arXiv:2601.22227v1 [astro-ph.GA] 29 Jan 2026

DRAFT VERSION FEBRUARY 2, 2026
Typeset using IANTEX twocolumn style in AASTeX7

Obscured AGN at z < 1.5: X-ray to Far-Infrared SEDs and Host Galaxy Morphologies in the
GOODS Fields

WiLLiaMm W.H. JARvIS
C. MEGAN Urry 2.7 Eric HOOPER
ToNiMA T. ANANNA &)

,1'2 CONNOR AUGE

11

,%4 DAVID SANDERS
.2 ALESSANDRO PECA
AND MD MAHMUDUNNOBE

> JeaNa Kim-Borr,’
9 CHuan Tian (210

4 XuneNG DING

38 ARITRA GHOSH
12,13

L Department of Astronomy, University of Massachusetts, Amherst, MA 01003, USA
2 Astronomy Department, University of Wisconsin - Madison, Sterling Hall, 2535, 475 N Charter St, Madison, WI 53706
3 Bureka Scientific, 2452 Delmer Street, Suite 100, Oakland, CA 94602-3017, USA
4 Institute for Astronomy, University of Hawai‘, 2680 Woodlawn Drive, Honolulu, HI 96822, USA
5School of Physics and Technology, Wuhan University, Wuhan 430072, China
6 Northwestern University
7 Physics Department and Yale Center for Astronomy and Astrophysics, PO Box 208120, New Haven, CT 06520-8120, USA
8 Department of Physics, Yale University, P.O. Box 208120, New Haven, CT 06520, USA
9DIiRAC Institute and the Department of Astronomy, University of Washington, Seattle, WA, U.S.A
10 Department of Physics, Yale University, New Haven, CT, USA
1 Department of Physics and Astronomy, Wayne State University, Detroit, MI 48202, USA
12 Department of Physics and Astronomy, Wayne State University, Detroit, MI, USA
13 Center for Astronomy, Space Science and Astrophysics, Independent University, Bangladesh

ABSTRACT

We present an analysis of spectral energy distributions (SEDs), (galaxy light profiles, and vi-
sual morphological classifications for 194 X-ray luminous AGN (intrinsic absorption-corrected
log(Lx,0.5-7kev) > 42.5 (maximum 45.2) erg s7!) with z < 1.5 in the GOODS fields. We gener-
ate X-ray to far-infrared SEDs normalized at 1 pum for all AGN and sort them according to their
emission slopes in the ultraviolet and infrared. We visually classify their host galaxies’ morphologies
and compute their bulge/total light ratios using the software Galaxy Shapes of Light (galight). Most
(94%) GOODS AGN exhibit obscured (i.e. diminished UV and/or MIR emission) SEDs. Only 6%
show unobscured, quasar-like SEDs. Secular processes appear to play a large role in stimulating AGN
emission, as only ~ 1/3 of galaxies are undergoing interactions. We also describe the morphological
identification of a population of suspected post-merger spheroid galaxies with obscured UV /IR SEDs
and distinguish them from the host galaxies of AGN with less obscuration in the UV or IR.

Keywords: Active Galaxies (17), AGN Host Galaxies (2017), Galaxy Evolution (594)

1. INTRODUCTION

When a supermassive black hole (SMBH) at the cen-
ter a galaxy accretes large amounts of new material, it
becomes an active galactic nucleus (AGN). When such
accretion occurs, a disk of material forms around the
SMBH. Moving further away from the SMBH, temper-
atures decrease, and the disk radiates thermal energy
across the electromagnetic spectrum (Shakura & Sun-
yaev 1973). Active accretion generates emission from
X-ray to optical wavelengths and is often greatest in the
ultraviolet (UV) (Koratkar & Blaes 1999). In turn, dust
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and gas farther away from the SMBH and the accre-
tion disk absorb this radiation and reprocess it to the
infrared (IR) (Sanders et al. 1989a; Urry & Padovani
1995). The strength of the multi-wavelength emission
can be measured through a spectral energy distribution
(SED). SED features such as the Big Blue Bump (BBB)
in the UV and optical or increased infrared radiation
are dependent on the accretion and circum-black hole
environment (Sanders et al. 1989a; Elvis et al. 1994;
Richards et al. 2006; Suh et al. 2019).

Studying the links between SMBHs and their galax-
ies is vital to understanding both their evolutions (Kor-
mendy & Ho 2013). Numerous correlations link SMBHs
to their host galaxies, such as the correlations between
SMBH mass and total mass of the host galaxy (Ban-
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dara et al. 2009), SMBH mass and host galaxy velocity
dispersion (Gebhardt et al. 2000; Merritt & Ferrarese
2001), and SMBH and bulge mass (Héring & Rix 2004).
Identifying further relationships can constrain evolution-
ary pathways for both AGN and their host galaxies
across cosmic time.

Studying the morphological properties of galaxies al-
lows us to place them along an evolutionary path-
way. Structural properties such as bulge-to-total ra-
tios, merger signatures, and morphology can be used to
place a galaxy along an evolutionary pathway (Conselice
2014).

Mergers have been considered a vital component in
AGN and galaxy evolution, and are believed to play a
role in AGN evolution, either by triggering or quenching
AGN feeding (e.g., Sanders et al. 1988; Hopkins et al.
2006; Sanders et al. 2009). However, more recent stud-
ies seem to cast doubt on mergers as the primary drivers
for AGN, with secular processes being hypothesized as
the most common triggers for all but the most powerful
AGN (e.g., Cisternas et al. 2011; Treister et al. 2012;
Povié et al. 2012; Villforth et al. 2014; Baldassare et al.
2020; Greene et al. 2020; Smethurst et al. 2024). Re-
solving this tension requires combining AGN emission
properties with sensitive morphological analyses to test
whether and how often galaxy interactions coincide with
accretion events.

Many different methods have been utilized to study
galaxy morphologies and how they correlate with vari-
ous galaxy properties, from machine learning to citizen
science visual classification efforts and more (e.g., Lin-
tott et al. 2008; Huertas-Company et al. 2015; Kartal-
tepe et al. 2015a; Simmons et al. 2017; Ghosh et al. 2023,
2024). Our work contributes to the field of AGN/galaxy
coevolution by combining visual morphological classifi-
cations with an analysis of galaxy light profiles, most
notably using the bulge-to-total light ratio (B/T). We
focus on faint features indicative of merger activity, ei-
ther past or present, and attempt to use these to better
explain the coevolutionary path of AGN and their host
galaxies.

Analyzing aggregated data from numerous observato-
ries is much more straightforward due to online reposito-
ries and widely available catalogs, opening many new op-
portunities for analysis (Xue et al. 2016). Recent studies
have used this wealth of data to perform in-depth anal-
yses of the SEDs for AGN (e.g., Hao et al. 2013, 2014;
Hickox et al. 2017; Suh et al. 2019, 2020; Li et al. 2020;
Coleman et al. 2022; Auge et al. 2023). By utilizing this
wealth of observational data, we can learn much more
about the growth and evolution of both AGN and their
host galaxies across cosmic time.

This paper contributes to the Accretion History of
AGN (AHA) project'*. AHA utilizes a wedding cake
style survey with three observational fields, each with
a different survey areas and flux limits, therefore cover-
ing distinct luminosities and redshift ranges. This wed-
ding cake is comprised of sources from four principal
fields sorted from deepest to most shallow: Great Ob-
servatories Origins Deep Survey-North (GOODS-N) and
GOODS-South (GOODS-S), COSMOS, and Stripe 82x
(Giavalisco et al. 2004; Scoville et al. 2007; Grogin et al.
2011; Koekemoer et al. 2011; Guo et al. 2013; LaMassa
et al. 2013). The widest fields are necessary to under-
stand rare high-luminosity sources, while the narrower
fields allow us to probe both high-z and faint AGN.

We focus on the smallest and deepest of these fields,
GOODS-N and GOODS-S. These fields were designed to
search for high-redshift galaxies and provide an incredi-
ble trove of data for low-z sources (Giavalisco et al. 2004;
Grogin et al. 2011; Guo et al. 2013). The overlapping
Chandra Deep Fields detects many faint Compton-thick
(Ng > 1.5 x 10?* cm~?) AGN that are undetected in
larger surveys (for CDF, see Xue et al. 2016; Luo et al.
2017; for wide-area surveys and their benefits and limi-
tations, see LaMassa et al. 2016; Peca et al. 2023, 2024).
Combined with GOODS-N/S’s deep multi-wavelength
observations, we can interrogate the properties of low-
luminosity sources while revealing more exquisite details
about the host galaxies’ environments.

In 2022 and 2023, the JWST Advanced Deep Extra-
galactic Survey (JADES) collaboration observed both
GOODS fields, providing publicly available near and
mid-infrared observations of the fields (Rieke et al.
2023). These new observations, combined with exist-
ing HST observations, provide us with the opportunity
to study the morphologies of low-luminosity AGN host
galaxies across nearly 10 billion years of cosmic time.

In this paper, we combine morphological classifica-
tions and light-profile analyses with AGN SEDs to test
the connection between SMBH activity and host galaxy
structure. By focusing on faint signatures of merger
activity across nearly 10 billion years of cosmic time,
we aim to clarify whether mergers or secular processes
most commonly drive AGN fueling. In §2, we describe
our sample selection and datasets. §3 outlines our SED
construction and morphological analyses. Results are
presented in §4, followed by a discussion of their impli-
cations for AGN/galaxy coevolution in §5.

14 For more information on AHA, reference the AHA website:
https://project.ifa.hawaii.edu/aha.


https://project.ifa.hawaii.edu/aha

GALAXY MORPHOLOGIES AND GOODS AGN 3

2. DATA

The GOODS fields combine data from the Hubble
Space Telescope, Chandra X-ray Observatory, Spitzer
Space Telescope (SST), XMM-Newton, and Herschel
Space Telescope, as well as many ground facilities in or-
der to provide deep, multi-wavelength observations on
the twin 10'x16" GOODS-N and GOODS-S fields (Gi-
avalisco et al. 2004). With the addition of JADES, we
now have access to high-resolution and extremely sensi-
tive infrared imaging for ~ 1/3 of the fields.

