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Abstract

The COSMOS field has been extensively observed by most major telescopes, including Chandra, HST, and
Subaru. HST imaging boasts very high spatial resolution and is used extensively in morphological studies of
distant galaxies. Subaru provides lower spatial resolution imaging than HST but a substantially wider field of view
with greater sensitivity. Both telescopes provide near-infrared imaging of COSMOS. Successful morphological
fitting of Subaru data would allow us to measure morphologies of over 10* known active galactic nucleus (AGN)
hosts, accessible through Subaru wide-field surveys, currently not covered by HST. The morphological parameters
indicate the types of galaxies that host AGNs. For 4016 AGNs between 0.03 < z < 6.5, we study the morphology
of their galaxy hosts using GALFIT, fitting components representing the AGN and host galaxy simultaneously
using the i-band imaging from both HST and Subaru. Comparing the fits for the differing telescope spatial
resolutions and image signal-to-noise ratios, we identify parameter regimes for which there is strong disagreement
between distributions of fitted parameters for HST and Subaru. In particular, the Sérsic index values strongly
disagree between the two sets of data, including sources at lower redshifts. In contrast, the measured magnitude
and radius parameters show reasonable agreement. Additionally, large variations in the Sérsic index have little
effect on the X,% of each fit, whereas variations in other parameters have a more significant effect. These results
indicate that the Sérsic index distributions of high-redshift galaxies that host AGNs imaged at ground-based spatial

CrossMark

resolution are not reliable indicators of galaxy type and should be interpreted with caution.

Unified Astronomy Thesaurus concepts: AGN host galaxies (2017); Active galactic nuclei (16); Galaxy

classification systems (582); Surveys (1671)

1. Introduction

The properties of the galaxies that host active galactic nuclei
(AGNSs) offer clues to the conditions that enable accretion onto
supermassive black holes (SMBHs). Because galaxy shape is
linked to various mechanisms of galaxy evolution, measuring
morphologies is an important step in characterizing AGN host
galaxies. Additionally, by using AGN samples over a large
redshift range, we are offered a unique view into the evolution
of SMBHs over cosmic time frames, as the actively accreting
matter is feeding the growth of the black holes.

X-ray surveys are used extensively to detect AGNSs, in part
due to the lack of contamination from other strong sources of
continuum emission such as star formation (Civano et al.
2012). IR surveys are also fairly common but can run into
issues with contamination by, for example, star-forming
galaxies, particularly in specific redshift ranges (Donley
et al. 2012). Although each method has its own benefits and
drawbacks, different classes of AGNs are more readily detected
by different methods; thus, to create a complete collection of
data, we must utilize multiwavelength surveys. This allows for
a more complete understanding of the AGNs contained within
the survey (Hickox et al. 2009). Using these multiwavelength
surveys, an AGN could be detected in the X-ray and then have

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

the corresponding counterparts in the IR and optical detected
for follow-up study, as was done in Civano et al. (2012).

An example of an extragalactic multiwavelength survey is
the Cosmic Evolution Survey (COSMOS), a ~2 deg2 region
that has been observed by essentially every major space
telescope, as well as many ground-based telescopes. The
telescopes include the Hubble Space Telescope (HST), Subaru
Telescope, Canada—France—-Hawaii Telescope (CFHT), Chan-
dra X-ray Observatory, XMM-Newton, Keck, Spitzer, etc.
Scoville et al. (2007) provide a summary of COSMOS
observations and include estimates for the number of extra-
galactic objects within. These observations provide highly
beneficial layers of depth for a very wide range of wavelengths,
a necessary factor in understanding AGNs of all types and their
hosts.

In this project, we characterize the morphological nature of
galaxies at redshift 0.03 < z < 6.5 that host AGNs and compare
the results for higher and lower angular resolution data. We do
this by using two sets of imaging data containing a large
sample of active galaxies in common and measure a set of
morphological parameters of each independently. We then
compare and discuss the trends that occur between the two sets
of data. Agreement between the two sets of data would unlock
a large sample of data that we could not fit previously, as the
lower angular resolution, ground-based data cover a much
larger area. These larger sample sizes would provide a much
more comprehensive understanding regarding the link between
AGNSs and their host galaxies.
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2. Images and Data

Spatial resolution is of the utmost importance when studying
morphology. Historically, the vast majority of morphological
fitting studies of distant galaxies use HST imaging. This is
especially true when studying AGNs, as HST provides the
necessary high angular resolution and stable, well-character-
ized point-spread function (PSF) to disentangle the point-like
AGN and its host galaxy. HST thus provides a clearer
distinction between the central bulge and point source (PS),
an important factor to consider when trying to account for the
flux of each component individually. These benefits do come at
a cost, however, as in morphological studies such as these we
require deep, high-resolution imaging for a relatively large
region of the sky to obtain sufficiently large samples. The HST
Advanced Camera for Surveys’ Wide Field Channel (ACS/
WEFC), however, has a relatively small field of view (FOV), at
only 202 x 202 arcsec?, which is nonideal for use in large
surveys.

The COSMOS field is unique in the fact that there exists full
contiguous HST ACS/WFC coverage of the region with a
median exposure depth of 2028 s (a full HST orbit). Thus, we
can use these data as a testing ground for comparisons between
lower-resolution observations taken by telescopes more apt for
large-area surveys. The Subaru Telescope’s Hyper Suprime-
Cam (HSC), a camera for the ground-based 8 m telescope, has
a poorer spatial resolution than that of HST (with seeing-
dominated spatial resolution ~6.3x larger), while covering a
much larger FOV of 90 x 90 arcmin® (Miyazaki et al. 2012).
In general, large, ground-based telescopes will be less sensitive
to faint PSs than HST but can be more sensitive to larger,
extended sources such as galaxy disks. The COSMOS field has
been completely imaged by Subaru HSC, allowing for an easy
comparison of the difference in morphological parameters
measured. Subaru HSC also provides excellent coverage of
other large regions that have AGN catalogs but no HST
coverage. This makes the comparison very useful, as, if our
method is validated, we gain access to a large sample of Subaru
HSC-quality data previously considered to be of uncertain
reliability.

The abundance of multiwave observations in the COSMOS
field makes it an invaluable tool in understanding AGNs. Due
to the high sensitivity and resolution of the data, COSMOS is
an excellent source of high-redshift objects, with sources as
high as z~ 6.5 (Scoville et al. 2007). In this study, we use the
AGN catalog of Marchesi et al. (2016), who identified optical
and IR counterparts of the Chandra COSMOS-Legacy Survey
(Elvis et al. 2009; Civano et al. 2015). This catalog provides us
with 4016 X-ray sources, 97% of which have an optical /IR
counterpart, as well as a photometric redshift measurement.
About 54% of these sources have a spectroscopic redshift
measurement. This catalog also provides numerous measured
X-ray and optical properties for each source. Figure 1 shows
the redshift distribution of the AGNs within the catalog.

In this study, we use high-resolution HST ACS/WFC
imaging of the entire COSMOS field (Koekemoer et al. 2007;
Massey et al. 2010) with a pixel scale of 07030 pixel '. The
limiting PS depth of the HST imaging is a magnitude of F814
(AB)=27.2 (50). For each of the 4016 sources, a cutout is
extracted. These cutouts range in size from 8” to 30” (267 to
1000 pixels). These cutouts are fit for the HST portion of this
study. The PSF used for the HST fits was created using
TinyTim (Krist et al. 2011) and has an FWHM of 0”095.

Dewsnap et al.

We used the AGN catalog positions to identify the cutout
locations for the COSMOS field using the Subaru HSC
imaging from the Hyper Suprime-Cam Subaru Strategic
Program (HSC-SSP; Aihara et al. 2018, 2019). This program
provides a Wide layer of data covering an area of ~300 deg®.
Within this area, there exist ~27deg> and ~3.5deg” of
complete Deep and UltraDeep data, respectively. These Deep/
UltraDeep data are jointly processed and cover the entire
COSMOS field with a 50 PS depth magnitude of 27.1 in the i
band. In terms of PS depth, this is shallower than the HST
observations; however, Subaru HSC provides deeper imaging
for extended sources at only ~0.3 mag fainter within a 2”-
diameter aperture than its PS depth. The Subaru HSC imaging
has a pixel scale of 0” 168 pixel "'. Cutouts are taken from these
data using the cutout tool provided by Aihara et al. (2019).
Aihara et al. (2019) provide a PSF picker with which we
selected the corresponding PSF for each cutout. The median
PSF FWHM of the Subaru HSC i-band data is 07 66.

