the literature or from the online databases of SIMBAD and NED.
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KSwAGS has provided new X-ray and UV data for a highly diverse mix of stel-

lar sources, including rapid rotators, pulsating variables, eclipsing binaries, and

γ Doradus, δ Scuti, and δ Cepheid type stars. We have also detected the known

Seyfert 1 AGN Zw 229-15, a catalogued BL Lacertae object, and the radio galaxy

Cygnus A. From the literature identifications and our optical spectra, we know with

certainty the optical counterparts of 53 sources total (57%). For 9 additional sources,

we can confidently assess whether the counterpart is stellar or extragalactic using

a combination of apparent magnitude (e.g., an object with V ∼ 8 is too bright to

be an AGN), fX/fV , U −B color (e.g., a V ∼ 20 source with a very high fX/fV is

most likely to be an AGN), or broadband SED shape.

We expected that the relative fraction of stellar and extragalactic sources in

a survey region would depend on the galactic latitude of the region. Figure 3.3

shows the distribution in our four observing modules of the 62 sources for which we

can confidently state a stellar or extragalactic origin. As the modules approach the

galactic plane, the number of stellar sources outpaces the number of extragalactic

sources, as expected. The diverse methods of classifying these sources prevents

a robust analysis of the error; we display the trend only to illustrate the survey

contents.

Below we outline the various methods used to classify the survey sources as

either stellar or as AGN. Briefly: optical spectra are the most certain form of classi-

fication, but we do not have spectra for all KSwAGS targets. The X-ray to optical

flux ratio offers a fairly stringent characterization at its extreme ends, but is de-

generate at intermediate values. Broadband spectral energy distributions (SEDs)
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Figure 3.3: Distribution of source types by average galactic latitude
of each of our 4 regions. As shown in Figure 3.1. Region numbers
increase as they approach the galactic plane; Region 1 is furthest from
the galactic plane with b ∼ 19◦, while Region 4 is the closest with b ∼ 7◦.
Stellar sources begin to outnumber extragalactic sources closer to the
plane, as expected. The plot includes the 62 sources classified by spectra,
light curve behavior, or a combination of fX/fV ratio, U −B color, and
apparent magnitude. Sources with unknown or uncertain classifications
are not included in the plot.
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can be constructed for sources with adequate archival data in surveys at multiple

wavelengths; the SED shape is recognizably different between stars and AGN and

can be used to classify some sources. Finally, in the event that a source has very

little archival data or an intermediate flux ratio value but does have a Kepler light

curve, one can use the temporal behavior to rule out an AGN in cases where the

variability is strongly periodic.

3.3.1 Optical Spectra

We obtained simultaneous blue and red optical spectra for 31 sources in our

sample with the double beam spectrograph (DBSP) on the 200-inch Hale telescope at

Palomar Observatory. As described above, poor seeing on one of our nights restricted

our observations to targets with MV ≤ 17, reducing the number of faint targets and

disproportionately removing AGN from the observable sample; thus, most of our

spectroscopic targets are stellar in nature. In all, the Palomar spectra identified

21 stellar sources and 10 AGN. Figure 3.4 shows typical example spectra of three

sources: a chromospherically active star, which are quite common in our sample; a

type 1 AGN; and a normal A-type star. It is probable that the A star has a white

dwarf companion that is producing the observed X-ray emission; alternatively, there

may be confusion with a background X-ray source. Below we discuss the spectral

properties of the AGN and stellar sources.

95
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Wavelength (Å)

Chromospherically Active F/G Star

Type 1 AGN

A7 Star with Possible Faint Hot Companion

3950

Figure 3.4: Optical spectra from the 200-inch Hale telescope at Palomar
observatory, for three representative KSwAGS objects. In order from
top panel to bottom, they are KSw 19, KSw 55, and KSw 69. The
inset in the top panel is an expanded view of the Ca H and K lines
(λ3969Å and λ3933Å), exhibiting the bright emission cores typical of
chromospherically active stars.
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3.3.1.1 AGN Spectra and Measured Parameters

There are ten AGN among our Palomar spectra. Nine of them were type 1

(e.g., exhibit broad emission lines with FWHMHβ ≥ 1000 km/s), while one target,

KSw 82, is a likely BL Lac object, exhibiting the typical flat, featureless continuum

in multiple deep (∼3200s) exposures. Newly confirmed AGN include KSw 2, 3, 25,

27, 39, 40, 55, 68, 82 and 92. They join the three previously known AGN in our

sample: the BL Lac object BZB J1848+4245 (KSw 9), the type 1 AGN Zw 229-15

(KSw 20), and the radio galaxy Cygnus A (KSw 93). Their spectral types and

redshifts are given in Table 3.3. Our spectral analysis indicates that the KSwAGS

AGN encompass a wide range of black hole masses (7.3 ≤ log MBH ≤ 9.4), redshifts

(0.03 ≤ z ≤ 1.5), and Eddington ratios (0.003 ≤ λEdd ≤ 0.45).

It has long been theorized that the characteristic optical variability timescale

in the accretion disk of an AGN should correlate with the mass of the supermassive

black hole. This relationship has already been demonstrated in the X-ray, where

a break frequency in the power spectrum has been detected. The timescale associ-

ated with the break is assumed to correspond to the physical size of the accretion

disk [Uttley et al., 2002] and has been found to correlate with the black hole mass

[McHardy et al., 2004]. For further discussion, see Section 3.4.1. Recently, our group

published the discovery of the first optical break frequency discovered in an AGN,

using the Kepler light curve of Zw 229-15 [Edelson et al., 2014].

With this in mind, we calculate the redshift and black hole masses of our

spectroscopically-confirmed AGN and present the values in Table 3.3. We calculated
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Table 3.3: Parameters of Spectroscopic AGN
KSw Type z Log MBH λEdd

Num.
2 Sy 1 1.506 8.53 1.474
3 Sy 1 1.177 8.404 0.452
9 (BZB J1848+4245) BL Lac
20 (Zw 229-15) Sy 1 0.0266 7.29 0.038
25 Sy 1 0.609 8.898 0.042
27 Sy 1 0.056
39 Sy 1 0.533 8.382 0.113
40 Sy 1 0.38 8.111 0.109
55 Sy 1 0.437 8.783 0.069
68 Sy 1 0.36 8.553 0.026
82 BL Lac?
92 Sy 1 0.182 8.473 0.017
93 (Cyg A) Radio Galaxy 0.056 9.398 0.003

Spectroscopic type, redshifts, black hole masses and Eddington ratios of

spectroscopically-confirmed AGN. Redshifts and black hole masses are not measur-

able for BL Lacs due to the lack of optical lines. Values of MBH were obtained using

the FWHM of the Mg ii λ2799 Å or the Hβ line for high and low redshifts, respec-

tively. Unfortunately, the redshift in source 27 was such that Hβ fell in the dichroic

break and was too low for measurement of Mg ii. Values of redshift and black hole

mass for KSw 93, which is Cygnus A, were obtained from Tadhunter et al. [2003].

See Section 3.3.1.1 for details on how values were obtained.
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the black hole masses using the formulae from Wang et al. [2009]; in the 7 objects

that are low-redshift enough for the spectrum to contain Hβ, we use the relation:

log
( MBH

106 M�

)
= (1.39± 0.14) + 0.5 log

( L5100

1044 erg s−1

)
+ (1.09± 0.23) log

[
FWHM(Hβ)

1000 km s−1

]
. (3.1)

For our three AGN with z > 0.6, the Hβ line is outside the clean region of the

optical observing window, so we use the lower-wavelength Mg ii λ2799 Å line for

BH mass estimation with the following relation:

log
( MBH

106 M�

)
= (1.13± 0.27) + 0.5 log

( L3000

1044 erg s−1

)
+ (1.51± 0.49) log

[
FWHM(MgII)

1000 km s−1

]
, (3.2)

where L3000 and L5100 are the continuum luminosities at 3000 Å and 5100 Å, re-

spectively. The Eddington ratio λEdd = LEdd/Lbol is a measure of the observed

luminosity compared to the theoretical luminosity output of the maximal spherical

accretion rate (known as the Eddington luminosity). With the masses in hand,

we may calculate the Eddington luminosity for each of the sources via LEdd =

1.38 × 1038 (MBH/M�) erg s−1. The bolometric luminosity is estimated from the

0.2−10 keV X-ray luminosity using the bolometric correction factor of ∼15 given by

Vasudevan & Fabian [2007]; while this correction is widely used, there is significant

empirical scatter in this relation, so the Eddington ratios given in Table 3.3 should

be assumed with caution until detailed SED modeling is performed. The AGN

99



types, redshifts, black hole masses and Eddington ratios are given for our confirmed

AGN in Table 3.3. In the next chapter, we will determine whether these AGN prop-

erties correlate with variability characteristics such as amplitude and characteristic

frequency. A sample of the ongoing temporal analysis is given in Section 3.4.

3.3.1.2 Stellar Spectra

The Palomar spectra of the KSwAGS survey stars fall into roughly three

groups. The first is comprised of typical M-dwarf spectra with strong Ca HK emis-

sion lines. M dwarfs with strong chromospheric activity are known to be X-ray

sources, with high activity levels generally attributed to rapid rotation. Such rota-

tion can indicate that the M dwarf is young and retains some innate formation spin,

or that the star is in a binary with spin-orbit coupling [Lépine & Gaidos, 2011].

There is also a population of normal main-sequence spectra, which are not indica-

tive of X-ray activity. In these cases, it is possible that there is a dim white dwarf

companion contributing the X-ray flux that is too faint to affect the optical spec-

trum. Finally, there is a large population of G through K stars that exhibit broad

and complex emission structures in their H alpha lines and the Ca HK lines (see top

panel of Figure 3.4). The effective surface temperatures and surface gravities from

the KIC for the stellar sources are given in Table 3.4; also given are the spectral

types gathered from the Palomar spectra. The spectral type can be inferred from

the effective temperature even for those objects without Palomar spectra; however,

note that the KIC temperatures are derived from griz photometry and may be
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∼ 100− 200 K too low in many cases [Pinsonneault et al., 2012].

3.3.2 X-ray to Optical Ratios

When an X-ray source has a UV/optical counterpart, the calculation of the

X-ray to optical flux ratio can provide source classification information. As noted in

Maccacaro et al. [1988] for the Einstein Extended Medium Sensitivity Survey [EMSS;

Gioia et al., 1990] sources, the X-ray to optical flux ratio is a powerful tool in optical

identification of X-ray sources. In general, all classes of AGN, including BL Lac

objects, Seyfert galaxies and QSOs, have by far the highest fX/fV ratios, followed

by stellar accreting binaries. Coronal stellar sources such as dMe stars typically

have the lowest ratios. Krautter et al. [1999] measured fX/fV average values across

a range of objects for a representative region of the RASS. Their average ratio values

are log[fX/fV ] = −2.46± 1.27 for stellar sources and log[fX/fV ] = +0.41± 0.65 for

AGN.

The optical counterparts for KSwAGS sources are drawn from the KIC (for

details on counterpart identification, see Section 4.2). We draw our V magnitudes

used in constructing these ratios from the Everett et al. [2012] UBV optical survey

of the Kepler FOV; the fluxes in these bands for objects covered by the UBV survey

are provided in Table 3.2.

Typical X-ray detections have too few counts per energy bin to model the

X-ray spectrum; therefore, in order to obtain the X-ray flux from the XRT count

rates, one must assume a photon index that fits the general continuum shape of the
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Table 3.4: Parameters of Spectroscopic Stars
KSw Teff Log g Spectral
Num. (K) Type
1 5953 4.297 F
6 4478 2.64
13 G
14 5607 4.307 G
16 G
19 4817 4.093 K
22 4551 1.941
23 8973 4.001
24 4590 2.485
28 5453 3.744 G
35 F
38 4967 4.376 K
47 5899 4.232 F
49 9046 4.014
52 5513 3.7
53
54 M
57 4667 3.317 K
64 3831 4.291 M
66 M
67
69 8742 3.929 A
71 K
73 5570 3.906
75 7292 3.566
76 6165 4.282 F
78 F
79
81 5641 3.902
84 M
85 5617 4.21 G
89 G
91 5241 3.688 K

Effective surface temperature, surface gravities, and spectral types indicated by the

Palomar spectra for the 33 confirmed stellar KSwAGS sources. The temperatures

and gravities are from the Kepler Input Catalog (KIC), while the spectral types are

given only for those objects with Palomar spectra.
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underlying spectrum. Since we do not know the source type, we instead use PIMMS

[Mukai, 1993] to calculate the flux of each object using a range of feasible photon

indices, from Γ = 1 to 2.5. This range encompasses typical values of Γ for all object

types, from active stellar sources to AGN. Heinke et al. [2008] found that magnetic

and nonmagnetic CVs from the ASCA X-ray survey have average photon indices

of Γ = 1.22 ± 0.33 and 1.97 ± 0.20, respectively. Values of Γ for AGN have been

measured for many samples and range from Γ ∼ 1.5 − 2.5 [e.g. Nandra & Pounds,

1994, Page et al., 2005]. In all PIMMS count-to-flux conversions, we use the galactic

column density at the source position cataloged by Kalberla et al. [2005]. We do

not find that the choice of photon index changes the value of fX/fV significantly.

In Figure 3.5, we show the fX/fV ratio of all survey sources that have an optical

counterpart in the KIC within 5 arcseconds of the UVOT position (or the XRT

position, if the object was outside the UVOT FOV or had no UVOT counterpart).

For objects without V magnitudes in the KIC, we use the Kepler magnitude (given

in Table 3.2 as “kepmag”) as a very rough proxy. The Kepler magnitude is a generic

optical magnitude calculated using various available optical measurements for any

given object in the FOV; its detailed determination can be found in Brown et al.

[2011]. Denoted in the figure are the average values for extragalactic and galactic

sources from Krautter et al. [1999]. The KSwAGS survey conforms to these typical

ratio values: the average value for all confirmed stellar objects in our survey for

which optical data was available is log[fX/fV ] = −2.09± 0.27; for confirmed AGN,

the value is log[fX/fV ] = +0.44± 0.81. The calculated values of the ratio for each

object are given in Table 3.2. Figure 3.5 shows that the full distribution of KSwAGS

103



sources cluster around the AGN and stellar average values, but have a significant

spread. Indeed, as Krautter et al. [1999] points out, there is overlap between the

two types of objects. In particular, white dwarfs and cataclysmic binaries show

very high fX/fV ratios for stellar sources, reaching into the lower tail of the AGN

range. Therefore, in absence of a spectrum, a low or high fX/fV value will at least

offer a reliable classification of whether an X-ray source is stellar or extragalactic.