2.1. Chandra Deep Fields

Both the GOODS-N and GOODS-S fields overlap with
the Chandra Deep Fields (CDF). These fields include 0.5
to 7keV X-ray data from the 2Ms Chandra Deep Field-
North (CDF-N, Xue et al. 2016) and the 7Ms Chandra
Deep Field-South (CDF-S, Luo et al. 2017) and detect
683 and 1008 sources, respectively. Deep X-ray obser-
vations allow us to identify faint Compton-thick AGN
missed in shallower large area surveys. Most AGN are
not bright quasars, but by virtue of their brightness,
quasars are the easiest AGN to locate in large area sky
surveys. Deep drilling fields like CDF-N and CDF-S
provide the perfect opportunity to dig into the low-
luminosity AGN which constitute the majority of AGN
in the universe (Ueda et al. 2014; Fotopoulou et al. 2016;
Ananna et al. 2019a). Studying these heavily obscured
AGN may be informative for understanding how the ma-
jority of SMBHs accrete material throughout their life-
times, as unobscured quasar-mode accretion constitutes
only a small portion of the SMBH’s existence of order
107 or 10¥Myr (Hachnelt & Rees 1993).

2.2. GOODS - HST

The Hubble Space Telescope observed the CDF fields
as both part of the Great Observatories Origins Deep
Survey (GOODS, Giavalisco et al. 2004) and as part of
the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS, Grogin et al. 2011; Koeke-
moer et al. 2011). The high Galactic Latitude locations
of these fields made them ideal for studying the deep ex-
tragalactic universe. The original observations taken by
the Advanced Camera for Surveys (ACS) filters from Gi-
avalisco et al. (2004) were supplemented by Wide Field
Camera 3 (WFC3) observations taken after the 2009
Hubble servicing mission as part of CANDELS (Koeke-
moer et al. 2011). Combined, the GOODS-N/S fields are
approximately 330 arcmin?. In this paper, we rely upon
the Koekemoer et al. (2011) observations, specifically us-
ing the F814W and F125W filters. Guo et al. (2013) pre-
sented a catalog of multi-wavelength observations build-
ing upon CANDELS that “includes data from UV (U

band from both CTIO/MOSAIC and VLT/VIMOS),
optical (HST/ACS F435W, F606W, F775W, F814W,
and F850LP), and infrared (HST WFC3 F098M, VLT
ISAAC Ks, VLT HAWK-I Ks, and Spitzer IRAC 3.6,
4.5, 5.8, 8.0 pm) observations.” It also includes Spitzer
24 and 70 pm and Herschel Space Observatory (100,
160, 250, 350, and 500 pm) far-infrared observations
from Elbaz et al. (2011).

Similarly, our GOODS-N data comes from a catalog
presented by Barro et al. (2019). From their catalog,
we utilized KPNO and LBC data (U-band), HST ACS
(F814W), HST WFC3 (F125W), Spitzer IRAC (3.0, 4.5,
5.8, 8.0 um), Spitzer MIPS (24, 70 pm), Herschel PACS
(100, 160 pum) and SPIRE (250, 350, 500 pm).

We acquired all the aforementioned photometric data
using the Rainbow Cosmological Surveys Database,
which in turn utilizes the sources above. We created
a custom catalog combining X-ray data from Xue et al.
(2016) and Luo et al. (2017) with the Rainbow Naviga-
tor!®,

To ensure precise associations between the X-ray and
other catalogs, we required detections to be within 2" for
all data points and compared their redshifts. As noted
by Auge et al. (2023), thanks to numerous efforts to
identify mismatches between the catalogs (e.g., Weaver
et al. 2022 - careful aperture extraction; Ananna et al.
2017 - maximum likelihood matching), we can reliably
trust the counterpart identifications between catalogs.

2.3. JADES

The JADES collaboration observed the GOODS fields
throughout 2022 and 2023 and has published image cat-
alogs from their observations (Rieke et al. 2023; Eisen-
stein et al. 2023a). We utilize the F115W and F444W
images due to their large area coverage. These filters
contained the most overlap with our HST-selected sam-
ple, making them ideal for our work. JADES includes
both high and medium depth fields. The high-depth
fields constitute ~ 45 arcmin?, while the medium-depth
fields combine for ~ 175 arcmin? of coverage as of the
JADES second data release (Eisenstein et al. 2023a,b).
This represents 53% of the total GOODS fields.

While JADES does not cover the full fields, it pro-
vides a valuable resource when studying the morpholo-
gies of AGN host galaxies. The high resolution images
produced by the JADES team give us a valuable com-
parison tool so that we can check the accuracy of our
HST-based visual classifications.

15 http://arcoirix.cab.inta-csic.es/Rainbow_navigator_public/
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Table 1. Sample Selection Cuts

Lx >10"% 2 <15 Imaging (Sample) F814W F125W Both F115W

GOODS-N 401 98
GOODS-S 517 155
Total 918 253

64 63 61 16
126 61 61 23
190 124 122 39

NoTE—(1) Number of X-ray sources with Lx > 10*2® erg s™! in each GOODS field. (2) Subset
with z < 1.5. (3) Sources with either HST /F814W or F125W imaging and at least 15 photometric
points (the final sample). (4) F814W coverage. (5) F125W coverage. (6) Coverage in both filters.

(7) JWST F115W coverage.
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Figure 1. Histogram of intrinsic 0.5-7keV X-ray luminosi-
ties in units of log [erg s~']. GOODS is unique in that its
deep Chandra observations allow us to reliably detect faint,
obscured AGN that are selected against when studying fields
such as Stripe82X or COSMOS. In studies such as Auge et al.
(2023), these low luminosity (10*2® < Lx < 10* erg s™!)
are removed due to potential contamination from luminous
starburst galaxies present in larger area surveys. However,
our sample constitutes entirely AGN, as verified through the
construction of spectral energy distributions later in this pa-
per.

2.4. Sample Selection

Before implementing physical criteria (i.e. based on
the actual physical parameters of the galaxy, such as red-
shift and X-ray luminosity), we implemented both a cut
based on the available photometric data and an imag-
ing check. The Rainbow catalogs have differing numbers
of filters available for each field: 24 for GOODS-North
and 26 for GOODS-South. We required detections in at
least 15 different filters with Aest > 0.1 pm in order to
ensure high quality SEDs. This number is somewhat ar-
bitrary, but it does make certain that we are sufficiently
sampling regions of the SED important for classification
into a given SED shape as discussed in §3.1. Sources

were also required to be detected within £0.5 um of
rest-frame 1 pm with fractional flux error in each filter
less than 25% in order to normalize the SEDs as de-
scribed in §3.1. AGN host galaxies were also required
to have images available in either the Hubble F814W
or F125W filter. These filters were selected as the most
complete for both GOODS-N and GOODS-S. While not
necessary for our selection, if both filters are available,
they compliment each other by capturing different fea-
tures, namely young stars in F814W and old stars and
dust in F125W. These filters also allow us to probe the
rest-frame B-band to z ~ 1.5, allowing us to compare
classifications with previous literature work (e.g., Sim-
mons et al. 2011). Even if a source met all other criteria
discussed below, if the galaxy was blank in both of those
filters, it was removed from our sample.

We selected sources based on their 0.5-7keV X-ray lu-
minosity and spectroscopic redshift from the CDF-N and
CDF-S fields (Xue et al. 2016; Luo et al. 2017). The full
data set included 683 X-ray sources in the CDF-N and
1008 in the CDF-S. CDF-S shows more sources, particu-
larly at lower-luminosities, due to the deeper 7 Ms field
compared to the shallower 2 Ms CDF-N observations.
Xue et al. (2016) and Luo et al. (2017) calculated intrin-
sic hydrogen column densities based on a fixed photon
index of 1.8 and used the column densities to estimate
the rest-frame absorption-corrected X-ray luminosities.
We use these intrinsic luminosities throughout the re-
mainder of the paper.

To ensure that we select only AGN, we introduce an
X-ray luminosity threshold. Starburst galaxies rarely
produce X-ray luminosities above 10*? ergs~! while
AGN can produce X-ray luminosities up to 10*® erg s=!
(Fabbiano 1989; Ranalli et al. 2003; Persic et al. 2004).
This allows us to easily identify the AGN and reduce
the risk of contamination by stellar activity. Thus, we
set a minimum 0.5-7keV X-ray luminosity threshold of
10*25 ergs~!. X-ray selection is one of many meth-
ods of identifying AGN, but we do note that X-ray
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selection methods are likely to miss a fraction of the
full AGN population, especially for the most heavily-
obscured sources (Treister et al. 2004; Lyu et al. 2022).

We set an upper redshift limit of z = 1.5. At higher
redshifts, key emission bands shift to longer wavelengths
and leave our photometric coverage. Importantly, the
rest-frame MIR emission shifts beyond our observations.
Without it, we cannot construct our spectral energy
distributions as described in §3.1. The upper limit
also attempts to reduce classification errors, as Sim-
mons & Urry (2008) have shown that at higher redshifts,
galaxies are more likely to be misclassified as spheroids.
There are several potential reasons for misclassification.
Unresolved AGN components may dominate the bulge
components of and any extended components—possibly
including evidence of mergers—will experience surface
brightness dimming and susbsequent loss of signal to
noise ratio at higher redshifts (Simmons & Urry 2008).

Ultimately, there are 194 galaxies that have available
X-ray luminosities, photometric data to construct SEDs,
are within our redshift range, and have either F814W or
F125W HST observations available. Most (122 out of
194) galaxies have coverage in both F814W and F125W;
only 63 of 194 were captured by JWST in either the
F115W or F444W filters. However, this is consistent
with the JWST coverage available at the time of the
analysis, which covers ~ 1/3 of the fields. Put differ-
ently, where JWST has coverage, every sample mem-
ber detected with HST is also detected by JWST. For
our primary metrics—namely visual classifications and
bulge/total (B/T) light ratios—we compared the results
between HST and JWST before our analysis and veri-
fied that they tell a consistent picture. We discuss this
in greater depth in §3.3.

