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Abstract

The morphology of a galaxy reflects the mix of physical processes occurring within and around it, offering indirect
clues to its formation and evolution. We apply both visual classification and computer vision to test the suspected
connection between galaxy mergers and active galactic nucleus (AGN) activity, as evidenced by a close/merging
galaxy pair, or tidal features surrounding an apparently singular system. We use JADES JWST/NIRCam imagery
of a complete, multiwavelength AGN sample recently expanded with JWST/Mid-Infrared Instrument (MIRI)
photometry. This 0.9-25 um data set enables constraints on the host-galaxy morphologies of a broad range of
AGN beyond z~ 1, including heavily obscured examples missing from previous studies. Our primary AGN
sample consists of 243 lightly to highly obscured X-ray-selected AGN and 138 presumed Compton-thick, mid-
infrared-bright/X-ray-faint AGN revealed by MIRI. Utilizing the shape asymmetry morphology indicator, Ag, as
the metric for disturbance, we find that 88% of the Seyferts sampled are strongly spatially disturbed (As > 0.2). The
experimental design we employ reveals a =30 obscuration—merger (Ny—Ag) correlation at 0.6 < z < 2.4, and also
recovers a physical distinction between the X-ray- and mid-IR-detected AGN suggestive of their link to a common
evolutionary scenario. Placing the observed pattern of disturbances in the context of the other average host-galaxy
properties, we conclude that mergers are common among obscured AGN. This finding presents tension with the
leading model on AGN fueling that requires Seyfert AGN with subquasar luminosities (Lo < 10% erg s_l) to
evolve only through nonmerger mechanisms.

Unified Astronomy Thesaurus concepts: AGN host galaxies (2017)

1. Introduction with their central supermassive black holes (SMBHs) in quasars
(Lol = 10% erg s_l), given their extreme luminosities and
relative ease of detection in comparison to Seyfert AGN with
lower luminosities and stronger relative contamination from their
host galaxies (see, e.g., P. F. Hopkins et al. 2006b and references
therein). As a result, the historical record of quasar observations
helped pave the way to the discovery of numerous galaxy
scaling relations, most famously the empirical M—og;, Telation
showing the tight correlation between BH mass and host-galaxy
velocity dispersion, clearly demonstrating a link between the
origin of galaxies and SMBHs (see, e.g., G. Kauffmann &
M. Haehnelt 2000; T. Di Matteo et al. 2005). There is also the
persistent coincidence of intensive star formation with embedded

In the hierarchical framework for large-scale structure
formation in the Universe, a “cosmic cycle” for galaxy formation
and evolution is expected as a direct result of regularly occurring
galaxy mergers (P. F. Hopkins et al. 2006a). In this picture, two
gas-rich disk galaxies of similar masses merge to violently drive
a nuclear inflow of gas toward the center of the system that
triggers both starbursts and active galactic nuclei (AGN), and
therefore the simultaneous growth of black holes (BHs) and
stellar bulges in the centers of galaxies. There is significant
observational support of this modeled coevolution of galaxies

Original content from this work may be used under the terms . .. . . .
of the Creative Commons Attribution 4.0 licence. Any further active nuclei m_ UItralumlnous infrared galaxies (ULIRG)
distribution of this work must maintain attribution to the author(s) and the title commonly associated with mergers (D. B. Sanders & 1. F.
of the work, journal citation and DOI. Mirabel 1996; S. Jogee 2006).
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It is predicted that the quasar luminosity can only be
triggered when the galaxies involved in gas-rich, major mergers
have a dark matter halo mass above a critical value, lying
between 10'% and 10"* M, (and corresponding black hole mass
Mgy > 10" M.; R. C. Hickox et al. 2009). Their subsequent
evolution is then expected to proceed as follows: the active
nucleus is initially obscured at optical and soft X-ray
wavelengths by a thick cocoon of gas and dust, for the
majority of the merger lifetime, where the obscuring material
can be confined to the nuclear region of the galaxy, as well as
distributed to galaxy-wide scales by the triggering merger event
(R. C. Hickox & D. M. Alexander 2018). This describes the
early obscured, Type II phase of a quasar that ends when the
nuclear radiation grows powerful enough to eject the obscuring
material, revealing the relatively brief, luminous, unobscured
Type I quasar phase. At this point, when the AGN can no
longer be sustained, it is predicted that a merger remnant
emerges in the form of a normal, passively evolving galaxy
with a central stellar bulge and SMBH, typically in the form of
a spheroid. As such, conventional wisdom has held that
Seyferts, which do not require the violence of a major gas-rich
merger to fuel their lower luminosities, and which typically
present with a disk morphology, must be passively and
stochastically fueled, explicitly by nonmerger mechanisms
(J. Kormendy & R. C. Kennicutt 2004; P. F. Hopkins et al.
2006a, 2014).

However, the observational evidence to distinguish between
these two scenarios for SMBH growth—either confined to the
quasar regime in short and dramatic episodes (R. Gilli et al.
2007; P. F. Hopkins et al. 2008; R. C. Hickox & D. M. Alexa-
nder 2018), or secular and stochastic evolution (J. Kormendy &
R. C. Kennicutt 2004; P. F. Hopkins et al. 2006a, 2014)—is
ambiguous (E. Treister et al. 2012; Z. Ji et al. 2022), and the
issue of their relative roles remains unresolved (see, e.g.,
E. A. Shah et al. 2020; H. M. Hernandez-Toledo et al. 2023;
J. C. S. Pierce et al. 2023; C. Villforth 2023). A further
observational complexity is that Type I quasar host galaxies
tend to lie on the main sequence (e.g., L. Xu et al. 2015;
Z. Zhang et al. 2016) rather than emerging from ULIRGs or
lying in post-starburst, passively evolving galaxies, as might be
expected from theoretical predictions. Finally, it is not clear if
this popular model for quasar evolution and its exclusion of
AGN at lower luminosities and BH masses (P. F. Hopkins et al.
2014) is born out in the growing body of observational
evidence (J. L. Donley et al. 2012; E. Treister et al. 2012;
D. D. Kocevski et al. 2015).

Clues to the formation and evolution of AGN should lie in
their host-galaxy morphologies; there have been many
programs to image the host galaxies of nearby and moderate-
redshift AGN and quasars (e.g., G. Kauffmann et al. 2003;
M. Cisternas et al. 2011; M. Kim et al. 2017). Although there
are disagreements in the assignment of disturbances in
individual cases, in general there is broad consistency among
the studies that roughly 20%—-30% of the hosts of nearby AGN
appear disturbed, as illustrated in the comprehensive source-by-
source summary by M. Kim et al. (2017); see Section 4.1. This
agreement holds when different techniques are used, providing
credibility to the assignments.

The great majority of the available studies have focused
largely on Type I unobscured or lightly obscured AGN.
However, the discovery of substantial numbers of Type I AGN
in the Sloan Digital Sky Survey (N. L. Zakamska et al. 2004)
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has enabled similar observations of their host galaxies. For
example, J. J. Urbano-Mayorgas et al. (2019) report that, in a
sample of 41 Type II quasars, 34fg% of the host galaxies are
highly disturbed; they summarize the existing work as showing
that 44%—-62% of Type II hosts are disturbed. N. L. Zakamska
et al. (2019) present Hubble Space Telescope (HST) images of
10 extremely dust-reddened (“red”) quasars (ERQs)!” and 6
Type I AGN, finding, respectively, that 2/10 and 2/6 of the
hosts are disturbed. E. Glikman et al. (2024) and references
therein report on a spectroscopically confirmed sample of ~130
Type I, moderately obscured red quasars detected between
0.1 <z<3 (E. Glikman et al. 2004, 2007, 2012, 2013;
T. Urrutia et al. 2009) that largely appear in mergers (>80%)
in HST imagery (T. Urrutia et al. 2008; E. Glikman et al.
2015), and likely represent a transitional phase in the merger-
driven process coinciding with the start of the “blow-out”
phase. That is, it appears that these obscured AGN also show a
significant fraction of disturbed hosts, as classified by the
available methods. However, even the Type II samples
discussed above do not include the most heavily obscured,
Compton-thick (Nyg > 10**cm™?) AGN. A comprehensive
study of the relation of host morphology to AGN obscuration
needs to draw on the full range of AGN identification methods
(e.g., J. Lyu et al. 2022), including those centered in the
infrared that can detect AGN that are so obscured that their
traces are hidden in other wavelength ranges (e.g., J. Lyu et al.
2024).

The high-sensitivity, high-resolution capabilities of NIRCam
open multiple possibilities to study AGN host-galaxy morph-
ology at Cosmic Noon; this will enable many studies of host-
galaxy behavior and provides the motivation for this paper. We
also build on the thoroughness of the AGN identification in the
GOODS-South (GOODS-S) field (J. Lyu et al. 2022), including
the identification of a large sample of previously unknown
obscured AGN out to high redshift with the JWST Mid-
Infrared Instrument (MIRI; J. Lyu et al. 2024). Together, these
advances allow for the study of the connection between large-
scale morphological disturbances in an active galaxy and
evidence of obscuration by dust and/or gas surrounding its
AGN. Here (Paper I), we present the details of our analysis of
the JWST observations. In Paper II, we will supplement Paper I
with additional data sets and analysis to support an evolu-
tionary scenario for massive Seyfert galaxies implied by the
results of the initial study.