Intermediate values of fX/fV are not reliable classifiers, as there is significant overlap

between source types for middling ratios.

3.3.3 SEDs

Using the multiple photometric data points provided from the 2MASS, GALEX,

and UBV Everett et al. [2012] surveys, along with our UVOT and XRT data, we

can construct broadband spectral energy distributions (SEDs) for our sample across

a wide wavelength range from infrared through X-ray. The archival surveys utilize

varying magnitude systems, so in order to construct the SED, we converted these

various systems to the consistent unit of millijanksies (mJy). The following discus-

sion outlines this conversion process for each different survey. The final mJy fluxes

are given in Table 3.2.

3.3.3.1 GALEX Magnitudes

The GALEX satellite surveyed the sky in the FUV and NUV bands, with

effective wavelengths of 1538.6 Å and 2315.7 Å, respectively. GALEX data releases
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Figure 3.5: X-ray and optical flux ratios for all sources in the sample with
a V magnitude given by the Everett et al. [2012] survey. Lines indicate
the average value of this ratio for all stellar objects, 〈log[fX/fV ]〉 =
−2.46 ± 1.27, and for all AGN types, 〈log[fX/fV ]〉 = 0.41 ± 0.65, as
given in Krautter et al. [1999]. The X-ray fluxes were estimated using a
variety of values for the photon index (Γ), shown in the legend. Black
squares indicate objects for which no V magnitude is available, and so
the Kepler magnitude was used as a rough proxy. These values should
be considered very approximate.
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GR6 and GR7 included increased coverage of the Kepler FOV, resulting in the

KIC-GALEX crossmatched survey. There are two possible search mechanisms for

the crossmatched survey. As defined by GALEX, they are 1) the “accurate” search

method, which only returns a counterpart that is within 2.5 ′′ of the query coordi-

nates and is unique (i.e., there are no other matches to either the KIC or GALEX

source within this separation), and 2) the “complete” search method, which returns

all counterparts within 5 ′′ of the query coordinates. In order to reduce spurious

information in our survey, we have provided GALEX magnitudes only when our

KIC coordinates have a GALEX counterpart using the “accurate” method.

The survey uses the AB magnitude system [Oke & Gunn, 1983]. The zero

points of the GALEX magnitudes for the two bands were calculated by Morrissey et

al. [2007] to be 18.82 (FUV) and 20.08 (NUV). Additionally, one count per second

in GALEX corresponds to reference fluxes of 1.40×10−15 and 2.06×10−16 erg cm−2

s−1Å−1 in the FUV and NUV, respectively. Conversion of the given magnitudes to

fluxes in erg cm−2 s−1Å−1 is thus achieved using the following formulae:

fFUV = 1.40× 10−15 · 10
mAB,FUV −18.82

−2.5 (3.3)

fNUV = 2.06× 10−16 · 10
mAB,NUV −20.08

−2.5 (3.4)

Conversion to frequency units is then simply achieved by multiplying each

flux by λ2/c, where λ is the peak wavelength of the band, and can then be directly

converted to mJy.
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3.3.3.2 UBV and 2MASS Magnitudes

The conversion to flux density is simpler for the UBV and 2MASS magnitudes,

as their flux density zero points are known and tabulated in the proper units for our

purposes. In this case, the flux in Jy for any band A is calculated using:

fA = fA,0 · 10
mA
−2.5 (3.5)

Aiming to facilitate optical source selection of interesting targets in the Kepler

field, Everett et al. [2012] completed a UBV photometric survey of the field with

the NOAO Mosaic-1.1 Wide Field Imager and the WIYN 0.9 m telescope on Kitt

Peak. The magnitudes are in the traditional Vega-based Johnson system, and can

be converted easily to fluxes using the standard tabulated fluxes at zero magnitude

of the U, B, and V bands of 1823, 4130, and 3781 Jy.

The absolute calibration of the 2MASS survey was performed by Cohen et al.

[2003]. The fluxes at zero magnitude for the JHK filters are 1594, 1024, and 666.8

Jy, respectively.

With all given magnitudes converted to consistent flux units, we constructed

the broadband SEDs for objects that have data in at least three wavebands. Plotted

in Figure 3.6 are the SEDs of five representative objects from different regions of the

fX/fV plot; three stellar objects and two AGN. This analysis is only informative for

objects with data in 2MASS, the Everett et al. [2012] UBV survey, and/or GALEX,

so we have displayed the SEDs for objects of each type with the most available data

points. Note that AGN will necessarily have fewer detections in the ancillary surveys,
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since they are relatively much fainter on average than stellar sources in the optical

and UV. Only two of the sources have GALEX data. The GALEX NUV filter

overlaps with the UVOT M2 filter; however, because the observations are widely

disparate in time, discrepancies in the flux values might indicate time variability.

Additionally, since the 2MASS and UBV measurements are also disparate in time,

SED fitting is not appropriate.

Nonetheless, one can clearly see that the AGN-type SEDs are flatter than the

stellar SEDs at lower frequencies, and differ characteristically enough to allow for

reliable source classification.

3.4 Sample Light Curves

The driving motivation behind this survey is the unprecedented photometric

precision of Kepler and its application to astrophysical sources beyond exoplanet

detection. Over its ∼4 year operational lifetime, Kepler routinely monitored over

150,000 stars, the overwhelming majority of which show no evidence of transiting

exoplanets due to simple geometry. The unmatched photometric quality of the

dataset will result in the Kepler targets being the best monitored astrophysical

sources ever, and ancillary data will help insure they are also the best understood.

There are many types of X-ray bright, optically variable sources both within and

beyond the Galaxy. The MAST Kepler Data Search tool allows the user to input

coordinates, object names, or KIC ID numbers and obtain all available quarterly

light curves for any object. All Kepler data is now public, so if an object has been
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Figure 3.6: Broadband SEDs for three stellar objects (top three panels)
and two AGN (bottom two panels). Red points are the 2MASS JHK
colors, green points are UBV fluxes calculated from the Everett et al.
[2012] survey, blue points are UVOT M2 filter fluxes, magenta points are
GALEX FUV and NUV fluxes, and purple points are XRT fluxes from
this survey. The objects were selected as stellar or AGN based on their
log fX/fV values (i.e., their position on Figure 3.5).
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observed, in general one can download and analyze the light curves.

To demonstrate the temporal analyses to be carried out on the survey prod-

ucts, we have selected one representative object from each class (stellar and AGN).

The following sections constitute a sample of results to be presented in upcoming

papers focusing on the spectral and time-series analysis of each source type.

3.4.1 AGN: Timing Overview

The discovery of AGN in the Kepler FOV was the original primary motiva-

tion for this survey. Although a few AGN were known to be in the field, a lack

of overlap with large spectroscopic surveys like SDSS prevented the curation of a

sizable sample. Additionally, the known AGN in the field were typically selected

by techniques known to bias the final sample. X-ray detection is the least-biased

AGN selection method, as it is immune to all but the most intense dust obscuration

and to the effect of dilution of the optical or infrared colors by host galaxy starlight

[Mushotzky, 2004]. Our survey is approximately ten times deeper than the ROSAT

All-Sky Survey (RASS), which included only a handful of confirmed AGN in this

region of the sky.

The optical emission in an AGN is believed to originate in an accretion disk.

The variability of this emission then implies stochastic processes within the disk.

There are several candidate processes that theoretically give rise to rapid optical

variability, including reprocessing of the variations of the central X-ray source, the
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orbital dynamics of the gas in the disk itself, spatial viscosity variations, and turbu-

lent thermal processes. A clear understanding of the relationship of AGN parameters

to overall variability requires a self-consistent, complete theory of accretion disks in-

cluding radiative physics; this does not yet exist and there are many hurdles left

for such simulations. The approach has therefore been largely empirical, involving

observed correlations like the McHardy et al. [2004] study showing a relationship be-

tween the characteristic timescale of X-ray variability and black hole mass spanning

many orders of magnitude, from stellar-mass black hole systems like Cygnus X-1

to Type 1 Seyfert galaxies. Such observations remain unexplained, but seem to be

robust for the 2-10 keV band [e.g., González-Mart́ın & Vaughan, 2012, Ludlam et

al., 2015]. Additional approaches have involved mathematical modeling of observed

variability as a damped random walk model [MacLeod et al., 2010] and propagating

fluctuations that produce flicker noise [Lyubarskii, 1997].

The Kepler data are superior to all previous AGN light curves ever obtained, in

both photometric precision and continuous sampling frequency. The proper analysis

techniques to analyze these light curves must be carefully constructed to mitigate

the systematic errors known to be present in the Kepler data, such as the Moiré

pattern drift noise [Kolodziejczak et al., 2010] and the inter-quarter discontinuities

introduced by spacecraft rolls.

Orbital timescales for typical AGN black hole masses (106−109M�) span a few

days to months; timescales which we can probe using the Kepler light curves. Edel-

son et al. [2014] reported the first detection of an optical timescale break, detected

at ∼ 5 days, for one of our X-ray detected previously-known AGN (Zw 229-15).
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A small number of our confirmed AGN have continuous Kepler monitoring (see

Table 3.2, columns with “Y”). Our original intent was to propose for Kepler to

monitor all KSwAGS X-ray sources as soon as we had confirmed them; however,

only four of the newly discovered sources were being monitored at the time of the

failure of the second reaction wheel that put an end to the original Kepler mission.

For those objects without archived light curves, we are able to construct coarsely

sampled light curves with 30-day cadence for the entirety of the 4 year mission using

the full-frame images (FFIs): snapshots of the entire FOV downloaded each month

to verify pointing calibrations. We have written a customized pipeline to handle the

FFI data cubes and produce a light curve for any source that was on silicon, whether

or not it was included in the Kepler Input Catalog (KIC). Figure 3.7 demonstrates

that our FFI method faithfully tracks the variability in the archived light curve for

KSw 9 (KIC 7175757; BZB J1848+4245). The displayed data is typical of the AGN

light curves in our sample: aperiodic and stochastic, with both short- and long-term

variability and with higher amplitudes at longer timescales.

In the next chapter, we explore in detail the variability of the AGN in our sam-

ple, using our custom pipelines for both the FFIs and the archived data. It will also

include all of the spectra and measurable X-ray properties of our confirmed AGN.

We plan to use a variety of time series analysis techniques to search for characteristic

timescales and correlations of variability properties with the measured parameters.
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Figure 3.7: The full-frame image (FFI) light curve with 30-day sampling
(top panel) and the standard Kepler light curve with 30-minute sam-
pling (bottom panel) for KSw 9 (KIC 7175757), a BL Lac type AGN.
The bottom panel’s flux units have been put into a log scale for consis-
tency with the magnitude units in the top panel. Both light curves are
the output of our custom pipeline. While the FFI light curve involves
different extraction apertures and procedures, as well as entirely different
source images, the behavior of the variability is faithfully tracked.
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3.4.2 Stars: Timing Overview

As described in Section 3.3.1.2, the Palomar spectra of the KSwAGS survey

stars fall into roughly three groups: M dwarfs with strong line emission, normal main

sequence spectra, and G through K stars with broad and complex emission structures

in their H alpha lines and the Ca H and K lines. Their vsini measurements cluster

around roughly 100 km/sec, implying that, as a group, they are rapid rotators.

Rapid rotation and X-ray luminosity are strongly correlated, and such stars are

concentrated in two basic stellar populations: young stars, which have not had time

to lose their angular momentum, and binary stars, where tidal transfer of orbital

momentum maintains the rotational angular momentum.

Preliminary investigation of the 27 Kepler light curves of KSwAGS stellar

sources supports this. Fourier analysis of these sources detects highly significant

periods in 22 of the 27 objects. Twenty have periods of 10 days or less, and nine of

these have periods less than one day. Most show evidence of slow period and ampli-

tude evolution over multiple Kepler quarters. Figure 3.8 shows the light curves and

dynamic power spectra over two years for KSw 47 (KIC 6365080). In this example,

we note the complex interplay between two fundamental periods at ∼2.8 days and

∼0.64 days, with constant frequencies but dramatically varying amplitudes. Mc-

Quillan et al. [2014] include this object in their large sample of rotationally variable

stars in the Kepler field, and attribute the longer period to rotation; however, they

only exclude pulsating stars by making a simple cut in effective temperature, and

have likely not excluded all pulsators. The effective temperature in the KIC is given
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Figure 3.8: Light curves and dynamical power spectra (also known as
Gabor transforms) for the first and fourth years of continuous Kepler
monitoring of the variable star KSw 47 (KIC 6365080). There are two
dominant periods with constant frequency but varying amplitude. Such
light curves appear frequently in our sample of X-ray bright, Kepler -
monitored stars.
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as Teff = 5900 K from griz photometry; however, our Palomar spectrum suggests

an F type star. This is not necessarily unusual: the KIC temperatures may be

∼ 100 − 200K too cool, as reported by Pinsonneault et al. [2012]. If the shorter

period is indeed due to pulsation, then the frequency and stellar type suggest the

object is an RR Lyrae star, which typically have periods of 0.2 − 1 days. Such

complex, multi-periodic light curves are typical for a number of KSwAGS targets.

Further investigation of Kepler photometry will allow us to track the growth, mi-

gration, and decay of starspots, differential rotation, activity cycles, and flaring on

a wide variety of single and binary stars, offering a unique opportunity to measure

magnetic activity cycles for a large sample of late-type stars, which could provide

important constraints for developing better stellar dynamo models and a clearer

understanding of how they function. The timing properties of the KSwAGS stellar

sources will be fully investigated in an upcoming paper in this series.