Table 1 shows the breakdown of sources according to
different selection criteria, culminating in our final sam-
ple.

Likewise, in Figure 1, we note AGN emitting from
10425 erg s71 to 10752 erg s71, only 15% (N=28) show
X-ray luminosities greater than 10** erg s=!. As high
X-ray luminosity AGN are rare, we expect few in the
small GOODS fields. By contrast, Peca et al. (2023)
analyzed the X-ray AGN population the 31 deg? Stripe
82X survey. Their Figure 6 shows that the median
X-ray AGN has an intrinsic X-ray luminosity of ~
10** erg s—! with the vast majority of sources above
~ 10%3% erg s~1. Meanwhile, ~ 60% of our sample has
Lx < 10%® erg s~!. This highlights one of the bene-
fits of our study: we focus on lower-luminosity sources
which are missed by or comprise only a small percentage
of wide-field surveys.

3. METHODOLOGY
3.1. SEDs

To generate the SEDs, we interpolated between the
available photometric data points discussed in §2.4. We
did not utilize any modeling software in the creation of
the SEDs. While detailed modeling of the host galaxy
properties presents a wealth of opportunities for analy-
sis, this work is specifically focused on correlating the
host galaxy morphology with the slope of UV and IR
emission.

Sources were normalized to the 1 ym flux to empha-
size AGN emission, especially in the UV and IR. AGN
emission is also minimized here, and the 1 ym emission
should be dominated by the stellar population of the
host galaxy for all but the most luminous unobscured
AGN (Neugebauer et al. 1987; Sanders et al. 1989b).

Figure 2 shows X-ray to MIR SEDs for the 194 sources
with z < 1.5 normalized at 1 pm. We also note FIR (100
pm) detections for 76/194 sources. Note the wide range
of X-ray luminosities present, as well as a significant
variance in the shapes of the SEDs in the UV and MIR.
An AGN’s SED encodes significant information about
the system it resides inside of (Ciesla et al. 2015; Hickox
& Alexander 2018; Auge et al. 2023). Obscuration im-
pacts both the optical/UV and IR, and different shapes
of the SEDs tell us about the levels of obscuration in
different regions around the AGN such as the accretion
disk and dusty torus.

3.1.1. Normalized SED Shapes

Auge et al. (2023) developed a technique of sorting
SEDs according to the shape of their SEDs normal-
ized at 1 ym. The AGN dominates the SED in the
UV and MIR, so by normalizing at 1 um, we empha-
size the contribution of the AGN. Auge et al. (2023)
breaks these normalized SEDs into five distinct shapes
that trace varying levels of UV and/or MIR, obscuration
and X-ray luminosity. These shapes capture a range of
features of the X-ray luminous AGN found within the
full AHA sample, including the GOODS fields.

Table 2 shows how SEDs are sorted according to their
slope a. Due to only 11 sources in shapes 1 and 2,
we combine them into a single shape that catches all
UV/MIR unobscured AGN. Figure 3 shows the four
SED shapes. For the remainder of this paper, we de-
note the combination of shapes 1 and 2 as “Shape 1-2.”

Shape 1-2 sources are most akin to quasars, i.e.,
bright, unobscured AGN with high X-ray luminosities
radiating across the entire electromagnetic spectrum.
The AGN dominate their host galaxies’ emissions.

Shape 3 includes sources with lower UV emission but
high IR, likely due to reprocessing of light from the ac-



6 JARVIS ET AL.

Normalized AF),

7L
10 1010 10° 10" 10° 10

*43.5

*43.0

Intrinsic Log Lx (erg s

, o, 425

Rest-frame A (um)

Figure 2. SEDs for the 194 GOODS-N and GOODS-S sources in our sample. Fluxes are normalized at 1pm and are colored
based on intrinsic X-ray luminosity. Note the break between 10~ um and 0.5 x 10~2 pm where there is no data.

cretion disk or from contamination due to star forma-
tion. It also shows a broad range of X-ray luminosities,
including the brightest X-ray sources in our sample, with
log Lx ~ 45.2 erg s~1. Almost half (48.7%) of all galax-
ies in our sample fall into SED Shape 3.

Shape 4 SEDs have a much steeper drop in the 1-
6.5 um IR, while Shape 5 is differentiated by IR emission
decreasing out to 10 um and X-ray luminosities that are
on average the lowest of the sample.

The GOODS-N/S samples are distinguished by hav-
ing a high fraction (94.3%) of shapes 3, 4, and 5 sources.
The Accretion History of AGN Collaboration also stud-
ies the Stripe82X and COSMOS fields, sees only 73% of
sources in shapes 3, 4, and 5 (Auge et al. 2023). The
deep GOODS imaging in small fields probes the less lu-
minous, more common AGN, whereas large surveys sam-
ple the extremely luminous end of the AGN luminosity
function.

Shape 3 has the highest fraction of FIR detections
(51%). Shape 4 follows close behind (by ratio, though
not by number) with 45% of sources showing a FIR de-
tection. Shape 5 shows only 12% with FIR detections.

FIR emission tells us much about a galaxy’s physical
properties. Cold dust, the primary emitter of FIR pho-
tons, thus appears to be missing in unobscured quasar-
like galaxies and in potential fading AGN as seen in
shape 5, pointing to later evolutionary stages for many
of those AGN host galaxies.

The overall picture presented here is consistent with
earlier results showing that most AGN growth occurs
in the obscured phase shown in our shapes 3, 4, and 5
(Treister et al. 2004; Ananna et al. 2019b; Auge et al.
2023). Unobscured quasar-like emission occurs only at
specific points in an AGN’s lifecycle and has at most
a few tens of millions of years of activity before fading
(Haehnelt & Rees 1993; Khrykin et al. 2021).

3.2. Galazxy Profile Decomposition

Analyzing the light profiles of galaxies can provide im-
portant insights into their morphologies. van der Wel
et al. (2012) included GALFIT Sérsic Indices for each
galaxy within the CANDELS survey, including GOODS.
However, these indices were not calibrated for AGN and
did not include point source subtraction, thus poten-
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Table 2. SED Shape Classification Criteria

(0.15-1.0pm)  (1.0-6.5pum) (6.5-10pum) # Sources
Shape 1-2 a < —0.3 —04<a — 11
Shape3 —-03<a<0.2 —04<a — 94
Shape 4 02< a<—04 00 <« 47
Shape 5 02 <« a<—04 a < 0.0 41

NoOTE— Criteria used to separate SEDs into the four SED shapes shown
in Figure 3, following Auge et al. (2023). Shapes 1 and 2 are combined
due to low counts in each. Each column corresponds to a wavelength
region used to determine the slope a. A dash (—) indicates that no
criterion applies in that region. The criteria are designed to emphasize
AGN contributions to each galaxy’s normalized SED.

tially skewing the Sérsic index distribution. To conduct
our own fits properly accounting for the prevalence of
point sources, we utilized the Galaxy Shapes of Light
(galight) software from Ding et al. (2020). galight is
a Python-based alternative to GALFIT, offering a more
automated and streamlined approach utilizing the mod-
eling functionality of lenstronomy'® (Birrer & Amara
2018; Birrer et al. 2021a). galight includes automated
masking, PSF generation, and a simple interface.
galight, as a dependent of lenstronomy, uses par-
ticle swarm optimization (PSO) to test various solu-
tions and understand the posterior distribution within
the provided parameter space. The PSO utilizes a num-
ber of semi-independent particles to sample the given
input parameters. Users input the target image, a noise
map for that image, optionally a weights map, and a
point spread function which together are used by the
PSO to understand the posterior distribution and min-
imize the returned x2 value for the fit. The user may
also constrain the fits by setting thresholds for param-
eters like the effective radius or Sersic index. The fit-
ting depth (i.e., the number of particles in the swarm
and the number of iterations or movements of said par-
ticles) is controlled by the ‘fitting_level’ or ‘depth’ pa-
rameter. Shallow modes use fewer particles and less it-
erations, making their results susceptible to temporary
biases and local maxima and /or minima, as well as small
number statistics. Deeper modes can produce better re-
sults by allowing the swarm to settle on a consistent so-
lution, but can lead to overfitting. In this paper, we use
the ‘Shallow’ mode for our initial testing fits, and then
“extra-deep” for our final results due to the complexity
of decomposing multiple components for our galaxies as
well as modeling nearby galaxies to prevent overlapping

16 https://github.com/lenstronomy /lenstronomy

galaxy profiles from impacting one another. We eluci-
date further details and rationale for both below.

PSF selection is essential to ensuring successful fits.
The ideal PSF for a particular galaxy may not match
well for a different part of the field. HST in particular is
known to have an unstable PSF varying as the telescope
moves in and out of the Earth’s shadow (Lallo et al.
2005; Ding et al. 2023). Over many orbits, these effects
will prove additive over different parts of the field, and
accounting for it becomes a priority. JWST’s PSF is
considerably more stable due to its location at the Sun-
Earth L2 point, but the best PSF will still vary across
the observation tiles (Lajoie et al. 2023). Figure 4 gives
a brief overview of the PSF and fit selection process for
an individual galaxy, described in detail in the following
paragraphs.

For each filter and field (e.g., HST F814W GOODS-S),
we constructed a unique PSF library using galight. We
selected large numbers of valid PSF stars for each library
(minimum: 27 for JWST GOODS-S F115W; maximum:
127 for HST GOODS-S F814W). The number of PSFs
varied due to differences in the number of potential PSF
stars in each filter, which are determined by the resolu-
tion, sensitivity, and filter observation area.