Our discussion will develop as follows. Section 2 provides
an overview of the new data we have used, specifically JWST/
NIRCam images (M. J. Rieke et al. 2023) of the X-ray-selected
subset of AGN from the pre-JWST multiwavelength sample
contained (J. Lyu et al. 2022), as well as a new sample selected
with JWST/MIRI. We also summarize the AGN identification
methods relevant to our study. Section 3 describes the
methodology of our analysis. Section 4 describes the design
of our study, and Section 5 presents the results, which are
discussed in Section 6. In Section 7, we summarize and
conclude the paper.

The galaxy parameter values quoted in this paper are drawn
directly from the spectral energy distribution (SED) analyses of

7 N. L. Zakamska et al. (2019) suggest that the relatively low number of
disturbed hosts detected among the ERQs of their study may be due to the
undetectability of faint merger signatures in the HST imagery utilized, e.g., if
these systems are late-stage merger remnants and/or lie in very dusty host
galaxies.
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J. Lyu et al. (2022, 2024), which adopt a slightly different
cosmology: J. Lyu et al. (2022) assumes 2, =0.27 and
Hy=71km s*IMpC*I, while J. Lyu et al. (2024) assumes
Q,,=0.287 and Hy=69.3kms ' Mpc '. This minor differ-
ence is insignificant with regard to our conclusions.

2. Samples and Data

This study is enabled by previous work to identify AGN in
the GOODS-S region using ultradeep Chandra and Spitzer
imaging, now complemented by both the mid-IR identification
of obscured AGN in the same field with JWST/MIR], plus the
ability to examine the host galaxies uniformly using JWST/
NIRCam.

2.1. Primary AGN Sample

Our primary AGN sample consists of a subset of the X-ray-
identified (0.5-7 keV band) sources contained in the compre-
hensive census of GOODS-S/HUDF AGN analyzed in J. Lyu
et al. (2022), which also contains AGN detected at optical,
infrared, and/or radio wavelengths over an area spanning
~170 arcmin”, as well as the the X-ray-identified subset
identified in GOODS-N using the identical methodology
(J. Lyu et al. 2024, in preparation). We also incorporate a
new sample of JWST/MIRI-detected AGN revealed by the
Systematic Mid-infrared Instrument Legacy Extragalactic
Survey (SMILES; S. Alberts et al. 2024; G. Rieke et al.
2024), a JWST Cycle 1 GTO program (PI: G. Rieke) that has
targeted the central 35 arcmin® region of GOODS-S with eight
MIRI filters from 5.6 to 25.5 ym (J. Lyu et al. 2024). Both
Type I and II AGN are included in these samples, detected out
to z~ 6 via spectroscopic and/or photometric measurements,
and are presented with a full set of SED-derived physical
parameters.

In our analysis, we include the sources lying at 0.1 <z <5,
but focus mainly on those restricted to 0.6 < z < 2.4 that are
matched on numerous galaxy properties and therefore enable
valid comparisons.

2.1.1. Chandra (0.5-7 keV) X-Ray AGN Subsample

The X-ray AGN subset of the primary sample was defined as
all sources in the catalog of J. Lyu et al. (2022) and J. Lyu et al.
(2024, in preparation) for which the ratio of the 0.5-7keV
X-ray luminosity to the 3 GHz radio 1uminosity exceeds the
phys1ca1 threshold for stellar processes in a galaxy (Lx int
[erg s~ ]/L3 GHz | [WHz '] >8 x 10'%; J. Lyu et al. 2022), and
is therefore confidently attributed to AGN emission (S. Alberts
et al. 2020). In fact, J. Lyu et al. (2022) discovered that the
selection of AGN using the X-ray-to-radio luminosity ratio was
the most comprehensive of the multiwavelength selection
methods they considered, until the recent multiband JWST/
MIRI measurements became available. We also restrict our
sample to those X-ray-bright'® AGN with an available SED-
derived Ny measurement from B. Luo et al. (2017) or T. Liu
et al. (2017). The vast majority of the resulting sample are

'® Where we refer to AGN in our sample as “X-ray-bright” or “X-ray-
detected,” we imply a source both detected in X-rays and confirmed to be an
AGN using the criterion of a measurable and unmistakable contribution from
AGN emission processes in the corresponding X-ray portion of the SED. In
other words, those sources show1ng an intrinsic X-ray lummoslt}l higher
than expected for stellar processes in a galaxy (Lx jn¢ > 10**%ergs™; J. Lyu
et al. 2022).
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Figure 1. Histograms showing the distribution of the bolometric luminosities
(Lyo1), redshifts (z), stellar masses (M,.), and the hydrogen absorbing column
densities (Ny) of the entire AGN sample (full primary sample plus local
comparison sample; J. Tueller et al. 2008; J. Lyu et al. 2022, 2024; J. Lyu et al.
2024, in preparation). The Ny values for the mid-IR-bright/X-ray-faint (i.e.,
Compton-thick) AGN sample were simulated as described in Section 2.1.2.

optically faint, which minimizes AGN contamination in the
rest-optical NIRCam imagery we utilize for morphology
analysis.

In Figure 1 we show the distribution of the SED-derived
AGN and host-galaxy properties of the 243 X-ray AGN
covered by the JADES/NIRCam GOODS-S and GOODS-N
mosaic images utilized for morphology measurements. Where
SEDs were not complete, the bolometric luminosity (Ly)
values shown represent the K-corrected intrinsic hard-X-ray
luminosity (F. Duras et al. 2020; J. Lyu et al. 2022), and the
stellar masses (M) derived from g —i colors and i-band
luminosity (S. Zibetti et al. 2009; J. Lyu et al. 2022).
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2.1.2. JWST/MIRI Mid-infrared AGN Subsample

The mid-IR AGN included in our primary sample are the
X-ray-faint (i.e., X-ray undetected) subset of the newly
identified, JWST /MIRI-selected AGN from SMILES, which
covers ~34 arcmin® (J. Lyu et al. 2024). These sources were
classified as AGN through an SED analysis consisting
of 27 photometric bands, including 5 HST/ACS bands
(0.44-0.9 pm), 14 JWST/NIRCam bands (0.9-4.4 um), and
8 JWST/MIRI bands (5.6-25.5 um) (J. Lyu et al. 2024). As we
require the selected subset of (intrinsically luminous) mid-IR
sources to lack a confident identification as X-ray AGN using
the selection methods discussed in J. Lyu et al. (2022, 2024),
these AGN are expected to represent a direct extension of the
X-ray-bright subsample into the most heavily dust- and gas-
obscured, Compton-thick (CT) regime. Their Ny values were
simulated via random draws from a normal distribution
centered on a mean value of 10°*°cm™2, with the same
standard deviation characterizing the distributions of real Ny
values in the X-ray “moderate” and “high” Ny bins.

Of the total of 182 mid-IR AGN meeting the criteria above,
138 were covered by the JADES /NIRCam mosaics utilized in
our analysis. The AGN and host-galaxy properties are shown in
Figure 1 alongside those of the X-ray sample, which were
derived using the same SED-fitting methodology as in J. Lyu
et al. (2022) but with a number of refinements to the SED
templates, as detailed in J. Lyu et al. (2024). Their Ly, and M,
values are based on their complete, broadband SED fits (J. Lyu
et al. 2024).

It can be seen that the mid-IR AGN exhibit higher median
values of Ly, and z and lower median M, values than the X-ray
AGN, the potential significance of which is discussed in
Section 6. In order to enable a valid comparison between the
two subsamples such that they together comprise a uniform
sample, we conduct our primary analysis on the subset matched
on Lyg, My, and z, as described in Section 4.2.1.

2.2. Comparison Low-redshift Sample from the Swift/BAT All-
sky Survey

Given the apparent incompleteness of our primary sample at
z < 1 on account of the limited combined sky area coverage of
the GOODS-N and GOODS-S fields, we also include a
comparison sample of local, Type I and II, hard-X-ray-selected
AGN derived from the all-sky Swift BAT Survey of AGN. This
survey observed 74% of the sky at northern Galactic latitudes
above a limiting flux of 0.5 x 10 '"%ergem ?s™' in the
14-195 keV band (J. Tueller et al. 2008).

The complete sample of local X-ray AGN in J. Tueller et al.
(2008) was identified in Swift XRT follow-up observations of
both previously known and new AGN candidates from the
initial Swift BAT all-sky survey. For our study, we selected the
83/103 of these AGN for which there are available an Ny
measurement and a photometric flux appropriate for estimating
stellar mass (J/ magnitude), as well as optical imagery for
measuring their host-galaxy morphologies.

We utilized the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRSI1, or PS1) image -cutout
service (K. C. Chambers et al. 2016) to obtain g, r, i, z, and
y optical images of the local AGN comparison sample to
measure their host-galaxy morphologies. The 1.8m PSl1
telescope uses the Gigapixel Camera 1 (GPC1) with a 7 deg?
field of view and pixel scale of 0'258 pixel . While the pixel
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scale of GPCI is approximately 10 times larger than that of
NIRCam, the much closer proximity of the z < 0.1 comparison
AGN sample than the primary sample at z > 0.6 effectively
cancels this loss in image resolution. For example, in a
Universe obeying a flat cosmology with parameters H, = 69.6,
Omega,, =0.286, and Omega,,. =0.714, each arcsecond
subtended by a galaxy at z=0.05 corresponds to 0.984 kpc,
while at z = 1.5 an arcsecond corresponds to a physical size
approximately

10 times larger, at 8.602kpc. Therefore, the morphology
measurements using the PS1 images for the local AGN sample
may be directly compared to those derived from the NIRCam
imagery containing the primary AGN sample.

