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There is growing evidence that Active Galactic Nucleus (AGN) processes play a vital
role in galaxy evolution (e.g., regulating star formation and galactic growth). However, ac-
curate AGN identification is often challenging, as common AGN diagnostics can be confused
by contributions from star formation, supernovae, and shocks. However, one promising av-
enue for identifying the strong ionizing continuum of an AGN are “coronal emission lines”
(“CLs”), which are highly ionized species of gas with ionization potentials > 100 eV - above
the limit of star formation. Here, I present my graduate work that explores the feasibility of
using optical CLs to accurately trace AGNs, using the most extensive optical CL catalogs
available, which I assembled using the Sloan Digital Sky Survey’s Mapping Nearby Galaxies
at Apache Point Observatory (MaNGA) catalog. In this work, I detect CL emission from
[NeV], [FeVII], and/ or [FeX] with > 50 confidence. I focus particularly on the strength
and distribution of the CLs; I also provide the fraction of confirmed CL AGNs to showcase
the reliability of using CLs to detect AGNs. I then review the physical CL gas properties
(e.g., electron temperatures and densities) to deduce the primary mechanism(s) that gen-
erate the CLs. Next, I discuss which CLs are ideal for identifying high luminosity AGNs
and investigate the role of dust extinction on optical CL detections. I then search for broad
Ha and HB emission, which trace the high velocity clouds found near the AGN accretion
disk, and assemble one of the largest broad line (BL) MaNGA AGN catalogs. I detect 1,042
unique BL galaxies and find that 109 feature BLs from a companion galaxy, not the target
MaNGA galaxy (i.e., “offset AGNs”). I conclude by considering how multi-wavelength CL

observations (e.g., X-ray and IR) can help to improve AGN identification.
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Chapter 1

Introduction

In this section, I provide a brief introduction on galaxy formation, the nature of an
Active Galactic Nucleus (AGN), and the importance of AGNs in the context of galaxy
evolution. I also overview existing AGN selection techniques, possible improvements to
these techniques (e.g., using multi-wavelength spectroscopy), and the importance of AGN
identification in large-scale studies of AGNs. Accurately finding AGNs and the impact of
AGN processes on their local environments remain topics of astrophysical debate, and my
contributions reflect a step forward on the larger quest to uncover hidden populations of

AGNs in the Universe, and to comprehend their influence on galactic growth.

1.1 Hierarchical Galactic Evolution

Edwin Hubble was the first to propose the “Tuning Fork Galaxy Classification Scheme”
to differentiate varying galaxy types in the Universe ([131]). He posited that three galaxy
types exist: spiral (primarily blue and star-forming), elliptical (typically red and non-star
forming), and irregular. He devised the model after he observed Cepheid variable stars in the
Andromeda galaxy with the 100-inch Hooker Telescope at the Mount Wilson Observatory
([130]). By resolving individual Cepheid stars and measuring their variable luminosities,
he deduced that they were significantly further away than the stars in our own Milky Way
galaxy. Moreover, he studied many large, distant, clouds of dust and gas that were termed

“nebulae” at the time. Eventually, he would discover these to be galaxies, and reasoned that



millions existed in an expanding universe ([132, [133] [129]).

Over the past several decades, subsequent observational studies have peered even
deeper into the nature of galaxies and their evolution. The scope of these studies has been
wide-ranging and the most impactful have employed a multitude of multi-wavelength obser-
vations. For example, the discovery of “Lyman-break” galaxies, which are luminous galaxies
undergoing active star-formation between redshifts z ~ 3 - 4 (e.g., [267, 269, 268, 2]), mea-
surements of star-formation histories from z = 4.5 to present day (e.g., [231], [I71], 172 229]),
and estimations of the galaxy luminosity function (e.g., [247, 81l 267]) have served as break-
through moments in extragalactic astronomy.

Moreover, these observations have been supplemented by extensive theoretical initia-
tives. For example, N-body simulations have been used to numerically solve the non-linear
equations driving galaxy formation, and semi-analytic models have been used to create an-
alytic approximations of physical galaxy processes. Many of these efforts have incorporated
an extensive array of parameters to accurately model galactic processes, which include, but
are not limited to: disk size, morphology, star-formation and feedback, stellar bursts, chem-
ical evolution, dust extinction, dark matter halo distribution, stellar population synthesis
models, bars, metallicity, gas fractions, color, mass-to-light ratios, mergers, emission line
modeling, galaxy size, dynamical friction, temperature, density, gravitation, hydrodynam-
ics, radiative transfer/ cooling, and luminosity functions (e.g., [32], 295 139, 138, 155, 1 [68],
190, 262, 21, 265, (189, 264, 202]).

The tandem of theoretical and observational efforts has led to the widely adopted nar-
rative that galaxies evolve hierarchically, where each galaxy is produced through fundamental
density perturbations initialized during inflation and the gravitational influences of cold dark
matter (the primary mass component of the Universe). In the process, gas and dust begin to
amalgamate with dark matter. Then, when the dark matter halos collapse, visible baryonic
matter condenses, as stars form out of the gas that has cooled on the galactic disk (see [22]

for a thorough review).
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Figure 1.1: This graphic depicts Edwin Hubble’s Classification Scheme, separating galaxies into
ellipticals (“E”) and spirals (“S”). The letters “a” and “b” signify how tight the spiral arms are,
with “a” being the most tightly wound and “c” being the least. The letter “B” indicates if a galaxy
is barred or not. Note, irregular and dwarf galaxies are not shown in this diagram. Credits: NASA;
ESA



1.2 Nature of an Active Galactic Nucleus

It is widely accepted that massive galaxies host supermassive black holes (SMBHs)
at their centers (M > 10°Mg; e.g., [96, [151]). Further, if SMBHs are fueled by sufficient
accretion onto their cores, they can become an Active Galactic Nucleus (AGN; e.g. [241]).
An AGN is one of the most luminous sources of electromagnetic (EM) radiation in the
Universe; emitting radio waves to gamma rays (up to Lype ~ 10% erg s71; e.g., [206], 207]).
Moreover, since each band harnesses the ability to reveal unique AGN physics and attributes
(e.g., orientation, accretion rate, and/or radio jets), the number of AGN classifications is
extensive (> 50; Figure [1.2)).

For example, the radio band is useful for probing AGNs with radio jets (< 10% of
the total population of AGNs), where the jets are produced via synchrotron radiation from
relativistic electrons spiraling along magnetic field lines and carried by plasma (e.g., [291]).
Furthermore, optical and ultraviolet (UV) emission arise from the accretion disk. In fact,
the AGN spectral energy distribution (SED) peaks in the UV for AGNs, where the “big
blue bump” is a characteristic AGN feature, which is suspected to arise from optically
thick thermal radiation from the accretion disk and/or free-free thermal emission (e.g.,
[240, [34], [14) B05]; Figure . Beyond the accretion disk, dust, which surrounds most
AGNSs, absorbs AGN radiation and re-emits it as infrared (IR) radiation. As a result, IR
observations are advantageous for identifying obscured IR AGNs, which may be missed in
optical surveys. Note, the AGN orientation angle impacts how much dust obscuration is ob-
servable, which plays a critical role in determining which emission lines can be used to detect
AGNs (Section [1.3)). Additionally, AGN X-rays are primarily emitted via inverse Compton
scattering, which occurs when charged particles transfer energy to accretion disk photons.
This process begins above the accretion disk in a region known as the AGN “corona”’. Fi-
nally, gamma rays, like radio waves, are emitted via AGN jets. To better comprehend how

each band correlates to AGN detections, I present the largest AGN surface densities across



Class/Acronym Meaning/Main properties

Quasar Quasi-stellar radio source (originally)
Sey1 Seyfert 1, FWHM 2 1,000 km s~
Sey?2 Seyfert 2, FWHM < 1,000 km s~
Qso Quasi-stellar object

Qso2 Quasi-stellar object 2, high power Sey2
RQ AGN Radio-quiet AGN

RL AGN Radio-loud AGN

Jetted AGN With strong relativistic jets

Non-jetted AGN Without strong relativistic jets

Type 1 Sey1 and quasars

Type 2 Sey2 and QS0O2

FRI Fanaroff-Riley class | radio source

FRII Fanaroff-Riley class Il radio source

BL Lac BL Lacertae object

Blazars BL Lacs and FSRQs

BAL Broad absorption line (quasar)

BLO Broad-line object, FWHM > 1,000 km s~
BLAGN Broad-line AGN, FWHM 2 1,000 km s-1
BLRG Broad-line radio galaxy

cDQ Core-dominated guasar

Ccss Compact steep spectrum radio source
CcT Compton-thick

FRO Fanaroff-Riley class 0 radio source
FSRQ Flat-spectrum radio quasar

GPS Gigahertz-peaked radio source
HBL/HSP High-energy cutoff BL Lac/blazar

HEG High-excitation galaxy

HPQ High polarization quasar

Jet-mode

IBL/ISP Intermediate-energy cutoff BL Lac/blazar
LINER Low-ionization nuclear emission-line regions
LLAGN Low-luminosity AGN

LBULLSP Low-energy cutoff BL Lac/blazar

LDQ Lobe-dominated quasar

LEG Low-excitation galaxy

LPQ Low polarization quasar

NLAGN Narrow-line AGN, FWHM < 1,000 km s~
NLRG Narrow-line radio galaxy

NLS1 Narrow-line Seyfert 1

ow Optically violently variable (quasar)
Population A

Population B

Radiative-mode

RBL Radio-selected BL Lac

Sey1.5 Seyfert 1.5

Sey1.8 Seyfert 1.8

Sey1.9 Seyfert 1.9

SSRQ Steep-spectrum radio quasar

Uss Ultra-steep spectrum source

XBL X-ray-selected BL Lac

XBONG X-ray bright optically normal galaxy

Figure 1.2: The major AGN classes, from [207].
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the EM spectrum in Figure . Note, while the AGN SED peaks in the optical/UV, the
largest AGN surface density is in the soft X-ray region, where there is the lowest amount
of host galaxy contamination. Figure [L.5| provides a more comprehensive overview of the
selection biases for each band.

Additionally, two “modes” of AGNs are proposed to exist: “kinetic”/ “radio”/ “radio
loud” mode and “radiative”/ “quasar”/“wind”/ “radio-quiet” mode (e.g., [90} 161, 183]).
The latter represents high luminosity AGNs, near the Eddington luminosity/ limit, which
is the maximum AGN luminosity when there is a balance between the gravitational pull
inwards and the radiation force outwards, and involves the clearing of cold gas away from
the AGN. In contrast, the former represents lower luminosity AGNs, within more massive
galaxies, that feature hot gas, and incorporate mechanical energy produced through powerful
radio jets; [87] posits that this mode of AGNs heats hot intracluster gas and can reduce star-
formation by an order of magnitude in the host galaxy. For reference, a schematic diagram
showing the basic features of AGNs (e.g., the accretion disk, SMBH, and radio jets) are

presented in Figure [1.6] and the Eddington Luminosity is defined as:

47GMec

(1.1)

Lepp =

where G is the gravitational constant, M is the mass of the central object, ¢ is the
speed of light, and x is opacity.

Moreover, considering the tremendous power of AGNs, there is growing evidence that
they play a vital role in influencing the evolution of their host galaxies and local environments.
Specifically, the AGN processes that can impact the local AGN environment, termed “AGN
feedback” (e.g., radiation, winds, outflows, and radio jets) can interact with the interstellar
medium and can result in the heating or clearing of gas. In fact, several authors suggest
that AGNs quench star-formation by disrupting the coalescence of dense, cool, molecular

galactic gas (e.g., [257, [61, 266} (9, 128, 276 156, 263, 176, 87]). Additionally, there is
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10

further compelling evidence in support of AGN feedback suppressing star-formation (e.g.,
[279, 117, 12]). The authors reveal a declining AGN luminosity and mass trend from a
peak at z ~ 2 - 2.5 to present day (z = 0). As outlined in [8§], this appears to oppose the
hierarchical cold dark matter universe (Section [L.1)), where the most massive galaxies form
in the present day. However, one possible solution to this is AGN feedback. As massive
galaxies collide and merge through cosmic time, they supply large reservoirs of dense gas
for star-formation and AGN accretion; however, AGN feedback may be depriving the AGN
of matter to sustain further accretion, effectively turning the active galaxy quiescent (e.g.
[140, 107, 67, 266l 33, 46]). As the gas dissipates, it leaves behind red, non star-forming
elliptical galaxies (e.g., [266]). Such a process would account for the diminishing AGN
luminosity and mass trends reported as a function of redshift from z ~ 2 - 2.5 to the present
day (z = 0).

Furthermore, the interplay between AGN feedback and the host galaxy may account
for the empirical correlation between SMBH mass and the stellar velocity dispersion in the
galactic bulge (i.e. the “M-o relationship”; e.g., [08, [05]). Moreover, it may create dense
pockets of gas, which actually trigger star-formation (e.g.,[256, 281]). These possibilities
underscore the exciting field of AGN feedback, and the potential impact of AGNs on the
host galaxy.

The nature of AGN processes and their role in the growth of a galaxy is still an open
ended question. Significant progress has been made to observe AGN feedback; yet, the
plethora of modes and classes of AGNs suggests that further large-scale AGN studies are
required to understand this complex phenomena. To resolve the true extent of AGN physics,
a combination of observational efforts are required. Doing so will help reveal how AGNs can
impact the star-formation, size, and structure of their host galaxies, in addition to other

galaxy properties.
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Figure 1.6: AGN Diagram (not to scale). The SMBH is at the center of the galaxy in black, the
mutli-temperature accretion disk depicting infalling matter onto the SMBH is shown in rainbow
colors, and the X-ray corona illuminating the accretion disk is in violet. The size of the disk ranges
between ~ 10> parsec to ~ 1072 parsec for a 10®M, black hole. The circumnuclear dusty region is
shown in dark brown and begins ~ 0.1 parsec, and the polar ionized winds (green) form < 1 parsec
and can extend into the interstellar medium (shown in yellow-green) several hundred parsecs from
the SMBH. Kiloparsec-sized radio jets are shown in yellow. Figure from [I75].
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1.3 AGN Selection Techniques

Despite the importance of AGNs in galaxy evolution, the AGNs themselves can be
difficult to identify accurately. As shown in Figure (1.5 attempting to detect AGNs in each
band of the EM spectrum has its own limitations and strengths. For example, radio wave
observations are excellent tracers of AGN jets and are not significantly impeded by dust
obscuration. However, they are weak at identifying non-jetted AGNs (90% of all AGNs)
and AGNs that feature jets oriented outside of the observational field of view. Moreover, IR
observations do not have to contend with a dust obscuration bias and are highly efficient;
however, they are not strong AGN tracers when there is little dust surrounding the SMBH.
Further, optical studies are also efficient, and extensive details on AGN physics can be in-
ferred via optical lines (e.g., cloud velocity, SMBH mass, temperature, and density); though,
low-luminosity sources, dust obscuration, and host galaxy contamination can impede their
utility. Similarly, X-ray observations are challenging to use when the AGN is not very lu-
minous or heavily dust obscured; however, X-rays face little host galaxy contamination. In
addition, gamma rays are very reliable tracers of the high energy physics associated with
AGNSs, particularly those associated with AGN jets; yet, similar to radio waves, they are
limited with observations of non-jetted AGNs. Finally, observing variable AGNs (i.e., AGNs
that experience cycles of active accretion and quiescence) can help identify low-luminosity
AGNs, where the variability stems from the corona, disk, and jet. Major drawbacks to us-
ing variability observations, however, are that host galaxy contamination, dust obscuration,

cadence, and depth of observation can pose challenges for accurate AGN detection.

1.4 Optical Band AGN Detection

In this dissertation, I focus on the optical band of the EM spectrum. In this wave-
length range, the Baldwin-Phillips-Terlevich emission-line ratio diagnostic diagrams (BPT

diagrams; [143, [141), [145]) are the most prolific resources used for differentiating gas ionization



13

sources as star-forming, Seyfert (AGN), low-ionization nuclear emission-line region (LINER),
or a composite of multiple ionization sources. They serve as the traditional AGN selection
tool for most spectroscopic surveys. These diagrams operate by comparing line ratios be-
tween high and low ionization species, most commonly [OIII]A5007/Hf vs. [NII]A6583/Ha
(“[NII]/ Ho diagram” hereafter). Note, the optical “|[NII]/ Ha diagram” can only be used
for z < 0.5 galaxies; beyond which, [NII] is redshifted out of the optical band. As outlined in
[278], massive stars account for the bulk of emission in star-forming galaxies, which translates
to a well-defined upper limit on the intensities of the collisionally excited lines relative to
the recombination lines; whereas AGNs feature far more energetic photons that are higher in
intensity relative to the recombination lines. To distinguish between these two populations,
BPT diagrams often employ two demarcations: 1) the [143] separation between galaxies with
an extreme-UV ionizing radiation field dominated by AGN (> 50%) and those powered by
star-formation, and 2) the [141] empirical divide between AGN and star-formation sources,
based on the location of the Sloan Digital Sky Survey ’s (SDSS; [304]) star-forming galaxies.
The galaxies between these two lines are referred to as composite galaxies, which may host
a star-forming or AGN dominated emission line source. However, the drawback of BPT ion-
ization ratios is that they can often be contaminated by diffuse ionized gas, extraplanar gas,
photoionization by hot stars, metallicity, emission from post-AGB stars and star-formation,
and shocks. These sources can elevate line flux ratios to be AGN-like, potentially leading to
misclassification (e.g., [223] 224 144 [301]).

On the other hand, one promising, yet still poorly understood avenue for identifying
AGNs are coronal emission lines (“CLs”; so named because they were first observed in the
solar corona). CLs are highly ionized species of gas with ionization potentials > 100 eV
(e.g., [NeV], [FeVII], and [FeX]). These lines require extremely high energies for production,
above the limit of stellar emission (55 eV; e.g., [113]), may serve as unambiguous tracers
for the strong ionizing continuum of AGN, and can provide direct insight into the nature of

the host galaxy. Some studies suggest that CLs trace the AGN itself, since they find that
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galaxies. The dashed curve shows the [141] empirical division between star-forming galaxies and
AGNs. The dotted curve shows the [143] theoretical division. The blue points represent star-
formation, the red points represent AGNs, and the gray, a composite of the two. Figure from

278).
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CLs reside in a distinct zone of extremely hot and collisionally ionized plasma near AGNs
(e.g., [232]). Moreover, [246] contend that a single CL with a given luminosity is enough to
confirm the presence of an AGN. Using the spectral synthesis code CLOUDY ([93]), [246] model
a CL emission-line-spectroscopy-spectrum, using precise models of dust, ionizing radiation
fields, HII regions, molecular clouds, and densities. They also produce a set of simulated
star-formation (i.e., “starburst”) and AGN SEDs (Figure [.§). In the figure, the SED of
the starburst SED drops significantly in the UV part of the EM spectrum, producing an
insignificant fraction of the total luminosity beyond a few tens of eV. In contrast, the model
for the AGN SED, showing the labeled CLs along it, reaches much further than the SED
of the starburst model - into the high energy X-ray band. This suggests that CLs strongly
correlate with AGN activity.

In addition, the ionization sources of CLs are not yet fully understood because of the
small number of CL emitting galaxies that have been studied in the optical band, primarily
due to obscuration of the nuclear region (e.g., [105, 66, 244]). In fact, many studies are of a
single CL galaxy, and one of the largest optical studies only analyzed ~ 10 CL galaxies ([I80]).
The authors analyzed the structure and physical properties of CLs using observations from
NASA'’s Space Telescope Imaging Spectrograph/ Hubble Space Telescope. Using a sample of
10 pre-selected AGNs, they measured the bulk of CLs to lie within a 10 - 230 parsec radius
from the nuclear core and determined that photoionization by the central continuum source
(i.e. the AGN) was responsible for their production.

Here, I continue this effort to search for AGNs in the optical band. This is in part
because of the extensive physics that can be determined using optical lines, but also due
to the availability of the largest integral field unit (IFU) spectroscopic survey of galaxies
to date, the SDSS’s Mapping Nearby Galaxies at Apache Point Observatory (MaNGA)
catalog ([36], 80l 159, B03, 29 290]), which uses the SDSS 2.5 m telescope [111] at Apache
Point Observatory in Sunspot, NM. Moreover, observations began in 2014 and the final data

release recently became available, which contains the spectra for 10,010 nearby galaxies (0.01
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Figure 1.8: Top: starburst (blue) and AGN (red) SED models. The dotted vertical lines indicate
the ionization potentials of [OIIl] and [NeV] ions. Bottom Panel: Same as above, showing only
the UV to soft X-ray component of the SEDs. The dotted vertical lines indicate the ionization
potentials of [OIII], [OIV] , [MgIV], [NeV], [SiVI] , and [SiX]. In both, the AGN model and the
labeled CLs extend well past the starburst model. Figure from [246].



17

< z < 0.15; average z ~ 0.03) with stellar mass distributions between 10° M, and 102 M.
The wavelength range of MaNGA spans 3622 A - 10354 A. Further, MaNGA uses IFU
fiber-bundles grouped into hexagonal grids to produce spectroscopic maps out to at least
1.5 times the effective radius; the typical galaxy is mapped out to a radius of 15 kiloparsec,
and the standard spatial resolution of 1 -2 kiloparsec ([80]). In comparison, previous SDSS
surveys (e.g., SDSS-I to SDSS-III; [304], 82]) observed galaxies with small (3" diameter)
optical fibers. The resulting spectra only traced a small region close to the galactic center,
potentially missing nuclear activity outside of this region.

Moreover, I consider The Unified Model of AGNs ([7, 280]; Figure [I.9). This model
details the unique processes, features, and zones associated with AGNs. In this model, a sub
parsec rotation dominated accretion disk is shown. In addition, there is the broad line region
(BLR) 0.01 - 1 parsec from the SMBH. This is a high density region, with dust-free gas clouds
moving at approximately Keplerian velocities > 1,000 km s~!. The distance of these clouds
from the SMBH is luminosity dependent. Slightly further out, at 0.1 - 10 parsec, an axis-
symmetric dusty torus resides, which features luminosity dependent dimensions. Beyond
these regions is a much larger zone known as the narrow line region (NLR). Here, there are
lower density and lower velocity (< 1,000 km s™!) ionized gas clouds, compared to the BLR.
This region is vast, and extends from just outside the dusty torus to several kiloparsecs from
the SMBH. Unlike the BLR, most of the gas in the NLR does contain dust. Finally, central
jets are shown, which are often associated with radio wave and gamma ray emission. Further
details on The Unified Model can be found in [28] 230 212, 205].

AGNs can also primarily be categorized as Type I or Type II, depending on the ori-
entation of the AGN and the properties of the emission lines observed for each. Type I are
oriented pole-on and are observed to have broad (FWHM ~ 1,000 - 20,000 km s™!) emission
lines. They are generally referred to as Seyfert 1 or “quasi-stellar objects”. Classifying Type
I AGNs, using the broad Ha and broad Hf lines, for example, is very efficient when the

BLR is not strongly dust obscured. On the other hand, Type II are oriented edge-on and
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are observed to have narrow (FWHM ~ 300 - 1,000 km s™!) emission lines. However, with-
out complimentary X-ray observations, for example, identifying AGNs using the NLR alone
can be challenging. This is because star-formation can also produce strong narrow emission
lines. As a result, I focus on the BLR as an additional tool to identify AGNs in MaNGA,
in isolation and/or when there is a merging system and one or both of the galaxies features
an AGN. I also explore the possibility of using BL detections to identify recoiling SMBHs in

merging galaxy systems.

1.5 Dissertation Overview

In this introductory section, I presented an overview of the hierarchical evolution of
galaxies, the nature of AGNs and their potential impacts on host galaxy evolution, and sev-
eral existing AGN selection techniques. I also reviewed the need to refine AGN detections,
particularly in the optical band, where dust obscuration and host galaxy contamination
can lead to missed or misclassified AGN detections. BPT diagrams, in particular, are tra-
ditionally used for differentiating gas ionization sources as star-forming, Seyfert (AGNs),
low-ionization nuclear emission-line region (LINER), or a composite of multiple ionization
sources. The challenge of solely using BPT diagrams to detect AGNs is due to their line flux
ratios often being contaminated by diffuse ionized gas, extraplanar gas, photoionization by
hot stars, metallicity, emission from post-AGB stars, star-formation, and shocks, potentially
leading to AGN misclassification. As a result, I focus on more accurate optical diagnostics
of AGNs, such as CL and BL detections. To do so, I use the SDSS MaNGA catalog, which
features IFU spectroscopy to provide spatially resolved galactic spectra for 10,010 unique
galaxies, and spans a wavelength range of 3622 A - 10354 A.

In Chapters 2 and 3, I delve into my extensive work detecting CLs in MaNGA. These
> 100 eV emission lines are free of contamination by star-formation and can provide a path
for stronger AGN identification, the first step in better comprehending the co-evolution

of AGNs and their host galaxies. I create two MaNGA CL catalog versions, using two
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different MaNGA data releases (containing 6,263 and 10,010 galaxies, respectively). In
Chapter 2, I focus on the initial version of the CL catalog (10 CL galaxies) and evaluate
the distances of the CLs from the galactic center, cross-match the sample with existing
AGN catalogs, measure the average electron temperatures of the CL gas, and evaluate the
ionization mechanism(s) of the CLs. In Chapter 3, I cross-match the final version of the CL
catalog (71 CL galaxies) with one of the largest MaNGA AGN catalogs. After, I identify an
AGN CL-detection-luminosity dependence and then analyze the role of dust extinction on
CL detections.

In Chapter 4, I discuss my work detecting BLs in MaNGA. I present my catalog of
BL galaxies (301 broad Ha galaxies and 801 broad Hf galaxies; 1,042 unique BL galaxies),
report the physical parameters of the BLs, and describe the effectiveness of using BLs to find
companion AGNs and recoiling black holes. Paired with the CL detections, BL detections
can help ensure accurate AGN identification, not only in MaNGA, but in other large-scale
spectroscopic surveys of galaxies.