We then tested the goodness-of-fit for all PSF's by con-
ducting a “shallow”-mode single component 2D Sérsic
profile minus QSO fit for all galaxies and potential PSFs
in our sample. The “shallow” fit utilizes less particles
and iterations for each fit, resulting in much faster but
less precise fitting results, completely sufficient for deter-
mining which PSF's will perform well for a given galaxy.
We acknowledge that not all host galaxies in our sample
contain a bright central point source but emphasize that
these are not the final fits. These first fits were designed
to quickly identify well-performing PSFs for each indi-
vidual galaxy and streamline our later dual-component
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Figure 3. Four shapes of SEDs sorted according to the
criteria in Table 2. The SEDs are normalized to 1um to
emphasize the emission of the AGN. Note the break between
10~ um and 0.5 x 10™2 pm where there is no data. For each
shape, the bold black line shows the median SED. Almost
half the AGN (94/194) are in Shape 3, as in Auge et al.
(2023) (note: Auge et al. (2023) breaks the SEDs into five
panels. Our Shape 1-2 is a combination of their Shape 1
and Shape 2 due to the dearth of unobscured AGN in our
sample). 51% of Shape 3 galaxies have far-infrared (100 pm
detections, higher than both Shape 4 (45%) and Shape 5
(12%).

fits. Once we identified the top three performing PSFs
for each source, we mean-stacked them to create an aver-
aged PSF. Thus, for every source, we have four possible
PSFs: three field PSFs plus one averaged PSF.

To evaluate the robustness of the goodness of fit to
PSF choice, we asked the following question: for a given

source, how much does the expected goodness of fit
vary across the top three available field PSFs? For
each source, filter, and fitting mode, we computed the
fractional standard deviation of the goodness-of-fit met-
ric (BIC or reduced x?) across the three non-reference
PSFs, normalized by their mean value.

For both HST F814W and F125W, we find fractional
standard deviations of approximately 5% for both fit-
ting modes, with the PS - subtracted fits exhibiting
marginally lower scatter (by < 1%) than dual_gal.
For JWST F115W, the fractional standard deviation
remains low for PS - subtracted fits (~ 4%) but in-
creases substantially for dual_gal fits (~ 10%).

This behavior is expected and reflects the increased
sensitivity of models lacking an explicit PSF component
to field-dependent PSF mismatches. In the absence of
a PSF component, point source contributions must be
absorbed by the bulge model, causing variations in PSF
structure to propagate directly into the extended com-
ponents and thus the goodness of fit. In contrast, for
PS - subtracted fits, differences in PSF structure are
largely absorbed by the PSF component itself, primarily
affecting the inferred QSO flux (and point source ratio)
while leaving the extended components comparatively
stable.

As a consistency check, we checked whether the PSF
yielding the minimum reduced x? also yielded the min-
imum BIC. We find excellent agreement between the
two metrics: 100% for JWST F115W in both modes,
98% (dual_gal) and 100% (PS - subtracted) for HST
F125W, and > 98% for HST F814W in both modes.
Although x? and BIC are not independent diagnostics
within galight, this high level of agreement is reassur-
ing.

We therefore conclude that, for any given source, the
top three PSFs generally yield very similar goodness-of-
fit values, with increased PSF-sensitivity appearing only
for JWST dual_gal fits where PSF mismatches cannot
be explicitly modeled.

For our final fits, we utilized a two-component host
galaxy profile in a particle swarm-optimized mode, run
in “extra-deep” mode, a custom mode created by the au-
thor to allow high processing depths. Test cases found
a Bayesian Information Criterion (BIC) improvement of
~ 5 — 10% for challenging sources which hit the stan-
dard “deep”’-mode’s maximum processing depth with-
out converging on a fit. This change did not impact
sources that were satisfactorily fit in shallower process-
ing modes, since galight will naturally halt once it has
converged on a solution.

For the initial fit, we instituted a prior that the bulge
should be less than 15% of the disk size and the disk
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Figure 5. Galaxy-only bulge/total (B/T) ratio versus
galaxy minus point source B/T ratio for 187 GOODS X-ray
AGN colored by the ratio of light in the point source to the
host galaxy (PS Ratio). Note that the majority of fits with
PS Ratio > 1 show large diversions between the fit results.
In some of these cases, the two-component only fit performs
comparably to those with a point source subtracted, but for
many sources with a large point source contribution, the B/T
ratio appears to be overestimated if a point source is not sub-
tracted. Sources above the +1¢ line show, except for three
galaxies, no improvement and even some evidence for over—
fitting if a point source is included.

should have a higher ellipticity than the bulge. This
prevents erroneous B/T ratio values. We fixed the
bulge component Sérsic index at 4 and the disk com-
ponent at 1. For each source, we tested all four best-
performing PSFs. We first performed a two-component
(bulge+disk, or ‘dual_gal’) fit and then a two-component
minus point source (bulge+disk-PS, or ‘Point Source
(PS) Subtracted’) fit. For the PS subtracted fits,
galight’s automated point source-subtraction feature
determined the point source location and subtracted
the point source. galight automatically computed the
flux from the point source, bulge, and disk components
and used them to compute the B/T ratio and the point
source ratio (PS ratio).

To determine the best fit from both modes, we
used the Bayesian Information Criterion (BIC, Schwarz
(1978)). The BIC attempts to account for goodness-
of-fit based on the available degrees of freedom, in our
case determined by the resolution of the image. A lower
BIC corresponds to a better fit. Equation 1 shows the
computation of BIC, where k is the number of free pa-
rameters, n the number of data points, and L is the
maximum likelihood of the model.

BIC = kIn(n) — 2In(L) (1)

Thus, for each fitting mode, we select the source with
the lowest BIC and take it as the best fit for that mode.
We also calculated the Akaike Information Criterion
(AIC) and found that they agreed more than 90% of
the time, with exceptions only for galaxies with excep-
tionally bright point sources, which tended in general to
have higher BICs. For those point sources, we visually
inspected the outputs to ensure the best fits were used.

Next, we must decide whether to use the point source-
subtracted model. The naive assumption is that as all
galaxies in our sample host AGN, all should have a point
source subtracted. However, as discussed, the majority
of AGN in our sample are obscured in the UV into the
optical. Thus, it is not immediately clear whether point
source subtraction is appropriate.

During the point source subtracted fits, we saved the
ratio of light contained within each galaxy’s point source
to the light contained in the host galaxy, hereafter iden-
tified as the “Point Source Ratio (PS Ratio or PSF/Host
Ratio).” This ranges from near zero for sources without
a bright central point source to over 1000 for quasar-like
AGN. We expect the PS ratio to be related to the AGN’s
properties, such as the intrinsic X-ray luminosity. For
these powerful AGN, the point source may contribute
to the bulge light, creating a larger bulge-to-total ratio
than would otherwise be expected for a given galaxy.
However, this is complicated by the column densities of
the host galaxies. High column densities of dust around
the AGN can suppress optical emission, even for power-
ful AGN. Thus, we found that motivating point source
subtraction based on the X-ray luminosity was not fea-
sible.

Instead, we searched for galaxies with large offsets be-
tween their dual-component only and dual-component
minus point source fits. Figure 5 shows a scatter plot
of galaxy-only B/T and galaxy minus point source B/T
ratio. We found that sources with a point source ratio
above one were likely to be modeled with a high B/T ra-
tio below the —1o line in the figure. Thus, we subtract
a point source from a galaxy if the point source ratio
is greater than one, or the point source contributes as
much or more light than its host galaxy.

For those sources with a higher B/T ratio in the PS-
subtracted mode, we visually inspected all residuals. We
found that three galaxies - GOODS-S xIDs 89, 888, and
959 - showed notable improvements in their residuals
when a point source was included even though their PS
ratios were less than one. For the remainder, the inclu-
sion of the point source either induced overfitting or pro-
vided no measurable improvement to the model. This
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Figure 6. Example HST F125W galight results for GOODSN-ID 459 (visual classification: Irregular). The left panel shows
the raw F125W data. The second panel shows the model of the source created by galight using the best-fit PSF. The third
shows the data with a point source subtracted away, revealing the galaxy underneath. The fourth shows a normalized residual
after subtracting the model from the data. The fifth shows the azimuthally-averaged radial profiles for (a) the observed data,
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as “galaxy(s)” in the figure) showing that the model fits the data quite well, except for an excess from the underlying host
galaxy. There is strong evidence for spiral or ring-like structure under the point source, though the spiral arms are irregular

and asymmetric.
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Figure 7. Stacked histogram B/T ratio distribution for the
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and HST fits. The stacked histograms are colored according
to the ratio of light from the point source to the host galaxy.
A point source is subtracted if the PS ratio, the ratio of light
from the point source to the host galaxy, is greater than one.
36% of galaxies have had a point source subtracted.

demonstrates an important benefit of our methodology:
we only remove point sources where their contribution
is necessary for the best fit, reducing potential errors
induced by the inclusion of unnecessary additional com-
ponents.

It is important to note that BIC cannot be used
to distinguish between the two models, as including
the point source makes the models incomparable in a
Bayesian sense. Comparing the dual-component and PS
- subtracted fits is, as far as a Bayesian statistician is
concerned, comparing apples and oranges. The models
are fundamentally distinct due to the inclusion of an ad-

ditional element in the point source models. The BIC
can be used to choose the best of a series of different
fits for the same model, but not for choosing between
models.

Thus, for the final fit, we use in all cases (except for
IDs 89, 888, and 959, as discussed earlier) the point
source subtracted result if the point source ratio is
greater than one. In most figures showing the B/T ra-
tios, we show not only the distribution of ratios, but also
the fraction that have had a point source subtracted.

Once we choose the preferred fit for each source for
each filter, we implement both physical and quality-
control checks on the resultant fits.

As redshift increases, the rest-frame wavelength
probed by a given filter also increases. We can see di-
rect evidence of this in our fits. The median B/T ratio of
the F125W and F115W filters is nearly 0.1 higher than
F814W, consistent with probing an older stellar popu-
lation more densely concentrated in the bulge, as well
as the impact of resolution losses at longer wavelengths.
This emphasizes the importance of utilizing a standard
rest-frame filter to minimize the effects of observing dif-
ferent stellar populations.

