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ABSTRACT

We investigate the variability of mid-IR selected Active Galactic Nuclei of different classes using sta-
tistical methods and by investigating individual high variability sources. By studying the variability
of AGN, we gain insight into the geometric structure and emission patterns of these objects. We
study the largest spectroscopically confirmed sample of mid-IR selected AGN currently available.
We cross-match this sample with Spitzer Space Telescope data from the SWIRE and SERVS sur-
veys taken six years apart in the ELAIS-N1 and Lockman Hole fields. We perform a Monte Carlo
technique to assess the variability significance in different flux bins. Based on that, we found vari-
ability to increase with flux. Our study identifies 14 (out of 223) highly variable sources and further
investigates the most significantly variable source increasing in brightness. The follow-up spectra
revealed AGN-like lines despite a previous spectral classification as non-AGN. We use the K-S test
to determine whether or not the variability distribution of different classes of AGN is significantly
different than that of a randomly drawn sample. Our analysis found that Type 1 and reddened
Type 1 AGN are the most significantly variable classes while Type 2 AGN are far less variable. Our
results agree with Type 1 and reddened Type 1 objects having nearly the same geometric structure
and orientation. These two classes are believed to be related because the dusty torus is not a solid
structure and is instead a distribution of dusty clouds. From a nearly face-on angle, the broad line

region can be obscured by one such cloud, causing the AGN to appear reddened.

1. INTRODUCTION

Active galactic nuclei are the most luminous steady source of electromagnetic radiation in our
universe. The study of AGN can provide insight into black hole properties, galactic evolution and
cosmology. Active galactic nuclei are very compact regions in the center of a host galaxy, although
they can be more luminous than the galaxy itself. Unlike the galaxy’s emission, the AGN’s com-
pactness leads to them being variable on scales that range from days to years. This variability is

fundamentally due to variable accretion flow onto the black hole. Its detailed properties on different



timescales and in different parts of the EM spectrum allow us to study both the accretion process

and the relative geometry of the different emitting regions of the AGN.

1.1. AGN background

Figure 1 depicts our current unified model of Active Galactic Nuclei. AGN have multiple compo-
nents that emit in different portions of the spectrum. All AGN have a super massive black hole at
their center. The accretion disk, a thin, flat disk of gas and dust, spirals around the black hole’s
event horizon and produces blackbody radiation peaking in the optical-ultraviolet wavelength range.
Clouds of gas surround the accretion disk. These clouds produce broad optical emission lines, while
gas clouds farther away from the central region produce narrow line emission in the optical-ultraviolet
range of the spectrum. Energetic jets extend perpendicular to the host galaxy from the central region
in some AGN and produce a range of wavelengths due to synchrotron radiation and inverse-Compton
scattering. The dusty torus is a donut shaped region of gas and dust which surrounds the central
region. The radius of the torus is determined by where dust can survive. The environment must be

cooler than the dust’s sublimation temperature. This distance is unique for each AGN, but can be
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Figure 1. AGN structure diagram. (Klesman 2019)



assumed to be on the scale of 1 to 100 parsecs beyond the accretion disk. The dusty torus is not

necessarily uniform; the donut-like structure is theorized be made up of multiple clouds of dust.

This thesis examines the mid-IR emission from the dusty torus. The central black hole powers this
emission indirectly. Matter beyond the black hole has a massive amount of gravitational potential
energy. As this matter spirals into the black hole, this energy is released as thermal kinetic energy.
This process heats the accretion disk. The accretion disk then emits photons that are intercepted
by the dusty torus and absorbed by dust grains. Unlike gas, re-emission is not immediate. Instead,
when a photon is absorbed by a complex molecule like a grain of dust, it produces kinetic energy
in the form of vibrations in the many bonds of the grain. The dust is heated until it reaches an
equilibrium temperature and begins emitting blackbody radiation from the surface of grain. The
emission of the dusty torus is a summation of this emission from dust grains, producing blackbody

radiation peaking in the mid-IR.