Finally, in Chapter 6, I summarize the conclusions of my dissertation and discuss
possible future work. Specifically, I focus on multi-wavelength observations and the collective
effort required to achieve unambiguous AGN detections, and to unravel the role of AGNs in

their host galaxies.



Chapter 2

The Physics of the Coronal Line Region for Galaxies in MaNGA

This chapter was published in The Astrophysical Journal ([I91]).

2.1 Introduction

An Active Galactic Nucleus (AGN), fueled by accretion onto its central supermassive
black hole (SMBH; Mgy > 10°M,,), is one of the most energetic phenomena in the observable

! which can outshine the

universe; it can generate a bolometric luminosity > 10* erg s~
collective light of an entire host galaxy. The most powerful can also heat and photoionize
gas tens of kpc away (e.g., [118, [I81] 142} 164], 48]).

Moreover, feedback - the mechanism by which AGN processes (e.g., photoionization,
radio jets, and winds) impact nearby matter - has been shown to influence the evolution of
the host galaxy (e.g., [87, [134) 135 237]). On one hand, AGN feedback may quench star
formation and limit the host galaxy’s growth (e.g., [126]). On the other, AGN feedback can
impart extreme pressure on the neighboring interstellar medium and generate high density
conditions favorable for star formation (e.g., [256]).

To unravel the dynamics of AGN-galactic co-evolution, reliable AGN identification is
an essential first step. To address this, we consider the Unified Model of AGNs [7]. In this
framework, an AGN is classified as either Type I or Type II. Type I are viewed pole-on and
are observed to have broad (FWHM > 1,000 km s~!) and narrow (FWHM < 1,000 km s™!)

emission lines, whereas Type II are viewed edge-on and are observed to only have narrow
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emission lines. The physical structures that correspond to these regions are the broad line
region (BLR) and the narrow line region (NLR), respectively.

The NLR is the largest observable structure in the UV, optical, and near-IR that is
directly impacted by the ionizing radiation from an AGN. Measurements from a Hubble
Space Telescope snapshot survey, in addition to ground based [OIII] observations, suggest
this region extends hundreds of parsec (pc) to several kiloparsec (kpc) from the nuclear
core (e.g., [180, 249 188]). However, the NLR surrounding an AGN may feature active
star formation, which can also produce narrow lines (e.g., [NII] A6584 and [OIII] A5007; see
[242]). As a result, the NLR is not always an ideal tracer for exclusive AGN activity.

Comparatively, the BLR resides much closer to the SMBH (within ~ 0.1 kpc; e.g.,
[158, 60]). The enhanced cloud velocities found in this region, near the accreting SMBH,
provide reliable signatures for nuclear AGN activity. However, the BLR is not often spatially
resolved in most existing spectroscopic surveys. Further, for Type II AGN, the BLR is often
obscured by a dusty torus that can attenuate optical and UV emission (e.g., [122]).

For most AGNs, though, highly ionized species of gas with ionization potentials (IPs)
2 100 eV (termed “coronal lines”; CLs; e.g., [FeVII] and [NeV]) are proposed to exist in
the nuclear region between the compact BLR and the more extensive NLR (e.g., [252] [104]).
These lines require extremely high energies for production, above the limit of stellar emission
(65 eV; [113]), likely trace the strong ionizing continuum of an AGN [252], and have been
linked to AGN-driven outflows (e.g., [188] 179, 234, [41]). As a result, detecting CLs may
help identify AGNs and AGN-driven outflows in large spectroscopic galactic surveys, which
are essential for understanding the influence of AGN feedback on the host galaxy:.

CLs have been observed in the spectra of some AGNs; however, their nature and
physical extent are still not very well understood (e.g., [210, 2011, 215] [188]). Prior studies
(e.g., [232]) suggest that they reside in a distinct zone of extremely hot and collisionally
ionized plasma between the BLR and the NLR, in the coronal line region (CLR). Further,

[180] analyzed the structure and physical properties of the CLR for 10 pre-selected AGNs.
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They used the Hubble Space Telescope /Space Telescope Imaging Spectrograph to study [NeV]|
A3427, [FeVII] A3586, A3760, 6086, [FeX] A6374, [FeXIV] A5303, [FeXI] A\7892, and [SXII]
A7611 emission in their sample. They determined that the CLR extends between 10 - 230
pc from the nuclear core (similar to [I88] and [228]). They also measured CLR electron
temperatures to vary between 10,000 K - 20,000 K (below the pure AGN photoionization
threshold of ~ 20,000 K) and compared the ionization properties of the CLR to varying
photoionization and shock models (e.g., [26] [79]). They concluded that AGN photoionization
from a central source is the sole physical mechanism producing the lines in their sample.
Moreover, [99] scanned the sixth Sloan Digital Sky Survey (SDSS) data release ([3]) and
investigated the CLR in 63 AGNs with [FeX] A6374 emission (IP = 233.60 eV), without
an a priori assumption that emission would only be found in AGNs. They also studied
[FeXI] A\7892 (IP = 262.10 V) and [FeVII] A6086 (IP = 99.10 ¢V) emission in these AGNs.
They determined that photoionization is also the source of the CLs (inferred using X-ray
observations from Rosat; [288, 287]). The authors then measured the extent of the CL
emitting clouds in their sample and found that the lines with higher IPs (e.g., [FeX] and
[FeXI]) feature larger FWHM values, consistent with the lines occupying a region closest
to the BLR, at a scale comparable to the dusty torus. They determined that the lower IP
[FeVII]-emitting regions feature narrower lines and likely merge with the traditional NLR.
Here, we use the SDSS’s Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA) integral field unit (IFU) catalog, from the survey’s fifteenth data release in its the
fourth phase (SDSS-1V), to further evaluate the ionization mechanism(s) of the CLR and to
better understand the relationship between CLs and AGN activity. Large IFU spectroscopic
surveys are critical for studying CLs because they provide spatially resolved galactic spectra
that can trace the full extent of the CLR. Additionally, MaNGA has observed 10,010 nearby
galaxies, and the eighth data release of the catalog contains 6,263 unique galaxies, making
it one of the largest IFU survey of galaxies currently available. With our custom pipeline,

we detect 10 galaxies with emission from one or more CLs detected at > 50 above the con-
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tinuum in at least 10 spaxels (~ 0.16% of the sample), which makes it the most extensive
such catalog of MaNGA CL galaxies to date.

This paper is outlined as follows: Section details the technical components of the
SDSS-IV MaNGA survey and its data pipeline, Section describes the methodology we
use to build the CL catalog and to analyze the physical properties of the CLR, Section
2.4 reviews our results, Section [2.5 provides interpretations of our findings, and Section [2.6
includes our conclusions and intended future work. All wavelengths are provided in vacuum
and we assume a ACDM cosmology with the following values: ), = 0.287, 2, = 0.713 and
Hy =69.3 km s~ Mpc™.

2.2 Observations

2.2.1 The MaNGA Survey

To conduct our analysis, we utilize the largest IFU spectroscopic survey of galaxies to
date, the SDSS-TV MaNGA catalog [36, 80l 159, [303] 29, 290]. MaNGA began taking data
in 2014 using the SDSS 2.5 m telescope [I11], and has logged the spectra for 10,010 nearby
galaxies (0.01 < z < 0.15; average z =~ 0.03) with stellar mass distributions between 10° M,
and 10'2 M. The spectra were taken at wavelengths between 3622 A - 10354 A, with a
typical spectral resolution of ~ 2000 and a velocity resolution of 72 km s~ (see [36]).

MaNGA relies upon dithered observations using IFU fiber-bundles, assembled indi-
vidually from the Baryon Oscillation Spectroscopic Survey Spectrograph [259]. The IFUs
are grouped into hexagonal grids with field-of-view (FoV) diameters between 12.”5 to 32.”5
- each distribution is matched to the apparent size of the target galaxy [36]. The exact
configuration of the fiber-fed system consists of two 19-fiber IFUs (12.”5 FoV), four 37-fiber
IFUs (17.”5 FoV), four 61-fiber IFUs (22.”5 FoV), two 91-fiber IFUs (27.”5 FoV), and five
127-fiber IFUs (32.”5 FoV). The resulting pluggable science and calibration IFUs generate
galactic spectroscopic maps out to at least 1.5 times the effective radius; the typical galaxy

is mapped out to a radius of 15 kpc. Each MaNGA spatial pixel, or spaxel, covers 0.”5 X
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0.”5 and the average full-width half maximum (FWHM) of the on-sky point spread function

(PSF) is 2.5, which corresponds to a typical spatial resolution of 1 -2 kpc [80)].

2.2.2 MaNGA Data Reduction Pipeline

The MaNGA Data Reduction Pipeline (DRP) generates flux calibrated and sky-subtracted
data for each galaxy in a FITS file format that is used for scientific analysis [159]. The result-
ing DRP data product is run through MaNGA’s Data Analysis Pipeline (DAP; [294]) that
provides spectral modeling and science data products, such as stellar kinematics (velocity
and velocity dispersion), emission-line properties (kinematics, fluxes, and equivalent widths),
and spectral indices (e.g., D4000 and Lick indices). The data products are publicly released
periodically as MaNGA Product Launches (MPLs).

To construct our catalog of CL galaxies in MaNGA, we use MaNGA’s eighth data

release (MPL-8), which contains data for 6,263 unique galaxies.

2.3 Analysis

2.3.1 Spectral Fitting

The MaNGA DAP provides fits for prominent emission lines (e.g., the narrow compo-
nents of Ho, HB, and [OIII] A5007). However, it does not offer fits for the CLs of interest
in this chapter (Table [2.1]), which we select due to their high ionization potentials (> 100
eV), their presence within the wavelength range of MaNGA, and for comparison with prior
CLR studies that featured these lines (e.g., [150] 8, 20T, 235] 187, 180} 236]). As a result, we
construct a custom pipeline to scan for [NeV] A\3347, 3427, [FeVII] AAA3586, 3760, 6086,
and [FeX] A6374 emission at > 50 above the background continuum in the 6,623 galaxies in
MPL-8. We use this high 50 threshold to ensure we identify unambiguous CL emission.

We first access the DRP to extract the necessary data cubes for each MaNGA galaxy.

The data cubes provide a spectrum for each individual spaxel across the FoV of each galaxy
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(spaxel arrays vary between 32 x 32 spaxels to 72 X 72 spaxels, depending on IFU config-
uration). We then use the spectroscopic redshifts of each galaxy, adopted from the NASA
Sloan Atlas catalogs using single-fiber measurements [30], to shift the spectra to rest vac-
uum wavelengths and to impose a minimum redshift threshold (zy;,) for CLs near the lower
wavelength limit of MaNGA (3622 A; Table . In some instances, CL rest wavelengths
are redshifted out of MaNGA'’s spectral range.

Once the spectra are wavelength corrected, we analyze each individual spaxel for each
galaxy and perform a polynomial fit on a narrow spectral region, ~ 300 A wide, of continuum
near the CL to model the background stellar continuum and subtract it. We then attempt
a single Gaussian fit on a ~ 30 A region centered on the rest wavelengths of the CLs. This
wavelength range was shown to sufficiently capture the full extent of CL emission in our
preliminary scans, even for CLs with FWHM > 1,000 km s~!. We subsequently determine
the root mean square (RMS) flux of two continuum regions (~ 60 A wide) that neighbor
each target CL, free of absorption or emission lines, and require that CL amplitudes are
detected at > 50 above the mean RMS flux values in these continuum regions. We consider
the spectral resolution of MaNGA (R = A\/AX ~ 1400 at 3600 A; R ~ 2000 at 6000 A;
[259]) to eliminate fits with AX < 2.4 A (for [NeV] A\3347, 3427), < 2.6 A (for [FeVII]
AA3586, 3760), and < 3 A (for [FeVII] A6086 and [FeX] A6374; we do not detect the [FeX]
A6374 line using this criteria). We also require that each galaxy in our catalog features >
10 CL-emitting spaxels to ensure we are detecting sources with definitive CL emission. We

show an example of a single Gaussian fit for the [FeVII] A3760 line in Figure [2.1]

2.3.2 Coronal Line Flux Maps

We use flux maps to trace the strength and distribution of the CLs in the CLR. To
generate these maps, we use the integrated CL flux value from each spaxel for each CL
galaxy. We show an example flux map in Figure 2.2

For each MaNGA observation, the photometric center corresponds to the galactic center
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Figure 2.1: A sample spectrum from an individual spaxel showing the [FeVII] A3760 line detected
at > bo above the continuum in J1349. The solid black line is the continuum subtracted spectrum,
the shaded gray region is the uncertainty, the solid red line represents the best fit, the red dotted
vertical lines mark the fitting window, the blue dotted line signifies the rest wavelength of the
[FeVII] A3760 line, and the two sets of black dotted vertical lines correspond to the neighboring
continuum windows where the RMS flux values of the continuum are calculated.
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Figure 2.2: A sample CL flux map showing [NeV] A3427 emission detected > 50 above the contin-
uum in J1614. For this galaxy, the strongest [NeV] A3427 emission is located near the center of the
galaxy. The gray region is outside of the MaNGA FoV.
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Table 2.1: Target CLs

Emission Line Wavelength IP Zmin
A) (V)

[NeV] 3347 126.22  0.088

[NeV] 3427 126.22  0.063

[FeVII] 3586 125.0 0.016
[FeVII] 3760 125.0 -
[FeVII] 6086 125.0 -
[FeX] 6374 262.1 -

Note: Columns are (1) emission line, (2) rest
wavelength, (3) ionization potential, and (4),
minimum redshift value required for MaNGA
detection.

([303]). We use this position and the galaxy’s inclination angle to determine the de-projected
galactocentric distance of each CL spaxel. The MaNGA DAP provides the ratio of the semi-
minor to semi-major axes (b/a) for each galaxy, and we use this value to determine the
cosine of each galaxy’s inclination angle (i): cos(i)= b/a. The de-projected distance of each

CL spaxel to the center of the galaxy is then measured by:

DSpaxel = \/(IL' - xcenter)Z + ((y - ycenter) * COS(i))2 (21)

Next, we convert the spaxel distances to a physical unit (kpc) using the astropy.cosmology
Python package. The resulting value corresponds to the distance of each CL emitting spaxel,
and the coronal line distance (CLD) corresponds to the distance of each galaxy’s most

extended CL-emitting spaxel (from the galactic center).

2.3.3 Coronal Line Intensity Profiles

We explore CL intensity as a function of de-projected galactocentric distance to help
determine the ionization mechanism(s) producing the CLs. We consider the study conducted
by [302], which analyzed ionization sources in galaxies with spatially extended emission line
regions. The authors measured integrated flux profiles for a system of ionizing sources and

found that the strength of ionizing flux, as a function of galactocentric distance, should
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decay with a power law index of a = -2 (i.e. obey the inverse square law) for pure AGN
photoionization. They used this model to differentiate AGN photoionization from other
sources (e.g., shocks). [274] also used this model to show that jet-induced shocks primarily
ionize extended emission line regions along the axis of radio jets for several AGNs, and that
AGN photoionization dominates within the nuclear regions. We fit a power law for each CL
galaxy, and measure the best-fit power law index to help determine the ionization source(s)

for the CLs. We present a sample power-law fit in Figure [2.3]

2.3.4 Stellar Shock Diagnostics

We consider the role of supernova remnant (SNR) shocks in our analysis to determine
their role in the production of CL emission. The first SNR identified in an external galaxy
was observed by [177, I78]. The authors relied upon the strength of the [SII] AN6717,
6731 doublet with respect to the Ha line to differentiate SNR shocks from photoionized
regions. [71] and [73] refined this relation empirically, and determined that regions with
[SII] (A6717 + A\6731)/Ha > 0.4 feature SNR shocks. The use of this threshold is widely
adopted to identify SNRs (e.g., [218, [78, 163, 27, 162]), and we employ it in our analysis.
For each CL galaxy, we also divide the number of CL-emitting spaxels that feature SNRs
by the total number of CL-emitting spaxels. The resulting value is the fraction of SNRs in
each galaxy’s CLR (“SNR Frac” in Table 2.2). We calculate this parameter to determine
if elevated fractions of SNRs correspond to enhanced CL production, which would suggest
that SNR shocks play a major role in the production of CLs. The MaNGA DAP provides
flux measurements for the [SII] A6717, [SII] A6731, and Ha lines.

2.3.5 Electron Temperature and Electron Number Density Diagnostics

The electron temperatures and electron number densities of emission line regions pro-
vide direct insight into their ionization source(s). Specifically, temperatures between 10,000

K - 20,000 K are typical for photoionization equilibrium, as opposed to collisional shocks,
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for example, which can induce temperatures up to 10° K (e.g., [204]). Furthermore, number
densities on the order of n, ~ 10% - 10* cm™3 are typical of the NLR; n, > 10° cm~ for the
BLR (e.g., [152]).

We measure these parameters for the CL galaxies in our sample using Pyneb, a Python
package that evolved from the IRAF package Nebular [253, [168]. Pyneb’s getCrossTem-
Den routine iterates over the temperature sensitive flux ratio [OIII] (A5007 + A\4959) /4363
and the density sensitive flux ratio [SII] A6717/ A6731 to provide self-consistent temperature
and density values. For intermediate densities (n, ~ 10® cm~3), which are found beyond the

BLR:

D717 o He X n;l (2.2)

; 2
Ja6731 g

where j is the emissivity of each line and n. is the electron number density. For the temper-
ature sensitive ratio:

F(M959 + A5007) _ 7.33 exp (3.20 x 10%/T,)
F(\363) 1445 %1041, T, ?

(2.3)

where F is the flux of each line and 7} is the electron temperature.

We measure these line ratios for each CL emitting spaxel and use getCrossTemDen
to determine the CLR temperatures and densities in our sample. The MaNGA DAP provides
flux values for the [OIII] A\4959, [OIII] A5007, [SII] A6717, and [SII] A6731 lines. However,
it does not provide flux values for the [OIII] A4363 line. We thus modify our spectral fitting
routine outlined in Section to measure [OIII] A4363 in the CL emitting spaxels, if
present. We note that the [OIII] A4363 line is often blended with the H~ line; as a result,
we use a double Gaussian fit, where appropriate, to isolate [OIIl] A4363 emission. We show

an example of a double Gaussian fit on the Hy and [OIII] A\4363 lines in Appendix [A]

2.3.6 Galaxy Morphology

To determine the morphological diversity of our sample and to uncover the link, if

any, between CL emission and galaxy type, we use the MaNGA Morphologies from Galaxy


https://github.com/Morisset/PyNeb_devel/blob/master/docs/Notebooks/PyNeb_manual_7.ipynb
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Zoo value-added catalog, which features data from Galaxy Zoo 2 (GZ2; [297]). GZ2 is a
citizen science campaign with more than 16 million visual morphological classifications for
> 304,000 galaxies in SDSS.

We use the weighted vote fraction (outlined in [297]), which accounts for voter con-
sistency, to identify CL galaxies as either elliptical (“smooth”; “E” in Table or spiral
(“features or disks”; “S” in Table . We also use this fraction to determine if a CL galaxy
is in the process of merging (“m” in Table . We require a weighted vote fraction > 50%
for each morphological classification. 4/10 CL galaxies in our sample do not have a GZ2

morphological classification and their morphologies are not apparent from a visual inspection

(labeled *-’ in Table [2.2)).

2.3.7 AGN Bolometric Luminosity

Fueled by the accretion of gas onto supermassive black holes, AGNs emit their energy
across the entire electromagnetic spectrum. The AGN bolometric luminosity can thus be a
useful gauge for tracing the strength of their emission. If the bulk of CL emission is powered
by AGN activity, we anticipate that the AGN bolometric luminosities of the CL galaxies will
scale with their CL luminosities.

We determine the AGN bolometric luminosity for each CL-emitting spaxel using the
[OIII} A5007 flux values provided by the MaNGA DAP, and the procedure outlined in [209],

which assumes [OITI] A5007 emission comes from the AGN:

Lie L

log ( bll) = (0.5617 = 0.0978) log (p—””l> +(21.186 + 4.164) (2.4)
ergs ergs

2.4 Results

In this section, we review the strength and spatial distribution of the CLs in our

sample, investigate the role of SNR shocks in the production of the CLs, and present electron
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temperature, electron density, and AGN bolometric luminosity measurements for the CLR.
We then compare our sample with the largest existing MaNGA AGN catalog to determine if
CL emission is unambiguously linked to AGN activity. Finally, we cross-match our sample
with three existing MaNGA BPT AGN catalogs to help uncover if CLs can help identify
AGNs in large spectroscopic surveys.

Overall, we detect 10 CL galaxies in our scan of MaNGA’s MPL-8 (0.16% of the
catalog) with CL emission detected at > 50 above the continuum in > 10 spaxels. This
detection rate suggests that we will identify ~ 16 CL galaxies in the full survey of 10,010
galaxies. We provide the entire sample of CL galaxies in Table 2.2

We measure the CLR to extend between 1.3 - 23 kpc from the galactic center, with an
average distance of 6.6 kpc (distances traditionally associated with the NLR). In Appendix
, we present each CL galaxy’s [OIII] A5007 flux map to demonstrate the similar physical
scales (several kpc) of the CLR and NLR.

Further, to ensure that CL emission is sufficiently resolved for each CL galaxy, we
investigate the instrument PSF (~ 2.5 for MaNGA). We determine that the PSF for our
sample varies between 536 pc to 3.2 kpc, with an average PSF of 1.7 kpe. 6/10 CL galaxies
show well resolved and continuous emission beyond the instrument PSF. The remaining four
CL galaxies, JO752 ([NeV] A3427), J1535 ([FeVII] A\6086), J1714 ([NeV] A3347), and J2051
([NeV] A3427) lack continuous CL emission within a 2.”5 x 2.”5 FoV. As a result, we consider
the CLRs within these galaxies to be slightly below the instrument PSF, and not spatially
resolved in our analysis. The CL emission in these galaxies may indeed still be spatially
resolved (e.g., CL emission may be oriented along an ionization cone); however, we reason

that the CLDs we present for these galaxies are upper estimates.
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24.1 The Strength and Distribution of the CLs

Extended emission line regions (1 kpc to 100 kpc from the galactic center) surrounding
AGNs are expected to feature a variety of ionization mechanisms, which include photoion-
ization and shocks (e.g., [274]). To determine the role that these ionization sources play in

the production of CLs, we explore the strength and distribution of the CLs.

2.4.1.1  [NeV] \\3347, 3427

The [NeV] A3347 line is produced from the same excitation level as [NeV] A3427, but
its relative flux (100 x CL Flux/Flux (Lya); based on a composite quasar spectrum from
[283]) is 0.118 + 0.008, approximately one-third of the [NeV] 3427 line (0.405 £ 0.012;
[283]). As a result, we expect to detect the stronger [NeV] A3427 line in a higher fraction of
MaNGA galaxies, which we do.

We measure [NeV] A3427 emission in six galaxies from MPL-8: J1614, J1714, J0736,
J0752, J2051, and J2116. In two of these galaxies, J1614 and J1714, we also measure [NeV]|
A3347 emission. We present [NeV]| A\3347, 3427 flux maps for J1614 (z = 0.13; no GZ2
classification) and J1714 (z = 0.09; elliptical) in Figure[2.4] For J1614, we identify extended
[NeV] A3347 emission out to 5.9 + 2.9 kpc from the galactic center; 8.3 4+ 3.9 kpc for [NeV]
A3427. For J1714, we measure [NeV] A\3347 emission out to 4.3 £ 2.2 kpc from the galactic
center; 3.7 &+ 2.2 kpc for [NeV] A3427. We show the [NeV] A3427 flux maps for JO736 (2 =
0.12; no GZ2 classification; CLD = 5.4 4+ 2.7 kpc), JO752 (z = 0.12; no GZ2 classification;
CLD = 7.1 + 2.7), J2051 (2 = 0.11; spiral; CLD = 2.5 £ 2.5 kpc), and J2116 (z = 0.08;
spiral; CLD = 4.3 £ 1.9 kpc) in Figure 2.5 In each galaxy, [NeV] A\3347, 3427 emission is
predominantly concentrated within the galactic interior (within 2.”5 throughout the paper),
suggesting that a central source governs CL production in these galaxies. We cross-match
these galaxies with the largest existing MaNGA AGN catalog (“MaNGA AGN catalog”; [52];

AGN classifications determined using WISE mid-infrared color cuts, Swift/BAT hard X-ray
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observations, NVSS/ FIRST 1.4 GHz radio observations, and SDSS broad emission lines;
Section [2.5)), and determine that all [NeV] AA3347, 3427 galaxies are classified as AGNs.

2.4.1.2 [FeVII| AA\3586, 3760, 6086

[283] analyzed a homogeneous data set of over 2,200 quasar spectra from SDSS and
created a variety of composite spectra from this sample. The authors determined that the
relative fluxes for [FeVII] AAA3760, 3586, 6086 are 0.078 + 0.007, 0.100 + 0.011, and 0.113
+ 0.016, respectively (o = 0.018), which feature significantly less scatter than the [NeV]
AA3347, 3427 lines (o = 0.20). As a result, we expect to find a similar fraction of [FeVII]
galaxies that emit each line, which we do.

