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ABSTRACT

The ability to disentangle the light of an AGN from its host galaxy is strongly dependent on the
spatial resolution and depth of the imaging. As the capabilities of imaging systems improve with time,
confirming that our standard techniques adequately model the increasingly complex structures unveiled
is essential. With JWST providing unprecedented image quality, we can test how measurements of
galaxy morphology vary with the choice of point-spread function (PSF) and fitting software. We
perform two-component Sérsic+PSF fits of the surface brightness profiles of 87 X-ray AGNs (0.1 <
z < 4) from the CEERS survey. We create model PSFs for NIRCam F115W imaging using both
PHOTUTILS and PSFEX. We find that PSFEx models consistently fail to match the radial profile
of typical point sources within our sample. We then perform AGN-host decompositions on each
source by creating Sérsic+PSF models using both GALFIT and ASTROPHOT. We find that GALFIT
and ASTROPHOT converge to different regions of the parameter space, providing consistently differing
host galaxy properties. While we can measure the AGN and host magnitudes accurately, we find
that the host galaxy morphological parameters are not well-determined—the Sérsic index and effective
radius are strongly covariant. Significant changes in the host galaxy parameters do not correspond to
changes in the statistical quality of fit, nor to significant changes in the model’s radial profile. These
results indicate that the Sérsic profile does not uniquely well-represent typical AGN host galaxies in
extragalactic survey fields. We also provide recommendations for studies of AGN hosts comparable to
ours.

Keywords: AGN host galaxies (2017) — Active galaxies (17) — Active galactic nuclei (16) — Galaxies
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1. INTRODUCTION

The characteristics of galaxies that contain active
galactic nuclei (AGNs) provide valuable insights into
the conditions that enable accretion onto supermas-
sive black holes (SMBHs). As a galaxy’s structure is
closely tied to several evolutionary processes, classify-
ing the morphology is essential for characterizing the
host galaxy properties. By investigating sources across
a wide redshift range, it is possible to investigate how
both the SMBHs and host galaxies evolve over cosmic
time.

Corresponding author: Callum Dewsnap
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When studying high-redshift galaxy morphology, the
spatial resolution and sensitivity of the observations are
of utmost importance. In the past, such studies relied
heavily on observations from the Hubble Space Tele-
scope (HST)—especially for studies of AGN hosts (B.
Héussler et al. 2007; B. D. Simmons & C. M. Urry 2008;
M. Kim et al. 2008; J. M. Gabor et al. 2009; A. van der
Wel et al. 2012; X. Ding et al. 2020; Z. Ji et al. 2022;
C. Dewsnap et al. 2023, e.g.). HST provided the nec-
essary angular resolution and well-characterized point-
spread function (PSF) required to disentangle the AGN
from the host. However, the relatively low sensitivity
and limited reach (in terms of wavelength coverage and
field of view) into infrared wavelengths of HST became a
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substantial limitation on our ability to investigate rest-
frame optical morphologies at higher redshifts.

Observations from the James Webb Space Telescope’s
(JWST) Near Infrared Camera (NIRCam) instrument
help alleviate these issues of spatial resolution and
sensitivity—NIRCam provides unparalleled spatial res-
olution and sensitivity, while probing farther into the
infrared (J. P. Gardner et al. 2006; J. Rigby et al. 2023).
This makes it possible to investigate the relationship be-
tween AGNs and their host galaxies over a significantly
wider cosmic history. These improved JWST observa-
tions also bolster the existing studies of galaxy morphol-
ogy; by providing superior follow-up imaging of existing
HST fields, we can reduce uncertainties in previous stud-
ies based solely on HST imaging.

The Cosmic Evolution Early Release Science
(CEERS) survey (S. L. Finkelstein et al. 2023) provides
an excellent testing ground for studies of AGN host
galaxy morphology. CEERS provides imaging and
spectroscopy of the Extended Groth Strip (EGS)
HST legacy field (A. M. Koekemoer et al. 2011)
using three JWST instruments. Of particular note,
CEERS provides ~100arcmin? of NIRCam imaging
over seven filters, covering the majority of the EGS
field. Due to the coincident EGS field, there exist
additional overlapping observations over a wide range
of wavelengths. These additional observations allow for
the identification of AGNs through X-ray surveys, with
optical/IR followup with up to 13 bands of HST and
JWST imaging. CEERS has proven to be a valuable
dataset for testing how spatial resolution influences
the results of galaxy morphology studies, using both
parametric and non-parametric methods (Y. Yao et al.
2023; J.-H. Wang et al. 2024; A. Genin et al. 2025, e.g.).

It is important to compare the techniques we use to
separate the light from the AGN from its host. As
the depth of modern imaging improves, we find in-
creasing numbers of crowded, overlapping systems that
are difficult to de-blend. Furthermore, as more data
are collected, we require flexible analysis tools that are
capable of handling the sheer amount of data avail-
able. Many different image analysis software packages
are commonly applied in studies of galaxy morphol-
ogy, such as GIM2D (L. Simard 1998), GaLriT (C. Y.
Peng et al. 2002, 2010), BUDDA (R. E. de Souza et al.
2004), GASPHOT (E. Pignatelli et al. 2006), IMFIT
(P. Erwin 2015), GALIGHT (X. Ding et al. 2021), or As-
TROPHOT (C. J. Stone et al. 2023). There is significant
overlap in the use cases and implementation for each
software package, and so understanding the relation-
ships between their final outputs is essential for eval-
uating their efficacy.

To this end, we investigate the significance of the
choice of PSF on the morphological fits of a source by
applying two common PSF-building tools, PSFEx (E.
Bertin 2011) and PHOTUTILS (L. Bradley et al. 2022)
and comparing the results. We investigate how the
fits differ for two common image-fitting software pack-
ages, GALFIT (C. Y. Peng et al. 2002, 2010) and As-
TROPHOT (C. J. Stone et al. 2023). We apply our tech-
niques to both JWST and HST data to determine how
significantly the results differ on AGN hosts between
0.1<z<4.

The structure of the paper is as follows. In Section 2,
we outline the AGN selection criteria and the imaging
used in our fits. Section 3 outlines the selection process
for our point source library and the process of generat-
ing our PSFs. Section 4 outlines the fitting process used
for both image-fitting software packages. We review the
results of our morphological fits in Section 5. In Section
6, we evaluate the differences between the resulting As-
TROPHOT and GALFIT fit parameters, as well as discuss
how best to interpret the Sérsic profile. We outline the
main takeaways and provides recommendations for best
practices moving forward in Section 7.

All magnitudes throughout use the AB system (J. B.
Oke & J. E. Gunn 1983). We adopt a flat ACDM cos-
mology with Hy = 70kms~!Mpc™t, Q, = 0.3, and
Qp =0.7.