There are multiple observational classes of AGN. The unified model outlined above explains the
many versions of AGN as a singular species viewed from different angles. The type of emission we
see from an AGN depends on the visible component. Type 1 AGN are face-on: we can see emission
from the broad line region in the center of the donut. Type 2 AGN are edge-on: we see the edge of
the galactic disk and the broad line region is obscured by the dusty torus. In this study, we refer to
an additional class of AGN as defined in Lacy et al. (2013) as Type 4 AGN. These are theorized to
be Type 1 AGN with clouds from the dusty torus lightly obscuring the central region. This creates
broad line emission, but with a red continuum. Type 4s are alternatively referred to as reddened
Type 1s. AGN are not fixed in time and can change type. AGN that change between having narrow

or board lines are called changing-look AGN.

1.2. AGN wvariability

One of the characteristic features of AGN is their variability. The leading cause of this variation
is variable accretion flow. The accretion disk is not necessarily uniform, at different times, different

amounts of gas may be present, leading to different amounts of gravitational potential translated
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into kinetic and thermal energy. These changes directly affect the emission from the accretion disk,
however the changes take around three years to propagate to the dusty torus. This reduces the effect
of small variability fluctuations from the accretion disk. This increases the importance of long-term
variability studies. This thesis examines the variability of the dusty torus on a time-scale of years,

proportional to the light propagation time to the torus.
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Figure 2. Kozlowski et al. (2016) rest frame mid-IR AGN structure function of AGES quasars compared

to optical i-band structure function of SDSS quasars.

Prior studies have examined different aspects of AGN variability. De Marco & Ponti (2019) looked
at the variability of X-ray emission from the central region of AGNs. The study used variability to
learn about the geometry of the central region. Their results affirmed that accretion disks extend
to an innermost stable circular orbit around the black hole and that accretion disks have a variable
flow. Hovatta et al. (2008) examined AGN variability at high radio frequencies emanating from AGN
jets. They found that the source of variability in this part of the spectrum was largely from jet
flares. These were on short term cycles as well as longer variability patterns that would require a
larger time window to observe than the 10 year maximum epoch they used in their study. Koztowski
et al. (2016) studied the differences in AGN variability over various timescales between emission in

the mid-IR and optical. They determined that AGN have higher variability on short timescales of
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days to months in the optical than the mid-IR. This correlates with that light takes years to travel
from the central region to the dusty torus from the accretion disk, which smooths over short term
variability. They found that on variability of the two spectral ranges converged over periods of time
on the scale of years as seen in Figure 2. In addition, they found overall variability to increase with
larger timescales. Dexter et al. (2019) studied an individual changing-look quasar. Their results
agree that hypervariable and changing-look quasars are caused by change in accretion disk power
instead of a discrete event. In addition, the results show no evidence for a change in central region
structure during the changing-look event. They found that the evolution of the quasar’s continuum
do not agree with any current AGN models which suggests that there may be multiple mechanisms

may cause changing-look AGN.

1.3. Thesis overview

This thesis studies AGN variability in the mid-IR over a multi-year time period, building directly
on the work of Koztowski et al. (2016). However, our study uses an AGN sample with established
spectroscopic types, as determined in Lacy et al. (2013). This sample is currently the largest spectro-
scopically confirmed sample of mid-IR selected AGN available. Comparing the variability of different
AGN types allows us to further understand the structure of AGN. In particular, this study examines
the emission of the dusty torus. In both Type 1 and Type 2 AGN the torus is visible, but at a
different orientation. A difference in variability between the two types could imply that the geometry
of the torus effects emission. In addition, comparing the torus variability between Type 1 and Type
4 could provide insight on the similarities and differences of the traditional Type 1 AGN and the
new Type 4 classification developed by Lacy et al. (2013). By identifying individual highly variable
objects, we are able to get detailed examples of AGN of different classes. This further allows us
to investigate the differences, similarities and classification properties of AGN types. Specifically,
we found fourteen highly variable objects and pursued follow-up spectra of the most significantly
variable object increasing in brightness. We are able to spectroscopically confirm the object as an

AGN, which was previously found to lack AGN-like optical spectra.