3.5 Continuation in the K2 Fields

Since the second reaction wheel failure and the resulting loss of pointing sta-

bility in the original FOV, the Kepler mission has been modified and repurposed

as “K2”. The new mission utilizes solar radiation pressure and the remaining two

wheels to maintain pointing for approximately 3 months at a time, in fields aligned

along the ecliptic plane [Howell et al., 2014]. The new incarnation has been proven

to produce photometric precision on par with that of the nominal mission, according

to the K2 photometry status report conducted after the redesign in December 2013.
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We have surveyed K2 Field 4 with Swift using the same array of pointings

as our original survey described in this paper. We supplemented our successful K2

monitoring proposal with sources from various additional X-ray missions including

ROSAT, Chandra, and XMM-Newton, as well as from the Million Quasar Cata-

log (“Milliquas”)1. Additionally, we have submitted the pointing coordinates for

K2 Fields 8 and 10 to Swift ; the survey in those fields will begin presently. We

expect to continue to publish future versions of the KSwAGS survey as we increase

our sample in the new fields; additionally, all future KSwAGS sources will have 30-

minute cadence light curves for the full 3 month duration of each field pointing. The

K2 campaign covers a wide range of galactic latitudes; the field we have surveyed

so far, Field 4, is in the constellation Taurus at an approximate galactic latitude

of b ∼ 15◦. We have communicated with the Kepler and K2 Guest Observer (GO)

offices to add our X-ray and UV survey products to the KIC and the EPIC (Ecliptic

Plane Input Catalog), so that the wider astronomical community can access these

data for their own analyses.

3.6 Summary

This paper has introduced and described the KSwAGS survey, a Swift XRT

and UVOT survey of four modules of the Kepler FOV. The survey discovered 93

total X-ray sources with S/N≥3, with exposure times of ∼2000 seconds per point-

ing. Of these, 60 have counterparts that were observed simultaneously with UVOT

1Milliquas is unpublished but can be accessed at http://quasars.org/milliquas.htm or via the

NASA HEASARC at http://heasarc.gsfc.nasa.gov/W3Browse/all/milliquas.html.
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(the remaining 33 were not in the corresponding UVOT images of any of our XRT

pointings, due to the smaller FOV of the UVOT telescope). The aim of the survey

was to obtain X-ray sources that are likely to have optical counterparts with vari-

ability of astrophysical interest, especially AGN. The survey also produced a large

number of stellar sources, both new and previously known in the literature. In most

cases, the KSwAGS survey provides the first X-ray and UV observations for these

objects.

Twenty-three of the source counterparts had optical classifications in the lit-

erature. We obtained optical spectra at Palomar for an additional 30 sources. Of

these 53 total sources with certain identification, 13 are AGN and 40 are stars. In

the absence of spectra, we demonstrate that most of the survey sources can be cat-

egorized as either stellar or extragalactic using the flux ratio fX/fV or broadband

SED shape.

As a sample of the future analysis to be carried out on the KSwAGS sources,

we have shown example light curves and dynamical power spectra of a typical star

from our survey, and both types of light curves (FFI and standard Kepler) for an

AGN.

The KSwAGS survey has identified numerous new X-ray sources in the original

Kepler field which can be followed up either using archived light curves from the

KIC database, or by constructing 30-day cadence light curves using the FFIs, which

can be done for any source in the survey regardless of whether it was monitored

by Kepler. This opens up a new phase space of X-ray and UV bright targets with

high-quality optical time sampling. The survey is currently continuing in Fields 4, 8
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and 10 of the K2 mission, the new extension of Kepler to the ecliptic plane, and will

continue to yield a rich crop of X-ray bright, optically variable targets for monitoring

with the most exquisite photometer of our time.
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Chapter 4: Kepler Timing of Active Galactic Nuclei

4.1 Introduction

Active galactic nuclei (AGN) are the most luminous non-transient objects in

the universe, powered by accretion onto a central supermassive black hole. The fu-

eling required to ignite the AGN phase can be caused by gravitational tidal torques

in major mergers or by secular processes. Simulations of this fueling are well un-

derstood on kiloparsec scales; however, the situation becomes obscure on the small

scales where the accretion is actually taking place. The accretion disk of an AGN is

too small to be directly imaged, on the order of 10−2 parsecs from simple theoreti-

cal considerations, and has been constrained to be smaller than this in some AGN

through microlensing observations [Rauch & Blandford, 1991]. Fortunately, we can

take advantage of one ubiquitous property of AGN accretion disks: variability.

The optical continuum light in AGN is primarily supplied by the accret-

ing matter itself, frequently assumed to be thermal emission from the standard

geometrically-thin Shakura & Sunyaev [1973] disk. Although the disk geometry

may vary from object to object based on, for example, accretion rate, the opti-

cal variability must come from highly nuclear regions based on the relatively fast

timescales on which it is observed, on order hours to days to months [e.g., Pica &

120



Smith, 1983]. It has long been hoped that the study of this variability would offer

a window into the central engine physics, but this result has proved elusive.

Theoretically, several models have been proposed to explain the observed op-

tical variability. These include magnetohydrodynamic (MHD) turbulence driven by

the magneto-rotational instability [MRI, Balbus & Hawley, 1991, Reynolds & Miller,

2009], Poissonian flares [Cid Fernandes et al., 2000], microlensing [Hawkins, 1993],

starburst activity in the host [Aretxaga et al., 1997], and a damped random walk

of thermal flux within the disk [Kelly et al., 2013, Zu et al., 2013]. Observational

studies of optical variability in AGN have mostly been obtained by using long, ded-

icated ground-based monitoring campaigns with the typical goal of black hole mass

estimation via reverberation mapping [e.g., the Lick AGN Monitoring Project or

LAMP, Barth et al., 2011b]. There have also been reconstructions of quasar light

curves from multi-epoch archival data, such as those obtained from the SDSS Stripe

82 survey by MacLeod et al. [2010] and from Pan-STARRS by Simm et al. [2015],

as well as studies of ensemble AGN variability [Wold et al., 2007] and many others.

Very rich studies of AGN variability have been conducted in the X-ray band,

with a number of important results. Characteristic timescales and candidate quasi-

periodic oscillations have been detected in the power spectral density functions

(PSDs) of X-ray AGN light curves [Papadakis & Lawrence, 1993, 1995, Uttley et al.,

2002, Markowitz et al., 2003, Vaughan & Fabian, 2003, Uttley & McHardy, 2005,

González-Mart́ın & Vaughan, 2012]. These characteristic timescales, defined as the

point at which the PSD “breaks,” or flattens, towards low frequencies, have been

found to correlate with the black hole mass in AGN [McHardy et al., 2004]. Recent
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work by Scaringi et al. [2015] has shown that across a wide range of accreting ob-

jects including AGN, the break frequency scales most closely with the radius of the

accretor (in the case of black holes, the innermost stable circular orbit).

Ground-based optical AGN timing has struggled to make the same progress

as X-ray variability studies perhaps owing both to poorer photometric sensitivity

from the ground and long, irregular gaps in sampling which hampered traditional

PSD-analysis approaches. Unfortunately, the X-ray emission in AGN is still far

more mysterious than the optical emission. The geometry and location of the X-

ray emitter and whether it is a corona, the base of a jet, or some other source is

still under contention. It would therefore be desirable to have optical light curves

with many of the same properties (e.g., continuous sampling and high photometric

precision) as X-ray light curves. This has been finally achieved with the Kepler

space telescope.

The Kepler mission was launched to detect exoplanets in the habitable zone by

searching for repeating transits in stellar light curves. In order to detect such transits

for planets with orbital periods ≥1 year, Kepler remained continuously pointed at a

region of the sky in the constellations Cygnus and Lyra, chosen for its high density of

observable dwarf stars. The Kepler mission was broken into 17 individual quarters

of data, covering 4.25 years in total, with 30-minute sampling across the full baseline

for ∼ 160, 000 exoplanet search target stars and across various partial baselines for

Guest Observer proposed targets. Initially, only two AGN were known to exist in the

Kepler field of view (FOV). Using the infrared photometric selection technique of

Edelson & Malkan [2012] and X-ray selection from the Kepler-Swift Active Galaxies
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and Stars survey [Smith et al., 2015], we have discovered dozens of new AGN in this

field with a wide range of accretion rates and black hole masses as measured from

single-epoch optical spectra.

Some work has been done on these AGN in recent years. Mushotzky et al.

[2011] and Kasliwal et al. [2015] have found that Kepler PSD slopes are too steep to

be consistent with the predictions of the damped random walk model, and Carini &

Ryle [2012] and Edelson et al. [2014] both reported optical characteristic timescales

in the Kepler -monitored AGN Zw 229-015. We present here a comprehensive anal-

ysis of this sample of Kepler -monitored AGN, with light curves extracted from a

custom AGN-optimized pipeline and Fourier-derived PSD results. We examine the

data for correlations with various physical parameters, similarities with X-ray ob-

servations, and characteristic timescales. We also present two interesting individual

objects, a candidate optical quasi-periodic oscillation and an unusual flare. These

data explore a new realm of variability not observable from the ground.

4.2 Selection and Data Reduction

4.2.1 Sample Selection

The majority of our objects were selected using the infrared photometric al-

gorithm developed by Edelson & Malkan [2012]. Their statistic, SI , is based on

photometric fluxes from the 2-Micron All-Sky Survey [2MASS; Skrutskie et al.,

2006] and the Wide-field Infrared Survey Explorer [WISE; Wright et al., 2010].

The distribution of SI among ∼ 5000 sources with 2MASS/WISE photometry and
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SDSS spectra is bimodal, showing separation surrounding the value of SI=0.888.

Selection below this value indicates a high likelihood of the object being a Type 1

AGN, quasar, or blazar. There is still some small chance that the object is stellar,

and so optical spectra are required for positive identification (see next section). In

the end, 41 objects met the infrared and spectroscopic criteria for AGN classifica-

tion. The length of the light curves varies from target to target, depending on when

Kepler began monitoring each one. Some light curves span a single year, and some

span up to four years. We have imposed several criteria for rejection: 1) any quarter

falls on Module 3, which failed early in the mission, resulting in quarter-long gaps in

the light curve, 2) an overly-crowded field near the target that would unavoidably in-

clude stars in the extraction aperture (see Section 4.3.1), and 3) unacceptable levels

of rolling band noise in the extraction region. The latter two are further described

in Section 4.3.

Three objects were hard X-ray selected in the Swift-XRT survey by Smith et al.

[2015], which covered four modules of the Kepler field and continues currently in the

K2 fields. The survey detected approximately 30 new AGN confirmed with optical

spectral follow-up, but only four were requested for monitoring before the failure of

Kepler ’s third reaction wheel in 2013. Two of these, Zw 229-15 and KIC 7610713,

overlap with the previous infrared-selected sample. The other two X-ray selected

targets are the BL Lac object BZB J1848+4245 (KIC 7175757) and the radio galaxy

Cygnus A, which is excluded from this analysis because it is a Seyfert 2.

The final sample consists of 21 spectroscopically-confirmed AGN, listed in

Table 4.1.
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The original Kepler mission spanned ∼4 years, broken up into 17 individual

quarters, and ended prematurely when the spacecraft’s third reaction wheel failed.

Each quarter lasts approximately 90 days; exceptions are the initial Quarter 0 (ten

days), Quarter 1 (one month) and the final Quarter 17 (32 days). Between quarters,

the spacecraft rotated to preserve the sunward pointing of the solar panels. This

resulted in a flux discontinuity across quarters due to the sources landing on differ-

ent parts of the CCD, presumably with different quantum efficiencies. The Kepler

detector is divided into 21 modules, each of which has four output channels. Mod-

ule 3 failed during Quarter 4; thus, any source in that position in the FOV will have

quarter-long gaps every three spacecraft rotations. We have excluded all targets

that suffered from this, as the principal advantage of Kepler is the remarkably even

and consistent cadence, which is the basis for our Fourier analysis techniques. Our

shortest light curve lasts 3 quarters. Each light curve length is given in Table 4.1.

4.2.2 Optical Spectra and Physical Parameters

In order to positively identify IR or X-ray selected sources as AGN, optical

spectroscopy is required. We obtained spectra for all targets across four observing

runs: August 2011 and June 2012 using the KAST double spectrograph on the

Shane 3-m telescope at Lick Observatory, August 2014 at Palomar Observatory us-

ing the double-beam spectrograph, and June 2015 using the DeVeny spectrograph

on the Discovery Channel Telescope at Lowell Observatory. We only requested Ke-

pler monitoring for confirmed Type 1 AGN, as these are the most likely to exhibit
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optical variability. Type 2 AGN suffer from dust obscuration, and have an opti-

cal continuum contributed mostly by non-varying galaxy starlight rather than the

accretion disk.

Although the spectrographs used had a variety of resolving powers, all were

sufficient to measure with confidence the FWHM of the Hβ or Mg ii lines. These

lines are frequently-used single-epoch tracers of the supermassive black hole mass,

MBH, which we calculate using the calibrated formulae from Wang et al. [2009] (see

their Equations 10 and 11).

The calculation of Eddington ratio requires a proxy for the bolometric lu-

minosity. Although X-ray luminosity is the most reliable, not all objects in our

sample have archival X-ray fluxes. For consistency, we therefore use the luminosity

at 5100Å and the updated bolometric luminosity corrections by Runnoe et al. [2012].

The parameters calculated from our optical spectra for the full sample are

given in Table 4.1.

4.3 Data Reduction of Kepler Light Curves

We recognized early in our analysis that the fully-processed archival Kepler

light curves were unsuitable for AGN science. The mission’s original science goal

was to find periodic signals in point sources. This is fundamentally different from

the signal of interest in AGN science: the variability is stochastic, and the AGN

resides in an extended host galaxy (although luminous quasars are typically point

sources that outshine their host, most of our sample and most AGN in general are
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of the less luminous Sy1 type). Using Kepler light curves for AGN analysis requires

a number of steps that we have cultivated after several optimization tests. The

general outline of the steps described in this section is as follows: 1) modifying the

apertures for photometric light curve extraction, 2) assessing and removing objects

badly affected by rolling band noise, 3) carefully removing long-term systematics

due to spacecraft effects, 4) stitching across observing quarters and interpolation

over gaps, and 5) removing spurious behavior during thermal recovery periods.

4.3.1 Customized Extraction Apertures

Kepler extracts its light curves using aperture photometry from a postage-

stamp image of the sky surrounding the target, called a Target Pixel File (TPF).

Originally designed for stellar extractions, the default apertures are nearly always

too small for AGN science because the host galaxies extend beyond the mask. This

causes artificial rising and falling of the light curve as the aperture encompasses

more or less of the source due to spacecraft drift effects. Thus, the first step in

adapting the light curves for AGN is to create larger custom extraction apertures.

