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ABSTRACT

Hydrodynamical simulations of galaxy mergers have suggested that merger-induced

gas-inflows may be able to fuel the central supermassive black hole (SMBH), triggering an

active galactic nucleus (AGN). Despite the results of these simulations, observational studies

disagree on whether or not there is merger-induced AGN. We use the recently completed

integral field spectroscopic (IFS) survey, MaNGA (Mapping Nearby Galaxies at Apache

Point Observatory), to study the volume densities and [O iii] luminosities of AGN in paired

galaxies. We build a sample of 387 spectroscopically confirmed galaxy pairs of which 102

host an AGN and a sample of 24 dual AGN (dAGN). We find that the volume density

of AGN in galaxy pairs is higher than what would be expected by the random pairing of

stochastically triggered AGN. At close separations, the volume density of AGN in pairs is

2.5× what is expected from the random pairing of AGN. We further find that the volume

density of dAGN under separations of 4 kpc is 40× what we would expect from the random

pairing of stochastically triggered AGN. We find that neither correlated AGN activity nor

merger-induced fueling can fully explain the excess AGN volume density. Instead, we find

that a model that includes stochastic fueling, merger-induced fueling, and correlated AGN

activity is required to fully explain the excess AGN in our sample of galaxy pairs. We also find

that the AGN in our galaxy pairs feature enhanced levels of [O iii] luminosity in comparison

to the AGN in isolated control galaxies to the order of 0.1−0.4 dex. The enhanced volume

density and [O iii] luminosity demonstrates the impact that galaxy interactions have on the

development of the supermassive black holes (SMBH) found in the centers of galaxies.

iv



PUBLIC ABSTRACT

Simulations have predicted that the merging of two galaxies should induce gas-inflows

which can fuel the central supermassive black hole (SMBH) causing an active galactic nu-

cleus (AGN). Despite the results of these simulations, past observational studies have found

conflicting evidence for merger-driven AGN activity in galaxy pairs. I use the recently com-

pleted MaNGA (Mapping Nearby Galaxies at Apache Point Observatory) survey to study

this phenomena. MaNGA uses bundles of fiber-optic cables to capture the spectra of its

targets allowing for spatially resolved data. With this survey, I build a sample of merging

and interacting galaxies and a sample of galaxies hosting an AGN. I also build a sample

of isolated galaxies since there are also internal processes which may stochastically induced

AGN activity. With these samples, I find a higher rate of AGN in our paired galaxies com-

pared to what would be expected from the random pairing of stochastically induced AGN.

We also study the [O iii] luminosities in these AGN as a tracer of the SMBH’s mass accretion

rate and find that the AGN in our pairs feature stronger [O iii] luminosities than the AGN

in isolated galaxies. This gives us strong evidence for merger-driven AGN activity which is

in agreement with the predictions of past simulations. These results also demonstrate that

galaxy mergers play a significant role in the mass growth of the SMBHs found in the centers

of the galaxies in the present universe.
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1

CHAPTER 1

INTRODUCTION

1.1 Active Galactic Nuclei

1.1.1 History

Some of the earliest observations of what we now call active galactic nuclei (AGN)

happened in the early twentieth century with the detection of unusual emission lines in the

centers of galaxies. Seyfert (1943) studied a set of spiral galaxies, still refered to as “spiral

nebulae” at the time, which had luminous cores with unusually broad emission lines.

Later on in the 1950’s, unknown radio sources were found with star-like objects in

the optical regime. The physical origin of these objects were unknown at the time so they

were named quasi-stellar objects (QSOs or quasars). Schmidt (1963) collected optical spec-

troscopy from one of these quasars, 3C 273, and noted that the source had a strong blue

continuum, broadened emission lines, and a redshift of 0.158 which indicated that the source

was extragalactic. These results were accompanied by the works of Greenstein (1963), Haz-

ard, Mackey, and Shimmins (1963), and Oke (1963), who also studied the quasars 3C 272

and 3C 48 and were published in the same issue of Nature.

For some time, the physical mechanism behind these observations remained unknown.

Many theories were presented from supernovae chain reactions (Burbidge, 1961) to super-

massive stars, ∼108 M� (Hoyle and Fowler, 1963a; Hoyle and Fowler, 1963b). The basic

model for the energy production in AGN was originally presented in Salpeter (1964) and

Zeldovich (1964). Here the energy source is from matter accreting onto a massive com-

pact object in the centers of these galaxies. This would be later supported by the work,
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Lynden-Bell (1969), which showed that most galaxies should host a supermassive black hole

(SMBH) in their center and that these objects may be responsible for high energy activities

like quasars and Seyferts. More recent works have supported that idea that most if not all

massive galaxies today possess a SMBH in their centers (Magorrian et al., 1998; Kormendy

and Kennicutt, 2004).

1.1.2 Unified Model of AGN

AGN feature strong emission across the whole electromagnetic spectrum from radio

to gamma rays. The emission in each of these spectral regions highlights different processes

which happen in the region around the accreting black hole. Differences in observed spectral

features have led astronomers to create several subcategories of AGN. One of the goals of

AGN studies has been to create a “unified model” of AGN in which many of the AGN subcat-

egories that we observe can be reduced down to a handful of physical scenarios (Antonucci,

1993; Ho, 2008; Heckman and Best, 2014).

The review article of Heckman and Best (2014) presents of model of radiative AGN

in which there are several regions which are responsible for different spectral features. First

is the accretion disk around the black hole. The size of the accretion disk depends on the

mass of the black hole, but they are typically the size of our solar system (∼5×10−6 parsecs).

This accretion disk is the driving mechanism for the large amounts of energy expended by

the AGN and is directly responsible for the strong ultraviolet continuum, known as the “Big

Blue Bump.” Further out is the the dusty torus which is also orbiting the black hole but at

a larger radii than the accretion disk. The dusty torus is optically thick and reprocesses the

UV light from the accretion disk into infrared light through thermal emission.
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Within the dusty torus, there is the broad-line region which consists of gases orbiting

at high velocities due to their close distance to the black hole. These gases are photoionized

by the UV photons produced in the accretion disk and emit strong optical emission lines.

Due to the high gas velocities, the emission lines show broadened line profiles. Further from

the black hole is the narrow-line region which can extend out to 100 parsecs from the SMBH.

This region also contains photoionized gases; however, the gases lack the high velocities of the

broad-line regions. As a result, the emission lines from this region are narrow in opposition

to the broad-line region. The difference between seeing a narrow-line AGN (Type II Seyfert)

and a broad-line AGN (Type I Seyfert) depends on the orientation of the torus with respect

to the observer. When broad-lines are seen, the observer is looking down the dusty torus

and witnessing the high velocity gases tucked inside the torus. When only narrow-lines are

seen, the optically thick torus is obscuring the broad-line region from the observer.

Some AGN show collimated radio jets, which propagate away from the black hole.

Here, electrons are being accelerated off of the accretion disk and collimated by the black

hole’s magnetic field. The electrons spiral around and along the magnetic field lines with

relativistic velocities and as a result emit synchrotron radiation in the radio regime. At the

radio wavelengths, the jet, a radio core, and in some cases radio “lobes” at the end of radio

jets can be seen. AGN can be split into two categories by their radio emission; radio-quiet

and radio-loud. Radio-quiet AGN have weak radio emission relative to their optical emission

and radio-load AGN have strong radio emission relative to their optical emission.

Finally, X-ray emission can also be seen in AGN. The X-ray emission may be caused by

the Inverse-Compton scattering of photons in the corona of hot particles around the accretion
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disk (Liang and Price, 1977). These high energy X-ray photons are able to penetrate through

the surrounding optically thick Strömgren sphere and ionize forbidden lines in the diffuse

partially ionized zone. These forbidden lines play an important role in distinguishing between

regions ionized by AGN from those ionized by OB stars.

1.1.3 AGN Fueling

Now that we have discussed the mechanics of the AGN’s central engine, we want to

understand how that engine receives the necessary fuel to operate. Transporting material

from the disk to the center of a galaxy is no easy matter and requires massive reductions

in the angular momentum of the material. There are a number of proposed mechanisms for

transporting material into the innermost parsecs of a galaxy. These theories include bars, oval

distortions, and spiral arms (Kormendy and Kennicutt, 2004; Athanassoula, 2008; Sellwood,

2014); however, there is still little observational evidence for these theories. Studies using

SDSS (Sloan Digital Sky Survey) have shown that there is no correlation between AGN

activity and the presence of barred structures (Lee et al., 2012; Cisternas et al., 2013);

however, there is evidence for a correlation between galaxy pseudobulges (disk-like bulges)

and AGN activity (Malkan, Gorjian, and Tam, 1998; Kormendy and Ho, 2013). It has

been suggested that these pseudobulges are a consequence of the secular evolution induced

by spiral arms or bars (Kormendy and Kennicutt, 2004; Athanassoula, 2005; Athanassoula,

2008). Jogee (2006) suggests that asymmetries like bars and spirals may be able to transport

material down to a few 100 parsecs but that other processes are still needed to move that

material down to the inner few parsecs of the galaxy. This suggests that the process of

random, or stochastic, AGN fueling in isolated galaxies is dependent on a number of iterative
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processes.

There are also external processes in the form of galaxy interaction and mergers which

may also be able to transport material into a galaxy’s central region (Barnes and Hernquist,

1996; Mihos and Hernquist, 1996). This process will be explored in more detail in the

following sections.

1.2 Galaxy Interactions

1.2.1 Galaxy Evolution

Galaxy-to-galaxy interactions and galaxy mergers play a fundamental role in galaxy

evolution. The event that two galaxies collide is not just a random coincidence but a com-

monplace event during a galaxy’s lifetime. This is because galaxies are often tightly clustered

with other galaxies. The galaxy merger starts with the merging of the two galaxies’ dark

matter halos. Due to dynamical friction (Chandrasekhar, 1943), the stellar components of

the galaxies in the merged halo lose angular momentum and fall towards the center of the

dark matter halo where they interact with each other. Massive galaxies are more susceptible

to the effects of dynamical friction and as such they fall into the center of the halo first

where they often become a massive central galaxy for a set of smaller satellite galaxies. The

dynamical timescale for a merger event to occur is on the order of 1 Gyr, meaning that

today’s massive galaxies may have undergone multiple merger events over their lifetime.

Cosmological hydrodynamical simulations have shown that massive galaxies may have re-

ceived as much as 60% of their stellar mass through past merger events (Rodriguez-Gomez

et al., 2016; Pillepich et al., 2018), demonstrating that galaxy merging plays an essential role

in the development of galaxies.
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1.2.2 Galaxy Merger Simulations

Hydrodynamical simulations show that when two similar mass galaxies merge, the

tidal torques between the two galaxies induce the formation of large stellar bars (Barnes and

Hernquist, 1991). The gravitational torques from these bars can drive gases from the disk of

the galaxy into the central region of the galaxy. These inflowing gases impact upon the gases

already present in the galaxy’s center, triggering new star formation (Barnes and Hernquist,

1996; Mihos and Hernquist, 1996; Di Matteo et al., 2007; Scudder et al., 2012; Moreno

et al., 2015; Moreno et al., 2021). These gas-inflows are also predicted to bring the relatively

metal-poor gases from the disk to the metal-rich nucleus, thereby diluting the metal content

of the galaxy’s center (Rupke, Kewley, and Chien, 2010; Perez, Michel-Dansac, and Tissera,

2011; Torrey et al., 2012; Scudder et al., 2012).

It has also been speculated that these gas-inflows may be able to make it into the

innermost kiloparsec (kpc) of these galaxies to feed the SMBH found there, triggering AGN

activity (Kauffmann and Haehnelt, 2000; Hopkins et al., 2006; Hopkins et al., 2008; Capelo

et al., 2017). As previously mentioned, the material within 1 kpc still has too much angular

momentum to reach the central SMBH and a secondary mechanism is required to funnel the

gases down into the central few parsecs of the galaxy. Unfortunately, these simulations are

not capable of resolving parsec scale structures, so the process of fueling the central SMBH

remains unknown. While these simulations have provided valuable insight on the physical

mechanisms within a galaxy while it is interacting with another galaxies, we want to use

observational studies to constrain the results of these simulations.
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1.2.3 Galaxy Pair Studies with Single-Fiber Spectroscopy

Galaxy pairs have been extensively studied in past observational studies. Large sam-

ples of paired galaxies have been assembled using large single-fiber spectroscopic surveys

like SDSS. SDSS has taken more than 4 million spectra of galaxies and stars. The survey

accomplishes this by drilling holes into targeting plates over the targets it wishes to observe.

Optical fibers are plugged into these holes which allows for the light to be moved to a spec-

trograph on the back of the telescope. This configuration allows the light from each target

in the field to be dispersed without overlapping over other targets. Each fiber has a collision

radius of 55′′ which poses a problem for finding close galaxy pairs in the survey. Fortunately,

there is some overlap between tiling plates and there are some repeat observations of some

fields. This allows for some galaxy pairs to be found; however, it introduces a selection bias.

Pairs with angular separations under 55′′ can only be found in these overlapping observa-

tions, but pairs with separations above 55′′ can be drawn from the full sample. This bias is

typically handled by randomly culling some fraction of the pair sample in pairs with angular

separations above 55′′ (Ellison et al., 2008).

Despite these angular separation limits, pair surveys like those in Ellison et al. (2008)

have been able to identify ∼1700 pairs in SDSS. The pairs are selected by searching for

galaxies with similar line-of-sight velocities and close projected separations (the distance

between two objects assuming that they are at the same redshift). Pair surveys may also

set a stellar mass ratio limit so that the galaxies in the pairs have similar stellar masses.

Once the pair sample is made, features like the star formation rate, the metallicity, and AGN

activity can be inferred from the spectroscopic data.
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Studies can estimate the star formation rate (SFR) in a galaxy by measuring the Hα

luminosity as a tracer of OB stars in the spectra. Ellison et al. (2008) studies the relative

SFR between paired galaxies and isolated control galaxies. The SFR can depend on the

stellar masses and redshifts of the galaxies, so Ellison et al. (2008) matches each pair to a

set of ∼20 control galaxies with similar stellar masses and redshifts. They find that pairs

feature higher SFRs than the control galaxies and that this enhanced SFR increases with

closer pair separations. They also find that pairs whose mass ratios are close to 1:1 feature

higher SFR enhancements than those with wider mass ratios.

Measuring relative metallicities is more difficult to do in galaxy pair studies. The

direct method for measuring the metallicity in a region involves a flux ratio between auroral

lines and strong lines as a measurement of the electron temperature in a gas. This works

because metals are the main coolants in an Hii region. The problem is that auroral lines are

often too weak to observe in many extragalactic sources. To work around this limitation,

studies often use strong line ratios which are calibrated to metallicities measured with the

direct method. The most common strong line method is the R23 method which calibrates

the ratio between the [O ii] and [O iii] fluxes to the Hβ flux to measurements using the direct

method. Scudder et al. (2012) uses the R23 method to study the difference in metallicities

between galaxy pairs and control galaxies. The work uses an updated pair sample from

Ellison et al. (2008) and uses a pair-control matching method that is also similar to Ellison

et al. (2008) except that the control galaxies are also being matched to pairs based on

the environment’s density. Scudder et al. (2012) finds that paired galaxies have diluted

metallicities in comparison to control galaxies and this this dilution increases with closer
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separations.