It is important to contextualize the cost of collecting the two
sets of data. While HST has superior spatial resolution, it
required 583 orbits of HST observation, each with a 2028 s
exposure, to fully cover 1.64 deg” of the COSMOS field. This
means that observations took approximately 2 weeks of
observing time, forcing the observations to take place over
the course of 2 yr. Not only is it incredibly difficult to allocate
so much observing time to a single project, but this time span is
incredibly long. In the Subaru HSC imaging done by Aihara
et al. (2019), the Deep set of imaging covered a total of 27 deg”
over 10 exposures, taking 2.1 hr. The UltraDeep imaging
covered an area of 3.5 deg” over 20 exposures, taking 14 hr.
Given how substantially less time is required for these
observations, it took only approximately 10 days as opposed
to the 2 yr of HST. Even with ground-based telescopes such as
Subaru being held within the limitations of weather and Earth’s
rotation, the advantage for large-scale surveys is clear, and the
ability to perform morphological fits despite the lower spatial
resolution would be extremely valuable. In addition, the Subaru
HSC Wide set of imaging covers ~1400deg” containing
hundreds of millions of galaxies, including many AGN hosts.
This sample is invaluable when comparing to the 4016 sources
in this study.

3. Fitting Process

In order to characterize the morphology of a galaxy, we can
model the surface brightness profile using a mathematical
function. By fitting this function to the surface brightness
profile, we can measure certain properties about the galaxy,
such as the effective radius or magnitude. 2D fitting fits
brightness profiles directly to an image of a galaxy. This fitting
process involves the convolution of the model with a PSF, thus
accounting for image smearing. Another primary benefit of 2D
fitting is the ease of visually checking the results of the fit.
Because the model is fit directly to the image of the galaxy, one
can simply create a residual image by taking the difference
between the observed and model images for a simple check of
fit quality. There are a number of different 2D fitting software
packages, for example, GALFIT (Peng et al. 2002, 2010),
GIM2D (Simard 1998), and BUDDA (de Souza et al. 2004).
The versatility of these software packages allows them to be
used for many different studies of galaxy morphology for a
wide range of data (HauBler et al. 2007; Gabor et al. 2009;
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Figure 1. Redshift distribution of sources from the Marchesi et al. (2016) X-ray
AGN catalog.

Sheth et al. 2010; van der Wel et al. 2012; Bottrell et al. 2019;
Li et al. 2021).

The most commonly used brightness profile is the Sérsic
profile (Sérsic 1963; Sersic 1968). This profile is defined as

() = Seexp —nn[(i)” - 1) , (D
re

where X, is the pixel surface brightness at the half-light radius
r. (defined to be the radius of the isophote containing half of
the luminosity of the galaxy), n is a parameter called the Sérsic
index, and k,, is a variable dependent on n defined by

20 ) = %F(zm, @)

where I" and ~ are the Gamma and lower incomplete Gamma
functions, respectively. The Sérsic profile with n=1 is
identical to the exponential disk profile used to model spiral
galaxies (Freeman 1970). Similarly, the value n =4 gives the
de Vaucouleurs profile historically used to model many
elliptical galaxies (de Vaucouleurs 1948; de Vaucouleurs
et al. 1976, 1991). The total flux of the source can be
calculated by integrating 3(r) out to r = oo, resulting in the
expression

Frowl = 2712 S.e ke, ™' T'(2n)q/R(Co; m), A3)

where ¢ is the axis ratio and R(Cy; m) is a geometric correction
factor. This correction factor is typically 1 and is related to
optional Fourier modes and a diskiness /boxiness factor that are
used only for complicated fits of nearby galaxies (Peng et al.
2010).

Depending on the complexity of the fit, there are multiple
common techniques to apply the above profiles. If a galaxy is
imaged at sufficiently high resolution, the galaxy can be
modeled by simultaneously fitting components for the disk and
bulge, possibly using either an exponential disk alongside a de
Vaucouleurs profile or simply two Sérsic profiles. It would also
be possible to add additional profiles to model other
phenomena, for example, a bar or a ring. If the galaxy has
small angular size compared to the telescope resolution, a
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single Sérsic index is often able to fit the source with sufficient
accuracy.

When performing morphological fits on large-scale survey
data, it is important to account for the central PS seen in active
galaxies, even in studies that are not focused on AGNs. A
single galaxy brightness profile cannot accurately account for
the galaxy and the AGN simultaneously, and thus the AGN
must be treated separately. Because an AGN appears as a
distinct PS, the most common method to fit AGNs is to
simultaneously fit a central PS alongside the typical galaxy
components. This method is standard among morphology
studies using either 1D or 2D fitting and has been thoroughly
tested for its viability (Kim et al. 2008; Simmons &
Urry 2008).

In order to perform the morphological fits, we apply the 2D
fitting software GALFIT (Peng et al. 2002, 2010). We selected
GALFIT owing to its prevalence in the literature, as well as its
ability to fit any number of components simultaneously.
GALFIT uses a nonlinear least-squares algorithm that applies
the Levenberg—Marquardt technique, an algorithm that is
among the most efficient for large parameter spaces. In each
step of a fit, GALFIT calculates a x~ value and computes how
it should alter the morphological parameters in order to
minimize the y>. It continues to iterate until either the y* value
converges or a maximum number of iterations is reached. A
basic value with which we can measure the quality of the fit is
the reduced X2’ called Xi, defined as

2 _ I & o (ﬁiata ()C, Y) - fmodel (x’ y))2
X, ’
o(x,y)

“

Naof 1 Z1y=1

with

fmodel ('x» y) = Zf;;(-x’ Yy a17-~-»an)~ (5)

v=1

Here n, and n, are the dimensions of the image, fya(x, y) is the
flux measured at the point (x,y), and fiogei(x, ¥) is the sum of
each component function f,(x, y; ay,...,q,), with (ay,...,q,) the
free parameters of the fit. For each component function, v
represents the component number, with m the total number of
components. Ny is the number of degrees of freedom. This
term is defined as the difference between the number of pixels
in the image and the number of free parameters in the model.
The function o(x, y) is the Poisson error at each point of the
image. This is computed through the use of a sigma image that
can be either input by the user or calculated by GALFIT using
the GAIN, EXPTIME, and NCOMBINE headers from the
cutout. Gabor et al. (2009) find that the choice of sigma image
leads to small uncertainties relative to those introduced by the
PSF and other effects.

GALFIT allows for the use of many different brightness
profiles, including the Sérsic profile. GALFIT is able to
convolve each profile with a user-input PSF in order to
accurately model the image spread seen in the observations.
Alongside this, GALFIT is able to fit a PS component
alongside any number of other components. This PS comp-
onent is also convolved with the PSF and thus simply appears
in the image as the PSF.

There are a number of possible ways in which we can fit the
surface brightness profiles of the set of galaxies. In this study,
we apply three different fits to each galaxy in the catalog: one
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Figure 2. Example of the fitting process showing typical results for each of the three fits. The source is identified as “cid_380” by the source catalog (Marchesi
et al. 2016). Each cutout has an angular width of 3703. S.E. represents the Source Extractor step in which we determine the initial conditions and the pixel mask. In
this case, there are no neighboring sources to be masked out. The single Sérsic fit fails near the central PS, and the single PS fit fails for the extended host galaxy. The

Sérsic+PS fit best accounts for both the host galaxy and AGN contributions.

fit with a single Sérsic profile component, one with only a
single PS component, and one with both a Sérsic and a PS
component. In most cases, the AGN will have a significant
contribution to its host galaxy’s brightness profile. This means
that, in general, the Sérsic+PS fit will best account for the
source, as the single Sérsic fit will fail near the central PS and
the single PS fit will fail for the extended galaxy. If the central
PS is faint relative to the galaxy, it can be more difficult to
differentiate between the galaxy bulge and the AGN. If the
bulge is small relative to the image resolution (i.e., the bulge is
comparable in size to the image PSF), then the Sérsic+PS fit
may overfit the region near the PS, leaving the single Sérsic fit
as the best fit. Even if the bulge is not comparable in size to the
PSF, a faint PS will result in a more uncertain determination of
the host galaxy and AGN properties. An example of each of the
three fits is given in Figure 2. Due to the redshift distribution of
the galaxies in our sample, it is possible that the galaxy and
AGN appear as a single PS. This is due to both the smaller
angular size of the observed galaxies and selection bias; only
more luminous AGNs are detected at higher redshift and thus
are more likely to dominate their host galaxy. In this case, we
again may not be able to differentiate the galaxy from the
AGN, resulting in the single PS fit (or possibly the single Sérsic
fit with high n) providing the best fit. The Sérsic+PS fit is most
valuable, as it is the only fit that is able to potentially provide
morphological parameters of the host galaxy, as well as
separate flux measurements of the galaxy and AGN.

