Colby

Colby College
Digital Commons @ Colby
Honors Theses Student Research

2021

Investigating the AGN-Merger Connection Using Close Galaxy
Pairs in the CANDELS Fields

Sean L. Dougherty
Colby College

Follow this and additional works at: https://digitalcommons.colby.edu/honorstheses

b Part of the External Galaxies Commons

Colby College theses are protected by copyright. They may be viewed or downloaded from this
site for the purposes of research and scholarship. Reproduction or distribution for commercial
purposes is prohibited without written permission of the author.

Recommended Citation

Dougherty, Sean L., "Investigating the AGN-Merger Connection Using Close Galaxy Pairs in the
CANDELS Fields" (2021). Honors Theses. Paper 1328.
https://digitalcommons.colby.edu/honorstheses/1328

This Honors Thesis (Open Access) is brought to you for free and open access by the Student Research at Digital
Commons @ Colby. It has been accepted for inclusion in Honors Theses by an authorized administrator of Digital
Commons @ Colby.


http://www.colby.edu/
http://www.colby.edu/
https://digitalcommons.colby.edu/
https://digitalcommons.colby.edu/honorstheses
https://digitalcommons.colby.edu/student_research
https://digitalcommons.colby.edu/honorstheses?utm_source=digitalcommons.colby.edu%2Fhonorstheses%2F1328&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/128?utm_source=digitalcommons.colby.edu%2Fhonorstheses%2F1328&utm_medium=PDF&utm_campaign=PDFCoverPages

Investigating the AGN-Merger Connection Using Close Galaxy
Pairs in the CANDELS Fields

Sean Dougherty! and Dale Kocevski!
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(Dated: May 22, 2021)

Abstract

Galaxy mergers are catastrophic events in that they greatly change the properties of the galax-
ies involved. Observations of the nearby universe suggest that they may also be able to trigger
active galactic nuclei (AGN) even prior to the final coalescence, though there is much controversy
surrounding this belief, particularly at high redshifts. In order to address this question, we have
assembled a large sample of photometric galaxy pairs within the GDS and EGS fields of the CAN-
DELS survey. We use photometric redshift probability distribution functions and the combined
redshift probability function to assign probabilities for each projected pair. We incorporate pair
probabilities into a survey of X-ray detected AGN to calculate weighted AGN fractions and AGN
enhancements for interacting galaxies. Overall, for both major and minor mergers at 0.5 < z < 3.0,
we find that AGN frequency is enhanced by 1.30 + 0.17, 1.54 + 0.24, and 3.21 + 0.72 in pairs
separated by 20 < d < 30, 10 < d < 20, and d < 10 kpc respectively. We also separately investigate
AGN enhancement in minor and major mergers and find that minor mergers might play a larger
role than major mergers in triggering AGN at high redshifts. Finally, we investigate how redshift
affects AGN enhancement in pairs, and we find no enhancement in galaxies at 1.5 < z < 3.0.

However, more complete AGN surveys at high redshifts are required to confirm this trend.
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1. INTRODUCTION

Over the past two decades, observational studies have demonstrated a close correlation
between the mass of a galaxy’s stellar bulge and its supermassive black hole (SMBH), which
relationship suggests that a galaxy and its SMBH evolve simultaneously (Magorrian et al.
1998; Gebhardt et al. 2000; Tremaine et al. 2002; Giiltekin et al. 2009; McConnell &
Ma 2013). Galaxy mergers/interactions are known to have significant impacts on galaxy
properties, such as star formation rate (SFR; Ellison et al. 2008, 2013b; Patton et al. 2013)
and galaxy morphology (Lotz et al. 2008; Darg et al. 2010; Ellison et al. 2010). Likewise, if
active galactic nuclei (AGN) activity is also triggered by galaxy interactions, then this could

help explain an important stage in the co-evolution of galaxies and their SMHBs.

Simulations of gas-heavy galaxy mergers in the local universe predict that merging events
could provide the torque necessary to reduce angular momentum and trigger gaseous inflows
into the SMBH (Barnes & Hernquist 1991; Mihos & Hernquist 1996; Di Matteo et al. 2008;
Hopkins et al. 2009). Additionally, numerous studies have demonstrated that merging
galaxies enhance SFRs (Kennicutt et al. 1987; Barton et al. 2000; Lambas et al. 2003;
Alonso et al. 2004; Nikolic et al. 2004; Woods & Geller 2007; Ellison et al. 2008, 2010; Liu
et al. 2011; Patton et al. 2011) and signs of gas inflows as evidenced by diluted interstellar
medium metallicities (Kewley et al. 2006; Ellison et al. 2008; Michel-Dansac et al. 2008;
Kewley et al. 2010; Rupke et al. 2010; Scudder et al. 2012). Nonetheless, many other
processes are capable of triggering AGN feuling, such as a secular loss of angular momentum
in the bar or spiral arms, steady-state accretion of diffuse hot gas, or interactions with nearby
star clusters or gas clouds. Still, there is much debate over the role, if there is one, galaxy

mergers play in triggering AGN.

Attempts to characterize the AGN-merger connection have produced mixed results. Using
a sample of low-redshift (0.01 < z < 0.20) galaxies undergoing a minor or major merger
(mass ratio < 10) from the Sloan Digital Sky Survey (SDSS), Ellison et al. (2011) find a clear
increase in AGN enhancement at decreasing projected separations (< 40 kpc) compared to
a mass- and redshift-matched control sample of isolated galaxies. They classify galaxies as
AGN based on ratios of strong emission lines or spectral identification as quasi-stellar objects.
At the smallest projected separations of interacting galaxies (< 10 kpc), they determine

that AGN enhancement increases by a factor of ~ 2.5. Various other observations of the
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nearby universe with comparable selection criteria and methodology find similar results
(Alonso et al. 2007; Woods & Geller 2007; Ellison et al. 2013a, 2019; Satyapal et al. 2014;
Weston et al. 2017). In contrast, using a sample of high-redshift (0.5 < z < 3.0) major
spectroscopic galaxy pairs (mass ratio < 4) from the COSMOS and CANDELS fields, Shah
et al. (2020) find no significant AGN enhancement at decreasing separations compared
to a mass-, redshift-, and environment-matched control sample of isolated galaxies. They
classify galaxies as AGN based on X-ray luminosity thresholds and IR broadband colors. At
the smallest projected separations of interacting galaxies (< 25 kpc), they compute AGN
enhancements of 0.94 and 1.00 for X-ray and IR-selected AGN respectively. While there are
not many studies done on this at high redshifts, a number of them have also not found any
AGN-merger connection out to z ~ 1 (Grogin et al. 2005; Pierce et al. 2007; Cisternas et
al. 2011; Kocevski et al. 2012; Schawinski et al. 2012).