While many past observational studies have confirmed the enhanced star formation

and diluted metallicities predicted from simulations, merger-driven AGN activity remains a

hotly debated topic. These works compare the fraction of AGN in pairs and compare them

to the fraction of AGN in control galaxies. This initially seems simple, but the measurement

of the AGN fraction can be highly dependent on the survey’s selection biases. Some works

have found higher AGN fractions in pairs than in controls (Ellison et al., 2011; Silverman

et al., 2011; Ellison et al., 2013; Satyapal et al., 2014), while other works have found no

excess of AGN in pairs (Shah et al., 2020; Silva et al., 2021). These discrepancies may be

due to a number of reasons including; the pair selection method, the survey’s wavelength

regime, or how paired galaxies are matched with control galaxies.

Studies often try to study the rate of mass accretion onto the SMBH for the AGN in

pairs in comparison to AGN in isolated galaxies. The total luminosity output by the AGN is

proportional to the rate of mass accretion onto the black hole. Bolometric luminosities are

difficult to calculate for AGN since they emit across the whole electromagnetic spectrum.

Instead, surveys use proxies for the bolometric luminosity that allow them to estimate the

accretion rate using a single wavelength regime. The [O iii] luminosity is linearly proportional

to the bolometric luminosity so it is a good proxy for the black hole accretion rate in optical

spectroscopic surveys. Studies have found that the AGN in pairs tend to have higher [O iii]

luminosities compared to the AGN in unpaired galaxies (Liu, Shen, and Strauss, 2012; Ellison

et al., 2013; Alonso et al., 2018), suggesting that these AGN in pairs are accreting material

at a higher rate than the AGN in isolated galaxies. Surveys have also found that the most
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luminous quasars are often in galaxy pairs with clear tidal features (Urrutia, Lacy, and

Becker, 2008; Veilleux et al., 2009; Glikman et al., 2015).

1.2.4 Dual AGN in Galaxy Pairs

Hydrodynamical simulations tracing the mass accretion rates onto the SMBH in merg-

ers have also predicted that there should be window of time during the merger in which both

cores feature enhanced nuclear activity (Van Wassenhove et al., 2012; Capelo et al., 2017).

This window is towards the later stages of the merger, just before the two galaxy begin to

coalesce into a single galaxy, and is predicted to be between 1-10 Myr long. This window

is very short in terms of astronomical timescales, which means that these objects should be

quite rare.

There have been a number of serendipitous discoveries of these dual AGN (dAGN) in

observational works (Owen et al., 1985; Moran et al., 1992; Junkkarinen et al., 2001; Komossa

et al., 2003; Ballo et al., 2004; Stockton et al., 2004; Rodriguez et al., 2006; Bianchi et al.,

2008; Fabbiano et al., 2011; Mazzarella et al., 2012; Secrest et al., 2017). With new large

spectroscopic surveys, groups have been able to make systematic surveys for these objects.

One such method for finding dAGN in optical spectroscopy is to look for double-peaked [O iii]

emission lines (Zhou et al., 2004; Wang et al., 2009; Liu et al., 2010; Smith et al., 2010). The

idea was that a single-fiber would simultaneously capture the optical spectra from two closely

separated AGN in a galaxy pair. This is particularly relevant as simulations predict that

dAGN activity is most likely at very close separations. If the two AGN have significantly

different line-of-sight velocity differences, the two AGN could be separately resolved in the

spectra by dispersing emission lines like [O iii] into a double peaked profile.
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Followup studies have confirmed that some of these are confirmed dAGN (Comerford

et al., 2011; Fu et al., 2012; Liu et al., 2013; Comerford et al., 2013; Comerford et al., 2015;

McGurk et al., 2015; Comerford et al., 2018); however, only a small fraction, ∼2%-5%, of

these objects have been confirmed to be actual dAGN (Fu et al., 2011; Shen et al., 2011;

Comerford et al., 2012; Fu et al., 2012; Müller-Sánchez et al., 2015; Rubinur, Das, and

Kharb, 2019). It is likely that a majority of the double-peaked [O iii] emission lines observed

in the previous studies are either from rotating disks or AGN outflows from the narrow line

region as opposed to actual dAGN (Fu et al., 2011; Shen et al., 2011; Fu et al., 2012; Smith

et al., 2012; Nevin et al., 2016; Comerford et al., 2018).

These large spectroscopic surveys have allowed for the construction of large samples

of paired galaxies. Unfortunately, they also come with biases that are hard to control for,

like the spectroscopic incompleteness issue. The double peaked [O iii] method used in these

surveys have also enabled the discovery of many very close galaxies pairs, but the success rate

of the method is still low. The rise of large scale integral field spectroscopic (IFS) surveys

may be able to fill in the gaps from the previous generation of single-fiber spectroscopic

surveys.

1.3 Integral Field Spectroscopy

These single-fiber and single-slit spectroscopic studies have their limitations. While

these methods are good at building very large spectroscopic surveys of objects, like SDSS’s

spectroscopic survey, they often suffer from fiber collision issue which sets a lower limit on

the allowed galaxy pair separation. The use of a single fiber also limits the spatial extent of

the survey to the central 1′′−1.′′5 radius of the survey’s galaxies. This means that the data
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is restricted to studying the nucleus of these galaxies and gives us little information on their

disks. There is also an issue with maintaining consistent physical aperture sizes between

objects as an optical fiber with a fixed aperture size will not cover the same physical portion

of a lower redshift galaxy as it will for a higher redshift galaxy. These issues can be resolved

with IFS surveys.

IFS surveys employ large bundles of fiber optic cables to perform spectroscopy across

a two dimensional spatial area. The fiber bundles allows us to collect spectra for both the

centers of the galaxies and their disks, allowing us to study galaxies with increased spatial

extent and resolution. The most recent large IFS surveys are SAMI (Sydney-AAO Multi-

object Integral-Field) which has observed 3068 galaxies in their final data release (Croom

et al., 2021), CALIFA (Calar Alto Legacy Integral Field Area) which has observed ∼200

galaxies in their second data release (Garćıa-Benito et al., 2015), and MaNGA (Mapping

Nearby Galaxies at Apache Point Observatory) which has finished observing∼10,000 galaxies

in its most recent public data release (DR17, Abdurro’uf et al. (2021)).

These IFS surveys are particularly valuable for galaxy pair studies for a number of

reasons. First, the spatially resolved spectroscopy allows us to study very close pairs which

may be missed in other single-fiber spectroscopic surveys due to issues like fiber collisions

or the survey selection methods. Second, IFS offers us increased spatial extent, allowing us

to simultaneously study how the nucleus of a galaxy and its disk is affected by the merger

event. Third and finally, the high spatial resolution of the IFUs (Integral Field Units; the

bundle of optical fibers) allows us to construct physically based aperture sizes (like a 1 kpc

radius aperture) as opposed to being limited to using fixed sky apertures (like 1 arcsecond
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apertures). IFS vastly increases the level of analysis that we are capable of performing for

both pair and AGN studies.

1.4 Previous Works with IFS

Work has already begun using IFS surveys to study galaxy pairs. Barrera-Ballesteros

et al. (2015) studied central and extended star formation and metallicity in galaxy pairs using

the CALIFA survey. They utilized the capabilities of the IFS by using variable aperture

sizes from which the SFR and metallicity is extracted from. Doing this they found that

the SFR is enhanced in the centers of pairs in comparison to controls, but also that the

SFR is moderately suppressed in spatially extended regions. The metallicity was found to

be consistent with controls in the centers of paired galaxies, but a deficit of metallicity was

found in their outskirts.

Thorp et al. (2019) studied a sample of visually identified post-merger galaxies in

MaNGA. Post-merger galaxies are the final stage of a galaxy merger when the two galaxies

begin to coalesce into a single galaxy while still showing tidal distortions. Thorp et al. (2019)

finds that the SFR is centrally enhanced in post-merger galaxies in comparison to control

galaxies. They also find a moderate enhancement to the SFR at wider galaxy radii.

Pan et al. (2019) built a sample of galaxy pairs in MaNGA by doing a position search

between the MaNGA target galaxies and the galaxies in the parent catalog, the NSA catalog.

The NSA catalog tends to have an under-deblending issue such that close pairs are often

missed by the catalog. This means that a majority of this sample will consist of pairs with

wider separations and that the MaNGA IFUs will only cover one of the two galaxies. Pan

et al. (2019) makes up for this by visually identifying pairs which are contained within a
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single IFU that display clear tidal features like; tidal tails, bridges, or warped disks. They

study the enhancement to the specific star formation rate (sSFR; sSFR = SFR/M , where

SFR is the star formation rate and M is the galaxy’s stellar mass) in pairs in comparison to

control galaxies as a function of galaxy radius. They find that their paired galaxies feature

centrally enhanced star formation and that they feature a moderate enhancement of star

formation at extended radii.

Jin et al. (2021) used the pair sample from Pan et al. (2019) to study the sSFR in

pairs hosting an AGN. They found that the pairs hosting an AGN feature no enhancement

to the sSFR in comparison to control galaxies. Jin et al. (2021) also finds that there is no

enhancement to the fraction of AGN in pairs in comparison to control galaxies; however,

they do not account for the fact that the MaNGA survey is not a volume limited sample.

Our group has also studied galaxy pairs with the MaNGA survey in two previous

works. In Fu et al. (2018) (hereafter Paper I) we studied the galaxy pair fraction and

merger-induced AGN activity in MaNGA. In Steffen et al. (2021) (hereafter Paper II) we

studied the radial profiles of star formation in MaNGA galaxy pairs. I briefly summarize the

two papers in the following sections to motivate this thesis.

1.4.1 Fu et al. 2018: AGN in MaNGA Galaxy Pairs

In Paper I, we built a sample of paired galaxies in MaNGA’s fourteenth public data

release, DR14 (Abolfathi et al., 2018), which included 2618 unique galaxies. From this,

we built a sample of 105 spectroscopically confirmed close galaxy pairs (210 total galaxies

in pairs), where both pair components are contained within a single MaNGA IFU. This

made the study unique as previous pair studies in MaNGA focused on galaxy pairs in which
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one component is outside of the MaNGA IFU, which imposes a close separation limit on

the sample. We studied the pair fraction in MaNGA and found that it increases linearly

with the IFU size and the logarithm of the stellar mass of the MaNGA target galaxy. We

found that the cumulative pair fraction in MaNGA is 3.4%, taking into account MaNGA’s

luminosity dependent volume.

We further studied the rate of AGN in pairs and dAGN in pairs. Out of the 2618

MaNGA target galaxies, we found 391 AGN classified by BPT analysis. We found that 50

out of the 210 paired galaxies contain AGN. Out of the 50 pairs with AGN, we found that

there are 14 dAGN. We found that isolated galaxies and paired galaxies have similar AGN

duty cycles when matched in stellar mass and redshift, but that dAGN are more common

than what may be expected from random pairing. It was found that the observed excess

was likely due to correlated AGN activity or synchronous black fueling predicted, as by

hydrodynamical simulations.

1.4.2 Steffen et al. 2021: Star Formation in MaNGA Galaxy Pairs

In Paper II, we updated our pair sample for the eighth MaNGA Product Launch

(MPL-8), an internal data release to the SDSS collaboration which covered 6142 unique

galaxies. The newer data release allowed us to build a larger pair sample to study than what

we had in Paper I. With this we were able to expand our pair sample to include 404 close

galaxy pairs. We further supplemented this sample of inside-IFU pairs with a set of 492

outside-IFU pairs in which one component of the pair was the MaNGA target galaxy and

the other was a galaxy in the NSA catalog.

With the expanded pair sample, we studied star formation in galaxy pairs. We used
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MaNGA’s spatial resolution to construct radial profiles of the sSFR. We then studied how

the radial profiles of the sSFR in pairs compared with those in a set of control galaxies. We

found that galaxy pairs generally show a central enhancement to the sSFR of 0.2 dex and a

moderate suppression to the sSFR of 0.1 dex beyond 1.0 effective radius (Reff ; the half-light

radius of the galaxy).

We then studied how the radial sSFR profiles are affected by typical merger param-

eters, including the stellar mass, mass ratio, and projected separation. We found that the

enhancement to the radial sSFR profiles in pairs is unaffected by the stellar mass of the

MaNGA target but that there is a dependence on the ratio between the stellar masses of the

MaNGA target and its companion galaxy. We found that pairs with similar stellar masses

showed the greatest sSFR enhancements in comparison to pairs with larger mass ratios.

We also found that in pairs with wider mass ratios, the less massive galaxy featured higher

levels of sSFR enhancement in their centers in comparison to the more massive galaxy. We

also saw that at wider radii, >1.5 Reff , the more massive component of a pair showed a

moderate enhancement to the sSFR while the less massive component of the pair showed

a suppression of the sSFR. Finally, we saw that the enhancement to the central sSFR is a

strong function of projected separation where close pairs show the strongest enhancements

to their star formation.

1.5 Purpose of the Work

As mentioned in Section 1.2.3, there is no consensus on whether or not galaxy in-

teractions are correlated with AGN activity. In our previous work Paper I we saw evidence

for correlated AGN in the dAGN sample; however, pairs hosting a single AGN showed no
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evidence for merger-induced fueling. This work was done when MaNGA had only finished

about a quarter of its observations and MaNGA has now finished its observation goals of

observing 10,000 galaxies in its final data release, DR17 (Abdurro’uf et al., 2021). This

along with our improved pair selection methodology from Paper II, we will be able to utilize

a much larger sample of close galaxy pairs. This larger sample will not only give us better

statistics, but also allow us to set stricter limitations on the galaxy pair and AGN selection

criteria.

The specific goals of this thesis are the following;

1. We provide a complete catalog of all spectroscopic objects found within the fields-of-

view of the MaNGA survey, including galaxies, stars, and quasars.

2. We compile a complete set of spectroscopically confirmed galaxy pairs within the

MaNGA survey.

3. We identify a set of optically selected dAGN in the MaNGA survey. These objects

are notoriously rare and will be good candidates for future study in other wavelength

regimes. Along with this sample, we also present a potential dual broad-line AGN

found in the MaNGA survey.

4. We use our galaxy pairs and a set of control galaxies to estimate the relative rates of

stochastically-induced, merger-induced, and correlated AGN in the MaNGA sample

5. We test if the AGN found in galaxy pairs show stronger [O iii] luminosities in com-

parison to the AGN in our control galaxies as a proxy of the black hole accretion

rate.
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This work will not only serve as a useful starting point for future pair studies with

IFS but will also help us understand the role of galaxy interactions in galaxy evolution and

black hole accretion.