This can be achieved with the tools kepmask, which allows the user to select pixels

by hand to add to the extraction aperture, and kepextract, which compiles the

light curve including the selected pixels, from the PyKe software package [Still &

Barclay, 2012]. Some locations on the detector are more subject to drift effects

than others, so this and host galaxy shape/size, as well as crowdedness of the field,

requires an individual approach to creating the extraction mask. An ideal mask is

128



0 50 100 150 200 250 300
trest (days)

2350

2400

2450

2500

2550

2600

2650

Fl
u
x
 (

ct
s 

s−
1
)

190 195 200 205 210 −6 −5 −4
log ν

Figure 4.1: Light curve of spectroscopic AGN KIC 11614932, an object
with stellar contamination within the extraction aperture. An affected
excerpt of the light curve (left) and the power spectrum of the full light
curve with the periodic signal visible (right) are shown as insets.

as small as possible to minimize background noise in the light curve, while large

enough to fully encompass the galaxy drift throughout the entire duration of the

quarter. In order to determine the optimal aperture, we made movies of every

10 frames in each TPF to assess the maximal extent of the drift. The aperture

for each source is large enough for a 1-pixel buffer zone around this maximal drift

extent. Several objects were necessarily excluded if this optimal aperture happened

to include another object in the field. Some examples of these apertures for the

previously-studied AGN Zw 229-015 can be seen in Edelson et al. [2014]. For a

given object, we used the same aperture shape (i.e., the dimensions and number of

total pixels) for every quarter.

As a cautionary tale, we show the case of our spectroscopically-confirmed AGN

KIC 11614932. Figure 4.1 shows the full light curve, which exhibits the stochastic

variability expected for an AGN. However, at approximately 160 days, a strong
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Figure 4.2: The Kepler view of the region around KIC 11614932 (shown
in the kepmask user interface), which clearly includes a nearby contam-
inating star, with the only aperture possible following our extraction
requirements shown in green. This object was rejected from the sample.

stellar variability signature becomes apparent. The ∼ 1.6 day periodicity of this

star can also be seen in the PSD (inset in the figure). The star in question was close

enough to the extended AGN host galaxy that it was impossible to remove from

the mask while still encompassing the drift effects. Only partially encompassing

the star will also result in drift effects. The only possible aperture is shown in

Figure 4.2. Our recommendation is to always compare one’s extraction aperture

with the highest-available resolution images of the sky in the vicinity of the object

to ensure that such contamination is unlikely.

4.3.2 Rolling Band Noise

Electronic crosstalk between the science CCDs and the fine guidance sen-

sor clocks produces an interference pattern known as rolling band noise or “Moire
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pattern noise,” which moves across the detector [Kolodziejczak et al., 2010]. The

Dynablack algorithm module in the Kepler pipeline [Van Cleve & Caldwell, 2016]

assesses the level at which this pattern affects any given pixel. All TPFs from

Data Release 25 (the most current at the time of this writing) include a column

(RB LEVEL) with this information, given as a severity level in units of detection

threshold calibrated to 20 ppm for a typical 12th magnitude star (see Section A.1.1

in the data release notes for DR25). We have made plots of this severity level ver-

sus observing cadence for each object, and reject any object where the RB LEVEL

severely affects a quarter. The detection threshold in our targets is considerably

higher than for a 12th magnitude star, but the rolling band level rarely exceeds 2.0

in the majority of objects. We show three example cases in Figure 4.3. In cases such

as KIC 10663134, the object was rejected due to serious rolling band contamination;

the effect of the rolling band on the light curve is shown in Figure 4.4. Occasionally,

the pattern is flagged to affect one to five individual 30-minute cadences, but imme-

diately returns to undetectable levels. This can be seen in KIC 3347632. In these

cases, we simply ignore the Kepler flux for those cadences and linearly interpolate

over them.

4.3.3 Long-term Systematics

Large extraction masks still do not fully remove the spacecraft systematics. In

particular, there are long-term trends in the data which are well known, especially

differential velocity aberration (DVA). For the long-timescale drifting, corrections
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Figure 4.3: Rolling Band Severity Levels for Representative Cases
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(a) A typical object from the sample in which the rolling band severity level does not significantly

exceed 2. Pink dashed lines denote quarter boundaries.
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(b) An object in which the rolling band severity level spikes for a single cadence or a few subsequent

cadences. In these cases, the fluxes are ignored and interpolated over. Pink dashed lines denote

quarter boundaries.
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(c) An object which was rejected due to significant and persistent rolling band contamination.

Pink dashed lines denote quarter boundaries
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Figure 4.4: Light curve of KIC 10663134, an object badly affected by
rolling band noise as shown in Figure 4.3.

can be obtained using the cotrending basis vectors (CBVs). A full description of

their application can be found in the Kepler Data Characteristics Handbook. In

short, although stars can vary, their variability should not be correlated with each

other. The Kepler software keeps track of a series of sixteen orthonormal functions

that represent correlated features from a reference ensemble of stellar light curves.

One can remove systematic trends by fitting these CBVs to a given light curve. The

over-application of these vectors can easily result in over-fitting of the light curve,

especially in AGN, whose intrinsic variability mimics these trends. The ideal choice

of number of applicable CBVs is therefore an optimization process between removing

long-timescale systematics and overfitting genuine physical signal, a difficult balance

to strike in stochastically varying sources.

The Data Characteristics Handbook points out that typically, eight CBVs is

ideal for removing instrumental trends from stellar targets, flattening them enough

to enable transit searches. Eight CBVs always over-fit AGN in our trials, as space-

craft systematic features coincidentally overlapped with intrinsic behavior. We could

see this by examining the CBVs themselves and nearby stars, noting that the de-
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gree to which a given CBV trend was actually present in the data was quite weak

compared to the weight given to it in fitting a coincidentally-varying segment of an

AGN light curve. In order to assess the optimal number of CBVs for fitting AGN

light curves, we have incrementally increased the number from 1 to 8 while tabulat-

ing these effects. We have conservatively determined that two CBVs is the optimal

number for correcting our large-aperture extracted light curves. After this point,

legitimate variability begins to be mitigated by overfitting. In the interest of repro-

ducibility and consistency, we apply the same number of CBVs to each light curve.

To illustrate the degree to which systematics likely still remain in the light curves,

we apply two CBVs to three stars chosen from different locations on the Kepler

detectors. These stars were not selected by any of the numerous stellar variability

surveys of the Kepler field and are likely to be intrinsically quiet. We extracted

their light curves across various sets of quarters in the same manner as our AGN

(although this is not strictly necessary, since these stars are point sources without

the extended emission that necessitates the approach in AGN), and applied the first

two CBVs to each one using the PyKe task kepcotrend. Figure 4.5 shows the re-

sults. Long-timescale systematic trends are clearly removed, leaving the light curves

mostly flat. Although some artificial variability surely remains, we have eliminated

the trends most likely to affect our power spectral density analysis while preserving

as much intrinsic AGN variability as possible.
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the application, fitting, and removal of the first two cotrending basis
vectors.
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4.3.4 Interquarter Stitching and Interpolation

The next obstacle is the inter-quarter discontinuities introduced by spacecraft

roll. We have chosen to additively scale the light curves based on the average

fluxes of the ten cadences before and after the discontinuity (from the light curves

with the previously described extraction and CBV corrections already applied).

Multiplicative scaling frequently resulted in artificial inflation of flare-type features,

and so we consider it less physically valid.

Finally, there are various data flags which were tabulated by Kepler as the

data collection proceeded, including those for attitude tweaks, reaction wheel zero

crossings, intervals where the spacecraft briefly paused to transmit data to Earth,

cosmic ray detections within the extraction aperture, etc. (see Table 2-3 in the

Kepler Archive Manual). We have excluded cadences with any of these data flags.

In most cases, these exclusions consist of a single cadence, or 2-3 cadences grouped

together. We have linearly interpolated over these gaps. In some cases, especially

when the spacecraft is in Earth-point for data transmission, as many as∼600 sequen-

tial cadences (12.5 days) can be flagged. To maintain the even sampling required

for our method, we have also linearly interpolated over these gaps, inserting a point

where each cadence would be (every 29.4 minutes). We have also interpolated over

the gaps in between quarterly rolls (typically about 1 day). One might naturally

wonder whether this interpolation method would affect the measured power spec-

tral slopes or other properties. By interpolating linearly, we are not introducing any

additional spectral power at a particular frequency, especially because the gaps are
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irregular and brief. We have performed both simple linear interpolation, as well as

linear interpolation based on the LOWESS method of smoothing the existing data

points and making calculations based on local values [Cleveland, 1979]. The power

spectral density slopes are nearly identical (to the 0.01 level) for both methods.

In no case do the interpolated points consist of more than 10% of the total light

curve. Interpolated fluxes are used only in the power spectrum Fourier analysis, and

are of course excluded from estimates of the light curve variance, rms-flux relation

analysis, and flux distribution histograms.

4.3.5 Thermal Recovery Periods

After the monthly data downlinks which require the spacecraft to change posi-

tion for transmission to Earth, the photometer experiences thermal gradients. These

result in focus changes, which eventually settle around 2 to 3 days after the down-

link. The result is a transient-like flare or dip in the light curve. This period of

focus settling is referred to as “thermal recovery.” These cadences are not flagged

by the Kepler pipeline, but the Earth-pointed downlinks are. In order to prevent

these downlinks from affecting our analysis, we automatically replace the 150 ca-

dences (∼3 days) following an Earth-point flag with linearly interpolated data. The

thermal recoveries can profoundly affect the power spectra, especially in high S/N

light curves.

As an example, in Figure 4.6 and Figure 4.7 we show the result of flagging and

removing the thermal recovery periods from the light curve of KIC 9650712. There
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Figure 4.6: Light curve of KIC 9650712 before (red) and after (black)
the correction of thermal recovery periods. The occurrences of some
significant thermal events are shown by dotted lines.

is no other difference between the reduction methods of the light curves displayed

in the graphs. The power spectrum (Figure 4.7) is clearly affected, displaying a

spurious characteristic timescale when generated by the uncorrected light curve.

4.4 Light Curves

The final reduced light curves of the sample are given in Appendix A. In the

first set of figures, the axes are scaled differently for each object so that interest-

ing features can be seen, and time axes have been corrected to the galaxy’s rest

frame using the spectroscopic redshift. The only exception is KIC 7175757, which

is classified as a blazar and has no spectroscopic features. Since a redshift could

not be determined for this object, the light curve is shown in the observed frame.
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Figure 4.7: Power spectrum of KIC 9650712 before (red) and after
(black) the correction of thermal recovery periods, generated from the
light curves shown in Figure 4.6.
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In order to better highlight the differences in behavior and monitoring baseline, the

second figure in Appendix A shows the same light curves, but on identical flux and

time-baseline axes. The y-axis range is chosen to be 30% of the mean flux (15% in

either direction). It is immediately obvious that most of the apparently-dramatic

behavior in the light curves is well below the 10% variability level, often occurring

at approximately the 0.1-5% level. Such variability would be very difficult to detect

in ground-based variability surveys with current instruments. This is an important

point: many AGN which are currently classified as non-variable are probably quite

variable at these levels. All of the 21 spectroscopically-confirmed Sy 1 AGN in

our sample exhibited some degree of variability. There are some cases, however, in

which a shorter monitoring interval would have resulted in an object seeming non-

variable. Take, for instance the case of KIC 12208602: except for the discrete event

that begins at approximately 220 days in the rest frame, the light curve is statis-

tically flat. This work exemplifies the importance of high-cadence, high-sensitivity,

long-baseline monitoring for the classification of AGN as variable or otherwise based

on optical light curves. We should refrain, for example, from drawing conclusions

about obscuration and the unified model that rely on variability classifications from

ground-based light curves

4.5 Power Spectra

The shapes of the power spectral density functions (PSDs) are the product

that is most immediately comparable to theoretical expectations. This function
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shows the relative power in the variability as a function of temporal frequency.

The variability of AGN is a red noise process, meaning that successive samples

are correlated in time. The power spectra of such processes are well described by

a power law, where the spectral density S varies with the temporal frequency as

S ∝ fα. Our investigation of the power spectral density functions (PSDs) has two

main goals. The first is to determine whether any of our objects shows evidence

for a characteristic variability timescale, which manifests as a “break” in the power

law, causing the PSD to be best fit by a steep power law at high frequencies and

a shallower power law at low frequencies (e.g., a piecewise linear function in log-

log space). The position of such a break, νchar, and its corresponding timescale,

tchar could conceivably be connected to a series of relevant physical timescales in

the disk (e.g., the viscous, dynamical, and thermal timescales). Additionally, the

MHD model of Reynolds & Miller [2009] predicts characteristic frequencies in the

power spectrum that correspond to local acoustic waves. Break timescales have been

reported in a few Kepler AGN, with inconsistencies in the only object studied by

multiple authors: Carini & Ryle [2012] found that Zw 229-015 could be modeled as

a break either at ∼95 or ∼43 days, while Edelson et al. [2014] reported an optical

break timescale of ∼5 days.

The second goal is to measure the slope of the high-frequency portion of the

PSD. The high-frequency slopes of optical PSDs have been found by many to be

α ∼ −2 [e.g., Czerny et al., 2003, Koslowski et al., 2010, Zu et al., 2013]. This value

is appealing, because it is the same as the high-frequency slope observed in the

X-ray literature and it is consistent with the very popular “damped random walk”
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model for AGN variability proposed by Kelly, Bechtold & Siemiginowska [2009].

However, earlier work using Kepler has been in disagreement with ground-based

studies. Mushotzky et al. [2011] published early results for four Kepler -monitored

AGN, and found that their PSD slopes were inconsistent with predictions from

the damped random walk model. The slopes reported varied from α = −2.6 to

−3.3. This is considerably steeper than previous optical PSD measurements. This

conclusion was also reached by Kasliwal et al. [2015], who found that the damped

random walk model was insufficient to capture the range of Kepler AGN behavior.