One possible explanation for the discrepancies among these results is their sample se-
lection criteria, as AGN depend substantially on various galaxy properties such as mass,
luminosity, color, and gas concentration. In particular, differences in mass and redshift be-
tween studies could be responsible for the conflicting results. Ellison et al. (2011) notes that
in merging galaxies, there is a clear trend of increasing galaxy mass at decreasing physical
separations. Since there is a strong correlation between AGN activity and galaxy mass,
the increase in galaxy mass at low separations could artificially inflate AGN enhancement.
Furthermore, galaxy mass tends to be higher at lower redshifts, so interacting galaxies in
the nearby universe are more likely to exhibit relatively large AGN fractions. Additionally,
not only do massive spiral galaxies have much higher gas fractions (~ 50%) at z ~ 2 than
at z ~ 0 (~ 10%) (Daddi et al. 2010; Tacconi et al. 2010; Scoville et al. 2014), but
high-redshift galaxies also have a much clumpier gas distribution (Stott et al. 2016). Even
though an abundance of gas could more easily be funneled into the central SMBH during a
galaxy interaction, the high turbulence and velocity dispersion caused by areas with high gas
concentrations could limit the inflows of gas into the SMBH. Alternatively, hydrodynamic
instabilities in highly gaseous regions could trigger gas inflows without the need for a merg-
ing event. Using data from the CANDELS survey, Kocevski et al. (2012) show that ~ 50%
of X-ray-selected, moderate-luminosity (L, < 10*® erg s™!') AGN at z ~ 2 are more likely
to be triggered stochastically by secular processes and/or disk instabilities than a merger.

Morphological studies have produced mixed results in determining what portion of AGN
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populations appear to be caused by mergers, as Donley et al. (2018) show that IR-selected,
high-luminosity AGN at z ~ 2 are much more likely (~ 75% versus ~ 31%) to be classified
as merging compared to X-ray-selected AGN at the same redshift. Still, simulations and
observations support that AGN enhancement increases at lower redshifts and that galaxy
interaction is increasingly important in triggering SMBH activity as the universe evolves (Di

Matteo et al. 2008; Fensch et al. 2017; McAlpine et al. 2020).

Inconsistencies among results could also be due to the various methods studies use to
identify AGN. For the most part, AGN are detected with strong emission line flux ratios,
spectral classifications, X-ray luminosity thresholds, or IR broadband colors. Each of these
methods, however, identify different components of an AGN, such as the dusty torus, ac-
cretion disk, ratio lobes, emission line regions, or jets. AGN surveys done using strong
emission line flux ratios and spectral classification are unreliable at high redshifts due to
the small and faint nature of those galaxies. Selecting AGN based on X-ray emission is
somewhat reliable at high redshifts, as only an AGN will emit intense X-ray radiation in a
galaxy. However, the extreme column densities (Ng > 10?* cm™2) of Compton-thick AGN
are capable of absorbing hard X-ray photons (Comastri et al. 1995; Ueda et al. 2003; Gilli
et al. 2007; Akylas et al. 2012). Likewise, analyses of the diffuse X-ray background reveal
that Compton-thick obscuration hides upto half of all AGN (Comastri et al. 1995; Ueda et
al. 2003; Gilli et al. 2007; Akylas et al. 2012). In a study of host morphologies of heavily
obscured AGN at z ~ 1, Kocevski et al. (2015) suggest that Compton-thick AGN represent
a distinct phase in SMBH growth and galaxy evolution resulting from a merging/interacting
event. Identifying AGN based on re-emitted IR radiation from obscuring circumnuclear
dust is a potential bypass to this X-ray caveat (Lacy et al. 2004; Stern et al. 2005; Daddi
et al. 2007; Donley et al. 2007; Soifer et al. 2008); however, morphological studies of IR-
selected AGN have produced inconsistent findings on the disturbed nature of obscured AGN
versus unobscured AGN (Schawinski et al. 2012). Since regions of intense star formation
can also produce IR radiation, IR surveys tend to be skewed towards high luminosity AGN
(Draper & Ballantyne 2012; Treister et al. 2012). Consequently, it’s possible that different
AGN selection methods could produce biased AGN enhancement results based on whether

interacting AGN are more likely to be better detected by either IR or X-ray surveys.

Most previous methods of identifying AGN in interacting galaxies depend on the AGN

and merger being detectable simultaneously. However, some studies suggest that there is
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a delay between when a merging event triggers an AGN and when that AGN is detectable
(Storchi-Bergmann et al. 2001; Schawinski et al. 2009; Cisternas et al. 2011; Mendez et al.
2011). Models almost always predict that gas inflow rates and the corresponding AGN duty
cycle culminate during post-merger phases, where the stellar bulge appears undisturbed (Di
Matteo et al. 2005; Li et al. 2008; Johansson et al. 2009; Hopkins & Quataert 2010;
Hopkins 2011; Snyder et al. 2011; Hopkins et al. 2012; Ellison et al. 2013a). While mergers
can prompt gas inflows into a SMBH, the resulting accretion may not be intense enough to
produce detectable AGN signatures until later in the merging process. In this sense, it is
difficult not only to accurately survey disturbed AGN but also to determine the separation

between the merging galaxies where AGN triggering begins.

Another major disparity in works mentioned above has to do with the different methods
of classifying galaxy mergers. In general, mergers are identified based on either morpho-
logical signs of disturbances, such as tidal bridges, double nuclei, or tidal tails, or with
close projected companions. These methods are mutually exclusive, however, and, just as in
AGN identification, surveys probe different aspects and timescales of galaxy mergers based
on their selection methodology. While studying morphological disturbances and identifying
projected pairs are effective methods at surveying complementary properties of mergers,
both methods become much more challenging at high redshifts. Due to the low surface
brightness of high-redshift galaxies, it is difficult to distinguish reliably observable merging
signatures (Lotz et al. 2008; Younger et al. 2009; Puech et al. 2012; Snyder et al. 2013). For

similar reasons, the redshifts needed to determine projected pairs take on large uncertainties.