2. DATA
2.1. Imaging

CEERS is one of the early release science surveys of
JWST. The NIRCam imaging uses the F115W, F150W,
F200W, F277W, F356W, F410M, and F444W filters
with 5o point-source limiting magnitudes varying from
28.2-29.2 (S. L. Finkelstein et al. 2023). The data are
given in 10 mosaics, split between two data releases.
The first data release (DR0.5) fields were observed in
June 2022 and included four pointings, CEERS1-3 and
CEERS6. The second data release (DRO0.6) fields were
observed roughly six months later in December 2022
and included the remaining six pointings (CEERS4,
CEERS5, CEERS7-10). The DRO.6 fields were observed
with a 180° flip relative to DR0.5. We use the final mo-
saics provided by the CEERS team'; see M. B. Bagley
et al. (2023) for details on the data reduction includ-
ing a discussion regarding their background subtraction
process. The mosaics in the seven filters are all pixel-
aligned with pixel scales of 0.03” /pix. Additionally, the
CEERS team provides pixel-aligned images for all avail-
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able HST filters for each pointing. These filters are
F606W and F814W for HST/ACS (Advanced Camera
for Surveys) and F106W, F125W, F140W, and F160W
for HST/WFC3 (Wide Field Camera 3).

In this study, we focus primarily on the NIRCam
F115W filter. This specific band was selected for a num-
ber of reasons: firstly, this filter probes the rest-frame
optical for the majority of sources in our sample (see Sec-
tion 2.2 and Figure 1 for a description of our sample).
Thus, our host galaxy measurements probe the stellar
population while minimizing dust extinction. While in-
cluding a higher fraction of the stellar population makes
distinguishing between the AGN and the host more diffi-
cult, this is counterbalanced by the depth and resolution
provided by the F115W observations. F115W provides
the deepest point-source limiting magnitude among the
CEERS JWST observations; specifically, the 5o limiting
AB magnitude is 29.2. In addition, the resolution of the
imaging is the best of all JWST filters—S. L. Finkelstein
et al. (2023) list the FWHM as 0.066 "

As a comparison throughout, we also apply a subset
of our methodology to imaging from HST’s F814W fil-
ter. This imaging was selected as F814W is ubiquitous
throughout similar studies both prior to and post JWST
coming online. The majority of the arguments for using
JWST’s F115W filter also apply here. Although F606 W
does provide deeper imaging than F814W for the EGS
field (50 point source limiting magnitude of 28.6 com-
pared to 28.3) at a slightly higher resolution (FWHM
of 0.118” versus 0.124"), F606W probes a significantly
different population than F115W. On the other hand,
any HST imaging at wavelengths longer than F814W
see a significant drop-off in resolution and depth. The
nearest filter in terms of wavelength would be either
F105W or F125W, which provide significantly brighter
limiting magnitudes of 27.1 and 27.3 and FWHM val-
ues of 0.235” and 0.244 ", respectively (S. L. Finkelstein
et al. 2023). F814W provides the best balance of reso-
lution, depth (necessary for the AGN-host decomposi-
tion), and wavelength (necessary due to the wavelength
dependence of the Sérsic index) to compare with F115W.

2.2. AGN Catalog

We select our sample of AGNs using the AEGIS-XD
survey (K. Nandra et al. 2015), which imaged the central
EGS region with Chandra. We use X-ray selected AGNs
due to the robustness of the identification. While X-
ray surveys do not provide a complete sample of AGNs,
there is little contamination from inactive galaxies (F.
Civano et al. 2012). Other surveys, such as optical or
infrared, can be contaminated by objects such as star-

forming galaxies and provide a less reliable sample (J. L.
Donley et al. 2008, 2012).

K. Nandra et al. (2015) provides a catalog of 937
X-ray point sources, alongside multiband counterparts
from the Rainbow Cosmological Surveys Database (G.
Barro et al. 2011a,b) for 929 of the 937. Of these
sources, 353 have reliable spectroscopic redshifts from
Keck and MMT, with the remainder having redshifts
based on multiband photometry from the observed-
frame UV to mid-IR. The limiting X-ray flux of this
survey is 1.5 x 10716 ergem =251 in the full band (0.5
10 keV), corresponding to Lx = 3.80 x 103 ergs~!
to Ly = 2.31 x 10*3 ergs™! at z = 0.1 and 2z = 4,
respectively. Figure 1 shows the X-ray luminosity ver-
sus redshift of the sample. Following K. Nandra et al.
(2015), we used the observed 0.5—-10keV flux to calcu-
late the rest-frame 2—-10keV luminosity, applying a K-
correction with an assumed power-law X-ray spectrum
with I' = 1.4, assuming the flux is unabsorbed.

Using this catalog, we find the X-ray sources which
fall within the bounds of the CEERS NIRCam point-
ings. This accounts for 121 of the 937 sources. We
apply SEXTRACTOR (E. Bertin & S. Arnouts 1996) to
both the JWST and HST imaging, and search for the
nearest detected source to the position of the multiband
counterpart listed in the catalog. Since the JWST and
HST images are aligned, the position of the counterpart
is fixed between the two sets of images. After all sources
are detected, we visually inspect that each source se-
lected as the counterpart in our imaging is correct, in-
specting all 13 bands provided by the CEERS team.

During the SEXTRACTOR step, we excluded eight
sources from our sample which had no detectable coun-
terpart near the position provided by K. Nandra et al.
(2015). Additionally, we cut another 16 sources where a
significant portion of the source is cut off by the edge of
the imaging or a chip gap. Lastly, a number of sources
lie within a region of low signal-to-noise in the mosaic
image due to the observing pattern. This is particularly
common in CEERSH and CEERS7-9 due to the addi-
tional F115W imaging obtained during CEERS’ wide
field slitless spectroscopy (WFSS) observations included
in the mosaic. This results in another 10 sources being
removed from our sample, leaving us with a total of 87.
Of our 87 sources, 41 have spectroscopic redshifts above
the confidence threshold employed by K. Nandra et al.
(2015), leaving 46 remaining sources with photometri-
cally determined redshifts. See Figure 1 for the X-ray
luminosity of our sources as a function of redshift. From
here, we create a cutout for each source for both JWST
and HST on which we perform our fits.
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Figure 1. The rest-frame X-ray luminosity in the 2—-10keV
band from K. Nandra et al. (2015) as a function of red-
shift. Sources in red and blue are included in our sample,
whereas the gray and dark gray sources are not contained
in our sample. Round markers are sources with a confident
spectroscopic redshift, whereas crosses indicate photometric
redshifts from multiband SED fitting of up to 35 bands of UV
to mid-IR imaging. The dashed line represents the X-ray flux
limit converted to luminosity. The X-ray luminosities have
been K-corrected to rest-frame 2-10 keV.

Occasionally, a source will appear in multiple point-
ings due to small regions of overlap. In these cases, we
create our cutout from the pointing in which the source
is closest to the center of the detector. The overlap is
typically in the regions of low signal-to-noise (due to the
observing and dithering patterns), and as such choosing
between the two is straightforward.