In Figure 1 we show the bolometric luminosities (Lyo) and
stellar masses (M) we calculated for this sample, which we
use in our analysis (see Section 4) to match to galaxies in our
primary sample. We calculated Ly, by converting the available
intrinsic 14—-195 keV X-ray luminosity values to the 2-7 keV
X-ray luminosity using Equation (1) in J. R. Rigby et al. (2009),
then applied the hard-X-ray bolometric K-correction derived in
F. Duras et al. (2020). For the M, estimates, we used the
available 2MASS J-band fluxes as a proxy for the K band, given
that the SEDs of low-redshift, hard-X-ray-selected AGN have
J/K ~ 1; and because the 2MASS survey is more sensitive in the
J band than K band (J. Tueller et al. 2008). Finally, we applied
the appropriate mass-to-light ratio (M/Lg;) from E. F. Bell et al.

(2003).

2.3. JWST NIRCam Data

The NIRCam imaging utilized in this study was obtained as
part of the JADES survey in JWST program 1180 (PL:
Eisenstein), described in full detail in the JADES Data Release
vl paper (M. J. Rieke et al. 2023), as well as the JWST
Extragalactic Medium-band Survey (JEMS; JWST PID 1963;
C. C. Williams et al. 2023). JADES v1 NIRCam mosaic images
of the GOODS-S/HUDF and GOODS-N fields are available in
the 0.9-4.4 ym range in each of the following wide and
medium filters: FOOOW, F115W, F150W, F182M, F200W,
F210M, F277W, F335M, F356W, F410M, F430M, F444W,
F460M, and F480M. Each mosaic image achieves 0.03 pixel "'
resolution and an AB magnitude depth of 29-30 (M. J. Rieke
et al. 2023). We chose to work exclusively with the F150W
NIRCam mosaic images for this study, as they proved to be the
deepest and most resolved of the available mosaics that
maximize coverage of the sky positions of the AGN in our
sample (see the Appendix for a comparison of example
GOODS-S mosaic image cutouts in all NIRCam filters
available in the JADES vl release). The sky projections of
the NIRCam GOODS-S and GOODS-N mosaic images are
displayed in Figure 2, showing the overlapping coverage of the
AGN sample; additional example galaxy image cutouts are
shown in Figure 3.

Compared with the HST WFC3 F160W band that has been
widely utilized in various types of galaxy studies, the NIRCam
F150W band has a diffraction limit more than 2 times smaller
and pixel sampling 4 times finer, and significantly greater
sensitivity. The effective wavelength of 1.5 ym of this band
samples the galaxy stellar emission in the rest-optical
wavelength range of 0.3-0.9 um for our 0.6 <z < 3.8 AGN
sample. The choice to analyze the AGN host-galaxy emission
within this single observed waveband—which probes a range
of rest-frame wavelengths as opposed to a single consistent
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Figure 2. JADES version 1 NIRCam F150W GOODS-S (top) and GOODS-N
(bottom) mosaic images containing the AGN sample. Blue points mark a subset
of the X-ray-identified AGN from J. Lyu et al. (2022) and J. Lyu et al. (2024, in
preparation), and the red points the mid-IR-selected MIRI AGN from J. Lyu
et al. (2024).

rest-frame wavelength—was motivated by the following
additional factors: (1) the limited overlap of our AGN sample
with the mosaics exposed at the other NIRCam wavelengths
sampled by JADES; (2) the resolution degradation of the
diffraction-limited images at wavelengths longward of
F150W;' and (3) the desire to avoid the extra sources of
uncertainty that would be introduced to our analysis by
comparing galaxy images extracted from mosaics in different
filters.

3. Methodology

Methods to constrain galaxy morphologies historically range
from manual, human visual classification to advanced,
automated computational procedures, including machine learn-
ing where very large data samples and training data sets are

19 The observed degradation in image resolution for a given AGN host galaxy
in our sample, as highlighted in the Appendix, when attempting to probe the
same rest-frame wavelength by using mosaic images exposed at increasingly
longer observed wavelengths, showed that no information was lost, or final
conclusions altered, by forgoing their inclusion in our analysis. In other words,
it was clear that by utilizing only the F150W-band mosaic, that we were always
choosing the best imagery at hand to constrain galaxy morphology.

Bonaventura et al.

available. Visual classification of galaxy shapes led to Edwin
Hubble’s famous “tuning fork™ sequence of galaxy classes still
in use today, as well as the equally famous and successful
Galaxy Zoo project that employs citizen scientists around the
world to visually classify galaxy images (C. J. Lintott et al.
2008). In the present study involving a humanly manageable
data set, we utilize both human and computer visual
classification methods to identify merger signatures in images
of 464 AGN host galaxies (primary plus comparison AGN
samples), in the form of a diagnosed galaxy-wide disturbance
or asymmetry (see L. A. Bignone et al. 2017 and references
therein).

The visual classification procedure chosen closely adheres to
the one used in D. D. Kocevski et al. (2015; which itself
represents a refinement to the set of visual classification rules
initially defined in D. D. Kocevski et al. 2012). We followed
this procedure with a quantitative computer visual analysis in
the form of an automated, nonparametric measure of the
asymmetry in each galaxy’s unweighted spatial pixel distribu-
tion using the statmorph software (V. Rodriguez-Gomez et al.
2019).

We find several key advantages to employing a combination
of these different types of methods in our characterization of
AGN host-galaxy morphology: (1) they provide an indepen-
dent check of one another and therefore a reliable end result
given the agreement of their respective findings; and (2) they
complement one another in such a way as to refine the findings
of the other, ensuring the certainty of a particular result (i.e., the
binary classification of a galaxy as spatially disturbed or
undisturbed, and presenting with or without a discernible
shape, such as a disk or spheroid). A classical visual
morphological analysis is robust against the inevitable sources
of uncertainty introduced by an automated computer algorithm,
where the latter is sufficient for constraining generalized,
statistical properties, but sometimes fails to consider the
nuanced features of individual galaxies that must be considered
if one is to hope to achieve a complete understanding of the
physical phenomena leading to their structures (M. Reza et al.
2021; M. Walmsley et al. 2022). An example of this would be
the distinctly human ability to readily distinguish between two
galaxy images that were measured to have similar spatial and/
or brightness asymmetries by a computer algorithm, but that
clearly appear as belonging to distinct galaxy morphological
classes. On the other side, the computer vision analysis lacks
the inevitable observational bias imposed by the human eye,
and is more sensitive to faint image features that could go
undetected by a human.

3.1. Visual Classification

D. D. Kocevski et al. (2015) present a straightforward
procedure for classifying the optical appearance of a galaxy
into the following categories: undisturbed disk, disturbed disk,
spheroid, point source, irregular, or galaxy merger. To
streamline the results of our analysis, we refined the “disturbed
disk” category by splitting it into two subcategories: “strongly”
and “mildly” disturbed, as we (qualitatively) observed
significant numbers of both types in our trials. Furthermore,
we classify as “disturbed” all galaxies appearing as irregular or
peculiar (i.e., disordered, lacking a clear, discernible shape), as
an obvious merger, such as a close pair with two visible nuclei,
or a “trainwreck” appearance, as well as an asymmetric disk.
Likewise, all point sources, spheroids, and apparently
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symmetric disks were classified as “undisturbed.” Finally, we
classified the small number of apparently fully edge-on disk
galaxies as “undisturbed,” under the presumption that a galaxy-
wide disturbance would manifest itself in three dimensions and
therefore be observable from all disk inclination angles relative
to the observer. Representative examples of the seven
morphology classes we adopted for the visual classification
task are displayed in the top row of Figure 3.

3.2. Computer Vision

While visual classification tasks performed by a human
have proven to be very accurate for many types of analyses
(J. Brinchmann et al. 1998; K. Bundy et al. 2005; P. Kampczyk
et al. 2007; S. Darg et al. 2010; E. Treister et al. 2012;
J. S. Kartaltepe et al. 2015; M. Walmsley et al. 2022), by
definition they are subject to “human error” on account of
oftentimes uncontrollable factors such as imperfect vision, and
bias and differences in reasoning. Another important con-
sideration is the nonlinear response of the human eye to light
intensity, whereby weaker disturbances could go unnoticed in
cases of high brightness contrast, or modest image resolution or
signal-to-noise ratio, that would lead to misclassification of
truly disturbed galaxies as symmetric/undisturbed. Therefore,
to systematically quantify the results of our visual analysis and
catch such cases of subtle host disturbances that may have gone
unnoticed or miscategorized in the visual classification task, we
utilized the statmorph software package to perform an
independent, computer visual check of the results. This
software package was specifically chosen for its proven ability
to detect faint merger signatures around the edges of galaxies
via its calculation of the shape asymmetry parameter, described
in the next section (V. Rodriguez-Gomez et al. 2019).