In finding galaxy companions, studies primarily use spectroscopic or photometric red-
shifts. While spectroscopic redshift surveys have little uncertainty in the near universe, they
become more sparse at higher redshifts. Spectroscopic redshifts can only be determined if
an unobscured galaxy exceeds a mass and flux threshold, and for studies of the most massive
merging galaxies (logio(M./Mg) > 11) at z > 1, spectroscopic surveys are often complete
(Bluck et al. 2009; Man et al. 2011). However, at higher redshifts, the amount of these
galaxies decreases to a point where there may not be a statistically significant amount of
merging galaxies detectable through spectroscopic surveys in the CANDELS fields (Ilbert
et al. 2013; Muzzin et al. 2013; Mortlock et al. 2014; Duncan et al. 2014). Addition-
ally, spectroscopic redshift surveys are more likely to miss galaxies either disturbed by a

merging event or obscured by an AGN, particularly at high redshifts. Consequently, using
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spectroscopic redshifts to identify close pairs in a study of AGN enhancement as a function
of projected separation may be problematic.

Despite the high uncertainties (best scatters range from 0.01 to 0.04; Molino et al. 2014),
photometric redshifts could provide a more complete analysis of merging galaxies at high
redshifts. Distinguishing true galaxy pairs from line-of-sight projected pairs is the greatest
limitation of photometric redshift surveys. Previous attempts to correct for this constraint,
such as using de-projected two-point correlation functions (Bell et al. 2006; Robaina et al.
2010), correcting for chance pairs by searching over random positions in the sky (Kartaltepe
et al. 2007), and integrating the mass or luminosity function around the target galaxy to
estimate the number of random companions (Le Févre et al. 2000; Bluck et al. 2009; Bundy
et al. 2009), have been unable to incorporate photometric redshift uncertainties into derived
properties, such as stellar mass or rest-frame magnitude. This absence could potentially
result in inconsistent mass or luminosity sample selections. Instead, using photometric red-
shift probability distribution functions (PDFs) and a probabilistic pair count methodology,
as outlined by Lopez-Sanjuan et al. (2015) and developed by Duncan et al. (2019), has been
shown to produce accurate merger fractions in high-redshift galaxies without spectroscopic
redshifts.

The structure of this paper is as follows. We describe the survey data and photometric
redshift PDFs used in Section 2. In Section 3, we discuss our pair and control galaxy sample
selection. We present our results in Section 4, and we elaborate on their implications for the
AGN-merger connection in section 5.1. In section 5.2, we describe some of the limitations
of our study and how they could be improved upon in future works. Section 6 summarizes

our findings.

2. DATA

Our parent sample of massive galaxies is drawn from HST/WFC3 F160W (H-band)
selected catalogs in four of the five CANDELS fields (Grogin et al. 2011; Koekemoer et
al. 2011). This includes the Great Observatories Origins Deep Survey (GOODS; Giavalisco
et al. 2004) north and south fields, the UKIDSS Ultra Deep Survey (UDS; Cirasuolo et
al. 2007; Lawrence et al. 2007), and the Extended Groth Strip (EGS, Davis et al. 2007).
Point-source depths vary among the CANDELS fields from H = 27 in the wide fields to
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H = 27.7 in the deep fields (see Grogin et al. 2011). Multiwavelength photometry (U-
band to 8 m) was measured in each field using the TFIT routine (Laidler et al. 2006) as
described in detail in Guo et al. (2013), Galametz et al. (2013), Stefanon et al. (2017),
and Barro et al. (2017) for the GOODS-S, UDS, EGS, and GOODS-N fields, respectively.
Photometric redshifts were computed in each field using the method described in Dahlen
et al. (2013) and resulted in typical errors of Az(1 + z) = 3% at z > 1.5. Stellar masses
were computed as described in Mobasher et al. (2015) and Santini et al. (2015). Rest-
frame photometry was derived by fitting templates to the observed-frame spectral energy
distributions (SEDs) using the EAZY code (Brammer et al. 2008), as described in Kocevski
et al. (2017). Visual extinction values, Ay, were derived using FAST (Kriek et al. 2009)
assuming a Chabrier (2003) initial mass function, solar metallicity, exponentially declining
star formation histories, and the Calzetti et al. (2000) dust extinction law (see Wuyts et
al. 2011 for additional details). Galaxy morphologies and sizes were measured from the
HST/WFC3 H-band images using GALFIT (Peng et al. 2002) as described in van der Wel
et al. (2014). This includes Sérsic indicies and effective (half-light) radii.

X-ray detections in all fields except the UDS come from publicly available Chandra point-
source catalogs. In GOODS-south and north, we make use of the 4 Ms and 2 Ms point-source
catalogs of Xue et al. (2011) and Xue et al. (2016), respectively, while for EGS, we use the
800 ks source catalog presented in Nandra et al. (2015). In UDS, we use a source catalog
from the X-UDS survey (PI. G. Hasinger; Kocevski et al. 2017). These observations consist
of 25 Chandra/ACIS-I pointings mosaiced to achieve ~ 600 ks depth in the area of UDS
imaged by CANDELS.

To identify merging galaxies that host AGN, optical counterparts to X-ray sources in each
field except the UDS were taken from the literature. In GOODS-N and GOODS-S, we adopt
the H-band counterparts provided in Xue et al. (2016) and Hsu et al. (2014), while in EGS
we use the counterparts identified in Nandra et al. (2015). In the UDS, we matched the
X-UDS source catalog to the CANDELS H-band catalog of Galametz et al. (2013) using
the maximum likelihood technique described in Sutherland & Saunders (1992) and more
recently implemented by Civano et al. (2012). In short, the method gauges the likelihood
that a H-band source is matched to an X-ray source by comparing the probability of finding
a genuine counterpart with the positional offset and magnitude of the optical candidate

relative to that of finding a similar object by chance. Likelihood ratios were calculated for
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all galaxies within 5" of an X-ray source, taking into account the positional uncertainty
of the X-ray centroid and the magnitude of the possible counterpart galaxy. A likelihood
threshold is set that maximizes both the completeness and reliability of the crossmatches
(see Civano et al. 2012 for details), and optical matches with likelihood ratios above this
threshold are deemed secure.