3. POINT-SPREAD FUNCTIONS
3.1. PSF Construction

While both pHOTUTILS and PSFEX generate PSF
models by stacking images of individual point sources
within an image, M.-Y. Zhuang & Y. Shen (2024) find
that the characteristics of the generated PSF's differ sig-
nificantly. They report that, in general, PSFEX outper-
forms PHOTUTILS in AGN-host decompositions. Their
study primarily focused on a field much more densely
packed with point-source candidates, leading to orders
of magnitudes more point-source candidates than are
available in the CEERS field. They did however gener-
ate PSF's for the CEERS field as well, and performed an
example fit on a source within our sample. See Section
3.2 for a comparison of our generated PSF's and Section 6
for a comparison of the example source (the broad-line
quasar SDSS1420+45300A). Notably, M.-Y. Zhuang &
Y. Shen (2024) were only able to investigate the DR0.5
data, as the DR0.6 data had not yet been made publicly
available.

Well-Behaved Point Source

Poorly-Behaved Point Source

Figure 2. Example of a poorly behaved HST/ACS F814W
point-source candidate (right) alongside a well-behaved can-
didate (left). Each cutout shows the central 2/ x 2" region
of the point source. The poorly behaved point source shows
several anomalous pixels on the upper region of the core;
these effects can significantly contaminate any PSF model
constructed using the point source.

In creating our point source catalog, we followed a
selection process and analysis similar to M.-Y. Zhuang
& Y. Shen (2024). We apply SEXTRACTOR to detect
and select candidate point sources in our field. In par-
ticular, we searched for sources that are likely to be
stellar (CLASS_STAR > 0.8), have high signal-to-noise
ratio (SNR.WIN > 20), have sufficiently low FWHM
(FWHMywsT < 3 pixels and FWHMpst < 6 pixels), are
not blended (FLAGS < 2), and are not significantly elon-
gated (ELONGATION < 1.5). Following this preliminary
filtering, we manually search through our sample and
remove any spurious sources. This includes sources too
close to the edge of the detectors, saturated sources, or
any blended sources not caught by the FLAGS check. A
significant number of the highest signal-to-noise HST
candidates, while not saturated, were significantly dis-
figured by substantial azimuthal asymmetry (see Fig-
ure 2 for an example). Many such sources passed the
SEXTRACTOR criteria (although worse examples were
flagged)—asymmetric sources significantly influence the
parameters of the generated PSF if left in the sample
and may require individual visual inspection to identify
and discard. Thus, a significant number of high signal-
to-noise candidates are dropped from our HST catalog.
We additionally ensure that none of our point-source
candidates overlap with any point-like sources within
our AGN sample.

This search provides us with a total of 89 and 64
point-source candidates for JWST and HST, respec-
tively. These are the sources that we feed into our
PSF-building software. For each source, we generate a
cutout of 135x135 pixels (4.05” x4.05”) for JWST. This
value was selected as it contains ~98% of the light con-
tained within the PSF (J. Rigby et al. 2023). Similarly,
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we generate a 167x167 pixel (5.01”x5.01”) cutout for
each HST point source. The HST cutout size is due
to the broader HST PSF. Note that the DR0.6 obser-
vations were taken with JWST rotated 180° relative to
the DRO0.5 observations; due to this, we orient all our
point source cutouts to match the DRO0.5 orientation
such that we can compare between epochs most accu-
rately throughout Section 3. See M. B. Bagley et al.
(2023) for the positioning of the JWST modules and de-
tectors relative to the DRO.5 orientation and the JWST
documentation? for a breakdown of the specific modules
and detectors.

We begin constructing our PSFs by first arranging
our JWST point sources into a variety of groupings.
The goal of these groups is to investigate how signifi-
cantly the choice of point sources influences the model
generated for each PSF-building software package. The
groups are defined by their data release, module, detec-
tor, dithering pattern, and/or signal-to-noise ratio. The
majority of these groupings will not be used in the fits
described throughout Sections 4-6; they exist only to
compare the characteristics of the output PSF models.
See Section A for a complete description of the groups.

We begin creating our PSFs by passing
each of our groups into PSFEX. The major-
ity of PSFEX parameters are left as default.
We applied a PIXEL_AUTO basis type with a
BASIS_NUMBER = 10, SAMPLE_VARIABLILITY = 0.5,
and a SAMPLE FWHMRANGEjwsT = 1 — 4 pixels (0.03"—
0.12”) or SAMPLE FWHMRANGExst = 2 — 8 pixels
(0.06"-0.24"). For both PSFEX and PHOTUTILS, we
generate a model oversampled by a factor of 2, with
a final model size of 265x265 pixels (3.975"”x3.975")
for JWST or 325x325 pixels (4.875"”x4.875") for HST.
Due to the limited number of point sources within our
region, we do not utilize the spatial variation function
within PSFEX. We only create constant PSFs; the
subgroupings will act as our most “local” PSFs.

We also pass the final sample of selected stars to PHO-
TUTILS, with the parameter maxiters varying from 2-
10 based on the number of point sources in the sample.
For both PSFEX and PHOTUTILS, we attempted multi-
ple runs with varied input parameters and point-source
groupings. The PSFs generated by PSFEX were fairly
robust to the choice of input settings, whereas PHOTU-
TILS models saw significant dependence on the choice
of maxiters for groups with a smaller number of point
sources.

2 https://jwst-docs.stsci.edu/jwst-near-infrared-camera

3.2. PSF Characteristics

In order to get a consistent measure of the proper-
ties of each PSF, we model the central core of the PSF
with a Gaussian. For comparison with M.-Y. Zhuang
& Y. Shen (2024), we similarly define the central region
as 2N + 1, where N is the smallest integer number of
pixels larger than half the FWHM. We assume an ini-
tial estimate of the FWHM to be those reported by S. L.
Finkelstein et al. (2023), namely FWHMp115w = 0.066 "
and FWHMypgi4w = 0.124”. We perform point-source
model fits with both GALFIT and ASTROPHOT, finding
consistent results with both. Additionally, we also anal-
ogously model every point source within each group.

Figure 3 summarizes the FWHM for each of our PSF
models for both JWST and HST alongside their con-
stituent point sources as measured by ASTROPHOT.
Looking first at JWST, we find, in agreement with M.-Y.
Zhuang & Y. Shen (2024), that the FWHM of the PHO-
TUTILS PSF models is consistently higher than those of
the PSFEX models. However, each PSF’s placement
relative to the distribution of the point sources included
in the sample changes from group to group. For groups
with a significant number of point sources (e.g., Global,
Global Low S/N, Epoch 2, etc.), we find that the PHO-
TUTILS PSF is very similar to the median FWHM of the
group’s point sources, whereas the PSFEX PSF tends to
be closer to the bottom quartile of the boxplot. When we
look at groups with a low number of point sources (e.g.,
Global A1, Dither 1A, Dither 1B, etc.), both PHOTUTILS
and PSFEX tend to have a higher FWHM,; particularly
PHOTUTILS, where the measured FWHM occasionally
escapes the upper quartile of the point-source popula-
tion. In these cases, PSFEX tends to provide a FWHM
closer to the global point-source median.