3.2.1. Metric for Disturbance Level

The use of computational methods to characterize galaxy
morphologies allows for a range of metrics to determine the
level of disturbance. The commonly used suite of nonpara-
metric galaxy morphology indicators includes asymmetry (A),
clumpiness (S), the concentration index (C), the Gini index (G),
and the moment of light (M,p) (J. Isserstedt & R. Schindler
1986; R. G. Abraham et al. 1994, 1996; D. Schade et al. 1995;
M. Takamiya 1999; K. Wu 1999; M. Bershady et al. 2000;
C. Conselice et al. 2000; C. Conselice 2003; J. M. Lotz et al.
2004). A relatively recent addition to this set of morphology
indicators is the shape asymmetry (Ag), introduced in
M. M. Pawlik et al. (2016) to explicitly automate the
recognition of galaxies with faint asymmetric tidal features
suggestive of an ongoing or past merger. M. M. Pawlik et al.
(2016) showed that Ag far outperforms the classic A parameter
in detecting low surface brightness features around the edges of
a galaxy; and the merger simulations of R. Nevin et al. (2019)
show it to be the most accurate single morphology indicator at
identifying merger morphologies, only marginally surpassed by
a measure that combines Ag with C, G, and A.

Ag is calculated in the same way as A, except the measurement
is performed on the binary detection mask (segmentation map)
corresponding to an image of galaxy emission, rather than
the galaxy image itself (see M. M. Pawlik et al. 2016 and
V. Rodriguez-Gomez et al. 2019 for further details). Therefore,
while A considers asymmetries in both the spatial and brightness
distributions of the pixel values in a galaxy image, Ag considers

Bonaventura et al.

only those due to a spatial asymmetry, thereby isolating
disturbances that can be attributed to a physically disruptive
event such as a major merger, as opposed to an internal galaxy
substructure unrelated to merging activity that would qualify as a
brightness asymmetry.”°

Another way in which Ag outperforms the other nonparametric
galaxy morphology indicators at identifying merger signatures is
its ability to maximize the timescale over which both major and
minor mergers may be identified. J. M. Lotz et al. (2008) and
L. A. Bignone et al. (2017) correlate key nonparametric
morphology measures with the recent merger history of galaxies
to show that the Gini — M, criterion and the classic asymmetry
(A) parameter are effective at identifying both major and minor
mergers, but only completely and effectively in the precoales-
cence phase while a double nucleus is visible. Sampling well the
pre- and postmerger phases is very important in the context of
our study given that only a small handful of our entire sample
meet the double-nucleus criterion that is often the only merger
stage considered in merger studies. Furthermore, inspection of
the environs of each AGN within 50 kpc for a potential merging
companion at the same redshift turned up only a small handful of
precoalescent merger candidates. This supports that the window
of time during which active merging occurs is small in
comparison to the pre- and postmerger phases. Furthermore,
given the significantly longer timescale of observability (~2 Gyr)
of the remnants of major mergers as compared to minor
(J. M. Lotz et al. 2010; L. A. Bignone et al. 2017), the number of
isolated disturbed hosts identified with Ag offers an additional
measure of the distinction between the two in our sample.

The Illustris merger simulations of C. Bottrell et al. (2023)
find that so-called mini mergers (0.01 < p < 0.1) are expected
to occur significantly more frequently than minor
(0.1 < < 0.25) and major mergers (x> 0.25), and therefore
may represent a significant, overlooked cause of galaxy
morphological disturbance. While the simulations show that
individual mini mergers are not likely to induce a significant
observable disturbance, they reveal that the integrated (classic
A, light-weighted) asymmetry due to mini mergers over
0.01 < z<0.7 constitutes 70% of the asymmetric structure in
the mergers of their study. They therefore suggest that the
aggregation of asymmetry enhancements by a series of mini
merger events for a given galaxy may be driving the buildup of
light asymmetry and lopsidedness in galaxies, as opposed to
major or minor mergers. However, their study examined only
TNGS50 star-forming galaxies and adopted the classic asym-
metry parameter as the measure of galaxy disturbance, while
we consider active galaxies and utilize the shape asymmetry
parameter that ignores asymmetries in the galaxy surface
brightness distribution. While the majority of our AGN sample
are forming stars (see Section 4), it is not clear if the results of
this study are directly applicable to star-forming AGN.

However, given that even minor mergers are generally
considered too weak to produce significant morphological
changes to the galaxies involved (e.g., G. Martin et al. 2018), in
the following, we ignore mini mergers as a possible cause of

20 This feature also minimizes the impact on our morphology measurements
from the effect of dust attenuation of starlight, which has been shown to bias
measures of galaxy sizes and morphologies (see, e.g., K. A. Suess et al. 2022).
Given that Ag effectively traces the outline of a galaxy’s shape in a binary
image, without regard to differences in pixel intensity, dust attenuation would
only bias an Ag result for a given galaxy if its outer edges were significantly
dusty, and the starlight significantly absorbed, fully or partially hiding the full
extent and shape of the host galaxy.
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Figure 4. Examples of statmorph figure output showing the binary detection mask (right image in each cutout image pair) that is used to calculate the shape
asymmetry (Ag) of an input image of galaxy emission (left image in each cutout image pair, noting the difference in zoom level from the left to right image). Ag > 0.2
marks a strong asymmetry /disturbance, values between 0.1 and 0.2 represent mild asymmetry, and As < 0.1 is considered symmetric/undisturbed; the measurement is
performed within the circular aperture set by r,.x (cyan line). The statmorph output image also displays the circular and elliptical Petrosian flux apertures that are used
in various other morphology measures output by the code, where the circular aperture serves as the basis for the computation of the classic asymmetry (A) parameter,
as well as the sky background level that sets the brightness threshold for the binary detection mask (refer to V. Rodriguez-Gomez et al. 2019 for further details). Note
that the Petrosian apertures are not simultaneously visible in all figures generated by statmorph due to differences in the input image cutout size, which we customized

to each source to eliminate contamination from the source aperture.

the galaxy-scale spatial disturbances observed in our AGN
sample. In Section 5.3, we report a preliminary estimate of the
fraction of host-galaxy disturbances likely to be caused by a
major versus minor mergers, based on the merger simulations
analyzed in R. Nevin et al. (2019), and perform a more
extensive analysis in Paper 1L

3.2.2. Implementation of statmorph

The statmorph computer code reads a galaxy image and its
associated weight map (the 1o error image, also known as the
“sigma image” in Galfit and similar image analyses) to examine
both the brightness and spatial distribution of its pixel values. It
then calculates numerous measures of galaxy morphology,
including Ay and the aforementioned suite of classic nonpara-
metric morphology indicators (which are considered in
combination with Ag for an expanded and refined AGN host-
galaxy morphological analysis in Paper II). The binary
detection mask utilized in the statmorph calculation of Ag is
defined as the contiguous group of pixels brighter than lo
above the mode of the pixel values in the background-

subtracted, smoothed galaxy image that includes the brightest
pixel. Examples of the statmorph figure output showing the
details of the Ag calculation are displayed in Figure 4.

For each of the 464 galaxies analyzed in our combined
primary and comparison AGN samples, we inspected and
verified the automatically generated statmorph results to ensure
proper source detection and aperture size and location. We
identified and remedied instances where obvious foreground
objects or image features/artifacts obviously not physically
associated with the source being analyzed were being included
in the aperture used to calculate Ag. This was done by
iteratively redefining the source aperture until such features
were no longer erroneously being included in the Ag
measurement. Therefore, the ultimate methodology we
employed in our analysis of AGN host morphology was a
synergistic union of human reasoning and computer vision.

4. Experimental Design

There is a history of different studies reaching different
conclusions about the prevalence of mergers and disturbances
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Figure 5. Top: bolometric luminosity and redshift comparison of the distinct components of the primary sample drawn from J. Lyu et al. (2022, 2024), and J. Lyu
et al. (2024, in preparation), and the low-redshift comparison sample from J. Tueller et al. (2008). The incompleteness of our sample above the luminosity detection

threshold at 0.1 < z < 0.6 is visible, and is therefore excluded from the analyses discu

ssed in this paper. Bottom: SED-derived (J. Lyu et al. 2022, 2024; J. Lyu et al.

2024, in preparation) star formation rates as a function of stellar mass for the primary sample, showing similar distributions and implied stellar populations for the

X-ray- and mid-IR-selected subsamples.

in AGN hosts. In part, this range of results may arise from
differing AGN samples, for example, from comparing those
with significantly different AGN luminosities, or radio galaxies
to radio-quiet ones, or AGN to insufficiently matched
nonactive control samples, as well as the comparison of
merger studies with different adopted observational criteria for
what constitutes the merger phase. To minimize the impact of
such biases in our AGN sample, we ensure that the AGN
subsets detected in the X-ray and the mid-IR are matched in
physical properties as described in Section 4.2.1, and therefore
can be assumed to be drawn from the same AGN class and
analyzed as a uniform, representative sample. Furthermore,
given that differing analysis approaches may also lead to
tension between different studies of AGN host morphologies,
we calibrate our relatively new approach of classifying mergers
with Ag on the Swift/BAT control sample to enable

comparison with previous work. Figure 5 summarizes the
main samples used in this study, showing their similar
distributions of bolometric luminosity, star formation rate
(and implicit host mass stellar populations), and stellar masses
over the redshift range considered.