The Sérsic profile has a number of free parameters to be fit
and provides useful derived galaxy properties. Outputs include
the position on the image (xg,),), the total integrated

magnitude my,, the effective (half-light) radius r,, the Sérsic
index n, the axis ratio g (defined as b/a, with a and b the
semimajor and semiminor axes), and the position angle p 5.
(defined with the positive y-direction as 0° increasing counter-
clockwise). The PS component provides a position (xps, ypg)
and a total integrated magnitude mpg. In order to define an AB
magnitude, we must calculate the corresponding zero-point.
For an HST ACS image, this is a relatively simple process as
outlined by the work of Bohlin (2016). The Subaru data
provide the zero-point in units of flux in the image header for
straightforward conversion into a magnitude.

GALFIT allows for constraints to be applied to the free
parameters of a fit. The constraints are selected such that the
results remain physical in cases where the solution does not
converge and in order to prevent GALFIT from crashing if
extreme values are reached. Note that the constraints are not
intended to limit the range of variation in the fitting process. In
order to apply the x* minimization, the parameters must be
allowed to vary outside of physically expected results. The
constraints are summarized in Table 1. The constraints we
selected are fairly standard throughout similar studies (Sim-
mons & Urry 2008; Gabor et al. 2009; van der Wel et al. 2012;
Powell et al. 2017; Bottrell et al. 2019; Ishino et al. 2020; Li
et al. 2021). We experimented with different sets of constraints
and found that the vast majority of fits see little change in the
best-fit parameters as the constraints are tightened or loosened,
a result in agreement with Gabor et al. (2009). If the constraints
are loosened, fits that reach the boundary in the more strict case
tend to also reach to the boundary in the less strict case.
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Table 1
The Constraints Applied to Each Fit
Parameter Name Sérsic+PS Fit Sérsic Fit PS Fit
Sérsic index (n) 05<n<8 05<n<8 N/A
Host magnitudea |mhost - minit' < 25 |mhosl - minitl < 2.5 N/A
Half-light radius (arcsec) 0<r.<9 0<r.<9 N/A
Xhos POSition (arcsec)” [Xnost — Xinit| < 0.6 [Xhost — init] < 0.6 N/A
Yhost POsition (arcsec)® [Yhost — Yimit| < 0.6 [Yhost — Yinit| < 0.6 N/A
Point-source magnitude® |mps — M| < 7.5 N/A |mps — mini| < 7.5
Xps position (arcsec)! |Xps — Xnost| < 0.15 N/A [Xhost — Xinit] < 0.6
Yps position (arcsec) [¥ps = Yhost| < 0.15 N/A [Vhost — Yinit] < 0.6

Notes.

? The host magnitude is constrained to be within 2.5 of the initial host magnitude input.

® The position of the host galaxy is constrained to be within 076 of the initial input in both the x- and y-directions.

¢ The PS magnitude is constrained to be within 7.5 of the initial PS magnitude input.

4 The position of the PS component is taken to be within 0”15 of the host galaxy component (i.e., near the center of the galaxy) in the Sérsic+PS fit, but it is
constrained to be within 0”6 of the initial input in the PS fit (i.e., treated similar to the host galaxy in the case in note b).

The initial conditions were selected following the work of
Simmons & Urry (2008), Gabor et al. (2009), and HiuBler et al.
(2011). We use Source Extractor (Bertin & Arnouts 1996) on
each image and select the brightest object within a box of side
length 1”2 at the center of the image, as the cutout is roughly
centered on the source to be fit. The source must have an area
of 3 pixels each with flux greater than 3¢ over the background
as an initial baseline assurance that the source can be fit. From
this selection, we find initial values for the position on the
image, an effective radius, host magnitude, axis ratio, and
position angle. Note that Source Extractor reports different
definitions of the axis ratio and position angle than GALFIT.
Source Extractor reports the elongation of the source, defined
as a/b, and thus we take the inverse to be our initial input into
GALFIT. The position angle is defined with the positive x-axis
as 0° rotating counterclockwise. Thus, we simply shift this
value by 90° to achieve our initial GALFIT input.

We choose a value of n = 2.5 as the initial Sérsic index value
for all fits. This value is a reasonable midpoint between the
historical spiral and elliptical values of n=1 and n=4,
respectively. This value was also selected by Simmons & Urry
(2008), who studied the viability of the Sérsic4PS fitting
method. The initial value for the PS magnitude is taken to be 2
mag dimmer than that of the host galaxy. This method is
similar to that of Gabor et al. (2009). The work of Hauf3ler et al.
(2007) heavily tested the robustness of GALFIT on simulated
galaxies and found that it is not sensitive to the choice of initial
conditions and that the underlying solution is recovered in most
cases.

In order to account for nearby sources possibly interfering
with the fit, we apply a pixel mask to all pixels that Source
Extractor associates with a neighboring source centered outside
of 5r, of the primary source. For sources detected within 5r,,
we perform simultaneous fits including a separate, single Sérsic
component for each additional source. This method adequately
minimizes contamination from nearby sources while not
prohibitively increasing computing time for a typical cutout.

The GALFIT Sérsic+PS fitting method cannot account for
certain distinctive features in galaxies, such as spiral arms, dust
features, or rings. Figure 3 shows examples of these alongside
an attempted fit. While in many cases GALFIT may return
reasonable values for the morphological parameters, these

features can influence the fitting algorithm and prevent
convergence to physically accepted values.

4. Testing the Fitting Process

In order to test our fitting process, we ran a set of fits using
the same set of AGNs as Gabor et al. (2009) and directly
compared the results for each source. This set of data was
selected because it uses the same HST imaging of the
COSMOS field but covers fewer sources, allowing for easy
exploration of the quality of fit while also providing the best
analog on which to test. The AGNs used are optical/IR
counterparts from the XMM-Newton X-ray source catalog
(Brusa et al. 2007; Cappelluti et al. 2007) and the Very Large
Array (VLA) radio source catalog (Schinnerer et al. 2007). This
results in a set of 394 AGNs that we feed into the fitting
process.

Gabor et al. (2009) used similar parameter constraints to the
present study. They constrained the PS magnitude to be within
5 mag of the host and to be within 10 mag of the initial value.
The radius is also constrained to be less than 500 pixels. The
Sérsic index and PS position constraints are the same between
both studies (Table 1). They list no constraints on the host
magnitude or position. Gabor et al. (2009) investigated the
effects of changing the parameter constraints and found only
minor differences in results, validating the viability of this
comparison.

Of their 394 fits, Gabor et al. (2009) find that 174 (44%) of
the fits did not converge within the parameter constraints on the
initial run. Of these, 74 were refit successfully using new initial
parameters, leaving only 25% failing to converge within the
parameter constraints. Another 26 fits were later fit manually.
Manual fitting refers to creating the input parameters manually
without the use of an automated process (e.g., the Source
Extractor step). After fitting the set of data using our process,
112 of 394 (28%) fits failed to converge within the parameter
constraints without any refitting. Our Sérsic constraint was
flagged 44 times, the maximum radius was flagged 7 times, and
the PS position constraints were flagged 36 and 39 times for x
and y, respectively. In addition, nine of our fits failed to
complete.

Figure 4 shows a direct, source-by-source comparison of the
fits from both this study and Gabor et al. (2009). The fits
included are those that did not flag our constraints and those
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Spiral Arms (cid-3718, 8.91")

Dust Feature (cid-3439, 7.38")

Ring (1id_2072, 4.29)

Figure 3. Examples of features that are unaccounted for in these fits. The
cutout (left) is shown alongside the residual of the Sérsic+PS fit (right). The
source ID from the source catalog (Marchesi et al. 2016) is given for each
example alongside the cutout width.

flagged as a good fit by Gabor et al. (2009). There is clear
agreement between the results, with our results being within the
uncertainties reported for the majority of fits. The Sérsic index
has the poorest correlation, especially at higher indices.
Difficulty in constraining large Sérsic index values is not
uncommon (Ishino et al. 2020; Li et al. 2021). Typically, high
Sérsic indices are sensitive to change when the extended wings
of the galaxy are faint relative to the background noise (Peng
et al. 2010). This may be part of the discrepancy seen here.
Overall, these results imply that our fitting process is able to
consistently determine best-fit parameters that agree with the
work of Gabor et al. (2009) for HST sources.

5. Convolved HST Fits

In order to investigate whether our fitting process sees
similar results to Subaru with another low-resolution set of data
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comparable to Subaru, we manipulate the HST imaging to
create a new set of low-resolution data that acts as a middle
ground between HST and Subaru. With these data, we can
investigate whether the new convolved HST fits are more
similar to the HST or Subaru fits. If the new convolved fits
were to appear more similar to the high-resolution HST fits, it
may unlock new methods to investigate the HST and Subaru
comparison.