We additionally overlay the M.-Y. Zhuang & Y. Shen
(2024) CEERS PSFs, another set of PSFEX-generated
models. The M.-Y. Zhuang & Y. Shen (2024) PSFs tend
to behave somewhat similarly to our PSFEX PSFs, al-
though the sample size is low in all four overlapping
groups. This leads to high variance in the measured
FWHDMs, as well as significant dependence on the choice
of specific point sources within the grouping across all
three models. Our models also provide the axis ratio
(b/a) of the core, where we find consistently high mea-
sures of axial symmetry (>0.97), again in agreement
with M.-Y. Zhuang & Y. Shen (2024).

For our HST measurements, we find very consistent
FWHMs for both pHOTUTILS and PSFEX, except for
one clear outlier: the Global High S/N group. This
group possesses a significantly higher FWHM measure-
ment, likely due to more undetected poorly behaved
point sources, as discussed in Section 3.1 and Figure
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Figure 3. The distribution of the FWHM of each PSF model and their constituent point-source sample for JWST (top panel)
and HST (bottom panel) as measured by ASTROPHOT. The FWHM for each is normalized by the median FWHM of the Global
point source sample. The black points represent each point source within the sample. The gray box-and-whisker plots provide
information on the distribution of the point sources: the central line in the box gives the median value, the extent of the box
gives the quartiles above and below, and the whiskers include the rest of the sample. The red and blue points represent the
PSF models for pPHOTUTILS and PSFEX, respectively. The green stars are the PSF FWHM values from M.-Y. Zhuang & Y.
Shen (2024); only four of our JWST groupings overlap their study.

2. When these spurious point sources are included in divot. Looking towards our HST models, we do not see
other groups, they are often rejected by the PSF-fitting this stark difference between the two PSFs. The center
software, as they are significant outliers when accompa- of the PSFEX PSF in Figure 4, shows some artifacts oc-
nied by a larger sample of more typical point sources. curring a few pixels away from the center of the model.
Interestingly, we find that PHOTUTILS PSF's tend to have Figure 5 shows a zoomed-in view of this central region
a consistently lower FWHM than PSFEX, opposite to for another of our models, namely the Dither 2A group-
what we see in the JWST PSFs. With significant num- ing, alongside one of the M.-Y. Zhuang & Y. Shen (2024)
bers of quality point sources, the two PSFs tend to strad- PSFs. We can clearly see anomalous pixels at the edge
dle the global point source median, with PSFEX just of the central core in similar regions of both PSFExX
above and PHOTUTILS just below. The consistency is models, while there are no such effects in the PHOTU-
much higher from group to group for HST, although TILS PSF. Due to the presence of these irregularities at
that is expected—the groupings are defined by JWST r ~ FWHM, it is likely a cause of the consistently lower
observing parameters. FWHM we see in JWST’s PSFEX PSFs.

Next, we investigate the radial profile of our PSF mod- In general, both PSF software provide consistent mea-
els. We apply PHOTUTILS isophotal fitting to each of our surements of the extended wings of the PSF, and the
PSFs and point sources. Figure 4 shows an example of visual construction is very clear and consistent. How-
such a fit, specifically for the JWST Global grouping. ever, the wings of the PHOTUTILS PSF quickly degrade
Both PSFs, as well as the point sources, generally pos- when maxiters is set too high for the number of point
sess a very similar radial profile. However, the PSFEX sources in the sample, whereas PSFEX produces more
PSF has a clear divot away from the rest of the profiles consistent results. When the number of sources in the
just outside of its FWHM, at roughly 0.06—0.1". This sample is low (<10), noise begins to dominate at the
feature is present to some degree in all of our JWST outer reaches of the PHOTUTILS PSF model after only a
PSFEx PSFs, but in none of our PHOTUTILS PSFs. few iterations, while the structure of the PSFEX PSF is

No point sources in our entire sample demonstrate this relatively well-defined. On the other hand, PHOTUTILS
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in diameter. This particular example features the Global grouping. The rightmost plot shows the 1D radial profile of each PSF
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Figure 5. Comparison of the central 0.825" x0.825" region of the Dither 2A grouping’s PSFs for JWST/NIRCam F115W.
The PHOTUTILS and PSFEX models are the left and middle panels, respectively. We also include the publicly available PSFEX
model generated by M.-Y. Zhuang & Y. Shen (2024) in the right panel. All three models are normalized to the same log scale.

never encounters the issue of irregularities in the radial
profile, and produces closer matches between the typical
point source profile across all groups.

4. FITTING PROCESS

Now that we have identified our AGN candidates and
constructed PSF models, we can proceed to fitting our
sources. We apply both GALFIT and ASTROPHOT in
order to compare the results between two often used 2D
photometric fitting software packages. We follow the
same process for both; we use a two-component model,
with a Sérsic profile representing the host galaxy and
a point-source model representing the AGN. By fitting
the Sérsic and point-source components simultaneously,
we can effectively disentangle the light from each source

with minimal contamination. If the light from the cen-
tral AGN is left unaccounted for, light is misattributed
to the bulge, thus artificially inflating the Sérsic index
and contaminating the characterization of morphology
along with any galaxy magnitude or size measurement.
Two-component fitting such as this is standard and has
been thoroughly tested across both 1D and 2D-fitting
(B. Héussler et al. 2007; B. D. Simmons & C. M. Urry
2008).

The Sérsic profile (J. L. Sérsic 1963, 1968) is defined

S(r) = Seexp l—nn <(:) e 1)1 .

with Y. the pixel surface brightness at the half-light
radius r.. The half-light radius is defined as the radius
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of the isophote containing half of the luminosity of the
galaxy. The parameter n is the Sérsic index, and k,, is
a variable dependent on n defined by

(20, 0) = ST(20), )

where I" and v are the Gamma and lower incomplete
Gamma functions, respectively.

The Sérsic index is especially significant, as it acts as
proxy for a morphological classification. For example,
n = 1/2 corresponds to a Gaussian, n = 1 provides
us with the exponential disk model typically applied
to disk-dominated galaxies (K. C. Freeman 1970), and
n = 4 gives us the de Vaucouleurs law, often applied to
bulge-dominated sources (G. de Vaucouleurs 1948; G.
de Vaucouleurs et al. 1976, 1991). Conveniently, if one
integrates the Sérsic profile out to r = oo to calculate
the total brightness of a source, there exists an analytic
solution given by

Fiotal = 212%™ nr, 2" T'(2n)q, (3)

where ¢ = b/a is the axis ratio.