4.1. Calibration of Methods on Low-z Samples

The statmorph analysis of our local Swift/BAT AGN
comparison sample results in 33% +6% with Ag > 0.2,
indicating significant disturbance (where the error is statistical
based on sample size). This value agrees well with studies of
other samples, most notably the Swift/BAT AGN sample
analyzed in M. Kim et al. (2021), which provides the most direct
comparison to ours (our samples are both confined to z < 0.1 and
only differ in that we consider the subset with a measurement of
Np). They report that 18%—-25% of the host galaxies in their
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measured with Ng).

sample show features associated with mergers, e.g., tidal tails,
shells, or major disturbances (our slightly higher value may be
due to our incorporating computer vision classifications whereas
M. Kim et al. 2021 used only visual ones).

G. Kauffmann et al. (2003) find that about 30% of a sample of
100 Sloan Digital Sky Survey AGN at z < 0.1 are disturbed or
interacting. M. Kim et al. (2017) analyzed archival HST images
of 235 AGN hosts at z < 0.35, finding that 18% of the broad-line
Type 1 hosts showed asymmetry parameters >0.2 indicative of
strong disturbance. D. Zhao et al. (2019) show that 34% of the
host galaxies of 29 optically selected Type II quasars are mergers
or interacting, and Y. Zhao et al. (2021) find that <20% of 35
low-redshift Palomar-Green (PG) quasars have hosts with
evidence of major mergers. The incidence of disturbance may
increase for the most luminous AGN (e.g., E. Treister et al.
2012; J. C. S. Pierce et al. 2023; J. M. Comerford et al. 2024);
however, for AGN of moderate luminosity, it is clear that we can
take ~20%-30% as a well-determined and cross-calibrated
incidence of significant host-galaxy disturbance.

4.2. Approach to Measuring Morphological Disturbance
versus Obscuration

In the following, we evaluate AGN host-galaxy morphology
as a function of AGN obscuration, characterized by Ny (or our
surrogate Ny from infrared properties). To rigorously constrain
a statistical obscuration—disturbance (Ny—Ag) correlation, we
conduct our primary host-galaxy morphology study on a subset
of our primary sample with matching distributions of Ly,
M., and z. We repeat this analysis on the full, unmatched
primary sample plus local comparison sample to investigate an
apparent evolution of the Ny—Ag correlation itself with redshift,
taken in the context of the parallel evolution of the other
average galaxy properties considered in our study.

10

Previous studies have compared AGN to matched samples of
nonactive field galaxies at redshifts similar to those in our study
(e.g., D. D. Kocevski et al. 2012), finding no significant
differences in the incidence of disturbances. However,
constructing closely matched samples can be challenging
(e.g., J. M. Gabor et al. 2009; D. D. Kocevski et al. 2012),
particularly at high redshift because the field galaxies are
generally of lower mass than the AGN hosts. Furthermore,
these studies, with the exception of D. D. Kocevski et al.
(2015), have not been extended to extremely obscured AGN;
defining a suitable comparison sample for the heavily obscured
AGN hosts is a future challenge. In the present paper, we focus
on a narrow scientific question that is independent of the
behavior of nonactive galaxy counterparts, namely, to confirm
if there is an increasing level of disturbance with increasing
obscuration in the AGN of our sample.

4.2.1. Controlling for Obscuration with a Property-matched Sample

In our analysis of AGN host-galaxy morphology, we
controlled for AGN obscuration across the sample to enable
a measurement of a true correlation with morphological
disturbance. This was carried out by first restricting our
analysis to AGN in relatively massive host galaxies with
M, > 10°M., given the possibility that the dominant physical
processes shaping the evolution of low-mass active galaxies
may differ from those molding more massive ones; addition-
ally, the sample is likely incomplete and potentially biased for
lower-mass hosts (J. Lyu et al. 2024). An additional cut on the
sample was made to isolate only those AGN host galaxies with
matching distributions of Ny, M., Ly, and z, as shown in
Figure 6 (in Figure 7, the mean and standard deviation of each
property of the matched sample is plotted in comparison to the
corresponding values of the full sample). This resulted in a
statistically significant matched sample (113 sources, 30% of
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Figure 7. Average AGN host-galaxy properties per bin of obscuration (Ny)
considered in the investigation of an obscuration—merger correlation in the
property-matched primary sample (purple points), with the corresponding
values for the full, unmatched primary sample shown in gray symbols, for
context (including the incomplete data bin at 0.1 < z < 0.6). The error bars
indicate the sample standard deviation. (A similar plot is shown in Figure 10
but including the local z < 0.1 comparison AGN sample in addition to the
primary AGN sample.)

the primary sample) of moderately to heavily obscured AGN
host galaxies bound by the following parameter space:
9.5 < log(My) < 11.4 Mgy, 43.4 < log(Lyy) < 45.5ergs™ ",
log(Ny) > =22.0 cm?, and 0.6 < z < 2.4. This process natu-
rally sifted out those portions of the sample influenced by a
number of key observational biases, namely (1) redshift bias
from the physical evolution of L, and Ny with redshift (refer
to Figures 10 and 17 and associated discussion in J. Lyu et al.
2022); (2) bias due to sample incompleteness on account of
limited sky area coverage at low redshift; and (3) selection bias
against intrinsically faint sources at high redshift (i.e., the AGN
luminosity range of our matched sample lies above the
unobscured X-ray detection limit at all redshifts sampled).
Furthermore, the restricted redshift range of the primary
matched sample mitigates the effect of a bias that would be
introduced by mixing sources lying at vastly different
distances, due to the unequal probability of detecting
morphological features in such a case due to differing surface
brightness limits (see, e.g., S. Bamford et al. 2009).

Finally, we szplit the remainin§ sample into bins of low
(Nyg < 10*2cm™?), moderate (107 < Ny < 10% cm ™), high
(102 < Ny < 10*em ™), and CT (Ny > 10** cm ™) levels of
obscuration, using the Ny hydrogen absorbing column density
parameter as the measure of obscuration. The low-, moderate-,
and high-Ny bins consist of the X-ray-selected subsample,
described in Section 2.1.2, with their Ny values derived from
spectral fitting (T. Liu et al. 2017; B. Luo et al. 2017). The CT
bin includes the mid-IR-selected AGN, which are presumed to
represent a direct extension of the X-ray-bright sample into the
X-ray-faint CT regime (whose Ny values were simulated as
described in Section 2.1.2).
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4.2.2. Contextualizing the Obscuration—Disturbance Trends in the
Full Sample

To explore the apparent evolution of the Ny—Ag correlation as
a function of redshift within our AGN sample, and the
implications of such a difference in AGN character at z < 0.1
in comparison to z > ~ 0.6, we performed an additional analysis
trial utilizing the full, unmatched primary sample in conjunction
with the local comparison sample (0 < z < 0.1). We divided the
AGN into the redshift bins that naturally arose in the galaxy
parameter space, grouping the sources with complete and
uniform distributions of Ly (i.e., following the evolving AGN
detection threshold in L versus z space): z=0-0.1 (spanning
1.3Gyr), z=0.6-14 (34Gyr), z=1424 (1.8), 24-32
(0.7 Gyr), and z=3.2-3.8 (0.4 Gyr), noting that we excluded
sources at z=0.1-0.6 due to sample incompleteness in this
redshift range. While the source properties in these redshift bins
were not matched, they do have similar average values of M, as
displayed in Figure 7. This trial allowed for the inclusion of the
lowest-obscuration /lowest-redshift AGN in the Ng-Ag correla-
tion investigation, given that they failed to pass the full set of
property-matching criteria for the primary matched sample.
These sources constitute a minority of the sample due to an
apparent true deficiency of unobscured AGN at higher redshifts,
and possibly also due to our sample incompleteness at
0.1 <z<0.6.

5. Results
5.1. Overview

The results of both the human and computer morphology
characterization procedures largely corroborate one another,
and reveal two unexpected features of the Seyfert population
examined: (1) the vast majority of the full sample exhibit the
telltale disturbed morphological signatures of merging activity;
and (2) the dominant morphological type characterizing the
X-ray-detected versus mid-IR-bright/X-ray-faint subsets differ.

Figure 8 gives an overview of the full set of galaxies in this
study. The criterion for a strongly disturbed galaxy is Ag > 0.2,
revealing that a minority (33%) of the AGN at low redshift
(z<0.1) show shape asymmetries above this value, whereas
nearly all (91%) AGN hosts at z 2 0.6 are disturbed by this
criterion. This trend is similar to that for field galaxies (e.g.,
J. Christopher et al. 2009), but shows that AGN at redshifts
above z=0.6 have increased opportunity to grow through
merger-induced disturbances.

5.2. Human Vision Morphology Characterization

The results of the visual classification procedure for the
primary AGN sample are displayed in Figure 9, showing the
percentage of AGN host galaxies with undisturbed (“point
source,” “spheroid” , and “disk”) and disturbed (“merger,”
“irregular,” and “disturbed disk”) morphologies. It can be seen
that the morphology predominantly characterizing the dis-
turbed X-ray AGN hosts is the “disturbed disk” morphology,
followed by “irregular”; the undisturbed fraction of the X-ray
AGN hosts was likewise dominated by a (symmetric) disk
morphology. The MIRI-detected sample, by contrast, appears
overwhelmingly irregular/disordered, with a higher fraction of
obvious mergers.
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Figure 8. The distribution of the disturbance (As) and obscuration (Ny) values of the full sample are highlighted, showing their segregation into distinct yet
overlapping regions of the parameter space. The criterion for a strongly spatially disturbed galaxy is Ag > 0.2, revealing that a minority (33%) of the AGN at low
redshift (z < 0.1) meet this criterion, whereas nearly all (91%) AGN hosts at z = 0.6 qualify.