To create our power spectra, we use the light curves produced as described

in Section 4.3, including interpolation to enable Fourier methods. We then fit the

entire light curve with a line, and remove this linear trend. This will remove the

lowest-frequency component of the power spectrum. Although any linear rise or fall

across the full baseline might indeed be real, we must use consistent methodology

to study the variability in the same time regime for all objects. By removing this

trend, all of the PSDs are now on equal footing for studying variability on timescales

of 1 to 100s of days. The mean of these flattened light curves is subtracted, and

a simple discrete Fourier transform is performed. We have normalized the light

curves by a constant A2
rms = 2∆Tsamp/x̄

2N , where ∆Tsamp is the sampling interval,

x̄ is the mean count rate in cts s−1, and N is the total number of data points. This

normalization was defined by Van der Klis [1997] and is cited by Vaughan & Fabian

[2003] as particularly useful for AGN, since the integrated periodogram yields the

fractional variance of the light curve. In this scheme, the expected Poisson noise is

given by Equation A2 in Vaughan & Fabian [2003], with the mean background count
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rate estimated from several background pixels nearby the source. We also resample

the power spectra into 25 frequency bins, for fitting purposes. The resulting PSDs

are shown in Appendix B, along with the best-fitting power law models that we

describe next.

In order to determine the best-fitting high-frequency slope and the signifi-

cance of any characteristic break frequencies, we employ the Monte Carlo method

described in detail by Uttley et al. [2002]. Such methodology is necessary for mea-

suring goodness-of-fit of various power law models, because it allows for an estimate

of the error bars on the observed PSDs. We describe it briefly here.

First, we use the Timmer & König [1995] method to simulate a very long light

curve with a given PSD slope. This light curve is made long enough that 500 light

curves of the same length as the actual observations can be drawn from it without

overlap, and with three-times finer resolution than the observed light curves. This

mitigates the effects of both red noise leak and aliasing (see the discussion in Uttley

et al. 2002). We rebin the simulated light curve to have the observed sampling

(i.e., the bins have three measurements each). We then introduce gaps with the

same location and duration as those in the observed light curve to each of the 500

simulacra, and treat them precisely as we treated the observed light curves, with

the same flattening and interpolation techniques. This new simulated set is used to

create 500 power spectra. The rms spread of the simulated power spectra about the

mean determine the “error bars” on the observed power spectra. We can then fit the

data to the model, and calculate a χ2 value. We do not fit any data that is beyond

the cutoff where Poisson noise takes over in the light curve, shown by the dashed lines
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in the figures in Appendix B. Importantly, the χ2 value obtained from this fit cannot

be compared to the standard χ2 distribution. To create a comparable distribution,

we measure each of the 500 simulated power spectra against the model and create

a sorted distribution of their χ2 values. The goodness-of-fit of the observed power

spectrum to the model is then measured by calculating the percentile value above

which the observed χ2 exceeds the simulated distribution. This percentage is the

confidence with which we can reject the model.

We do this for each object separately (so that each distribution of simulated

power spectra have the same gaps and sampling as the observations), for PSD slopes

of −1.5 ≤ α ≤ −3.5, in steps of 0.1. The slope that can be rejected with the least

confidence is the slope we consider to be the best fit for each object. These slopes

are given in Table 4.1, and are shown as a histogram in Figure 4.8. Most of our

slopes agree with previous results in that they are steeper than α = −2, with some

slopes steeper than −3 [Mushotzky et al., 2011, Kasliwal et al., 2015]. Some objects

have slopes consistent with −2. Our two radio-loud objects, KIC 12208602 and

KIC 11606854, are well-fit by α = −1.9 and −2.0 respectively. These relatively

shallow slopes are the same as those measured for these objects by Wehrle et al.

[2013].

If all of the models in the set of α values can be rejected with more than 75%

confidence, we examine the PSD for flattening at low frequencies by testing whether

or not a reduction in χ2 occurs with a broken power law model. If the broken model

is a better fit, we calculate the turnover frequency by fitting the high-frequency

data with the best-fitting slope, and iterating a model with break frequencies in the
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Figure 4.8: Histograms of the best-fitting high-frequency PSD slopes as
measured by the simulations described in Section 4.5.

range of −5.5 < log ν < −7.0 in steps of 0.1. The break frequency resulting in

the best reduced χ2 value is given in Table 4.1. Of the 21 objects in the sample, 6

demonstrate significant low-frequency flattening in which a broken power-law model

represents a reduction in χ2. The χ2 values are given in Table 4.2 and their PSDs

are shown in Figure 4.9. Another object, KIC 9650712, is poorly fit by all of our

values of α, and is better fit by a broken power law with tchar ∼ 53 days. However, it

can also be well-modeled as a single power law with the addition of a quasi-periodic

component. For this reason we use a different symbol for this break timescale in

plots, so that readers may ignore it in this context. The possibility that this is a

detection of an optical quasi-periodic oscillation (QPO) is discussed in Section 4.6.3.

We also point out that unfortunately, the Hβ line in KIC 12010193 is too weak and

noisy to permit a reliable black hole mass measurement, and so it is omitted from
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Figure 4.9: Power spectra of the six AGN which require a broken power-

law model for an acceptable fit. Error bars are derived from the Monte

Carlo method of Uttley et al. [2002]. The best-fitting break timescale is

shown in each plot. See Section 4.5 for details concerning the fitting.
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Table 4.2: χ2 in Broken Power-Law AGN
KIC # χ2 χ2 Red. χ2 Red. χ2

Single Broken Single Broken
6932990 76.05 13.44 6.91 1.22
12401487 46.9 7.0 4.69 0.70
12010193 18.18 10.9 1.81 1.09
9215110 51.12 7.15 5.11 0.71
12158940 35.46 73.4 3.22 0.56
9650712 37.87 7.46 3.44 0.67

Values of χ2 and reduced χ2 for the objects with candidate characteristic timescales.

the plots of variability versus physical parameters in Section 4.6.2.2.

4.6 Results

The goal of this project and future analyses is twofold: to determine whether

any AGN physical parameters, or combination thereof, correlates with variability

statistics in such a way as to clarify the physical mechanism of accretion and enable

large-scale measurements of AGN parameters in future surveys, and to determine

the extent to which the optical and X-ray variability is interrelated. We can attain

the first goal using the parameters measured by our optical spectra, and checking

for correlations across a comprehensive set of variability metrics and PSD properties

based on the existing literature. We can attain the second goal by comparing the

Kepler timing behavior to well-known properties of X-ray variability in AGN; if the

optical light curves exhibit similar properties, albeit on slower timescales, we can

assume that a large fraction of the optical variability is the result of reprocessing.

Before discussing our results, we would like to emphasize that the Kepler light

curves are probing an entirely new regime of variability, on timescales of hours

with year-long baselines, and with ∼few percent amplitudes that would often be
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undetectable from the ground. These results should be viewed as the properties

of this new regime, not as contradictions or confirmations of ground-based optical

timing studies.

4.6.1 RMS-Flux Relationships and Flux Distribution Histograms

The traditional model for AGN accretion disks is the standard optically thin,

radiatively thick α-disk [Shakura & Sunyaev, 1973]. Although broadly consistent

with spectral observations, this model is challenged by the fact that it should be

thermally and viscously unstable, especially in the radiation-dominated inner regions

where accretion is taking place. As Kelly, Bechtold & Siemiginowska [2009] point

out, variability is a natural probe of temperature fluctuations within the disk since

they lead to an understanding of the stress-pressure coupling, and can provide a

powerful test of the traditional α-disk model.

Numerous theoretical models which deviate from or complicate the α-disk have

been proposed to explain the observed variability. The most intuitive explanation

is fluctuations in the global mass accretion rate: radiation output increases and

decreases as more or less matter is converted into energy. This model has enjoyed

broad consistency with some observations of luminous quasars [Gu & Li, 2013],

but struggles to explain the short timescales of the variability: as matter is added

to the disk, the rate at which this increases the total optical radiative output is

approximately the viscous time. For typical black hole masses, this can be hundreds

of years, while variability is seen on timescales of days and hours. A more favored
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idea is that the rapid optical variability is powered by reprocessing of fast variations

in the X-ray and far-UV light very close to the black hole, which can happen on the

requisite timescales.

In the traditional model, α is a constant that embodies one prescription of the

stress-pressure coupling which governs the outward transport of angular momentum

and, thereby, the inward transport of material for accretion. More realistic prescrip-

tions allow α to vary throughout the disk. These inhomogeneities can be generated

by various instabilities, especially the magneto-rotational instability [MRI; Balbus

& Hawley, 1991]. Local fluctuations then propagate inwards with the accreting

material.

Steady advances in the resolution and power of magnetohydrodynamic simula-

tions have suggested several observable consequences of the propagating fluctuations

model. One testable prediction is that histograms of the fluxes observed in a light

curve will be log-normal, rather than gaussian. This has been seen in X-ray light

curves of galactic black holes [e.g., Uttley & McHardy, 2005], but not optical. They

also predict that the rms varability of a given segment of the light curve will lin-

early correlate with the mean flux of that segment. This has also been seen in X-ray

AGN variability studies, as well as X-ray light curves of stellar mass black holes and

accreting neutron stars [Uttley & McHardy, 2001, 2005], but has not been sought

after in optical AGN light curves. If indeed the fluctuations originate further out

in the disk where optical emission dominates, and then move inward to cause the

observed X-ray variability, we should see these traits in optical AGN time series.

Understanding the origin and interaction of the X-ray and optical emitting regions
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will enable tight constraints on important theoretical questions in AGN physics,

especially on shape and location of the X-ray corona.

We have rebinned each light curve into 2-day bins to overcome noise fluctu-

ations, and then cut each light curve into 50-day segments. For each segment, we

calculate the mean flux and the standard deviation of the flux values. None of

our objects exhibits any correlation between these two quantities. A typical plot

is shown in Figure 4.10. This is in stark contrast to X-ray light curves of AGN,

which show remarkably tight linear correlations between flux and variability [e.g.,

Edelson et al., 2002, Vaughan et al., 2003, McHardy et al., 2004] that are also seen

in stellar-mass black holes [Uttley & McHardy, 2001]. X-ray light curves typically

probe much shorter timescales (on the order of seconds to minutes for AGN) than

optical light curves, so this result may indicate that the origin of the variability on

day to year timescales is not simply reprocessing of faster variability in the X-ray

emitting region.

We have also created histograms of the fluxes in each light curve (without

interpolation). These have a wide variety of shapes in our sample and are shown

in Appendix C. Some are well-fit by log-normal distributions, as predicted by the

propagating fluctuations model and frequently seen in X-ray AGN variability stud-

ies, but most are best represented by other shapes. Perhaps the most intriguing are

those that are best-fit by a bimodal distribution of two gaussians. The light curves

of these objects in Appendix A are marked by red dotted lines that denote the peak

values of each gaussian component. Most of the time, the bimodal behavior is due

to the AGN seeming to transition to a lower flux state, and then return to the orig-
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Figure 4.10: Typical rms-flux relation plot showing no correlation be-
tween the two quantities.

inal state several hundred days later, as exemplified in KIC 3347632, KIC 9145961,

KIC 9215110, and KIC 10841941. The fact that the light curve tends to return to

the the same average original flux could indicate preferred accretion states; however,

the fact that the variability properties do not seem to change when the object is in a

low or high state is perhaps contrary to expectations for state transitions. Another

possible explanation is the passing by of obscuring material. One can imagine a

cloud of gas and dust passing in front of an unobscured varying continuum source,

dimming the source without affecting the observed variability. When the cloud had

passed, the average flux would return to the original state, as we see in these cases.

One might expect that objects with high X-ray/optical flux ratios would be

more likely to experience significant reprocessing and therefore more likely to show

the same properties as X-ray light curves. Of our 21 objects, 17 have archival X-ray
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information in the Second ROSAT All-Sky Survey [Boller et al., 2016] or XMM Slew

Survey [Saxton et al., 2008]. We converted the X-ray count rates to fluxes assuming

a power law with Γ = 1.8 as the X-ray spectral slope and galactic column densities

from Kalberla et al. [2005]. For optical fluxes, we use the same 5100Å or 3000Å flux

that was measured for bolometric luminosity calculations in Section 4.2.2. In the

case of XMM data, we use only the flux in Band 6, 0.2-2 keV, which is the closest

XMM band to ROSAT (0.1-2.4 keV). Although these are approximate measures,

especially since they are disparate in time from the optical spectra, we require only

a qualitative handle on the degree to which the X-ray flux may influence the optical

behavior. The values range between FX/FO = 0.03 to 4.21, with a mean of 0.08.

None of these is particularly high. As stated before, there is no variability-flux

relationship even for the highest FX/FO objects. We also do not see any tendency

for higher FX/FO objects to be more often well-fit by lognormal distributions.

4.6.2 Variability Properties and Physical Parameters

4.6.2.1 A Brief Summary of Past Results

Next, we test for possible correlations of various properties of the optical vari-

ability with the physical parameters of the AGN: black hole mass (MBH), bolometric

luminosity (Lbol), and Eddington ratio (L/LEdd). We have measured these proper-

ties from the optical spectra as described in Section 4.2.2. Correlations would offer

physical insight into the geometry and causal relationships within the central engine

and potentially enable measurements of vast samples of black hole masses and ac-
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cretion rates from easily-observed variability statistics. If this can be accomplished,

upcoming large timing surveys like LSST would have unprecedented insights into

the cosmological buildup of black holes in the universe, with implications for galaxy

evolution and the growth of structure.

The literature on this subject is varied and often contradictory. This arises

from two principal points. First, any given study must choose how to quantify

the “variableness” of a light curve. Many authors invent their own measures of

variability; for example, Wold et al. [2007] use the standard deviation, mean, median

and maximum of the distribution of values of ∆mij = mi − mj, the difference in

magnitude of subsequent photometric measurements. Kelly et al. [2013] use the

square of a parameter of the Ornstein-Uhlenbeck process that describes the strength

of the driving noise, ς2, which controls the amplitude of variability on timescales

much shorter than the characteristic time. There are other such examples, and most

of them indeed capture the “strength” of variability across sources, but at the cost of

complicating comparisons between different works. The second sticking point in the

literature is the great variety of sources of light curves, with significant differences in

sampling rate and uniformity, photometric accuracy, and the properties of the AGN

sample. The relatively small literature ranges from studies of 13 Sy1 galaxies from

AGN Watch [Collier & Peterson, 2001] to ensemble studies of tens of thousands

of quasars from the Palomar-QUEST survey [Bauer et al., 2009]. Depending on

the properties of the light curves, authors choose to use structure functions, power

spectra, or autocorrelation analyses. In addition to the different analysis techniques,

the intrinsic variability properties of relatively low-luminosity Seyferts may be quite
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different from luminous quasars, and there is even evidence that radio loudness

might be correlated with variability [most recently, by Rakshit & Stalin, 2017] -

and so, the selection effects that plague the rest of AGN literature are also at work

here.