We measure [FeVII] emission in four MPL-8 galaxies: J1454 ([FeVII] A3760; z = 0.13;
elliptical; merger), J1349 ([FeVII] A3760; z = 0.02; no GZ2 classification), J0906 ([FeVII]
A3586; z = 0.11; spiral; merger), and J1535 ([FeVII] A\6086; z = 0.03; spiral). We present
the flux distributions for these galaxies in Figure [2.5]

Previous studies (e.g., [203, 64, [65, O7]) posit that the CLR lies within a transition
zone between the BLR (~ 0.1 kpc) and the NLR (several kpc). Here, we measure [FeVII]
A3760 flux in J1454 out to 23.0 + 2.9 kpc (4.40 above the mean of the CLD distribution; the
largest in our sample). We also find that the bulk of the CLR in this galaxy is not spatially
coincident with the galactic center. We determine that this galaxy is classified as a merger
in GZ2 and we detect the companion southwest of the galactic center, well-aligned with the
[FeVII] A3760 emission. During the merging process, companion galaxies can be separated
by tens of kpcs (e.g., [91]), which we reason likely accounts for the far-reaching CL emission
in J1454 (see Section [2.4.1.3).

We measure [FeVII] A3760 emission in J1349 out to 7.0 + 0.6 kpc from the galactic
center. The CL emission in this galaxy is most abundant within the galactic interior, but also
extends throughout the southwest and northeast regions. No GZ2 classification is available

for this galaxy, but its strong CL emission (1.20 above the mean of the CL luminosity
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are the most extended in our sample (10.0 + 2.5 kpc for J0906 and 23.0 £+ 2.9 kpc for J1454).
Merger-induced shocks are likely to be the primary ionization mechanism for these galaxies. The
CL galaxies that host AGNs tend to have more compact CL emission that is predominantly within
the galactic interior, which suggests AGN photoionization is the primary CL ionization mechanism
for these galaxies.
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distribution; Table and its extended morphology make it a galaxy of peculiar interest
in our analysis. We further analyze this galaxy in Section and determine it to be an
AGN candidate.

For J0906, we identify substantial [FeVII] A3586 emission out to 10.0 + 2.5 kpc from
the galactic center (1.90 above the mean of the CLD distribution; the second largest in our
sample). We determine that this galaxy is a merger based on the GZ2 classification and
identify elongated CL emission along an apparent central bar. We detect the companion in
the northern region of this galaxy, partially within the MaNGA FoV.

We scan the MaNGA AGN catalog and find no AGN classification for J1454, J1349,
or J0906 (two mergers; one unclassified morphology). We consider the likelihood that these
galaxies are AGN candidates, to help determine if AGN processes are producing the CLs in
these galaxies, in Section [2.4.4]

Moreover, prior studies show that gas inflows produced by mergers can generate widespread
shocks that ionize gas on kpc and sub-kpc scales (e.g., [I82]). As such, we also consider the
influence of a companion galaxy to be a potential source of the far-reaching CL emission in
the merging galaxies (Section [2.4.1.3).

For J1535 (a confirmed AGN in the MANGA AGN catalog), we detect [FeVII] \6086
emission out to 1.3 4 0.76 kpc. The CL distribution in J1535 strongly resembles the nuclear-
bound [NeV] A\3347,3427 distributions (Section[2.4.1.1)). If CLs are produced predominately
by AGN photoionization, then we expect to find the bulk of CLs within the galactic interior,

which is the case for this galaxy.

2.4.1.3 CL AGNs and CL Mergers

We find that the CL galaxies in our sample are either hosting an AGN (7; “CL. AGNs”),
undergoing a merger (2; “CL mergers”), or are unclassified (1; an AGN candidate; Section
2.4.4). The strength and distribution of the CLL AGNs are consistent with AGN photoioniza-

tion playing the most direct role in the production of the CLs, with merger-induced shocks
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being a strong candidate for ionization, too. The CL AGN detection rate (70% - 80%)
suggests that CLs are useful for identifying AGN in large spectroscopic surveys.
Additionally, we measure the CLDs of the CL mergers to be the most extended in our
sample (10.0 £ 2.5 kpc for J0906 and 23.0 £+ 2.9 kpc for J1454). The interactions between
companion galaxies, which occur on the scale of tens of kpcs, can create tidal forces that
drive gas towards the galactic centers, which can lead to shock excitation (e.g., [91]). These
shocks are likely to impact both galaxies and account for the extended CL emission we see
in the CL mergers. Moreover, the CL mergers may be relevant for AGN studies because
infalling gas can fuel AGN activity, which can produce large-scale outflows and additional

shocks that influence the host galaxy’s evolution (e.g., [225]).

2.4.2 The Role of Stellar Shocks in the CLR

Shock ionization can result from a variety of phenomena, including, but not limited to,
AGN activity (e.g., jets), gas inflows produced by mergers, and stellar winds generated by
SNRs (e.g., [146]). We address the role of SNR shock ionization in the CLR, specifically, by
investigating the populations of SNRs in the CLR. To execute this analysis, we adopt the
approach outlined in Section [2.3.4]

Further, to better decipher the role of SNRs in the CLR, we plot the CL luminosity
for each galaxy in our sample against the fraction of SNRs in their CLRs (Figure [2.6). We
utilize the Pearson correlation coefficient to quantify our results. The coefficient ranges from
-1 to +1, where 0 implies no correlation, -1 is indicative of a negative correlation, and +1
signifies a positive correlation. If CL luminosity and the fraction of SNRs are positively
correlated, then SNRs likely play a critical role in the production of CLs.

We compute a Pearson correlation value of 0.3, implying a weak positive correlation
between the fraction of SNRs in the CLR and the strength of the CLs. This suggests that a
higher fraction of SNR shocks, on average, do not increase the strength of CL. emission. We

reason that AGN photoionization and merger-induced shocks are the dominant ionization



42

mechanisms producing the CLs, even for the CL galaxies that feature a 100% fraction of SNRs
in their CL-emitting spaxels (Section . However, we do acknowledge the sparse amount
of data in Figure 2.6| and a lack of a clear visual trend. While we expect photoionization and
merger-induced shocks to have the most impact on the strength of the CLs, further analysis
is required to definitively rule out the influence of SNRs in the CLR.

We also inspect the ionizing radiation field of the CL galaxies to determine the ion-

ization mechanism(s) producing the CLR. We consider the r—2

ionizing radiation dilution
characteristic of pure AGN photoionization (e.g., [274} [302]; Section [2.3.3)), and compare the
power law indexes of the CL luminosities to v = -2 (Table 2.2). We measure a to range
between -1.8 + 0.3 to -0.6 £ 0.1 for the CL AGNs (7) and -0.9 &+ 0.1 to 0.2 £ 0.1 for the
remaining sample (3). For both samples, the decay of ionizing radiation with increasing
galactocentric distances is shallower than the profile expected for pure AGN photoioniza-
tion. As a result, we reason that the CLs, even for the CL AGNs, likely feature a blend
of ionization mechanisms that include, but are not limited to, SNRs and merger-induced
shocks, which account for the extended nature of the CLR (Section . Further, we ac-
knowledge that fluctuations in the density profile, as a function of galactocentric distance
(Section 2.4.3} e.g., [222]), may influence the evolution of the ionizing radiation field, and
that merger-driven shocks, AGN photoionization, and SNR, shocks may not be the only CL

ionization mechanisms; stochastic accretion, AGN light echoes, and AGN outflows are also

possible mechanisms that can produce CL emission (e.g., [I88], 298]).

2.4.3 Electron Temperatures and Electron Number Densities of the CLs

Previous studies (e.g., [I80]) found that temperatures in the CLR range from 10,000
K - 20,000 K, consistent with pure AGN photoionization. However, beyond the ~ 20,000 K
threshold, up to 10° K, outflowing jets can collisionally ionize and heat gas clouds (via stellar
and AGN shocks, for example; see [I85]; Section . For these cases, kinetic energy must

be supplied by an additional source (e.g., [204]). Moreover, intermediate electron densities
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the plot.
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ne ~ 10% - 10* cm ™3 are typical of the NLR; n, > 10° cm ™2 for the BLR.

As a result, we measure the temperature and density profiles for the galaxies in our
sample to better understand the nature of the CLR (Figure . For the density profiles, we
acknowledge that recent studies (e.g., [I3],[63]) report that electron number densities derived
from the [SII] AA6717,6731 doublet may be underestimated. Thus, we consider our electron
density measurements to be lower estimates.

For the temperature and density measurements, we require flux values for the [OIII]
A4363 line, but we only detect this line in 4/10 CL galaxies, which all host AGNs (Table
. We also consider the fraction of spaxels in each galaxy’s CLR that we can measure
temperatures and densities for (the “Measurement Fraction” in Table . We find that the
average CLR temperatures vary between 12,331 - 22,530 K, and that the average temper-
atures for 2/4 CL galaxies are consistent with pure photoionization. However, 2/4 feature
temperatures slightly above the ~ 20,000 K threshold (for J1535, we determine a tempera-
ture of 21,088 K in the single spaxel we could measure). We reason that for both of the CL
AGNs with average temperatures above this limit, shock-induced compression and heating
contribute to the production of the CLs (see [220] for a similar analysis of shocked emission
in AGNs).

Additionally, we determine that the average CLR density varies between 244 - 586
cm 3, typical of the NLR. This result is consistent with the CLDs extending well into the

NLR (Section [2.4.1)).
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Figure 2.7: Left to right and top to bottom: SDSS optical image, and CL flux, temperature, and
density maps for J1614 ([NeV] A3347), J1614 ([NeV] A3427), J2116 ([NeV] A3427), and JO752

([NeV] A3427).
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2.4.4 AGN Bolometric Luminosity

AGN bolometric luminosity measures the total luminosity emitted by an AGN across
all wavelengths. It effectively traces the accretion efficiency, which is the fraction of accreted
mass on the SMBH that is radiated, and offers direct insight into AGN power (e.g., [217]).
If CLs provide definitive evidence for AGN activity, then the CL luminosity of each CL-
emitting spaxel should broadly scale with its bolometric luminosity. We explore this relation
using the method outlined in Section [2.3.7] and present our results in Figure[2.8] For galaxies
with multiple CL detections, we plot each CL independently. We identify a strong positive
correlation between CL and bolometric luminosities for our full sample (Pearson value of
0.9). In general, the strength of the CLR (measured by CL emission) scales with bolometric
luminosity.

We then perform a linear regression on the full sample of CL galaxies. We use the R?
statistic to quantify our results. This is a statistical measure that uses the sample’s variance
to determine how close the data are to the fitted regression line. It varies between 0 and
1, where 0 implies high variability of the data (i.e. a poor model fit) and 1 suggests low
variability (i.e. a good fit). We measure R? for our sample to be 0.7, which suggests that
CL luminosity is dependent on AGN bolometric luminosity, for the majority of our sample.
Additionally, we measure the residuals to determine how well the data fit the regression line.
We calculate the quantity Ry as the ratio of the residuals to the predicted regression values
for each data point (Table . This dimensionless quantity measures the deviation of the
data points relative to their predicted model values.

We first analyze the CLL AGNs and determine that they fit the regression well, as we
expect, with Ry values < 3. We then target the CL galaxies that have not been classified
as an AGN in the MaNGA AGN catalog, which are either undergoing a merger (J1454 and
J0906) or are unclassified (J1349). We do so to identify if these are outliers in our sample of

CL galaxies, and to determine if they are potential AGN candidates. J1454 and J0906 are
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Figure 2.8: Total CL luminosity plotted against bolometric luminosity for all CL galaxies. The
black line in the linear regression fit to the data. The blue data points are the CL. AGNs, the orange
are the CL mergers, and the green is the unclassified CL galaxy J1349. For some data points, CL
and bolometric luminosity uncertainties are too low to be visualized on the plot.



49

marked by the orange data points in Figure 2.8} J1349 in green. We measure Ry values for
J1454 and J0906 to be 8.1c and 1.70 above the mean of the R distribution, respectively -
the two highest in our sample. This suggests that J1454 is not a strong AGN candidate, and
that J0906 requires further analysis to determine if it hosts an AGN. On the other hand,
J1349 (Ry = 1.5) is within 1o of the mean of the distribution. We consider this galaxy to
be an AGN candidate due to its proximity to the regression line.

We deduce that CLs are strong tracers of AGNs, but perhaps not perfect since we also

find that galaxy mergers (which may not host an AGN) can also feature a CLR.

2.4.5 MaNGA AGN Catalog Comparison

Several authors suggest that CLs are common features in the spectra of AGNs and
provide unambiguous signatures for AGN activity due to their high production energies
(e.g., [150, 216, 180}, 157, [188]). We use a catalog of confirmed AGNs in MaNGA to test the
robustness of CLs as AGN identifiers (Table [2.5).

[52] assembled the largest existing catalog of AGNs in MaNGA to date. The authors
used WISE mid-infrared color cuts, Swift/BAT hard X-ray observations, NVSS/ FIRST 1.4
GHz radio observations, and SDSS broad emission lines to create their sample. In total,
they reported 406 unique AGNs in MPL-8.

Mid-infrared emission, generated by the heated dust which encompasses an AGN, is a
reliable probe for obscured and unobscured AGN activity. As a result, they used observations
from the Wide-Field Infrared Survey Explorer (WISE; [299]) to help identify AGNs. They
considered the four bands observed with WISE (3.4 pm (W1), 4.6 um (W2), 12 pm (W3),
and 22 pm (W4)) and apply a 75% reliability criteria of W1 - W2 > 0.486 exp{0.092(W2
- 13.07)?} and W2 > 13.07, or W1 - W2 > 0.486 and W2 < 13.07 ([10]) for their analysis.
They identified 67 WISE AGNs in MaNGA.

To trace the hot X-ray corona around an AGN, the authors used the catalog assembled

by [199], which consists of ~ 1,000 AGNs observed by the Swift Observatory’s Burst Alert



Table 2.4: Ry Values for the CL Luminosity vs. Bolometric Lumi-
nosity Relationship

SDSS Name CL Ry

J073623.13+392617.7 [NeV] A3427  0.53
J075217.84+193542.2  [NeV] A3427  0.26
J090659.464204810.0  [FeVII] A6086 3.7
J134918.204240544.9 [FeVII] A3760 1.5
J145420.10+470022.3  [FeVII] A6086 18.0
J153552.40+575409.4  [FeVII] A6086 0.81
J161413.204260416.3  [NeV] A3347  0.54
[NeV] A3427  0.16
J171411.634+575834.0  [NeV] A3347  0.10
[NeV] A3427 2.6

J205141.544005135.4  [NeV]
[NeV]

J211646.34+110237.4

NeV| \3427 0.11
NeV| \3427  0.52

Table 2.5: CL Galaxies Found in the MaNGA AGN Catalog

SDSS Name AGN Detection Method
J073623.13+392617.7 WISE, Broad
J075217.844-193542.2 WISE, BAT

J153552.40+575409.4 WISE, BAT, Broad
J161413.20+260416.3 WISE, BAT, Broad
J171411.63+575834.0 WISE, Broad
J205141.54+005135.4 WISE, Broad
J211646.34+110237.4 WISE, Broad
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Telescope (BAT) in the ultra hard X-ray (14 - 195 keV). The authors found 17 AGNs from
this catalog in MaNGA.

Further, radio studies are unique in their ability to detect strong emission emanating
from AGN radio jets. [25] used observations from the 1.4 GHz NRAO Very Large Array Sky
Survey (NVSS; [56]) and the Faint Images of the Radio Sky at Twenty Centimeters (FIRST;
[15]) to detect AGNs in the SDSS’s seventh data release (DR7). They differentiated AGN
activity from star formation emission using the correlation between the 4000 A break strength
and radio luminosity per stellar mass, emission line diagnostics, and the relation between
Ha and radio luminosity ([15]). [52] found 325 radio AGNs from this catalog in MaNGA.

Broad Balmer emission lines (FWHM > 1,000 km s™!) also serve as useful signatures
for AGN activity. The high velocity clouds which produce these lines provide clear evidence
of high density gas in close proximity to the SMBH. [200] assembled a catalog of nearby (z
< 2) Type I AGNs in SDSS’s seventh data release using the broad Ha emission line, and
[52] identified 55 broad line AGNs from this catalog in MaNGA.

We cross match our sample with the 406 unique MaNGA AGNs reported by [52] and
find 7 CL galaxies in it (70% of our sample). We consider CLs to be a strong tracer of AGN
activity since the majority of our CL galaxies are confirmed to host an AGN. Additionally,
the remaining 30% of our sample are galaxies of interest. J1349 is an AGN candidate (Section
, and J1454 and J0906 are undergoing mergers, which can induce strong gas inflows
that can eventually trigger the activation of AGNs and fuel large-scale AGN outflows (e.g.,

225)).

2.4.6 BPT AGN Catalog Comparison

Baldwin-Phillips-Terlevich optical emission line diagnostic diagrams (BPT diagrams;
[11], [143] [145] [141]) incorporate line ratios between high and low ionization species (e.g.,
[OI1I] A5007/H B vs. [NII] A6584/Ha or [OIII] A5007/H3 vs. [SII] (A6717 + A6731)/Ha)

to distinguish gas ionization sources as star forming, Seyfert (AGN), low-ionization nuclear
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emission-line region (LINER), or a composite of multiple ionization sources. They serve as
the traditional AGN selection tool for most spectroscopic surveys.

[220], [239], and [301] used these diagrams to identify AGN candidates in MaNGA'’s
MPL-5, which contains data cubes for 2,727 unique galaxies. We scan these catalogs to
identify the fraction of CL galaxies found within them. We do so to determine the strength
of the BPT diagrams as an AGN selection tool, and to assess if CLs can help provide accurate
AGN identifications in MaNGA (and similar spectroscopic surveys). We acknowledge that
each BPT catalog may not have exhaustively scanned MPL-5 (e.g., spectroscopic data may
not have been available for all galaxies during each analysis; [220]). As a result, we consider
our findings preliminary.

A primary drawback of BPT diagrams is their inability to distinguish low ionization
AGNs from post-AGB stars. [220] used the equivalent width of Ha (EW Ha) to mitigate
this issue. [45] first determined that galaxies with EW Ha < 3 A are predominantly ionized
by post-AGB stars, rather than AGNs. As a result, [220] used this threshold to analyze
single-fiber (within the central 3”) MPL-5 galaxy observations. They identified 62 AGNs
above this limit, which were also reported as Seyfert or LINER (which have been shown to
strongly link with AGN activity; e.g., [125]) on the BPT diagrams. We scan this catalog for
the CL AGNs that are in MPL-5 (J1714; J0736; J2116; J1535) and determine that 0/4 are
present.

[239] also used BPT diagrams to analyze the spectroscopic properties of ionized gas
within the central (within 3”) of the MPL-5 galaxies. The authors similarly used EW Hao
values to differentiate AGN from post-AGB star ionization regions. However, they relaxed
the 3 A criteria used by [220] and [45], and only considered galaxies with EW Ha < 1.5
A to be primarily ionized by post-AGB stars (to include weaker AGN). Additionally, the
authors excluded galaxies below the Kauffmann demarcation curve, which is an empirical
tracer of HII regions - used to isolate star forming sources on BPT diagrams ([143] [145]).

Using these constrains, they reported 98 AGNs in MPL-5. We find that 1/4 CL AGN, that
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are in MPL-5, are in this catalog (J2116).

Finally, [301] analyzed each spaxel for every galaxy in MPL-5 and created spatially
resolved BPT-diagrams. They weighted the summed fraction of spaxels categorized as either
AGN, LINER, or composite in each galaxy (e.g., AGN spaxels were given an 80% weight and
composite spaxels were given a 20% weight). The authors then performed cuts on Ha surface
brightness and Ho EW. Ha surface brightness is a reliable tracer of diffuse hot ionized gas;
however, emission line ratios are often enhanced in regions with low Ha surface brightness
(which can mimic AGN and LINER emission; e.g., [I14]). As a result, they excluded spaxels

with Ho surface brightnesses < 1037 erg s~ kpc=2.

They also elevated the minimum EW
Ha threshold to 5 A to further reduce potential stellar contamination (below this limit post-
AGB stars are considered to be the primary ionization mechanism). They found 303 AGN
candidates, and we identify 2/4 CL. AGNs, that are in MPL-5, in their sample (J1535 and
J2116). [301] acknowledged that BPT ionization ratios can be impacted by diffuse ionized
gas, extraplanar gas, photoionization by hot stars, metallicity, and shocks. These sources can
elevate line flux ratios to produce AGN-like features, potentially leading to misclassification
(e.g., [223, 224, [144])).

We determine that the [220], [239], and [301] catalogs feature 0/4, 1/4, and 2/4 CL
AGN(s) (in MPL-5), respectively. The low fraction of CL. AGNs in these catalogs suggests
that CL detections may be useful for identifying AGNs missed by traditional BPT diagrams.
We will conduct a more thorough review in a forthcoming publication (Negus et al., in prep)
and determine the BPT classifications for all of the CL-emitting spaxels in our sample. We
will also compare our findings with future MaNGA BPT AGN catalogs that scan a more
complete sample of MaNGA galaxies. This will help us build a deeper understanding of the

CL galaxies, and will enable us to more closely evaluate the strength of BPT diagrams as

AGN classifiers.
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2.5 Discussion

In this chapter, we analyze 10 CL galaxies from MaNGA’s MPL-8. With our detection
rate (0.16%), we expect to find at least ~ 16 CL galaxies with CL emission at > 50 above
the continuum, in at least 10 spaxels, in the final MaNGA catalog of ~ 10,000 galaxies.
We anticipate that the majority of these CL galaxies will be confirmed as AGNs or AGN
candidates, and that the remaining will be CL mergers.

We determine that AGN photoionization is likely the dominant ionization mechanism
for the CLs in our sample, which is consistent with results found in previous studies (e.g.,
[99] 180]). As a result, we consider CLs to be a useful tracer for AGN identification, which
is a critical step in constraining the role of AGN feedback in the host galaxy’s evolution. On
the other hand, we also determine that CLs can be featured in merging galaxies that may not
host an AGN (20% of our catalog), likely through gas inflows that trigger shocks and extend
the reach of the CLR. However, these CL galaxies may still be useful for understanding
feedback within galaxies since mergers can initiate galaxy winds, fuel AGNs, stimulate star
formation, and impact a galaxy’s gas supply (e.g., [266, 49| 225]).

Further, [69] studied CL emission in four nearby AGNs and reported a co-spatial
distribution of CL emission with radio jets. [187] also modeled the location and kinematics
of the CLR in a sample of AGNs and declared that the bulk of these regions corresponded
to outflows. These AGN processes, in addition to shocks, may be additional CL ionization
mechanisms that can account for the extended emission we report.

Finally, prior CL studies measured these lines to lie between the BLR and the NLR
(e.g., [180], 232]), or on the order of hundreds of pc (e.g., [I88], 228]). Here, we measure
the CLR to be far more extended, out to distances of 1.3 - 23 kpc from the galactic center
and well into the NLR. We do consider the possibility that the CL emission in the CL
galaxies can be smeared (to distances much larger than the FWHM of the PSF) by seeing

from the atmosphere, the telescope, and/ or the instruments (e.g., [43]). In Section [2.4] we
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show that beam smearing is possible for 4/10 CL galaxies and consider their CLDs to be
upper estimates. However, the remaining population of 6 CL galaxies feature continuous
and well resolved CL emission. Among this sample, the CL galaxy with the most extended
CL emission is spatially resolved and extends out to 23 kpc. As such, the extent of the CLR
that we report (1.3 - 23 kpc from the galactic center) is unlikely to be impacted significantly

by beam smearing.

2.6 Summary and Future Work

We assemble the largest catalog of MaNGA CL galaxies to date. With our custom
pipeline, we detect 10 CL galaxies exhibiting emission from one or more CLs ([NeV] A3347,
[NeV] A3427, [FeVII] A\3586, [FeVII] A3760, or [FeVII] A6086 in this chapter) detected at >
50 above the background continuum in at least 10 spaxels.

Our primary results are the following:

(1) CL emission extends 1.3 - 23 kpc from the galactic center, with an average distance

of 6.6 kpc (well into the traditional NLR).

(2) Across our entire sample, CL luminosity diminishes exponentially from the galactic
center with -1.8 £ 0.3 < a < 0.2 £ 0.1. We compare this to the power law index
expected for pure AGN photoionization (« = —2), and reason that shocks (e.g.,
merger-induced and from SNRs) can also produce CLs and increase a to values >

-2.

(3) The average CLR electron temperature ranges between 12,331 K - 22,530 K. Shock-
induced compression and heating must necessarily elevate these temperatures beyond

the threshold for photoionization (~ 20,000 K).

3

(4) The average CLR electron number density is on the order of ~ 10* cm™3, consistent

with the CLR occupying the NLR, beyond the BLR.
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(5) CL luminosity strongly correlates with bolometric luminosity (Pearson value of 0.9)
for our sample. This is consistent with AGN activity primarily regulating the

strength of CLs.

(6) The CL mergers (J1454 and J0906) deviate most significantly (R; > 3) from the
linear regression fit performed on CL luminosity vs. bolometric luminosity. J1454,
8.10 above the mean of the R distribution, is not a strong AGN candidate based
on this result. J0906, 1.70 above the mean of the Ry distribution, requires further

analysis to determine if it hosts an AGN.

(7) 7 CL galaxies (70% of our catalog) are confirmed AGNs. One CL galaxy is also
an AGN candidate. CLs are strong, but perhaps not perfect, indicators of AGN

activity.

(8) Several CLL AGNs are not found in existing BPT AGN catalogs. Our preliminary
results suggests that CL detections may be useful for helping to identify AGNs missed

by traditional BPT diagrams.

We will conduct a full review of the CLR kinematics in a forthcoming publication to de-
termine the role of outflows in the production of CLs. Specifically, we will trace the bulk
motion of galactic outflows (i.e. jets), study the dynamics of gas inflows that result from
mergers, and measure the rotation and cloud velocities of gas near the galactic core using
MaNGA’s DAP.

We will also scan MPL-11, the final MaNGA data release that contains 10,010 galaxies,
and append our sample of CL galaxies with any additional CL galaxy detections. We will
then determine which CLs are most suitable for identifying high luminosity AGNs, and
proceed to investigate the role of dust extinction on optical CL detections. Ultimately, we

seek to ensure we identify all CL galaxy candidates and to build the most complete sample

of CL galaxies in MaNGA.