5.3. Computer Vision Morphology Characterization

In the bottom panel of Figure 9, we show the fraction of
strongly disturbed AGN host galaxies recovered by the
computational statmorph analysis (darkly shaded bars), and
also by the visual classification (lighter shaded bars). It is clear
that this analysis method, like the visual classification
procedure, also reveals a correlation between disturbed host-
galaxy morphology and the level of Ny obscuration at
7> ~0.6. The only systematic difference found between the
two independent analysis methods (which proved ultimately
inconsequential due to the agreement of their results) was that,
in the visual classification, often what was qualitatively labeled
as undisturbed, or a “mild” galaxy asymmetry/disturbance to
the human eye (a subcategory “learned” after observing
instances of significantly stronger disturbances), was classified
by the statmorph Ag parameter as a “mild” (Ag=0.1-0.2) and
“strong” (As = 0.2-0.3) disturbance, respectively. An example
of this can be seen in the two images of the same host galaxy in
column 2, rows 1 and 2 of the grid of cutout images in Figure 3.
Here, the galaxy emission shown in blue in row 2 appears
perfectly smooth, symmetric, and undisturbed to the unaided
human eye; but in row 1, in a different SAOImage color
(“aips0”) that assigns a different colored contour to each level
of source emission, it can be understood why statmorph
assigned this galaxy an Ag value in the mildly asymmetric
range: the outermost and faintest region of the galaxy emission
(shown in purple) shows signs of mild disturbance. As a result,
the computer vision analysis yields a higher fraction of
disturbed AGN host galaxies than the visual classification
procedure. This can be attributed to the numerical precision and
objectivity of the shape asymmetry algorithm over human
vision in classifying objects in an inherently unbiased way, and
to its enhanced sensitivity to morphological asymmetries such
as faint tidal features that might go unnoticed by the human
eye. However, even if we were to take a conservative approach
and entirely remove the statrmorph computer vision analysis to
use only visual classification, in keeping with all previous
studies on the topic, our main result would still hold. In this
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case, we would effectively reclassify a significant number of
the statmorph-detected-but-invisible “mildly disturbed” cases
“back” to the visually undisturbed category, still leaving the
“strongly disturbed” cases that were observed using both the
visual and computational methods and that represent the bulk
of the disturbed fraction.

Given the superior ability of starmorph to detect and classify
the asymmetries/disturbances of the highly obscured systems
lying at the highest redshifts—only a fraction of which were
sufficiently resolved to visually distinguish between a “mild”
and “strong” asymmetry (which may have led to a bias in the
visual classification results where strong disturbances were
more easily detected at low redshifts)—we adopt the statmorph
analysis results as “final,” and all subsequent discussion in this
paper is based on them.

Considering the findings of R. Nevin et al. (2019), who
study the effect of each individual nonparametric morphology
indicator on major and minor merger morphology identification
in imaging data, we estimate the fraction of our observed AGN
host disturbances that can likely be attributed to major mergers.
These authors show that major and minor mergers exhibit
similar Ag values during different phases of their respective
merger timelines, but that consideration of the G, C, and M
morphology measures together can roughly break the degen-
eracy. Based on their statistical findings, we estimate for the
GOODS-S portion of our primary AGN sample that roughly
62%, 75%, 719%, and 88% of the low, moderate, high, and CT
subsets were induced by major mergers (see R. Nevin et al.
2019 Figure 7). In Figure 11 we show a zoom-in/stretch of the
lower-left panel of their Figure 11, representing the time
evolution of Ag along the major merger timeline of one their
simulations, where it can be seen that the Ag values are
characteristic of our AGN host-galaxy sample. We also
highlight in this figure the striking similarity between the
morphologies of the JADES AGN host galaxies and those
simulated in the study with the same Ag values, demonstrating
the robustness of this merger morphology indicator.
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Figure 9. Top: the results of the visual classification of AGN host morphologies, showing the least obscured AGN dominating the undisturbed morphological
categories (Point Source, Spheroid, and Disk), and the most obscured AGN the most disturbed and disordered classes (Irregular/Peculiar) (vertical error bars denoting
the 1o binomial standard deviation are hidden for visual clarity). Bottom: a comparison of the results of the statmorph A; > 0.2 (dark colors) and visual (light colors)
classification methods in each Ny bin, showing the total percentage of AGN host galaxies presenting as strongly asymmetric/disturbed by the two independent
analyses. The bar center and width correspond to the mean and standard deviation of the Ny values in each bin, respectively (simulated for the Compton-thick mid-IR-
bright/X-ray-faint MIRI AGN), and the vertical error bars reflect the 1o binomial standard deviation. It can be seen that the computer visual analysis identifies all of
the strongly disturbed cases identified by the visual analysis, plus additional ones that evaded detection by the human eye. (Given that nearly all of the statmorph
0.1 <Ay < 0.2 “mild asymmetry” identifications were classified as undisturbed to the human eye, we show only the strongly disturbed statmorph results for the most

conservative comparison to the visual classification results.)

5.4. The Obscuration—Disturbance Investigation

From the analysis of 113 AGN in the primary matched
sample, we find that 100% are at least mildly morphologically
disturbed (A, > 0.1), with 92% satisfying the criterion for a
strong, and therefore merger-induced, disturbance (A; > 0.2;
M. M. Pawlik et al. 2016; R. Nevin et al. 2019), and 71%
unmistakenly identified as a strong spatial asymmetry/
disturbance by the human eye (corresponding to A, 2> 0.3).
We measure a 3.330 positive Ny—Ag correlation for property-
matched AGN with moderate to CT levels of obscuration, as
shown in the upper plot of Figure 10 (reminding the reader that
our sample shows an apparent true lack of low-obscuration
sources above the luminosity detection threshold in the
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0.6 < z < 2.4 redshift range of the matched sample). Although
mild, this trend indicates that the most heavily obscured AGN
at z ~ 2 lie in galaxies that have undergone relatively recent
mergers. The lower plot in Figure 10 illustrates this trend in
another way, where we measure the average Ny—Ag correlation
for the full sample split into redshift bins with uniform
distributions of AGN luminosity and which are also well-
matched in average host-galaxy stellar mass. Again, a trend
emerges in which higher values of Ny are associated with
larger host-galaxy asymmetries.

The analysis of the full AGN sample reveals an apparently
distinctive character in the Seyfert population at z > 0.6 as
compared to z < 0.1, despite the similar selection of the two
sample subsets at the same rest-frame hard-X-ray energies, and
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Figure 10. Top: fitted statmorph shape asymmetry (A,) parameter values as a function of (Ny) obscuration for the primary sample matched on M, Ly, and z in the
Ny bins highlighted in colored symbols, showing a 3o correlation. Bottom: average A, and Ny values in Ly,—z matched bins of the full sample, shown alongside image
cutouts with examples of AGN host galaxies with the corresponding shape asymmetry and obscuration level. This figure demonstrates that the dependence of Ag on
Ny is intertwined with the dependence on redshift. At z < 0.1, it can be seen that both lightly and highly obscured X-ray-selected AGN can show relatively low levels
of disturbance; while at high redshift, there is a measurable correlation between Ay and Ny. Overall, the linear fit to the complete data bins of the combined comparison
low-redshift and full high-redshift sample (only partially matched on source properties), reveals a 5.5¢ obscuration—disturbance correlation. In Paper II, we attempt to

disentangle the effects of the numerous interrelated parameters on this fit.

their similar AGN luminosities and host-galaxy stellar masses
(reminding the reader of our sample incompleteness at
0.1 <z<0.6, which we aim to fill in future work). Unlike
the high-redshift obscured sample, the low-redshift obscured
AGN do not show a statistical preference for disturbed/
merging hosts over undisturbed hosts (this does not apply,
however, to local (U)LIRGs with hard-X-ray AGN emission;
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see C. Ricci et al. 2017), and are nearly equally split between
the two morphological classifications: of the 29/83 that are
undisturbed/symmetric, 16/29 are unobscured; of the 26/83
that are mildly disturbed, 14 are unobscured; and of the 28/83
that are strongly disturbed, 12 are unobscured. This character-
istic has also been observed by others (e.g., M. Koss et al.
2011; C. Ricci et al. 2017). Therefore, in Paper I we only detect
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Figure 11. Top: zoom-in of lower-left panel of Figure 11 from R. Nevin et al. (2019) showing the evolution of the shape asymmetry parameter (Ag) along the major
merger timeline from one of the simulations utilized in that study (nonmerging galaxies are represented by the blue line). Bottom: random selection of real z ~ 1.5
JADES JWST/NIRCam F150W images of AGN host galaxies from our study (bottom row of image cutouts) classified with the same Ag values as the strikingly
similar simulated major-merging galaxies from Figure 2 of R. Nevin et al. (2019, top row), which are shown aligned with their respective pre- and postcoalescent
merger phases. This is a representative example of the power of the Ag metric for identifying a range of merger signatures in galaxy imaging data over a significant

portion of the merger timeline.

and quantify a statistically significant obscuration—merger
connection at z > 0.6.