In each field, X-ray luminosities in the soft (0.5-2 keV), hard (2-8 keV) and full (0.5-8
keV) bands are then computed from the observed fluxes in each band using the best available
CANDELS redshift (which are a combination of ground-based spectroscopic and photometric

redshifts) and K-corrected assuming a power-law spectrum with a spectral slope of I' = 1.4.

042 1

Sources with X-ray luminosities in excess of 10** erg s™" in any band are then flagged as
AGN since the X-ray emission from high-mass X-ray binaries in star-forming galaxies rarely
exceeds this luminosity (Alexander et al. 2005).

The photometric redshift probability distribution functions (PDFs) used in this analysis
are a combination of six PDFs determined independently within the CANDELS collabora-
tion. All PDFs were determined using code that fits a set of SED templates to a galaxy
based on possible redshift, from which they calculate x*. The codes used were EAZY (used
by two groups; Brammer et al. 2008), zphot (Giallongo et al. 1998; Fontana et al. 2000),
HyperZ (Bolzonella et al. 2000), LePhare (Arnouts & Ilbert 2011), and WikZ (Wiklind et
al. 2008). Using a Q-Q plot, Kodra (2019) determined the optimal shift and exponentia-
tion parameters of each PDF, and they combined them using a Hierarchical Bayesian (HB)
methodology analogous to that in Dahlen et al. (2013). They also combined them using

the minimum Fréchet Distance, but their HB result yielded the smallest average normalized

median absolute deviation (0.022) and average outlier rate (4.6%).

3. SAMPLE SELECTION

In order to account for all potential merging /interacting galaxies, we use a neighbor excess
methodology. Numerical simulations suggest that most galaxies will eventually merge if
their dark matter halos are within a certain separation distance (Kitzbichler & While 2008);
though, that specific distance is often debated. While Duncan et al. (2019), who also utilize
photometric redshift PDFs, define the merging projected separation on the plane of the sky,

d, as d < 20 to 50 kpc, most surveys consider the maximum interacting separation to be
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d < 80 to 100 kpc (Patton et al. 2011; Scudder et al. 2012; Ellison et al. 2013b). Likewise,
we consider a galaxy pair with d < 80 kpc to be merging /interacting.

In this study, we first identify projected galaxy pairs through an angular separation anal-
ysis. We make cuts to our sample based on galaxy and merger properties, such as redshift,
stellar mass, and stellar mass ratio. Then, using the photometric PDFs and the pair proba-
bility function, we determine the probability a galaxy is merging with another galaxy at the
same redshift, and we assign that probability as a weight in our AGN enhancement analysis.
As shown in Lopez-Sanjuan et al. (2015), the use of photometric redshift PDFs to identify
true physical galaxy pairs is an effective way to account for redshift and relative velocity
difference uncertainties as well as line-of-sight projected pairs, which would otherwise need
to be subtracted from pair counts using complex statistical techniques, such as with a Monte

Carlo simulation.

3.1 Sample Cleaning

Before making initial galaxy selections within the photometric catalog, we must first
clean the data for unreliable galaxy entries, such as those with a high likelihood of being a
star or image artefact. To account for stellar objects, we exclude all sources with a stellar
class greater than 0.9. In order to account for erroneous SED fits caused by photometries
contaminated by image artefacts, such as diffraction spikes or edge effects, we only select
galaxies without flags in the photometry flag map (see e.g. Guo et al. 2013; Galametz et al.
2013). Finally, to make sure we select galaxies with workable data, we exclude sources with
photometric redshift PDFs that either don’t resemble a Gaussian distribution (e.g. more

than one peak or no distinct peak) or have a 1o > 0.30 around the peak redshift estimate.

3.2 Selection Criteria

Aside from the aforementioned cleaning cuts, we use the following criteria to generate a

preliminary sample of galaxy pairs that are either interacting or have interacted in the past:

1. Redshift: The best redshift estimate, whether photometric or spectroscopic, must be
between 0.5 and 3.0.

2. Mass Limit: The stellar mass of each galaxy must be greater than 10° M.
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3. Stellar Mass Ratio: The stellar mass ratio of merging galaxies must be greater than
1:10. Typically, a ratio greater than 1:4 denotes a major merger and a ratio greater

than 1:10 but less than 1:4 denotes a minor merger.

4. Projected Separation: The projected separation between pairs must be less than 80

kpc.

Using the coordinates and best redshift estimate of each galaxy, we create an initial sample
of projected galaxy pairs based on a minimum and maximum angular separation. With a

given redshift and cosmology, the angular separation between two galaxies, 0(z), is

) = -5 0

where d is the projected distance and d4(z) is the angular diameter distance. For each
galaxy, this metric tells us which objects on the plane of the sky would be within the 80
kpc projected separation distance if they were at the same redshift. For convenience, we
consider the galaxy whose best redshift estimate is used in the angular separation distance
calculation as the ‘prime’ galaxy and all others that fall within its separation limits as
‘partner’ galaxies. Since many galaxies have high uncertainties associated with their best
redshift estimates and the angular separation cut depends on the redshift of only the prime
galaxy, we consistently define the prime galaxy in a pair as the more massive galaxy. This
way we avoid the possibility of the same pair being sorted into multiple projected separation
bins, one calculated based on the best redshift estimate of the more massive galaxy and one
on that of the less massive galaxy. While there are some pairs missed using this methodology
(e.g. the partner galaxy does not fall within the maximum angular separation of the prime
galaxy but the prime galaxy does fall into the maximum angular separation of the partner),
these count for an insignificant percentage of the total sample, especially at the larger

projected separation bins.

3.3 The Pair Probability Function

For a given projected pair of galaxies, the combined redshift probability function, Z(z),

is defined as
o 2XP1(Z)XP2(2)
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where P;(z) and P,(z) are the photometric redshift PDFs of the prime and partner galaxies
respectively. Likewise, the probability the two galaxies in question are a true physical pair,
w, is given by

w = /OOO Z(z)dz. (3)

Once we have a preliminary catalog of projected pairs, we find the pair weight, w, associated
with each pair and assign that value to both the prime and partner galaxies as the probability
that that galaxy has a true physical pair. For example, Figure 1 shows three separate
applications of the pair probability function within the GOODS South field of the CANDELS
survey. While each pair satisfies the base selection criteria and angular separation limits,
they have varying pair probabilities. Additionally, the advantage of this methodology is
that it is capable of working with photometric redshifts with high uncertainties, which are

incorporated into this pair probability statistic.