Chapter 3

A Catalog of 71 Coronal Line Galaxies in MaNGA: [NeV] is an Effective AGN

Tracer

This chapter was published in The Astrophysical Journal (J192]).

3.1 Introduction

Active Galactic Nucleus (AGN) feedback, the process by which an active accretion
disk converts gravitational energy into radiative or mechanical energy (e.g., AGN-induced
photoionization, outflows, shocks, winds, and jets), has been shown to dynamically influence
the evolution of a host galaxy (e.g., the tight correlation between stellar velocity dispersion
and black hole mass and the quenching of star formation; e.g., [95], 08| 127, [87, 151, 120]).
However, the full spatial extent, ionization properties, and impact of AGN feedback on the
host galaxy have yet to be fully unraveled.

The Unified Model of AGN ([7, 280]) provides a fundamental architecture for under-
standing the evolution of AGN feedback. In this model, an AGN is either Type I or Type
I1. Type I are viewed pole-on and are observed to have broad (FWHM > 1,000 km s™!) and
narrow (FWHM < 1,000 km s™!) emission lines, whereas Type II are viewed edge-on and
are observed to only have narrow emission lines. These regions are termed the broad-line
region (BLR) and the narrow-line region (NLR), respectively.

In [191], we considered The Unified Model before investigating the “coronal line re-

gion” (CLR), an area surrounding a supermassive black hole (SMBH; Mgy > 10¢ M) that
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produces highly ionized species of gas with ionization potentials (IPs) > 100 eV (termed
“coronal lines” (CLs) since they were first observed in the solar corona). CLs are suspected
to primarily originate from the strong ionizing continuum of an AGN; in particular, nuclear
CLs are produced in the inner edge of the dusty torus and extended CLs are tied to the pres-
ence of a jet or AGN-driven outflows (due to the highly energetic nature of these processes;
e.g., [233, 215, 09, (187, (IR0, 232, 18, 104, 228]).

Further, CLs in the mid-infrared have been extensively used to probe for AGNs, and
to subsequently analyze their physical environments, within dusty galaxies (e.g., [100, 272,
9, 170, 293, [62]). In fact, several studies have shown that AGNs, even those missed by
optical surveys (due to obscuration, for example), are uncovered by observations of infrared
CLs (e.g., [243], 246] 238]). Additionally, since CL emission from Type II supernovae is
infrequent, weak, and short lived, CL infrared observations have been particularly useful for
accurately identifying CL emission exclusively from AGNs (e.g., [260]).

In regard to optical studies, Baldwin-Phillips-Terlevich diagnostics diagrams ([11], 286,
143][145]) are predominantly used to differentiate emission-line sources as star-forming, AGN,
or a composite of the two. However, diffuse ionized gas, extraplanar gas, photoionization by
hot stars, metallicity, and shocks can elevate sources beyond the star formation threshold
and potentially lead to AGN misclassification (e.g., [301]).

Moreover, while the NLR is the largest observable structure directly affected by an
AGN’s ionizing radiation (out to several kpcs; e.g., [I88]), star formation can also produce
some of the narrow lines usually associated with AGN (e.g., [OIII] A5007; “[OIII}” hereafter).
Further, while the BLR provides definitive evidence of AGN activity, due to the elevated
cloud velocities, its compact radial extent (= 0.1 kpc; e.g., [158]) is often spatially unresolved
in most spectroscopic surveys. On the other hand, CLs require energies well above the limit
of stellar emission (55 e¢V; [I13]) and are typically spatially resolved beyond the BLR and
well into the NLR (e.g., [191]). If CLs can provide accurate AGN identification in optical

spectroscopic surveys of galaxies, as they have been shown to do in infrared surveys, then
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detecting them may be a critical step in constraining the complexities of AGN feedback (e.g.,
[184]).

The Sloan Digital Sky Survey’s (SDSS) Mapping Nearby Galaxies at Apache Point
Observatory catalog (MaNGA; [36]) has provided an unprecedented lens into the dynamic
environments that surround the SMBHs of nearly 10,010 nearby (0.01 < z < 0.15; average z
~ 0.03) galaxies. Using integral field spectroscopy (IFS), MaNGA provides a 1 - 2 kpc spatial
sampling across the field of view of each observed galaxy, which offers direct insight into the
spatial extent, ionization properties, and the environmental impact of AGN feedback. For
reference, previous SDSS surveys (e.g., SDSS-1 to SDSS-IIT; [304} 82]) observed galaxies with
small (37 diameter) optical fibers. The resulting spectra only traced a small region close to
the galactic center, potentially missing nuclear activity outside of this region. [303] further
report that 80% of SDSS galaxies observed with a single fiber have less than 36% of their
light covered. Moreover, long-slit spectroscopic surveys of galaxies also reveal limited spatial
information, since only narrow elongated regions of each galaxy are observed (e.g., [196]).
In contrast, MaNGA offers the ability to capture spatially extended galactic features, which
can reveal off-nuclear activity and large-scale emission line regions.

In [191], we scanned for [NeV] A\3347, 3427, [FeVII] AAA3586, 3760, 6086, and [FeX]
A6374 emission at > 5o above the background continuum in the 6,623 galaxies from MaNGA’s
eighth data release (MPL-8). We identified 10 CL galaxies in MPL-8, the largest such cat-
alog at the time; seven of which were confirmed to host an AGN, which suggests that CL
emission can be useful for tracing AGN activity. The remaining three visually appear to be
undergoing galactic mergers. We also found that the average spatial extent of the CLR from
the nuclear center is 6.6 kpc - well into the NLR.. Further, we measured the average electron
number density of the CLRs in our sample to be on the order of ~ 10? cm—3, also consistent
with the CLR occupying the traditional NLR, beyond the BLR (typical NLR densities range
from 10! - 10" ecm™3; e.g., [212, 221]).

However, we also reported a range of power-law indices (a) above the threshold ex-
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pected for pure AGN photoionization (o« = —2; we measured -1.8 £ 0.3 < a < 0.2 £ 0.1),
and electron temperature values slightly above the threshold for pure AGN photoioniza-
tion (T, = 20,000 K; [203]). We found that the average CLR electron temperatures varied
between 12,331 K - 22,530 K. These results suggest that shock-induced compression and
heating may also play a role in the production of CLs.

Comparatively, [I80] investigated the CLR for 10 pre-selected AGNs. They used the
Hubble Space Telescope /Space Telescope Imaging Spectrograph to study [NeV] A3427, [Fe-
VII] AAA3586, 3760, 6086, [FeX] A6374, [FeXIV] A5303, [FeXI] A\7892, and [SXII] A\7611
emission in their sample. The authors deduced that AGN photoionization is the main driv-
ing mechanism for the CLs. Moreover, [99] used the sixth SDSS data release ([3]) to analyze
the CLR in 63 AGNs with [FeX] A\6374 (IP = 233.60 eV), [FeXI] A\7892 (IP = 262.10 eV),
and [FeVII] A\6086 (IP = 99.10 eV) emission. They used X-ray observations from Rosat
([288, 287]) to similarly posit that AGN photoionization is the main ionization source of the
CLs. Finally, [219] executed the first systematic survey of twenty optical CLs in the spectra
of nearly 1 million galaxies from the eighth SDSS data release ([5]). The authors found that
CL emission is extremely rare (= 0.03% of the sample show at least one CL), and that the
highest ionization potential CLs tend to be found in lower mass galaxies. They reasoned
that this finding is consistent with theory that hotter accretion disks are produced by lower
mass black holes, which typically reside in lower mass galaxies.

Here, we use MaNGA'’s eleventh, and final, data release (MPL-11; 10,010 unique galax-
ies) to further resolve the physics of the CLR, and to better understand the relationship
between the production of CLs and AGN activity. With our custom pipeline, we identify 71
unique galaxies with emission from [NeV] A\3347, 3427, [FeVII] AAA3586, 3760, 6086, and /or
[FeX] A\6374 detected at > 5o above the continuum, which makes it the most extensive such
catalog of MaNGA CL galaxies to date.

This paper is outlined as follows: Section details the technical components of the

SDSS-IV MaNGA survey and its data pipeline, Section describes the methodology we
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use to build the CL catalog and to analyze the physical properties of the CLR, Section
reviews our results, Section provides interpretations of our findings, and Section
includes our conclusions and intended future work. All wavelengths are provided in vacuum
and we assume a ACDM cosmology with the following values: Q;; = 0.287, 24 = 0.713 and
Hy=69.3 km s~ Mpc™'.

3.2 Observations

3.2.1 Sample of Galaxies

We assemble our sample from the SDSS-IV MaNGA catalog ([36], 80, 159} 303}, 29, 290]).
MaNGA observations occurred between 2014 to 2020, using the SDSS 2.5 m telescope ([111]).
The IFS survey contains data for 10,010 nearby galaxies (0.01 < z < 0.15; average z =~ 0.03)
with stellar mass distributions between 10° Mg and 10'2 M. The spectra were taken at
wavelengths between 3622 A - 10354 A, with a typical spectral resolving power of &~ 2000,
corresponding to a velocity resolution of 72 km s (see [36]).

MaNGA contains spectroscopic maps out to at least 1.5 times the effective radius; the
typical galaxy is mapped out to a radius of 15 kpc. Each MaNGA spatial pixel, or spaxel,
covers 0.”5 x 0.”5, and the average full-width half maximum (FWHM) of the on-sky point

spread function (PSF) is 2.”5, which corresponds to a typical spatial resolution of 1 -2 kpc

([801).

3.2.2 MaNGA Data Analysis Pipeline

The MaNGA Data Analysis Pipeline (DAP; [294]) offers publicly available high-level
data products. The MaNGA DAP algorithms have been in development since 2014 and its
main outputs are stellar kinematics, fluxes and kinematics of prominent emission lines, and
continuum spectral indices. To measure each parameter, the DAP relies on spectral fitting

with pPXF ([38,39]), where each fit features a blend of stellar templates with a multiplicative
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polynomial component to the stellar continuum. In particular, the DAP incorporates the
MILESHC stellar templates library ([294]) to fit the stellar kinematics.

The inputs for the DAP are data reduced by the MaNGA Data Reduction Pipeline
(DRP). The DRP is fed spectra from the MaNGA fiber-feed system, which consists of 17
[FUs: two 19-fiber IFUs, four 37-fiber IFUs, four 61-fiber IFUs, two 91-fiber IFUs, and five
127-fiber IFUs (see [80] for a more detailed description). The DRP subsequently wavelength,

flux, and astrometrically calibrates the spectra.

3.3 Analysis

3.3.1 CL Continuum Subtraction and Emission Line Fitting

We scan for [NeV] A\3347, 3427, [FeVII] AAA3586, 3760, 6086, and [FeX] A6374 emis-
sion to better understand their effectiveness as AGN indicators. These CLs are selected
because MaNGA’s DAP does not provide emission line measurements for them. As a result,
we expand upon the custom pipeline detailed in [I91] to measure these CLs in MPL-11.

Note, all 10 CL galaxies reported in [I91] are recovered using the new MPL-11 pipeline.

3.3.1.1 CL Stellar Continuum Subtraction

To measure the stellar kinematics, and subsequently subtract the stellar continuum for
each CL galaxy’s observed spectra, we use pPXF ([40} 38, [39]). pPXF performs a polynomial
fit on each galaxy’s spectrum while masking gas emission lines. For each fit, we use the
MILESI] stellar templates library to represent the stellar population synthesis model. This
library contains ~ 1,000 stars, with spectra obtained by the Isaac Newton Telescope. These
spectra cover the wavelength range of 3525 A - 7500 A at a 2.5 A FWHM resolution.

We first access the DRP to extract the necessary data cubes for each MaNGA galaxy

before performing the pPXF stellar continuum subtraction. The data cubes provide a spec-

! http://miles.iac.es/
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trum for each individual spaxel across the FoV of each galaxy. We then use the spectroscopic
redshifts of each galaxy, adopted from the NASA Sloan Atlas catalogs ([30]), to adjust the
spectra to rest vacuum wavelengths. We also use a minimum redshift threshold (z,) for
CLs near the lower wavelength limit of MaNGA (3622 A; Table to ensure CLs of inter-
est are not shifted out of MaNGA’s spectral coverage. For [NeV] A\3347, 3427 and [FeVII]
A3586, ~ 93% (9,152), ~ 83% (8,096), and =~ 3% (229) of the MPL-11 galaxies, respectively,
feature redshifts that place each CL out of MaNGA'’s spectral range; as a result, we are
unable to scan for [NeV] AA3347, 3427 and [FeVII] A3586 in these respective galaxies.

We then apply a mask to each datacube, such that the imported wavelength range
for each spectrum matches the wavelength range of the stellar templates library (3525 A-
7500 A). Next, we normalize each spectrum by dividing fluxes in this wavelength range by
each spectrum’s median flux value (to avoid numerical issues; see [39] for a more detailed
discussion). Subsequently, we define a typical instrument resolution of ~ 2.5 A, construct a
set of Gaussian emission line templates (to mask emission lines; provided by pPXF), and fit
the stellar templates. Note, for the CLs near the lower limit of the mask (3525 A; e.g., [NeV]
AN3347, 3427 and [FeVII] A3586), we perform a custom stellar continuum fit and subtraction
before measuring the target emission line. In these instances, we execute a polynomial fit
on a narrow spectral region, ~ 300 A wide, of continuum (free of prominent absorption or
emission lines) near the rest wavelength of the target CL to model the background stellar

continuum and subtract it from the spectrum.

3.3.1.2 [NeV] and [FeVII] Emission Line Measurements

Once the spectra are stellar continuum subtracted, we attempt a single Gaussian fit on
a =~ 30 A region centered on the rest wavelengths of the CLs ([FeX]A6374 being the exception;
see Section . We found that this wavelength range is adequate for capturing the full
extent of CL emission in our preliminary scans. We then determine the root mean square

(RMS) flux of two continuum regions (= 60 A wide) that neighbor each target CL, free of
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absorption or emission lines, and require that CL amplitudes are detected at > 50 above
the mean RMS flux values in these continuum regions. We consider the spectral resolution
of MaNGA (R = A\/AX ~ 1400 at 3600 A; R =~ 2000 at 6000 A; [259]) to eliminate fits with
AN S 2.4 A (for [NeV] A\3347, 3427), < 2.6 A(for [FeVII] A\3586, 3760), and < 3 A(for
[FeVII] A6086 and [FeX] A6374). We provide an example of a single Gaussian fit for the
[FeVII] A3586 line in Figure [3.1]

3.3.1.3 [FeX] Emission Line Measurements

For [FeX] A\6374, the broad blue wing of this line is often blended with [OI] \6364
due to their close proximity. Consequently, we attempt a double Gaussian fit to isolate the
[FeX] A6374 line. If this routine does not successfully fit both lines with > 50 confidence,
then we attempt a single Gaussian fit and apply the method used in [99] and [236], whereby
the emission line ratio [OI] A6300/A6364 is used to determine if the [OI] A6364 and [FeX]
A6374 lines are blended. Specifically, from atomic physics, if [OI] A6300/\6364 = 3, then
the [OI] A6364 line is free from contamination (see also [85] for a full review). If [FeX] A6374
emission is present and blended with [OI] A\6364, it will reduce the [OI] A6300/A6364 ratio
below three. The MaNGA DAP provides flux values for both [OI] A6364 and [OI] A6300
lines. We adopt this method and require this ratio to be below three when fitting for [FeX]
A6374 with a single Gaussian fit to avoid confusing [OI] A\6364 and [FeX] A6374 emission.
Once we isolate the [FeX] A6374 emission, we impose the same thresholds used to identify

the [NeV] and [FeVII] emission lines (e.g., amplitudes > 50; Section (3.3.1.2)).

3.3.2 Coronal Line Flux Maps

Similar to [I91], we create custom CL flux maps to analyze the strength and distribution
of the CLs in the CLR. We create these maps using the integrated CL flux value from each
spaxel for each CL galaxy (Figure .

The center of each MaNGA observation corresponds to the galactic center ([303]). We
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Figure 3.1: A sample spectrum from an individual spaxel showing the [FeVII] A3586 line detected at

> 5o above the continuum in J0906. The dotted black line is the continuum subtracted s

pectrum,

the shaded gray region is the uncertainty, the solid red line represents the best fit, the red dotted

vertical lines mark the fitting window, the blue dotted line signifies the rest wavelength of the
[FeVII] A3586 line, and the two sets of black dotted vertical lines correspond to the neighboring

continuum windows where the RMS flux values of the continuum are calculated.
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Table 3.1: CLs

Emission Line Wavelength  IP Zmin
(A) (eV)

[NeV] 3347 97.1  0.088

[NeV] 3427 97.1  0.061

[FeVII] 3586 99.1  0.016
[FeVII] 3760 99.1 -
[FeVII] 6086 99.1 -
[FeX] 6374 233.6 -

Note: Columns are (1) emission line, (2) rest
wavelength, (3) ionization potential, and (4)
minimum redshift value required for MaNGA
detection.

use this position and the galaxy’s inclination angle to determine the de-projected galactocen-
tric distance of each CL spaxel. We do acknowledge that the CL gas may not be restricted
to the galactic disk; i.e., the CL emission may associated with an ionization “cone” and
therefore, in these instances, the de-projected distances are approximations.

The MaNGA DAP provides the ratio of the semi-minor to semi-major axes (b/a) for
each galaxy, and we use this value to determine the cosine of each galaxy’s inclination angle
(i): cos(i)= b/a. The de-projected distance of each CL spaxel to the center of the galaxy is

then measured by:

CLD = 1/ (x = Xeenter)? + (( = Yeenter) * cos())” (3.1)

where x is the projected distance between the spaxel and the galaxy center measured along
the galaxy’s major axis, and y for the minor axis.

We then convert spaxel distances to a physical unit (kpc) using the astropy.cosmology
Python package. The resulting value corresponds to the coronal line distance (CLD) of each
CL emitting spaxel from the galactic center. Further, the minimum coronal line distance
(CLDyin) corresponds to the distance of each galaxy’s closest CL-emitting spaxel from the
galactic center. Finally, the maximum coronal line distance (CLDy,.y) corresponds to the

distance of each galaxy’s most distant CL-emitting spaxel from the galactic center.



79

J171411.63+575834.0

o
N

CL Flux (1077 ergs 1 cm=2 A1)

=
o

oo

(o)}

0

Figure 3.2: A sample CL flux map showing [NeV] A\3427 emission detected > 50 above the con-
tinuum in J1714. For this galaxy, the strongest [NeV] A3427 emission is located near the center of
the galaxy. The gray region is outside of the MaNGA FoV and the black region are spaxels with
no CL emission. North is up, south is down, east is to the left, and west is to the right.
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3.3.3 Galaxy Morphology

To uncover the correlation, if any, between CL emission and galaxy morphology (e.g.,
spiral and elliptical), we use the MaNGA Morphologies Galaxy Zoo value-added catalog to
classify the morphologies of the galaxies in our sample. This catalog features data from
Galaxy Zoo 2, a “citizen science” catalog with more than 16 million visual morphological
classifications for > 304,000 galaxies in SDSS (GZ2; [297]),

The weighted vote fraction (discussed in [297]) accounts for voter consistency when
participants select morphological classifications, and we require this fraction to be > 50%
before assigning a morphological classification (e.g., “E” for elliptical, or “S” for spiral). We
also use the weighted vote fraction to determine if a CL galaxy features a bar, and/or is
categorized as odd (“b” and“0”, respectively).

In addition, to determine the fraction of CL galaxies undergoing a merger, we consider
the analysis being performed by [195] (“Nevin catalog” hereafter). The authors determine the
merger probability for each of the 1.3 million galaxies in the SDSS DR16 photometric sample,
using a statistical learning tool that is built on a linear discriminant analysis framework,
which is trained to separate mock images of simulated merging and non-merging galaxies
using imaging predictors (see [194] for a full review). We investigate the MPL-11 galaxies
from the broader SDSS DR16 Nevin catalog, and classify a CL galaxy as a merger if the

Nevin catalog gives it a merger value (Pmerg) > 0.5.

3.34 AGN Bolometric and [OIII] Luminosities

The AGN bolometric luminosity effectively traces the energetic output of an AGN
(across the entire electromagnetic spectrum). To compare the luminosity of the CL. AGN
candidates with other known AGN candidates, we thus consider the bolometric luminosity
parameter.

We determine the AGN bolometric luminosity for each CL galaxy using the summed
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[OII] flux values (Fjorm) across the entire galaxy (provided by the MaNGA DAP), and the

procedure outlined in [209], which assumes [OIII] emission comes from an AGN:

Lo L
log ( - ): (0.5617 % 0.0978) log ( m”) + (21,186 + 4.164) (3.2)

ergs—! ergs—!

where Lo = Flomy (47TR2) and R is the DAP provided luminosity distance based on redshift
and a standard cosmology of 2, = 0.3 and 2, = 0.7 (redshift is also measured by the DAP).

We then measure the total [OIII] luminosity (using the summed [OIII] fluxes across the
entire galaxy) for each CL galaxy in our sample. Next, we compare the [OIII] luminosities of
the CLs in our pipeline (Section to determine the relative strength of [OIII] for each
CL. We do so to assess if specific CLs are preferentially found in higher or lower luminosity
[OI1T}-emitting galaxies, which is useful to determine if CLs uniformly trace all AGN, or if

there may be an [OIII] luminosity dependence.

3.3.5 Narrow-Line BPT Diagnostics Diagrams

Baldwin-Phillips-Terlevich optical emission-line diagnostic diagrams (BPT diagrams;
[1T], 286l 143, 145]) are widely accepted to be effective tools for categorizing gas ionization
sources as star-forming, Seyfert (AGN), low-ionization nuclear emission-line region (LINER),
or a composite of multiple ionization sources. They serve as the traditional AGN selection
tool for most spectroscopic surveys. Specifically, these diagrams compare line ratios be-
tween high and low ionization species, most commonly [OIII] A5007/H/ vs. [NII] A\6583/Ha
(“[NII}/ Ha diagram” hereafter).

In this chapter, we construct spatially resolved narrow-line BPT diagnostic diagrams
for the CL galaxies to better constrain the ionization sources of the CLs. To do so, we require
emission line measurements for the [NII] A6583, [OIII] A5007, Ha, and HS emission lines.
The DAP measures the continuum subtracted flux for each of these emission lines. Note,
these fluxes account for galactic reddening using the E(B-V) values determined by the DRP,

which assumes an [I98] reddening law.
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Once we determine the necessary emission line flux measurements, we compute the
ratios for the [NII]/ Ha diagram, for each CL-emitting spaxel. We then use these values to
create custom spatially-resolved BPT maps, whereby we present the BPT-classification for
each CL-emitting spaxel within the MaNGA FoV, for each CL galaxy. Figure [3.3] shows an

example BPT map.

3.3.6 Dust Attenuation

[187] investigated the [FeVII] A6086, [FeX] A6374, and [FeXI] A7892 emission lines in
the Seyfert 1 galaxy Ark 564. The authors used the photoionization code CLOUDY ([94]) to
determine the location and kinematics of these lines. They found that the CLs are launched
from a dusty torus near the SMBH, where the gas is quickly accelerated. Moreover, using
the CLOUDY models, they determined that some iron carrying grains are destroyed during
the initial acceleration of the gas.

To follow up on the analysis performed by [I87], and to better understand the role
of dust grains on the potential depletion of the iron CLs, we use the E(B - V) color excess
index. This index traces the degree of interstellar reddening caused by photons that are
scattered off of dust; in essence, it measures the difference between an object’s observed
color index and its intrinsic color index. E(B - V) values for each CL galaxy are provided by

the MaNGA DRP (using [248] maps), and assume the extinction law provided by [198].

3.3.7 Shock Diagnostics

We explore the role of shocks (e.g., supernova remnant (SNR) and [OI] A6300 (“[OI]”
hereafter) shocks) in our analysis to elucidate the role of collisional excitation in the produc-
tion CLs (e.g., [210]). To do so, we consider the strength of the [SII] A\6717, 6731 doublet
with respect to the Ha line, which has traditionally been used to differentiate SNR shocks

from photoionized regions. Specifically, [71] and [73] first determined that regions with [SII]
(A6T17 + A6731)/Har > 0.4 can be used to identify SNR shocks. Additionally, the [OI] emis-
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J205141.54+005135.4

Figure 3.3: A sample BPT map showing AGN spaxels in red and composite spaxels in green, for
CL-emitting spaxels in J2051 (a [NeV] A3427 galaxy). The gray region is outside of the MaNGA
FoV and the black region are spaxels with no CL emission. North is up, south is down, east is to
the left, and west is to the right.
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sion line is generally a strong tracer of shock excitation, and line flux ratios with [OI]/Ha>
0.1 indicate that shocks with velocities 160-300 km s ~! are the main excitation source of
[O]] (e.g., [77, 16, OT], 223, 224], 226] 51]). The MaNGA DAP provides flux measurements for
the [SII] AA6717, 6731, [OI], and Ha emission lines.

3.4 Results

In this section, we report the main findings for the CL galaxies in our sample. First,
we present the fraction of confirmed AGN in the CL galaxies. Then, we analyze the spatial
distribution and extent of the CLs. Next, we inspect the CL galaxy bolometric and [OIII]
luminosities to deduce the effectiveness of using each species for accurate AGN identification.
After, we assess the BPT classification of the CL-emitting spaxels. Finally, we investigate
the role of dust extinction and shocks in the CLR to determine the impact of dust grains on
CL emission, and to further constrain the ionization source(s) of the CLs.