This thesis is organized as follows. In Section 2, we describe the data sources and samples used
in this thesis. Section 3 details our methods and data analysis. In Section 4 we discuss our results.

Finally, in Section 5 we draw conclusions.

2. DATA

The objects investigated in this thesis are selected from an AGN sample established in Lacy et al.
(2013). AGN were selected using IRAC color cuts developed by Lacy et al. (2004), Sajina et al.
(2005), and Stern et al. (2005). An example of these color cuts can be seen in Figure 3. The
extended black wedge is used to select the Lacy et al. (2013) sample. To confirm and determine
the type of each AGN candidate, Lacy et al. (2013) obtained follow-up spectra using a range of
instruments and archival data. This spectroscopy provided redshifts and allowed Lacy et al. (2013)
to classify each AGN object into four types. Type 1 objects are unobsured AGN, Type 2 are heavily
obscured, and Type 3 have no indication of an AGN in the optical spectra. Type 4 referred to as
reddened Type 1s. They are lightly obscured with broad lines in the rest-frame optical like Type 1,
but have a red continuum. It is theorized that this is due to a gas cloud obscuring the central blue
broad-line region. Objects are labeled Type 0 if no type was determined. Lacy et al. (2013) studied
786 objects, of which 672 are extragalactic objects with redshifts, 24 are stars, and 90 are objects
with featureless spectra. This is currently the largest spectroscopically confirmed sample of mid-IR

selected AGN available.

The Lacy et al. (2013) sample was selected from multiple extragalactic fields of which most are
from the Spitzer Wide-area Infrared Extragalactic Survey (Lonsdale et al. 2003). In this thesis, we
are studying the long-term variability of AGN. This analysis requires observations from multiple
epochs. This is why we only select objects from the EN1 and Lockman Hole fields, as they were
observed by both the SWIRE (Lonsdale et al. 2003) and SERVS (Mauduit et al. 2012) surveys. These
surveys respectively took place in 2003 and 2009. SWIRE data for both EN1 and Lockman Hole
were collected between October 26th and December 25th, 2003 (Lonsdale et al. 2003). SERVS data
for EN1 were collected between July 28th and August 5th, 2009. SERVS data for Lockman Hole
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Figure 3. AGN selection using IRAC color cuts. The purple wedge identifies objects that are extremely
likely to be AGN as established in Donley et al. (2012), the red wedge identifies likely AGN as established
in Lacy et al. (2007), and the extended black wedge identifies faint objects likely to be AGN (Lacy et al.
2004).

were collected between December 10th, 2009 and January 4th, 2010 (Mauduit et al. 2012). This
provides an observed frame time lag of six years. These fields were also observed in 2010 by WISE
(Wright et al. 2010). This provides another epoch which can be used to assess individual variability
and check if sources are brighter or dimmer at a later date. This provides an observed frame time

lag of one year from SERVS and seven years from SWIRE.

The method used in this thesis to select objects for our sample is as follows. First, the SWIRE
and SERVS data were cross-matched using TOPCAT. The resulting objects were then cross-matched
with the Lacy et al. (2013) selection. This resulted in 223 total objects, 115 in the Lockman Hole
field and 108 in the EN1 field. The majority of objects in this sample have redshifts between 0 and
1.5, as seen in Figure 4. There are over 25 objects of every type identified in Lacy et al. (2013), with

around the same number of Type 2, Type 3 and Type 1 objects if you combine Type 1s with Type



4s (reddened Type 1s), as seen in Figure 4. Most objects have a flux between 0 and 300 pJy as seen

in Figures 5 and 6, but there are a significant number of sources with higher flux up to 1500 uJy.
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Flux Histogram: SERVS, 3.6 microns Flux Histogram: SERVS, 4.5 microns
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Figure 6. SERVS Flux Histograms in both the 3.6 ym and 4.5 gm channels.