3.4 Counting Fractional Pairs

At this point, the galaxy pairs, along with their pair weights, are sorted into eight bins of
different projected separation distances ranging from 0 to 80 kpc. We account for duplicates
in the event that the same galaxy has more than one pair in a single bin. In contrast to
Duncan et al (2019), who focus on pair fractions, we focus on AGN fractions, which requires
only the identification of individual galaxies that have experienced an interaction. In other
words, the properties of the partner galaxy in an AGN enhancement analysis is unimportant
in the study beyond the aforementioned criteria.

There are significantly less interacting galaxies with d < 10 kpc, as the ability to dis-
tinguish two galaxies at such a small separation and high redshift is difficult due to the
limitations of SED fitting. Nonetheless, our methodology accurately identifies mergers at
projected separations down to 5 kpc. Below separations of 5 kpc, selected galaxy pairs re-
quire visual confirmation, as pairs at smaller projected separations are more likely to exhibit
visual interaction signatures and less likely to be line-of-sight projections (Shah et al. 2020).
However, visual identification, as previously mentioned, is not a comprehensive method of
merger identification at high redshift because it strongly depends on properties of the merg-
ing galaxies such as gas fractions, morphological types, and orbital parameters. While we

are limited by our ability to thoroughly identify mergers at small projected separations, we
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FIG. 1. Example photometric redshift PDFs and integrated pair probability functions, Z(z), for
projected galaxy pairs within GDS. In each panel, the black line corresponds to the PDF of the
prime galaxy and the red line corresponds to that of a projected partner galaxy. The blue line
represents the cumulative integral of Z(z) for the pair. The cutouts show the Higo image of the
pair centered on the prime galaxy. Just as before, the black circle surrounds the primary galaxy

while the red circle surrounds the projected partner galaxy.

are still able to collect a sample of 365 galaxies with d < 10 kpc bin, 17 of which have a pair
probability greater than 0.1.
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Since every projected pair has a nonzero pair probability, we do not apply a probability
threshold for merging galaxies in our sample. Instead, we are interested in fractional galaxies
with a true physical pair. In this sense, a group of galaxies with pair probabilities 0.21, 0.98,
0.01, 0.56, and 0.02 will have 1.78 true pairs. In the scenario a prime galaxy has more than
one companion in one bin, the prime galaxy receives the highest pair probability of all its
matches. In the following AGN enhancement analysis, these pair probabilities will be used

as weights in determining the total number of fractional AGN in a sample.

3.5 Control Samples

In order to best study the effects of interacting galaxies on AGN activity, we assemble a
control sample of mass- and redshift-matched isolated galaxies. As discussed before, AGN
activity has a strong correlation with mass and redshift; likewise, it is important that these
factors are matched in the control sample. Some studies of AGN enhancement as a function
of projected separation environmentally match their control sample with the parent sample
(e.g. Shah et al. 2020), but matching local galaxy densities for both interacting galaxies and
isolated galaxies is contradictory. By including environmentally matched control galaxies,
we would be accounting for the effects of nearby sources on our control sample. Recall
that we are most interested in studying SMBHs in interacting environments versus isolated
environments, so including an environment-matched control sample might yield artificially
inflated AGN enhancements. Consequently, for every interacting galaxy, we iteratively select
two galaxies of similar mass and redshift with no close projected companion within 80 kpc.
If there is not more than one isolated galaxy with redshift and mass within + 0.2 and +
log10(2) Mg respectively of the corresponding merging galaxy, then only one control galaxy is
selected. Additionally, we require that all control galaxies satisfy the initial criteria outlined
in the Sample Cleaning section, and we select control galaxies from the same field as the

analogous parent samples.

3.6 Analysis of AGN Activity

In each bin, we have assembled a list of potentially interacting galaxies, each with their

own probability of having a true companion. To examine the AGN enhancement of our
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sample versus the control sample, we calculate the weighted AGN fraction, Fagn, for each

bin using G
s X M N;
Weighted AGN Fraction = Fagy = 2; w]Z = , (4)
J
where MAGN  whether a galaxy hosts an AGN or not, is
AJAGN _ 1, if AGN 5)
0, if no AGN.

The pair probability, w, now acts as a weight in determining fractional AGNs in each galaxy.
Similar to how we calculated fractional galaxies with a true pair above, we are interested
in finding the total fractional AGN in our sample. Considering the average AGN weight is
0.19, our weighted AGN fractions are considerably less than those of similar studies.

To determine the weighted AGN fraction of the control sample, we first calculate the
unweighted AGN fraction of each control bin then multiply those values by the average
AGN weight of the entire parent sample (all bins included) for each corresponding field.
This way, selected control AGN are weighted consistently with their parent sample.

In each bin, we define the AGN enhancement as the ratio of the weighted AGN fraction

of interacting galaxies to that of the isolated control galaxies:

Weighted AGN Fractionp,is
Weighted AGN Fractioncentrols

AGN Enhancement = (6)

Assuming binomial statistics, we calculate the 1o error (Cameron 2011) for each bin of

interacting galaxies with

” o \/U_) X Fagn(1 — FAGN)7 (7)
n
where w is the average pair weight in each bin, and n is the size of the sample. For the
control sample, the 1o error is calculated the same way, except w is the average pair weight
for that field and Fygn corresponds to the control galaxy weighted AGN fractions.
With this methodology, we investigate AGN enhancement in merging/interacting galaxies

while varying initial selection criteria, such as redshift, mass limit, and stellar mass ratio.

4. RESULTS

Weighted AGN fraction as a function of projected separation for major mergers in EGS

and GDS is shown in Figure 2, and AGN enhancement as a function of projected separation
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for this scenario is shown in Figure 3. While there is significant AGN enhancement in pairs
separated by less than 10 kpc (3.63 £ 0.88), there is only very slight enhancement out to
30 kpe (1.08 + 0.21 in 10 < d < 20 kpc and 1.23 + 0.19 in 20 < d < 30 kpc). Of all
mergers in this survey, 70.7% are classified as major mergers. Likewise, when we include
minor mergers in this survey, we get a more complete picture of the role mergers play in

triggering AGN.
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FIG. 2. Weighted AGN fraction as a function of pair separation for galaxies undergoing a major
merger at 0.5 < z < 3.0 in GDS and EGS. Galaxies with a projected pair are indicated by blue
filled circles. Mass- and redshift-matched isolated galaxies are indicated by open red circles. The

error bars correspond to 1o binomial confidence intervals.