In total, we find 71 galaxies with CL emission at > 5o above the background continuum
in MaNGA’s MPL-11 (33 feature [NeV] emission, 39 feature [FeVII] emission, and 4 feature
[FeX] emission). Note, in our sample, 40 unique CL galaxies with either [NeV] A3427,
[FeVII], or [FeX] emission, or a combination of the three, feature redshifts below the 2z,
threshold for [NeV] A3347 (zmim = 0.088); further, 24 unique CL galaxies with either [FeVII]
or [FeX] emission feature redshifts below the z, threshold for [NeV] A3427 (2, = 0.061).
Therefore, we are unable to scan for [NeV] A3347 or [NeV] A3427 in these respective galaxies.
In general, most of the MPL-11 galaxies feature redshifts that place [NeV] AA3347, 3427 out
of MaNGA's spectral range (see Section [3.3.1.1)).

Moreover, in light of the extensive work to detect AGNs using infrared CLs, we cross-
matched our catalog of 71 unique CL galaxies with the infrared CL catalogs presented in
[100], [272], [9] [170], [293], [62], [105]. We do not identify any of the MaNGA CL galaxies
in these samples.

For 63/71 CL galaxies with GZ2 classifications (89%), we determine a nearly even
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fraction of spirals and ellipticals (48% and 52%, respectively). In addition, we measure the
average size of the CLR (from the galactic center) for [NeV] A\3347, 3427, [FeVII] AAA3586,
3760, 6086, and [FeX] A6374 to be 1.9 kpc, 2.3 kpe, 3.7 kpe, 5.3 kpe, 4.1 kpe, and 2.5 kpe,
respectively (Table[3.2). Further, we find that the vast majority of [NeV] galaxies feature at
least one CL-emitting spaxel in their nuclear regions (98.5%; 2.”5 x 2.”5 FoV surrounding the
central spaxel), whereas [FeVII] and [FeX] galaxies generally feature a smaller fraction (73%
and 75%, respectively). The corresponding fraction of confirmed AGN in these galaxies
(determined by comparing our sample to the largest catalog of confirmed MaNGA AGN;
Section is 94%, 14%, and 25%, respectively.

3.4.1 MaNGA AGN Comparison

Comerford et al. (in prep) provide the most complete sample of AGN in MaNGA’s
MPL-11 (see [52] for a full review of their MPL-8 MaNGA AGN catalog). The authors
compile a catalog of MaNGA AGN that were detected using SDSS broad emission lines,
NVSS/ FIRST 1.4 GHz radio observations, WISE mid-infrared color cuts, and Swift/BAT
hard X-ray observations.

Broad Balmer emission lines (FWHM > 1,000 km s™!) are strong tracers of the rapidly
rotating, high density gas, near the SMBH. They serve as reliable tracers for AGN activity.
[200] assembled a catalog of nearby (z < 2) Type I AGN in SDSS’s seventh data release
using the broad Ha emission line, and Comerford et al. (in prep) identify 78 broad line
AGN from this catalog in MPL-11.

Powerful AGN radio jets can expand several kpcs from the SMBH, and can thus serve
as strong signatures for AGN activity. As a result, detecting the radio emission from these
sources is a great tool for accurate AGN identification. [25] used observations from the 1.4
GHz NRAO Very Large Array Sky Survey (NVSS; [56]) and the Faint Images of the Radio
Sky at Twenty Centimeters (FIRST; [15]) to detect AGN in the SDSS’s seventh data release

(DRT). They differentiated AGN activity from star formation emission using the correlation



71

between the 4000 A break strength and radio luminosity per stellar mass, emission line
diagnostics, and the relation between Ha and radio luminosity ([I5]). Comerford et al. (in
prep) find 221 radio AGN from this catalog in MPL-11.

Heated dust that surrounds an AGN can produce mid-infrared emission, which can
expose obscured and unobscured AGN activity. Comerford et al. (in prep) thus rely upon
observations from the Wide-Field Infrared Survey Ezplorer (WISE; [299]) to help identify
AGN. They consider the four bands observed with WISE (3.4 pm (W1), 4.6 um (W2),
12 pm (W3), and 22 pum (W4)) and apply a 75% reliability criteria of W1 - W2 > 0.486
exp{0.092(W2 - 13.07)?} and W2 > 13.07, or W1 - W2 > 0.486 and W2 < 13.07 ([10]) to
select AGN. Comerford et al. (in prep) detect 130 WISE AGN in MPL-11.

X-ray emission produced by AGN generally result from inverse Compton scattering of
low energy UV photons by energetic electrons from the accretion disk (e.g., [7, 112, 124]).
Therefore, X-rays can be a useful indicator of AGN activity. Accordingly, the authors use
the X-ray catalog assembled by [199], which consists of &~ 1,000 AGN observed by the Swift
Observatory’s Burst Alert Telescope (BAT) in the ultra hard X-ray (14 - 195 keV), to detect
AGN. Comerford et al. (in prep) uncover 30 AGN from this catalog in MPL-11.

We compare our CL sample to the AGN catalog reported by Comerford et al. (in prep;
“Comerford sample” hereafter) and cross-match 35 CL galaxies in it (52% of our sample).
Further, we consider the fraction of CL galaxies with confirmed AGN by specific CL species.
We determine that 94% (31/33) of the [NeV] galaxies host an AGN; 14% (5/36) of the
[FeVII] galaxies and 25% (1/4) of the [FeX] galaxies. Overall, 35 unique CL galaxies host
a confirmed AGN; 80% (28/35) are confirmed with WISE observations, 63% (22/35) with
broad Balmer emission lines, 14% (5/35) with NVSS observations, and 11% (4/35) with
BAT AGN.

All of the [NeV] A3347 galaxies feature an AGN and [NeV] A3427 emission, and of
the five [FeVII] galaxies with a confirmed AGN, two (J0736 and J1714) also feature both

[NeV] AA3347, 3427 emission. Further, two of the remaining three [FeVII| galaxies with a
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Table 3.2: Spatial Properties for the CL Galaxies

Detected Wavelength Confirmed Nuclear Emission CLDy;,  CLDpax CLDayg

CL (A) Galaxies (%) kpc kpc kpc
(1) (2) (3) (4) (5) (6) (7)
[NeV] 3347 8 100 0.52 5.3 1.9
[NeV] 3427 33 97 0.34 19 2.3
[FeVII] 3586 4 100 0.10 9.6 3.7
[FeVII] 3760 16 56 0.11 36 2.3
[FeV1I] 6086 19 63 0.10 21 4.1
[FeX] 6374 4 75 0.60 4.9 2.5

Note: Columns are (1) detected CL, (2) rest wavelength, (3) number of galaxies with CL
emission detected, (4) percentage of CL galaxies with at least one CL-emitting spaxel in
a nuclear 2.”5 FoV, (5) the average CLD (distance of CL-emitting spaxel from the galaxy
center), (6) the distance of the furthest CL-emitting spaxel from the galaxy center, and
(7) the distance of the closest CL-emitting spaxel from the galaxy center.

confirmed AGN (J0807 and J1157) feature emission from more than one [FeVII] emission
line (JO807 features [FeVII] AAA3586, 3760, 6086 emission; J1157 features [FeVII] AA3586,
3760 emission). The final [FeVII] galaxy with a confirmed AGN exclusively features [FeVII]
A6086 emission, and the sole [FeX] galaxy with a confirmed AGN (J1628) exclusively features
[FeX] emission.

Provided that 80% of the CL galaxies in our sample are confirmed to host an AGN via
WISE diagnostics, we consider the fact that these WISE diagnostics are likely to miss low
luminosity AGN (e.g., [10]). Perhaps, one possible explanation for the discrepancy in AGN
across the CLs in our sample is that [NeV] traces high-luminosity AGN, while [FeVII] and
[FeX] may possibly trace low-luminosity AGN. We explore this further in Sections and
3.4.5

3.4.2 Spatial Distribution and Extent of the CLs

To better constrain the ionization source(s) of the CLs, we first map the measured
fluxes of the CLs within the MaNGA FoV for each CL galaxy (Figure [3.2)). These flux maps

provide a snapshot of the orientation, extent, and intensity of CL emission for the galaxies in
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our sample. Then, we compute the de-projected distance of each CL spaxel from the nuclear
center of each galaxy (i.e. the photometric center; Section to determine the distance
of each CL-emitting spaxel from the galaxy center. Finally, we define the nuclear region of
each CL galaxy to be a 2.5 x 2.”5 aperture (5 x 5 spaxel grid; where each spaxel covers a
0.”5 x 0.”5 FoV) surrounding the central spaxel.

If AGN photoionization is the primary mechanism producing the CLs, it is likely that
CL emission is predominantly within the nuclear region of each galaxy, close to the SMBH
and the accretion disk (e.g., [99, I80]). On the other hand, if shocks, AGN outflows, or
stellar processes play an active role in generating CLs, we anticipate that CL emission will
not be found exclusively in the nuclear region. Rather, we would expect to find emission in
regions off-center or off-axis from the SMBH and the galaxy’s rotational plane (see [191] for
more discussion).

To analyze the CL distribution within the nuclear region of the CL galaxies, we measure
the fraction of CL galaxies with at least one CL emitting spaxel in their center, for each
CL (Table B.2). We find that the vast majority of [NeV] AA3347, 3427 galaxies feature at
least one [NeV]-emitting spaxel in their nuclear regions (100% and 97%, respectively). This
finding is consistent with our results in Section [3.4.1] that [NeV] is a strong tracer of AGN
activity (i.e. CL emission is likely dominated by AGN photoionization near the SMBH).
Comparatively, the fraction of CL galaxies with nuclear emission from [FeVII] AAA3586,
3760, or 6086 varies significantly more (100%, 56%, and 63%, respectively).

In Figure [3.4] we present a sample of CL flux maps for six representative CL galaxies.
In three of the galaxies (J1104, J1349, and J2152), it is apparent that the source of the
CLs is within the nuclear region, as the CL flux is concentrated here. However, for the three
remaining galaxies (J0023, J1613, and J0920), the CL-emitting spaxels are highly offset from
the nuclear region. Based on the orientation of the CL flux in J0023 and J0920, it is possible
that AGN outflows are generating the CL since the CL emission is generally perpendicular to

the orbital plane of each galaxy. For the J1613 observation, we determine that several optical
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emission lines (e.g., [OIII] and Ha) measured in the secondary galaxy (with the featured “CL
emission”; southwest of J1613 in the MaNGA FoV) have large velocity shifts (> 2,000 km
s71) compared to the center of J1613, which suggests this may not be a companion galaxy
(i.e., this is not a merging system; J1613 is not in the Nevin catalog). As a result, the “CL
emission” in this galaxy is likely from a separate emission line, from a background galaxy
with a different redshift than the primary galaxy. For J1349, we acknowledge that there
appears to be a visual companion galaxy near the nuclear region; it is possible that both
merger induced shocks and AGN photoionization could be producing the CL emission. In
addition, we suspect that dust grains may also have a significant impact on the presence of
[FeVII] and [FeX] emission in our sample. In Section [3.4.5 we review the likelihood of iron
depletion by dust grains more thoroughly.

We also compute the CLDs for the CL galaxies. The CLD, which is the distance of each
CL-emitting spaxel from the galactic center, reveals the physical scale of the CLR for each
CL galaxy. We measure the average CLDs for [NeV] A\3347, 3427 to be 1.9 kpc and 2.3 kpc,
respectively; 3.7 kpc, 5.3 kpe, and 4.1 kpe for [FeVII] AAA3586, 3760, 6086, respectively; 2.5
kpc for [FeX]A6374. We find no correlation between IPs and CLDs (IP = 233.6 eV for [FeX],
IP =97.1 eV for [NeV], and IP = 99.1 eV for [FeVII]). Moreover, for the [NeV] galaxies,
the minimum and maximum distances of each CL-emitting spaxel from the nuclear center
(labeled CLD,,;, and CLD,,,, in Table ranges between 340 pc to 19 kpe, 100 pc to
36 kpc for the [FeVII] galaxies, and 600 pc to 4.9 kpc for the [FeX] galaxies. These large
variances in CL distance suggest that the CLR extends from just beyond the BLR (= 0.1
kpc) and well into the NLR (several kpcs).

Finally, to confirm that CL emission is indeed resolved for each CL galaxy, we consider
the instrument PSF (& 2.”5 for MaNGA), and find that 60/71 CL galaxies show resolved and
continuous emission in excess of the typical instrument PSF. The remaining 11 CL galaxies
(J0205, J1010, J1117, J1317, J1344, J1416, J1604, J1626, J1628, J1658, and J1649) lack

CL emission in excess of the typical instrument PSF. We reason that these CLRs are below
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Figure 3.4: CL flux maps for 6/71 CL galaxies in our sample. From top to bottom and left to right:
J1104 ([NeV] A3427 map), J0023 ([FeVII] A3760 map), J1349 ([FeVII] A3760 map), J1613 ([FeVII]
A3760 map), J2152 ([FeVII] A6086 map), and J0940 ([FeVII] A6086 map). For J0023 and J0940, the
maps display CL emission spatially offset from the galaxy center. For each galaxy, the emission is
offset perpendicular to the rotational plane of the galaxy, suggestive of the source of the CLs being
AGN outflows. For J1349 we observe a possible companion galaxy and consider the possibility that
these two galaxies to be undergoing a merger. For the J1613 observation, we determine that several
optical emission lines (e.g., [OIII] and Ha) measured in the secondary galaxy (with the featured
“CL emission”; southwest of J1613 in the MaNGA FoV) have large velocity shifts (> 2,000 km s~!)
compared to the center of J1613, which suggests this may not be a companion galaxy (i.e., this is
not a merging system; J1613 is not in the Nevin catalog). As a result, the “CL emission” in this
galaxy is likely from a separate emission line, from a background galaxy with a different redshift
than the primary galaxy. For J1104 and J2152, CL emission is concentrated towards the galaxy
center, likely produced by AGN photoionization.
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the instrument PSF, and not spatially resolved. As discussed in [191], these CLRs may still
be spatially resolved by other instruments (e.g., [I80] and their use of STIS/HST optical
spectra), and it is also possible that CL emission may be oriented along an ionization cone;

however here we consider the CLDs of these galaxies to be upper limits.

3.4.3 AGN Bolometric and [OIII] Luminosities

AGN bolometric luminosity, which scales with [OIII] luminosity, is effectively the
“power” of an AGN. As outlined in [209], [OIII] emission is the most utilized line for
measuring bolometric luminosity, due its strength in most AGN spectra and the relatively
weak blending of emission from photoionized gas in star forming regions with the line (e.g.,
[1211, [120]).

Therefore, to help resolve the discrepancy between the differing fractions of confirmed
AGN in our sample (Section ; 94% of the [NeV| galaxies feature a confirmed AGN, 14%
for the [FeVII] galaxies, and 25% of the [FeX] galaxies; for CL galaxies with multiple CLs, we
measure this fraction independently for each CL), and to evaluate the overall effectiveness of
using CL detections to identify AGN, we consider the bolometric and [OIII] luminosities of
the CL galaxies, and further inspect the Comerford sample of MaNGA AGN. In particular,
we compare the mean bolometric luminosities of the CL galaxies (Lyj; using the summed
[OIII] flux across the entire galaxy; Section with the total population of MPL-11 AGN
in the Comerford sample (Section m, Figure .

We find that the mean bolometric luminosity for the [NeV] galaxies (mean z = 0.10;
median z = 0.11), log(Lye) = 44.5 erg s~ is consistent with the mean value of Comerford’s
population of MaNGA galaxies that host an AGN (log(Lye) = 44.6 erg s71). On the other
hand, we measure the mean bolometric luminosities of the [FeVII| galaxies (mean z = 0.06;
median z = 0.05) and the [FeX] galaxies (mean z = 0.07; median z = 0.06) to be an order of
magnitude lower than the mean log(Lye) value of the Comerford sample (log(Lypo) = 43.7

erg s~ and log(Lye) = 43.5 erg s for the [FeVII] and [FeX] galaxies, respectively). Note,
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we also present the [OIII] luminosity distribution for the CL galaxies in Figure|3.6| (the mean
[OIII] luminosity for the [NeV] galaxies is 41.5 erg s71; 40.1 erg s™! and 39.8 erg s™! for the
[FeVII] and [FeX] galaxies, respectively). We reason that the [FeVII] and [FeX] galaxies
may be preferentially tracing lower luminosity AGN in MaNGA, which are generally more
difficult to detect in multi-wavelength observations.

However, we find that the five [FeVII] galaxies with a confirmed AGN (J0736, J0807,
J1157, J1535, and J1714) all feature relatively high [OIII] luminosities of log(Ljorm) £ 41 erg
s~!. Additionally, the three remaining [FeVII| galaxies with [OIII] luminosities at or above
this limit (without confirmed AGN) are J0906, J1349, and J2152. Both J0906 and J1349
visually appear to be actively undergoing a merger; J2152 shows no apparent companion
galaxy. We reason that, for the [FeVII] galaxies in our sample, the log(Ljor) cutoff of ~ 41

!is a useful threshold for identifying confirmed AGN (from the Comerford sample) and

ergs”
may also be helpful for detecting mergers. Further, for the [NeV]| galaxies, J1344 features
the lowest [OIII] luminosity (log(Liomy) = 40.6 erg s™') and in fact hosts a confirmed AGN.
We consider the [OIII] luminosity threshold for the [FeVII] galaxies (log(Ljomy) ~ 41 erg
s71) to be similar for the [NeV] galaxies.

We also determine that the two [NeV] galaxies (J1658 and J1104) that do not feature
a confirmed AGN (out of 33 total [NeV] galaxies), feature [OIII] luminosities of log(Lior)

= 41.2 erg s ¢

and log(Liomy) = 41.4 erg s™!, respectively. Considering these high [OIII]
luminosities, and the high [NeV] AGN detection rate (94%), we propose that these two
galaxies are strong AGN candidates.

On the other hand, the one [FeX] galaxy with a confirmed AGN, J1628, features an
[OI1I] luminosity of log(Ljorm) = 39.8 erg s™! (the remaining three [FeX] galaxies, which do
not host a confirmed AGN, also have log([OIII]) luminosities < 40 erg s~!). Consequently,
while we consider the log(Liony) & 41 erg s™! threshold useful for identifying CL galaxies
with a confirmed AGN; it is important to acknowledge that CL galaxies with a confirmed

AGN can have [OIII] luminosities below this limit.
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Figure 3.5: Average mean bolometric luminosities for the 71 CL galaxies in our sample (analyzed
by each CL species; [NeV], [FeVII], and [FeX]), compared to the MaNGA galaxies confirmed to
feature an AGN in the Comerford sample. The AGN in the Comerford sample were verified using
SDSS broad emission lines, NVSS/ FIRST 1.4 GHz radio observations, WISE mid-infrared color
cuts, and Swift/BAT hard X-ray observations. The mean bolometric luminosity of the [NeV]
galaxies, log(Lyo) = 44.5 erg s™1, is consistent with the AGN reported in the Comerford sample
(mean log(Lye1) = 44.6 erg s~! for the Comerford sample). However, the [FeVII] and [FeX] galaxies
feature mean bolometric luminosities an order of magnitude lower (log(Lpo1) < 43.7 erg s~1) than
the Comerford sample. We suspect that the [FeVII] and [FeX] emission lines may primarily be
detecting low luminosity AGN in MaNGA.
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Figure 3.6: The log([OIII]) luminosity distribution for the 71 CL galaxies. The blue, orange, and
green histograms represent the [NeV], [FeVII], and [FeX] galaxies in our sample, respectively. [NeV]
emitting galaxies tend to have higher [OIII] luminosities than [FeVII] or [FeX], which suggests that
these galaxies may host higher luminosity AGN. The mean of the [NeV] log([OIII]) luminosity
distribution is 41.5 erg s7!; 40.1 erg s~! and 39.8 erg s~! for [FeVII] and [FeX], respectively.
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The BPT diagram has long served as the standard tool for identifying ionization mech-
anisms in emission line sources (e.g, [I1} 286, 143], 145]). While effects such as stellar shocks
and emission from post-AGB stars are liable to elevate SF sources beyond the AGN threshold
(see [302], 19, [] for a further discussion), we nonetheless explore the BPT classification for
each CL-emitting spaxel to help pin down the source of CL emission in our sample. To do so,
we compute the log([OIII]/HB) and log([NII]/Hea) ratios required for the [NII]/Ha diagram
(Section[3.3.5). Using the thresholds outlined in [I45], we categorize each CL spaxel as either
[HII] (i.e. star forming), AGN, or a composite of the two. Note, for some CL-spaxels, the
DAP reports negative values for the necessary emission line fluxes, likely because the emis-
sion lines of interest yield low flux levels and the DAP’s subtraction of the stellar continuum
results in a net absorption at the expected wavelength of the emission line. As such, we
exclude these spaxels from our analysis.

For the [NeV], [FeVII], and [FeX] emission lines, we determine that, on average, the
majority of CL-emitting spaxels are AGN or composite (Table . For [NeV] AA\3347, 3427
we find that 87.5% and 90% of these spaxels are classified as AGN, respectively; 12.5% and
10% composite, respectively; 0% SF for both. Moreover, we measure the BPT ratios for
the [FeVII] AA3586, 3760, 6086 spaxels, and find that 78.5%, 80.3%, and 67.9% of these
spaxels are classified as AGN, respectively; 19%, 5.8%, and 19.7% composite, respectively;
2.5%, 13.9%, and 12.5% SF, respectively. For [FeX] A6374, 88.3% of the CL-emitting spaxels
are classified as AGN; 0% composite; 11.7% SF. In total, 100% of the [NeV] spaxels in our
sample are either BPT AGN or BPT composite, 91% of the [FeVII] spaxels, and 88.3% of
the [FeX] spaxels. These results suggest that the CLs are perhaps useful tracers of AGN,
and that the lack of confirmed AGN in our [FeVII] and [FeX] galaxies may trace back to the
nearly bimodal log([OI1I]) and bolometric luminosity distributions presented in Section [3.4.3]
(i.e. [FeVII] and [FeX] may generally be found in low luminosity AGN that are potentially
missed by traditional AGN detection techniques; though, it is also possible that [FeVII] and

[FeX] may not host an AGN at all). We explore this possibility, and the corresponding
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impact of dust extinction on iron CL emission in Section |3.4.5]

3.4.5 The Impact of Dust on CL Emission

The role of dust extinction (i.e. the impact of dust grains) on CL emission has yet to
be fully unraveled. [I87] suggest that dust grains can potentially deplete heavier CL species
(e.g., iron). Further, [92] posit that there are three primary effects of dust on line formation:
1) emission lines weaken due to the absorption of the incident continuum by dust, 2) grains
photoelectrially heat the gas, and 3) some of the gas-phase elements (e.g., iron) are depleted
(see also [251) 261], 47, 154]). Comparatively, [92] contend that neon (a noble gas; i.e. a
species of gas with a full outer shell of valence electrons, and thus less chemical reactivity) is
significantly less depleted by dust grains, and therefore [NeV] is emitted almost fully outside
the grain sublimation radii. Here, we consider the likelihood that a significant population of
iron CL photons are destroyed by dust in our sample.

To explore the role of dust extinction on CL emission in our sample, and to determine
its relevance for the discrepancy between the fraction of confirmed AGN in the [NeV] galaxies
(94%) vs. the [FeVII] and [FeX] galaxies (14% and 25% respectively; Section [3.4.1)), we use
the E(B - V) color excess index, which traces interstellar reddening (Section [3.3.6). The
MaNGA DRP provides this index for each galaxy in MPL-11, and we use it to determine if
there is a correlation between the dust content of each CL galaxy and its CL emission. We
present our findings in Table [3.4]

In particular, we find the mean E(B - V) values for the [FeVII] AA3760, 6086 galaxies to
be the lowest (i.e. feature less dust grains) across our sample (0.029 and 0.039, respectively).
Because iron is susceptible to destruction by dust grains, particularly in the nuclear region
where the presence of dust is greater (also due to dust in the NLR), these relatively low
values provide a viable explanation for the presence of [FeVII] AA3760, 6086 emission in
these galaxies; for reference, our sample contains 16 [FeVII] A3760 galaxies and 19 [FeVII]
A6086 galaxies. Comparatively, the [NeV] AA3347, 3427, [FeVII] A\3586, and [FeX] \6374
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Table 3.4: CLR Dust Attenuation

Detected Wavelength Average E(B-V) Value

CL (A)

(1) (2) (3)
[NeV] 3347 0.057
3427 0.045
[FeVII] 3586 0.045
3760 0.029
6086 0.039
[FeX] 6374 0.049

Note: Columns are (1) detected CL, (2) rest
wavelength, and (3) average E(B-V) values,
for each CL, reported by MaNGA’s DRP.

galaxies feature higher mean E(B- V) values; 0.057, 0.045, 0.045, and 0.049, respectively.
The corresponding number of iron CL-emitting galaxies found in these galaxies is only nine
in total (JO736 features emission from both [NeV] lines, as well as [FeVII] A3586 emission;
J1714 features emission from both [NeV] lines, as well as [FeVII] A6086 emission; JO807
features emission from [FeVII] AA3586, 3760, 6086; J1157 features emission from [FeVII]
AA3586, 3760; J0906 features emission from [FeVII] A\3586; J1628, J2311, J1649, and J1720
exclusively feature emission from [FeX] A\6374). We suspect that emission from the iron CL
species is being diminished within these relatively dusty galaxies, which provides a physical
explanation for the low number of iron CL galaxies in the high E(B - V) value galaxies (E(B
- V) > 0.045; nine iron CL galaxies) vs. the low E(B - V) galaxies (E(B - V) < 0.039; 34
iron CL galaxies).