GALFIT and ASTROPHOT use a very similar set of
free parameters by default and, in practice, we run a
very similar fitting process for each. We start by taking
the cutouts for each of our sources as defined in Section
2.2. We apply SEXTRACTOR to each cutout in order
to obtain a set of initial parameters, as well as to iden-
tify any neighbors that we need to address. We use a
segmentation map generated by SEXTRACTOR to create
our mask by visually inspecting each source and deter-
mining which neighbors may significantly influence our
fit. If we determine that a neighbor is not significant, we
simply mask it out. If it is significant, we add an addi-
tional Sérsic profile to our fit to model the neighboring
source.

For our main source (the AGN+host) and neighbors,
we use the parameters from the SEXTRACTOR catalog
as our preliminary initial conditions. These parameters
include the positions of the components, combined mag-
nitude of the AGN and its host, the effective galaxy ra-
dius, the galaxy axis ratio, and the position angle. We
then manually adjust the initial conditions via visual in-
spection to ensure that our model is fitting all sources
as needed and has high quality initial conditions. These
manual adjustments include varying the initial Sérsic in-
dex, the AGN-to-host flux ratio, dealing with any over-
deblended (e.g., features such as a spiral arm deblended
into a separate source) or under-deblended sources (e.g.,
overlapping neighbor not detected as distinct from the
main source), etc. Both GALFIT and ASTROPHOT allow
for the user to apply constraints to the parameters of the

Table 1. The parameter constraints applied to
each fit in GALFIT and ASTROPHOT.

Sérsic+PSF Fit

0.36 <n <8
001 <qg<1
[Zhost — @init| < 0.15”
[Yhost — Yinit| < 0.15”
xacen Position [arcsec] |TagN — Tinit| < 0.15”

Parameter Name

Host Sérsic Index (n)
Host Axis Ratio (q)
Znost Position [arcsec]

Ynost Position [arcsec]

yacn Position [arcsec]  |yaen — Yinit| < 0.15”

NOTE—The parameter constraints listed for the
host are also applied to any neighboring sources.

fit. These constraints are selected such that the parame-
ters remain physical, while not overly limiting variation
during the fitting process—in order to find the true solu-
tion, the parameters may need to vary beyond typically
expected values. We select a similar set of constraints to
C. Dewsnap et al. (2023), summarized in Table 1. We
enforce no explicit constraints regarding the total flux
of the source, nor on how the light is distributed be-
tween the host galaxy and AGN components—both are
allowed to vary independently.

Next, we used ASTROPHOT with the Global PHOTU-
TILS PSF for an initial fit to refine the initial parameter
values. The final result of our fits are not sensitive to
choice of fitting software or model PSF for this initial
fit. If the fit is deemed reasonable by visual inspection,
we move on with the fit results as our final set of initial
conditions—if not, we further adjust the initial param-
eters by hand and iterate through the fitting process
again.

Once we have our reasonable initial fit values, we
proceed to running fits using both GALFIT and As-
TROPHOT with a wide range of PSFs. In particular, we
use the Global, Global A/B, Epoch 1A-2B, and Dither
A1-B4 groups for our JWST fits, leading to 16 fits per
source (2 fitting software packages x 2 PSF software x 4
PSF groupings). These groupings were selected as they
are representative of the PSF distribution; they contain
sets with both high and low numbers of point sources,
global and local sample selections, and a wide range of
FWHM measurements. This allows for a robust investi-
gation of dependence on choice of PSF of the fit results
while limiting the study to a reasonable number of fits
per source.

5. RESULTS

Figure 6 shows a direct comparison of the As-
TROPHOT and GALFIT fit results. For this comparison,
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Figure 6. Comparison of the GALFIT and ASTROPHOT fits using the Global PSF for both PSFEX (blue crosses) and PHOTUTILS
(red circles). The dashed line represents one-to-one agreement. The parameters included are: (a) the Sérsic index, (b) effective
radius, (c) host magnitude, (d) AGN magnitude, (e) x2, and the distribution of the Sérsic index for ASTROPHOT (f) and GALFIT
(g). We find a clear disagreement between the Sérsic index and effective radius measurements between GALFIT and ASTROPHOT.
We also note that a few of the most significant outliers fall outside the bounds of the plots.

we show only the fits which use the Global groups for
each software package. The Global grouping is repre-
sentative of the whole sample—see Section B for a dis-
cussion on the robustness of the fit results between the
PSF groupings and software. We find that the effective
radii of the host galaxies typically fall within 0.1-3",
with host magnitudes between 25—-18 mag. The AGN
components have a fainter distribution, falling between
29 -20mag.

The most striking feature of Figure 6 is the strong
deviation from one-to-one agreement seen in both the
Sérsic index (Figure 6a) and the effective radius (Fig-
ure 6b). The distribution of the Sérsic indices (Figure
6f and 6g) show that at n > 2, GALFIT tends to find
significantly higher values of n, often reaching the up-
per boundary of n ~ 8. The distribution of sources
between 0.5 < n < 4 is also relatively flat. ASTROPHOT
produces far fewer fits with high values of n, peaking be-
tween 1 < n < 2.5. This shift in n is counterbalanced by
the effective radius also shifting away from one-to-one,
specifically at lower radii (r. < 10 pixels).

Interestingly, the host magnitude (Figure 6¢) remains
consistent despite the stark difference between the other
host galaxy parameters. The scatter within the AGN
magnitude (Figure 6d) and x?2 (Figure 6e) also shows no
correlation with the sources that strongly disagree in n
and 7.. In general, the variation of the AGN magnitude
is of similar order between the choice of PSF and the
choice of fitting software, however the choice due to the
fitting software is more symmetrical about zero.

We note that any additional attempts to account for
the background, such as adding a plane sky model in
either GALFIT or ASTROPHOT, does not significantly
affect our fit results, nor help further constrain the Sérsic
index and effective radius. In general, our sources are
generally sufficiently bright (mpost < 23) such that the
contribution of the sky is low relative to the flux of the
source itself. For the fainter sources, the choice of PSF
and fitting software plays a more significant role on the
results, leading the systematic uncertainties to dominate
those of the sky subtraction. Since the influence of the
sky subtraction is on the extended wings of the galaxy.
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However, the x2 weighs the wings much less than the
higher S/N regions of the source, meaning that small
changes in the wings do not lead to significant changes
in the best fit models.

Overall, the Sérsic index and effective radius depend
most strongly on the choice of fitting software, whereas
the AGN magnitude depends more significantly on the
choice of PSF, as expected. The host magnitude and x?
are consistent throughout each combination of PSF and
fitting software, after accounting for clear outliers.