1.6 Organization

This thesis is organized as follows. In Chapter 2, I will describe the MaNGA survey

from which we draw our data along with our spectral fitting routine and how we derive

galaxy properties from the spectral models. In Chapter 3, I will discuss how we construct

our sample of paired galaxies, control galaxies, and AGN. In Chapter 4, I will calculate the

volume density of AGN in galaxy pairs and compare them with the expected volume density

from stochastically induced AGN. In Chapter 5, I will discuss the relative [O iii] luminosities

between the AGN in paired galaxies and the AGN in control galaxies. In Chapter 6, I will

discuss the results of this work in the context of previous works and in Chapter 7, I will

summarize the results of this work. Throughout the thesis, I will assume a ΛCDM cosmology

with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1 such that h = H0/100 km s−1 Mpc−1

= 0.7.
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CHAPTER 2

DATA

2.1 SDSS-IV MaNGA

Previous spectroscopic studies have often been spatially limited to either the galaxy’s

center with an optical fiber or a slice across their disk with a long slit. Acquiring full

spectroscopic coverage of a galaxy would take multiple observations such that large surveys

of galaxies would not be logistically feasible. SDSS’s newest and recently completed IFS

survey, MaNGA, solves this problem by employing bundles of compact fiber optic cables

which can simultaneously capture spectra across the surfaces of galaxies.

MaNGA uses SDSS’s 2.5-meter telescope at Apache Point Observatory (APO) along

with two dual-channel BOSS spectrographs (Drory et al., 2015). The spectrographs cover

the optical spectrum from 3600−10300Å with a resolution of R∼2000. MaNGA has 17 fiber

bundles or integral field units (IFUs) which have variable sizes from 19, 37, 61, 91, and 127

fibers which cover hexagonal areas with diagonal lengths of 12.′′5, 17.′′5, 22.′′5, 27.′′5, and

32.′′5 on the sky respectively. The survey has a point spread function (PSF) of 2.′′5 FWHM

from its expected seeing and MaNGA’s three-point dithering pattern (Bundy et al., 2015).

MaNGA has its own dedicated Data Reduction Pipeline (DRP; Law et al. (2016)) which

provides us with fully calibrated and reduced datacubes of spectra for each observation with

a pixel size of 0.′′5×0.′′5×10−4 dex in α, ∆, and log λ. MaNGA enforces a collision radius

of 120′′ between IFUs; however, with the IFU’s high spatial resolution and broad spatial

coverage closely separated galaxy pairs can be found within the fields-of-view of individual

IFUs.
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The goal of the MaNGA survey is to observe 10,000 nearby galaxies. This has been

accomplished and all data products are published in its seventeenth data release (DR17,

Abdurro’uf et al. (2021)). MaNGA’s parent catalog is the NASA-Sloan Atlas (NSA) catalog

which contains 641,490 galaxies with a redshift, z, below 0.15. The MaNGA survey selects

41,154 of these galaxies within a redshift range of 0.01 < z < 0.15, a luminosity range of

-17.7 <M < -24.0 (whereM is the rest-frame i-band absolute magnitude within a half light

elliptical Petrosian aperture), and a tiling area of 7362 deg2. MaNGA then selects ∼10,000

galaxies out of this targeting catalog such that the sample has a flat stellar mass distribution

from 9.5 < log(M/M�) < 11.5 and two spatial coverages of 1.5 and 2.5 effective radii (Reff ;

the half-light radius).

The MaNGA sample is split up into a few subsamples. The Primary sample contains

the galaxies which are covered out to 1.5 Reff and represents ∼47% of the survey. The

Secondary sample contains the galaxies which are covered out to 2.5 Reff and represents

∼37% of the survey. These two samples are made as a compromise between maximal spatial

coverage and the number of IFUs which can be made from a limited number of optical

fibers. The Color Enhanced sample represents ∼16% of the sample and is designed to select

rare galaxy types like massive star forming galaxies or low-mass retired galaxies. The Color

Enhanced sample has spatial coverage of 1.5 Reff and can be combined with the Primary

sample to create the Primary+ sample. Finally, MaNGA has a few ancillary targets which

were not randomly selected like the previous samples but were specifically selected to satisfy

other science goals. Some of these ancillary targets include galaxy pairs and AGN; however,

if the goal of this work is to study the rates of AGN in galaxy pairs, these ancillary targets
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should be avoided. For this work, we will be using both the Primary+ sample and the

Secondary sample, which we will refer to as the Main sample.

MaNGA’s unique sample design is important to consider when working with it. Since

MaNGA wants a flat stellar mass distribution and a semi-uniform spatial coverage, more

luminous galaxies will have to be selected over a larger volume so that they will fit within

the IFUs. This gives MaNGA a “banana” shaped distribution in redshift and luminosity,

which can be seen in Figure 2.1. In the figure, we can also see that there is an offset in

redshift between the Primary+ and Secondary subsamples. This exists because the secondary

subsample needs to observe higher redshift objects to spatially cover the objects out to 2.5

Reff . This distribution of luminosity and redshift means that MaNGA is not a volume limited

survey, which makes population statistics more difficult to calculate.

2.2 MaNGA’s 1/Vmax Weights

The MaNGA sample has a “banana” shaped distribution in stellar mass and redshift.

This means that the comoving volume over which galaxies are selected, which I will refer to

as the volume hereafter, is a function of the absolute magnitude. If we want to make com-

parisons between the prevalence of various populations, we will need to deal with MaNGA’s

unique distribution. To do this, we use the 1/Vmax weight method (Schmidt, 1968) to recover

a volume limited sample. These 1/Vmax weights are defined as,

Wj ≡
Ntiled

Nobs

106 Mpc3

Vtiled [zmin (Mj) , zmax (Mj)]
, (2.1)

where Ntiled is the total number of galaxies from MaNGA’s targeting catalog which covers an

area of 7362 deg2 with 1800 plates and Nobs is the number of observed galaxies (Wake et al.,

2017). As mentioned in Section 2.1, MaNGA’s targeting catalog contains 41,154 galaxy but
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Figure 2.1. The distribution of luminosity and redshift in the MaNGA survey. The Primary
sample is shown in blue, the Secondary sample is shown in red, and the Color-Enhanced sam-
ple is shown in gold. Here we can see a “banana” shaped distribution which is a consequence
of MaNGA targeting strategy.
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only ∼10,000 will be actually observed by the survey’s completion. The ratio between Ntiled

and Nobs is used to scale the survey’s volume by the area actually covered by the survey and

Vtiled [zmin (Mj) , zmax (Mj)] is the volume from the survey’s area multiplied by the distance

from the galaxy’s redshift range determined by its absolute magnitude, M. We use these

weights to calculate the volume density, n,

n (Mmin,Mmax) '
Nobs∑
j=1

Wj/106 Mpc3. (2.2)

The above weights are provided in MaNGA’s DRP summary file; however, these

values are calculated from the targeting catalog’s 1800 tiling plates. In its final data release,

MaNGA has only used 609 plates, so we recalculate these weights using our cosmology and

using a Nobs calculated from the 609 used MaNGA plates. We separately calculate these

weights for each of the MaNGA samples; Primary, Secondary, Primary+, etc. Since we will

be using the Main sample, we will be using the weights calculated from the footprint of the

Primary+ and Secondary samples.

Now that we have recalculated the 1/Vmax weights, we want a way to check that

they were calculated correctly. We do this by constructing a luminosity function with our

weights and then comparing it against a previously calculated luminosity function. We take

the volume densities calculated from the 1/Vmax weights calculated in Section 2.2 and plot

them as a function the r-band absolute magnitude, provided in the MaNGA DRP summary

file, in Figure 2.2. We then sum the volume densities in 0.5 magnitude width bins and plot

them as a function of the absolute magnitude, forming our luminosity functions.

As a check, we compare our observed luminosity function to the Schechter lumi-

nosity function calculated on the SDSS DR6 photometric data from Montero-Dorta and
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Figure 2.2. The luminosity function of the Main, the Primary+, and Secondary samples.
The individual 1/Vmax weights are shown in the small scatter points in black for the Main
sample, blue for the Primary+ sample, and red for the Secondary sample. The large black
diamonds (Main), blue circles (Primary+), and red triangles (Secondary) show the summed
1/Vmax weights within bins of 0.5 magnitude widths. The black dashed line shows a fit to
the Schechter function using SDSS DR6 photometric data from Montero-Dorta and Prada
(2009). The grey region around the blacked dashed line represents the upper and lower errors
of the fit.
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Prada (2009), where the fitted parameters are recalculated for our cosmology. We define the

Schechter function, Φ(M), as,

Φ(M) =
dN

dV dM
= 0.4 log(10) Φ∗ 10−0.4(M−M∗)(α+1) exp

[
−10−0.4(M−M∗)

]
, (2.3)

where N is the number of galaxies, V is the volume, Φ∗ is the normalization factor, M∗ is

the characteristic luminosity, and α is the slope for the faint end of the luminosity function.

In Figure 2.2, we see that our luminosity function is in rough agreement with Montero-Dorta

and Prada (2009). Our faint end slope, α is flatter than what is found in Montero-Dorta

and Prada (2009) and our Characteristic Luminosity, M∗, or turn-off point, is somewhat

brighter. We also see that our work under-samples faint galaxies below Mr = -19 in the

secondary sample and Mr = -19.5 in the Primary+ sample. To account for this we will

apply a low-end magnitude cutoff at Mr = -19 for the galaxies that we use in this work.

2.3 Spectral Fitting

The MaNGA team provides fully reduced 3-D datacubes of spectra for each observa-

tion. This means that much of the data processing has already been done for us; however,

we still need to extract a number of derived quantities from spectral fitting, including; stel-

lar masses, stellar kinematics, emission-line fluxes, emission-line equivalent widths, and gas

kinematics. We accomplish this with our own spectral fitting routine, spfit, which was intro-

duced in Paper I. spfit is designed to simultaneously fit the stellar continuum and emission

lines in the spectra based on the Penalized Pixel-Fitting method (pPXF; Cappellari and Em-

sellem (2004), Cappellari (2017)) and the Gas AND Absorption Line Fitting (GANDALF;

Sarzi et al. (2006)) method using MUISCAT’s simple stellar populations (SSPs) (Vazdekis

et al., 2012).
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spfit is not the only spectral fitting routine that has been run on the MaNGA

datacubes. Other data analysis products include the Data Analysis Pipeline (DAP) (Westfall

et al., 2019; Belfiore et al., 2019) and Pipes3d (Sánchez et al., 2017; Sánchez et al., 2017),

which are publicly available. We choose to use our own spectral fitting routine, since it

allows us to co-added spectra drawn from variable aperture sizes before performing the

fitting process. This gives us the freedom to have spectral properties derived from the

original 0.′′5×0.′′5 spaxel grids, 1′′ radius circular apertures, or apertures fixed to a 1 kpc

radius on the galaxy’s surface.

We show an example of spfit’s fitting quality in Figure 2.3. We can also emphasize

the utility of separately fitting the stellar continuum and emission lines in Panel (c) of the

figure showing the Hα and [N ii] doublet. Underneath the emission lines, there is a pair of

absorption lines at the same wavelength. If the emission lines were extracted by interpolating

the continuum from the red and blue sides of the emission lines, the measured fluxes would

be underestimated as the absorption feature underneath would not have been accounted for.

spfit is able to extract stellar mass measurements for galaxies. The code does this

by fitting the stellar continuum of the galaxy’s spectra with a SSP. The stellar mass is then

the stellar mass of the SSP that is used to fit the stellar continuum of the galaxy.

We will use the kinematics of the galaxies to check that they are gravitationally bound

to each other. spfit gives us both stellar and gas kinematics for each fitted spectra, which

we may use to make a relative velocity cut between the galaxies. The gas kinematics may

offer a better velocity measurement; however, it is dependent on the presence of observable

emission lines in the spectra, while the stellar kinematics do not depend on the presence of
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Figure 2.3. An example of spfit’s spectral fitting capability on a MaNGA target galaxy.
Panel (d) shows the observed galaxy spectra extracted from the MaNGA datacubes from a
1′′ radius aperture (black) along with the modelled stellar continuum (green) and emission
lines (blue). The total model (red) is the sum of the stellar continuum and emission lines.
The grey curve shows the error array for the model fit. Underneath the spectra we show the
model’s residuals which is the observed spectra minus the model spectra and then all divided
by the error array. The SDSS pseudocolor image of the MaNGA target is shown in Panel
(a) with the MaNGA target highlighted with a green circle and the extent of MaNGA’s IFU
shown with a green hexagon. Panel (b) shows a zoomed in look at the Caii H and K lines
and Panel (c) shows the Hα, [N ii], and [S ii] emission lines.
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emission lines. We decided to come up with a way to use both kinematic measurements. In

objects with strong emission lines, we use the gas kinematics and in objects without strong

emission lines, we use the stellar kinematics. We use the Hα equivalent width (EW(Hα))

to differentiate between emission-line galaxies and lineless galaxies. Specifically, we use gas

kinematics where EW(Hα) ≥ 3Å and stellar kinematics where EW(Hα) < 3Å.

The difference can be seen in Figure 2.4, where we plot the stellar kinematics against

the gas kinematics for the whole galaxy sample. When the EW(Hα) is greater than 3 Å, the

gas and stellar kinematics have a roughly 1:1 relation. When the EW(Hα) falls below 3Å, the

measurement of the gas kinematics becomes unbound. In Figure 2.4, we see a large spike in

the gas kinematics where the stellar kinematics are near zero in galaxies with EW(Hα) below

3Å. This is because these galaxies have no significant emission lines from which to measure

the gas velocity from, which demonstrates the need to use stellar velocities for galaxies with

weak emission lines.
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Figure 2.4. The stellar kinematics versus the gas kinematics split into lineless galaxies,
EW(Hα) < 3Å (Red), and emission-line galaxies, EW(Hα) > 3Å(Blue). The spectra from
which the kinematics are extracted from are a circular aperture with a radius of 1.0 kpc.
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CHAPTER 3

PAIR, CONTROL, AND AGN SAMPLES

3.1 Identifying Ancillary Objects in MaNGA

The MaNGA survey is designed to target specific galaxies following the requirements

that were outlined in Section 2.1; however, when we look through the MaNGA fields, we

find several extra objects in the fields-of-view of the IFUs (see Figure 3.1). While many of

these objects are just foreground or background stars or galaxies, a few of these objects are

bound to be at the same redshift as the MaNGA target. The MaGNA survey provides a

catalog of the observed MaNGA targets, but there is no catalog of all objects which happen

to fall within MaNGA’s fields-of-view.

While MaNGA doesn’t have a full object catalog, there are other more comprehen-

sive catalogs that we can use. The obvious choice is to use one of SDSS’s photometric or

spectroscopic catalogs as they will share a common footprint with MaNGA. SDSS’s spec-

troscopic catalog suffers from fiber collisions, as mentioned in Section 2.1, which means that

the catalog will be incomplete. The photometric catalog is constructed from imaging data

and will not be constrained by the fiber placement in a targeting plate. The photometric

catalog uses an object deblending algorithm, which identifies objects in the collected images.

Unfortunately, this algorithm often “over-deblends” extended objects such that a galaxy

may have several photometric objects allocated around its disk.

In Figure 3.1 we overlay the SDSS photometric catalog onto a MaNGA field. We see

that the catalog does a good job of identifying all of the major objects in the field, but it

does include a few sources that are apparently empty or at least have very dim magnitudes.