3. ANALYSIS
3.1. Calculating variability

We compute the variability by finding the absolute difference between an object’s flux in each epoch

divided by the sum in quadrature of the error on each flux, as seen in Equations 1 and 2.

vV — |fepoch1 — fepoch2’ (1)

Otot

_ 2 2
Otot = \/Uepochl + O epoch2 (2)

Equation 1 serves as a signal to noise ratio, with the difference between fluxes as the signal and
the error on those fluxes as the noise. This variability calculation was performed on all 223 objects
in our sample for both the 3.6 ym and 4.5 pum channels. In Figure 7, we plot the variability of each
object against flux. To determine which objects are significantly variable, we first established 12 flux
bins between 5 and 4000 pJy on a logarithmic scale. Using 12 bins shows the change in variability
over flux, as well as ensuring that we do not isolate objects in individual bins. We used a Monte
Carlo technique to assess variability significance. For each bin within the parent sample, we selected
50 random samples of 200 objects and calculated the average standard deviation of variability. We
used three standard deviations as a threshold for high variability in each bin. These thresholds can

be seen as red lines in Figure 7, with high variability AGN above in purple and other AGN below in
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grey. There are 21 objects from the AGN sample above this cut in channel 1 (3.6 um), 21 objects
above this cut in channel 2 (4.5 pm) and 14 objects above this cut in both channels. In Section
3.2, we assess the significance of these variability measurements. In Section 4, we further explore the

results of these variability calculations.

3.2. Assessing the significance of our variability measurement

We use both a Monte Carlo method and the Kolmogorov—Smirnov test to calculate a numerical
assessment of variability significance. Monte Carlo methods are a class of statistical algorithms that
use repeated random sampling to estimate some properties of the values in questions. We use a
two-sample Kolmogorov—Smirnov test: a statistical test that compares the empirical distribution
functions of two samples. The returned p-value denotes the likelihood that the two samples are
drawn from the same distribution. A p-value closer to 1 agrees with the null hypothesis that the
samples are drawn from the same distribution. The closer the p-value is to 0, the less likely the two
samples are to be from the same distribution. Because the K-S test is non-parametric, it allows the
direct comparison of the AGN and parent sample. It is one of the most effective tests between two

samples and accounts for both the shape and distribution of the samples.
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Figure 7. Flux verses Variability of AGN sample objects. The red thresholds denote 3 standard deviations
past the average variability of the parent sample in each flux bin. Highly variable AGN sample objects are
plotted above the thresholds in purple, and AGN sample objects below the thresholds are plotted in grey.
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To assess the significance of the previously calculated variability, we compared the variability of the
AGN sample to the parent sample. As seen in Figure 7, higher flux objects have higher variability.
To account for that in our assessment of variability significance, we use random selections of objects
from the parent sample weighted by the flux distribution of the AGN sample in channel 1 (3.6 um).
To select this weighted sample, we first set 30 flux bins between 5 and 4000 pJy on a logarithmic scale.
We then split the AGN sample into samples of each AGN type. For each AGN type, we then calculate
what percentage of the AGN-by-type sample is in each flux bin. This flux distribution is then used
to select 200 objects from the parent sample by selecting the same percentage of objects per flux
bin as the AGN-by-type sample. This ensures the random selection from the parent sample and the
AGN-by-type sample have the same flux distribution. We select 50 random samples from the parent
sample using this technique. For each of these samples, we compute the Kolmogorov—Smirnov test
between the random sample and the corresponding AGN-by-type sample. We average the p-values
of all 50 random samples to determine the final p-value for the variability distribution of each AGN
type. To plot the variability of the AGN-by-type sample against the random samples, we establish
10 variability bins between 0 and 21 variability. Using those bins, we compute a variability histogram
of each AGN-by-type sample. We use the same bins to compute variability histograms for each of
the 50 random samples in the corresponding group. We find the mean histogram of for each random
sample group and these histograms against variability histograms of their respective AGN type in