Furthermore, [83] considered the correlation between the AGN dusty torus and AGN
bolometric luminosity. They proposed that the dusty torus diminishes at log(Lye) < 42
erg s—!, due to mass accretion no longer being able to sustain the necessary cloud outflow
rate, which effectively results in a decrease in column density (see also [44], 296] [173]). While
the cloud component of the AGN is not immediately extinguished below this threshold,

1

the authors contend that the cloud outflow rate at log(Lye) < 42 erg s™' is less than the



88

necessary “standard” observed in higher luminosity AGN. As a result, we consider the Ly
values for the CL species (Figure mean log(Ly,.) > 44.3 erg s7! for [NeV] galaxies; mean
log(Lpe) < 43.7 erg s™! for the [FeVII] and [FeX] galaxies) to conclude that the lower Ly
values correlate with a diminishing dusty torus, which results in less destruction of iron by
dust grains. Accordingly, we detect more iron CLs in these low luminosity sources. On the
other hand, the [NeV]| galaxies feature higher Ly, values, which likely correspond to their
elevated E(B - V) values. Likewise, since Ly scales with Loy, this reasoning elucidates
the nearly bimodal log(Lo) distribution of the [NeV] vs. the [FeVII] and [FeX] galaxies
(Figure [3.6} the mean of the [NeV] log([OII]) luminosity distribution is 41.5 erg s~%; 40.1

erg s7' and 39.8 erg s™! for [FeVII] and [FeX], respectively).

3.4.6 SNR, [O]I], and Merger-Induced Shocks in the CLR
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Astrophysical shocks can result from a variety of mechanisms, which include, but are
not limited to, galaxy collisions, SNRs, cloud-cloud collisions, expanding HII regions, and
outflows from young stellar objects (see [6] for a further review). To deduce the role of shocks
in the CLR, we consider the [SII] (A6717 + \6731)/Ha and [OI]A6300/Ha ratios for each
CL-emitting spaxel in our sample (values > 0.4 indicate SNR shocks and values > 0.1 trace
[O]] shocks, respectively; Section [3.3.7)).

We also investigate the fraction of CL galaxies actively undergoing a merger using the
Nevin et al., catalog (Table [3.5} Table 3.7} Section [3.3.3). In [191], we found that the 3/10
CL galaxies without a confirmed AGN were all strong merger candidates (J0906, J1349, and
J1454). Therefore, we consider the possibility that companion galaxies can drive gas inflows
towards the galactic centers, resulting in merger-induced shock excitation (e.g., [91]) that
may also produce CLs. Using the Nevin catalog, here we determine that 32/66 of the CL
galaxies (48%; 5 CL galaxies are not reported in the Nevin catalog: J0752, J0920, J1306,
J1613, and J2132) have puyers values > 0.5 - indicative of an ongoing merger.

Further, we present our SNR and [OI] shocks results in Tables and Overall,
we find that the fraction of SNR and [OI] shocks do not vary significantly for the CL galaxies.
In particular, on average and across all CL species, 42% of the CL-emitting spaxels in the
CL galaxies with a confirmed AGN feature SNR shocks (35% feature [OI] shocks), whereas
56% of the CL-emitting spaxels in the CL galaxies without a confirmed AGN feature SNR
shocks (49% feature [OI] shocks). Further, on average and across all CL species, 32% of
the CL-emitting spaxels in the CL galaxies undergoing a merger feature SNR shocks (38%
feature [OI] shocks). On the other hand, 36% of the CL-emitting spaxels in the CL galaxies
not undergoing a merger feature SNR shocks (27% feature [OI] shocks). Finally, on average
and across all CL species, 41% of the CL-emitting spaxels in the CL galaxies with nuclear
CL emission feature SNR shocks (32% feature [OI] shocks). Comparatively, 27% of the CL-
emitting spaxels in the CL galaxies without nuclear CL emission feature SNR shocks (44%
feature [OI] shocks).
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We find clear evidence of SNR and [O]] shocks in the CL-emitting spaxels of each CL
species in our sample. However, the fraction of these shocks does not strongly trace CL
galaxies with or without: a confirmed AGN, a companion galaxy, or nuclear CL emission.
We reason that SNR and [OI] shocks may be viable CL-emission mechanisms; however, they
are not likely dominant, and we find little evidence that they produce CLs away from the
nuclear region, in the absence of a confirmed AGN, or when a merging companion galaxy is

present.

3.5 Discussion

Based on our findings, we reason that the efficacy of using CLs to detect AGN varies
by species of CL. While the ionization potential of each CL is > 100 eV (Table 3.1} well
above the 55 eV threshold for pure star formation; consistent with the strong continuum
of an AGN being the ionization source), we find that certain CLs are better at identifying
higher luminosity AGN than others (log(Ljony) & 41 erg s™'). In particular, [NeV] emission
is predominately present in higher [OIII] luminosity galaxies that feature a confirmed AGN
(mean log(Ljormy) = 41.5 erg s™* for the [NeV] galaxies; 94% of the [NeV] galaxies host a
confirmed AGN). On the other hand, we detect [FeVII] and [FeX] emission in lower [OIII]
luminosity galaxies with fewer confirmed AGNs (mean log(Ljony) < 40.1 erg s™' for both
CLs; 14% and 25% confirmed AGN for the [FeVII] and [FeX] galaxies, respectively).

We reason that the destruction of iron CLs by dust grains, which we find is inversely
proportional to AGN bolometric luminosity (the dusty torus diminishes at log(Lpo) 5 42
erg s~ '; e.g., [83]), may be directly impacting [FeVII] and [FeX] emission; the CL galaxies
with the lowest E(B-V) values yield the most iron CL detections (nine iron CL galaxies
with E(B - V) > 0.045; 34 iron CL galaxies with (E(B - V) < 0.039). We posit that if the
[FeVII] and [FeX] galaxies host AGNs, that they may be lower luminosity AGNs, which are
potentially too weak to be detected via SDSS broad emission lines, NVSS/ FIRST 1.4 GHz

radio observations, WISE mid-infrared color cuts, and Swift/BAT hard X-ray observations.
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We determine that there are primarily two distinct populations of CL galaxies in our
sample: 1) a subset of CL galaxies that emit [NeV] (33/71 CL galaxies), with relatively high
[OIIT] and bolometric luminosities, and a high fraction of confirmed AGN (94%), and 2) a
group of CL galaxies that emit [FeVII] and [FeX] (40/71 CL galaxies), with relatively low
[OIII} and bolometric luminosities, and a low fraction of confirmed AGN (14% and 25%,
respectively).

Overall, we consider the similar IPs of [NeV] and [FeVII] (97.1 eV and 99.1 eV, respec-
tively), the high IP of [FeX] (233.6 V), and our BPT analysis (100% of the [NeV] spaxels in
our sample are either BPT AGN or BPT composite, 91% of the [FeVII] spaxels, and 88.3%
of the [FeX] spaxels; Table , to deduce that each CL in our sample is likely linked to AGN
activity, but that [FeVII] and [FeX] emission may preferentially be found in less luminous
AGN (we also consider the possibility that some of the iron CL emission may not exclusively
be produced by AGN; e.g., shocks may also play a role). We conclude that the BPT diagram
is generally effective at tracing large populations of AGN; however, [NeV], in particular, can
also be used as an additional resource to help trace AGN, specifically for instances where
one or more of the optical BPT line ratios is unable to be determined.

Moreover, [92] reported CL critical densities between 107 - 10'° cm™3, which suggest
that the CLR is a region between the classical NLR and the BLR. The authors also indicate
that lower ionization CLs (e.g., [NeV] and [FeVII]; IPs ~ 100 eV) are more likely to form in
lower density gas that should be spatially resolved. In contrast, higher ionization CLs (e.g.,
[FeX]; IP = 233.6 e¢V) form in a region closer to the nucleus where the ionizing flux, and
ionization parameters, are higher (i.e., these CLs form in denser, more efficiently emitting
regions). Here we determine that the average size of the CLR for [NeV] AA3347, 3427, [FeVII]
AAA3586, 3760, 6086, and [FeX] A6374 is 1.9 kpc, 2.3 kpe, 3.7 kpe, 5.3 kpc, 4.1 kpe, and
2.5 kpc, respectively (Table - well into the NLR for all CL species. With the enhanced
capabilities of IF'S, which enables us to spatially resolve the CLR, we find that the CLR for

the galaxies in MaNGA is larger than reported in previous works (tens to hundreds of pcs;
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e.g. [215, 180], 188, 237]).

Finally, while the bulk of the CL galaxies in our sample feature CL emission in their
nuclear regions (within a central 2.”5 x 2.”5 FoV; Section ; Table , a significant
fraction do not, which is inconsistent with pure AGN photoionization. In Section [3.4.6] we
show that [OI] and SNR shocks are present in the CL-emitting spaxels of each CL species.
However, the fraction of SNR and [O]] shocks, across all CL species, do not significantly
vary for the CL galaxies with or without nuclear CL emission. We reason, instead, that
AGN radio jets or outflows may be interacting with gas clouds away from the nuclear region,
ionizing them, and producing the non-centric CL emission we uncover in our sample (Figure
; e.g., [275, [188]). It is also possible that this CL emission is tracing a different species of
gas, that is not a CL, from a non-companion galaxy within the MaNGA FoV (at a different
redshift than the target galaxy; e.g., J1613 - Figure .

3.6 Summary and Future Work

We construct the most extensive sample of MaNGA CL galaxies to date. With our
custom pipeline, we measure emission from [NeV] A3347, [NeV] A3427, [FeVII] A3586, [FeVII]
A3760, [FeVII] A6086, and/or [FeX] A6374 at > 5o above the background continuum in 71
galaxies in MaNGA’s MPL-11 catalog of 10,010 unique galaxies.

Our main findings are:

(1) The average size of the CLR for [NeV], [FeVIl], and [FeX] is 1.9 kpc, 3.8 kpc, and

2.5 kpc, respectively - beyond the BLR and into the traditional NLR.

(2) The fraction of [NeV], [FeVII], and [FeX] galaxies with at least one CL-emitting
spaxel in their nuclear 2.”5 region is 98.5%, 73%, and 75%, respectively. Nuclear CL

emission is preferentially found in [NeV] galaxies.

(3) We identify two main populations of CL galaxies: 1) galaxies that mostly feature
[NeV] emission (33/71 CL galaxies), with relatively high [OIII] and bolometric lu-
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minosities (mean [NeV] log([OIII]) luminosity = 41.5 erg s~'; mean [NeV] log(Lyo)
= 44.5 erg s71), and a high fraction of confirmed AGN (94%), and 2) galaxies that
predominately emit [FeVII] and [FeX] (40/71 CL galaxies), with relatively low [OIII]
and bolometric luminosities (mean [FeVII] and [FeX] log([OIII]) luminosities are 40.1
erg s~! and 39.8 erg s!, respectively; mean [FeVII| and [FeX] log(Ly) values are
43.7 erg s7! and 43.5 erg s71, respectively), and a low fraction of confirmed AGN
(14% and 25%, respectively).

(4) 100% of the [NeV] spaxels in our sample are either BPT AGN or BPT composite,
91% of the [FeVII] spaxels, and 88.3% of the [FeX] spaxels. The CLs are strong

tracers of BPT AGN and BPT composite sources.

(5) We detect a low number of iron CL galaxies in high E(B - V) value galaxies (E(B - V)
> 0.045; nine iron CL galaxies) vs. low E(B - V) galaxies (E(B - V) < 0.039; 34 iron
CL galaxies). We reason that the destruction of iron CLs by dust grains, which is
inversely proportional to AGN bolometric luminosity, may likely be depleting [FeVII]
and [FeX] emission, particularly in the nuclear region where the presence of dust is
greater. The [FeVII] and [FeX] galaxies may be tracing lower luminosity AGN, which

are possibly too weak to be confirmed by traditional AGN detection techniques.

(6) SNR and [O]] shock excitation are viable CL production mechanisms; however, they
are not likely primary, as the abundance of SNR and [Ol] shocks does not vary
significantly across our sample for galaxies with or without: nuclear CL emission,

an AGN, or a merging companion.

We will explore the CLR kinematics in a future publication to better comprehend the role
of outflows on CL production. In particular, we will use [OIII] flux maps to evaluate the
likelihood that AGN outflows produce CL emission, provided the strong correlation between

[OI11] emission and AGN outflows (e.g., [273, 54]). Further, we will measure the rotation
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and cloud velocities of the gas for each CL galaxy (to determine how the bulk motion of gas
in the CL galaxies correlates with CL emission), and also analyze the emission line profiles of
the CLs to determine if, for example, the CLs feature any blue shifted emission - indicative
of outflows.

Moreover, additional multi-wavelength observations of the CLs would help deduce their
nature. X-ray observations from Chandra, for example, would allow us to better confirm
the population of low luminosity AGN in the CL galaxies. This will help to determine
the effectiveness of using CL emission as an unambiguous tracer of AGN in large-scale
spectroscopic surveys of galaxies. Finally, our work here is also relevant for motivating near
IR measurements of additional CLs that are observable by the James Webb Space Telescope,

particularly in cases where optical CLs may be obscured.



Chapter 4

A Catalog of Broad Ha and HS Emitters in MaNGA

4.1 Introduction

The search for large populations of Active Galactic Nuclei (AGNs) in spectroscopic
surveys has been extensive in recent years, and these efforts have utilized multiple bands of
the electromagnetic spectrum (e.g., Radio, IR, Visible, and X-ray; e.g., [207,[52]). A primary
motivation for assembling catalogs with robust populations of AGNs is to better decipher
the relationship between central supermassive black holes (SMBHs; Mgy > 10°M) and
their parent galaxies (e.g., the M-o relationship; [256] 126 O8] ©5]). Further, SMBH mass
has also been shown to correlate tightly with the mass and luminosity of the host galaxy’s
galactic bulge (e.g., [174, 106 17, [70]).

Additionally, several authors present evidence that AGN feedback effectively suppresses
star formation (e.g., [257, [61], 266, 59, 128, 276, 156, 263 [176], [87]), while others contend that
it may actually stimulate star formation in certain regimes (e.g., [256], 281]). However, the
true nature of these processes remains elusive. To address this, extensive samples of AGNs
can serve to shed light on how well defined AGN parameters, like AGN luminosity and
SMBH mass, correlate to features of the host galaxy, which include, but are not limited to:
morphology, presence of a companion, and/or stellar properties.

Broad emission lines (BLs) in the optical and UV bands can help ensure accurate AGN
identification, as they are fundamental signatures of an AGN. These lines are produced in

a high density region, termed the broad line region (BLR). The BLR is close to the AGN
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accretion disk and contains gas clouds that move near Keplerian velocities > 1,000 km s*

(e.g., [74, 147, [60]). Further, the outer edge of the BLR terminates at the hot dusty torus
of the AGN, within 0.01 - 1 parsec of the SMBH (e.g., [193]). Further, depending on the
orientation of the AGN and the properties of the emission lines observed for each, an AGN
can be classified as Type I or Type II. Type I are oriented pole-on and are observed to have
BLs.

On the other hand, Type II are oriented edge-on and are observed to have narrow
emission lines (NLs; FWHM ~ 300 - 1,000 km s7') in a lower density region, termed the
narrow line region (NLR). The NLR is just beyond the dusty torus, out to several kiloparsecs
from the SMBH (see The Unified Model of AGNs; [7, 280]). However, in the NLR, star-
formation can produce strong narrow emission lines that mimic AGN emission (e.g., [242]).
As a result, classifying Type I AGNs using BLs, the broad Ha and broad Hf lines, for
example, is typically more reliable than narrow lines at identifying AGNs (e.g., [200] [165]).

With the rise of the Sloan Digital Sky Survey (SDSS; [304), 82 29]), a vast abundance
of galactic spectra have been made available. With this large population of galactic spectra,
multiple B AGN catalogs have emerged. For example, [165] report a new sample of 14,584
BL AGN at z < 0.35, which are detected from the SDSS’s Seventh Data Release (DRT).
After performing a thorough procedure to remove the stellar continuum, they investigated
Ha and HfB emission lines. The authors predominately use broad Ha emission in their study

and compute Ha luminosities between 10385 - 10443 erg s, FWHMSs between 500 - 34,000

1 010.3

km s~!, and virial SMBH masses, estimated from the BL measurements, between 10%! - 1
Mg. Further, [250] compiled a catalog of 105,783 unique quasars from the SDSS’s Seventh
Data Release. These quasars were spectroscopically confirmed, luminous (M; < 22.0), and
featured at least one line with FWHM > 1,000 km s™'. Also, [200] discovered 1,835 BL AGNs
in SDSS’s DR7 at z < 0.2. They measured broad Ha emission (FWHM > 800 km s™! for their
sample) in these galaxies and used observations from the Chandra X-Ray Observatory ([86])

to confirm the AGNs. Finally, [208] assembled a BLL AGN catalog of 21,877 galaxies using
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the extended Baryon Oscillation Spectroscopic Survey (eBOSS), from the SDSS’s fifteenth
data release in its fourth phase (SDSS-IV; [29]).

Generally, for catalogs of Type I BL AGN, a standard line width of 1,000 km s is
used to differentiate the BLR from the NLR (e.g., [I15 86]). However, it is important to
note that low-luminosity AGNs and low-mass SMBHs can feature BL widths below this
threshold. As referenced in [I65], some low-mass SMBHs, which have been confirmed to be
AGNs using X-ray observations (e.g., [109, [75, 166]), can have widths as low as 500 km s~
Here, we primarily target AGNs with a high enough luminosity and SMBH mass to place
their line widths above 1,000 km s~'. We acknowledge that our sample may miss the weaker
AGN and lower mass SMBHs below this threshold.

Moreover, existing galaxy formation models suggest that galaxies evolve through fre-
quent mergers with companion galaxies. (e.g., [289]). During these mergers, the two SMBHs
at the galaxy centers lose energy via dynamical friction and gravitationally begin to coalesce
(see Section . In some cases, one or both of the SMBHs may actively be accreting
matter as an AGN. If both are AGNs, then the pair is termed “dual AGN” ([I01}, 49, 55]). A
small quantity of dual AGNs are presently known. On the other hand, if one of the galaxies
is an AGN and the other quiescent, the AGN is termed an “offset AGN” ([50]). One way to
detect an AGN in a merging system is to use BL detections. For example, if we detect BLs
outside of the nuclear region of a target galaxy, and within the nuclear region of a compan-
ion galaxy, it is an indication that the companion hosts an AGN (i.e., this is an offset AGN
detection).

Additionally, if we detect BLs near, but spatially offset from the nuclear region of a
galaxy, and measure an offset velocity for the line profile, but no companion is visible, we may
detect a recoiling black hole. These objects result from the mergers of binary SMBHs with
unequal masses and arbitrary spins. As the binaries merge, they produce highly energetic
gravitational radiation, which can also transport linear and angular momentum. In some

cases, a net flux of linear momentum will be emitted by the system and the final SMBH will
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experience a gravitational recoil (e.g., [2111 [I8] 123]).

In this chapter, we add to the existing population of SDSS AGNs using the SDSS-IV
Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) integral field unit (IFU)
catalog ([30]). MaNGA is a large-scale spectroscopic survey that has observed 10,010 nearby
galaxies. With our pipeline, we detect 301 broad Ha-emitting galaxies and 802 broad Hf
emitting galaxies at > 50 above the continuum, with line widths > 1,000 kms~! and BL
emission in at least 1 spaxel. In total, we detect 1,042 unique BL galaxies (60 BL galaxies
feature both Ha and HS emission). Here, we report the physical parameters of these BL
galaxies (e.g., BL luminosities, BL FWHMs, and SMBH masses). We also detect 35 broad
Ha galaxies and 77 broad HfS galaxies with emission from a companion, rather than the
MaNGA target galaxy (i.e., offset AGNs). We find that 3 offset AGNs feature both broad
Ha and HfB emission, leading to 109 unique offset AGNs in our sample.

This paper is outlined as follows: Section [4.2]covers the details of the SDSS-IV MaNGA
survey and its data pipeline, Section[£.3|reviews the techniques we use to build the BL catalog
and to analyze the physical properties of the BLR, Section [4.4] overviews our results, Section
features the interpretations of our findings, and Section provides our conclusions
and intended future work. All wavelengths are provided in vacuum and we assume a ACDM

cosmology with the following values: 3, = 0.287, Q4 = 0.713 and Hy = 69.3 km s~' Mpc ™.

4.2 Galaxy Observations

4.2.1 MaNGA Catalog

To assemble a statistically significant sample of BL galaxies, we utilize the largest IFU
spectroscopic survey of galaxies to date, the SDSS-IV MaNGA catalog ([36]). MaNGA uses
the SDSS 2.5 m telescope [111], and has observed the spectra for 10,010 nearby galaxies
(0.01 < z < 0.15; average z ~ 0.03) with stellar mass distributions between 10° M, and

10" M. The wavelength range of MaNGA spans 3622 A - 10354 A, with a typical spectral
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resolution of ~ 2000 and a velocity resolution o = 72 km s~ ([36] 159]).

MaNGA uses IFU fiber-bundles grouped into hexagonal grids with field-of-view (FoV)
diameters between 12.”5 to 32.”5, where the size of the bundles corresponds to the apparent
size of the target galaxy ([36]). Specifically, the system is comprised of two 19-fiber IFUs
(12.”5 FoV), four 37-fiber IFUs (17.”5 FoV), four 61-fiber IFUs (22.”5 FoV), two 91-fiber
IFUs (27.”5 FoV), and five 127-fiber IFUs (32.”5 FoV). The MaNGA observations generate
spectroscopic maps out to at least 1.5 times the effective radius, with an average footprint
of ~ 500 arcsec? per IFU; the typical galaxy is mapped out to a radius of 15 kpc. Each
MaNGA spatial pixel, or spaxel, covers 0.”5 x 0.”5 and the average FWHM of the on-sky
point spread function (PSF) is 2.”54, which corresponds to a typical spatial resolution of 1

-2 kpe ([80]).

4.2.2 MaNGA Data Reduction Pipeline

The MaNGA Data Reduction Pipeline (DRP) produces sky-subtracted spectrophoto-
metrically calibrated spectra in a FITS file format that is used for scientific analysis ([159]).
The resulting DRP data product is run through MaNGA’s Data Analysis Pipeline (DAP;
[294]) that provides three-dimensional data cubes that combine dithered observations. The
data cubes offer science data products, such as stellar kinematics, emission-line parameters
(e.g., fluxes and equivalent widths), and spectral indices (e.g., D4000 and Lick indices). The
data products are publicly released periodically as MaNGA Product Launches (MPLs). To
construct our catalog of BL galaxies in MaNGA, we use MaNGA’s eleventh, and final, data

release (MPL-11), which contains data for 10,010 unique galaxies.



106

4.3 Analysis

4.3.1 Stellar Continuum Fit and Subtraction and Spectral Fitting

The MaNGA DAP provides fits for prominent emission lines (e.g., the narrow compo-
nents of the Ha, Hp, and [OIII] A5007 lines). However, it does not offer fits for the broad
Ha and HB components (FWHM > 1,000 km s71). As a result, we create a custom pipeline
to scan for broad Ha and HfB emission in MaNGA.

The initial step in our pipeline is accessing the DRP to retrieve the data cubes for
each MaNGA galaxy. The data cubes provide a spectrum for each individual spaxel across
the FoV of each galaxy (spaxel arrays vary between 32 x 32 spaxels to 72 x 72 spaxels,
depending on IFU configuration). We then use the spectroscopic redshifts of the stellar
component of each galaxy, provided by the DAP (STELLAR_Z parameter), to shift the spectra
to rest vacuum wavelengths (Ayesy = 4862 A for HB and Mest = 6562 A for Ha). Then, to
subtract the stellar continuum for each BL galaxy’s corrected spectra, we use the software
package pPXF ([38] [39]). pPXF performs a polynomial fit on each galaxy’s spectrum while
masking prominent emission and absorption features. To fit the stellar population synthesis
model on each fit, we use the MILEST] stellar templates library. This library features ~ 1,000
stars, with spectra obtained by the Isaac Newton Telescope, and covers the wavelength range
of 3525 A - 7500 A at a 2.5 A FWHM resolution.

We then apply a mask to each datacube, such that the imported wavelength range
for each spectrum matches the wavelength range of the stellar templates library (3525 A-
7500 A) Next, we normalize each spectrum by dividing fluxes in this wavelength range by
each spectrum’s median flux value (to avoid numerical issues; similar to [192]; see [39] for a
more detailed discussion). Subsequently, we define a typical instrument resolution of ~ 2.5
A, construct a set of Gaussian emission line templates (to mask emission lines; provided by

pPXF), and fit the stellar templates.

L http://miles.iac.es/
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Then, we use the spectroscopic analysis Python package PySpecKit ([102) [103]) to
perform a multi-Gaussian scan for the broad Ha and broad H/ emission-line components
at > 50 above the background continuum, with FWHMSs > 1,000 km s~!, in the 10,010
galaxies in MPL-11. For the Ha fits, we first fit the [NII] AA6549, 6585 and [SII] ANGT18,
6732 doublets. The widths of all NLs are tied to the widths of [SII]. Then, we fit NL and BL
components to the Ha line. We proceed to analyze only the BL fit on the Ha line, which
has been isolated by subtracting the continuum and blending lines. For the Hf line, we
only fit NL and BL components to the line profile and analyze the BL results. We use the
conservative 5o and 1,000 km s~! thresholds to ensure we identify definitive BL emission.