For our purposes, we wish to compare rest-frame B-
band morphologies. This is consistent with previous
work in the GOODS fields (e.g., Simmons et al. 2011,
hereafter S+2011). Thus, using the spectroscopic red-
shift for a given galaxy, we compute the rest-frame
wavelength observed using each available filter. For
sources with z < 1, this generally means the HST/ACS
F814W filter. For sources with z > 1, we generally
use JWST/NIRCAM F115W if it is available, otherwise
HST/ACS F125W, falling back to F814W if neither of
the redder filters are available.
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Table 3. X-ray Selected GOODS-AGN

xID xRA xDec Zspec Lx, 05—7 gal. Filter B/T Ratio Red. X2 BIC

PS Ratio Class. Sub-Class.

11 52,937 —-27.761 0.731 42.871 F814W
20 52948 —27.808 1.37 43.469 F814W
28 52.956 —27.721 1.32 44.276 F814W

0.685 0.811 11225.636 3.005 1 0
0.212 0.791 7559.701 58.993 2 0
0.301 0.598 3204.908 14.440 2 1

NOTE— Summary of classifications and properties. (1) Chandra Deep Field (CDF) ID. (2) CDF Right Ascension. (3) CDF
Declination. (4) Spectroscopic Redshift. (5) 0.5-7keV Intrinsic Absorption-Corrected X-ray Luminosity. (6) Filter used for
galight fitting. (7) Best-performing B/T Light Ratio. (8) Associated Reduced x?. (9) Associated Bayesian Information
Criterion. (10) Ratio of point source light to host galaxy light. (11) Visual Morphology Classification. 1=Disk, 2=Disk-
Spheroid, 3=Irregular, 4=Spheroid, 5=Point Source. (12) Morphology Sub-Classification. 0=No Classification, 1=Disturbed,

2=Major Merger, 3=Ring.

We also must check the quality of our models. We
adapt a modified methodology from S+2011, checking
that the effective radius of the galaxy r.g be greater
than three pixels and the difference between observed
and modeled apparent magnitude Am must be less than
1 mag. This ensures that our fits exclude outliers or
unphysically small, bright, or dim results.

As a final test before analyzing our results, we com-
pared our final B/T ratios with those from S+42011.
There are 66 galaxies in common between our datasets.
For those galaxies, a 1:1 line was the best fit for
the available data, but with substantial scatter, espe-
cially at low B/T ratios (Pearson R coefficient ~ 0.53;
Mean Absolute Deviation = 0.2371). Simmons tends to
be skewed towards higher B/T ratios. For the 66 match-
ing galaxies, 36 are above the 1:1 line, 30 below. Inter-
estingly, the average offset from the 1:1 line for sources
above the 1:1 line is 0.28 units of B/T ratio. For sources
below the 1:1 line, it is 0.12. This may appear somewhat
surprising since S+2011 subtracted a point source from
all galaxies. However, differences in the selection of the
point spread function may explain this difference. They
created an “analytical PSF based on analysis of dozens
of real stars in the GOODS fields, created independently
for each band using the IRAF package daophot,” (page
3, below Fig. 2; S+2011). As discussed in section 3.2,
an averaged PSF does not provide the best fit for many
of the sources in our shared sample, with an individual
PSF often fitting just as well or better than the aver-
aged result. We suggest that our detailed PSF selection
methodology is sufficient to explain the slight discrepan-
cies between our works. Overall, we are pleased with the
agreement between our studies, and take what disagree-
ments exist as further reinforcement of our methods.

Figure 7 shows the B/T ratio distribution for our full
sample. We were able to successfully fit 187/194 galaxies
using HST or JWST data. The distribution is broadly

flat out to B/T = 0.6 where the fraction drops precipi-
tously. Note that many of the sources with point source
contributions greater than or equal to that of the host
galaxy tend to have lower B/T ratios. Only ~ 21% of
B/T ratios are greater than 0.6. This is slightly lower
than the fraction of bulge-dominated sources seen in Fig-
ure 10, but it is not surprising considering that many
visually bulge-dominated galaxies have a non-negligible
point source contribution impacting the visual classifi-
cation.

3.3. Host Galazy Morphologies

We created 200 kpc diameter cutouts of each galaxy
using the available data from the HST F814W and
F125W filters and the JWST F115W and F444W fil-
ters and classified the AGN host galaxy morphologies
using these cutouts. These filters were selected because
they have the largest available spatial coverage across
the survey as discussed in §2.4.

We used SAO Image DS9 to view each galaxy (Smith-
sonian Astrophysical Observatory 2000). DS9 offers nu-
merous different contrasts and color schemes to help
identify galaxy emission. One of this project’s goals
was to identify faint features indicative of galaxy in-
teractions. However, the imaging depth and sensitivity
varies across the fields and filters (Grogin et al. 2011;
Koekemoer et al. 2011). The best stretch for one galaxy
may be inappropriate for another. Thus, we did not uti-
lize a standard stretch for our sources, instead relying
on classifiers to individually stretch each image within
DS9.

For sources with both HST images, we opened both
images simultaneously using DS9. As each filter will
emphasize different features at different redshifts, having
multiple filters open simultaneously can yield a more
complete view of a galaxy’s morphology. Ultimately,
we make a classification based on viewing all available
filters. For JWST data, we follow the same procedure for
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Figure 8. Top row: examples of primary visual classifications.
telescope, filter, field, and Chandra Deep Field source ID are shown for each source. Every galaxy in our sample was given
a primary classification; secondary classifications were awarded as necessary to provide additional context about interacting
galaxies. Disturbed is the lowest-priority secondary classification. For example, if a galaxy is clearly in a major merger (as
indicated, for example, by the dual nucleus shown in the Figure), then the major merger secondary classification is given in lieu
of disturbed. Nearly all major mergers show disturbances (nuclear asymmetry, tidal features, etc.), but not all disturbances are

indicative of a major merger.

F115W and F444W data. We describe the classifications
below.

Each galaxy has a primary classification and a flag
for a secondary classification when applicable. The pri-
mary classifications are Disk, Disk-Spheroid, Irregular,
Spheroid, and Point Source. The secondary flags are
Disturbed, Major Merger, and Ring, and are exclusive
from each other. Disturbances include features such as
bent galactic disks, tidal streams, and off-center nuclei.
Major mergers show multiple galaxies in the process of
merging, including dual-AGN. Ring galaxies include a
clearly defined ring without necessarily showing tidal
features or other interacting companions.

All secondary classifications are exclusive from the
other secondary classifications. There is an implicit hier-
archy of secondary classifications. Clearly, major merg-
ers will share features with disturbed galaxies, but the
classification of major merger provides us with more in-
formation than simply marking it as disturbed. The
flags allow us to deal with special circumstances that
provide the necessary context to the environments and
surroundings of the host galaxies.

Figure 8 shows examples of all primary and secondary
visual classifications.

Disk-spheroids are differentiated from disks by ei-
ther (1) the presence of a large central bulge or (2) a
large stellar halo (indicative of, for example, a lentic-
ular galaxy). For example, the disk-spheroid in Fig-
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Bottom row: examples of secondary classifications. The

ure 8 shows a central bar, some faint evidence of spiral
arms, and a large halo. Spheroidal galaxies can be ei-
ther compact or show a large halo. We differentiate
spheroids from point sources in that point sources must
show no distinct morphological features other than the
point source 8. It is important to note that we did not
use point source subtracted results from galight, in-
stead choosing to characterize the galaxy morphologies
distinctly from the galight results.

Before continuing, we note that we have three ring
galaxies present in our sample. There are no common-
alities in their AGN properties and we do not have suf-
ficient information to comment on their possible forma-
tion mechanisms. One is visually classified as a disk
and the other two as irregular. It is possible that 2/3
rings are the result of merger activity, but we cannot
conclusively prove that with the available data.

After classification, we compared the HST and JWST
morphologies in Figure 9. 62/194 galaxies in the sam-
ple could be fit with both HST and JWST. They gen-
erally agree on whether a source is spheroidal, with
73% of HST spheroids being identified as spheroids or
point sources by JWST. Spheroids and point sources
both share round morphologies with few asymmetries,
so they are relatively similar-looking. Despite the higher
resolving power of JWST (HST F814W FWHM = (//08,
HST F125W FWHM = 0712, JWST F115W 0703 <
FWHM < 0705, depending on region of field and choice
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Figure 9. 2D Heat Map showing the agreement between HST and JWST sources. Numbers in parentheses denote the number
of sources in the column. The results typically agree whether a source is disk-dominated or spheroidal, as noted by the 92%
agreement on disks and 60% for spheroids. Disk-spheroids show the largest disagreement, with 4/9 HST disk-spheroids being
classified as disks using JWST. This difference is likely due to the increased resolution and sensitivity of JWST which more

clearly resolved the disks from any nuclear components.

of PSFs), morphologies are remarkably consistent across
different telescopes. The greatest disagreement is be-
tween HST Disk-spheroids/JWST Disks. 4/9 HST disk-
spheroids are classified as pure disks using JWST.

We also see great agreement in the tiles relating disks
and spheroids. 92% of disks and 60% of spheroids have
identical classifications in both telescopes. It is impor-
tant to note that the fraction of disks and spheroids
does not meaningfully evolve with redshift (see §4.1 for
a larger discussion mostly focused on their B/T ratios).

Noting good agreement, we combined the results into
one master catalog by replacing any HST classifications
or other morphological measurements with their JWST
counterpart, if available.

The lead author visually classified all 194 galaxies
in our sample. Figure 10 shows these classifications
broken down by galaxy morphology and Table 4 dis-
plays the raw numbers of each morphology and sub-
classification. The distribution is dominated by disks
and disk-spheroids with ~ 37% and ~ 15%, respec-
tively. Irregulars contribute ~ 17%, spheroids ~ 29%,
and point sources ~ 2%. 52% of all galaxies show
disk-dominated morphologies compared to 31% bulge-
dominated (spheroid or point source). The bulge-
dominated fraction may be a slight overestimate, as disk
components may be lost at high redshifts (Simmons &
Urry 2008). We will discuss this in greater depth in §4.1.