To create the new set of data, we first take the corresponding
Subaru PSF and use Montage (Jacob et al. 2010) to scale the
pixel scale to match that of the HST cutouts. Then, we
convolve the HST cutout with the scaled Subaru PSF using
Astropy (Astropy Collaboration et al. 2013, 2018). The final
step is to scale the new image to match the pixel scale of the
Subaru cutouts. In addition, the image flux must be scaled by a
factor equal to the ratio of the new and old pixel area, namely,

0.168\2 .
(m) . Figure 5 demonstrates a comparison of a source

imaged by HST, a source imaged by Subaru, and our new
convolved image. Visually, the convolved HST image appears
more similar to the Subaru cutout.

As these images are a combination of HST and Subaru
imaging, the PSF is also a combination of the HST and Subaru
PSFs. We created a new convolved HST PSF following a
similar process to creating the cutouts. We first adjust the pixel
scale of the corresponding Subaru PSF to match that of HST
and then convolve the HST PSF with the scaled Subaru PSF.
We then adjust the scale of the new PSF to match that of
Subaru. These are the PSFs we used with GALFIT in order to
fit these cutouts.

6. Results

We applied our fitting process to each of the HST, Subaru,
and convolved HST cutouts. The time required for each source
depends on the number of steps taken to converge and the size
of the cutout. A source with more nearby sources will, in
general, take more steps to converge, as it may take longer to fit
the neighboring sources than the original source. The angular
size of the cutout is a factor as well, as a larger angular size
likely includes more neighboring sources and thus requires
more steps. A cutout with a larger number of pixels will also
increase computation time, as, in general, a larger cutout
contains a larger source. Thus, a larger image will require more
convolutions per iteration, which is the most time-consuming
step in the fitting process. In general, our Subaru cutouts cover
a larger angular region, meaning that there are typically more
nearby sources to fit. Our HST sources, however, tend to have a
larger number of pixels. This leads to smaller HST cutouts
taking the least time to fit (on the order of seconds), followed
by most Subaru cutouts (seconds to minutes), with larger HST
cutouts taking the longest (minutes to hours). In general, the
convolved HST fits were always the quickest to compute, as
they feature the smaller angular region of the HST cutouts but
also the lower pixel scale of the Subaru cutouts.

Of the 4016 sources in the catalog, 2782 and 2995 sources
passed the Source Extraction step defined in Section 3 for HST
and Subaru, respectively. This step does not complete for
sources that either do not have a sufficiently bright i-band
counterpart or are not near the center of their respective cutout.
Of the 2782 HST sources passed to GALFIT, 66 Sérsic+PS fits
failed to converge, alongside 71 and 80 for the single Sérsic
and PS fits, respectively. For the 2995 Subaru sources passed to
GALFIT, there were 138 failed Sérsic+PS fits and 112 and 145
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Figure 4. Comparison of the test fits and the fits of Gabor et al. (2009). The sources displayed here are those for which the fits in this study had parameters converge
within the constraint boundaries, and the fits by Gabor et al. (2009) that are flagged as being “good.” The colors of the markers indicate the fit flag assigned by Gabor
et al. (2009), namely, a good initial fit, a good fit after changing the initial parameters, or a good manual fit. The black line represents one-to-one agreement between

the fit parameters. All four parameters see strong agreement.

Figure 5. Example of the HST (left), Subaru (middle), and convolved HST (right) cutouts for a typical galaxy, in this case source cid_1021. Each cutout has a size of
7"765. Note that the HST cutouts have 0”030 pixel ' and both the Subaru and convolved HST cutouts have 0”168 pixel .

failed single Sérsic and PS fits, respectively. It is not
unexpected for the Subaru fits to fail marginally more often
than the HST fits owing to the reduced spatial resolution. In
comparison, the convolved HST fits had 2803 sources pass the
Source Extraction step, with an additional 85 Sérsic+PS fits
failing to converge.

6.1. Parameter Constraints

Of these successful fits, 31% of HST Sérsic+PS fits failed to
converge within the parameter constraints compared to 52% for
Subaru. The convolved HST Sérsic+PS fits failed to converge
within the bounds in 50% of the fits, a value very similar to that

of Subaru. Table 2 gives a summary of which specific
constraints are flagged for each of these fits. For HST, the
Sérsic index did not fall within the constraints more often than
any other parameter. This result is not entirely unexpected, as
the Sérsic index tends to increase to high values in cases where
the source appears point-like, thus often running into the upper
constraint. The upper limit of the Sérsic index is also frequently
reached in the Subaru fits; however, the PS position is far more
likely to reach the constraint boundaries in the Subaru fit
compared to the HST fit. This is likely due to the smaller
number of pixels (although same angular distance) in which the
PS component is free to move in the Subaru fits compared to
the HST fits. In addition, it may be harder to separate where the
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Table 2
The Distribution of Constraints Flagged by Each Sérsic+PS Fit

Number (%) of Constraints Flagged
Convolved HST

Parameter HST (2716 Fits)  Subaru (2857 Fits) (2718 Fits)

None 1871 (68.89%) 1377 (48.20%) 1359 (50.00%)

Sérsic index 640 (23.56%) 806 (28.21%) 678 (24.94%)

Host 76 (2.80%) 96 (3.36%) 18 (0.66%)
magnitude

Half-light 25 (0.92%) 170 (5.95%) 5(0.18%)
radius

Xhost POSition 7 (0.26%) 39 (1.37%) 15 (0.55%)

Yhost Position 5 (0.18%) 37 (1.30%) 20 (0.74%)

Point-source 73 (2.69%) 59 (2.07%) 6 (0.22%)

magnitude
Xps position
Yps position

163 (6.00%)
151 (5.56%)

804 (28.14%)
826 (28.91%)

913 (33.59%)
949 (34.92%)

Note. A fit can flag multiple constraints (e.g., a fit can flag both the Sérsic index
and xpg position constraint flags; both flags in the single are counted in this
table—thus, the columns sum to a value >100%). See Table 1 for the definition
of each constraint.

AGN lies in the bulge, as the bulge and AGN can appear to be
of similar size owing to the broader PSF of Subaru. The upper
radius constraint is also far more likely to be flagged for
Subaru. This is seen in many point-like galaxies with high
Sérsic indices. This is because as the Sérsic index increases, the
more point-like the profile becomes, even with large effective
radii. Low values for the Sérsic index are also seen in these
point-like galaxies—in some cases the Sérsic index minimizes
with these large radii and forms a flatter, fainter model,
allowing the PS component to essentially model both the inner
galaxy and the AGN. The convolved HST Sérsic+PS fits
appear to flag a similar number of constraints to the HST and
Subaru fits. The majority of the convolved HST constraints are
more comparable to the HST results; however, the PS
component position constraints are more comparable to
Subaru.

For the single Sérsic component fits, we find that 31% of the
HST fits and 33% of the Subaru fits flagged the parameter
constraints. These are slightly lower values than those seen in
the Sérsic+PS fits. This is not unexpected, as there are fewer
constraints that are possible to be flagged. Note that a higher
number of these fits flag the Sérsic constraint, but there are still
fewer constraints flagged in total owing to the lack of a PS
component. For the single PS fits, we find that 4% of the HST
fits and 13% of the Subaru fits flagged the constraints. Again,
this is not unexpected. The parameter constraints for the single
PS fit roughly correspond to the host galaxy position and
magnitude constraints seen in the Sérsic+PS fits, which are
rarely flagged.

6.2. Morphological Parameters

In order to determine the quality of the fits, we apply a set of
cuts based on the results. This is to establish both whether the
source itself is expected to provide a reliable fit (e.g., we do not
expect a very faint source to provide a reliable fit) and whether
the morphological parameters output by GALFIT are physi-
cally meaningful. The cuts are based on those used in similar
studies (Simmons & Urry 2008; Gabor et al. 2009).

Dewsnap et al.

The first cuts are based on a subset of the parameter
constraints. If a fit has any of the magnitude, effective radius, or
Sérsic index constraint flags, then it is cut from the set of
“good” fits. The position constraint flags are excluded from the
cuts, as they do not necessarily relate to quality of fit; their
primary function is simply to ensure that the correct source is
being fit. The rest of the cuts are based on the output
morphological parameters. First, sources with myggst > 25 or
mpg > 28 are excluded. Additionally, fits with r, < 0”015 are
also cut. We do not apply any cuts based on the xi of the fit, as
we find that it does not adequately probe for poor fits compared
to the other parameter cutoffs. A wide range of Xi limits were
tested, and none saw consistent improvement on the quality of
the “good” fits.