In addition, in some instances, it can be challenging to accurately measure the width of
the broad Ha line, especially near the strong neighboring emission lines of [NII] AA6549,6585.
Due to the complexities of this, we follow the procedure performed by [200]. In particular,
we calculate a ratio between the mean fluxes of two spectral regions near Ha: 6460 - 6480 A
and 6523 - 6543 A. The former is near Ha but not too close to be mixed with Her emission,
which makes it a good proxy for the continuum near Ha. The latter region is closer to the
Ha line and is a good tracer of the broadening of the Ha line. Once this ratio is computed
for each fit, we require that this value be > 1 for all MaNGA galaxies, and pass our other
requirements, in order to be considered a broad Ha detection. In [200], this threshold proved
to recover the strongest broad Ha detections. Figures [4.1] and show examples of broad

Ha and Hp fits from our pipeline

4.3.2 Broad Line Flux/ Velocity Maps and Line Luminosities

We create custom BL flux and velocity maps to analyze the strength and distribution of
the BLs, and their cloud velocities, in our sample. We create these maps using the integrated
BL flux value and measured FWHM from each spectrum for each spaxel for each BL galaxy.
We measure these values during the spectral fitting routine outlined in Section [4.3] An

example broad Ha flux and velocity map is shown in Figure (see Appendix |C| for an



108

IRy
0.6 <l 1 ool
Lﬂlbl |
glIl gl
=~
—_ .5 . :
<0 =
- [
e 1
9 0.4 1 i
) | I': 1
S 1ie
T 0.3 s
.3 1 IV
:I RERA
11
o
— 11
; 0.2 1 [ T S
11
u_:_’ 11
111
01 7 11 1
[ [
."‘. i "l'," ) ‘M 1 : |
VL o AR b Db R 11 A
0-0 “;\"E":M’ "yv’”: v THE I‘,»"’\r v“y‘\‘.’\ "'u' W ¥ i 11 I N t
: L1l
6300 6400 6500 6600

Wavelength (4)

Figure 4.1: A sample spectrum from an individual spaxel showing the broad Ha line detected at
> Ho above the continuum in J004730.34+154149.4. The dotted black line is the stellar continuum
subtracted spectrum, the shaded gray region is the uncertainty, the solid red line represents the
best fit, the bold dashed black lines signify the rest wavelengths of the Ha, [NII] AA6549, 6585, and
[SII] AA6718, 6732 lines, and the two sets of blue dotted vertical lines correspond to the neighboring
continuum windows where the RMS flux values of the continuum are calculated
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best fit, the bold dashed black lines signifies the rest wavelength of the Hf line, and the two sets of
blue dotted vertical lines correspond to the neighboring continuum windows where the RMS flux
values of the continuum are calculated
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example broad Hf flux and velocity map). Note, these BL flux maps trace the presence of
an AGN, oriented so that the central SMBH is viewed directly. The observed fluxes depend
only on the angle between the observational line of sight and the dusty torus (which can
obscure these lines).

1e-16

I 05
0 10 20 30 40 50 60 00

Figure 4.3: From left to right, an example SDSS optical image from MaNGA, a custom generated
broad Ha flux map, and a custom generated broad Hoe FWHM map for J004730.344154149.4. The
gray region is outside of the MaNGA FoV and the black region are spaxels with no BL emission.
North is up and east is to the left.

w
o

3500

N
o

3000

N
1=}

Ha Flux (1077 ergs~lcm™2A"1)

2500

-
o
FWHM (km s~1)

ey
=3

0 10 20 30 40 50 60

As reviewed in [200], some theoretical frameworks propose an AGN luminosity depen-
dence for the fraction of observed Type I AGN. In several models, a receding dusty torus is
considered, whereby nuclear luminosity determines the dust sublimation radius. Specifically,
the more luminous an AGN is, the further the dusty torus is pushed away, which expands
the torus’ inner radius; consequently, the opening angle of the torus increases if the height
of the torus is fixed (e.g., [160, 89, 258]). This underscores the importance of determining
AGN luminosity measurements in our sample. Moreover, evaluating the AGN luminosities
for our sample will help us determine the the range of broad Ha and broad HS luminosities
for the BL galaxies in MaNGA above our FWHM cutoff of 1,000 km s*.

We determine the line luminosity for each spaxel using Equation [£.1 and Equation 4.2}

Lpo = Fuo(47R?) (4.1)
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Lug = Fug(4nR?) (4.2)

where Fp, is the measured Ha flux from our spectral fits, Fgs is the measured HS flux
from our spectral fits, and R is the DAP provided luminosity distance based on the galaxy
redshift.

4.3.3 SMBH Masses and Stellar Velocity Dispersions

Based on the virial method, which assumes the BLR is virialized, SMBH masses can be
estimated with broad Ha and Hf luminosities. These mass measurements, for example, are
critical in the larger context of resolving the role of SMBHs in their host galaxy’s evolution
(e.g., the M-o relationship, which is the empirical correlation between a galaxy’s SMBH mass
and the stellar velocity dispersion of its galactic bulge; [98] [95]). Here, we use the SMBH
mass estimator from [108]. The SMBH mass is derived using the broad Ha and broad Hf
luminosities in Equations [4.3] and 4.4}

Lya )0.57:&0.06 ( FWHMp, ) 2.06-£0.06
10%2ergs—! 103kms—!

Mgy = (1.3 £0.3) x 10%( My, (4.3)

) 0.56£0.02 ( FWHMujg ) A

L
Mgy = (3.6 £0.2) x 10°( - 103kms—!

Wrgs—l (4.4)
where Ly, is the luminosity of the broad Ha component (Equation, L is the luminosity
of broad HS component (Equation , FWHMy,, is the median broad HZ FWHM value
measured across all BL spaxels for each BL galaxy, and FWHMpg4 is the median broad Ha
FWHM value measured across all BL: spaxels for each BL galaxy.

Finally, to confirm the correlation between SMBH mass and stellar velocity dispersion,
we determine the stellar velocity dispersion for each galaxy. We use the STELLAR_SIGMA_1RE
parameter from the MaNGA DAP to determine this value for each BL galaxy. This value

is the flux-weighted mean stellar velocity dispersion of all spaxels within 1 effective radius
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(“Re”; i.e., the radius from within which half of the galaxy light is contained). Note, we
only use this value for galaxies with BL emission from the target MaNGA galaxy, not from

a companion galaxy whose velocity dispersion has not been measured by the DAP.

4.3.4 Ha and HpB Offset Velocities and Companion Galaxies

SMBHs are suspected to form and grow through two primary paths: 1) active accretion,
whereby nearby gas accumulates onto the central engine, and 2) and hierarchical merging of
separate SMBHs through large-scale mergers (e.g., [I51]). As detailed in [35], the byproduct
of mergers is the formation of a gravitationally bound SMBH system, where each galaxy’s
SMBH moves towards the center of the system because of dynamical friction ([42]). However,
near 10 parsecs, dynamical friction fails to effectively decrease the pair’s angular momentum,
and alternative processes dictate the binary orbital dynamics. Within 0.1 pc, gravitational
radiation drives the remaining angular momentum out of the system and causes the SMBHs
to finally merge ([16]). Finally, after coalescence, the remnant black hole is liable to recoil due
to the emission of the gravitational waves and the properties of the original SMBHs (e.g.,
unequal spins and unequal masses; [37, [31]). For reference, the maximum recoil velocity
identified in fully relativistic simulations of black hole mergers is up to ~ 4,000 - 5,000 km
s' ([37, [167]). Moreover, if a SMBH is recoiling, and features an AGN, the BLR should be
gravitationally bound to the system, and there should be an observable systemic Doppler
shift of the BLs.

In addition, a clear correlation between mergers and AGN fueling has been empirically
shown in some studies (e.g. [153],[84] 245]). In the context of recoiling black holes that result
from mergers, the displacement of SMBH from the nuclear center can alter AGN feedback at
the galaxy center, emphasizing the importance of finding recoiling black holes in the context
of SMBH-galaxy co-evolution. Note, AGN outflows and /or relativistic jets may also produce
systemic Doppler shifts of the BLs in some instances (e.g., [148]). This underscores the need

to search for, and analyze, BL velocities offset from the velocity of the stellar continuum of
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the MaNGA galaxies in our sample.

We also consider both offset and dual AGN, where the former signifies one galaxy in
a merging system hosts an AGN, and the latter signifies that both do. If offset AGNs exist
in merging systems in our sample, we expect to find BL emission in either the target or
companion galaxy. For reference, we anticipate a slight velocity offset for the companion,
as it is likely at a slightly different redshift than the target galaxy. On the other hand, if
dual AGN are in merging systems in our sample, we expect to find BL emission both in the
target galaxy and the companion, or in two companion galaxies if we detect a triple merging
system.

Therefore, we calculate the offset velocities of the Ha and HS BLs using Equation 4.5¢

AUBL =cC (%) (45)
sys

where zpy, is the redshift of the stellar component of the target galaxy provided by the
MaNGA DAP (STELLAR_Z), z is the redshift we measure for each observed line profile, and
c is the speed of light.

Finally, to further determine if a possible connection exists between BL emission and
the presence of a companion galaxy, we consider if a BL galaxy is merging or not based
on the sample produced by [195] (“Nevin catalog” hereafter). The authors calculate the
merger probability for the 1.3 million galaxies in the SDSS DR16 photometric sample, using
imaging predictors that have been trained to separate mock images of simulated merging
and non-merging galaxies (see [194]). We analyze the BL galaxies in the SDSS DR16 Nevin

catalog, and classify a BL galaxy as a merger if the Nevin catalog gives it a merger value

(Pmerg) > 0.5.
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4.4 Results

In this section, we present our findings for the BL galaxies in MaNGA. In total, we
find 301 galaxies (median z = 0.046) with broad Ha emission at > 50 above the background
continuum, with FWHM values > 1,000 km s~%, in MaNGA’s MPL-11; 801 galaxies (median
z = 0.56) with broad HfS emission. In total, we detect 1,042 unique BL galaxies; 60 feature
both Ha and HS emission. For the Ha galaxies, we detect 35 offset AGNs, where the BL
emission comes solely from a companion galaxy (~ 12%), not the target MaNGA galaxy; 77
for the HF galaxies (~ 10%). Note, 3 offset AGNs feature both broad Ha and HS emission,
leading to 109 unique offset AGNs in our sample. We also measure the broad Ha luminosities
for our sample to range between 1037 - 10*? erg s7!; the median broad Ha luminosity is 103
erg s—!. Additionally, we measure the broad HS3 luminosities for our sample to range between

1036 - 10*2 erg s~!; the median broad Hf luminosity is 10%® erg s!.

4.4.1 BL Intensities and Cloud Velocities

Understanding the properties of the BLs in our sample can help clarify the dynamics
of the AGNs which produce them. Specifically, the line intensity and line widths of each BL
can help trace the features of an AGN (e.g., the strength of the AGN and the BLR radius).

In our sample of BL galaxies, we measure broad Ha luminosities between 1037 - 1042
erg s~'. For the broad HB sample, we measure broad HA3 luminosities between 10%6 - 10*2 erg
s71. We display histograms of these results in Figure and find that the majority of the
BL AGNs in MaNGA feature broad Ha and HA3 luminosities ~ 10%® erg s~!. Additionally,
we determine that the broad Ha galaxies are more luminous, with a median luminosity of

9.7 x 10%® erg s~!, which is ~ 25% higher than the median luminosity, 2.4 x 1038 erg s~}

, of
the HB galaxies. Note, previous studies have suggested that the profiles of the Balmer lines
can vary from one another, indicative of higher density and higher velocity zones of the BLR

(e.g., [254], 255 [58] 282]). We contend that this may be a viable explanation for the higher
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broad Ha luminosities in our sample.

Furthermore, in low density and low optical depth gas, HS emission is effective at
tracing the ionizing continuum luminosity (e.g., the 5100 A luminosity; [136]). Moreover,
some studies show a strong dependence between the ionizing AGN flux and HS emission in
the BLR. This is attributed to the effective temperature at the disk radius, which corresponds
to the location of the BLR. As inferred from the Hf line, this temperature is 1,000 Kelvin,
close to the threshold that dust can exist at (see [137, B00, 24, 60, 23, 292]). As a result,
broad H/3 emission is often used to determine the size of the BLR (termed “Reverberation
Mapping”; e.g., [212, 1300, 136]; Equation [4.€]). This is one example, of many (e.g., the broad
Ha/Hp ratio can also be used as a dust extinction estimator; e.g., [76]), that showcases how
BL luminosities can elucidate the physics of the BLR. For reference, the size of the BLR can

be derived using the following:

L
Log Rgrr (light — days) = (1.381 = 0.080) + (0.684 4 0.106) Log (1042—1{2_1) (4.6)
erg s

where Rppr is the radius of the BLR and Lpyg is the luminosity of the broad Hf
component. We calculate Rgpr values between 0.01 - 46 light days for our HB sample, with
a median radius of 0.1 light days (0.02 pc). Comparatively, [300] investigated 34 AGNs with
z between 0.002 - 0.371 and Lgg values between 103 - 10*® erg s™'. The authors report
Rprr values between 1.4 - 387 light days. Since the lower range of our broad HfS luminosities
is 10%¢ erg s71, three order of magnitude lower than the lowest HS luminosity in the [300]
sample (10%° erg s71), and the top range of our broad HS luminosities is 102, one order of
magnitude lower than the [300] sample (103 erg s71), we reason that our Rprr values are
consistent with [300] and are reasonable approximations.

Additionally, for the Ha line, we calculate FWHMSs between 1,010 km s=! - 4,919 km
s7!, with a median FWHM of 2,079 km s~!. For the HJ3 line, we calculate FWHMSs between
1,001 km s~! - 5,849 km s, with a median FWHM of 1,146 km s~!. These elevated velocities

provide direct evidence of the rapidly rotating gas clouds near the accreting SMBH, clear
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Figure 4.4: BL Luminosity distribution for the BL: galaxies. The blue histogram represents the 301
broad Ha galaxies and the orange histogram represents the 801 broad HS galaxies. The dotted
black line marks the median luminosity (9.7 x 1038 erg s~1) for the Ha sample, whereas the red
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erg s~1) for the HA sample.
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tracers of AGN activity.

4.4.2 SMBH Mass Estimates

Virial SMBH masses for low-redshift AGNs can typically be estimated using measure-
ments of the optical continuum strength (e.g., the luminosity of the continuum at 5100 A)
and the width of the broad Hf line (e.g., [108]). However, systematic uncertainties and dif-
ficulties measuring these quantities can make this method challenging. Additionally, if the
optical continuum of radio-loud AGNs is enhanced by emission from AGN jets, the contin-
uum and SMBH masses will be systematically over-estimated (e.g., [LI08]). Therefore, [108]
analyzed a sample of SDSS BL AGNs and proposed a new formalism for calculating SMBH
masses using BL measurements. In their sample of ~ 3,000 AGNs, they found that: Ha
luminosity scales nearly linearly with the optical continuum luminosity, there is a definitive
correlation between Ha and Hf line widths (i.e. FWHMSs), and that SMBH masses can be
estimated solely using observations of the broad Ha emission line (Equation . They also
uncovered that the HS emission line can also be solely used if Ha emission is not available
(Equation . As a result, we use Equations and to convert the broad Ha and broad
HpS luminosities to SMBH masses for the BL. galaxies in our sample.

Doing so, we measure SMBH masses for the Ha galaxies to range between 10° - 10°
Mg, with a median mass of 10" M. Further, for the Hj galaxies, we measure SMBH masses
to vary between 10° - 107 M, with a median mass of 10 M, (Figure [4.5). Note, for the 60
BL galaxies with broad Ha and Hf emission, we compute SMBH mass measurements using
only the broad Ha emission-line components.

Furthermore, we compare the SMBH masses of our sample to the velocity dispersions
of their host galaxies. We do so to test the M-o relationship for our sample, which is the
empirical correlation between a galaxy’s SMBH mass and the stellar velocity dispersion of
its galactic bulge ([98, 95]). We present our results for the Ha galaxies in Figure . Similar

to our analysis of FWHM vs. SMBH mass (measured from the broad Ha line), we use
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the Pearson correlation to quantify our results. We measure a Pearson coefficient between
velocity dispersion and SMBH mass to be 0.44. This suggests a positive correlation between
the two parameters, and confirms that SMBH mass and stellar velocity are correlated in our
sample, as expected.

However, we note that for the HS sample, where we measure SMBH masses using the
broad Hf line, we determine a Pearson coefficient of 0.04 (Figure. While this corresponds
to a positive correlation, it is weaker than reported in the literature ([98] 05]). We reason
that because the broad Ha galaxies feature higher mass SMBHs (median SMBH mass of 107
Mg, for the broad Ha galaxies; 10° for the broad HA galaxies), the M-o relationship is likely

tighter.

4.4.3 BL Mergers and Recoiling SMBH Candidates

The BL velocity profiles may feature a blend of many different components, which
include, but are not limited to, Doppler motions, inflows/ outflows (possibly induced by
mergers), shocks, rotation, or even a recoiling black hole. These velocity features can manifest
to make the final profile a combination of many components (e.g., [214] [149]).

For our sample of BL galaxies, the BL. Gaussian fits we use specifically trace the Doppler
motions within the gravitational influence of the SMBH within the target galaxy, centered
in MaNGA'’s field of view (e.g., [I48]). However, we determine that a small population of
BL profiles trace the BLR in a companion galaxy. Using the Nevin catalog (Section ,
we determine that 122 out of 275 broad Ha galaxies, which we could determine a merger
classification for, are currently undergoing a galaxy merger (44%). Moreover, out of these
122 merging systems, we scan for the systems with BL emission from the companion galaxy
outside of the target galaxy’s nuclear region, which we define as the central 2.”5 region.
Using these constraints, we identify 35 broad Ha offset AGNs and present an example of
three offset AGNs in Figure [4.§f We showcase the optical SDSS images for the galaxies, as

well as the broad Ha flux and broad Hoe FWHM values for the companion galaxies. The full
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solely from a companion galaxy, not the target MaNGA galaxy (Section .
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Figure 4.8: BL flux and velocity maps for 3/35 BL galaxies in our sample with broad Ha emission
from a companion galaxy, not the target MaNGA galaxy. From top to bottom and left to right:
SDSS optical images, broad Ha flux maps, and broad Ho FWHM maps for J211326.024+005828.0,
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list of broad Har companion galaxies is provided in Appendix [D] Note, for the entire sample,
we do not detect any dual broad Ha candidates.

Likewise, we use the Nevin catalog to detect mergers in the HS sample. We find
that 313 out of 722 broad Hf galaxies, that we could determine a merger classification
for, are experiencing a galaxy merger (43%). Further, we apply the same criteria as we
did for the broad Ha galaxies to search for offset broad HF AGNs (BL emission from a
companion outside of the central 2.”5 region). We detect 77 broad Hf offset AGNs in our
sample. Note, 3 offset AGNs feature both broad Ha and Hf emission, leading to 109 unique
offset AGNs in our sample. In addition, we display the optical SDSS images, as well as
the broad Hf fluxes and broad HF FWHMs for the companion galaxies in Figure 4.9} For
J005620.79+135143.6, we identify broad HS emission in two companion galaxies. The full
list of broad HS companion galaxies is provided in Appendix [D] For the entire sample, we
detect one dual broad HS candidate - J005620.79+135143.6.

Comparatively, we use the Nevin catalog to scan the total MaNGA catalog. We identify
2518 mergers, out of the 9582 MaNGA galaxies with a Nevin catalog merger classification
(26%). As a result, it is evident that the broad Ha and Hf galaxies trace a higher fraction
of merging galaxies compared to the full MaNGA catalog (18% and 17% more, respectively).
This is consistent with the analyses performed by [270, 271]. The authors posit that during
the galaxy merging process, gas and dust are driven toward the centers of the merging
galaxy pairs, which triggers SMBH growth, and funnels matter to accrete onto one or both
of the SMBHs, leading to AGN activation. The authors compile a catalog of 204 offset
and dual AGNs with a median z ~ 1.15 and stellar bulge separations < 20 kpc, using the
Advanced Camera for Surveys on the Hubble Space Telescope. They find that AGN activation
is primarily stagnant between 20 - 14 kpc, has a bump between 14 - 11 kpc, drops slightly
from 11 - 4 kpc, and increases substantially from 3 - 2 kpc. We reason that the interactions
between merging galaxies in our BL catalog, where the typical MaNGA footprint is mapped

out to a radius of 15 kpc, may trigger some of the AGNs we detect due to the dynamical
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interactions between galaxies. This may account for the higher merger fraction in our BL
sample.

Finally, for merging galaxy systems, near 10 parsecs, dynamical friction fails to ef-
fectively decrease the pair’s angular momentum, and within 0.1 pc, gravitational radiation
drives the remaining angular momentum out of the system and causes the SMBHs to finally
merge. After coalescence, the remnant black hole is liable to recoil (sometimes at velocities >
1,000 km s~!) due to the emission of gravitational waves. Further, if the recoiling SMBH fea-
tures an AGN, the BLR should be gravitationally bound to the system, and there should be
an observable systemic Doppler shift of the BLs. As a result, we search for evidence of recoil-
ing SMBHs in our sample. To do so, we use Equation to identify BL galaxies that feature
velocities offset from the velocity of the stellar continuum of the target galaxy, which cannot
be solely attributed to a companion galaxy. We find 48 broad Ha galaxies with velocity
offsets > 1,000 km s~!. Comparatively, we find 217 broad H/3 galaxies that meet this crite-
ria. From these two populations, we perform a visual inspection and identify five recoiling
black hole candidates (J021035.31+125505.6, J075347.89+374208.8, J082505.71+470915.8,
J082529.04+470800.6, and J170259.704-333316.2; Appendix |Ef), where the BL emission does

not clearly come from a companion galaxy, and the BL emission is off-nuclear.

4.5 Discussion

We investigate 310 broad Ha galaxies and 801 broad Hf galaxies in MaNGA’s MPL-11
(1,042 unique BL galaxies), which contains 10,010 unique galaxies. We measure the broad

! and measure the broad Hp3

Ha luminosity for our sample to range between 1037 - 10%2 erg s~
luminosities for our sample to range between 1036 - 10*2 erg s7!. These BL galaxies represent
the population of Type I AGN in MaNGA, which are AGNs oriented pole-on. The broad
emission we measure directly traces the high velocity clouds found near the AGN accretion

disk.

However, while Ha is the strongest line in the Balmer series and is one of the most
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reliable signatures of a Type I AGN, we note that the multifaceted Ha-[NII| complex, which
produces some blending of the Ha and [NII| line profiles and can create asymmetric broad
Ha profiles, which may lead to some some missed broad Ha detections. This may account
for the discrepancy in the number of broad Ha (301) vs. Hf (801) galaxies we detect.

Further, we investigate the BL properties within these galaxies to better understand
the properties of the BLR. For example, we use the empirical relation between Hf emission
and the size of the BLR (e.g., [300]) to measure the size of the BLR for the Hf galaxies.
We find that the BLR for these galaxies ranges between 0.01 - 46 light days, with a median
radius of 0.1 light days (0.02 pc).

In addition, while some BL catalogs report that low-luminosity AGNs and low-mass
SMBHs can feature BL widths as low as 500 km s~! (e.g., [I65]), we use the more typical
line width of 1,000 km s™! to differentiate the BLR from the NLR (consistent with [115} 86]).
Using this threshold, we measure broad Hoe FWHMs between 1,010 km s=* - 4,919 km s7!,
with a median FWHM of 2,079 km s™!. For the broad Hf galaxies, we calculate broad HJ3
FWHMSs between 1,001 km s~! - 5,849 km s~ !, with a median FWHM of 1,146 km s~!.
Doing so, we avoid potential contamination by star-formation, which can produce strong
narrow emission lines < 1,000 km s™!(e.g., [242]).

Furthermore, as outlined in [I08], SMBH masses can be estimated solely from observa-
tions of the broad Ha or Hf emission line. As a result, we measure SMBH masses for the Ha
galaxies to range between 10° - 10° Mg; 10° - 10° Mg, for the HfB galaxies. These measure-
ments help us identify a positive correlation between SMBH mass and velocity dispersion,
consistent with [98, [05].

Finally, we investigate the BL: galaxies in our sample with BL, emission from a compan-
ion galaxy, not the target MaNGA galaxy (i.e., offset AGNs). We detect 109 unique offset
AGNSs in our sample. Further, we find that 122 out of 275 broad Ha galaxies, which we
could determine a merger classification for, are currently undergoing a galaxy merger (44%).

Similarly, 313 out of 722 broad Hp galaxies, that we could determine a merger classification
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for, are experiencing a galaxy merger (43%). Compared to the merger fraction in MaNGA
(26%), the BL galaxies trace a higher fraction of mergers. We reason that during the galaxy
merging process, gas and dust are driven toward the centers of the merging galaxy pairs,
which triggers SMBH growth, and funnels matter to accrete onto one or both of the SMBHs,
leading to AGN activation (e.g., [270], 271]). This may account for the higher merger frac-
tions, compared to the full MaNGA sample (26%), for the BL galaxies. We also inspect the
candidate BL galaxies that may host a recoiling SMBH in our sample. We identify 5 BL
galaxies that may potentially be recoiling SMBHs. These galaxies feature off-nuclear BL

1

emission, systemic offset velocities > 1,000 km s™", and have BLs that are not clearly from

a companion galaxy.

4.6 Summary and Future Work

We build one of the largest catalogs of broad Ha and Hf galaxies in MaNGA to date,
using our custom pipeline, which measures BL emission at > 50 above the background
continuum, and with FWHM values > 1,000 km s~*.

Our primary findings are:

(1) The radius of the BLR ranges between 0.01 - 46 light days, with a median radius of

0.1 light days (0.02 pc) for our Hf sample.

(2) Broad Ha luminosities vary between 1037 - 10%2 erg s™1; 1036 - 102 erg s™! for the
broad HS galaxies. Further, broad Ha galaxies are more luminous, with a median

luminosity of 9.7 x 1038 erg s~!, which is ~ 25% higher than the median luminosity

(2.4 x 10% erg s7!) of the HB galaxies.

(3) Broad Ho FWHMs vary between 1,010 km s™! - 4,919 km s™!, with a median FWHM
of 2,079 km s~%; 1,001 km s~ - 5,849 km s~!, with a median FWHM of 1,146 km

s~! for the broad Hf galaxies.
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(4) SMBH masses for the Ha galaxies range between 10° - 10 M, with a median mass

of 107 My; 10° - 10° Mg, with a median mass of 10¢ M, for the HS galaxies.

(5) The Pearson coefficient for FWHM and SMBH mass for the Ha galaxies is 0.82 (0.72

for the HB galaxies), which implies a positive correlation, as expected from Equation

[4.3] and .41

(6) The Pearson coefficient between velocity dispersion and SMBH mass is 0.44 for
the Ha galaxies. This suggests a positive correlation between the two parameters,
and confirms that SMBH mass and stellar velocity are correlated in our sample, as
expected. However, the Pearson coefficient for the broad HS sample is 0.04, weaker

than reported in prior studies.