It is unsurprising that we would see a high fraction of
disk-dominated sources based on the prevalence of low-
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Figure 10. Morphologies for all 194 sample galaxies. disk—
dominated sources (disk or disk-spheroid) comprise over half
(~ 52%) the galaxies in our sample; irregulars comprise
~ 16.5%, spheroids ~ 29.3%, and point sources ~ 2%. Ring
galaxies are not included due to the small number in our
sample.

luminosity X-ray sources as shown in Figure 1. This
highlights one of the strengths of studying the GOODS
fields: GOODS allows us to identify a sample of X-ray
luminous AGN fainter than those in large surveys that
capture some of the earlier phases of galaxy and AGN
evolution.

Table 4 shows the overall number of sources classified
into each morphology and the three subclassifications.

3.4. Validating Visual Classifications

To assess whether our classifications are representa-
tive of what a larger group of classifiers would iden-
tify, we compared them against two literature sources:
the CANDELS collaboration visual classifications from
Kartaltepe et al. (2015b) (hereafter K4+2015b) and the
machine-learning based “visual-like” classifications from
Huertas-Company et al. (2015) (hereafter HC+2015).

K+2015b visually classified every detected galaxy
with an H-band magnitude upper limit 24.5 and z < 4.
This classification scheme had 3-5 classifiers per galaxy
and attempted to categorize many important galaxy fea-
tures including bars, spiral arms, merger features, and
bulge or disk dominance. It is important to note that
they did not specifically analyze AGN host galaxies as
part of their study.

They sorted galaxies into main categories including
Disk, Spheroid, Irregular, Disk-Spheroid, Point Source,
Spheroid-Irregular, Disk-Spheroid-Irregular, and Un-
clear. They also took a host of data about specific fea-
tures. However, for this simple cross-check, we utilized
only the main categories except for three specific mor-
phological flags: Disk-dominated, Merger, and Bulge-
dominated. These three flags provide additional infor-
mation to clarify their classification scheme. For disks
and spheroids, respectively, if a source was disk or bulge-
dominated, they were automatically assigned to that
classification. If a source had a merger score of 0.8 or
better, it was automatically classified as irregular.

The HC+2015 machine learning model was trained
on the classifications from K+42015b. This dependency
is inherent in the data, so it should not be surprising
that the results are similar. In Appendix A, we discuss
independently training a group of classifiers from the
UW Madison Astronomy Club and local high schools
to classify the galaxy morphologies. We also find good
agreement with their results.

For both catalogs, we needed to convert fractional like-
lihoods of different morphologies into discrete classifi-
cations. HC+2015 does include a mapping from frac-
tional to firm classifications. We adapted the HC+2015
thresholds, except for a modified irregular flag designed
to mimic our visual classifications which tend to have a
broader definition of irregular than HC+2015. We con-
sidered irregular galaxies to be those that showed more
than 10% irregularity and did not fall into another mor-
phological category.

We note that HC+2015 calibrated these thresholds
using “visual inspection.” They provide example image
stamps of their morphological classes within their paper.

In their paper, K4+2015b provided a table of frac-
tional classifications. From this, we constructed our
own scheme influenced by that of HC+42015. We mostly
rely on primary fractional likelihood values, but include
flags to catch disk or bulge-dominated sources and ma-
jor mergers if applicable.

To attempt to smooth over differences in classifica-
tion methodology, while we show direct comparisons
for all morphologies in Figure 11, we will quote agree-
ments in terms of whether a source is disk-dominated
(disk or disk-spheroid), irregular, or bulge-dominated
(spheroid or point source). As K42015b and HC+2015
both use slightly different definitions of what constitutes
each galaxy morphology, grouping in this way allows us
to simply compare the primary morphological charac-
teristics without wading into minor methodological dif-
ferences.
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Table 4. Summary of Visual Classifications

Classification  Disks Disk-Spheroids Irregulars Spheroids Point Sources

Primary Class. 73 29 32 56 4
Disturbed 23 7 16 4 0
Major Mergers 0 0 16 0 0
Rings 4 0 0 0 0

NOTE— Primary classifications for 194 AGN host galaxies in the GOODS fields and
their associated secondary flags. Only one secondary flag may be associated with
a given galaxy.
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Figure 11. 2D-histogram comparing visual-like morphological classifications from (1) Huertas-Company et al. (2015) and (2)
Kartaltepe et al. (2015b) with visual classifications from the lead author. Note: 67/194 of the lead author’s classifications are
from JWST, with the remainder from HST. Both classifiers agree very well for bulge-dominated (spheroid and PS) galaxies. We
generally agree whether a source is disk-dominated, but do not agree specifically about whether a spheroidal or halo component
is prominent beside the disk. This is not surprising, as the disk-spheroid category is the most “subject to interpretation”
category within our classification scheme. Note also that irregulars show low agreement (45% with Huertas-Company et al.
(2015), 0% with Kartaltepe et al. (2015b)). There are several reasons for this: irregular galaxies constitute a wide-range of
morphological properties from small with large asymmetries to those undergoing major mergers. Irregular indicators such as
tidal streams are also faint, and if they are not sought out, they can remain hidden from studies that do not explicitly look for
them. We note that 100% of this work’s visually-classified irregular galaxies show evidence of disturbances or major mergers,
improving our confidence in our classification of these sources.

Figure 11 compares our classifications with those Excluding the JWST-based classifications yields nearly
of K+2015b and HC+42015. For both catalogs, we identical results, consistent with the good HST-JWST
find strong agreement (~75%) for bulge-dominated concordance shown in Figure 9.
sources (spheroids and point sources). Agreement is Agreement is lowest for irregular galaxies (40% with
also high (>70%) for disk-dominated systems (disk or HC+2015, 5% with K+2015b). This is expected: our
disk—spheroid), though we differ on whether a galaxy visual classifications deliberately emphasized faint tidal
should be labeled a pure disk or a disk—-spheroid. Our features and disturbances by using individualized, non-
scheme appears stricter in assigning disk—spheroid clas- standardized image stretches, whereas neither K+2015b
sifications than either catalog. Foreknowledge that each nor HC+2015 were designed to systematically capture
galaxy hosts an AGN may also have influenced our clas- such features. Importantly, 100% of galaxies we clas-

sifications, whereas K4+2015b made no such assumption. sify as irregular show clear evidence of disturbances or
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mergers, reinforcing that our irregular category specifi-
cally traces disturbed systems with recent interactions.

Overall, we find good agreement with K+2015b
and HC+2015 for bulge-dominated (~75%) and disk-
dominated (~70%) systems, and lower agreement for ir-
regulars, as anticipated. Grouping all sources into disk-
like, bulge-like, or irregular, we achieve an overall con-
cordance of 83%. While the small number of classifiers
makes us cautious about over-relying on visual morphol-
ogy, especially in ambiguous cases, visual inspection re-
mains essential for identifying faint merger signatures
and tidal features that are not captured by automated
or profile-based methods.

4. ANALYSIS

In this section, we test whether our structural mea-
surements show systematic trends that could bias our
interpretation of host galaxy morphologies. Specifi-
cally, we examine whether bulge-to-total (B/T) ratios or
point-source contributions evolve with redshift, compare
the distribution of B/T ratios across visual morphologies
and SED shapes, and analyze the special case of galaxies
classified as point sources. Together, these checks allow
us to evaluate the robustness of our results and to iden-
tify where AGN contamination or observational effects
may influence the inferred properties of the host galaxies
and will allow us to discuss the physical interpretations
of our results in §5.

4.1. Redshift Evolution (or Not) of Visual and
Quantifiable Classifications

Simmons & Urry (2008) showed through simulations
of Hubble Space Telescope ACS observations that it is
common, and indeed expected, to misclassify galaxies as
spheroids as redshift increases. At higher redshifts, more
of a galaxy is shifted to fewer pixels and the galaxy ap-
pears more bulge-like. Under this model, a flat redshift
distribution of B/T ratios is indicative that higher red-
shift sources may have their B/T ratios overestimated.

Simmons & Urry (2008) also note that B/T ratios are
often overestimated by ~ 10% for AGN host galaxies.
Our fitting methodology might account for this overes-
timation. Galaxies with a bright point source are most
likely to contribute to this overestimation. By using the
PS ratio to decide whether or not to subtract a point
source from a given galaxy, we subtract the point source
where necessary without artificially suppressing all B/T
ratios. For sources without a large PS ratio, we do not
expect the B/T ratio to be significantly overestimated.

Indeed, as seen in Figure 12, within the credible in-
tervals from a Bayesian bootstrap, the bulge/total ra-
tios and PS ratios are broadly constant across the sam-
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Figure 12. Median B/T and median PS Ratio plotted as
a function of redshift. Error bars from the 68% confidence
interval of a thousand-iteration Bayesian Bootstrap. Neither
metric significantly increases with redshift. Within the error
bars, the overall distributions remain steady or slightly de-
crease at the high-z end of our redshift range.

ple, consistent with the picture from Simmons & Urry
(2008).

We also checked for evidence of redshift evolution
in the visual classifications and did not find clear ev-
idence of additional spheroid classifications as redshift
increased.

Ultimately, we do not see a clear redshift evolution
across the morphologies. That the median B/T and
PS ratios are flat may indicate that we are marginally
overestimating the B/T ratios for galaxies at higher red-
shifts, but this effect will be small on our overall statis-
tics since the majority of sources in our sample have
z < 1.

4.2. Analysis of Bulge/Total Light Ratios

Figure 13 compares the visual classification with the
distribution of B/T light ratios for each galaxy. Disks
and Disk-Spheroids tend to have low B/T ratios with
the majority with PS < 0.5. Their median B/T
ratios lie at 0.29 and 0.31, respectively, though disk-
spheroids entirely lack sources with B/T < 0.1. In con-
trast, spheroids and point sources tend toward higher
median ratios B/T of 0.54 and 0.75, respectively.