Weighted AGN fraction as a function of projected separation for all mergers in EGS and
GDS is shown in Figure 4, and detailed results are presented in Table 1 of Appendix I. AGN
enhancement as a function of projected separation in these galaxies is shown in Figure 5. In
these galaxies, there is a clear trend of increasing AGN enhancement at decreasing projected
separation beginning at 30 kpc. The 20 < d < 30, 10 < d < 20, and d < 10 kpc bins show
AGN enhancements of 1.30 £+ 0.17, 1.54 4+ 0.24, and 3.21 + 0.72 respectively. Galaxies
separated by more than 30 kpc have enhancements similar to isolated galaxies, and their
combined weighted AGN fraction is 0.76 + 0.03% where that for all isolated galaxies is
0.90 £+ 0.02%. A substantial amount of mergers in this survey are minor mergers, and these

must be responsible for increasing AGN enhancements in our whole sample.
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FIG. 3. The level of AGN enhancement as a function of pair separation for galaxies undergoing
a major merger at 0.5 < z < 3.0 in GDS and EGS. The error bars correspond to appropriate
propagation of 1 binomial confidence intervals. The dashed red line reflects an AGN enhancement
of 1, where the weighted AGN fractions for control galaxies would exactly equal that for isolated

galaxies.

Weighted AGN fraction as a function of projected separation for minor mergers in EGS
and GDS is shown in Figure 6, and AGN enhancement as a function of projected separation
for this scenario is shown in Figure 7. Minor mergers exhibit AGN enhancement out to
projected separations less than 40 kpc. Galaxies separated by 30 < d < 40, 20 < d < 30, and
10 < d < 20 kpc demonstrate increasing AGN enhancements of 1.26 + 0.25, 1.71 + 0.38,
and 2.78 + 0.66 respectively. However, AGN enhancement for minor mergers peaks at
10 < d < 20 kpc, and minor mergers with d < 10 kpc show AGN enhancement of only
2.08 £ 1.17. This could be due to the difficulty of distinguishing two galaxies of different
sizes and luminosities at such small separations. If we focus our study on just minor mergers,
we see not only generally higher AGN enhancements but also AGN enhancements at farther
projected pair separations.

Since our methodology allows us to resolve merging galaxies at high redshifts, we can
isolate redshift ranges in our initial sample selection criteria to examine how redshift affects
AGN enhancement. Since the median redshift in our full sample is 1.50, we sort our sample

into two redshift bins: 0.5 < z < 1.5 and 1.5 < z < 3.0. Weighted AGN fraction as a function
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FIG. 4. Weighted AGN fraction as a function of pair separation for all merging galaxies at 0.5 <
z < 3.0 in GDS and EGS. Galaxies with a projected pair are indicated by blue filled circles. Mass-
and redshift-matched isolated galaxies are indicated by open red circles. The error bars correspond

to 1o binomial confidence intervals.
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FIG. 5. The level of AGN enhancement as a function of pair separation for all merging galaxies at
0.5 < z < 3.0 in GDS and EGS. The error bars correspond to appropriate propagation of 1 binomial
confidence intervals. The dashed red line reflects an AGN enhancement of 1, where the weighted

AGN fractions for control galaxies would exactly equal that for isolated galaxies.
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FIG. 6. Weighted AGN fraction as a function of pair separation for galaxies undergoing a minor
merger at 0.5 < z < 3.0 in GDS and EGS. Galaxies with a projected pair are indicated by blue
filled circles. Mass- and redshift-matched isolated galaxies are indicated by open red circles. The

error bars correspond to 1o binomial confidence intervals.

of projected separation for all merging galaxies of redshift 0.5 < z < 1.5 in EGS and GDS
is shown in Figure 8, and AGN enhancement as a function of pair separation is shown in
Figure 9. Similarly to Figure 5 (figure of all mergers and all redshifts), this sample exhibits
increasing AGN enhancements at decreasing projected separations. Galaxies separated by
20 < d < 30, 10 < d < 20, and d < 10 kpc have AGN enhancements of 1.30 4+ 0.28,
1.42 + 0.33, and 2.38 + 0.71 respectively.

Weighted AGN fraction as a function of pair separation for all merging galaxies of redshift
1.5 < z < 3.0 in EGS and GDS is shown in Figure 10. Consequent AGN enhancement as
a function of projected separation is shown in Figure 11. In contrast to galaxies at lower
redshifts, galaxies of redshift 1.5 < z < 3.0 do not show any significant AGN enhancement at
any projected separation. Galaxies within this sample separated by 20 < d < 30, 10 < d <
20, and d < 10 kpc have AGN enhancements of 0.68 + 0.18, 0.89 + 0.28, and 0.95 £+ 0.40

respectively.

In summary, there is a clear trend of increasing AGN enhancement at decreasing pair
separations for our entire sample. Major mergers, minor mergers, and low-redshift galaxies

all follow this trend. High-redshift galaxies with a close companion, however, do not exhibit
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FIG. 7. The level of AGN enhancement as a function of pair separation for galaxies undergoing
a minor merger at 0.5 < z < 3.0 in GDS and EGS. The error bars correspond to appropriate
propagation of 1 binomial confidence intervals. The dashed red line reflects an AGN enhancement
of 1, where the weighted AGN fractions for control galaxies would exactly equal that for isolated

galaxies.

significant AGN enhancement.

5. DISCUSSION

Using a sample of all interacting galaxies of redshift 0.5 < z < 3.0, we find clear evidence
of AGN enhancement at low projected separations. In this section, we discuss the impli-
cations of our results in terms of the role mergers play in triggering AGN as well as how
galaxy properties alter that role. Additionally, we discuss some caveats and limitations that

could be improved upon by later works to increase the significance of our results.