31

Figure 3.1. MaNGA Plate-IFU: 8075-12702. Each frame shows a pseudocolor image queried
from SDSS of the MaNGA field. The left panel is just the empty MaNGA field. The
middle panel is the MaNGA field with the coverage of the MaNGA IFU overlaid in the
white hexagon and with SDSS photometric objects overlaid in the blue circle and SDSS
spectroscopic objects overlaid in red squares. The right panel shows our cleaned set of
objects where we removed low S/N objects and over-deblended objects and added missing
objects. The red circles represent objects flagged as galaxies by SDSS, the red stars represent
objects flagged as stars by SDSS, and the red crosses represent objects manually added to
the catalog by us.

We go through and inspect every MaNGA field, with the exception of MaNGA’s tiling plates

that observe the deep coma cluster, IC342, and M31. We remove over-deblended objects out

of our catalog and add in any missing objects into our catalog. This gives us a catalog of

the right ascensions and declinations of all objects within the MaNGA IFUs. In total, we

find 15,592 objects within the MaNGA fields, including the MaNGA targets.

With a list of objects made, we now want to classify these objects. We extract spectra

from the MaNGA datacubes for each object through a 1′′ circular aperture. We then fit the

spectra with our spectral fitting routine, spfit, mentioned in Section 2.3. We visually inspect

and classify each extracted spectrum into the following categories;

• Good - Well modeled galaxy spectra whose redshift is similar to the MaNGA target,
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∆v ≤ 2000 km s−1.

• Border - Spectra which almost has a good fit but is somewhat off, typically due to

poorer signal-to-noise or that the extracted spectra has contributions from two or

more sources.

• zoff - Background or foreground galaxies whose redshift is substantially different from

the MaNGA target, ∆v > 2000 km s−1.

• QSO - Background high redshift quasars.

• BLAGN - Type I Seyferts, or broad-line AGN (BLAGN), which have substantial

emission-line broadening.

• Star - Foreground stars.

• Low S/N - Objects with low signal-to-noise such that they cannot be classified.

• Other - Ambiguous or defective spectra.

An example of our spectral fitting and classification is shown in Figure 3.2. With these

categories we find; 10,988 good objects, 189 borderline objects, 451 foreground/background

galaxies, 23 QSOs, 84 BLAGN, 1385 stars, 2178 objects with low S/N, and 294 objects with

other/ambiguous spectra. This gives us a complete catalog of all objects within the MaNGA

fields from which we can now select for paired galaxies.

3.2 Galaxy Pair Sample

With a catalog of all ancillary objects within the MaNGA fields, we can now create

a galaxy pair catalog. The first requirement that we set is that the MaNGA plate-IFU is in



33

Figure 3.2. MaNGA Plate-IFU: 7443-12703. In the top row we show SDSS pseudocolor
images. On the Left we show a 40′′ field of the MaNGA target and in the middle we show
the same field but with the hexagonal IFU highlighted in blue and with the identified objects
highlighted in green squares. The green cross highlights the MaNGA target. The numbers
above the objects refers to the object’s position in the Plate-IFUs catalog and corresponds
to the numbers shown in the text box at the top left of the spectra below. On the right is the
field seen in a wider 120′′ field-of-view. Below the initial row are the spectra of the identified
objects. The white spectra is the observed spectra extracted from the MaNGA datacube and
the red spectra is the SPFIT model spectra. The extracted emission-line spectra is shown
in blue.



34

the Main sample as defined in Section 2.1. We also impose a r-band absolute magnitude cut

on the MaNGA target galaxies ofMr ≤ -19 based on Figure 2.2. Next, we require that the

object’s spectra is classified as either “good” or as a BLAGN, as described in Section 3.1.

This gives us 11,072 galaxies whose redshift is similar (∆v ≤ 2000 km s−1) to their MaNGA

target or who are the MaNGA targets themselves.

3.2.1 Relative Velocity Cuts

Next, we want to set a relative line-of-sight velocity cut to ensure that the two objects

are near each other along the observer’s line of sight. We describe each pair candidate with

a line-of-sight velocity based on stellar or gas kinematics following the procedure in Section

2.3. We define the relative velocity between them as ∆v = |vt−vc|, where vt is the velocity of

the MaNGA target galaxy and vc is the velocity of the companion galaxy. We set a relative

velocity cut of ∆v ≤ 500 km s−1 between the MaNGA target and its companion. In the

literature, relative velocity cuts tend to be between 300 km s−1 and 1000 km s−1, though we

find that a more or less strict relative velocity cut does not have a substantial impact on the

resulting pair selection.

3.2.2 Mass Ratio Cuts

The MaNGA survey provides stellar masses derived through r-band elliptical Pet-

rosian apertures from the NSA catalog. Unfortunately, these are only provided for the

MaNGA targets and most of the identified companion galaxies will not have measurements

in the NSA catalog because of the catalog’s incompleteness. The NSA catalog’s algorithm

often under-deblends sources, such that the Petrosian aperture will attempt to cover multi-

ple nearby galaxies in crowded fields. For our paired galaxies, the NSA catalog’s Petrosian
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apertures often cover both pair components so the given stellar mass measurement is really

the stellar mass of the pair. If we want to find the stellar masses of the individual galaxies,

we need a way to partition the given stellar masses from the NSA catalog between the two

paired galaxies.

spfit provides us an estimate of the stellar mass by matching a SSP to the observed

stellar continuum. As a first order approximation of the stellar mass, we extract the spectra

of each object through a 1.0 kpc radius circular aperture, using the MaNGA target’s redshift

to scale the aperture size. The spectra within the circle is then co-added and a stellar mass

is estimated from the spfit model. With the size of the aperture, we are only estimating the

mass of the galaxy’s nucleus; however, these masses may be useful as a mass ratio between

the paired galaxies. We define the mass ratio between the masses in the nucleus of the

galaxies as;

µ = M ′
t/M

′
c (3.1)

where M ′
t is the nuclear stellar mass of MaNGA target galaxy and M ′

c is the nuclear stellar

mass of the companion galaxy.

Ideally, we want to measure stellar masses from apertures that sit the sizes of both

of the paired galaxies in the IFU. The photometry for both the MaNGA target galaxies and

their companions are not readily available. We use the source extraction code, SExtractor1,

to calculate r-band magnitudes from isophote apertures for the galaxies in our MaNGA fields

using the r-band field images from SDSS. A useful feature of the SExtractor algorithm is

that it can deal with foreground objects in front of the target by mirroring the flux from the

1SEXTRACTOR; https://sextractor.readthedocs.io/en/latest/Introduction.html

https://sextractor.readthedocs.io/en/latest/Introduction.html
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other side of the target. This is useful as many of our objects will be within crowded fields.

We can now use these magnitudes to calculate a magnitude ratio, ∆M, defined as;

∆M = −0.4 (Mt −Mc) , (3.2)

whereMt andMc are the r-band magnitudes of the MaNGA target and identified companion

galaxy respectively.

We now compare the two measurements in Figure 3.3. We see that the mass ra-

tios extracted from circular apertures with spfit and the magnitude ratios extracted from

elliptical Petrosian apertures in SExtractor are in good agreement. While we are temped

to use the magnitude ratios, our magnitude ratio measurements are not complete over our

galaxy catalog as the SExtractor algorithm misses some objects with lower signal-to-noise.

We therefore decide to use our mass ratios calculated from spfit with 1.0 kpc radius circular

apertures for our pair sample construction.

With the mass ratios between the paired galaxies defined, we can now partition the

stellar masses from the NSA catalog between the two paired galaxies. The mass of the

MaNGA target, Mt, is;

Mt =
MNSA

1 + 1/µ
, (3.3)

where MNSA is the stellar mass from the NSA catalog. The stellar mass of the companion

galaxy, Mc, is then calculated as,

Mc =
MNSA

1 + µ
(3.4)

We now define the logarithmic mass ratios which we will be using throughout this
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Figure 3.3. The nuclear mass ratio, log(µ), versus the r-band Elliptical Petrosian magnitude
ratio, -0.4 ∆M. The ratios for individual galaxy pairs are shown in the grey circles. The
dashed black line shows the 1:1 ratio between the measurements, the dotted red line shows
the definition of a major merger, 3:1, and the dotted blue line shows the definition of a minor
merger, 10:1.
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work as;

∆log (M) = log(Mt)− log(Mc) = log(µ) (3.5)

Traditionally, major mergers are defined as pairs under a 3:1 mass ratio and minor

mergers are defined as pairs under a 10:1 mass ratio, so we set our logarithmic mass ratio

cut at |log(M/M�)| ≤ 1.0. We define major and minor mergers in log space such that

|log(M/M�)| ≤ 0.5 is the definition of a major merger and 0.5 < |log(M/M�)| ≤ 1.0 is the

definition of a minor merger.

3.2.3 Separation Cuts

Galaxy pair surveys often set an upper limit on the allowed projected separation

between the galaxies. The MaNGA sample imposes a natural projected separation limit

from its redshift bounds and IFU size. If we take H0 = 70 km s−1 Mpc−1, MaNGA’s

upper redshift limit, z = 0.15, and MaNGA’s largest IFU size, 32.5′′, the maximum possible

projected separation is ∼50 kpc. The typical projected separation limits used in previous

galaxy pair studies are about 50 kpc h−1 (about 70 kpc using h = 0.7), so we see that the

MaNGA survey conveniently imposes a projected separation limit that is roughly consistent

with previous galaxy pair studies.

While we don’t need to impose any physical separation limits, we will set a couple

of angular separation requirements. We impose a requirement that a paired galaxy must

be within the inscribed circle that is 1′′ from the hexagonal IFU boundary, thus excluding

objects that fall in the corner of an IFU. We do this to eliminate a position angle selection

bias. Continuing with this position angle issue, we also only want MaNGA targets that are in

the center of the IFU by requiring that the MaNGA target is within 10% of the radius of the
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MaNGA IFU. In the case of an off-center MaNGA target, the position angle for a companion

is limited to a small range of angles and the allowed separation between the pairs can also

be higher, since the two pairs can be located at either ends of the IFU. Requiring that the

MaNGA target is in the center of the IFU effectively cuts the 50 kpc maximum separation

limit down to 25 kpc. A results of this is that our pair sample’s projected separation range

will be much shorter than many other galaxy pair samples.

3.2.4 Pair Sample Selection Summary

For convenience, I will summarize all of our pair selection requirements here;

1. We require that the MaNGA field be in the Main galaxy sample.

2. We require that the MaNGA target galaxy has a r-band absolute magnitude less than

Mr ≤ -19.

3. We require that the spectra of the galaxies have either been visually classified as “good”

or as a BLAGN as described in Section 3.1.

4. We require that the relative velocity between the galaxies be within ∆v ≤ 500 km s−1.

5. We require that the mass ratio between the galaxies be within ∆log(M) ≤ 1.0.

6. We require that the galaxy be within a 1′′ inscribed circle within the hexagonal IFU.

7. We require that the MaNGA target be within 10% of the radius of the MaNGA IFU.

Doing this, we find 426 galaxy pair systems containing 894 objects, such that we have

387 pairs, 37 triplets, 1 quadruplet, and 1 quintuplet. To keep our analysis simple later on,

we only make use of the pair systems and remove the multipole systems from the sample.
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3.2.5 MaNGA Pair Fraction

In Figure 3.4 we show the distribution of paired galaxies in the MaNGA sample as

a function of the MaNGA target’s stellar mass and the redshift-dependent, physical IFU

size. The figure shows that the paired galaxies in MaNGA are biased to high stellar masses

and large IFU sizes. The bias towards large IFU sizes is obvious as there is a larger field

in which to capture a paired galaxy. The bias towards high mass galaxies is also to be

expected as massive galaxies tend to be more tightly grouped in galaxy clusters. This is

due to the dynamical friction between a galaxies’ dark matter halo and the dark matter

in the cluster. The strength of the dynamical friction is mass dependent such that more

massive galaxies experience larger amounts of friction (Chandrasekhar, 1943). The friction

removes momentum from the galaxy and it moves towards the gravitational center of the

halo, resulting in the most massive galaxies residing in the halo’s center, where they have a

higher chance of interacting with each other.

Since MaNGA is not a simple volume limited survey, we cannot describe the rate of

pairs as a simple fraction of pairs to non-pairs. Instead, we model the two dimensional pair

fraction, fmod
pair , with a linear function in both IFU radius, RIFU, and stellar mass, M ,

fmod
pair (RIFU,M) = 10.0%

(
RIFU

30 kpc

)(
M

1011 M�

)
. (3.6)

This best-fit model is useful as it can be compared with the results from cosmological sim-

ulations like Illustris (Nelson et al., 2015) and can be used to constrain these simulations.

Using the best fit model, the cumulative pair fraction, Fpair, can then be given as,

Fpair =

∑Ngal

j=1 Wjf
mod
pair (rmax,Mj)∑Ngal

j=1 Wj

, (3.7)
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Figure 3.4. An updated pair fraction based on Figure 1 from Paper I. Panel (a) shows
the observed pair fraction as a function of IFU radius in kpc (based on the target galaxies
redshift) and stellar mass. The inset shows the best-fit model pair fraction from Equation
3.6. Panel (b) shows the the normalized histogram of stellar mass for the MaNGA sample
(grey) and paired galaxies (blue) along with the observed pair fraction as a function of stellar
mass (red squares) and the modeled pair fraction (green dashed line). Panel (c) is the same
as Panel (b) but for the pair fraction as a function of IFU radius in kpc.
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where Wj is the 1/Vmax weights from Equation 2.1 and rmax is the maximum projected

separation in the pair selection. The maximum projected separation for a pair in our sample

is rmax = 20 kpc h−1 = 28.6 kpc. If we use rmax = 28.6 kpc, we find a cumulative pair

fraction of Fpair = 4.33% ± 0.29%. This result is in agreement with our results from Paper

I and those found in Robotham et al. (2014).

3.3 Selecting Active Galactic Nuclei

An AGN can be identified through its strong optical emission lines; however, there is

another possible source of photoionization in galaxies: OB stars. The ionizing spectra from

OB stars contains few photons with energies above 13.6 eV, which results in a thin partially

ionized zone. This means that the low-ionization forbidden lines like [N ii] will be weak

relative to Hα. AGN produce a strong power-law spectra, which extends into the far-UV and

X-ray. These high energy photons are capable of penetrating through the Strömgren sphere

and create a larger partially ionized zone. This results in strong low-ionization forbidden lines

relative to Hα. AGN also produce high thermal energies which increases the gas temperature

which enhances the production of collisionally excited forbidden lines.