6. DISCUSSION

The strong disagreement of the Sérsic index and ef-
fective radius between ASTROPHOT and GALFIT while
the host magnitude and x? remain consistent suggests
that there may exist degenerate solutions for measure-
ments of the host galaxy. It is not necessarily the case
that one software package is performing better than the
other; it is possible that they are simply parsing dif-
ferent regions of the parameter space and resulting in
two equally “good” best fits, but exist in consistently
different regimes.

The possibility that the effective radius and Sérsic
index cannot be individually well-determined is not a
novel concept. Z. Jiet al. (2020, 2022) investigate the co-
variance of the effective radius and Sérsic index, finding
that the Sérsic index is consistently not well-constrained,
even for high signal-to-noise (~100) sources. Similarly,
C. Dewsnap et al. (2023) performed an in-depth analysis
of the parameter space of high-redshift (0.03 < z < 6.5)
AGN hosts imaged by HST, finding a strong, positive
correlation between Sérsic index and effective radius.

To investigate the parameter space our fits exist in,
we focus on a small subset of sources on which we per-
form a wide range of fits. We define an array of values
for the effective radius over which we perform a set of
fits with the effective radius held fixed throughout the
minimization process. Then, we can determine how the
various parameters interact through a wider region of
the parameter space.

In this section, we specifically highlight the source
SDSS1420+5300A (Rainbow ID: AEGIS 742, RA:
215.02339290, DEC: +53.01020700), a broad-line quasar
at Zgpee = 1.644 with Mpy = 1099001607, (C. J.
Grier et al. 2019). This source has been extensively
studied, providing an excellent example with which
we can compare the results of our fits with those
throughout the literature, and is representative of the
results seen throughout our sources. Decomposing
SDSS1420+-5300A reveals a massive (M, = 101-3My)
barred spiral galaxy, oriented face-on. X. Ding et al.
(2022) perform several brightness profile fits using Ga-

LIGHT (X. Ding et al. 2021), leading to a spatially re-
solved 2D SED fit of the outer regions (0.24”) of the
host. However, X. Ding et al. (2022) do not perform fits
with the F115W imaging, and thus we can only com-
pare our results qualitatively. M.-Y. Zhuang & Y. Shen
(2024) also perform several surface brightness fits of this
source using GALFIT, providing an excellent example to
compare directly with our fits.

We begin by forming an array of effective radius val-
ues ranging over 2-50 pixels (0.06-1.5"). For each value,
we perform a fit with the effective radius held fixed at
the corresponding value. We use the same initial con-
ditions for remaining parameters as described in Sec-
tion 4; however, we do not fit any neighboring sources
to minimize any possible differences from fit to fit (al-
though we still apply our masks). All the parameters
except for the effective radius are free to vary within
the constraints outlined in Table 1. We perform each
fit using both ASTROPHOT and GALFIT for each PSF
model. For SDSS1420+4-5300A, this corresponds to the
Global, Global B, Epoch 1B, and Dither 1B groupings.

Figure 7 shows the x2, Sérsic index, and AGN-to-host
flux ratio as a function of effective radius for each of the
models generated. For both ASTROPHOT and GALFIT,
the fits fall into two clear groups: the ones that success-
fully separate the AGN from the host galaxy, and those
that do not. The successful fits are characterized by a
few key elements. First, the y2 is consistently lower,
indicating a higher quality of fit. Next, the fits result in
lower Sérsic indices, whereas the failed fits result in much
higher indices, usually n ~ 8. Because we know by both
visual inspection and through previous studies that the
host galaxy is a barred spiral, intuitively we expect that
the Sérsic index should be roughly 1 < n < 3. Lastly,
the successful fits find a consistently higher AGN-to-host
flux ratio. This is expected, as the source is a known lu-
minous quasar and, as such, the AGN dominates the
host. When the fits fail, it is because the minimiza-
tion algorithm fails to identify the host galaxy beneath
the AGN. Thus, the Sérsic and point-source components
tend to share the AGN light, resulting in a more point-
like Sérsic profile with an AGN-to-host ratio ~1.

Generally, the fits that perform well in one fitting
software also fit well for the other—for this source, the
poorer fits are preferentially the PSFEX PSF's; specifi-
cally, the Global, Global B, and Epoch 1B PSFs. How-
ever, the Dither 1B PSFEX PSF does perform well. No-
tably, the Dither 1B PSF shows far less influence by the
anomalous pixels discussed in Section 3 compared to the
other three PSFEX models. Since SDSS1420+5300A is
so AGN-dominated, the anomalous pixels have a larger
influence on the resulting fits, likely explaining why the
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Figure 7. Comparison of the parameter space probed by our GALFIT (top row) and ASTROPHOT (bottom row) fits. Each
marker represents a fit to the 2-D surface brightness of SDSS1420+-5300A with the effective radius held fixed at the given value,
while every other parameter freely varies. The blue and red markers correspond to fits using PSFEX and pHOTUTILS PSFs,
respectively. The marker style represents the point source grouping of each PSF.

PSFEX fits perform disproportionately worse than the
PHOTUTILS fits.

One interesting result is that the PHOTUTILS Dither
1B PSF fits are grouped with the failed fits for the x2,
but are more closely aligned with the successful fits in
terms of the measured host parameters. This is likely
because the PHOTUTILS Dither 1B is among the poorest
models of the PHOTUTILS PSFs, with one of the largest
FWHM values of all our PSF models. As such, it is
likely that the higher x2 is due in large part to the poor
PSF. Of note is the ASTROPHOT PHOTUTILS Dither 1B
fits specifically—once the host-galaxy parameters begin
to align with the rest of the good fits, the x2 increases
slightly. Then, at r. > 40 pixels, the model begins to fail
again and reaches n ~ 8, where we see the x? decrease.
This is counterintuitive—one would expect that if the
model were more reasonably fitting the host that the x?2
would decrease, not increase.

Figure 8 again shows the fits parameters, but removes
the groups for which our sources consistently failed,
namely the PSFEX Global, Global B, and Epoch 1B
PSFs described above. We also remove the r. > 40 pix-
els fits from the ASTROPHOT PHOTUTILS Dither 1B fits
where the Sérsic index reaches our constraint. The fits
tend to converge to a constant minimum y? for all fits
above r. ~ 20 pixels. Thus, we can split our parameter
space into a “Good Fit” region (r. > 20 pixels) and a
“Bad Fit” region (r. < 20 pixels). Within the “Good

Fit” region, the AGN magnitude remains relatively con-
stant suggesting that, as long as the minimization algo-
rithm correctly identifies the presence of the host galaxy,
the parameters of the host do not significantly affect the
AGN magnitude measurement—the choice of PSF plays
a more significant role than the fitting software or host
parameters.