5.1 The AGN-Merger Connection

Based on the results from Figure 5, we see distinct evidence that AGN enhancement
increases with decreasing projected separations beginning at 30 kpc. Our results show that

merging galaxies separated by more than 30 kpc show no significant AGN enhancement
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FIG. 9. The level of AGN enhancement as a function of pair separation for all merging galaxies
at 0.5 < z < 1.5 in GDS and EGS. The error bars correspond to appropriate propagation of 1
binomial confidence intervals. The dashed red line reflects an AGN enhancement of 1, where the

weighted AGN fractions for control galaxies would exactly equal that for isolated galaxies.
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FIG. 11. The level of AGN enhancement as a function of pair separation for all merging galaxies
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when compared to samples of isolated galaxies. The slightly exponential increase in AGN
enhancement suggests a couple of consequences merging galaxies have on growing SMBHs.
First, the fact that AGN are detected less frequently at projected separations 20 < d < 30
than at d < 10 implies that there might be a delay between when AGN are triggered
when they are detectable. Second, the sharp increase in AGN enhancement at the two
lowest separation bins suggests that SMBHs might grow faster as merging galaxies move
closer together. By extension, this implies that gas inflow rates into the central SMBH also

increases with decreasing pair separation.

We compare the results from Figure 5 to those of similar studies in Figure 12. Our results
are in agreement with those of Ellison et al. (2013a), who use optically identified AGN in
SDSS. They find a gradual increase in AGN enhancement for pairs of decreasing projected
separation beginning at 40 kpc in a sample of major mergers at 0.01 < z < 0.20. Somewhat
surprisingly, however, our results are in stark contrast to Shah et al. (2020), which finds
no enhancement of X-ray selected AGN for pairs at any projected separation in a sample
of major mergers at 0.5 < z < 3.0 in the COSMOS and CANDELS surveys. There are a
few important distinctions between our study and theirs that could explain the conflicting

results.

In comparison to the majority of studies that investigate the effects of galaxy inter-
actions on AGN enhancement, Shah et al. (2020) present a large sample of interacting
galaxies at high redshifts. While they find no significant AGN enhancement in galaxies
of either 0.5 < 2z < 1.0 or 1.0 < z < 3.0, their findings, in conjunction with much of
literature of this field, suggest that galaxy interactions are not primary triggers of AGN
activity in high-redshift galaxies (beginning at z ~ 0.5). While Figure 5 is in direct con-
trast to their findings on galaxies at 0.5 < z < 3.0, Figure 11 supports this high-redshift
narrative. Since higher-redshift galaxies have higher gas fractions, they might not require
outside catastrophic events, such as a merger, to trigger inflows into the SMBH. In highly
gaseous systems, hydrodynamic instabilities could result in gas clumping together, losing
angular momentum, and falling into the SMBH. Additionally, the clumpy gas distribution
of these galaxies might inhibit gas inflows in the event of a galaxy interaction. Inversely,
the lack of AGN enhancement observed at high redshifts could be the product of incomplete
merger or AGN surveys. Considering galaxies at high redshifts appear fainter and smaller

compared to those in the nearby universe, accurately identifying their mergers or AGN is
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FIG. 12. Modified from Shah et al. (2020), a comparison of our results to similar studies of AGN
enhancement as a function of projected separation. Results of Figure 5 (purple squares) plotted
with those of Ellison et al. (2013a), who use optical AGN and spectroscopic major mergers in
SDSS (black diamonds), McAlpine et al. (2020), who use AGN of Ly > 102 erg s=! and major
mergers at 0.05 < z < 0.10 in the EAGLE cosmological simulation (golden asterisks), and Shah et
al. (2020), who use X-Ray AGN and spectroscopic major mergers at 0.5 < z < 3.0 in COSMOS

and CANDELS (blue circles). The gray region corresponds to post-merger systems.

especially challenging. Moreover, observational studies suggest that high-redshift AGN are
highly obscured, which further complicates any attempt to observe them. Still, our method
of using photometric redshift PDFs and a probabilistic pair count methodology uniquely
positions our study to account for some of the uncertainties associated with properties of
galaxies at high redshifts. This is especially relevant when compared to Shah et al. (2020),
which uses only spectroscopic redshifts in their analysis. The fact that our median redshift
is substantially higher than theirs (~ 1.5 vs ~ 1.0) is proof that our study better surveys
galaxies at high-redshifts.

In order to survey a variety of galaxies at this stage in our research, we elected to include
EGS, a relatively wide field, and GDS, a relatively deep field. This means that the X-ray
data, and the AGN survey by extension, is more complete at higher redshifts in GDS than
it is in EGS. AGN enhancement as a function of pair separation for all merging galaxies at

1.5 < 2 < 3.0 in GDS is shown in Figure 13. Beginning at 20 kpc, there is a slight increase
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in AGN enhancement as pair separation decreases. The AGN enhancements for galaxies
separated by 10 < d < 20 and d < 10 kpc are 1.50 £+ 0.61 and 1.78 4+ 1.15 respectively.
While the errors are substantial, these results indicate that more accurate data could reveal

that AGN activity is indeed enhanced by galaxy interactions at high redshifts.
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FIG. 13. The level of AGN enhancement as a function of pair separation for all merging galaxies
at 1.5 < z < 3.0 in GDS. The error bars correspond to appropriate propagation of 1 binomial
confidence intervals. The dashed red line reflects an AGN enhancement of 1, where the weighted

AGN fractions for control galaxies would exactly equal that for isolated galaxies.

Aside from different levels of survey completeness between studies, the discrepancy in
enhancements could be due to merger mass ratio selections. Shah et al. (2020) includes only
major mergers while our study incorporates both major and minor mergers. As previously
referenced, in a survey of interacting galaxies in the nearby universe (0.01 < z < 0.20),
Ellison et al. (2011) find that AGN enhancement is only mildly correlated with merger
mass ratios such that the highest enhancements exist within the sample of major mergers.
Conversely, our findings, Figure 7 in particular, indicate that minor mergers play a more
important role in triggering AGN than many studies previously suggest. Some simulations
show that AGN enhancement actually peaks in minor mergers. Our study is one of the first
to thoroughly examine high-redshift minor mergers in the context of AGN enhancement,
and, in the future, we hope to investigate further how the impact of minor mergers on AGN

activity changes with redshift. Still, our findings in conjunction with the fact that minor
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mergers make up the majority of merging galaxies imply that Shah et al. (2020) should
see some AGN enhancement if they include minor mergers in their sample. However, as
spectroscopic redshifts are more widely available for more massive galaxies, proper inclusion
of minor mergers with satellite galaxies in their methodology may be insufficient. Even in our
analysis, most minor mergers are missed due their relative faintness and consequently high
photometric redshift uncertainty. This is why only ~ 30% of all included mergers are minor
mergers despite their known majority. Considering they observe some AGN enhancement in
merging /post-merger systems, it is likely that including true minor mergers at 0.5 < z < 3.0
could reveal a trend of increasing AGN enhancement at decreasing separations climaxing

during post-merger phases.