The ionization level of a region can be determined by the relative strength of ionized

oxygen lines, though [O iii]/Hα is typically used instead as Hα and [O i] have similar ion-

ization energies and [O iii] and Hα have similar wavelengths which minimizes the effects of

reddening. We plot the line ratios [N ii]/Hα and [O iii]/Hβ in the left panel of Figure 3.5 in

what is called a BPT diagram (Baldwin, Phillips, and Terlevich, 1981). In the plot we see

a “v” shaped distribution where the left branch are the regions ionized by OB stars, or star

formation, and the right branch are the regions ionized by AGN.
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Figure 3.5. Left: The BPT diagram for MaNGA galaxies where the emission line measure-
ments are extracted from a 1 kpc radius circular aperture. The data is binned in a 2-D
histogram where the color corresponds to the number of galaxies in that bin. The dashed
line is the K03 line (Equation 3.9), the solid line is the K01 line (Equation 3.8), and the dot-
dashed line is the S07 line (Equation 3.10). Right: The WHAN diagram for the same sample.
Retired galaxies (RG) are shown under EW(Hα) = 3Å, weak AGN (wAGN) are shown under
EW(Hα) = 6Å, strong AGN (sAGN) are above EW(Hα) = 6Å, and star forming galaxies
(SF) are shown to the left of log([N ii]/Hα) = -0.4.
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While we can tell that both branches on the BPT diagram represent different ion-

ization sources, we need a way to objectively separate the two branches. There are two

commonly used methods for splitting the two branches. The first is the theoretical maxi-

mum starburst line from Kewley et al. (2001) (K01),

log([O III]/Hβ) =
0.61

log([N II]/Hα)− 0.47
+ 1.19, (3.8)

which is shown as the solid line in the left hand panel of Figure 3.5. The second is the

empirical separation between AGN and star forming galaxies from Kauffmann et al. (2003)

(K03),

log([O III]/Hβ) =
0.61

log([N II]/Hα)− 0.05
+ 1.30, (3.9)

which is shown as the dashed line in left hand panel of Figure 3.5. We define the region

beneath Equation K03 as star forming galaxies, the region between Equations K03 and K01

as composite starbust/AGN, and the region above Equation K01 as AGN.

The AGN region can now be subdivided between LINERs (Low Ionization Nuclear

Emission-line Region) and Seyferts with the empirical separation from Schawinski et al.

(2007) (S07),

log([O III]/Hβ) = 1.05 log([N II]/Hα) + 0.45 (3.10)

which is shown as the dot-dashed line in the left panel of Figure 3.5.

This would almost give us a complete classification method; however, it has been

shown by Stasińska et al. (2008) that the ionization spectra from hot low-mass evolved stars

(HOLMES) in retired galaxies can produce emission-line ratios that mimic other classifica-

tions, especially LINERS, on the BPT diagram. The emission lines that these HOLMES
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produce are weak in comparison to those produced by OB stars and AGN. Cid Fernandes

et al. (2011) showed that the EW(Hα) is a good tracer of HOLMES such that these retired

galaxies can be selected out using an EW(Hα) cut, which can be seen in the WHAN dia-

gram in the right panel of Figure 3.5. We reclassify any galaxy with an EW(Hα) < 6Å as

a retired galaxy regardless of its previous BPT classification. Previous studies have often

used EW(Hα) < 3Å as the cut for retired galaxies; however, we find that a stricter 6Å cut

eliminates much of the noise in the subsequent results sections in Chapters 4 and 5.

3.3.1 AGN in Galaxy Pairs

With our pair sample defined, we want to identify AGN within these pairs. We apply

our AGN classification scheme from Section 3.3 to the pair sample. Within the 387 galaxy

pairs, we have: 525 retired galaxies, 141 star forming galaxies, 59 composite starburst/AGN

galaxies, 18 LINERs, 17 Type II Seyferts, 8 Type I Seyferts, and 6 galaxies with an ambiguous

BPT classification.

With our set of AGN in pairs identified, we will now create three subsamples. The

first is the dAGN sample containing pairs in which both galaxies host an AGN. The second

is the single AGN sample containing pairs in which only a single galaxy hosts an AGN. The

third is the single+dual AGN sample, which is the combination of the previous two samples,

i.e. one or both galaxies may host an AGN. The dAGN sample contains 24 pairs, the single

AGN sample contains 54 pairs, and the combined single+dual AGN sample contains 78 pairs.

We depict the AGN selection in pairs and dAGN on the BPT and WHAN diagrams

in Figure 3.6. The full dAGN sample is shown in Table 3.1 and in Figure 3.7 with their

SDSS pseudocolor images, BPT maps, and BPT diagrams. Our dAGN sample is only twice
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Figure 3.6. Left: The BPT diagram for the galaxies in our pair sample where the emission line
measurements are extracted from a 1 kpc radius circular aperture. The dashed line is the K03
line (Equation 3.9), the solid line is the K01 line (Equation 3.8), and the dot-dashed line is
the S07 line (Equation 3.10). The emission line classifications are color coded diamonds such
that retired galaxies are grey, star forming galaxies are blue, composite galaxies are green,
LINERs are orange, and Seyferts are red. The black squares represent the galaxies in our
dAGN sample and the color of the embedded cross represents its emission line classification.
Right: The WHAN diagram for the same sample. The color coding here is identical to what
is shown in the Left panel.

as large as the one defined in our previous work, Paper I, where MaNGA had only finished

about a quarter of its observations; however, we use more restrictive requirements for our

AGN selection. In Paper I we imposed an EW(Hα) ≥ 3Å requirement for AGN, while in

this work we raise the requirement to 6 Å.

3.3.2 Dual Broad-Line AGN

In MaNGA plate-IFU 9892-6102 (also known as Mrk 883), we find what may be a

dAGN in which both components feature broadened emission lines. We show the spectra for

both components in Figure 3.8 where we can also see that the pair shows significant tidal
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Figure 3.7. Column A: SDSS pseudocolor images of the dAGN sample with the components
highlighted with green circles and squares (The circle is the MaNGA target and the square
is the companion galaxy). Column B: BPT classification map for each MaNGA spaxel
rebinned to a 1′′× 1′′ grid. (Each tick in the columns A and B represents 2 arcseconds).
Column C: BPT diagram for the MaNGA plate-IFU. The white circles and squares repre-
sents the emission-line ratios extracted from a 1′′ aperture over the centers of each dAGN
component. The shapes correspond to the green shapes which highlight the objects in the
left column. The solid line represents the maximum starburst line from K01, the dashed
line represents the empirical star-forming demarcation from K03, and the dashed-dotted line
represents the empirical separation between LINERs and Seyferts from S07. In plate-IFUs -
8133-12702, 9039-9101, 9892-6102, 10218-12703, and 10518-12704, one or both of the galaxies
host an AGN with a broad-line component. We did not fit for broad-line components in our
run with SPFIT so the emission line ratios for individual spaxels are likely underestimated
and the line ratios for these cores were not calculated for the 1 kpc radius circular extraction.
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features. This object is significant as the broadened emission lines are a strong indicator

that both sources are an AGN as stellar sources are not capable of creating the observed

velocity dispersions. Unfortunately, the two sources are very close together, 1.′′8, which is

below MaNGA’s 2.′′5 PSF. Higher resolution data will be required to verify that this source

is in fact a dual broad-line AGN. We performed a cursory search for this object is other

surveys and papers but found no high resolution data for this object.

3.4 Control Galaxy Sample

If we want to see if there is an enhancement to the rate of AGN in pairs, we need

know the rate of AGN in a set of isolated control galaxies. We define these controls as

MaNGA target galaxies without any other galaxies in their IFU’s field-of-view that have a

line-of-sight velocity below ∆v ≤ 2000 km s−1. Also, like the paired sample, we require that

the control galaxies be in Main sample and to have an r-band absolute magnitude that is
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Figure 3.8. Same as Figure 3.2 but for MaNGA plate-IFU 9892-6102. Broadened emission-
lines can be seen in both components of the two pairs.
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less than Mr ≤ -19. Applying these requirements, we find 7811 control galaxies. Among

these we have 872 AGN of which there are 613 composite starburst/AGN, 70 LINERs, 126

type II Seyferts, and 63 type I Seyferts.

There is a known redshift and stellar mass dependence on the rate of AGN in galaxies.

Therefore, we need to quantify the rate of AGN in our sample as a function of the stellar

mass and redshift. In Figure 3.9, we show the 2-D AGN fraction as a function of the stellar

mass and redshift. We see that the AGN fraction has a Gaussian distribution in stellar mass

centered around log(M/M�) = 10.5, while the AGN fraction apparently has no evolution

with the redshift. This is not to say that there is no redshift evolution with AGN, but that

our redshift range in MaNGA is not wide enough to see a correlation.

We model AGN fraction, fmod
AGN, with a stellar mass dependent Gaussian distribution

and a redshift dependent power-law function,

fmod
AGN(M, z) = f0 exp

[
−1

2

(
logM/M� − b

σ

)2
]

(1 + z)4 . (3.11)

Since we found no apparent redshift dependence in our limited redshift space, we have

assumed a power-law index of 4 rather than fit this as a free parameter to be consistent with

the AGN luminosity function of galaxies with z ≤ 1 (Ueda et al., 2003). We fitted the stellar

mass dependent Gaussian distribution to our sample with f0 = 0.12 ± 0.0042, b = 10.54 ±

0.011, and σ = 0.43 ± 0.011. We show this model in the inset in Panel (a) of Figure 3.9. We

can now use this model to estimate the baseline stochastic fueled AGN rate in our paired

AGN sample.
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Figure 3.9. The 2D AGN fraction in our isolated control galaxies. Panel (a) shows the
observed AGN fraction as a function of redshift and stellar mass. The insets shows the best-
fit model from Equation 3.11. Panel (b) shows the normalized histogram of the stellar mass
for the MaNGA sample (grey) and the AGN control sample (blue) along with the observed
AGN fraction as a function of the stellar mass (red squares) and the modeled AGN fraction
(green dashed line). Panel (c) is the same as Panel (b) but for the AGN fraction as a function
of the redshift.
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Table 3.1. Dual AGN in MaNGA

Plateifu RA DEC Redshift ∆θ rp ∆v ∆log(M) log(M) BPT
(deg) (deg) (arcseconds) (kpc) (km s−1) log(M�) log(M�)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Dual AGN

7443-12703 229.52558 42.74585 0.04027 · · · · · · · · · · · · 10.4 2
7443-12703 229.52653 42.74407 0.04027 6.9 5.5 90.9 -0.1 10.5 2
7975-12704 324.58641 11.34867 0.08886 · · · · · · · · · · · · 11.0 2
7975-12704 324.58655 11.34961 0.08886 3.5 5.7 213.9 0.6 10.3 2
8083-9101 50.13841 -0.33996 0.03828 · · · · · · · · · · · · 10.9 2
8083-9101 50.14021 -0.33923 0.03828 7.0 5.3 96.9 1.0 9.9 3
8133-12702 113.51094 43.54360 0.08310 · · · · · · · · · · · · 11.2 5
8133-12702 113.51438 43.54479 0.08310 10.0 15.6 230.3 0.7 10.5 2
8133-12704 114.77573 44.40277 0.13447 · · · · · · · · · · · · 10.9 3
8133-12704 114.77430 44.40287 0.13447 3.7 8.8 104.6 -0.2 11.1 3
8332-12704 209.16355 43.58561 0.10309 · · · · · · · · · · · · 11.0 2
8332-12704 209.16066 43.58578 0.10309 7.6 14.4 112.0 0.8 10.2 2
8612-12705 255.10152 38.35170 0.03579 · · · · · · · · · · · · 10.5 2
8612-12705 255.10322 38.35430 0.03579 10.5 7.5 239.6 0.5 10.0 2
8652-9102 331.64618 0.05643 0.04614 · · · · · · · · · · · · 10.8 3
8652-9102 331.64572 0.05766 0.04614 4.7 4.3 108.3 0.3 10.6 2
9039-9101 229.00036 34.35688 0.12530 · · · · · · · · · · · · 10.8 2
9039-9101 229.00243 34.35531 0.12530 8.4 18.8 248.4 -0.2 11.0 5
9088-9102 242.47148 26.62545 0.07786 · · · · · · · · · · · · 11.0 2
9088-9102 242.47287 26.62491 0.07786 4.9 7.2 58.1 -0.1 11.0 2
9504-9102 121.70124 28.42148 0.14231 · · · · · · · · · · · · 10.7 2
9504-9102 121.69901 28.42025 0.14231 8.3 20.8 103.4 -0.3 11.0 3
9892-6102 247.47037 24.44400 0.03787 · · · · · · · · · · · · 10.4 5
9892-6102 247.46998 24.44366 0.03787 1.8 1.3 29.9 0.0 10.4 5
9892-12702 247.81469 23.88264 0.05918 · · · · · · · · · · · · 10.6 4
9892-12702 247.81508 23.88313 0.05918 2.2 2.5 64.4 0.5 10.1 3
10218-12703 118.63425 16.80972 0.04609 · · · · · · · · · · · · 10.8 5
10218-12703 118.63312 16.80600 0.04609 13.9 12.6 285.1 0.3 10.5 3
10518-12704 152.68067 6.20040 0.09775 · · · · · · · · · · · · 11.0 5
10518-12704 152.67895 6.19949 0.09775 7.0 12.6 115.4 0.8 10.3 2
10837-9102 159.34846 2.31265 0.04021 · · · · · · · · · · · · 10.8 3
10837-9102 159.34907 2.31096 0.04021 6.5 5.2 107.6 0.9 9.9 2
11867-12704 136.00426 1.45809 0.05338 · · · · · · · · · · · · 10.5 2
11867-12704 136.00436 1.45942 0.05338 4.8 5.0 78.4 0.9 9.7 2
11944-12701 241.89255 36.48404 0.02983 · · · · · · · · · · · · 10.3 4
11944-12701 241.89361 36.48445 0.02983 3.4 2.0 16.6 0.5 9.8 2
11980-12702 253.74259 22.14845 0.03544 · · · · · · · · · · · · 10.5 2
11980-12702 253.74197 22.14883 0.03544 2.5 1.7 24.6 0.5 10.1 2
11984-3701 256.59261 21.40617 0.03096 · · · · · · · · · · · · 10.1 2
11984-3701 256.59269 21.40522 0.03096 3.4 2.1 49.1 0.6 9.6 2
12080-6104 31.27009 -0.71173 0.04319 · · · · · · · · · · · · 10.1 2
12080-6104 31.26918 -0.71187 0.04319 3.3 2.8 1.5 0.7 9.4 2
12092-3701 13.91369 14.77361 0.04038 · · · · · · · · · · · · 9.9 2
12092-3701 13.91298 14.77390 0.04038 2.7 2.1 19.5 0.4 9.5 2
12512-12702 146.37349 -0.36520 0.05150 · · · · · · · · · · · · 10.4 4
12512-12702 146.37380 -0.36844 0.05150 11.7 11.8 267.5 -0.1 10.5 2
12518-3703 159.60443 -0.39268 0.09630 · · · · · · · · · · · · 11.1 4
12518-3703 159.60487 -0.39198 0.09630 3.0 5.3 96.8 0.4 10.7 4

Note. (1) MaNGA plate-IFU number. (2)-(3) Right ascension and declination in degrees. (4) Redshift from spectra extracted
through a 1 kpc radius aperture. (5)-(6) Projected separation in arcseconds and kiloparsecs. (7) line-of-sight velocity offset.
(8) Logarithmic stellar mass ratio. (9) Stellar mass of the galaxy calculated by splitting the stellar masses from the NSA
catalog between the two components with the mass ratio. (10) BPT classification code: 0-retired, 1-star forming, 2-composite
starburst/AGN, 3-LINER, 4-type I Seyfert, 5-type II Seyfert.
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CHAPTER 4

SEPARATION DEPENDENT DUTY CYCLE OF AGN IN PAIRS

4.1 Uncorrelated Stochastic AGN Model in Pairs

Since the MaNGA survey is not volume limited, we cannot simply describe the duty

cycle of AGN in the pairs by taking the ratio between the number of AGN in pairs to the

total number of pairs. Instead, we will need to use the 1/Vmax weights from Section 2.2

to recover a volume limited sample. We can use the 1/Vmax weights to represent our AGN

sample as a volume density instead of a number ratio. The observed volume density of AGN

in the pairs sample, nobs, will be calculated as sum of the volume weights of the pairs in the

dAGN, single AGN, and single+dual AGN samples,

nobs =

NAGN∑
j=1

Wj. (4.1)

The AGN in our pair sample are not necessarily induced by merger-driven processes.