(7) 122 out of 275 broad Ha galaxies, which we could determine a merger classification
for, are currently undergoing a galaxy merger (44%). Similarly, 313 out of 722 broad
Hp galaxies, that we could determine a merger classification for, are experiencing a
galaxy merger (43%). Both are well above the merger fraction in the full MaNGA
sample (26%). We reason that this is likely due to merger-induced AGN fueling in

our sample.

(8) 35 broad Ha galaxies feature offset AGNs; 77 broad Hf galaxies feature offset AGNs.
3 offset AGNs feature both broad Ha and HfS emission, leading to 109 unique offset

AGNs in our sample.

(9) 5 BL galaxies have off-nuclear BL emission, velocities > 1,000 km s™! offset from the
velocity of the stellar continuum of the target galaxy, and BL emission not clearly

from a companion galaxy. These attributes make them recoiling SMBH candidates.

BL detection in large spectroscopic surveys offers a powerful tool for identifying AGNs,
and for comprehending the AGN physics closest to the accretion disk, which is essential for

unraveling the nature of AGN-galaxy co-evolution.
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Future work to enhance these efforts could include: 1) a thorough investigation of the
kinematic properties of the BLR, and 2) multi-wavelength observations of the BLL AGN in
MaNGA. Exploring the kinematics of the BL profiles in more depth (e.g., measuring the
asymmetries of the line profiles and analyzing double-peaked BLs) can shed insight on how
various BL velocity components manifest. These include, but are not limited to, a blend
of Doppler motions, inflows/ outflows (possibly induced by mergers), shocks, rotation, or
even a recoiling black hole. To further evaluate the kinematics of the BLs and to determine
their relationship with feedback, constructing additional velocity maps (similar to the flux
maps) for each BL galaxy would help to reveal the kinematic gradients of the gas (0.”5
x 0.”5 resolution; provided by MaNGA’s DAP). This could help differentiate shocks from
photoionized regions (e.g., shock velocities > 500 km s™'; [57]). Moreover, outflowing winds
can be identified by inspecting asymmetric and broadened Gaussian profiles. Finally, X-ray
observations, from Chandra, for example, would be useful for verifying the AGNs in our BL

sample, and in particular, confirming the population of offset and dual AGNs.



Chapter 5

Dissertation Summary and Future Work

In this dissertation, I have presented the work I completed during my Ph.D. The
core of this work focused on accurate AGN identification in the optical band, since existing
optical AGN methods (e.g, BPT Diagrams) are liable to contamination by diffuse ionized
gas, extraplanar gas, photoionization by hot stars, metallicity, emission from post-AGB stars
and star formation, and shocks, leading to AGN misclassification.

To address this, I used CLs as an AGN tracer. These are highly ionized species of gas
with IPs > 100 eV (e.g., [NeV], [FeVII], and [FeX]), which require extremely high energies
for production, above the limit of stellar emission.

In Chapter [2] T considered that the fundamental nature and extent of the CLR, which
may serve as a vital tracer for AGN activity, remain unresolved. I explored previous studies,
which suggested that the CLR is produced by AGN-driven outflows and occupies a distinct
region between the broad line region and the narrow line region, which places it tens to
hundreds of parsecs from the galactic center. Then, I investigated 10 CL emitting galaxies
from the SDSS-IV MaNGA catalog with emission from one or more CLs detected at > 5o
above the continuum in at least 10 spaxels. I found that the CLR is far more extended,
reaching out to 1.3 - 23 kpc from the galactic center. Moreover, I cross-matched the sample
of 10 CL galaxies with the largest existing MaNGA AGN catalog and identified 7 in it;
two of the remaining three are galaxy mergers and the final one is an AGN candidate.

Further, I measured the average CLR electron temperatures to range between 12,331 K -
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22,530 K, slightly above the typical threshold for pure AGN photoionization (~ 20,000 K)
and indicative of shocks (e.g., merger-induced or from supernova remnants) in the CLR.
In this chapter, I reasoned that ionizing photons emitted by the central continuum source
(i.e. AGN photoionization) primarily generate the CLs, and that energetic shocks are an
additional ionization mechanism that may produce the most extended CLRs I measured.

In Chapter [3 T further considered that despite the importance of AGN in galaxy
evolution, accurate AGN identification is often challenging. To build upon the analyses in
Chapter 2, and to determine if CLs are in fact strong AGN tracers, I assembled and analyzed
the largest catalog of optical CL galaxies using the MaNGA catalog. I detected CL emission
in 71 MaNGA galaxies, out of the 10,010 unique galaxies from the final MaNGA catalog,
with > 50 confidence. In the sample, I measured [NeV] AA\3347, 3427, [FeVII] AAA3586,
3760, 6086, and [FeX] A6374 emission and cross-matched the CL galaxies with a catalog of
AGNs that were confirmed with BL, X-ray, IR, and radio observations. I found that [NeV]
emission, compared to [FeVII] and [FeX] emission, is best at identifying high luminosity
AGNs. Moreover, I found that the CL galaxies with the least dust extinction yield the most
iron CL detections. I posited that the bulk of the iron CLs are destroyed by dust grains
in the galaxies with the highest [OIII] luminosities in the sample, and that AGNs in the
galaxies with low [OIII] luminosities are possibly too weak to be detected using traditional
techniques.

In addition, to complement the search for CLs in MaNGA, I focused on BLs (FWHMs
> 1,000) observed in Type I AGNs, which are oriented pole-on, in Chapter Since the
broad Ha and broad HfS lines are incredibly efficient at tracing AGNs when the BLR is
not strongly dust obscured, I scanned for them in MaNGA as well. I found 301 broad Ha
galaxies and 801 broad Hf galaxies. In total, I detected 1,042 unique BL galaxies; 60 feature
both Ha and HS emission. I found that the radius of the BLR ranges between 0.01 - 46 light
days, with a median radius of 0.1 light days (0.02 pc) for our HS sample. I also determined

that the broad Ho luminosities vary between 1037 - 10*2 erg s1; 1036 - 10*2 erg s~! for the
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broad Hf galaxies. Further, I reported that broad Ha galaxies are more luminous, with a
median luminosity of 9.7 x 10%® erg s=!, which is ~ 25% higher than the median luminosity
(2.4 x 10% erg s7!) of the HB galaxies. Then, I calculated broad Ho FWHMs to vary
between 1,010 km s~ - 4,919 km s™!, with a median FWHM of 2,079 km s=*; 1,001 km s -
5,849 km s~!, with a median FWHM of 1,146 km s~ for the H3 galaxies. My analysis then
focused on the SMBH masses for the BL sample, and I found that the SMBH masses for
the Ha galaxies range between 10° - 10° My, with a median mass of 107 My; 10° - 10° Mg,
with a median mass of 106 Mg, for the Hf3 galaxies. In addition, I identified that 122 out
of 275 broad Ha galaxies, which I could determine a merger classification for, are currently
undergoing a galaxy merger (44%). Similarly, I found that 313 out of 722 broad Hf galaxies,
that I could determine a merger classification for, are experiencing a galaxy merger (43%).
Both are well above the merger fraction in the full MaNGA sample (26%), and suggests
AGN fueling for the mergers in our sample. Finally, I reported that 35 broad Ha galaxies
host offset AGNs; 77 for the broad Hf galaxies. 3 offset AGNs feature both broad Ha and
Hp emission, leading to 109 unique offset AGNs in our sample. Ultimately, I concluded that
BLs are indeed strong tracers of the high velocities clouds near the AGN accretion disk, and
may even be able to trace recoiling BHs.

Regarding future work with the CLs, Chandra observations would be advantageous.
For example, for the 71 CL galaxies with [NeV] or [FeVII] emission, some have nuclear CL
emission only while others have spatially-offset CL. emission that could be associated with
outflows or shocks. To help understand whether [NeV] and [FeVII] lines are definitively
tracing AGN activity, I cross—matched the CLs galaxies with AGN detections from WISE
mid-infrared color cuts, SDSS BLs, Swift/BAT hard X-ray observations, and NVSS/ FIRST
1.4 GHz radio observations ([53]). Surprisingly, I found that most of the [NeV] galaxies have
confirmed AGNs (31/33), with most of the detections coming from WISE. In contrast, most
of the [FeVII] galaxies do not have confirmed AGNs (only 3/34; one detected in WISE; one
detected in WISFE and broad lines; one detected in WISFE, broad lines, and Swift; all three
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have nuclear [FeVII| emission). Both [NeV] and [FeVII] have similar ionization potentials
(97.1 eV and 99.1 eV, respectively), and while [NeV] has been suggested as an AGN tracer
before, [FeVII] is not well studied in the literature. One possibility is that the galaxies
with nuclear [FeVII] have central AGNs, while in the off-nuclear [FeVII] galaxies the [FeVII]
emission is produced by outflows or shocks, either associated with AGNs or other phenomena
such as star formation and mergers

As T reviewed in Section [3.4.5] T suspect that dust obscuration may be playing a role.
I reasoned that emission from the iron CL species is being diminished within dusty galaxies,
which provides a physical explanation for the low number of iron CL galaxies with nuclear
emission in high E(B - V) value galaxies. I also considered the correlation between the AGN
dusty torus and AGN bolometric luminosity. I found that the lower Ly, values correlate
with a diminishing dusty torus, which results in less destruction of nuclear iron by dust
grains; I detected more iron CLs in these low luminosity sources. On the other hand, the
[NeV] galaxies feature higher Ly, values, which likely correspond to their elevated E(B -
V) values. I concluded that [NeV] traces high-luminosity AGNs while [FeVII] traces low-
luminosity AGNs; the expected bolometric luminosities of the AGNs (traced by [OIII] flux;
[119]) in the [FeVII] galaxies are ~ two orders of magnitude smaller, on average, than those
of the [NeV] galaxies.

I recently won a Chandra proposal to observe five [FeVII]-emitting MaNGA galaxies
with Chandra(100 ks total). Observing these [FeVII| galaxies will allow me to definitively
elucidate the origin(s) of CL production in these galaxies, and to better understand the
efficacy of CLs as AGN tracers. Two targets have nuclear [FeVII] emission and three targets
have [FeVII] emission that is 77 to 14" off nuclear. X-ray observations are required to
identify any AGNs present in these galaxies, as these five galaxies do not have BLs, are
not radio loud, and do not have mid-infrared AGN detections (perhaps because they host
low-luminosity AGNs). Chandra is required for its excellent spatial resolution, which can

pinpoint if the AGN is nuclear or associated with the off-nuclear [FeVII] emission and whether
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there are soft X-rays associated with the off-nuclear emission. The Chandra observations,
when combined with the MaNGA observations, will reveal whether the [FeVII] emission is
produced by AGNs, AGN outflows, or outflows and shocks associated with star formation
or galaxy mergers.

To make the most efficient use of Chandra, I selected the [FeVII] galaxies with high
estimated 2-10 keV fluxes (> 3 x 107'* erg ecm™2 s7!; estimated from the [OIII] flux spatially
coincident with the [FeVII] emission and the established Type 2 AGN [OII]] to X-ray scaling
relation; [119]). The five targets, shown in Figure [5.1] include two galaxies with nuclear
[FeVII] emission (J1349 and J2152) and three galaxies with off-nuclear [FeVII] emission
(J0023, J1613, and J0920; the spatial offsets range from 7" to 14”7, or 5 kpc to 7 kpc).
These galaxies represent the overall fractions of [FeVII| galaxies in MaNGA with nuclear
(40%) vs. off-nuclear (60%) [FeVII] emission. This also underscores the need for Chandra’s
spatial resolution to pinpoint whether X-rays are associated with the nucleus or the off-
nuclear emission. Further, two of the targets appear to be ongoing galaxy mergers (J1349
and J1613).

The primary goals of my Chandra data analysis will be to determine if any X-ray AGNs
are present, and then to measure the AGN properties. Ultimately, I will determine whether
the [FeVII] CL is an indicator of AGNs, outflows, shocks, or a combination of these effects.

The Chandra and MaNGA observations will distinguish between the following possibilities:

(1) The [FeVII] emission is produced by AGNs. In this case I would find an X-ray AGN
that is spatially coincident with the [FeVII] emission in the MaNGA observations. To
test the hypothesis that [FeVII] emission is associated with lower luminosity AGNs
on average, I will compare the AGN bolometric luminosities to those of the [NeV]

galaxies with confirmed AGNs.

(2) The [FeVII] emission is produced by AGN outflows. If I find an X-ray AGN at the

galaxy center while the [FeVII] emission is mostly off-nuclear, then this is evidence
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Figure 5.1: From left to right and top to bottom: SDSS optical image and corresponding [FeVII]
flux map for J0023, J1349, J1613, J2152, and J0920, the targets of my Chandra observations. The
purple hexagons show the footprint of MaNGA observations.
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for the [FeVII] emission tracing AGN outflows. In this case I might also detect soft
X-rays associated with the outflows and the [FeVII] emission. To help identify that
the outflows are AGN instead of star formation driven, there are other markers I can
search for in the MaNGA observations; for example, the ionized gas associated with
the outflow (this could include other species such as [OIII]) typically have a conical
morphology for AGN outflows, as opposed to the wide, chimney-shapes morphology

typical of star formation driven outflows (e.g., [197]).

(3) The [FeVII] emission is produced by outflows or shocks associated with star formation
or mergers. If I do not detect an X-ray AGNs, then the [FeVII| emission is likely
produced by star formation driven outflows, supernova remnant (SNR) shocks, or
merger-induced shocks. I can help distinguish between these scenarios by using the
MaNGA observations to create maps of the spatial distribution of star formation,
measure [S II]/Ha line flux ratios to trace SNR shocks (e.g., [72]), and measure

[OI]/Ha line flux ratios to trace shocks due to mergers (e.g., [227].

Finally, observations of infrared CLs are an exciting pathway for identifying AGNs.
This is for two reasons: 1) hot massive stars do not generate photons energetic enough to
generate IR CLs (e.g., [SIV], [CaVIII], [OIV], and [S I1I]), and 2) IR emission from Type II
supernovae is rare, extremely weak, and short lived (e.g., [110] 20]). Also, IR CLs are less
sensitive to dust obscuration than optical lines and are less likely to be contaminated by
host galaxy stellar emission. As outlined in [246], the Infrared Space Observatory (ISO) and
the Spitzer missions have uncovered significant populations of CL. AGNs in galaxies with
optically “normal” nuclear spectra (e.g., [169} 100, 285, T05]. With the James Webb Space
Telescope, observations in the 1 - 30 ym band are now possible, beyond the capabilities of
the ISO or Spitzer. This will provide a tantalizing opportunity to scan for even larger popu-
lations of IR CLs to help better detect AGNs, and ultimately, determine their astrophysical

significance in the context of galaxy evolution.
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Appendix A

Double Gaussian Fit For Hy and [OIII] \4363



172

4250

0.15 A

—0.05

4600

4550

4350 4400 4450 4500

4300

Wavelength (A)

Figure A.1: A sample spectrum showing a double Gaussian fit on the Hy and the [OIII] A\4363

) in a single spaxel for J2116. The dashed black line
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is the continuum subtracted spectrum, the shaded gray region is the uncertainty, the solid red line

represents the best fit, the red dotted vertical lines mark the fitting window, and the blue dotted

lines show the rest wavelengths of Hy and [OIII] A\4363.
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[OIII] A5007 Flux Maps for the CL galaxies
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Figure B.1: From left to right: SDSS optical image, [NeV] A3427 flux map, and [OIII] A5007 flux
map for JO736.
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map for JO752.
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Figure B.3: From left to right: SDSS optical image, [FeVII] A3586 flux map, and [OIII] A5007 flux
map for J0906.
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Figure B.5: From left to right: SDSS optical image, [FeVII] A3760 flux map, and [OIII] A5007 flux
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Figure B.6: From left to right: SDSS optical image, [FeVII] A6086 flux map, and [OIII] A5007 flux
map for J1535
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Figure C.1: From left to right, an example SDSS optical image from MaNGA, a custom generated
broad HS flux map, and a custom generated broad HG FWHM map for J212851.19-010412.4. The
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Table D.1: Broad Ha Companion Galaxies

SDSS Name z BH Mass Broad Hoe FWHM  Broad Ha Luminosity

(105 M) (km s71) (erg s71)
J021035.31+125505.6 0.1 50 2247 2.63e+39
J073905.83+442410.3 0.134 148 2257 1.82e+40
J074746.00+513856.1  0.101 3449 4283 5.03e+41
J075931.82+375252.1 0.042 34 1180 1.44e+-40
J075956.13+262258.6  0.074 37 1771 3.71e+39
J082150.35+415235.8  0.038 5 1249 4.65e+38
J082218.77+381559.4  0.052 13 2196 2.42e+38
J083823.79+254517.0 0.018 3 1843 4.71e+37
J084002.36+294902.6  0.065 221 2173 4.32e+40
J085206.99+285013.0  0.097 52 1782 6.54e+39
J091014.95+444102.7 0.035 1 1145 4.77e+37
J091954.10+325558.9  0.05 6 1392 4.05e+38
J095851.32+320422.9 0.027 9 1743 3.02e+38
J103723.62+021845.5 0.04 20 1890 9.86e+38
J110158.99+451340.9  0.02 8 1601 3.34e+38
J111803.22+450646.8 0.107 2958 4964 2.19e+41
J122737.49+400938.9 0.037 16 1372 2.12e+39
J132023.06+302641.0 0.048 15 1850 6.35e+38
J132651.27+263528.5 0.023 5 1156 4.74e+38
J133008.03+485335.7 0.071 22 1976 9.68e+38
J135638.55+433508.7 0.103 10 1353 1.07e+39
J142937.38+491944.1 0.125 10 1379 9.96e+38
J151600.58+342119.1 0.125 75 1576 2.06e+40
J151806.10+424438.0  0.04 3 1245 1.57e+38
J155850.44+272323.9 0.094 68 2006 6.99e+39
J160806.49+252906.7 0.042 9 1405 7.13e+38
J161413.20+260416.3 0.131 7008 3444 4.13e+42
J162002.93+260315.2 0.132 177 2660 1.36e+40
J162332.74+390715.9 0.035 4 1837 6.32e+37
J162952.88+242638.4 0.038 174 2523 1.61e+40
J165547.13+391837.8 0.063 8 1822 2.07e+38
J165550.29+272629.6  0.037 4 1771 7.97e+37
J165714.97+265010.8 0.036 7 2073 1.03e+38
J170450.70+344858.9 0.056 8 1785 2.52e+38
J211326.02+005828.0  0.137 497 2370 1.37e+41

Note: Columns are (1) SDSS Name, (2) host galaxy stellar continuum redshift, (3) BH
mass, (4) median Broad Hae FWHM, with a systematic uncertainty of o = 72 km s 1,
and (4) Broad Ha luminosity.
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Table D.2: Broad HS Companion Galaxies

SDSS Name z BH Mass Broad HG FWHM  Broad HfS Luminosity

(10° M) (km s71) (erg s71)
J005554.23-005521.1  0.045 1 1140 3.31e+37
J005620.79+135143.6  0.04 16 1222 1.45e+-39
J005846.77-004506.5  0.044 87 2391 2.75e+39
J024416.39+002029.7 0.022 9 1584 2.44e+38
J031510.78-072956.0  0.032 14 1621 4.23e+38
J031945.63-000437.9  0.037 5 1084 3.82e+38
J072952.25+395329.3  0.05 170 2801 5.08e+39
J074806.96+500648.5 0.021 9 2603 3.9e+37
J074910.04+200815.5 0.073 13 1215 1.09e+39
J074921.08+522104.0 0.066 2 1107 6.6e+37
J075236.26+243403.3  0.05 5 1153 2.32e+38
J075353.88-+204657.9 0.141 163 2477 7.3e+39
J075438.20+391038.6  0.096 18 1059 3.16e+39
J075526.32+185831.9 0.043 95 2801 1.83e+39
J080452.51+293454.7  0.08 25 1163 3.84e+39
J080614.67+373825.7 0.041 1020 2244 2.75e+41
J080648.17+531158.6  0.05 19 2333 2.07e+38
J080815.71+451705.8  0.04 5 1124 3.13e+38
J081705.39+481843.4 0.055 87 2307 3.11e+39
J082800.89+281548.9 0.094 3 1060 1.54e+38
J082834.42+501739.1  0.078 7 1181 4.48e+38
J083431.92+270312.9  0.08 8 1095 7.03e+38
J084411.66+233204.9 0.077 111 2539 3.37e+39
J085216.34+503738.0 0.112 378 2715 2.37e+40
J085404.53+290312.7 0.084 2 1029 1.16e+38
J085509.01+522813.6  0.058 5 1120 2.66e+38
J091204.30+002518.4  0.055 4 1068 2.39e+38
J091327.76+463644.9  0.08 62 1326 1.23e+440
J093657.37+481737.8 0.025 17 2140 2.2e+38
J094554.76+430248.1  0.073 2 1031 9.08e+37
J100546.90+021435.9 0.046 1 1149 3.55e+37
J101003.53+470715.3  0.065 39 1581 2.94e+-39
J101601.37+441034.3  0.045 40 1223 7.58e+39
J102209.85+383109.3 0.053 5 1362 1.54e+38
J102433.13+464952.2  0.042 2 1048 9.75e+37
J103029.79+431431.9 0.099 23 1220 2.88e+39
J111000.74+464211.8 0.053 24 1460 1.64e+39
J121053.16+363244.8  0.022 17 2115 2.27e+38
J125817.89+290743.9 0.026 58 1687 4.62e+39

Note: Columns are (1) SDSS Name, (2) host galaxy stellar continuum redshift, (3) BH
mass, (4) median Broad H3 FWHM, with a systematic uncertainty of ¢ = 72 km s 1,
and (4) Broad Hf luminosity.
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SDSS Name z SMBH Mass Broad HZ FWHM Broad HS Luminosity

(10° My) (km s71) (erg s1)
J133952.76+292247.2 0.044 60 2431 1.31e+39
J134458.27+310016.8  0.043 71 2939 9.1e+38
J134552.96+264630.6  0.03 6 1093 4.48e+38
J140800.78+554345.7 0.075 84 2256 3.18e+39
J144808.37+314237.2 0.033 1 1024 3.64e+37
J145359.23+004956.0 0.043 40 2136 1.02e+-39
J145804.60+340720.4 0.088 12 1073 1.55e+39
J151235.36+084146.4  0.08 66 1274 1.58e+440
J152856.43+281722.4 0.073 5 1060 3.21e+38
J154255.49+091342.6  0.035 5 1645 7.69e+37
J154517.07+275449.5 0.077 2046 5227 4.65e+40
J155440.99+281129.8  0.08 53 2607 8.24e+38
J155540.99+285802.9 0.077 6 1060 5.03e+38
J155852.66+262619.0 0.087 5 1132 2.58e+38
J155929.59+094901.9 0.073 14 1304 1.01e+39
J155941.68+262958.3  0.09 12 1090 1.43e+39
J160436.23+435247.2  0.06 29 1391 2.68e+39
J162145.09+282549.0 0.116 6 1178 3.17e+38
J162332.74+390715.9 0.035 8 1054 8.18e+38
J162356.48+361339.3 0.033 4 1254 1.32e+38
J163454.41+261629.1 0.044 6 1445 1.65e+38
J163735.67+251823.8 0.056 4 1054 2.97e+38
J163917.51+202853.7 0.062 10 1149 8.15e+38
J164107.75+273045.1 0.054 314 5849 1.1e+39
J165714.97+265010.8 0.036 7 1131 4.53e+38
J171327.09+580436.6 0.093 147 2100 1.1e+40
J173541.00+552816.5 0.086 59 3140 5.24e+38
J203701.02-055949.4  0.036 11 1241 7.06e+38
J205250.49-004631.7  0.054 3 1027 1.4e+38
J210319.51+105638.9 0.043 151 3747 1.46e+39
J210431.56+095423.4 0.108 68 2202 2.36e+39
J210518.11-071525.9  0.053 123 2946 2.41e+39
J211326.02+005828.0 0.137 682 3015 4.67e+40
J211748.43+113938.1 0.038 23 3109 9.93e+37
J213351.93+100418.6  0.088 13 1595 4.09e+38
J213702.364-002541.7 0.051 10 1305 4.94e4-38
J220201.62+000747.3  0.063 3 1177 1.01e+38
J220943.19+133802.9 0.027 6 1080 4.93e+38

Note: Columns are (1) SDSS Name, (2) host galaxy stellar continuum redshift, (3) SMBH
mass, (4) median Broad H3 FWHM, with a systematic uncertainty of o = 72 km s,

and (4) Broad Hf luminosity.
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Figure E.1: From left to right: optical SDSS image, broad Ha flux map, and broad Ho FWHM
map for recoiling BH candidate J021035.314+125505.6.
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Figure E.2: From left to right: optical SDSS image, broad HB flux map, and broad H3 FWHM
map for recoiling BH candidate J075347.89+374208.8.
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Figure E.3: From left to right: optical SDSS image, broad HS flux map, and broad H3 FWHM
map for recoiling BH candidate J170259.70+333316.2.
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Figure E.4: From left to right: optical SDSS image, broad HB flux map, and broad H3 FWHM
map for recoiling BH candidate J082505.71+470915.8.

1e-17
2.
5 70 1700
— 60
207 1600
<
T —~
£ 50 1500
- n
157, €
o 40 1400 %
@ =
) I
108 30 13008
= 53
E]
I 20 1200
«Q
05T
10 1100
J082529.04+470800.6
' 0.0 0 1000

0 10 20 30 40 50 60 70

Figure E.5: From left to right: optical SDSS image, broad HB flux map, and broad H3 FWHM
map for recoiling BH candidate J082529.04+470800.6.
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