Moreover, our control sample selection varies considerably from that of Shah et al. (2020).
Where we assemble a mass- and redshift- matched control sample with no projected pair
within 80 kpc, Shah et al. (2020) Assemble a mass-, redshift- (spectroscopic only), and
environment-matched control sample with no projected pair within a Az corresponding to
a relative velocity less than 5000 km s=! out to 150 kpc. The first issue with their control
sample has to do with redshift selection. Since their analysis relies only on galaxies with
spectroscopic redshifts, they are limited in their isolated galaxy selection. In other words,
in order to know whether a projected pair has a relative velocity greater than 5000 km s,
they need a redshift estimate with low uncertainty for each galaxy in that projected pair.
Likewise, it is possible that many isolated galaxies in their control sample may actually have
partner satellite galaxies that they cannot properly resolve. A control sample of spectroscopic
galaxies may also be biased towards more massive and luminous galaxies, which are more
likely to host an AGN. Their second issue has to do with controlling overdensities. By
environmentally matching control galaxies to pair galaxies, they may actually be matching
conditions they should be isolating. Comparing AGN activity in merging galaxies to that in
isolated galaxies directly involves comparing two entirely different environments, one that is
merging and one that is not. This discrepancy could result in a bias in their control sample

towards overdense environments.
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5.2 Caveat and Future Work

While our results have clear implications, it is worth noting some limitations of our
method as well as how our study could be improved upon as a whole. One caveat relates to
our ability to account for systems of more than two interacting galaxies at similar projected
separations. As previously mentioned, if a prime galaxy has more than one partner galaxy
at roughly the same projected separation (falls within the same projected separation bin),
then that galaxy will receive the highest pair probability of all its partners. In other words,
we have not yet devised a method to appropriately incorporate multiple pair probabilities
for one galaxy. Additionally, the same prime galaxy may be sorted into multiple projected
separation bins based on how far away it is to its partner galaxies. Those prime galaxies
will receive different pair probabilities. As a result, it is possible, for example, that an AGN
would be weighted as 0.90 (pair probability) by a pair 67 kpc away and as 0.09 by a pair
12 kpc away; the same AGN would be weighted differently in different projected separation
bins. While using pair probabilities as AGN weights accounts for most line-of-sight projected
pairs, our study does not distinguish or isolate which partner galaxy in a merging system is

most responsible for triggering an AGN.

Another limitation of our study has to do with data completeness. While a major strength
of our methodology is its ability to incorporate large samples of merging galaxies with
photometric redshifts, we are still limited by our ability to resolve particularly small, faint,
or obscured galaxies. Within the limitations of our available data and modern detection
techniques, there are a couple of additional steps we could take to improve the significance
of our results. First, we could simply include the other fields of the CANDELS survey (GDN,
UDS, and COSMOS). Although these fields cover varying levels of optical and X-ray depth,
incorporating them would increase our merger and AGN sample size, which would improve
the statistical significance of our findings. Second, we could add AGN detected using IR
broadband colors into our study, as highly obscured galaxies can potentially block X-ray
emission from an AGN. We would have to do this carefully, however, as IR surveys of AGN

could be biased towards galaxies with intense star forming regions.

Finally, new observing facilities should hopefully give us more complete data at higher
redshifts, particularly in the redshift range we are focused on. Some of these facilities that

are set to open this decade include the James Webb Space Telescope (JWST), the Vera
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Rubin Observatory, Euclid, and the Nancy Grace Roman Space Telescope. Surveys taken
by these facilities would improve identification of both mergers, in clearer morphological
signs of disturbances, and AGN, in deeper X-ray and IR data. This would also give us an
opportunity to properly identify both merging galaxies with d < 5 kpc and post-merger

systems, which requires sufficient visual classification.

6. SUMMARY

We used photometric redshift probability distribution functions and a probabilistic pair
count methodology to identify a large sample of merging galaxies at 0.5 < z < 3.0 in EGS
and GDS. Using pair statistics, we then counted fractional AGN in order to determine
weighted AGN fractions for pairs at different projected separations while accounting for
the uncertainties in photometric redshift estimates. We constructed a stellar mass- and
redshift-matched control sample of isolated galaxies with no partner within 80 kpc. We
assigned each control galaxy the average pair probability of their respective fields, and we
used their weighted AGN fraction to calculate AGN enhancement, which we define as the
ratio of the weighted AGN fraction for merging galaxies to that of isolated galaxies. We
also investigate the effects of selecting samples of different merger mass ratios and redshifts.

Based on our determined AGN enhancements, we find:

1. Galaxy interactions can trigger AGN. In our broadest sample, we find slight
AGN enhancement for galaxies with a pair within 10 to 30 kpc (1.30 4+ 0.17 with
20 < d < 30 kpc and 1.54 £ 0.24 with 10 < d < 20) and significant enhancement
for galaxies that have a pair within 10 kpc (3.21 £ 0.72). The gradual increase in
enhancement at decreasing projected separations suggests that either there is a delay
between when a merger triggers an AGN and when that AGN is detectable or the rate

of SMBH growth increases as merging galaxies move closer together.

2. Minor mergers play a crucial role in triggering AGN at high redshifts.
We find AGN enhancement in galaxies undergoing a minor merger out to 40 kpc.
Enhancement peaks at 2.78 + 0.66 for galaxies separated by 10 < d < 20 kpc. We
attribute the decrease of enhancement in merging galaxies separated by d < 10 kpc to

difficulties associated with distinguishing two galaxies of substantially different mass
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and luminosity at such small separations.

3. AGN enhancement decreases with increasing redshift. While our sample of
merging galaxies at 0.5 < z < 1.5 exhibit increasing AGN enhancements at decreasing
pair separations peaking at 2.38 4+ 0.71 with d < 10 kpc, the sample at 1.5 < z < 3.0
shows no evidence of enhancement whatsoever. This result suggests that the properties
of high-redshift galaxies, such as high gas fractions and clumpy gas distributions, either
inhibit gas inflows or promote AGN triggered by secular processes. This outcome
could also be the product of incomplete X-ray surveys within this redshift range, as
the sample from just GDS, which has deeper X-ray data than EGS, reveals potential

enhancement at low separations albeit with relatively high errors.
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