Space-based light curves like those from Kepler, K2, and TESS have the po-

tential to address some of these problems, in that their sampling rate, uniformity,

and photometric precision is far better than ground-based surveys. Such light curves

can be downsampled to resemble any ground-based survey, and the timing results

from a given study could be compared to the “true” behavior (the space-based

measurements being, presumably, as close as we can get).

The Kepler sample of AGN is small, due to the unexpectedly short lifetime of

the spacecraft preventing our obtaining long-baseline light curves of a much larger

sample (see Section 4.2). Because of this, we cannot bin by physical parameter,

which is a strong limitation since the variable behavior in any given light curve will

likely dilute any correlations with physical origins.

There are a few conclusions that seem to be reasonably consistent across the

optical variability literature so far. First, variability has been seen to correlate with

redshift and hence anticorrelate with rest wavelength, which is best understood as

the tendency of UV light to be more variable than optical [e.g., Cristiani et al.,

1997]. An anticorrelation between luminosity and variability was first discovered by

Angione & Smith [1972], and has been confirmed many times since. This relationship

was seen by Hook et al. [1994] in a sample of 300 optically-selected quasars, by

Cristiani et al. [1997] in a sample of 149 optically-selected QSOs, by Giveon et al.
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[1999] in a sample of 42 Palomar-Green quasars, by Kelly et al. [2013] in a sample

of 39 AGN, by Simm et al. [2016] in 90 X-ray selected AGN across a broad redshift

range, in ensemble studies of thousands of quasars binned by luminosity and black

hole mass [Bauer et al., 2009, Wilhite et al., 2008, Zuo et al., 2012], and all the way

into the most recent studies of Seyferts in the Catalina survey [Rakshit & Stalin,

2017]. In contrast, Wold et al. [2007] do not see any trend between variability and

luminosity in a matched sample between the Quasar Equatorial Survey Team Phase

1 (QUEST1) survey and the SDSS; however, they believe this may be due to the

strong trend between redshift and luminosity in their data.

While the relationship with luminosity seems fairly well established, the rela-

tionship of various properties with black hole mass and Eddington ratio is much less

certain. Wold et al. [2007] found a scattered, positive correlation between variability

(measured using the ∆mij criterion described above) and MBH. This was also seen

by the ensemble study of Bauer et al. [2009], and Giveon et al. [1999] reported a

positive correlation between variability and Hβ equivalent width. In contrast, Kelly

et al. [2013] found a scattered anticorrelation between their ς2 variability measure

and MBH, as well as a weak anticorrelation of variability and Eddington ratio. Simm

et al. [2016] found no relationship between variability amplitude and MBH, and an

anticorrelation of the excess variance and variability amplitude with Eddington ra-

tio. Finally, Zuo et al. [2012] found that whether or not variability and MBH were

correlated depended on the Eddington ratio and luminosity.

Having summarized the current state of confusion, we will now present our

results, which as stated before should be viewed as the properties of an entirely
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different sort of variability than those reported on before.

4.6.2.2 Correlations with Physical Parameters

We have chosen to measure the variability of our light curves via two metrics.

Before calculating either of these quantities, we rebin our light curves into 2-day

time bins, to mitigate gaps and overcome the effects of noise.

The first measure of variability is the standard deviation of the distribution

of values of the difference between subsequent flux measurements. We calculate the

distribution of ∆Fij = Fi − Fj between each set of subsequent flux measurements.

We fit this distribution with a gaussian, the width of which is our variability criterion

σ∆F. As an example, Figure 4.11 shows this distribution for KIC 10645722. Our

second measure of variability is simply the standard deviation of the binned light

curves. Figure 4.12 compares these two metrics for the objects in our sample. Both

capture variability and quantify it generally the same way, but there is scatter at

low variability. We believe there is value in exploring correlations with both metrics,

since there is such a wide variety of homegrown metrics used in the literature. The

values of σ∆F and the standard deviation are given in Table 4.3.

We first note that our sample, unlike most others, does not show higher vari-

ability at higher redshifts. In fact, the opposite is true. This is most likely because

our few high-redshift objects are also our most massive black holes, which tend

to vary less or at least more slowly than the other objects in our sample. This

relationship is shown in Figure 4.13.
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Table 4.3: The Variability Properties of the Kepler AGN
KIC # σ∆F σ∆F σ∆F σ∆F Std. Dev.

2 days 5 days 10 days 15 days 2 days

10841941 5.8 10.4 11.05 12.5 26
10645722 14.24 26.24 39.9 45.2 49
7175757 9.74 7.97 12.78 17
2694186 9.8 18.04 25.2 30.6 38
6932990 87.58 145.89 241 284 314
2837332 9.42 18.05 29.3 46.24 36
9145961 4.39 8.12 9.09 7.76 20
12401487 24.02 24.02 43.7 169.02 68
5781475 9.13 24.3 53 42 38
8946433 12.8 17.7 5.2 35
11606854 4.1 5.1 8.06 4.9 20
12010193 8.02 21.1 39.7 28
9215110 5.2 9.1 12.6 10.9 32
7523720 9.3 18.8 21.04 26.13 25
12158940 33 73.4 104 115 166
12208602 3.74 3.62 5.48 4.9 26
9650712 36.8 73.67 134.74 170.9 164
10798894 13.2 21.54 18.69 24.32 49
7610713 7.43 16.1 30.4 31.1 42
3347632 9.04 18.9 22.8 35.2 47
11413175 8.85 27

Our two variability metrics given for each object. The first, σ∆F, is the subsequent flux difference

distribution width as shown in Figure 4.11, for bins of 2, 10, 15, and 20 days. The second is the

standard deviation of the light curve with 2-day bins.
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Figure 4.11: Example of the distribution of the difference between sub-
sequent flux measurements ∆Fij used to measure the variability of our
light curves; the metric used is the width of the gaussian fit (red). This
is the distribution for KIC 10645722.
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Figure 4.12: Variability metric σ∆F versus the standard deviation of the
light curve. Both are shown for light curves with 2-day binning.
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We also see that the Kepler data conform to the long-known general anticorre-

lation of luminosity and variability. Although not a linear correlation, the brighter

objects in our sample also tend to be the least variable by both of our metrics, as

can be seen in Figure 4.14. We also find that bolometric luminosity is anticorrelated

with PSD steepness: brighter objects tend to have shallower PSD slopes. This is

shown in Figure 4.15. We do not find any relationship between the high-frequency

PSD slope and the Eddington ratio.

Because of the hints in the literature that accretion rate and mass may both

be related to the variability, we split our sample into low- and high-Eddington ratio

subsets, with L/LEdd = 0.1 as the dividing value. This choice was motivated by

the possibility that accretion flows with L/LEdd ∼ 10−2 may be more like advection-

dominated flows (ADAFs) than standard thin disks, and because it was a natural

value based on the distribution of Eddington ratios in our sample, shown in Fig-

ure 4.16.

We find that both measures of variability correlate positively with MBH for

low values of Eddington ratio (L/LEdd < 0.1), but have no correlation with MBH at

high Eddington ratio. Additionally, the strength of the correlation of MBH with σ∆F

depends on the width of the time bins. If instead of 2 days, we rebin our light curve

at 5 days, 10 days, and 15 days, we see that the correlation is weaker with larger

time bins. This is shown in Figure 4.17. We show the relationship of MBH and the

standard deviation in Figure 4.18, with Eddington ratio shown as a color gradient.

The sense is the same as for the σ∆F criterion: a reasonably linear correlation at

low Eddington ratio, with no relationship at high ratios or overall.
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Figure 4.13: Variability metric σ∆F versus redshift, with log MBH as a
color gradient.
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Figure 4.14: Relationship of bolometric luminosity and our two measures
of variability: the width of the distribution of ∆Fij = Fi − Fj between
subsequent flux measurements (left), and the standard deviation of the
binned light curve (right). We generally duplicate the long-known ten-
dency of brighter objects to be less variable.

It is possible that the relationship betweenMBH and high-frequency PSD slope,

as measured by the best-fitting slope from the method described in Section 4.5,

follows a similar pattern. There is a general sense of anticorrelation with PSD

steepness, with a possible different trend in low accretion rate objects. This is

shown in Figure 4.19. Again, a linear correlation is seen for low L/LEdd, with none

seen for high L/LEdd or overall. These results are similar to the idea in Zuo et al.

[2012] that the correlation with MBH depends on accretion rate.

Finally, we find that MBH is correlated with the break timescale, τchar. The

sample is obviously too small to allow physical conclusions, but is consistent with

previous results in Collier & Peterson [2001]. This relationship is shown in Fig-

ure 4.20.
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Figure 4.15: Bolometric luminosity versus best-fitting high-frequency PSD slope.

4.6.3 A Candidate Optical QPO

The PSD of KIC 9650712 was poorly fit by single power law and is better

described by a broken power law with a characteristic timescale. However, a similar

χ2 value can be achieved by a model consisting of a single power law (α = −1.9) and

a gaussian component. Such a component could be the signature of a quasi-periodic

oscillation. We show the fitted PSD and the fit components in Figure 4.21. We have

extracted this light curve carefully omitting a nearby star, in order to avoid false

periodicity like that in Figure 4.1. The DSS image of this galaxy and our extraction
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Figure 4.16: Histogram of values of Eddington ratio for Kepler AGN
with optical spectra.

aperture are shown in Figure 4.22. We have also inspected the J-band image from

the UKIRT survey of the Kepler field [Casali et al., 2007], which is higher resolution

than DSS but is in the infrared. There is no object in this field that could possibly

be contaminating the extraction aperture, either. It is of course still possible that

there is a faint periodic star convolved with the galaxy, but to the best of our ability

we have tried to rule this out.

The best-fitting gaussian model has a central frequency of log ν = −6.53 Hz,

or t = 39 days and a width of σ logν = 0.19. This is wider than known X-ray QPOs,

which could be a consequence of the very wide Kepler bandpass smearing out the

behavior, or of the optical reprocessing of an X-ray QPO across a wide disk surface

area physically smearing out the frequency. It is known that high-frequency QPOs

in stellar mass black holes have central frequencies that are linearly anticorrelated

with MBH [e.g., McClintock & Remillard, 2006]. Although rare, the two candidates
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Figure 4.17: The width of the distribution of ∆Fij = Fi−Fj versus black
hole mass for four increasing light curve bin sizes. In each panel, solid
circles represent objects with L/LEdd < 0.1, and hollow circles represent
objects with L/LEdd > 0.1. The Pearson correlation coefficient is shown
for the trend seen in low Eddington ratio objects.
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Figure 4.18: The standard deviation of the 2-day binned light curve
versus the black hole mass. The Eddington ratio is shown as a color
gradient.

for QPOs in intermediate mass black holes, M82 [Pasham et al., 2014] and NGC 5408

[Strohmayer & Mushotzky, 2009] also seem to follow this relation. In Figure 4.23

we show the frequency-mass relation for stellar mass black hole QPOs as found in

Table 3 of Strohmayer & Mushotzky [2009], using the mass measurement Mbest, and

the two IMBH candidates. We include a linear regressive fit to only the IMBH and

stellar mass black holes. Our possible QPO falls very near the expected values of

this relation extrapolated across many orders of magnitude in mass. If this QPO

candidate proves genuine in future dedicated timing studies, or is duplicated in an

X-ray campaign on this object, such continuity has important implications for the
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Figure 4.19: Best-fitting high-frequency PSD slope versus black hole
mass, divided into low and high Eddington ratio samples.

universality of the accretion process as proposed by, for example, McHardy et al.

[2006] and Arevalo & Uttley [2006].

4.6.4 An Unusual AGN Flare

The light curve of the relatively high-redshift AGN KIC 11606854 exhibits a

large flare-type outburst at around 200 rest-frame days. This feature is not seen in

the light curves of nearby KIC objects, which means it is not likely to be instrumen-

tal. Although it is possible that this event is taking place in a star that is convolved

with the PSF of our galaxy, it would have to be quite close to the AGN, as there are
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Figure 4.20: Characteristic timescale from the objects with PSDs best-fit
by a broken power-law (see Section 4.5) versus black hole mass. The hol-
low circle shows the object with the “marginal” characteristic timescale.

no objects in the DSS image near enough to have been included in our extraction

aperture (see Figure 4.22).

Figure 4.24 shows the flaring portion of the light curve. The flare only lasts for

a few days, too short to be a supernova afterglow. Such a feature could indicate a

tidal disruption event (TDE) within the accretion disk [e.g., McKernan et al., 2011]

or the result of grazing stellar collisions produced by an extreme mass ratio inspiral

(EMRI) pair orbiting the central supermassive black hole [Metzger & Stone, 2017].
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Figure 4.21: The power spectrum of KIC 9650712, our candidate QPO
object, with the single power law (red), gaussian (blue), and total com-
bined fit (purple).

We could not get a good fit with the traditional t−5/3 profile of a TDE [Komossa,

2015]. Instead, the feature is best fit by an exponential decay, which we show in

Figure 4.25. Exponential decays are possible with the EMRI model, but the odd

behavior at the flare’s peak may be inconsistent with this approach. This remains

a mysterious phenomenon.

4.6.5 Physical Implications

As we have stated before, the origin of optical variability in AGN is not known,

and many physical models exist. Quantitative, testable predictions are scarce. The
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Figure 4.22: The DSS images of our QPO candidate (left) and our flaring
object (right), with our custom extraction apertures shown in green.

damped random walk model predicts that the high-frequency portion of the power

spectrum should be well-fit by a slope of α = −2. Like previous work using this

sample [Mushotzky et al., 2011, Kasliwal et al., 2015], we have found that the PSD

slopes are in general steeper than allowed by the damped random walk. Two of

our sources have slopes shallower than −2, one is best-fit by precisely −2, and the

remainder exceed this value, sometimes reaching values as steep as −3.4. We agree,

then, that this model is at the very least not sufficient to capture the variability of

AGN as seen by Kepler, which we again stress is a new regime of variability. It is

indeed possible that this model is correct for ground-based quasar light curves, as

maintained by Kelly, Bechtold & Siemiginowska [2009], MacLeod et al. [2010] and

Zu et al. [2013]; however, some ground-based studies have also found slopes that are

steeper than −2 [Simm et al., 2016, Caplar et al. , 2017].