Of the 2716 successful Sérsic+PS HST fits, 427 (15.72%)
are cut for r, < 07015, 310 (11.41%) for myost > 25, and 453
(16.68%) for mps > 28. In combination with the constraint-
based cuts (see Table 2), 1367 (50%) of the HST Sérsic+PS fits
are cut. Comparatively, the 2857 Subaru Sérsic+PS fits have
493 (17.26%), 241 (8.44%), and 157 (5.50%) fits cut for the
radius, host magnitude, and PS magnitude limits. In total, 1521
(53%) Subaru Sérsic+PS fits are cut.

We begin comparing the HST and Subaru results by directly
comparing the spatial parameters returned by each fit. Figure 6
demonstrates this comparison for each of the major parameters
returned by GALFIT for the Sérsic+PS fits. There is clearly
less agreement than seen in the testing process (Figure 4), but
there is good agreement for many parameters. Note that the
testing process involves comparing two sets of HST fits, so
closer agreement than our HST-Subaru comparison is
expected.

The host magnitude values are in good agreement for the
vast majority of Sérsic+PS fits. This is true especially for the
fits that pass the parameter/constraint cuts, although the
majority of the cut fits also see significant agreement. At
myosT.HST ~ 25 there is a clear break in the agreement; this
break helps justify the choice of the host magnitude cutoff
point. On average, we find that the output Subaru host
magnitudes are brighter than their respective HST host
magnitudes by only 0.08 £ 0.45 mag for the “good” fits.

The PS magnitude measurements also tend to agree;
however, the distribution is wider. There are primarily two
regions of noticeable disagreement: Subaru finds many mps sy
significantly brighter at mpgs gost > 28 and many significantly
dimmer between 28 > mps yost > 25. These two groups are
caused by the same phenomenon—they are both regions where
one of the HST or Subaru Sérsic+PS fits failed to separate the
AGN from its host galaxy. This causes GALFIT to dim the PS
component beyond the limiting PS depth of the images. This
occurs most commonly for sources that have no distinct PS or
for point-like galaxies where there is no distinct host galaxy. In
many of the cases where the source appears point-like, the
Sérsic index reaches very high values. This is because a Sérsic
profile appears more point-like as n increases. There is a
significant offset from one-to-one agreement. Brighter mps yst
see close agreement to mps sug; however, as mps yst becomes
dimmer, mpg syp tends to be brighter. Thus, mpgsyp is, on
average, brighter than mpsyst by 0.51 & 1.24 mag for the
“good” Sérsic+PS fits.

The output effective radii cover a comparatively large
parameter space, very little of which corresponds to agreement
between the fits. Nonetheless, the parameter cuts again remove
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Figure 6. Comparison of the HST and Subaru Sérsic+PS fits. The points marked in gray include all fits for both HST and Subaru, regardless of whether the fit failed to
pass the parameter/constraint cuts. The points marked in purple are those that are flagged as “good” for both HST and Subaru. The solid black line in each plot
represents agreement between the fits. The dashed purple line and associated shaded region represent the average distance from agreement. Top left: difference in
output host magnitude measurement between HST and Subaru vs. the output HST host magnitude. Top middle: difference in output central PS magnitude
measurement between HST and Subaru vs. the output HST PS magnitude. Top right: ratio of the output effective radii vs. the output HST effective radius (in arcsec).
Note that the purple line and region are determined in log-space for this case. Bottom left: output Subaru Sérsic index vs. the output HST Sérsic index. Bottom middle:
difference in output axis ratio (b/a) between Subaru and HST vs. the output HST axis ratio. Bottom right: absolute difference in output position angle (in degrees)
between Subaru and HST vs. the output HST axis ratio. Note that this plot does not have the purple line and region; this is because one expects a larger difference in
position angle as the axis ratio approaches g = 1, as the source becomes more circular and thus the position angle becomes increasingly irrelevant. Thus, the region

would not be representative of the difference in the position angle measurements.

the majority of fits with strong disagreement. Most notable of
the cut fits are regions of very low radius. The majority of the
cut fits are grouped at r, ~ 0.01 pixels for either (or both) of
HST or Subaru. This value appears to be a minimum value
allowed by GALFIT. The possible causes of these groups are
discussed in Section 7. For the “good” fits, we again see
significant agreement. Interestingly, we see agreement down to
the minimum radius value of 07015, despite this being
significantly smaller than a Subaru pixel (07168 pixel ). On
average, the Subaru radius is 1.18 = 1.88 times larger than the
HST radius. Note that this average was determined in log-
space.

The axis ratio and position angle measurements are
inherently linked, and thus it is impossible to compare the
results of each separately. Looking first at the axis ratio, we see
that the majority of the fits that were not cut see
significant agreement, with an average difference of
gsus — qust = 0.02 £0.15. Some scatter is expected in this
comparison owing to the difference in resolution between the
two telescopes. A single Subaru pixel is equal in area to ~32
HST pixels; a galaxy made up of hundreds of HST pixels
comprises only a few Subaru pixels, making the axis ratio
much more difficult to determine. Since the position angle
depends on the measurement of the axis ratio, it also faces
similar difficulty. Examples of this can be seen in Figure 7. In
order to compare the position angle measurement, we must
contextualize it with respect to the axis ratio. If g ~ 1, then the

source appears roughly circular and the position angle is
meaningless. If the axis ratio is lower, the difference in position
angle is more striking, and thus we expect stronger agreement.
Thus, we expect no level of agreement when the axis ratio
increases toward this value. In Figure 6, we see this relationship
clearly for the “good” fits; at lower axis ratios we see stronger
agreement, whereas at high ratios we see very little agreement.

The parameter that disagrees the most between the two sets
of fits is the Sérsic index. There is essentially no agreement
between the HST and Subaru fit results. There does exist a
group of similarly low-valued fits between 0.5 <n <3
populated primarily by the “good” fits, although there is no
strong correlation between the values. The possible cause of
this surprising result is discussed in more depth in Section 7.
Figure 8 demonstrates the distribution of the Sérsic indices for
each set of fits. The vast majority of fits that failed the
parameter/constraint cuts are at the n =8 limit, especially in
the single Sérsic component fits. In the case of HST, the single-
component fits tend to give a higher Sérsic index than the
corresponding two-component fits. This is an expected result,
as, by not accounting for the central PS, more flux is incorrectly
attributed to the bulge of the galaxy, thus resulting in a higher
Sérsic index (Simmons & Urry 2008). We see a similar result
in the Subaru fits, although to a much lower degree. In addition,
the lower Sérsic index two-component fits are more likely to hit
constraints in parameters other than the Sérsic index itself, a
trend not seen in the HST fits.
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Figure 7. Comparison of the axis ratio and position angles (using the GALFIT definitions from Section 3) output by Source Extractor for two different sources as
measured on HST and Subaru imaging. The upper images in each grid represent the image cutout, whereas the lower images correspond to the residual of the GALFIT
fit. The leftmost images in each grid are the HST images, and the rightmost are Subaru. The source IDs from Marchesi et al. (2016) are provided for each example
alongside the cutout width. Note that the HST cutouts have 0”030 pixel ' and the Subaru cutouts have 0”168 pixel .
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Figure 9 shows the direct comparison between the output
parameters of the HST and convolved HST fits. We see a very
similar result to that of Figure 6, with minor differences. The
convolved HST fits yield fewer fits with PS magnitudes
dimmer than 30. As seen in Table 2, far fewer fits reach the
upper radius constraint. However, we see far more fits that
converge to the lower radius limit seen at 0.01 pixels, as
previously discussed for the HST-Subaru comparison above
(Figure 6). In addition, far more convolved HST fits reach
extremely low axis ratios (gconv S 0.1) than seen for either
HST or Subaru, including many that are classified as “good”
fits. We also note that, on average, the convolved HST
magnitudes are marginally brighter than those of HST or
Subaru. This is likely due to the pixel scaling process in
creating the cutouts. This is not a major issue, as the main
intent of these fits is to investigate the parameters that do not
agree between HST and Subaru.

Most notably, Figure 9 shows virtually no agreement in the
Sérsic index, with the disagreement appearing very similar in
form to the HST—Subaru Sérsic index comparison. Importantly,
we find that there are similar levels of agreement between the
convolved HST and Subaru fits to those between HST and
Subaru. Notably, the fits that disagree between Subaru and
HST in terms of host magnitude and radius tend to also

10

disagree between Subaru and the convolved HST. There is also
no agreement between the Subaru and convolved HST Sérsic
index. This implies that the issue in determining the Sérsic
index is likely due to the broader PSF seen in both low-
resolution sets of data. If the PSF is a comparable size to the
host galaxy, determining the separate contributions of each
becomes increasingly difficult, thus influencing the choice of
the Sérsic index.