It is possible for the paired galaxies to possess an AGN induced by internal processes that

are unrelated to galaxy interactions. We can estimate the expected volume density of AGN

in our pairs that are stochastically induced using the modeled AGN fraction in our control

galaxies from Equation 3.11 in Section 3.4. If we find more AGN in our pairs than what

is expected by random pairing then we can assume that the excess may be due to either

merger-induced AGN feeding or correlated AGN activity.

We estimate the rate of stochastic fueling in our pairs using the 1/Vmax volume

weights and the modeled AGN fraction in our control sample, fagn(M, z) from Section 3.4.

We can do this by employing basic probability equations. For the dAGN sample, we need
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the probability that both nuclei are active at the same time. This probability is similar to

the probability of achieving two heads-up when flipping two quarters, so the probability of

seeing a dAGN is the probability of both galaxies hosting an AGN multiplied together. This

means that our expected volume density of dAGN, ndagn
st , is,

ndagn
st =

Npair∑
j=1

Wj fagn(M t
j , zj) fagn(M c

j , zj). (4.2)

In the coin-toss example, each coin has a 50% chance of getting a heads-up. In our case, each

paired galaxy will have its own probability of hosting an AGN, fAGN, that we calculate from

our AGN fraction model in Section 3.4. M t and M c are the stellar masses of the MaNGA

target and its companion respectively and z is the redshift of the pair. This probability is

then transformed into an expected volume density by multiplying it by their 1/Vmax weight,

Wj. In the single AGN case, we need the probability that one nuclei is active while the other

is not. For one galaxy, this is the probability of the one nuclei multiplied by one minus the

probability of the other nuclei. This is then repeated for the other galaxy such that,

nsagn
st =

Npair∑
j=1

Wj fagn(M t
j , zj) [1− fagn(M c

j , zj)] (4.3)

+

Npair∑
j=1

Wj fagn(M c
j , zj) [1− fagn(M t

j , zj)].

The probability that either of the nuclei are active is the probability of one plus the proba-

bility of the other minus the probability of both multiplied together such that,

ns+dagn
st =

Npair∑
j=1

Wj fagn(M t
j , zj) +

Npair∑
j=1

Wj fagn(M c
j , zj) (4.4)

−
Npair∑
j=1

Wj fagn(M t
j , zj) fagn(M c

j , zj).
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Figure 4.1. Observed versus expected AGN volumes densities as a function of projected
separation in our MaNGA pair sample. In the top panels, the grey circles represent the
individual 1/Vmax weights for the whole pair sample and the blue circles represent the 1/Vmax

weights for the pairs hosting AGN. The black diamonds represent the observed volume
densities, from Equation 4.1 and the dark grey diamonds represent the expected volume
densities (from Equations 4.2, 4.3, and 4.4 for the dual, single, and single+dual subsamples
respectively). The horizontal error bars represent the bin size and the vertical error bars
represent the 1σ confidence interval. The filled color between the observed and expected
volume densities represent where the observed volume density is greater than (green) or less
than (red) the expected volume density. The bottom panels show the excess of observed AGN
by taking the logarithmic difference between the observed and expected volume densities.

The expected volume densities of AGN from random pairing are then calculated using these

equations and the weights, stellar masses, and redshifts of the whole pair sample.

We show the observed and the expected stochastic volume densities as a function of

the projected separation, rp and split by dAGN, single AGN and single+dual AGN in Figure

4.1. The grey points show the 1/Vmax weights for all of the pairs in our sample while the blue

points show the weights for the pairs with AGN. The observed volume density is calculated

by summing the weights in discrete projected separation bins shown in the black diamonds.

The expected volume densities are shown with the grey diamonds.
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The pairs are not evenly distributed across the separation space. We find a high

density of pairs between 5-10 kpc and a low density of pairs beyond 15 kpc. To account for

this, we use an adaptive binning method that divides the sample into five evenly populated

separation bins based on the distribution of the whole pair sample.

The error bars on the observed and expected volume densities represent the 1σ con-

fidence intervals found using the bootstrap resampling method. In this method, a robust

estimate of the properties of a distribution can be determined by iteratively resampling the

data through replacement. In our case, we randomly select 68% of the dataset and calculate

the data’s mean. This process is repeated over 1000 iterations. The sample of 1000 means

are then taken and the 1σ confidence interval is calculated above and below the distribution’s

mean. The errors of the expected volume density also receives an additional 0.01 dex error

from the best-fit AGN fraction model in Equation 3.11.

In Figure 4.1, we see that the dAGN show a large excess of AGN of 0.2 dex (∼1.6×) at

wide separations (20 kpc) and an excess of 1.6 dex (∼40×) at close separations (2 kpc). The

distribution appears to be an inverse power-law distribution, in log space, where the volume

density of AGN rapidly falls with increasing projected separation. In the single AGN, we do

not see a surplus or deficit of AGN in any projected separation bin. In the single+dual AGN

sample, we also see an inverse power-law distribution that is weaker than the dAGN sample.

At 2 kpc there is a 0.4 dex (∼2.5×) surplus of AGN and by 20 kpc there is no surplus of

AGN.

From this, we see that there is a separation dependent excess of AGN in the dAGN

and single+dual AGN samples over what would be anticipated from stochastic processes.
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This indicates to us that there must be a contribution from either or both merger-induced

AGN fueling and correlated AGN activity.

4.2 Model of Merger-Induced and Correlated AGN in Pairs

In the previous section we found evidence for merger-driven AGN fueling. We now

want to explain the excess AGN we see in the context of galaxies mergers. We believe that

there are two different phenomena from the merger event that may be enhancing the volume

density of AGN that we see. The first phenomenon is that the merger-induced gas-inflows

are enhancing the baseline probability for an AGN to occur. This would boost the excess

AGN we see in all three AGN subsamples and this effect is likely separation dependent, such

that there will be a higher probability for AGN at close separations.

Hydrodynamical simulations have shown that much of the AGN activity in mergers

in not synchronous; however, there is often a period of time in the merger event where

both black holes are accreting material simultaneously (Van Wassenhove et al., 2012; Capelo

et al., 2017). The second phenomenon may be from this synchronous black hole accretion

period. Van Wassenhove et al. (2012) and Capelo et al. (2017) find that synchronous AGN

tend to occur in the later stages of the merger, which means that this effect will biased to

close separations. This effect will also remove pairs from our single AGN sample and add

them to the dAGN sample so that a deficit of single AGN is created along with a surplus of

dAGN.

Another possible source for correlated AGN activity is from AGN cross-ionization. It

is possible for the AGN in one galaxy to ionize the gases in its neighbor, tricking the observer

into thinking that the neighbor is also an AGN. An early example of this cross-ionization



59

was observed in Was 49ab by Moran et al. (1992) and has been discussed more recently in

Liu et al. (2011) and Keel et al. (2019). These pairs will behave in a similar manner to the

synchronous AGN in that is will turn single AGN into dAGN and that it will be more likely

to happen in close galaxy pairs.

We qualitatively depict how the merger-induced AGN and correlated AGN interact

with the observed AGN excess in Figure 4.2. The merger-induced AGN will generate excess

AGN in all three subsamples and will generate more excess AGN at closer separations. The

correlated AGN will remove cases from the single AGN sample and give them to the dAGN

sample. The rate of correlation will increase with closer separations. In the dAGN sample,

the combinations of the merger-induced AGN and correlated AGN will create a large surplus

of excess AGN. In the single AGN sample, the merger-induced AGN and the AGN lost to

correlated activity will roughly counteract each other so that there is no excess AGN. In

the single+dual AGN, the merger-induced AGN will provide a slight excess of AGN and

the sample will be unaffected by correlated AGN. Using these three terms, we can create a

picture of what is likely happening in our excess AGN.

To account for the correlated AGN, we will need a term, ξ, which will convert some

percentage of single AGN to dAGN. This term will also have to be separation dependent with

close pairs being the most effected. We can account for this effect by having a percentage of

AGN removed from the single AGN in Equation 4.3 such that,

nsagn
st+corr =

Npair∑
j=1

(1− ξ(rp,j))Wj fagn(M t
j , zj) [1− fagn(M c

j , zj)] (4.5)

+

Npair∑
j=1

(1− ξ(rp,j))Wj fagn(M c
j , zj) [1− fagn(M t

j , zj)].
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Figure 4.2. Same as Figure 4.1 but qualitatively showing the contributions of merger-induced
AGN and correlated AGN in the bottom three panels. The red curves represent the con-
tribution from merger-induced fueling and the blue curves represent how correlated AGN
activity is shifting single AGN into the dAGN sample.

The percentage of AGN removed from the single AGN sample are then added to the dAGN

sample such that,

ndagn
st+corr =

Npair∑
j=1

Wj fagn(M t
j , zj) fagn(M c

j , zj) (4.6)

+

Npair∑
j=1

ξ(rp,j)Wj fagn(M t
j , zj) [1− fagn(M c

j , zj)]

+

Npair∑
j=1

ξ(rp,j)Wj fagn(M c
j , zj) [1− fagn(M t

j , zj)].

If ξ had a value of 0.3, that would mean that 30% of our single AGN are being converted

into dAGN through correlated AGN activity. The single+dual AGN sample is agnostic to

correlated AGN and will be unchanged by the term.

We attempt find a fit for ξ(rp) using scipy’s minimization routine. The goal of the

fit is the minimize the excess of dAGN seen in the dAGN, single AGN and single+dual AGN
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samples. We assume that ξ(rp) follows an inverse power-law, ξ(rp) = a r−bp , since we have a

strong excess of dAGN at low separations which rapidly falls with increasing separation. We

also impose bounds on the fit that require that ξ is between a value of 0 to 1. A ξ value of 0

means that no single AGN are being converted to dAGN and a value of 1 means that all of

our single AGN are being converted into dAGN. Values outside of 0 to 1 are unphysical in

this scenario. We fit the parameters, a and b, for ξ(rp) in Equations 4.2 and 4.3 with scipy

following the Powell method (Powell, 1964; Press et al., 2007) and find that ξ(rp) = 1.29

r−1
p .

We show the results of this in Figure 4.3. It is immediately clear that ξ alone is unable

to account for the surplus AGN that we see. Higher values of ξ will remove excess AGN

from the dAGN sample, but higher values of ξ will also increase the excess AGN in the single

AGN sample. The solution from the fitting is the solution that evens out the excess AGN

between the dAGN and single AGN samples. Remarkably, the excess AGN after accounting

for correlated activity in the dAGN and single AGN sample now matches the excess AGN

originally seen in the single+dual AGN sample. In all three samples, we see that there is a

∼0.4 dex (∼2.5×) excess of AGN at 2 kpc and roughly no excess of AGN at 20 kpc.

To account for this remaining AGN excess, we introduce a merger-induced parameter,

λ to our model. This merger-induced parameter will enhance the baseline probability for

AGN activity, fAGN, such that,

f ′agn(M, z, rp) = (1 + λ(rp)) fagn(M, z), (4.7)

where f ′agn is the stochastic AGN rate modified by merger-induced fueling and λ(rp) is the

projected separation dependent enhancement to AGN fueling from merger-induced effects.
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Figure 4.3. Same as Figure 4.1 but applying the correlated AGN term, ξ(rp), from Equations
4.6 and 4.5.

This term, λ(rp), essentially acts as an enhancement to the rate of stochastic AGN such that

a value of λ = 1 would increase the stochastic rate of AGN fueling by a factor of two and

a value of λ = 0 would mean that there is no merger-induced enhancement to the rate of

AGN in pairs.

We first want to check if merger-induced fueling can explain the surplus AGN we see

without correlated activity. We replace the stochastic fueling terms, fagn, from Equations

4.2, 4.3, and 4.4 with the terms modified for merger-induced fueling, f ′agn. We then find a

fit for λ(rp) with the same method we used for ξ(rp). We assume that λ follows an inverse

power-law such that λ(rp) = a r−bp . The bounds for λ(rp) are less strict than those for ξ(rp)

since λ is just a scale factor for fagn. We only require that λ is positive since the factor

represents an enhancement to the stochastic rate of AGN. The fit we obtain is λ(rp) =

2.64 r−1
p .

We show the results of this fit in Figure 4.4. We see that the λ(rp) is able to resolve
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Figure 4.4. Same as Figure 4.1 but applying the merger-induced fueling term, λ(rp), from
Equation 4.7.

the excess AGN we see in the single+dual AGN sample; however, the dAGN sample still

shows an excess of AGN and the single AGN sample shows a deficit of AGN. The results seen

in the dAGN and single AGN samples seem to follow what we would expect from correlated

activity. We are missing a set of single AGN and we have extra dAGN in the same separation

bins. This tells us that we need to use a model that includes both correlated AGN activity

and merger-induced fueling.

We create a final set of equations for the expected volume density of AGN in our

pairs to account for both correlated AGN and merger-induced fueling. To do this we replace

fagn with f ′agn from Equation 4.7 for the equations which account for correlated activity,

Equations 4.6 and 4.5 and the original equation for the single+dual AGN, Equation 4.4 such
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that,

nsagn
st+ind+corr =

Npair∑
j=1

(1− ξ(rp,j))Wj f
′
agn(M t

j , zj, rp,j) [1− f ′agn(M c
j , zj, rp,j)] (4.8)

+

Npair∑
j=1

(1− ξ(rp,j))Wj f
′
agn(M c

j , zj, rp,j) [1− f ′agn(M t
j , zj, rp,j)],

ndagn
st+ind+corr =

Npair∑
j=1

Wj f
′
agn(M t

j , zj, rp,j) f
′
agn(M c

j , zj, rp,j) (4.9)

+

Npair∑
j=1

ξ(rp,j)Wj f
′
agn(M t

j , zj, rp,j) [1− f ′agn(M c
j , zj, rp,j)]

+

Npair∑
j=1

ξ(rp,j)Wj f
′
agn(M c

j , zj, rp,j) [1− f ′agn(M t
j , zj, rp,j)],

ns+dagn
st+ind+corr =

Npair∑
j=1

Wj f
′
agn(M t

j , zj, rp,j) +

Npair∑
j=1

Wj f
′
agn(M c

j , zj, rp,j) (4.10)

−
Npair∑
j=1

Wj f
′
agn(M t

j , zj, rp,j) f
′
agn(M c

j , zj, rp,j).