6. Discussion
6.1. Comparison to Previous Observational Studies

We confirm and expand upon the main conclusion of
D. D. Kocevski et al. (2015) that a majority of the heavily
obscured X-ray AGN at subquasar luminosities are found in
disks with a significant galaxy-scale spatial asymmetry/
disturbance. Their work, based purely on X-ray-detected
AGN, found that heavily obscured AGN are more likely to
exhibit merger or interaction signatures than their nonactive
control counterparts at 2.5¢ significance (considering only the
extended hosts). We also recover one of the main results of
J. L. Donley et al. (2018), who compared heavily obscured, IR-
detected/X-ray-undetected AGN to AGN with only X-ray
detection to find that the former category are significantly more
likely than the latter (75%,% versus 3175%) to be classified as
either obviously interacting/merging, or with host morpholo-
gies so disturbed as to suggest a recent merger. The results of
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J. L. Donley et al. (2018) together with ours and those of
D. D. Kocevski et al. (2015) provide strong evidence for high
obscuration of the central AGN to be accompanied by a
tendency for the host galaxy to be disturbed in a way that
suggests a recent merger or similar interaction.

Z. Ji et al. (2022) also compared the properties of X-ray-
selected AGN with IR-selected ones; the latter definition is not
the same as for our study, however: they used the “power-law”
selection developed by J. L. Donley et al. (2012), which is not
sensitive to the very heavily obscured, likely CT objects we
classify as IR AGN. Nonetheless, their results are relevant to
complement our findings: they find that the specific star
formation rate possibly tends to be higher in the IR-selected
AGN than in the X-ray ones, which we also observe
conclusively among the AGN in our sample with M, <
10'°M,, (the results of this analysis will be presented and
discussed in our forthcoming Paper II). Since mergers can
boost SFRs, this tendency is consistent with the tendency for
the most obscured AGN to lie in galaxies with increased
indications for recent mergers, found in this work and in
D. D. Kocevski et al. (2015) and J. L. Donley et al. (2018).



THE ASTROPHYSICAL JOURNAL, 978:74 (20pp), 2025 January 01

Z. Ji et al. (2022) also find evidence that the AGN bolometric
luminosity as a function of the stellar mass is higher for the IR-
selected AGN than for the X-ray ones, indicating that their BHs
have higher accretion rates. All of these results, although
tentative, point to an evolutionary sequence for AGN from
young and obscured to older and less obscured.

We additionally observe that the overall fraction of X-ray-
detected AGN hosts exhibiting a disturbed morphology in rest-
optical imagery grows with redshift, along with Ny. These two
parameters are intertwined, and therefore the behavior of both
Ag and Ny as a function of redshift will need to be carefully
untangled with additional data sets, which is beyond the scope
of the current analysis. In Paper II, we will consider these
observed trends in a cosmological context to ascertain whether
or not they are mirroring the evolving galaxy merger rate with
redshift, where we expect a marked downturn in the number of
galaxy mergers at z < 1 (see, e.g., E. Treister et al. 2012, who
concluded that the dominant source of SMBH growth appears
to transition from secular processes locally to mergers beyond
z~ 1, based on an analysis of 10 archival surveys of moderate-
luminosity AGN at z < 3).

6.2. Implications of These Studies

The consensus of the studies discussed above (including the
present study) is that the following trends are clearly observed
within the AGN population at Cosmic Noon: (1) a very high
level of significant disturbance in the host galaxies; (2) an
increase in level of disturbance with increasing obscuration;
and (3) possibly a tendency for higher AGN bolometric
luminosity relative to stellar mass. Although further work is
needed to consolidate and expand on these results, in this
section we speculate on their significance for AGN formation
and evolution.

Our study covers a broader range of AGN behavior than had
been possible previously. By complementing our X-ray AGN
sample with a newly identified sample of JWST/MIRI-
detected, mid-IR-bright/X-ray-faint AGN, we probed the
presumed Compton-thick regime of obscuration. Consequently,
we have begun to test an evolutionary scenario for Seyferts
connecting their X-ray-bright and mid-IR-bright phases. There
are two aspects to this link to AGN evolution: (1) the vast
majority of our primary AGN sample show strongly disturbed
spatial morphologies indicative of recent merging activity; and
(2) the X-ray-bright AGN in our sample present in larger
numbers than the mid-IR-bright/X-ray-faint AGN, with a
different dominating morphological type and broader range of
AGN luminosities and obscuration levels. We expand on these
points below.

(1) It is widely believed that the most luminous AGN—
quasars—largely originate in mergers of massive galaxies (e.g.,
D. B. Sanders et al. 1988; D. B. Sanders & 1. F. Mirabel 1996).
This hypothesis is supported by theoretical simulations (e.g.,
P. F. Hopkins et al. 2006a, 2008; G. F. Snyder et al. 2013;
C. Ricci et al. 2017; T. Kawaguchi et al. 2020) and is generally
accepted in broad outline. By contrast, lower-luminosity AGN
—Seyferts—are thought to be triggered by stochastic events in
relatively passive galaxies (e.g., J. Kormendy & R. C. Kennicutt
2004; E. Treister et al. 2012; P. F. Hopkins et al. 2014). The
question is: Where is the dividing line between Seyferts and
quasars, and how strict is the division?

Host-galaxy morphologies are a leading way to answer this
question. An important result of our study, illustrated in
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Figure 8, is that for z > 0.6 the great majority of AGN hosts are
at least moderately disturbed (As > 0.1), and most are strongly
disturbed (Ag > 0.2). By contrast, P. F. Hopkins et al. (2014)
conclude that a disk morphology in an AGN host should be
taken as evidence of stochastic fueling by nonmerger
mechanisms, given the expectation that a merger would disrupt
a disk and that merger-fueled AGN should only appear as bulge
dominated in a postmerger phase. However, numerous
simulations (e.g., B. Robertson et al. 2006; J. M. Lotz et al.
2008; P. F. Hopkins et al. 2009; S. Darg et al. 2010;
G. F. Snyder et al. 2015; L. A. Bignone et al. 2017; R. Nevin
et al. 2019; D. Sotillo-Ramos et al. 2022) show that a
significant fraction of spiral galaxies involved in major mergers
either maintain, or relatively quickly reform, their disk
morphologies after the merger event. The simulations of
D. Sotillo-Ramos et al. (2022) show that a disk destroyed by a
major merger can reform in as little as ~300 Myr after the
merger (see their Figure 8), and R. A. Jackson et al. (2020)
show that even merging spheroids can form a gas-rich disk
postcoalescence. Our findings and those of D. D. Kocevski
et al. (2015) show that multiple representative samples of
X-ray-selected Seyferts (i.e., modest-luminosity AGN) out to
Cosmic Noon show disturbed disk morphologies indicative of
recent merging activity. J. C. S. Pierce et al. (2023) find that
previous studies may have missed these features because of
inadequate surface brightness depths of the observations,
combined with the effects of cosmological surface brightness
dimming.

Our study therefore indicates that even AGN with subquasar
masses and luminosities are likely to experience at least one
merger in their lifetime (e.g., D. Sotillo-Ramos et al. 2022),
especially taken in context with their other physical properties
that together suggest a link to the evolving cosmological
merger rate.”’ We observe this behavior in the realm of AGN
luminosities and SED-inferred BH masses far lower than
predicted by P. F. Hopkins et al. (2014). That is, mergers may
play an important role in fueling AGN in the Seyfert regime.

(2) Our second finding is that the observation of a trend in
morphological type characterizing the X-ray-bright AGN
(many disk galaxies) and mid-IR-bright/X-ray-faint AGN
(mostly irregular/peculiar) suggests these two subsamples
represent different AGN phases tied to a merger timeline—
especially given the likelihood that they belong to the same
Seyfert AGN class as indicated by their similar host-galaxy
properties (e.g., radio AGN present with a distinctly different
set of characteristics, as shown in R. C. Hickox et al. 2009).
Specifically, the more disturbed morphologies of the hosts of
the most obscured AGN suggest that they are in the early stages
of evolution, just emerging from the coalescence phase.

In comparison, the larger number of X-ray-bright, less-
disturbed galaxies, with a wider range in Ly, Ny, and Ag, and
confirmed to be isolated (i.e., not in a precoalescent merger

2! One of the observational tests of the quasar/Seyfert divide put forth in
P. F. Hopkins & L. Hernquist (2009) suggests that Seyferts are not likely to be
merger induced like quasars, given that their number densities do not align with
merger rates, rather that it remains relatively constant with redshift. However,
we argue that while a major gas-rich merger is necessary to produce the quasar
luminosity—and therefore we expect the quasar number density as a function
of redshift to follow the evolving merger rate—the Seyfert luminosity can be
produced by alternative mechanisms. In other words, if Seyferts can be
triggered by both mergers and secular processes, with the former mechanism
potentially dominating at higher redshifts and the latter mechanism taking over
at low redshift, we would not necessarily expect their number densities to
mirror the galaxy merger rate at all redshifts.
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phase), would be expected if they are a later and longer-lived
phase. In other words, the X-ray-bright AGN are observed
when there has been sufficient time for clearance of the CT
levels of gas and dust to allow the X-ray luminosity to shine
through. This evolution has only recently become evident
because the most luminous, obscured, and disturbed mid-IR-
bright AGN can only be detected via significant warm and hot
dust re-emission in the mid-IR, as made possible by JWST.