6.3. Multicomponent versus Single-component Fits

By computing the three different types of fits, as described in
Section 3, we are able to determine whether either of the two
single-component fits (the single Sérsic or single PS fit)
performed better than the two-component Sérsic+PS fits, using
the X,Z, for the respective fits. By the definition of Xi given in

Equation (4), we see that a good fit should have a Xi value near
1. In general, a value greater than 1 implies that the model is
not fitting the source well, and a value less than 1 implies
overfitting of the noise. However, in the case of the HST and,
by extension, the convolved HST imaging, this is not entirely
true. The definition of N4.r in Equation (4) assumes that all of
the pixels in the image are independent. Since the HST ACS/
WEC data are drizzled from 0705 pixel ! to 0”703 pixel ', not
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Figure 9. Comparison of the HST and convolved HST Sérsic+PS fits. The points marked in gray include all fits for both HST and convolved HST, regardless of
whether the fit failed to pass the parameter/constraint cuts. The points marked in purple are those that are flagged as “good” for both HST and Subaru. See Figure 6 for

an explanation of the respective plots.

all of the pixels are independent. For these fits, Ny, must be
redefined using the number of pixels contained in the raw
image rather than the drizzled image. Thus, the reported XIZ/
from GALFIT will have ideal fits with Xi < 1. The reported )(,2,
is defined as

D X2

X, =
Y Naot

(6)

>

nxny — Nmask - Na
where Xﬁ is the reduced x” reported by GALFIT, n, and n, are
the number of pixels in the x- and y-directions, N, iS the

number of pixels removed by the mask, and N, is the number
of free parameters. The true reduced x” is defined as

2

X
X,

2
ey = Noas) (552)” = Mo
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where the additional (%

drizzled pixels to the number of raw pixels. Using the common
x* between these expressions, we can use the reported xi to

2
) term converts from the number of

determine the true X,% using

— neny — Npask — N,
X,zj _ x !ty mas003 . el X,2,- (8)
(nxny - Nmask) (ﬁ) - NEY

An ideal HST fit will have X_,2, = 1. Since, in general,
(ncny — Npask) > N,, we can approximate that an ideal fit

2
will have a reported )(,2/ = (@) 0.36. Throughout this

0.05
work, we primarily discuss the reported Xi, as that is the value
GALFIT directly interacts with.
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Figure 10 shows the comparison between the reported Xi for
each of the fit types for each of HST and Subaru. The HST
plots show that there are very few fits for which the Sérsic+PS
fit does not have a lower value for xi than the single-
component fits. The single Sérsic fit performs marginally better
for a small number (~2%) of fits for which the PS is faint
relative to the host galaxy. There exists a larger subset of fits
(~15%) for which the single Sérsic profile performs notably
worse than than the Sérsic+PS, all of which are PS dominated.
Looking at the single PS HST fits, there are only a small
number of fits with a lower Xi than their respective Sérsic+PS
fit, again ~2%. These sources tend to be more PS dominated.
There does exist another large group (~25%) of fits for which
the single PS fit performs much worse than the Sérsic+PS fits,
most of which have a low PS fraction. These HST results are
expected and self-explanatory; a PS-dominated object is fit well
by a single PS, and a galaxy-dominated source is fit well by a
single Sérsic profile.

In the Subaru fits, we see no trends of this type. The single-
component fits do not follow any trend with the PS fraction as
with the HST fits. There is a much larger number of Subaru
sources whose single Sérsic component fit provides a lower Xi
than the Sérsic+PS fit (~8%), but this occurs seemingly
indiscriminately. There are a similar number of fits whose
Sérsic+-PS fit provides a lower Xi than the single Sérsic fit,
with only ~7%. As can be expected, the single PS fit does
perform notably worse in more cases (~22%) than the single
Sérsic fit. Additionally, the number of cases where the single
PS produces a significantly lower Xlz, is only ~6%. This is
because the single Sérsic fit can attempt to account for a central
PS by increasing the Sérsic index, whereas the PS model is
limited in its ability to account for the host galaxy. A somewhat
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Figure 10. Comparison of the reported Xf between the three fits for both HST and Subaru. The top panels are for HST, and the bottom panels are for Subaru. The left
panels show the difference in X,% between the Sérsic+PS and single Sérsic fits, and the right panels show the difference between the Sérsic+PS and the single PS fits.
The colors of the markers represent the fraction of flux from the PS relative to the combined flux of the PS and the host galaxy (i.e., yellow represents PS dominated,
purple represents galaxy dominated). The solid black line represents one-to-one agreement between the fits. The circles represent the fits that were marked as “good”
for their respective telescope’s Sérsic+PS fit, whereas the crosses represent those that did not pass the set of cuts. The shaded regions represent the average difference
between the xf of the corresponding fits, with the purple and gray regions representing the fits that did and did not pass the parameter/constraint cuts, respectively.
Here we see the expected relation between X,z, and fit type for HST, where the single Sérsic fits have higher Xi than the corresponding Sérsic+PS fit. Likewise, we find
that the single PS fits yield higher X,zl for galaxy-dominated sources. We see no such strong relation for the Subaru fits.

surprising result seen in both HST and Subaru fits is that, in the
vast majority of cases, the X,z, varies very little between the fits.

A more in-depth discussion on the importance of Xlz, and its
relation to the fit quality is given in Section 7.

When looking at the distribution of the “good” fits and those
that were cut, we find that the distributions of HST and Subaru
contain very similar features, despite the large difference in the
PS fraction distribution. Comparing the single Sérsic HST fits
to the Sérsic+PSF, we find that far more fits are cut from the
region of PS-dominated sources that perform much worse in
the single Sérsic fit. For the single PS and Sérsic+PS
comparison, we again find that significantly more fits are cut
from the region of PS-dominated fits, where the single PS fit
performs equal to or better than the Sérsic+PS fit. This result is
due to our sample of sources and the selection of our cuts. Far
more sources are likely to appear point-like for numerous
reasons, such as the host galaxy having small enough angular
size, the AGN completely dominating its host, or the extended
wings of the galaxy falling below the limiting depth of the
imaging. The minimum radius condition probes for all of these
situations simultaneously, so it is expected that these sources
are cut. Similarly, we expect to see this relation for the Subaru
Sérsic+PS cuts and their respective PS fraction. What we find,
however, is that the cuts see a similar relation with the Xlz/ rather
than the PS fraction. This suggests that there is a disconnect
between these three properties for the Subaru fits, and so
determining quality of fits becomes more complicated than for
HST. If we are unable to accurately determine the PS fraction
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for Subaru sources, then determining the Sérsic index becomes
increasingly difficult.

7. Investigating the Fitting Inconsistencies

While Section 6 shows that we achieve reasonable agree-
ment for the majority of parameters, the question of why the
Sérsic index fails in so many cases is important. If we are to
completely understand AGN host galaxies, and even under-
stand the AGN itself, an accurate quantitative indicator of
galaxy morphology, such as the Sérsic index, is needed. A first
step into finding where the fits go wrong is by investigating the
agreement between parameters as a function of redshift.

We find that both the host and PS magnitudes tend to agree
regardless of redshift. There are a small number of faint sources
in which the magnitudes disagree. These faint sources naturally
tend to be at higher redshift, but for the vast majority of sources
we saw no redshift dependence. The agreement of the effective
radius begins to see some dependence on the redshift. This is
expected, as the more distant a source is, the smaller its angular
size. This angular size can reach values below the width of the
PSF, and thus the effective radius of the source cannot be
accurately determined, as the source appears point-like.
Figure 11 shows the output Sérsic index for Subaru versus
HST separated into three redshift bins. We find that the
agreement between the Sérsic index does see some dependence
on the redshift. As the redshift increases, we find that more
sources tend to fail the parameter/constraint cuts, most
commonly the minimum radius cutoff and the Sérsic index
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constraint. In turn, we find many more “good” fits that
converge without reaching the parameter constraints at lower
redshifts. The lowest redshift bin (0 < z < 1) sees 10% and
15% of sources flag the Sérsic constraint for HST and Subaru
fits, respectively. The 1 < z < 2 bin has 28% and 34%, and the
final z > 2 bin sees 37% and 41%. Interestingly, while the fits at
lower redshifts safely converge, there is still very little
agreement between HST and Subaru.