Looking at the host galaxy parameters in the “Good
Fit” region, we see a strong, positive correlation between
the effective radius, Sérsic index, and host magnitude,
spanning the entire region. This relation covers a sig-
nificant portion of the available parameter space, over a
wide range of Sérsic indices (1.8 < n < 8) and host mag-
nitude (~1 mag). While the host parameters vary sig-
nificantly, the 2 and residual image do not noticeably
change, indicating that the x?2 is not a good indicator
of quality of fit for our model. Inspecting the residual
images for the fits also shows that there is no signifi-
cant visual indicator suggesting that one fit is “better”
than another—each fit does an equally sufficient job of
modeling the host galaxy outside of the clear non-Sérsic
elements (e.g., spiral arms or bar). Because the AGN
magnitude also remains relatively constant, the AGN-
to-host flux ratio varies significantly across the parame-
ter space, from ~1.2 to ~2.8.

For the host galaxy, the ASTROPHOT and GALFIT fits
take up completely different regions of the parameter
space. As we found generally from examining all of our
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Figure 8. Comparison of the fits which correctly disentangle the AGN from the host galaxy for SDSS1420+5300A. The left
column shows the F115W image (top) alongside the AGN subtracted image (bottom) obtained from our ASTROPHOT best fit

using the PHOTUTILS Global PSF. Each cutout is 255x255 pixels (7.65"x7.65").

The middle column and upper right panel

highlight the parameters obtained for each fit. Each fit has the effective radius held fixed at the given radius, while each other
parameter freely varies. The green shaded regions highlight the range within which the x2 indicates a high quality fit, whereas
the red region highlights the region where the fits are consistently poor. The pink stars show the best-fit results of M.-Y. Zhuang
& Y. Shen (2024). The red diamond shows the best fit results from our ASTROPHOT PHOTUTILS Global PSF fit. The lower
right panel shows the Sérsic profiles for the derived host parameters for every fit in the “Good Fits” region. The red circles
are the median radial profile of the AGN subtracted image shown in the lower left, and the red line shows the best fit of the

ASTROPHOT PHOTUTILS Global PSF model.

best fits in Section 5, GALFIT finds consistently higher
Sérsic indices than ASTROPHOT. Since the Sérsic index,
n, is positively correlated with the host magnitude, the
higher n value corresponds to a brighter host magnitude
and lower AGN-to-host ratio at each radius. In order to
find the consistent host magnitude measurement found
in Section 5, the effective radius must be lower for higher
values of the Sérsic index. Figure 8 also includes the
best fit for our ASTROPHOT PHOTUTILS Global PSF,
alongside the best fit Sérsic+PSF models from M.-Y.
Zhuang & Y. Shen (2024). The M.-Y. Zhuang & Y.
Shen (2024) points align closely with our GALFIT fits.
The displayed best fits obtain a relatively consistent host
magnitude by balancing the Sérsic index and effective
radius.

By taking each fit in the “Good Fits” region and calcu-
lating the resulting Sérsic profile, we can compare how
significantly the brightness profile varies over the ac-
ceptable parameter space. The lower right panel in Fig-
ure 8 demonstrates this, alongside the AGN-subtracted

median profile and associated best-fit Sérsic profile for
our ASTROPHOT PHOTUTILS Global PSF fit. We find
that the Sérsic profiles do not vary strongly throughout
our parameter space, particularly outside of the central
few pixels. Within the central region, the Sérsic pro-
files do show fairly significant variation on the order of
2 mag - arcsec 2. However, this region is significantly
contaminated by residuals from the AGN subtraction.
In addition, the AGN magnitude remains constant de-
spite the variation in central surface brightness, and so
this central region factors very little into the AGN-host
galaxy decomposition. In general, the non-Sérsic ele-
ments of the host galaxy cause variations in the radial
profile equal to or greater than the distribution of Sérsic
profiles. This implies that the Sérsic profile, while able
to obtain a consistent brightness measurement, is not
able to adequately model the radial profile of the galaxy,
and the Sérsic index may not be indicative of the host
galaxy’s morphology.
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Figure 9. Comparison of three models within the collection of “Good Fits” for SDSS14204-5300A shown in Figure 8. We
include the ASTROPHOT models with the PHOTUTILS Global PSF for the effective radii fixed at Ruost = 20,28, 36 pixels (left,
middle, and right columns, respectively). The top row of panels shows the residual of the model, including all of the host
galaxy, AGN, and a single neighbor component. The blue pixels represent regions where the model underestimated the surface
brightness of the source. The red pixels represent regions where the model overestimated the data. The bottom panel shows the
1D profile of the host galaxy (after subtracting the AGN and neighbor) plotted with the Sérsic profile for the given parameters.

The dashed black lines represent the r = 50, 100 pixel radii.

Figure 9 highlights three “Good Fits” of
SDSS1420+5300A. All three fits do a reasonably
good job of modeling the radial profile of the host
galaxy; however, the models span a wide range of
effective radii, Sérsic indices, and AGN-to-host flux
ratios. For this example, we find that the Rygoee = 20
model tends to underestimate the surface brightness
of the central region, spiral arms, and extended wings
of the source, while the larger radii models tend to
model the bar and spiral arms more accurately, but
overestimate the central region and wings. While the
specifics vary from source to source, it is consistently
true that the most important regions for constraining
the Sérsic profile are the central pixels and the extended
wings. As previously discussed, the central region is
significantly influenced by residual effects from the AGN
subtraction, making constraining the profile difficult.

The extended wings of the source contribute very little
to the overall x2 of the fit—in Figure 9, which shows
minor but clear under- and over-subtraction of the
extended wings between models, the x2 of the three
models differs by < 1%. Thus, the shape of the profile
is dominated by the region outside of the FWHM of
the PSF, nearer to the effective radius. The larger
distribution of profiles shown in Figure 8 demonstrate
significant overlap in this region, leading to a wide
range of “valid” fit parameters.

Our results highlight a significant problem—if the
model parameters are dependent on the software pack-
age used, then how can we compare results across dif-
ferent studies? The precise measurement of the Sérsic
index is of little value if a small shift in the effective
radius balances the profile, especially for a source with
clear non-Sérsic features, and if different combinations
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of software probe unique regions of the parameter space.
However, the general regime in which the Sérsic index
falls is still absolutely of value; for example, the best
fit Sérsic indices for SDSS14204-5300A typically fall be-
tween 1.8 < n < 3.5, well within the expected range
for a massive, barred spiral galaxy. It is possible that
the most effective way to characterize such systems is
to combine the Sérsic+PSF models with other empiri-
cal measurements that provide more readily comparable
representations of the system.

By starting with Sérsic+PSF fits, we are able to con-
sistently separate the light of the AGN from its host
galaxy. We can then follow up with a number of alter-
native methods to probe for more consistent informa-
tion about the host galaxy. M. C. Powell et al. (2017)
recursively fit inactive galaxies with additional Sérsic
profiles using GALFIT—beginning with a single Sérsic
profile, advancing to a two component bulge+disk fit,
then applying additional Sérsic profiles while balancing
between quality of fit and minimizing overfitting. Be-
cause we can accurately subtract the AGN light, apply-
ing this technique to our AGN-subtracted image could
more accurately model a complicated galaxy radial pro-
file. Additionally, we could still extract morphologi-
cal information from the brightest Sérsic profiles in the
model. Similarly, we can utilize the AGN-subtracted
images to perform aperture photometry measurements,
alongside empirical morphological measurements such as
the concentration and asymmetry of the host galaxy.
This methodology will result in far more consistent and
non model-dependent measures of the host galaxy mor-

phology.