7. Conclusion
7.1. A Merging Population of Seyferts at Cosmic Noon

In summary, the present study of AGN host-galaxy
morphologies in JWST/NIRCam imagery has supported and
extended pre-JWST-era observational studies that detected
signs of merging activity among the Seyfert AGN population,
as well finds a previously hidden Seyfert evolutionary sequence
tied to a statistically likely major merger timeline. In addition to
the availability of superior, new JWST/NIRCam imagery for
more accurate measurements of rest-optical galaxy morpholo-
gies out to higher redshifts than could be accomplished
previously, we attribute the robustness of our results to the
following additional strengths of our analysis:

(1) The controlled experimental design of our study, similar
to the one used in D. D. Kocevski et al. (2015), allowed
for a “clean” sample that eliminated a maximum number
of uncontrolled variables and observational biases that
might otherwise have skewed the results of our analysis.
This was achieved by partitioning a single and relatively
complete sample of X-ray AGN into distinct bins of Ny
obscuration, all of which were detected using the same
method and extracted from the same data set, and
matched on numerous physical traits. We likewise
cleanly extended our analysis into the CT regime of
obscuration by matching a sample of mid-IR-bright/X-
ray-faint AGN on the same set of galaxy properties. In
other words, the experimental design of the analysis
allowed for a rigorous test of a narrowly focused
scientific question: Is the obscured AGN phase caused
by mergers?

(2) The addition of a significant number of newly uncovered
obscured AGN made possible with JWST/MIRI allowed
us to extend and refine our AGN analysis in a way not
possible in the pre-JWST era. Given that both mid-IR and
hard-X-ray wavelengths are the least sensitive to AGN
obscuration, the addition of these sources to our local
comparison sample of Swift/BAT-detected AGN and
Chandra sources (selected at similar rest-frame hard-X-
ray energies), provided us with a complete and
representative sample of Seyfert galaxies spanning
multiple epochs of cosmic evolution.

(3) The combination of human and computer visual classi-
fication methods to characterize galaxy morphologies was
key in allowing us to circumvent the obstacles faced by
previous authors: we observed firsthand how a non-
negligible number of mildly asymmetric/disturbed disk
galaxies in our sample could go unnoticed by the human
eye and initially be classified as “undisturbed”—only to
discover in the results of the computer vision analysis that
they are, in fact, significantly asymmetric. This was
achieved through the adoption of the statmorph shape
asymmetry (Ag) algorithm as our primary metric for host-
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galaxy disturbance, which is inherently unbiased in its
diagnosis of galaxy morphology given that it assigns
equal weights to all pixels in an input image of galaxy
emission by using the associated segmentation map.
While it is important to additionally consider the
brightness variations among the pixels containing the
galaxy emission in the context of different morphology
studies, using the suite of classic nonparametric morph-
ology indicators, in Paper I this would have posed as a
hindrance: in this case, galaxy morphology asymmetries
not linked to merging activity would have been classified
as “disturbed,” and spatial disturbances truly induced by
merging activity could have gone significantly undetected
(the superior diagnostic power of Ag over the classic
asymmetry parameter, A, in identifying mergers in
imaging data is demonstrated in R. Nevin et al. 2019).
Furthermore, our utilization of Ag as a reliable indicator
of merging galaxy morphology crucially allowed us to
probe a much wider window of the merger timeline than
could be achieved through use of historical nonparametric
measures (see R. Nevin et al. 2019), which are only
effective in the relatively brief precoalescent and active
merger phases (see, e.g., J. M. Lotz et al. 2008 and
L. A. Bignone et al. 2017). This suggests that a majority
of previous merger studies may not have characterized
the postmerger remnant phase.

7.2. Foundation for Future Work

Our confirmation of a correlation between the level of AGN
host-galaxy disturbance and AGN obscuration among a
complete, multiwavelength sample of obscured Seyfert AGN
at z=0—4 implies that the obscured Seyfert AGN phase may
mark a period of significant SMBH growth, mirroring the
quasar population defined by higher BH masses and AGN
luminosities. This hypothesis is supported by S. McAlpine
et al. (2020), a study that utilizes the cosmological hydro-
dynamical EAGLE simulation to investigate the degree to
which BH activity is enhanced during the period of a major
merger. They find that the galaxies embodying the most
optimal conditions for triggering an AGN via a merger have the
relatively low stellar masses, BH masses, and luminosities
typical of the AGN in our sample. The second key discovery of
their study is that 50%—75% of major-merger-triggered BH
activity occurs in postmerger systems, affer the two galaxies
have coalesced. This implies that the majority of observational
merger studies, which focus on the earliest stages of a merger,
may have missed a significant fraction of the peak of BH
growth in their samples, and mistakenly classified the
postmerger remnants as isolated, nonmerger AGN.

Furthermore, the recovery of a physical distinction between
the obscured X-ray-bright AGN and the mid-IR-bright/X-ray-
faint extension into the CT regime suggests, in the context of
their other physical properties, that these two subsets may mark
distinct phases of an evolutionary scenario tied to a major
merger timeline. We investigate this observed trend further in
Paper II and also consider that the definition of a major merger
appears somewhat arbitrary in theoretical simulations. For
example, the cosmological model of M. Volonteri & P. Natar-
ajan (2009) uses a 1:10 mass ratio threshold to define a major
major, which is consistent with widespread galaxy merging
leading to the establishment of the M-o relation. This
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definition, however, is updated to 3:10 in M. Volonteri et al.
(2013) to accommodate alternative fueling mechanisms for
AGN. This definition is important to maintain consistency
between theory and observations as they are improved, and the
role of major mergers in AGN formation is better defined.

The strength of our conclusion lies not only in the
corroboration of previous AGN host morphology studies and
expansion to higher redshifts and levels of AGN obscuration,
but also in the agreement with the various merger simulations
discussed. In Paper II, we will expand upon the analysis of this
paper with supplementary data from the literature to further
investigate if the Seyfert population sampled may evolve
according to a lower-luminosity, lower-mass extension of the
accepted quasar evolution model, which is based almost
exclusively on major mergers.
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The JWST/NIRCam version 1 mosaic images presented and
analyzed in this article were obtained internally from within the
JADES team, before the data became public. The (unaltered)
data products have since been made public and available for
download from both the JADES Public Data Access webpage
(https:/ /jades-survey.github.io/scientists /data.html), as well
as the Mikulski Archive for Space Telescopes (MAST) at the
Space Telescope Science Institute. The specific observations
analyzed can be accessed via doi:10.17909/8tdj-8n28.

Facility: JWST.

Appendix

In Figure 12, we show JADES vl NIRCam mosaic cutout
images of a randomly chosen selection of AGN in our sample
at the effective wavelengths available (listed in the image
caption), to demonstrate the progressive resolution degradation
inevitably caused by an increasing point-spread-function size
toward longer wavelengths. This instrumental effect motivated
our decision to include only the F150W mosaic imagery in our
analysis, as it represents the mosaic at/near peak NIRCam
resolution and sensitivity that also maximizes the coverage of
our AGN sample in the GOODS-S field. We observed, after
repeatedly visually examining a statistically significant number
images of the AGN host galaxies in a number of trials, that no
information would be gained or lost, or conclusions altered, by
measuring the AGN host-galaxy morphology at a constant rest-
frame wavelength, requiring our analysis procedure to be
repeated using mosaic image cutouts at a range of observed
wavelengths other than (longward of) F150W. It can be
witnessed here in all images shown that the morphological
identification of each galaxy as measured in the F150W image
as symmetric/undisturbed or asymmetric/disturbed remains
unchanged in the images exposed at other wavelengths; all
galaxy images exposed at wavelengths longward of F150W
appear identical to the galaxy image at F150W, except at
poorer resolution. We also note a similar observance of the
images taken at wavelengths shortward of F150W: while they
appear equally or slightly more resolved than the F150W image
(but noisier), the galaxy morphology appears identical and
therefore no new information would be gleaned from inclusion
of these images in our analysis.
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Figure 12. Example JADES vl NIRCam GOODS-S mosaic image cutouts shown in a variety of the wide filters, highlighting the progressive resolution degradation
inevitably caused by a growing point-spread-function size toward longer wavelengths. Here, it can be seen that the F150W band chosen for our AGN host-galaxy
morphology analysis offers maximal resolution and signal-to-noise ratio in comparison to the other bands available (as well as maximizes the coverage of the chosen
AGN sample; see Section 2.3 for further details). Rows 1-4 show images in the following NIRCam bands: FOOOW, F115W, F150W, F200W, F277W, F356W, and
F444W; and rows 5-6: FO70W, FOOOW, F115W, F150W, F200W, F277W, F356W and F444W. The top three rows show lightly obscured sources (Nyg < 1022 cm?)

at z = 0.2—0.3; the fourth row shows a highly obscured source (Ny =
the sixth row shows a moderately obscured source (Ny =
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