Much of what we have found aligns with an idea put forth by Caplar et al.
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Figure 4.23: The relationship between black hole mass and QPO fre-
quency. The data for the stellar mass black holes are from Strohmayer
& Mushotzky [2009], and the intermediate mass black holes are M82 and
NGC 5408 (see text for references). The dashed line shows the linear re-
gressive fit to the intermediate and stellar mass samples. Our candidate
falls quite near this relation.

[2017]. What if τchar was the timescale at which the behavior switches from a steep,

red variability to a damped random walk or similar? The timescale would need to

be correlated with MBH to explain what they see in their ensemble study of ∼28000

Palomar Transient Factory AGN: bins with higher masses tend to have a higher

fraction of steep slopes. They observe steepening in their more massive objects,

where they are sampling the pre-break timescale, but do not observe steep slopes

in their lower-mass objects, where the putative transition frequency is below their

sampling rate. Our sample is too small to allow for such binning - we have only one
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Figure 4.24: An excerpt of the light curve of KIC 11606854 showing the
flare-like event.

object that would fall in their highest-mass bin, and it has a shallow slope (as well

as the numerous other caveats that we have put forth regarding direct comparison

of Kepler and ground-based light curves). We realized, however, that we may be

able to test an aspect of this model.

Consider that perhaps the PSD of an AGN becomes redder and redder, build-

ing towards a critical moment when the behavior switches to a damped random

walk. The timescale on which this switch occurs depends on the black hole mass,

with longer timescales for larger masses (i.e., larger disks in general). In this case,

those objects with observed PSD breaks would have the reddest high-frequency

slopes compared to the rest of the sample, which has been caught somewhere in
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Figure 4.25: The best-fitting model to the decay of the flare-like event
in KIC 11606854.

the middle of its reddening phase. This is indeed true in our broken-PSD objects.

Five of the six broken-PSD objects have the five steepest slopes in our sample (the

exception is best-fit by a slope of −2.7). A histogram of the slopes for each group is

shown in Figure 4.26. The mean value for our broken-PSD objects is < α >= −3.0,

compared to < α >= −2.3 for the unbroken sample. In larger upcoming surveys

with appropriate cadences (sampling at least as often as 3-5 days), this hypothesis

could be better tested.

Next, we note that the paucity of lognormal flux distributions and the total

lack of a correlation between the variability and average flux of a given light curve

segment places limits on how much of the 0.1%−10% level optical variability can
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Figure 4.26: Histogram of the best-fitting high frequency PSD slopes for
the objects fitted well by a single power law (blue) and a broken power
law (orange).

be due to X-ray reprocessing. If reprocessing were an important source of optical

variability, we would at least expect objects with high X-ray/optical flux ratios

to show these traits. As we stated in Section 4.6.1, we do not see an rms-flux

relationship in any of our light curves, and while some of the flux histograms are

well-fit by a lognormal distribution, this does not seem to relate to FX/FO in any

way. We conclude that the variability probed by Kepler is not dominated by X-ray

reprocessing, and is more likely to be due to properties inherent to the optically-

emitting disk.

A physical cause for the anticorrelation of bolometric luminosity and high-
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frequency PSD slope is difficult to conjure in the absence of any relationship with

Eddington ratio. The bolometric luminosity by itself does not necessarily predict

the structure of the disk. It is possible that the phase of a steepening PSD could

be accompanied by a general dimming, but it is too early to speculate on why this

may happen. We also do not know why the black hole mass should correlate with

variability at low Eddington ratios but not overall, and note that this effect may

disappear anyway with larger samples that permit stricter and more physically-

motivated Eddington ratio binning.

We now turn to the characteristic timescales. There are a number of physical

timescales in analytical accretion disk theory. The light-crossing time is too short to

be of interest for current optical timing studies and viscous timescales are too long;

so we focus here on the orbital, thermal, and freefall timescales. From Edelson &

Nandra [1999], the orbital timescale is given by

torb = 0.33
( M

107M�

)( R

10RS

)3/2

days, (4.1)

the thermal timescale is given by

tth = 5.3
( γ

0.01

)−1( M

107M�

)( R

10RS

)3/2

days, (4.2)

where γ is the viscosity parameter, and the ADAF accretion timescale is es-

sentially the freefall time [Manmoto et al., 1996]:

tff = 4.62× 10−5
( M

10M�

)( R

1000RS

)3/2

days. (4.3)
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All of these are related to the black hole mass. This makes a correlation of

characteristic timescales with mass a natural expectation, which is why its elusive-

ness is particularly vexing. One complication that afflicts all studies, including and

perhaps especially this one, is that the light being monitored comes from a signif-

icant range of radii within the disk, diluting the correlation. Collier & Peterson

[2001] noted that in their structure function analysis of 13 Sy1 galaxies, higher mass

black holes tended to have longer characteristic timescales, but stopped short of

calling it a correlation. The relationship they found between MBH and τchar is

closest to the theoretical expectation for orbital timescales, but with much scatter.

They speculate that timescales on the order of a few to tens of days may have a dif-

ferent physical origin than previously-observed characteristic timescales of hundreds

of days. Simm et al. [2016] reported break timescales of hundreds of days in all 90

of the Pan-STARRS light curves of XMM-COSMOS AGN, but saw no correlation

of these timescales with any physical parameters including black hole mass.

Many arguments related to characteristic timescale involve the question of

whether or not AGN are scaled-up models of accreting stellar-mass black holes; i.e.,

whether accretion is a universal process across a huge range of masses and rela-

tivistic geometries. McHardy et al. [2006] found that after accounting for accretion

rate differences, the characteristic timescales in X-ray light curves of stellar mass

black holes and AGN are very well correlated with mass, implying a universal accre-

tion scenario. Indeed, the X-ray literature has been far more successful in finding

correlations with physical parameters than optical studies. McHardy et al. [2004]

found that X-ray break timescales correlated with black hole mass all the way from
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Cygnus X-1 to several Seyfert galaxies, although within the Seyfert galaxies there

was no correlation. With a larger sample, González-Mart́ın & Vaughan [2012] found

that out of 104 XMM power spectra of AGN, 15 were best-fit by broken power

laws with characteristic timescales that correlated well with black hole mass. Kelly

et al. [2013] found that the amplitude of the high-frequency X-ray power spectrum

showed a significant anticorrelation with mass, and could predict masses that agreed

well with reverberation mapping values for the same objects. The fact that these

relationships have been much less obvious in the optical variability may again speak

to the presumably low degree to which optical variations are driven by reprocessing

of X-ray variations, or may be due to the fact that the existing body of optical light

curves and timing surveys is much more varied than the space-based X-ray light

curves of only a few satellites.

Recently, Scaringi et al. [2015] has proposed that the best predictor of char-

acteristic timescales is a combination of the mass, accretion rate, and size of the

accreting object. They show that a relationship with the form log νb = A logR +

B logM + C logṀ + D is able to correctly predict νb for accretors ranging from

young stellar objects (YSOs) and white dwarfs to AGN (using RISCO with a spin

parameter a = 0.8 as the “size” of the black holes). According to the results of

their grid search, the size is actually the most important parameter. Motivated by

this and the desire to determine which of the physical disk timescales best matches

our observed break timescales, we have calculated an effective disk radius probed by

the Kepler light curves, and compared the relationship of our observed timescales

with these radii to those expected for the physical timescales described above. Be-
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cause calculating a characteristic radius for the very broad bandpass of Kepler is

somewhat uncertain, we proceed in two ways.

First, we treat the disk locally as a blackbody, and use Wien’s Law λ = b/T

to calculate the temperature at the disk radius probed by Kepler, using the central

wavelength of the bandpass, 6600Å, as λ. We then use the following equation

relating disk temperature and radius from Peterson [1997]:

T (r) ≈ 6.3× 105
( Ṁ

ṀEdd

)1/4( M

108M�

)−1/4( R

RS

)−3/4

K (4.4)

An alternative way to calculate a characteristic radius is used by Mushotzky

et al. [2011], based on the expression for the effective size of the region emitting

light at a given frequency from Baganoff & Malkan [1995]:

Rν

RS

= 7.5× 1023ε−1/3ν−4/3
( M

M�

)−1/3( L

LEdd

)1/3

, (4.5)

where ε is the accretion efficiency. Using this relation will predict shorter timescales

for the same radius and black hole mass, because it takes into account light from

the inner, hotter regions of the disk as contributing to the Kepler bandpass, which

is physically realistic. However, we note that both the known effect of atmospheric

scattering, which requires a color correction that reddens the emission, and the

observational evidence (i.e., the 1000Å break seen in quasar spectra) for truncated

disks in which hot inner regions do not contribute much to the optical light, would

move the effective radius closer to our original, more naive estimate.

In Figure 4.27, we show the regions in the τchar−RKep plane described by each
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Figure 4.27: The four definite break timescales (solid squares) and
one marginal break timescale (hollow square) in the plane of physical
timescale and effective radius of the disk probed by the Kepler band-
pass. Blue symbols are for radii calculated using Equation 4, and red
squares for Equation 5.

physical timescale for the range of masses in our broken-PSD sample. If calculated

using our blackbody estimation and Equation 4, the timescales are most consistent

with the freefall or ADAF accretion timescale. If they are calculated using the

effective emitting region size with Equation 5, they are more consistent with orbital

timescales. This would be in agreement with the orbital timescale consistency found

by Collier & Peterson [2001].

We conclude by noting that, as Scaringi et al. [2015] points out, accreting

white dwarfs and stellar-mass black holes have shown identical break timescales
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in their optical and X-ray PSDs. This has not been observed in AGN, but this

dataset would be a good candidate for X-ray timing follow up. Many X-ray break

timescales in the AGN literature are on the same order as our optical timescales, such

as those reported by McHardy et al. [2006] and González-Mart́ın & Vaughan [2012].

However, some of the González-Mart́ın & Vaughan [2012] timescales are on the order

of minutes to hours, far shorter than we could have seen with these data (white noise

begins to dominate our PSDs at around 1 day timescales). Whether or not the X-ray

and optical characteristic timescales are identical in a given object would do much

towards identifying and disentangling the various sources of variability.

4.7 Summary

We have analyzed a sample of 21 Kepler light curves of Type 1 AGN using a

customized pipeline and Fourier techniques. Our results are as follows.

1. We have found that the high-frequency PSD slopes are largely inconsistent

with the value of α = −2 predicted by damped random walk models, in agreement

with other studies.

2. Despite the possibility that the Kepler space-based optical light curves would

be more consistent with X-ray timing studies than optical ground-based surveys,

we do not see the lognormal flux distributions or linear rms-flux relationships that

characterize X-ray AGN light curves. This holds true even for the highest FX/FO

objects in our sample, indicating that X-ray reprocessing is unlikely to be a large

contributing factor to the 0.1-10% optical variability of AGN.
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3. Some of our light curves exhibit bimodal flux distributions, transitioning between

what appear to be fixed flux levels. This is possibly the signature of preferred accre-

tion states, but may also be an indication of obscuring material passing along the

line of sight.

4. The Kepler light curves uphold the general anticorrelation between bolometric

luminosity and variability, but do not show an increased variability with redshift.

This latter is probably due to the fact that we do not have enough high-redshift

AGN to test this properly.

5. Bolometric luminosity is weakly anticorrelated with high-frequency PSD slope.

6. Black hole mass is positively correlated with variability for low Eddington-ratio

objects, but there is no correlation with high Eddington objects or overall. The

low Eddington correlation weakens with increasing light curve bin size (i.e., probing

variability on longer timescales).

7. We put forth two unusual objects, a candidate optical QPO with a frequency of

∼ 39 days and a powerful flare with a fading time of ∼ 3 days that is best fit by an

exponential decay.

8. Six of our AGN show statistically significant PSD flattening, with characteristic

break timescales ranging from 9 to 53 days. The black hole mass roughly correlates

with these timescales, and objects with break timescales also have the steepest PSD

slopes.

9. The characteristic timescales are most consistent with orbital or freefall / ADAF

accretion timescales, depending on how the characteristic radius of the disk at the

observed wavelengths is calculated.
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The results of Kepler timing studies were hampered by the premature end

of the primary mission. Ongoing space-based optical timing missions like K2 and

TESS will have similar cadences to Kepler but with significantly shorter monitoring

baselines. The data shown in this study can be used to understand how much the

statistical properties of variability in K2 and TESS AGN light curves is affected by

the shorter baseline, and potentially act as a bridge between K2/TESS and upcom-

ing ground-based surveys like LSST. At the very least, studies of the Kepler and

upcoming space-based AGN light curves show us that AGN vary at an astounding

diversity of timescales and amplitudes, and that with the confluence of all types

of surveys in the optical and X-ray, accretion physics will soon be accessible and

testable in an entirely unprecedented way.
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Chapter 5: Summary and Future Work

This thesis has explored the central engines of active galaxies through two

separate projects, one of which required two stages. First, we have investigated the

properties of star formation within a few hundred parsecs of the central supermassive

black hole using high resolution radio imaging of a largely unbiased, hard X-ray

selected sample of radio-quiet AGN. The imaged star formation had a variety of

morphologies including patchy regions, rings, and jets. We have found that despite

the potentially different physical environment between the nuclear regions of an

active galaxy and star forming regions in normal galaxies, the FIR-radio relation

holds after careful decomposition of the AGN and star formation contributions to the

flux. In addition to exploring the star formation properties, we have also examined

the spatially isolated core radio flux and compared it to the predictions for coronal

and scale-invariant jet models from the fundamental plane, and found consistency

with both. We have also found that the objects with small nuclear jets seem to lie

preferentially below the star forming main sequence, which may be an indication of

AGN feedback suppressing star formation in the host at large.

In the second project, we have explored a new regime of optical AGN vari-

ability using light curves from the Kepler exoplanet-hunting satellite. In order to
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achieve this, it was first necessary to obtain a sample of AGN within Kepler ’s fixed

field of view. We conducted an X-ray survey of that region of the sky with the

Swift X-ray Telescope, dubbed the Kepler-Swift Active Galaxies and Stars survey

(KSwAGS). The survey discovered 93 significant X-ray sources, which optical spec-

troscopic follow-up identified as a mixture of AGN and interesting stellar variables.