We now want to find a fit for both ξ(rp) and λ(rp) simultaneously for Equations 4.9,

4.8, and 4.10 using the same bounds we used previously for ξ and λ. We find that the

correlated AGN activity, ξ(rp), follows an inverse power-law of,

ξ(rp) = 1.14 r−1
p (rp/kpc) , (4.11)

and the merger-induced enhancement, λ(rp), follows an inverse power-law function of,

λ(rp) = 3.25 r−1
p (rp/kpc) . (4.12)

The power-law index in both equations were found to be close to 1 in both cases, so we fixed

the their indices to 1 and resolved their scale factors. Doing this, we find that the model fit
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Figure 4.5. Same as Figure 4.1 but applying the correlated AGN term, ξ(rp), and the
merger-induced term, λ(rp), from Equations 4.9, 4.8, and 4.10.

has a reduced χ2 = 0.33. Now applying both the λ(rp) and ξ(rp) to Figure 4.1, we are able

to flatten out the excess AGN and create a complete model for the AGN in our pair sample

in Figure 4.5.

From Equation 4.11 we can predict that at 10 kpc, 11.4% of single AGN will be

converted into dAGN through correlated activities. The rate of correlated activities falls

under 5% around 25 kpc and rises to 100% around 1 kpc. Based on our fit to ξ, separations

under 1.14 kpc are technically unphysical as they would imply over 100% of single AGN

are being converted into dAGN though this is not an issue with our data since our smallest

separation bin is at 2 kpc. Equation 4.12 suggests that at 10 kpc we would expect merger-

induced fueling to enhance the rate of stochastic fueling by a factor of 1.3×. This factor

rises to 4.25× at 1 kpc and falls to 1.13× at 25 kpc.

In Figure 4.6, we show the relative contributions of each component of our AGN

volume density model. Since the correlated AGN and merger-induced fueling terms mod-
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ify the stochastic AGN rate, they cannot be separately shown without the contribution of

stochastic fueling. We see that the baseline volume density expected from stochastic fueling

increases with smaller separations. In the dAGN, we see that stochastic fueling contributes a

small portion of the total model while in the single+dual AGN sample the stochastic fueling

contributes a substantial portion of the model. The merger-induced fueling component is

substantial at the lowest separation bin, 2.5 kpc, for both the dAGN and single+dual AGN

sample but then rapidly falls with increased separation. The correlated AGN term is also

strongest at low separations in the dAGN; however, it falls away at a slower rate.

In Figure 4.6, we see that the stochastic+merger-induced model can only account for

about a quarter of the AGN volume density that we observe. The stochastic+correlated

model is only able to account for about half of the observed volume density the we observe.

Only when we use a model that accounts for stochastic fueling, merger-induced fueling,

and correlated AGN activity can we reproduce the observed AGN volume density. In the

single+dual AGN sample, the merger-induced fueling component accounts for about half of

the model at small separations after which the model becomes increasingly dominated by

stochastic fueling.
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Figure 4.6. The relative contributions of stochastic fueling (grey), stochastic fueling and
merger-induced fueling (red), stochastic fueling and correlated AGN (green), and stochastic
fueling, merger-induced fueling, and correlated AGN (blue) in our modeled expected volume
density of AGN in dAGN (left) and single+dual AGN (right).
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CHAPTER 5

ELEVATED BLACK HOLE ACCRETION RATES IN PAIRED GALAXIES

The source of the powerful emission we observe from AGN is a result of material

accreting onto the black hole. As the matter falls towards the black hole, gravitational

potential energy is converted into kinetic energy. When the matter spirals about the black

hole, the viscosity of the material converts the kinetic energy into thermal and radiant energy.

We can use the observed radiant energy to estimate the rate of mass accretion onto the black

hole with,

Lbol = ηṀc2, (5.1)

where Lbol is the bolometric luminosity, η is the accretion efficiency, Ṁ is the mass accretion

rate, and c is the speed of light.

Unfortunately, direct measurements of the bolometric luminosity for AGN are difficult

as they emit across several wavelength regimes and many of those wavelength regimes are

obscured. While we cannot directly use the bolometric luminosity, there are some good

proxies for it. In the optical regime, the [O iii] luminosity is often used as a proxy for

the bolometric luminosity (Heckman and Best, 2014). The [O iii] line is useful as it is

strong enough to be visible in most galaxies and it is linearly proportional to the bolometric

luminosity. OB stars can contribute to to the [O iii] luminosity observed in a galaxy; however,

an AGN will produce [O iii] lines that are much more luminous than those from OB stars.

Since the [O iii] luminosity can be used as a tracer of the black hole accretion rate,

we want to use this line to see if the black holes in paired galaxies accrete materials at higher
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rates than those found in isolated galaxies. We correct our luminosities for reddening using

the reddening curve from Calzetti et al. (2000), assuming RV = 3.1 and case-B recombination,

Hα/Hβ = 2.86. As we had shown in Figure 3.9, the fraction of AGN in our control sample

is a function of the galaxy’s stellar mass and redshift. This tells us that the AGN in paired

galaxies will need to be compared against AGN in control galaxies with similar stellar masses

and redshifts. We plot the [O iii] luminosity as a function of the stellar mass and redshift in

Figure 5.1. We find that the [O iii] luminosity increases with both higher stellar masses and

redshift.

We now use Figure 5.1 to match AGN in pairs to AGN in control galaxies. We define

a grid that is 0.01 in redshift and 0.2 dex in stellar mass. For each AGN in paired galaxies,

we take the median [O iii] luminosity of the control AGN which share the same grid space as

the AGN in the paired galaxy. We then take the logarithmic difference between the paired

galaxy’s luminosity and the median luminosity of the controls. We do this separately for

each paired galaxy which hosts an AGN.

In Figure 5.1, we see that a number of the paired galaxies are not on MaNGA’s

typical stellar mass−redshift space. This is from the recalculated stellar masses where the

stellar masses from the NSA catalog are being split between the two paired galaxies. Galaxy

pairs with wide mass ratios will displace the paired galaxy further off of the control galaxies’

distribution. To account for this, we require that each paired galaxy have at least 3 controls

which share the same stellar mass−redshift space. If the paired galaxy fails to acquire 3

controls, it is removed from the subsequent analysis.

We show the excess [O iii] luminosity of the AGN in paired galaxies in Figure 5.2. We
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Figure 5.1. The [O iii] Luminosity of the AGN in the pair and control samples as a function
of the stellar mass and redshift. The central panel shows the [O iii] luminosity (whose values
are represented by the color-bar above the panel) as a function of the stellar mass and
redshift. The red diamonds represent MaNGA targets in pairs and the red crosses represent
the MaNGA target’s companion galaxy. The right panel shows the [O iii] luminosity as a
function of the stellar mass. The black squares represent the median [O iii] luminosity within
a discrete stellar mass bin. The vertical bars represent the bin size and the horizontal bars
represent the 1σ confidence intervals computed through bootstrap resampling. The bottom
panel is identical to the right panel, but now showing the [O iii] luminosity as a function
of the redshift. The grey dashed lines in the panels represent the grid spacing on which we
match galaxy pairs to controls.
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take the median [O iii] luminosity in projected separation bins, which are 5 kpc wide, and

calculate the vertical error bars with the bootstrap resampling method mentioned in Section

4.1. Above a projected separation of 15 kpc, we see a ∆log(L[O iii]) that is consistent with

the control AGN. Under 15 kpc, we find a mild enhancement to the ∆log(L[O iii]) between

0.1−0.4 dex which 1.25×−2.5× higher than the [O iii] luminosities of the control AGN. Along

with this, we see that there are a few AGN in galaxy pairs which feature ∆log(L[O iii]) that

are 10−100× brighter than their control AGN. This shows us that some galaxy pairs are

subject to massive enhancements to the black hole fueling rate.

Assuming Equation 5.1, we see that the luminosity and the mass accretion rate are

proportional to one another. This means that we find mass accretion rates in AGN in paired

galaxies that are 1.25×−2.5× higher than those in isolated control AGN. This demonstrates

that galaxy mergers can play a significant role in the mass growth of the SMBH found in

the centers of galaxies.
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Figure 5.2. The enhancement to the [O iii] in the AGN in paired galaxies with respect to
those in the control AGN. The blue diamonds represent individual ∆log(L[O iii]) for a pair
and its controls selected to have a similar stellar mass and redshift. The black line shows
the median ∆log(L[O iii]) across separate projected separation bins. The horizontal bars
represent the bin size and the vertical bars represent the 1σ confidence intervals computed
through bootstrap resampling.
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CHAPTER 6

DISCUSSION

6.1 Mass Ratio Dependent Duty Cycle of AGN in Pairs

In Chapter 4, we have assumed that the volume density of AGN is primarily a function

of the projected separation; however, it may depend on other merger parameters. In Paper

II, we observed that merger-induced star formation was dependent on both the projected

separation and the mass ratio.

We rebuild Figure 4.1 but using the mass ratio between the pairs to bin the volume

densities in Figure 6.1. For this figure, I expand the allowed mass ratio cut for the pair sample

to ∆log(M/M�) ≤ 2.0. In the single AGN and single+dual AGN samples, we see a roughly

flat enhancement to the volume density of AGN across the mass ratio range of about 0.2

dex (∼1.6×). In the dAGN sample, the excess volume density peaks between ∆log(M/M�)

= 0.0−1.0 by 1.3 dex (∼20×) and falls to 0.9 dex (∼8×) between ∆log(M/M�) = -0.5−1.0

and 1.5.

Overall, we do not see any correlation between the excess volume density of AGN

and the mass ratio between the galaxy pairs. This shows us that our AGN model in Section

4.2 does not need to depend on the mass ratio between the galaxy pairs.

6.2 Comparison to Fu et al. 2018

In this work we find greater excesses of AGN in the pair sample than we did in our

previous work in Paper I. The work in Paper I was done using an earlier MaNGA data

release (DR14) in which only ∼2700 of the 10,000 MaNGA datacubes have been collected.
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Figure 6.1. Same as Figure 4.1 but calculated the observed and expected volume densities
as a function of the mass ratio.

The galaxy pairs were also selected in a slightly different way in the work. In Paper I,

r-band magnitude differences of ∆Mr < 2.5 in the Petrosian, Model, and PSF magnitudes

(which ever one had the smallest ∆Mr) were used to preselect galaxy pair candidates in

MaNGA. After this preliminary stage, we visually analyzed the flagged pair candidates in

the SDSS pseudocolor images to remove over-deblended sources. The objects that made it

past this step then had their spectra extracted and modeled so that we could impose stricter

requirements like relative line-of-sight velocities and mass ratios. Using this pair selection

technique, Paper I finds 105 galaxy pairs. In Paper II, we started with the visual identification

of objects in the SDSS pseudocolor images after which we extracted and modeled the spectra

of all identified objects. In this work, we find 426 pair systems which is what we would expect

from a MaNGA sample that is 4× larger.

In this work, we calculate the cumulative pair fraction of 4.33% ± 0.29% in Figure

3.4. Paper I performs a similar analysis and finds a cumulative pair fraction of 3.4% ± 0.5%.
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The pair fraction that we find is consistent with what we found in our previous work. This

tells us that the different pair selection methods that we used in this work and Paper I yield

equivalent results.

The AGN selection with the BPT and WHAN diagrams are the same with the ex-

ception that we are using a stricter EW(Hα) cut of 6Å instead of the usual 3Å cut. Paper

I finds 50 AGN among the 105 galaxy pairs along with a sample of 14 dAGN. We find 102

AGN with 24 dAGN. Despite the 4× larger sample size, we only find twice the AGN as we

had in Paper I. This may be due to the stricter EW(Hα) cut that we employ in this work.

This cut means that we will have fewer, but stronger, AGN in the sample.

We use the same method to calculate the AGN volume density; however, we find

more excess AGN in this work than we did in Paper I. In Figure 6.2, we compare the excess

AGN volume densities in this work in comparison to those in Paper I. For dAGN, we find

an excess of 1.6 dex (40×) for close pairs while Paper I finds an excess of 0.8 dex (6.3×). In

the single AGN, Paper I finds a deficit 0.1 dex (1.25×) while we find zero excess of single

AGN. In the single+dual AGN sample, Paper I finds no excess AGN while we find a 0.4 dex

(2.5×) excess at close separations. Overall, we find a greater excess of dAGN in this work

and we find an excess of single+dual in this work where we observed none in the previous

work.

These differences may be due to the larger sample size that we have access to in this

work and from our more strict cuts for the AGN selection. The use of an EW(Hα) ≥ 6Å

cut selects for stronger AGN. If galaxy mergers can induce higher rates of mass accretion

onto the SMBH, we may expect a higher fraction of powerful AGN in the pair sample with
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Figure 6.2. The AGN excess in comparison to the random pairing of AGN from Figure 4.1
as a function of the projected separation. The figure is split into dAGN (left) single AGN
(middle) and single+dual AGN (right). The results of this work (black diamonds) are shown
alongside the previous results from Paper I (blue diamonds).

respect to the isolated control galaxies.

Paper I estimates the rate of AGN correlation, ξ, based on the excess of dAGN.

Paper I estimates that ξ is 15% at separations of 20 kpc and 40% at 5 kpc. In our work,

Equation 4.11 predicts a rate of correlation that is 6% at 20 and kpc 20% at 5 kpc. The

rates of correlation in this work are lower because we include a second term in our model,

merger-induced fueling, where Paper I only includes a correlated AGN term. The results

of this is that the excess of dAGN is split between correlated activity and merger-induced

fueling. We are able to include the merger-induced fueling term in this work because we

now observe an excess AGN in the single+dual AGN sample where we did not observe this

excess in the previous work.
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6.3 Comparison to Observations

Now that we have discussed the results of this work compared to our previous work,

we want to compare the results with other previous works. In Figure 6.3, I show the AGN

excess of the singe+dual AGN sample from our work and other previous works. These

works include the optically selected AGN from Ellison et al. (2013), the optical and infrared

selected AGN from Satyapal et al. (2014), the X-ray, optical, infrared, and radio selected

AGN from Silva et al. (2021), and the AGN excess in pairs predicted by the Eagle simulation

in McAlpine et al. (2020).

The pair samples in Ellison et al. (2013) and Satyapal et al. (2014) are based on the

pair sample from Ellison et al. (2008). This sample consists of ∼1700 galaxy pairs in SDSS’s

spectroscopic survey. These pairs share a similar redshift range (z < 0.15) and relative

velocity cut (∆v < 500 km s−1), but it has a stricter mass ratio limit (no more than 4:1)

and a wider projected separation limit (rp < 115 kpc). Because of the fiber collision in

SDSS, the galaxy pairs with angular separations under 55′′ must be selected in cases where

there are overlapping tiling plates or in fields with repeated observations. This means that

the pairs selected within 55′′ are selected from a different survey area than the pairs with

angular separations above 55′′. Ellison et al. (2008) deals with this by randomly culling

67.5% of the pairs beyond 55′′. Ellison et al. (2013) expands this sample to include 97

post-merger galaxies. These post-merger galaxies are identified through the citizen science

project, Galaxy Zoo, which has volunteers classify the morphologies of the galaxies.

Ellison et al. (2013) and Satyapal et al. (2014) then build a sample of control galaxies

in SDSS that have no spectroscopic companion within a projected separation of 115 kpc and
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Figure 6.3. We show the AGN excess from this work (black) and other previous works;
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a line-of-sight velocity of 10,000 km s−1. The paired galaxies are then matched to controls

with similar stellar masses, redshifts, and environmental densities. If less than five controls

are found for a paired galaxies, the limits on the stellar masses, redshifts, and environmental

densities are iteratively expanded until five controls are found.