Another factor that could cause the disagreement between
fits are the initial conditions and how they relate to the final
output. Figure 12 compares the initial conditions determined
through Source Extractor to the output of the HST Sérsic+PS

13

fits. We can clearly see reasonable agreement between the host
and PS magnitudes until mgy, ~ 28. The PS magnitude sees
significantly more scatter than that of the host magnitudes. This
is due to the input PS magnitude being defined in terms of the
host magnitude rather than some measured property of the
source. For both magnitudes we find that the regions of
significant difference are caught by the parameter/constraint
cuts. The axis ratio and position angle both see significant
agreement between the input and output. Notably, a large
number of cut fits have significantly higher input axis ratio than
the output. These sources are the point-like sources caught by
the minimum radius cutoff and Sérsic index constraint. The
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difference comes from how Source Extractor and GALFIT treat
these sources. In general, Source Extractor will list the axis
ratio of a point-like source as g ~ 1, whereas the axis ratio
provided by GALFIT will wander throughout the fitting
process and can end up at any point 0 <g <1 with no
significant effect on the other fit parameters. For the effective
radius, we see that there is reasonable agreement above a
certain input radius. This radius is likely a minimum-allowed
value in Source Extractor and corresponds to roughly 3 pixels.
The vast majority of fits near this value are cut via the
minimum radius cutoff and Sérsic constraint. This collection of
sources makes up the majority of the total cut fits. Of the
“good” fits, we find that Source Extractor systematically
underestimates the radius compared to GALFIT. This dis-
crepancy in radius measurement between GALFIT and Source
Extractor is well established and has little effect on the final
parameters (HauBler et al. 2007). On average, we find that the
input radii are 0.58 4= 1.88 times smaller (measured in log-
space) than the output.

Figure 13 shows the same results as Figure 12 but for the
Subaru Sérsic+PS fits. The results are similar; however, the
agreement in each case is worse. The host magnitude only sees
agreement out to mg,~ 26.5. A number of fits between
25 < mgy < 22 see significant disagreement between the input
and output; however, most are cut. With respect to the PS
magnitudes, we similarly see agreement only until mg, ~ 27,
with a higher number of fits reaching magnitudes dimmer than
28. Within the “good” fits, we see similar levels of agreement
in the input and output magnitudes for both HST and Subaru.
There is a strong disagreement between the input and output
axis ratio; however, this did not cause any significant difference
in any of the output parameters. Despite this, the Subaru input
and output position angles see similar levels of agreement to
those of HST. The initial radii again bottom out to a minimum
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value corresponding to roughly 3 pixels (note that this
minimum is higher than the minimum for HST owing to the
difference in pixel scale). For Subaru, some of the fits near this
value are not cut out, as they still provide reasonable agreement
with HST. Again, Source Extractor underestimates the radius
of most “good” fits compared to the GALFIT output, but to a
lower degree. Additionally, the difference measurement
visualized in Figure 13 is offset owing to the number of fits
near the minimum input radius that were not cut.

The majority of the n>5 fits do not pass the parameter/
constraint cuts—most reach the maximum Sérsic value of n =8
or fall below the r, = 0”015 cutoff and so may not provide the
highest-quality fits. There exist very few fits near n =8 with
larger radii. The discrepancy between the Sérsic indices, most
notable at higher indices, is in large part due to the lower
Subaru data angular resolution. Section 4 shows that, while
seeing the poorest agreement of all parameters, we achieved
reasonably consistent agreement between the HST Sérsic index
and the work of Gabor et al. (2009). This result, alongside the
expected nature of the Sérsic index seen in the HST portion of
Figure 8, indicates that it is likely that the Subaru fits are unable
to accurately determine the Sérsic index rather than a fault with
the HST fits.

Figure 14 compares the difference in the input parameters of
HST and Subaru in order to contextualize the effect of the
choice of the initial values on the output of the fits. We see that
the host magnitudes (and, by definition, the PS magnitudes) see
significant agreement for sources brighter than mygt ~ 25, with
the “good” Subaru fits’ inputs averaging 0.27 +0.39 mag
brighter than HST. This aligns with what we see with the
parameter outputs in Figure 6. The input radii, however, see
very little agreement between HST and Subaru. This is not
necessarily unexpected given the results of Figures 12 and 13,
as there are distinct regions where the disagreement forms. The
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input radii reach its minimum of ~3 pixels for both HST and
Subaru; however, these correspond to different angular sizes
leading to significant disagreement for the lowest input radii.
For radii above this point, we find that Source Extractor
underestimates the radius of HST sources relative to GALFIT
more significantly than for Subaru, thus leading to the large
difference at higher radii. The input axis ratio and position
angles also see significant disagreement relative to the outputs
seen in Figure 6, although disagreement to a certain degree is
expected, as discussed in Section 6.2. Despite the disagreement
seen in a number of the input parameters, there exists no trend
explaining the failure of the Sérsic index.

The lack of correlation between the input parameters and the
disagreement in the Sérsic index implies that it may not be a
fault of the fitting process, but perhaps of the xi minimization
method used by GALFIT. As seen in Figure 10, many sources
achieved very similar x?/ values in each of the three types of
fits. In order to ensure that the solution output by GALFIT is
the “true” solution, and not perhaps the algorithm being caught
in a local minimum causing the disagreement between HST
and Subaru, we create a large number of models for a single
source covering a large portion of the morphological parameter
space for both HST and Subaru. This allows us to investigate
how the xlz, changes with certain parameters in order to
understand where the fits begin to fail. Notably, this method is
independent of the fitting process and only depends on
GALFIT’s Xlz, calculation.

For each source we investigated in this manner, we created a
4D grid of the host magnitude, PS magnitude, radius, and
Sérsic index for both HST and Subaru. Using each point in this
grid, we use GALFIT to create a model and calculate the Xi.
Alongside this grid, we used the best-fit values for the
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remaining parameters, namely, the host and PS positions,
position angle, and axis ratio. The radius grid was defined as 20
points varying logarithmically from 10~* to 10" arcsec. This
range was selected because these values were the minimum and
maximum values seen throughout the fitting process, despite
the minimum range clearly being nonphysical at our angular
resolution. This was performed in order to investigate the cause
of the fits congregating at very low radii, and thus we include
this large range. We then selected 20 points along the entire
range of allowed Sérsic indices, namely, from 0.5 to 8. The
host and PS magnitude axes only include five points. This,
alongside the range of magnitudes, was selected somewhat
subjectively. We found little significance in the changes
between points less than 1 mag apart, so the grid spacing
was defined as 1 mag. We also found that, for most galaxies, a
selection of five grid points was sufficient in order to visualize
the entire parameter space. In most cases, we center the
magnitude grids on the best-fit values rounded to the nearest
half-magnitude. In certain cases, such as those fits that find very
dim (~30 or fainter) PS magnitudes, this grid is defined with
the best fit as the minimum point in the grid as opposed to the
center. The grid spacing for the PS magnitudes is set instead to
2 mag in many of these cases in order to investigate beyond the
faint PS domain.

Using this 4D grid, we achieve 10 different combinations of
parameters. Using GALFIT, we created a model and calculated
the xi for each combination. Note that we do not use GALFIT
to fit the source; we simply create a model using the
parameters. We are then left with a 5D system representing
the parameter space over which we can investigate how the
quality of fit varies. Figures 15 and 16 give examples of this
visual representation for a typical source. The displayed source
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was selected such that both the HST and Subaru fits were
flagged as “good.” In particular, this source is shown because it
represents many of the situations that can cause a fit to go
wrong while still representing the characteristic parameter
space for both HST and Subaru and still being flagged as
“good.” For example, this source features a faint extended disk
that, while more obvious in the Subaru imaging, goes relatively
undetected in the HST fit. In addition, Source Extractor was
unable to distinguish between the primary source and its
neighbor in the Subaru image; thus, an accurate measurement
of the host’s morphology is impossible. Both of these factors
increase the effective radius reported by Source Extractor, thus
increasing the size of the pixel mask—thus, more distant
neighbors are within the range to be fit rather than to be masked
out. Despite this, this source is still representative of the typical
parameter space. Looking at the HST residual image given in
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Figure 15, we clearly see that the best fit is a relatively good fit,
as there are no clear regions within the source where the fit
failed. The Subaru fit seen in Figure 16, however, is of lower
quality owing to the misidentification of the primary source and
its neighbor. This resulted in the best-fit parameters not
agreeing. Despite this, the distributions of Xi between the two
fits actually take very similar form. It is worth noting that while
the features exist in similar qualitative regions of the parameter
space (e.g., faint PS magnitude, bright host magnitude), they do
not agree quantitatively. For example, the third column in
Figure 15 is visually very similar to the third column in
Figure 16, but these columns correspond to a PS magnitude 2
mag apart (26 and 24 for HST and Subaru, respectively).
Throughout all the visualizations, including those displayed
in Figures 15 and 16, we see similar features that are able to
explain many of the trends that we saw throughout Section 6.
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Varying the host magnitude has a relatively strong influence on
the X,z, of the fit. This, in part, explains why the host magnitude
agrees in the majority of cases. Varying the PS magnitude,
however, has a lower influence on the Xi, though still having
an impact. In general, the effect of the PS magnitude is low
until a certain point at which the PS is too bright and the Xi
quickly increases. This likely explains that, while there is
reasonable agreement between HST and Subaru, we see the
wider scatter in the top middle panel of Figure 6. In many of
the radius versus Sérsic index panels in Figures 15 and 16, we
tend to see two groups of radii that provide a low Xi- There is
typically a region at higher radii where the best fit lies, but there
is also a grouping at very low radii seen in both HST and
Subaru. These radii correspond roughly to the same value as
the smallest radius fits seen in Figure 6. This implies that those
groups of fits are caught in this low-radius region and may have