Figure 8, along with the average variability of the AGN-by-type sample.
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Normalized Distribution of Variability by Type
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Figure 8. Variability by Type in the 3.6um channel. The AGN sample is divided by type and the fraction
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plot.
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4. RESULTS
4.1. Ezxamining the most variable objects

We identified the most variable objects in the AGN sample to take a closer look at their variability
and classification. We consider the most variable objects to be any object with variability above the
three standard deviation threshold in its respective bin in both channel 1 and channel 2, as shown in
Figure 7. Of the 223 objects in the AGN sample, 14 objects passed these cuts. To retrieve the names,
further photometry and additional classifications of these objects, we initially searched NED using the
web interface, but later switched to an API and used Python with Jupyter Notebooks. These objects
are detailed in Table 1. We retrieved the fits files from the SERV'S survey for each of the 14 objects and
plotted 12x12 arcsec images in Figure 9. We visually inspected each object for neighboring sources
that could effect the variability of the objects. Only one object, SSTSL2J161303.46+544316.7, has
other sources within 6 arcseconds, however, we believe the objects are sufficiently separated for clean
photometry. We then added photometry data from the WISE survey (Wright et al. 2010), if available.
Eleven of the fourteen highly variable sources were imaged by WISE. WISE captured photometric
data in the 3.4pum and 4.6pum bands. While these are slightly different than the bands used in the
SWIRE and SERVS surveys, we used these data as an additional check of high variability and to
add another epoch to our study. Using this third epoch, we plotted the light curves with error bars
in both channels for all 14 objects in Figure 10.

We successfully pursued further investigation of one highly variable object through spectroscopic
follow up with the Double Spectrograph at the Palomar Observatory. To select sources for spectro-
scopic follow-up, we needed to ensure the source would be bright enough to observe. We required
an R magnitude brighter than 19 and an increase in brightness in both channels between all epochs.
Object 2, WISEA J161003.13+543627.8, is the only such source out of the most variable objects that
fulfills this requirement. We identified the two brightest objects with substantial positive variability
as back-up targets for spectroscopic follow-up. While Object 2 is a Type 3 AGN, we suspected it was
still an AGN due to the object’s high mid-IR variability. As outlined in Lacy et al. (2013), Type 3’s

are objects with mid-IR, IRAC AGN-like colors but show no AGN-like lines in the optical part of the
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spectrum. By taking follow-up spectra, we hoped to find AGN-like lines. The follow-up spectrum was
successfully obtained for Object 2 in September 2019 using the Double Spectrograph at the Palomar
Observatory thanks to our collaborator Lin Yan. The Double Spectrograph uses a dichroic to split
lights into blue and red channels. The resulting spectra is plotted in Figure 11 with labeled emission
lines and shows AGN-like features consistent with BPT diagnostics (Richardson et al. 2014). Using
this new spectrum, we increased the accuracy of the redshift from z = 0.268 to z = 0.2675. The
spectrum shows two strong lines: the [Ha] Balmer line lies at 6562.8 A and the [OI1] oxygen doublet
at 3726.1 and 3728.8. There are two lightly weaker, but significant lines of [OIII] at 5007 A and [NII]
at 6585. The BPT diagram uses [OIII], [HB], [NII] and [Ha] emission lines to distinguish AGN from
regular galaxies (Richardson et al. 2014). Using a rough estimate of flux strength of these lines, we
found that the follow-up spectrum shows that Object 2 is on the borderline between an AGN and a
composite object with both AGN and star forming features. This finding agrees with our prediction
that Object 2 is an AGN despite lacking AGN-like optical spectra in the previous Lacy et al. (2013)
study. There is an additional emission line around 3437 A. This is close to [NeVI], a emission line

characteristic of AGN, but not quite close enough to consider it a match.
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Object Number Name RA Dec z Type