Trregular galaxies show a median B/T of 0.42.
Since the majority of galaxies in our sample are
disk-dominated with a minority spheroid or bulge-
dominated, it is prima facie plausible that irregulars
should appear representative of the broader sample.

In general, the B/T ratios agree with our visual clas-
sifications. None of the classifications diverge dramat-
ically from what we expect and their distributions are
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Figure 13. Stacked B/T ratio histograms sorted according to host galaxy morphology. Yellow colors indicate galaxies where
a point source has been subtracted, while blue indicates that no point source was removed. The trends show the majority of
disks having B/T ratios less than 0.5 and disk-spheroids having a similar distribution. Irregulars show a nearly flat distribution.
Spheroids show peaks at both 0.5 and 0.9. All visually-classified point sources have indeed had a point source subtracted.

similar to those presented in past studies of these galax-
ies (e.g., Simmons & Urry 2008).

Figure 14 shows the B/T ratios for the galaxies in
each SED shape. Shape 1-2 shows a broad distribution
of B/T ratios. 10/11 have been point source subtracted
and there are a broad range of B/T ratios.

Shapes 3 and 4 are similar, with the majority of their
galaxies having B/T < 0.5, though shape 4 shows a
slightly higher fraction of galaxies with very low B/T
ratios (0 < B/T < 0.2). Shape 3 does include more
galaxies that have been point source subtracted.

Finally, Shape 5 is clearly distinct from all other
shapes with a sharp peak around B/T = 0.5. It also
shows the lowest fraction of point source subtracted
galaxies at 17%.

To quantify the difference between the SED shapes,
we utilize the K-S test (Massey 1951). The K-S test is
a nonparametric test used to test whether two samples
originate from the same underlying distribution. In our
case, we posit a null hypothesis: for any combination
of SED shapes, the B/T distributions originate from
the same underlying distribution. Rejecting the null
hypothesis indicates that the samples are drawn from
differing distributions, or in physical terms, populations
of galaxies.

Table 5 shows the results of the K-S test. Note that
we did not run any tests on shape 1 due to the small
sample size (N=11) of that shape. Shapes 3 and 4 ap-
pear to be drawn from a similar underlying distribution
(p = 0.9244). Assuming that shapes 3 and 4 represent
a similar underlying population of galaxies, combining
and comparing them against shape 5 yields a p-value
of p = 0.032, implying a frequentist confidence level of
96.8%. Thus, we conclude that the host galaxies of ob-

Table 5. KS Test Results Between Shapes

Comparison K-S Statistic p-value
Shape 3 vs Shape 4 0.0978 0.9244
Shapes 3+4 vs Shape 5 0.2514 0.0320
Shape 3 vs Shape 5 0.2478 0.0533
Shape 4 vs Shape 5 0.3033 0.0295

scured and faint shape 5 AGN are distinct from those in
the shapes 3 and 4. We will further support and discuss
the implications and context of this difference in §5.

4.3. The Host Galazies of Visually-Classified Point
Sources

galight has previously been used to study the host
galaxies of quasars, successfully identifying light from
the galaxies and allowing an estimate of some mor-
phological properties (Ding et al. 2023). Thus, utiliz-
ing galight, we subtracted point sources from the four
visually-classified point source galaxies, GOODS-S ID
175, 495, 567, and GOODS-N ID 151. Note that we do
not change the visual classification of the galaxy based
on the point source subtracted result. The tentative
classifications discussed in this section are only for a
discussion of these unique sources.

Figure 15 shows the results for these four galaxies.
The galaxies are, in general, of intermediate Sersic Index
and B/T ratio after PS subtraction. ID 175 appears to
be a spheroidal galaxy with a bright central AGN (log
L, = 44.11 erg s—!. Its Sersic Index is n = 3.38 and
B/T ratio = 0.90, even after point source subtraction.
This is all consistent with an identification of spheroid.
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Figure 14. Bulge/total light ratios measured with galight,
grouped by SED shape as defined in Table 2 and Figure 3.
The fraction of sources above or below the point source ra-
tio cut, PS = 1, is shown in parentheses. Shape 5 appears
visually and statistically distinct from shapes 3 and 4 as dis-
cussed in §4.2.

ID 495 poorly detects any host galaxy light. The
subtraction of the point source completely minimized
the B/T ratio. Although some host galaxy light may
be present, it is difficult to conclusively state anything
about this source.

ID 567 shows one of the most interesting subtractions.
The Sersic Index n = 1.79, indicating a disk-dominated
morphology. Knowing that the top is facing North, the
host galaxy is extended from the NW to SE of the im-
age. The B/T ratio (B/T = 0.03) is also consistent with
a disk-dominated host galaxy. The galaxy is at moder-
ate redshift (z = 0.74). It shows one of the most ex-
treme point source ratios in the entire sample at 92.85,
meaning the point source contributes almost 93 times
the light as the host galaxy. This is unsurprising for
an unobscured AGN, though it is dramatic considering
the X-ray luminosity is only 10%3-%3 erg s7!. The SED
is largely unobscured, showing bright UV emission with
minor damping of the IR. While difficult to ascertain in-
formation about the angle of the system, the unobscured
SED inside a disk-dominated morphology indicates that
we may be viewing this galaxy directly head-on, allow-
ing us to peer directly to the accretion disk where much
of the UV emission is generated.

ID 151 is one of the subset of galaxies imaged with
JWST F115W. The galaxy has an intermediate Sersic
Index (n=2.79) with a disk-like B/T ratio (B/T = 0.22).
The residual image is poor, so it is difficult to determine
much about the galaxy’s morphological properties.

Taken together, it is difficult to make any firm con-
clusions about these galaxies. Two are of indetermi-
nate morphology, one appears bulge-dominated, and one
disk-dominated. The only salient point that can be
drawn from them is that bright, quasar-like AGN may
appear in any galaxy morphology so long as the condi-
tions — for example, available material to accrete or an
appropriate viewing angle — exist.

5. DISCUSSION

Analyzing the distributions of galaxy properties ac-
cording to the SED shapes discussed in §3.1 and §4.2
reveals several interesting trends.

5.1. Interactions Do Not Ezplain the SED Shape
Evolution

First, we want to begin by discussing the influence
of galaxy interactions on our sample. 34% of AGN in
our sample show evidence of interactions. It is notewor-
thy that the other 66% do not show such evidence. We
posit that this in agreement with Treister et al. (2012),
who suggested that major mergers drive accretion for
only the most luminous AGN. To test this in our sam-
ple, we analyzed the 28 AGN with X-ray luminosities
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Figure 15. Resulting galight fits for the four visually-classified point sources in our sample. Each galaxy has had a point
source subtracted in an attempt to detect each AGN’s host galaxy.

above Ly > 10*erg s~'. We find that half are under-
going interactions with other galaxies. Despite a higher
prevalence of interactions, that only half of these lu-
minous AGN are undergoing interactions suggests that
secular processes are important in driving the AGN. In-
deed, many secular mechanisms may combine to explain
the observed properties of the AGN SEDs. Thus, let us
discuss more distinctly the properties of the galaxies of
SED shapes 3, 4, and 5. Because shape 1/2 only con-
tains 9 galaxies with constrained B/T ratios, we will not
discuss it at depth.

The population of galaxies that fall into SED shapes 3
and 4 are statistically similar in their global structures.

Although, as seen in Figure 14, shape 3 hosts have more
than double the fraction of point-source—subtracted sys-
tems (0.26 vs. 0.11), their bulge-to-total (B/T) distri-
butions are consistent with being from the same parent
distribution (K-S test p = 0.9244), with median B/T
values differing by only AB/T a 0.013. The interacting
fractions (including disturbed galaxies or major merg-
ers) remain below 30% for both shapes. This agrees with
results indicating that active galaxies are quite similar
to their inactive counterparts (e.g., Rosario et al. 2015;
Bruce et al. 2016). This is an important note, as it
implies that AGN may activate within any morphology
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Figure 17. Fraction of galaxies visually classified as irreg-
ular (blue), spheroid (red), disk-dominated (orange, disk or
disk-spheroid), or interacting (black dashed, secondary clas-
sification of disturbed or major merger). To avoid double
counting, the irregular galaxies were not counted towards
the ”interacting” fraction, meaning only visual secondary
classifications for non-irregular galaxies contributed. Bars
show the Bayesian credible interval for each SED shape. Ir-
regular galaxies monotonically decrease from Shape 1/2 to
Shape 5. Interacting galaxies are flat within the credible in-
tervals. The significantly increased proportion of spheroid
galaxies in shape 5 supports the contention that shape 5
emphasizes galaxies in a different evolutionary stage than
shapes 3 and 4.

of host galaxy and are not necessarily biased towards
systems with ongoing interactions.

Despite these similarities in the B/T ratio distribu-
tions of shapes 3 and 4, they are identified as different
SED shapes due to differing levels of MIR and X-ray

emission. Indeed, Auge et al. (2023) found that shape 3
AGN are on average more X-ray luminous than shape 4
AGN in the full AHA sample by ~ 0.5 dex. They also
showed that MIR emission is largely powered by the
AGN itself, not intrinsic properties of the host galaxy
(e.g., star formation). Thus, nuclear-scale factors—such
as dust distribution or covering factor—may be more
determinative of SED shape than global morphology.
If the host galaxies are morphologically similar, then
the systematic difference in SEDs can be plausibly ex-
plained by variations in the nuclear environment with-
out invoking differences in the large-scale structure of
the host. This view aligns with recent work emphasizing
that sub-galactic gas and dust physics can strongly in-
fluence observed AGN SEDs (e.g., Alonso-Herrero et al.
2011; Harrison & Ramos Almeida 2024). Thus, we do
not need morphological differences to explain the SED.
This reinforces the view that AGN arise across morpho-
logically diverse galaxies (e.g., Hickox & Alexander 2018;
Harrison & Ramos Almeida 2024).