We have also shown that in the absence of spectra, a reliable identification of AGN

can be made using the X-ray to optical flux ratio. The KSwAGS survey has now

been conducted in three of the K2 fields of view, and the light curves are available

for analysis. This survey has identified dozens of new AGN for future study using

the rich database of Full-Frame Images in the Kepler archive, as well as providing

X-ray and UV fluxes or upper limits for any of the tens of thousands of objects in

the surveyed modules of the original Kepler field.

Although the Kepler mission ended prematurely before the bulk of the KSwAGS

targets could be investigated, we were able to conduct a time series analysis on a

sample of 21 AGN selected using infrared photometry. This analysis required the

development of a new pipeline, since the Kepler data were optimized for exoplanet

science in ways that seriously compromised AGN scientific analysis. The variability

seen in the Kepler light curves is often at the 0.1 − 1% level, and would be very

challenging to detect from the ground. We have found that this variability does not

always conform to the noted correlations of the ground-based AGN timing litera-

ture, although the gross expectations do hold. We have also found that the Kepler

variability does not display many of the common timing properties seen in X-ray

studies, indicating that reprocessing of X-ray variability is not a major contributor
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to optical flux variations. Six of the objects in the sample have significantly detected

characteristic timescales, which are consistent with orbital or freefall timescales and

are inconsistent with thermal timescales. We note a correlation between the char-

acteristic timescale and the black hole mass, as has been found in X-ray literature.

After fitting the power spectral density functions of the Kepler AGN with power

laws, we find that the high-frequency slopes are generally too steep to support the

popular damped random walk flux diffusion model for AGN variability, and find

that the slope correlates weakly with bolometric luminosity. The black hole mass

correlates with overall variability for objects with a low Eddington ratio, but at

higher accretion rates there appears to be no relationship. There is no correlation

that is strong enough to allow for reliable mass estimation from optical variability

properties in the Kepler light curves. We have also found two interesting anomalies,

including a possible detection of an optical quasi-periodic oscillation and an unusual

flaring event in a quasar, both of which merit further study.

5.1 Future Work: Radio Imaging of Star Formation and Feedback

Based on the results presented in this thesis, we submitted a successful pro-

posal (PI Smith) in 2016 to follow up on two key populations. As can be seen in

Figure 2.9, with one exception (Mrk 477) all sources with jet- or core-dominated

morphology are either within or well below the main sequence, while objects with

nuclear star formation evident in our images reside on the main sequence. Studies

of the host galaxies of X-ray selected AGN, and indeed for the Swift-BAT AGN
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themselves, often find that they lie in the so-called “green valley”, morphologically

between the blue, star forming galaxy sequence and the “red dead” ellipticals. The

interpretation has often been that these galaxies are in the process of transitioning

between the two regions through ongoing star formation quenching. Our result that

these galaxies tend to have AGN-dominated radio morphologies, including jets and

outflows, supports this assumption. However, the sample discussed in this thesis was

relatively small, with too few sources to determine a clear relationship between radio

flux, morphology, and distance below the main sequence. We requested 1 ′′ imag-

ing of 50 Swift-BAT AGN especially chosen to lie > 1σ below the main sequence,

increasing this population by a factor of five, to test for a prevalence of jet-like or

outflow morphologies.

As described in Section 2.3, we created 6 ′′ resolution images using our C-

array data for comparison with the full-resolution 1 ′′ images. When we subtracted

the flux in the compact 1 ′′ core from the total flux in the 6 ′′ image, there was

always some residual flux, even in objects with apparently only compact morpholo-

gies. The indication is that while about half of our original sample turned out to

have core-dominated 22 GHz morphologies, we have strong evidence that these also

have some extended emission. However, this emission was of insufficient surface

brightness to be imaged explicitly using the short integration times in our original

proposals. Many apparently compact sources have radio fluxes above the predic-

tion from star formation, even once their core flux is removed. These may be low

surface brightness outflows or jets, with substantial radio emission from the AGN

on scales between 1 ′′ and 6 ′′. There are also many compact sources with extended

186



radio flux consistent with star formation. Presumably, these will have extended star

formation morphologies, which should be apparent with longer integrations. We

therefore requested long integration, high sensitivity observations of these sources

to examine the morphology of the low surface brightness excess emission. As an

added bonus, this will double the sample size for determining the validity of the

FIR-radio relation.

Both of these data sets are currently being observed by the JVLA following a

successful proposal (PI Smith), and analysis will begin in Fall 2017.

5.2 Future Work: AGN Time Domain Analysis with Kepler FFIs,

K2, and TESS

We already have a large database of hundreds of K2 target pixel files of AGN

from both the second phase of the KSwAGS survey and from archival AGN sam-

ples in, for example, SDSS. The lessons learned and software developed during the

difficult process of pipelining the Kepler data will hopefully enable swifter progress

on K2 light curves. One of the first projects after the completion of this thesis will

involve testing how accurately the shorter, 70-day duration K2 light curves capture

the true behavior in the longer Kepler light curves, and whether there are scaling

factors between the ∼years long variability behavior and that on timescales of a few

months. Once these analyses are complete, the K2 sample will vastly improve the

number of AGN with 0.1 − 1% monitoring and test the results of this thesis with

full statistical significance.
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Many pipelines have been developed lately for use on the original Kepler field

data, including packages that use aperture photometry to create light curves from

the Full Frame Images (FFIs). This means that a light curve can be constructed

for any object in the field of view, with 30-day cadence. The KSwAGS AGN that

came too late for Kepler monitoring are an ideal test sample for this analysis.

In 2018, the Transiting Exoplanet Survey Satellite (TESS) will be launched.

Considered the successor of Kepler and K2, TESS will take full frame images every

2 minutes. The duration of its light curves will range from 27 days near the ecliptic

to 351 days at the poles. It is most likely that the bulk of AGN science will need

to be done using the longer-baseline light curves near the poles, but testing the

properties of the Kepler and K2 light curves on shorter timescales will teach us the

lowest useful limit on baseline.

Regardless of the source of these future light curves, the search will continue

for correlations with physical parameters, and investigations of whether these cor-

relations apply to only certain populations in terms of, say, Eddington ratio. With

statistically robust samples, the models of accretion physics will finally be testable,

especially considering the rapid progress of simulations. The final goal of these anal-

yses is to prepare us for the truly massive timing database of the upcoming Large

Synoptic Survey Telescope (LSST), which should begin operations in 2019 or 2020.

LSST is particularly important, since it will monitor ∼20 million AGN over the

course of ten years.
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5.3 Future Work: Supporting Gravitational Wave Science

As we enter the era of gravitational wave astronomy, the Kepler, K2 and

TESS AGN data sets can provide context for multi-messenger astrophysics. Pulsar

timing arrays such as NANOGrav and the space interferometer LISA will search

for low-frequency gravitational wave signals from binary systems of supermassive

black holes with periods of weeks to decades. Ground-based optical timing studies,

especially from the PanSTARRS and Catalina surveys [e.g., Liu et al., 2016], have

been a primary source for candidate supermassive binary discoveries with inferred

orbital periods accessible to pulsar timing arrays. However, these detections are

tenuous because of uncertainties in the interpretation of optical AGN variability.

Indeed, quite recently Vaughan et al. [2016] pointed out that the normal stochasticity

of AGN light curves can mimic periodic signals, and stress that the community

must “carefully assess the methods for identifying periodic candidates from among

a population dominated by stochastic variability.” Space-based optical timing data

has the potential to characterize optical AGN variability in a statistically meaningful

way, and enable a robust treatment of ground-based optical timing data in the

future. The full Kepler -K2 AGN light curve sample will consist of approximately

300 objects by the end of the K2 mission. The plan is to degrade these light curves

to match the irregular sampling and photometry of a given ground-based survey, to

assess the probable false-positive rate in any search for periodicity in such samples.

This will lay the critical groundwork for gravitational wave counterpart detection

in LSST, as well as ongoing surveys like PanSTARRS and the PTF/ZTF.
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Appendix A: The Kepler AGN Light Curves

We present here the full sample of AGN light curves. We display them two

ways: first, on different flux axes that are best for each object, to allow distinct

features to be easily seen. Second, we show each light curve on identical axes: the

range of the ordinate is always 30% of the mean flux (±15% in each direction), and

the abscissa is 1200 rest-frame days, which is the length of our longest light curve.

This allows the amount of variability and the baselines to be compared at-a-glance.

Each plot displays flux in units of counts sec−1 versus time in rest-frame days.
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Light Curves of the Kepler AGN on Individually Scaled Axes
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Figure Appendix A.1: Light curves of the Kepler AGN with axes scaled to maximize

visibility of features for each case. Each plot displays flux in units of counts sec−1

and time in rest-frame days.
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Light Curves of the Kepler AGN on Identical Axes
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Figure Appendix A.2: Light curves of the Kepler AGN with identical flux and time

axes. Each plot displays flux in units of counts sec−1 and time in rest-frame days.
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Appendix B: PSDs of the Kepler AGN

We present here the power spectra and their best-fitting models following the

Uttley et al. [2002] method. All power spectra are shown on the same scale, for

an immediate indication of the different frequency sampling (due to different time

baselines) and power law slopes for each object.
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Figure Appendix B.1: Power spectra of the Kepler AGN. Red denotes the observed

binned power spectra, while black shows the best-fitting model from the Uttley et

al. [2002] method with the error bars. Error bars in this case denote the spread

in the simulated power spectra; see Section 4.5 for details. Fitting was only per-

formed on frequencies lower than the dashed line, which denotes the point at which

Poisson noise begins to dominate. Objects best-fit by broken power laws (e.g.,

KIC 12401487) are shown here for completeness. The broken power law fits can be

seen in Figure 4.9.
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Appendix C: Flux Histograms of the Kepler AGN

We present here the flux distribution histograms of the Kepler AGN light

curves, without binning or interpolated points. We have attempted to fit each

histogram with a lognormal distribution, but these fits often are not a good match

to the data. Many histograms exhibit bimodality, and these are fit with a double-

gaussian. In these cases, the centroids of the best-fitting gaussians correspond to

the red dashed lines in the light curve images in Appendix A.
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Figure Appendix C.1: Flux distribution histograms, with either lognormal or bi-

modal gaussian fits (magenta curve).
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ApJ, 724, 779

Morrissey, P. et al. 2007, ApJS, 173, 682

Mukai, K. 1993, Legacy 3, 21-31

Mullaney, J.R., Alexander, D.M., Goulding, A.D. & Hickox, R.C. 2011, MNRAS,
414, 1082

Mullaney, J.R. et al. 2012, ApJ, 753, L30

Murphy, E.J. et al. 2011, ApJ, 737, 67

221



Mushotzky, R.F. 2004, in Astrophysics and Space Sciences Library, Vol. 308, Super-
massive Black Holes in the Distant Universe, ed. A.J. Barger, 53

Mushotzky, R.F., Edelson, R., Baumgartner, W. & Gandhi, P. 2011, ApJ, 743, 12

Mushotzky, R.F., Shimizu, T.T., Melendez, M. & Koss, M. 2014, ApJL, 781, 34

Nagar, N.M., Falcke, H., Wilson, A.S. & Ulvestad, J.S. 2002, A&A, 392, 53

Nandra, K. & Pounds, K.A. 1994, MNRAS, 268, 405

Nandra, K., Georgakakis, A., Willmer, C.N.A., Cooper, M.C., Croton, D.J., Davis,
M., Faber, S.M., Koo, D.C., Laird, E.S. & Newman, J.A. 2007, ApJ, 660, 11

Noeske, K.G. et al. 2007, ApJ, 660, L43

Nowak, M.A. et al. 1999, ApJ, 510, 874

Oke, J.B. & Gunn, J.E. 1983, ApJ, 619, L7

Orienti, M. & Prieto, M.A. 2010, MNRAS, 401, 2599

Pacini, F. 1966, Nature, 209, 389

Padovani, P. 2011, MNRAS, 411, 1547

Padovani, P., Bonzini, M., Kellerman, K.I., Miller, N., Mainieri, V. & Tozzi, P.
2015, MNRAS, 452, 1263

Page, K.L., Reeves, J.N., O’Brien, P.T. & Turner, M.J.L. 2005, MNRAS, 364, 195

Panessa, F., Barcons, X., Bassani, L., Cappi, M., Carrera, F.J., Ho, L.C. & Pelle-
grini, S. 2007, A&A, 467, 519

Panessa, F. & Giroletti, M. 2010, Accretion and Ejection in AGN: a Global View
(ASP Conf. Ser. 427), ed. L. Maraschi, G. Ghisellini, R. Della Ceca & F. Tavecchio
(Como, Italy:ASP), 377

222



Pannella, M. et al. 2015, ApJ, 807, 141

Papadakis, I.E. & Lawrence, A. 1993, Nature, 361, 233

Papadakis, I.E. & Lawrence, A. 1995, MNRAS, 272, 161

Pasham, D.R., Strohmayer, T.E. & Mushotzky, R.F. 2014, 513, 74

Perley, R.A., Chandler, C.J., Butler, B.J., & Wrobel, J.M. 2011, ApJL, 739, L1

Peterson, B.M. et al. 1994, ApJ, 425, 622

Peterson, B.M. An Introduction to Active Galactic Nuclei (1997)

Peterson, B.M., Wanders, I., Bertram, R., Hunley, J.F., Pogge, R.W. & Wagner,
R.M. 1998, ApJ, 501, 82

Peterson, B.M., Ferrarese, L., Gilbert, K.M., Kaspi, S., Malkan, M.A., Maoz, D.,
Merritt, D., Netzer, H., Onken, C.A., Pogge, R.W., Vestergaard, M. & Wandel,
A. 2004, ApJ, 613, 682

Peterson, B.M. 2015, SSRv, 183, 253

Pica, A.J. & Smith, A.G. 1983, 272, 11

Pier, E.A. & Krolik, J.H. 1992, ApJ, 401, 99

Pigulski, A., Pojmanski, G., Pilecki, B. & Szczygiel, D.M. 2009, AcA, 59, 33

Pinsonneault, M.H., An, D., Molenda-Zakowicz, J., Chaplin, W.J., Metcalfe, T.S.
& Bruntt, H. 2012, ApJS, 199, 30

Planck Collaboration XIII 2015, arXiv:1502.01589
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