1 WISEA J161146.95+541740.0 242.94533  54.29425 1.064 1
2 WISEA J161003.134+-543627.8 242.51295  54.60775 0.268 3
3 WISEA J160811.314+-542051.0 242.04706  54.34752 1.298 4
4 WISEA J161317.27+4542244.6  243.32193  54.37909  0.267 3
) WISEA J161329.344+-542604.3 243.37216  54.43458 1.227 1
6 SSTSL2 J161303.46+-544316.7 243.2645 54.72134 1.002 4
7 WISEA J105339.73+573104.4 163.415622 57.517898 0.568 1
8 2MASS J105421124-5725431 163.588337 57.428998 0.205 4
9 WISEA J105020.484-574240.5 162.58543  57.711217 1.118 1
10 WISEA J105644.53+572233.3 164.185565 57.375923 0.286 4
11 WISEA J105316.754+573550.7 163.319728 57.597408 1.2 1
12 WISEA J105531.774+572031.0 163.882341 57.342089 1.21 4
13 WISEA J105353.87+570942.7 163.474735 57.161895 1.425 1
14 SDSS J105440.114-571530.8 163.667217 57.258701 4.0 0

Table 1. Highly variable sources table including object numbers to identify each source, the name of the

source from the NED database, the RA and DEC, redshift and AGN type.
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Figure 9. Images of high variability objects from the SERVS survey captured with Spitzer IRAC 3.6 um
band.
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Figure 10. Light curves of high variability objects between the SWIRE and SERVS surveys using Spitzer
IRAC 3.6 and 4.5 pum bands, and WISE in the 3.4 and 4.6 pm bands.
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1=—16 Obj. 2 Follow-up spectra, 2019
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Figure 11. The left plot shows the follow-up spectrum for Object 2 observed in September 2019 using the
Palomar Observatory Double Spectrograph. The Double Spectrograph uses a dichroic to split lights into
blue and red channels. The spectrum from the blue channel is plotted in blue, and the spectrum from the
red channel is plotted in red. The spectrum is plotted with rest wavelength in angstroms calculated using
Object 2’s redshift of 0.268 verses flux in erg/em?/s/A. The [OII], [OIII], [NII] and [Ha] emission lines are
labeled. The right plot is a BPT diagram which can be used to distinguish AGN from regular galaxies using
the [OIII], [HB], [NII] and [Ha] emission lines (Richardson et al. 2014). A rough estimate of where Object

2 falls on this diagram is marked with a yellow star.

4.2. Variability by type

We calculated the variability significance for each AGN type using a combination of a Monte Carlo
method and the Kolmogorov—Smirnov test. The technique of this calculation is explained in Section
3.2. The results of these calculations using the 3.6um channel are detailed in Table 2 and can be
seen in Figure 8. The K-S test p-values of AGN of Types 1 and 4 are very small: both have a
less than .000003% likelihood of being from the same distribution as the parent sample. This is
far beyond three standard deviations, therefore these types can be considered to have significant
statistical variability. AGN of Type 2 have a higher, but still low p-value, with a .05% likelihood
of being from the same distribution as the parent sample. This is at the threshold of two standard
deviations and can be considered variable compared to the parent sample. Type 3 in the AGN sample
have a p-value of .25, or a 25% chance of being from the same distribution as the parent sample. We

can not consider this sample to variable in comparison to the parent sample.
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Type Number of Objects Average Variability K-S Test Value

1 29 9.1451909319245 2.804175e-06
2 72 4.650734838077951  .05146272

3 65 3.6227600192981417 .2541732

4 32 10.463369308386058 5.096593e-06

Table 2. Type variability table including AGN type is as defined in Lacy et al. (2013), the number of

sources in our sample, the average variability as defined in 3.1 and the K-S test as defined in 3.2

The variability of the Type 1 and Type 4 AGN samples are similarly deviant from the control
sample. This is consistent with the classifications of the two types, as Type 4s are just reddened
Type 1 AGN. This suggests that the variability of the mid-IR dusty torus emission is independent of
the distinction between Type 1 and Type 4 AGN. To test this possibility, we performed a K-S test
on the variabilities of the Type 1 and Type 4 AGN samples, as seen in 12. The K-S test resulted
in a p-value of .968, showing that it is extremely likely that the two AGN types are from the same
distribution. This suggests that the two types have the same dusty torus variability. This affirms

that the geometric structure and orientation of these two types are nearly the same.