Simulations of AGN have shown that different AGN
are likely to be fed in different ways. For example,
only the most luminous AGN with bolometric luminosi-
ties greater than 10%6 erg s=! are likely to be substan-
tially fueled via major mergers (e.g., Steinborn et al.
2018). Lower-mass (logM, < 9.5 M) galaxies may be
impacted by ram pressure stripping during mergers,
with black hole accretion rates being amplified by as
much as a factor of two (Ricarte et al. 2020). This could
plausibly lead to an increase in the AGN’s X-ray lumi-
nosity, but considering at most 20% of AGN host galax-
ies in the same simulations show clear merger signals,
this again supports our results suggesting that the ma-
jority of AGN are not triggered by mergers and instead
rely upon secular feeding processes.

Our findings are also consistent with several observa-
tional results on X-ray AGN hosts in the same redshift
regime. Studies of X-ray—selected AGN at z < 2 find
at most moderate excesses of strong merger signatures
compared to controls (e.g., Cisternas et al. 2011; Ko-
cevski et al. 2012; Povié et al. 2012; Villforth et al. 2014).
The lack of clear connections between mergers and AGN
activity except in the most luminous AGN support sce-
narios where the nuclear SED differences reflect varia-
tions in fueling and obscuration on sub-galactic scales
within most AGN host galaxies, rather than wholesale
transformations of global galaxy morphology on short
timescales.
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5.2. The Identification of Nuclear-obscured Spheroid
Galazies

In contrast to shapes 3 and 4, which are morpholog-
ically similar but likely differ slightly in nuclear prop-
erties or geometry, shape 5 shows a coherent host-scale
distinction that may indicate a different evolutionary
state. Disk fractions fall from ~ 60% in shape 4 to
< 30% in shape 5 (see Fig. 17), while spheroids be-
come the largest plurality. Viewing the galight results,
shape 5 hosts show a dearth of low B/T galaxies relative
to shapes 3—4. This is noteworthy given that Auge et al.
(2023) reported similar UV /MIR /FIR-to-intrinsic X-ray
luminosity ratios for shapes 4 and 5, and earlier work in
Hao et al. (2013) did not distinguish our shape 4 and
5. To clearly ascertain if this population of galaxies is
truly distinct, we will require larger samples. However,
we can posit a physical explanation for these galaxies
based on our unique sample.

We interpret shape 5 as a heavily UV-optical-IR ob-
scured phase of post-merger evolution, where galax-
ies are generally embedded in more bulge-dominated
systems that have already undergone galaxy mergers.
These galaxies must have a different assembly history
compared to the disk-dominated samples in SED shapes
3 and 4. No shape 5 galaxies are undergoing major merg-
ers, and at most 22% (both the raw fraction, and the top
of the Bayesian credible interval after removing double-
counted irregulars with disturbances) have evidence of
recent interactions. Thus, these spheroids must have un-
dergone major mergers at an earlier evolutionary stage
than the galaxies in the other SED shapes.

We also do not see strong evidence for MIR reprocess-
ing, implying that what obscuring dust is present must
be located inside the nucleus. We put forward several
suggestions.

A compact, nuclear dust screen (or polar dust) could
attenuate the UV while yielding only moderate MIR if
the covering factor or dust temperature distribution is
low; alternatively, a decline from a prior high-accretion
(quasar) phase could reduce the intrinsic UV/X-ray out-
put while leaving residual obscuration. Host-scale inter-
stellar media can also contribute appreciably to X-ray
obscuration in some systems (Buchner & Bauer 2017),
providing a natural pathway to high obscuration in mod-
erate—high B/T galaxies without invoking ongoing ma-
jor mergers.

In this view, shape 5 may represent a late or inter-
mittently fueled stage in which nuclear geometry and
host ISM jointly set the observed SED. The host galax-
ies themselves are likely the post-merger remnants of
major mergers in the early universe. We suspect that
these galaxies will show suppressed star formation rates

consistent with the red sequence. To better understand
whether this is truly a population of quiescent galaxies
formed through mergers in the early universe, we sug-
gest future studies investigate their colors, star forma-
tion rates, and dust properties through SED modeling.
However, this in-depth look at these galaxies lies beyond
the scope of this paper.

6. SUMMARY AND CONCLUSIONS

In this paper, we have analyzed the 1 pm-normalized
SEDs of 194 X-ray luminous AGN in the GOODS fields
and examined their connections with their host galax-
ies’ morphologies. We sorted the AGN host galaxies ac-
cording to the slope of their SEDs in the UV and MIR
using the methodology of Auge et al. (2023). We then
visually-classified all the host galaxies and modeled their
morphologies using galight to understand if different
morphologies correlate with different SED shapes.

We find that the GOODS X-ray-selected AGN live in
a wide variety of host galaxies, with 52% being visually
disk-dominated and ~ 31% visually bulge-dominated.
The remainder are irregular.

We note four primary results below:

e Galaxy interactions may not be the primary
trigger for obscured AGN: 34% of AGN in our
sample show signs of interactions. Only Secular
processes appear capable of driving AGN to high
luminosities, with mergers contributing to only a
subset of the population.

e Post-merger spheroid galaxies appear
heavily-obscured: The most UV- and MIR-
obscured AGN are preferentially found in galaxies
with higher bulge-to-total ratios, reduced disk
fractions, and fewer signs of recent interactions.
These systems appear to have assembled earlier in
cosmic time and exhibit early-type morphologies
while still containing sufficient nuclear dust and
gas to fuel and obscure an X-ray—bright AGN.

e Obscured AGN live in diverse hosts: For
the bulk of the sample, spanning lightly to mod-
erately obscured UV/MIR emission, the distribu-
tions of host morphologies are statistically simi-
lar. Bulge-to-total ratio distributions and interac-
tion fractions remain statistically consistent across
these obscuration levels, suggesting that nuclear-
scale dust and gas geometry, rather than global
host morphology, drives the observed SED differ-
ences.

e Most GOODS X-ray AGN exhibit obscured
UV /optical SEDs: Approximately 94% of the
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sample exhibit suppressed UV emission, and about
half show rising MIR-FIR emission. The high ob-
scured fraction reflects both intrinsic AGN prop-
erties and the sensitivity of GOODS to faint dust-
reprocessed emission.

Using galight, we characterized an interesting pop-
ulation of UV /optical/MIR obscured AGN in spheroid
galaxies. This population still contains sufficient dust
(and, presumably, gas) to power and obscure an X-ray
bright AGN, yet is beginning to show the properties of
early-type galaxies. We recommend that future work
study these heavily-obscured spheroids to better under-
stand their dust masses and kinematics. Preliminary
work in the AHA Collaboration suggests that this pop-
ulation is present in AGN in the wider COSMOS fields,
though much more work is necessary to characterize this
population’s properties. Rigorous SED modeling should
elucidate whether these galaxies are quiescent and may
hint at their assembly histories.

This study provides additional evidence that a mix-
ture of secular and interaction-driven processes power
AGN activity. We find evidence that some of the
brightest AGN appear to have host galaxies undergo-
ing or which recently underwent merger episodes, but
this is not true of all the most luminous AGN. As
larger datasets become available, for example through
COSMOS-Web, we expect more clarity as we move from
samples sizes in the hundreds to thousands of X-ray se-
lected AGN.
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APPENDIX

A. ADDITIONAL VISUAL CLASSIFICATION COMPARISONS

In §3.3, we described comparisons between the author’s visual classifications and those in the literature from Kar-
taltepe et al. (2015b) and Huertas-Company et al. (2015). We also made reference to additional visual classifications
which we compared against. In this appendix, we present comparisons with additional classifications carried out by the
UW-Madison Astronomy Club and selected additional classifiers. This allowed us to compare classifications between
the author and a wider group utilizing the same classification methodology.

We prepared a presentation on galaxy evolution and morphology before giving them a training sample of 35 non-AGN
galaxies in the field. These galaxies are identical in redshift range, but have X-ray luminosities less than 102 erg s~!.
This ensured students would be trained on galaxies representative of those they would see in the sample without
accidentally including any real targets. We also encouraged the students to practice identifying galaxy features using
the popular citizen-scientist Galaxy Zoo program (Lintott et al. 2008).

The classifiers utilized the Smithsonian Astrophysical Observatory DS9 software to classify the galaxies (Smithsonian
Astrophysical Observatory 2000). Our study relies on classifying faint details from mergers or galaxy interactions
which does not allow a uniform stretch to be performed on all galaxies. Instead, each student was responsible for
determining their own stretch. We instructed them to avoid stretching too far and taught them about common data
artifacts. The most common source of confusion was the HST diffraction pattern around point sources, which some
classifiers originally believed to be a ring. We corrected the issue by giving the classifiers a basic introduction to the
HST point spread function.

Ultimately, seven additional classifiers reviewed the AGN host galaxies. Figure 18 shows a heat map comparing the
author’s classifications with the students’. Note that some of the fractions do not add to 1, as galaxies which did not
have a majority agreement were marked as unclear and not included in the table.

In general, the classifiers agree with the author on whether a source is disk or bulge-dominated. We agree 81% of
the time on disk galaxies, 40% for irregulars, and 62% of the time on spheroid galaxies. That we disagree most about
disk-spheroids is unsurprising; the primary features, as noted in §3.3, are often difficult to analyze.

We conclude that we broadly agree with trained classifiers across the sample, though with some disagreements in
the irregular category.
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Figure 18. Heat map showing the classification agreement between 7 classifiers and the lead author. The colorbar is the same
as Figure 9. Note that the fractions do not all add to one. If more than half the classifiers failed to reach a consensus on the
primary morphology, that source was marked as 'Unclear’ and not sorted into any category. In general, we agree whether a
source is disk-dominated or spheroidal in nature. We often struggle to agree on the nature of disk-spheroids and irregulars, an
unsurprising consequence of these being defined by features that are often difficult to categorize. The broad agreement seen
here is encouraging. The classifiers have spent a fraction of the total time studying these sources and have access to less filters
(namely, JADES had not been released while they were conducting their classifications) than the author, yet broadly find the
same broad results.
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