a more suitable fit at higher radii, despite the low radius having
a lower Xi. Figure 15 is somewhat atypical in the case of the
low-radius grouping, as, in the majority of cases, the HST
visualizations have larger groupings more similar to those seen
in Figure 16. It is likely that the radius of this HST fit is more
well constrained than in many other cases.

Figures 15 and 16, as well as the other visualizations not
displayed, also provide an interesting perspective into the
Sérsic index of these fits. In all of these plots we see that
varying the Sérsic index has a much smaller influence on the
Xi, as the features all contain long, vertical lines of similarly
valued Xi- Figure 17 shows an example of this for the same
HST source as Figure 15. The three fits shown each have
drastically different residuals, with the n =0.5 model clearly
failing both at the central PS and for the extended galaxy and
the n = 8 model heavily overfitting the bulge. The best model is
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Figure 17. Comparison between the residuals of three models for the same HST source, namely, cid_1010. All three models use the best-fit values for each parameter

other than the Sérsic index. The reported X,% of each model is also provided.

the n = 4 model; however, the Xf of each is very similar. While

the n =4 model does have the lowest XZ, the fact that the XZ
changes so little for such clear failings in the model is
concerning. The limited effect of changes in Sérsic index on X,Z,
we see here likely results in the disagreement seen in Figures 4,
6, and 9.

These results indicate that Xi alone is not a good indicator of
quality of fit. A visual inspection of each fit is required to truly
measure the quality of fit. In addition, a simultaneous
investigation of the morphological parameters is necessary to
ensure that they remain physically acceptable. For example, a
fit may have a low xf, with a good residual image; however, the
same fit may have a radius of 0.01 pixels with an axis ratio of
10~*. This result is clearly not physical despite providing a
good residual and Xi- In many cases, these unrealistic
parameters are not visible in a residual image, as they are
typically faint relative to the rest of the source. To prevent this,
stricter parameter constraints should be applied to these
parameters.

Within Figures 15 and 16, we are also able to reveal
underlying relations between the host magnitude, PS magni-
tude, Sérsic index, radius, and xi. As the host magnitude
becomes fainter and the PS magnitude becomes brighter, the
radius must increase in order to remain at a low Xﬁ. The Sérsic
index tends to increase along with the radius, resulting in an
upward-diagonal feature of low Xi along the Sérsic index—
radius space. A similar feature in the opposite direction is also
noticeable for the lower-radius grouping, where we see the
radius decrease with decreasing host magnitude and PS
magnitude. In addition, the lower-radius grouping tends to
see its Sérsic index decrease as the radius decreases.

8. Conclusion

We applied GALFIT to calculate the morphological
parameters of a set of 4016 X-ray AGNs in the COSMOS
field spanning redshifts 0.03 <z < 6.5 using i-band imaging
from both HST and Subaru. We performed three fits to each
source: a single Sérsic profile fit, a single PS fit, and a two-
component Sérsic+PS fit. After testing our method against the
work of Gabor et al. (2009) to ensure that our method could
consistently extract the morphological parameters from an HST
source, we compared the results of the HST fits to those of the
Subaru fits.
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We found that there was strong agreement in a number of
morphological components, notably the host galaxy magnitude,
the PS magnitude, and the host galaxy effective radius.
Importantly, the Sérsic index saw virtually no agreement
between the different sets of fits. This disagreement seems to be
completely independent of the other morphological parameters
of the fit. There is also a relation between when the Sérsic
indices disagree and the redshift of the source. We find that
many more sources fail to converge within the parameter
constraints at higher redshifts, but we still see virtually no
agreement for the Sérsic index even at low redshifts. By testing
our method against that of Gabor et al. (2009), we were able to
recover morphological parameters consistent with those
reported by Gabor et al. (2009), including for the Sérsic index.
In addition to this, Figure 8 follows the expected relation
between the Sérsic index and the addition of a PS component to
a galaxy fit for HST sources; namely, if one does not account
for the central PS, the Sérsic index will systematically increase.
For Subaru sources, however, this relationship was less
significant. The results of Figure 10 also act as a validation
of the method; for HST, we see an intuitive relation between
the XIZ/, the PS fraction, and the parameter/constraint cuts,
whereas there exists a disconnect of these parameters for
Subaru sources. These tests of the method increase our
confidence that the HST fits are able to retrieve the Sérsic
index relatively consistently, thus implying that the lower-
resolution data are the likely cause of the disagreement.

In order to determine whether the resolution difference was
the primary cause of the disagreement, we created a new set of
data by convolving the HST cutouts with the Subaru PSF. We
applied our fitting process to this new set of data and found
similar results to those of the Subaru fits, with strong agreement
between most parameters, but none between the Sérsic index.
After comparing the convolved HST results to those of Subaru,
we found that the Sérsic index still did not agree even between
the two low-resolution sets of data. This test seems to confirm
that the Sérsic index tends to fail for these low-resolution,
broad PSF fits. Since we are attempting to fit galaxies with such
small angular size, the galaxy itself is comparable in size to the
PSF of the telescope; thus, determining accurate morphologies
when AGNs are present is difficult.

As GALFIT performs its fits by minimizing X;% for the
model, we attempted to investigate how the fits fail by viewing
the relationship between Xlz/ and the morphological parameter
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space for a large number of sources, a representative example
of which is given in Figures 15 and 16. We found that the
parameters that tended to agree most strongly (i.e., host
magnitude and radius) had the most significant effect on the Xi,

and conversely the Sérsic index had little effect on Xi over its
entire range. This is likely an additional cause of the
disagreement between the HST and Subaru or convolved
HST fits. This result shows that X,% alone is not necessarily a
gauge of quality of fit. The residual must also be viewed in
order to ensure that the model is fitting as intended. This
viewing also ensures that features that cannot be accounted for
have no significant influence on the fit parameters, for example,
an overlapping source or spiral arms.

Small areas of low XIZ/ also appeared consistently within the
parameter space at nonphysical values. These nonphysical
values include extremely low radii, high Sérsic indices, and
extreme axis ratios. These values may not necessarily show in
the image residual in certain cases, for example, in a point-like
galaxy. Thus, in order to keep parameters physical, constraints
to prevent unrealistically low radii or axis ratios must be
applied. In addition, simultaneous comparison of the residual
image alongside viewing the morphological parameters is
required to fully judge the quality of a fit.

It is possible that a different fitting software using a different
algorithm, or perhaps an alternative technique entirely, may be
able to more accurately determine the Sérsic index. Neural
networks are being developed to perform studies similar to this
without fitting a surface brightness profile (Ghosh et al. 2020).
Further work in comparing the morphologies determined
through the use of neural networks to those determined
through surface brightness profiles is required to determine
whether either, or perhaps both used in conjunction, may
provide a more well-constrained morphological classification.
Overall, we recommend that GALFIT-derived Sérsic indices
for high-redshift, low angular size, active galaxies imaged at
lower angular resolution be interpreted with caution until
further studies are able to constrain the morphology. Future
work includes simulating a similar sample of galaxies at a
wider range of redshift, signal-to-noise ratio, angular size, etc.,
for imaging spanning a wider range of telescope resolutions
and depths to determine a more quantitative understanding of
when the Sérsic index is reliable. Performing fits similar to
those in this study would allow for a more rigorous statistical
analysis of how well the AGN and its host are disentangled and
whether we can determine the morphology. Additionally, we
would have the ability to better constrain the uncertainties of
the morphological parameters. These analyses, in combination
with the Xf} mapping of Section 7, would allow for a more
rigorous test than previous studies.
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