Type 1 vs Type 4 K-5 Test p-value: 0.9681693300938508
5 F

0.2
. — Type 1 AGN sample

. —-= Type 4 AGN sample
020}

015 |

010

005

Fraction of sources per sample

0.00

00 25 50 75 100 125 150 175
Variability

Figure 12. K-S Test on the Type 1 and Type 4 AGN samples in the 3.6um channel.
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4.3. Areas of Further Study

There are a variety of directions in which to expand upon this study. To expand on the analysis of
highly variable objects, we could obtain follow-up spectra for other sources. We could also further
investigate Object 2 to learn more about AGN that do not fit nicely within a traditional type.
One way to improve our variability analysis would be to perform additional statistical measures of
variability. The structure function is one such measure that can assess the variability of a sample over
different time lags and would require data from additional epochs. This method has been used in
previous papers outlined for use in the study of quasars in Voevodkin (2011). It was used successfully
in Kozlowski et al. (2016) to assess the variability of AGN in the mid-IR. However, the structure
function can also fail, for example, Laurenti et al. (2020) ran into issues of large errors inhibiting
the structure function analysis despite corrections. Another way to improve this study would be to
increase the data set. XMM-LSS is an additional field that would be easy to add as it has been
imaged by both SWIRE and SERVS and has spectroscopically confirmed mid-IR selected AGN from
Lacy et al. (2013).

5. CONCLUSIONS

In this thesis, we investigated the long term mid-IR variability of AGN of different types. We
used the largest sample of spectroscopically confirmed mid-IR selected AGN available. Their optical
spectroscopic classifications include Type 1, Type 2 as well as a reddened Type 1, referred to as Type
4. For this study, we retrieved Spitzer 3.6 and 4.5 IRAC data from two surveys, SWIRE and SERVS,

taken six years apart. Our conclusions from this work are the following:

e To assess variability significance, we used a Monte Carlo technique on random control sample
subsets from the parent Spitzer survey sample. We performed these calculations in different
flux bins and found that the measured variability in this control sample increased with flux,

likely due to systematics.
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e Based on those calculations, we identified objects above three sigma as highly variable objects.
Of these objects, 14 are highly variable in both 3.6 and 4.5 channels. Through visual inspection

of their images, we did not find any obvious systematic errors.

e Our sample has a comparable number of Type 1 and Type 4 (combined), Type 2 and Type 3
objects. However, of the highly variable objects, eleven out of fourteen are either Type 1 or
Type 4 (reddened Type 1). Only two of the fourteen objects are Type 3. This is expected, as
non-AGN objects are included in the Type 3 classification. It is more surprising that there are
no highly variable Type 2 objects. One possible explanation could be that the inner area of
the torus facing the central region of the AGN (visible in Types 1 and 4) has higher variability

than the portion that faces out of the galaxy (visible in Type 2s).

e Using WISE data, we added a third epoch to the light curves of the highly variable objects.
Only one object increased in brightness over all three epochs. The object is a Type 3, with
AGN:-like colors but Lacy et al. (2013) found no AGN-like lines in the optical. Using a BPT
diagnostic, our follow-up spectrum showed AGN-like spectral features on the borderline between

AGN and a composite object.

e To assess variability between types, we performed K-S tests between each class of AGN and
a flux-matched control sample. Consistent with our results above, Type 1 and Type 4 AGN
were shown to be the most significantly variable. In addition, the mid-IR variability of Type
1 and Type 4 was shown to be from the same distribution. Type 2 AGN have slight statis-
tical variability. Type 3 AGN are consistent with the control sample and show no statistical
variability. These results are consistent with the type distribution of highly variable objects.
In addition, the results show that Type 1 and Type 4 objects have nearly the same variability
in the mid-IR, affirming that the torus geometry and physical orientation of these two types

match.
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