Ellison et al. (2013) uses the AGN selection cut from Stasińska et al. (2006) which

is a more relaxed cut than the one from K03 (Equation 3.9) which we use. Satyapal et al.

(2014) uses the same pair and control sample selections from Ellison et al. (2013). Instead

of using BPT analysis to identify AGN, Satyapal et al. (2014) uses WISE color cuts to select

AGN.

The resulting AGN fractions are shown in Figure 6.3. In Ellison et al. (2013), the

AGN fraction in paired galaxies is ∼2.5× higher than controls at a projected separation of

10 kpc. This excess falls to one at a separation of 90 kpc. Their AGN excess is roughly

consistent with ours at close separations; however, our excess falls to one at a projected

separation of only 20 kpc. The excess AGN seen in Satyapal et al. (2014) is roughly twice

the excess seen in Ellison et al. (2013) for all separations.

These two works also include a set of post-merger galaxies in their sample. These

post merger galaxies are the final stage of a merging galaxy as they coalesce into a single

galaxy and are expected to feature the greatest merger-induced effects. Ellison et al. (2013)

finds an AGN excess of ∼3.75× while Satyapal et al. (2014) finds an AGN excess of ∼11×,

which is higher the the AGN excesses seen in the closest galaxy pairs.

Between our works, Ellison et al. (2013) has a stricter mass ratio cut of 4:1 while

our pairs have a mass ratio cut of 10:1. Ellison et al. (2013) also uses a more relaxed AGN
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selection than ours. With SDSS’s redshift range, all of pairs in Ellison et al. (2013) under

40 kpc will be in overlapping tiles or repeat observations. Beyond 40 kpc the pairs will be

from both overlapping tiles and the full SDSS sample. This tells us that the differences in

our results are not just from SDSS’s fiber collision radius.

The large excess of AGN seen in Satyapal et al. (2014) is likely due to the usage

of infrared to select AGN. Infrared selection can identify AGN that have been optically

obscured by dust. The AGN in galaxies undergoing mergers are likely subject to more dust

obscuration than those in isolated galaxies since the merger may be able to throw dust in

between the observer and the AGN. Weston et al. (2017) suggests that as many as 50% of

the AGN in pairs may be optically obscured by dust, which corresponds to Satyapal et al.

(2014) finding an AGN excess that is almost twice are large as the one in Ellison et al. (2013).

Ellison et al. (2013) also studies the [O iii] luminosity in paired galaxies. They find

that post-merger galaxies have [O iii] luminosities that are 0.9 dex (8×) higher than controls.

In the paired galaxies, the [O iii] luminosities are 0.5 dex (3×) higher at separations of 5

kpc. This enhanced [O iii] luminosity falls to 0.15 dex (1.4×) at 75 kpc. In our work, the

[O iii] luminosities in pairs are 0.2−0.4 dex higher than controls, but ours do not show a

clear evolution with the projected separation. This may be because of our limited projected

separation range.

Silva et al. (2021) builds a sample of galaxy pairs from the 3D-HST catalogs (Skelton

et al., 2014; Momcheva et al., 2016). Pairs are selected to be between 3−15 kpc, within a

mass ratio of 4:1, and within a redshift difference of 0.001. Doing this they find 58 galaxy

pairs. Silva et al. (2021) then crossmatches this sample with Chanda (X-ray), 3D-HST
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(optical), Spitzer/IRAC (Infrared), and VLA (Radio) to identify 16 AGN across several

wavelength regimes. They also build a sample of post-merger galaxies by assuming that all

of the starbursts in the non-merger sample are actually coalescing pairs.

Silva et al. (2021) finds an AGN excess in pairs that is less than 1.5× higher than

what is seen in controls. The post-merger galaxies feature an excess that is ∼2.5× higher

than controls. They find the the AGN fraction in pairs is consistent with the AGN fraction

in controls, while the post-merger fraction is higher than the AGN fraction in controls. The

AGN excess found in this work is roughly equivalent to the AGN excess we observe in this

work; however, the pair and AGN sample in Silva et al. (2021) is much smaller than the pair

and AGN samples that we use in this work.

Pan et al. (2019) builds a sample of 682 paired galaxies in MaNGA DR15 (4691

galaxies; Aguado et al. (2019)) by crossmatching MaNGA targets with the NSA catalog.

The galaxies are selected within a line-of-sight velocity of ∆v < 500 km s−1 and a projected

separation limit of rp < 70 kpc. They also note that 10% of these cases have both galaxies

covered by a separate MaNGA IFUs. This selection method misses the paired galaxies in

which both components are contained within a single IFU. To recover these, Pan et al. (2019)

visually inspects the MaNGA fields for galaxies showing clear tidal features. This adds an

additional 24 paired galaxies and 85 post-merger galaxies.

Jin et al. (2021) uses the paired galaxy and post-merger samples from Pan et al. (2019)

to study AGN in MaNGA. They study the rate of AGN in pairs as a function of merger

sequence (approach to the first pericenter, passing through the first pericenter, approach or

decent from the apocenter, and then the coalescence of the two galaxies into a post-merger)
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in the MaNGA survey. The study found no evolution of the AGN fraction across different

merger sequences and found no difference between the rate of AGN in galaxy pairs and

AGN in isolated galaxies. The AGN rates here were calculated as ratios of the number of

AGN in pairs versus the number of AGN in isolated galaxies. As we showed in Figure 3.9,

there is a dependence between the rate of AGN in galaxies and the stellar masses of the

galaxies. There is also a known relation between the fraction of AGN in galaxies and their

redshift; however, the redshift range of MaNGA is not large enough for us to see this. This

means that the paired galaxies hosting the AGN need to be compared against controls that

are matched in stellar mass and redshift. Further, MaNGA is not a volume limited survey

as the survey’s volume changes as a function of the luminosity. This means that the ratio

between the number of AGN in galaxies and the number of galaxies is not representative

of the actual set of galaxies in the universe. This is why we employ the 1/Vmax method to

recover a volume limited sample.

Jin et al. (2021) also compares the surface brightness of [O iii] between the AGN

in pairs and the AGN in control galaxies using the MaNGA survey. They find that the

[O iii] surface brightness is 0.13 dex higher in the AGN in pairs than in the AGN in isolated

galaxies. If we take the median ∆log(L[O iii]) of our whole AGN pair sample, we find an

enhancement to the [O iii] luminosity that is 0.1 dex higher in pairs than in control galaxies

which is consistent with the results found by Jin et al. (2021).

We find that our AGN excess is in good agreement with previous measurements of

the AGN excess in paired galaxies. The AGN excess that we observe is generally on the

lower side in comparison to previous works and our separation range is much shorter. One
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potential problem is that our sample will miss galaxy pairs in which one galaxy is in the

MaNGA IFU and the another is just outside of the IFU. This means that our pair sample is

incomplete at certain separations depending on the IFU size. On the other hand, by using

this pair selection that is entirely contained in the MaNGA survey, we can control for the

well known biases of the MaNGA survey. Our pair sample also contains no post-merger

galaxies since our pair selection method requires two distinct galaxy cores.

6.4 Comparison to Simulations

McAlpine et al. (2020) studies the AGN fraction in pairs with the eagle simulation

(Evolution and Assembly of GaLaxies and their Environment; Crain et al. (2015); Schaye

et al. (2015)). Paired galaxies are selected to be major mergers with 4:1 mass ratios and

to have 3D physical separations under 100 kpc. The AGN are selected to have bolometric

luminosities greater than Lbol ≥ 1043 erg s−1 and Eddington rates greater than λedd ≥ 10−2,

where λedd is the ratio between the bolometric luminosity and the Eddington Luminosity.

Control galaxies are selected to have similar redshifts, stellar masses, halo masses, gas masses,

and black masses as the paired galaxies that they are matched to. In Figure 6.3, we show

the AGN excess from McAlpine et al. (2020) in major mergers with redshifts under z ≤ 1.0.

The AGN excess is weaker than those found Ellison et al. (2013) and Satyapal et al. (2014)

at all separations. At 10 kpc, McAlpine et al. (2020) finds a AGN excess of ∼1.3× which is

similar to, but slightly smaller than, the excess we find at the same separation (∼1.6×).

There are a few key differences between observational studies and simulations like

McAlpine et al. (2020). First, the separations in the simulations are real 3D separations and

not 2D projected separations that assume that the two galaxies are at the same distance
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along our line-of-sight. Second, the merger simulations can tell if the paired galaxies have

or have not interacted yet. With observations, we only have a snapshot of the merger event.

We do not know if the two galaxies are on their first approach (and have not interacted yet)

or if they are between their first or second pericenter. Third, simulations can tell if a galaxy

hosts an AGN without observational effects like dust obscuration. Despite these differences,

our results are in good agreement with those from McAlpine et al. (2020).

High-resolution hydrodynamical simulations have predicted that AGN activity gener-

ally increases with more advanced merger-stages but especially so as the pair coalesces into

a post-merger galaxy (Van Wassenhove et al., 2012; Capelo et al., 2017). Van Wassenhove

et al. (2012) finds that most dAGN activity should occur below projected separations of 10

kpc. We find that most of our dAGN do have projected separations below 10 kpc; however,

about a third of the sample lies between 10−20 kpc. Our model suggests that correlated

activity and merger-induced AGN is most influential at close separations. This suggests that

these dAGN with wide separations may be largely due to the random pairing of stochastically

induced AGN.

Capelo et al. (2017) predicts that in a minor merger the less massive companion

will feature more AGN activity than the more massive companion which shows little to no

AGN activity. In major mergers, the secondary galaxy is large enough to not only incite

AGN activity in the primary but also incite higher levels than what would be seen in minor

mergers. In figure 6.1, we see that major and minor mergers display similar excesses of AGN.

Also in minor mergers, we find that the more massive galaxy and less massive galaxy in the

pair also display similar excesses of AGN.
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CHAPTER 7

SUMMARY AND FUTURE WORK

In this work, we constructed a catalog of all spectroscopic objects which fall within

the footprint of the MaNGA survey. From this, we built a sample of paired galaxies and

AGN in the survey. Specifically we did and found the following.

1. We constructed a spectroscopic catalog of 15,592 objects within MaNGA’s field-of-

view, of which there are 11,546 galaxies, 1385 stars, and 2661 objects with poor S/N

or ambiguous spectra. Among the identified galaxies we found 10,988 galaxies whose

redshifts are consistent with the IFU’s target galaxy (this number includes the MaNGA

targets), 451 foreground/background galaxies, 23 high redshift QSOs, and 84 galaxies

which host broad-line AGN.

2. We found 426 interacting galaxy systems including 387 pairs, 37 triplets, 1 quadruplet,

and 1 quintuplet. With this pair sample, we found a cumulative pair fraction of 4.33%

± 0.29% in the MaNGA survey.

3. Among our 387 pairs, we found 102 AGN, among these we found; 59 composite star-

burst/AGN, 18 LINERs, 17 type II Seyferts, and 8 type I Seyferts. Among these galaxy

pairs, we also found a sample of 24 dual AGN systems. We also found a dual AGN

system, MaNGA plate-IFU 9892-6102 (Mrk 883), in which both galaxies’ cores feature

broadened emission line features. Alongside our galaxy pairs we create a sample of

872 AGN in isolated control galaxies. Among these AGN we found; 613 composite
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starburst/AGN, 70 LINERs, 126 type II Seyferts, and 63 type I Seyferts.

4. We found that the AGN in galaxy pairs have a volume density that is 2.5× higher than

what would be expected by random pairing at close separations. This excess of AGN

falls to zero around 20 kpc. In dAGN, we found a volume density of AGN that is 40×

higher than what would have been expected by random pairing at close separations.

This excess of AGN falls to 1.6× at separations of 20 kpc. We found that the observed

excess in the volume density of AGN cannot be described by correlated AGN activity

or merger-induced fueling alone. Rather, a model that accounts for stochastic fueling,

merger-induced fueling, and correlated AGN activity is required to model the observed

volume density of AGN in our pair sample.

5. We found no correlation between the AGN volume density and the mass ratio between

the two galaxies. This seems to indicate that major and minor mergers generate AGN

at similar rates. We also observe that the AGN in the more massive galaxy and less

massive galaxy of a minor merger show a similar excess of AGN.

6. We found that the AGN in paired galaxies feature higher levels of [O iii] luminosity

with respect to the AGN in isolated control galaxies by a factor of 0.1−0.4 dex. The

enhanced [O iii] luminosity is linearly proportional to the mass accretion rate onto the

black holes and tells us that the black holes in galaxy pairs receive more fuel than black

holes in isolated galaxies.

With this, we have been able to demonstrate that galaxy mergers are able to induce

AGN activity in the centers of galaxies. We also show that the AGN induced by galaxy
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interactions receive more fuel in comparison to those induced by stochastic processes. This

shows us the impact that galaxy mergers have had on the development of the black holes in

the centers of the massive galaxies in the nearby universe.

There are a number of things that may be added to this line of study in future works.

Much of the major work to be done in the future would be to crossmatch the optically

selected AGN we found in pairs with surveys in other wavelength regimes. The WISE

(Wide-Field Infrared Survey Explorer) source catalog (Wright et al., 2010) has been used

in many previous works to select AGN by infrared color cuts. Weston et al. (2017) showed

that ∼50% of AGN may be optically obscured by dust and many works found higher AGN

fractions in pairs when using infrared selected AGN (Satyapal et al., 2014; Weston et al.,

2017; Ellison et al., 2019; Gao et al., 2020). One potential issue when using WISE with

our work is WISE’s lower spatial resolution, ∼6′′ in three of its color bands and 12′′ in the

fourth. In our closest pairs, we may not be able to separately resolve which galaxy hosts the

infrared selected AGN. This is particularly problematic if we want to use WISE to confirm

the dAGN in our sample.

The Chandra X-ray Observatory’s source catalog (Evans et al., 2010) would be a

good X-ray survey to study our sample with. Chandra’s spatial resolution of 0.′′5×0.′′5

is comparable to MaNGA’s which means that we will be able to spatially resolve most of

the pairs in our sample. X-ray is useful for AGN selection because it is less effected by

AGN geometry and dust obscuration. Finally, we can use the previous radio surveys; NVSS

(National Radio Astronomy Observatory (NRAO) Very Large Array Sky Survey; Condon

et al. (1998)) and FIRST (Faint Images of the Radio Sky at Twenty centimeters; Becker,
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White, and Helfand (1995)) to crossmatch with our AGN sample. These radio surveys are

useful as they are not significantly affected by dust obscuration.

Follow-up observations may be particularly interesting for the dual broad-line AGN

we found, Mrk 883. We were unable to separately resolve their spectra with MaNGA;

however, follow-up observations with high resolution observatories like Chandra may be able

to resolve the two cores and confirm that the object is or is not a dual broad-line AGN.

Many previous works study a sample of post-merger galaxies alongside a sample of

paired galaxies. Due to the pair selection methodology that we employ, we have no post-

merger galaxies in our sample. These galaxies are particularly interesting as simulations

predict that some of the greatest nuclear activity will happen as the two galaxies coalesce

into a single galaxy. Therefore, the inclusion of a post-merger sample would be valuable in

constructing a more complete image of galaxy interactions.

I would like to acknowledge support from the National Science Foundation (NSF)
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