7. CONCLUSION

In this paper, we investigated how applying various
PSF-building and surface-brightness fitting software in-
fluence the results of the decomposition of an AGN and
its host to measure photometry and characterize mor-
phology. We performed fits of 87 sources in the CEERS
survey, with redshifts between 0.1 < z < 4 and appar-
ent sizes typically within 0.1-3". We created 31 group-
ings of JWST point sources, with which we created PSF
models using both PSFEX and PHOTUTILS. Similarly,
we created nine groupings of HST point sources in order
to compare the dependence on the choice of point source
sample.

The radial profile of the PSFEx PSFs consistently
contained an anomalous region near the radius corre-
sponding to the FWHM where the intensity was much
lower than any point sources within our sample. The
HST PSFEx PSFs displayed no such feature, suggest-
ing that perhaps PSFEX struggled to model the com-

plex core of the JWST PSF. Comparatively, the PHOTU-
TILS PSFs better matched the radial profile of the point
source population; however, PHOTUTILS struggled more
significantly for groups with fewer point sources, finding
consistently broader FWHM and less detailed extended
wings.

The pHOTUTILS PSFs performed more consistently
than PSFEX. This is not to say that PHOTUTILS per-
forms better than PSFEX in every scenario—M.-Y.
Zhuang & Y. Shen (2024) and E. M. Berman et al.
(2024) found success in building PSFEX PSF's from sig-
nificantly larger samples of input point sources. The
ability to account for spatial variation across an image
is among the major benefits of using PSFEX. How-
ever, extragalactic survey fields typically have too few
reference PSFs to take advantage of this feature, and so
it is not explored in this work. For situations in which
modeling PSF spatial variation is viable, the level of user
control and customization available in ASTROPHOT pro-
vide a powerful combination for AGN decomposition.

In exploring the results of surface brightness fits with
both GALFIT and ASTROPHOT, the choice of PSF has
little influence on the structural parameters of the host
galaxy. However, the AGN magnitude does depend on
the choice of PSF. The least-populated point source
groupings, which have broader FWHMs, result in dim-
mer AGN magnitudes than the groups with more refer-
ence point sources. Between the more highly-populated
point source groupings, the AGN measurements are rel-
atively robust. PSFs generated by PSFEX tend to
provide fainter AGN magnitudes than the PHOTUTILS
PSFs.

The host parameters are significantly affected by the
choice of fitting software, with GALFIT and ASTROPHOT
probing two distinct regions of the parameter space—
GALFIT tends to converge to higher n and lower 7, than
ASTROPHOT. Despite this, the host magnitude mea-
surement is consistent between the two within the re-
gion of lowest x?, highlighting the issue of degenerate
solutions within the Sérsic profile. The non-Sérsic com-
ponents of a host galaxy (e.g., spiral arms or a bar)
can make significant contributions to the radial profile
of the source; such features limit our ability to model
the source with a Sérsic profile.

We find that the x2 does not adequately indicate the
quality of our fits. Significant variation in the host pa-
rameters of the galaxy—including values clearly beyond
physical feasibility—did not correspond to significant
change in the 2. While clear outliers can indicate that
a fit is not working as intended, Figures 7 and 8 show
that the minimum Y2 can correspond to a number of
fits, rather than a single “true” best fit. Additionally,
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the most physically reasonable fits may sometimes corre-
spond to a higher x2 value, such as for the ASTROPHOT
PHOTUTILS Dither 1B fits seen in Figure 7.

We have shown that we can reliably disentangle an
AGN from its host galaxy, enabling morphological stud-
ies for larger and more diverse samples of AGN. How-
ever, between the relatively poor agreement between the
Sérsic profile and the radial profile of host galaxies in the
CEERS survey, the consistent disagreement between the
host parameters reported by GALFIT and ASTROPHOT,
and the poor performance of quality-of-fit indicators
such as x2, we suggest that alternative techniques be
used in tandem with the traditional Sérsic+PSF decom-
position in order to get consistent, easily comparable
measures of the host galaxy morphology.

When performing studies comparable to ours, with a
limited number of point sources (<100) to build PSFs
and reasonably high redshift AGNs (0.1 < z < 4), we
recommend:

e Using PHOTUTILS to create PSFs. With a suf-
ficient sample size, we found our results were
much more consistent with PHOTUTILS than PS-
FEX. Additionally, the PHOTUTILS PSFs matched
the radial profile of our point sources much more
closely than those from PSFEX, and did not
feature the consistent anomalous pixels near the
FWHM.

e Prioritizing building PSF models with a sufficient
number of point sources (in our case, a minimum
of 20). The stochastic variation of a poor PSF
model is more significant than the variations due
to position or dither pattern.

e Using ASTROPHOT to perform fits. ASTROPHOT
is less sensitive to the choice of PSF and is

less likely to have the Sérsic index fail to con-
verge within typical constraints. Additionally, As-
TROPHOT is open-source and provides a level of
user control and customization far beyond what is
available through GALFIT.

e Performing model-independent measurements of
galaxy morphology, such as calculating the con-
centration or asymmetry of the host galaxy light
after subtracting the AGN.
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APPENDIX

A. DESCRIPTION OF POINT SOURCE GROUPINGS

Here, we outline the selection criteria for each of the point source groups. The PSFs of both JWST and HST vary
with both position on the detector and time (D. Nardiello et al. 2022; M.-Y. Zhuang & Y. Shen 2024). We investigate
the significance of the effect of these variations on both the PSF model generated using PHOTUTILS and PSFEX,
as well as the influence of the choice of PSF for Sérsic+PSF fits. Compared to studies such as D. Nardiello et al.
(2022) or M.-Y. Zhuang & Y. Shen (2024), we have a far smaller sample of point sources. Thus, we additionally must
balance having spatially and temporally local PSFs with having a significant enough sample size to minimize stochastic

variation.

The first grouping is a completely “Global” PSF that includes all point sources in our library, regardless of pointing
or module. Every group acts as a subset of this Global group. The first subgroups that we use are defined by the
signal-to-noise of the point sources. Specifically, we create a “Global High S/N” for sources with SNR_WIN > 50 and
“Global Low S/N” for sources with 20 < SNR_WIN < 50. Next, we assign the “Global A” and “Global B” groups—these
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contain all point sources across all 10 pointings, but are split depending on which module imaged the point source.
NIRCam is split into two nearly identical modules, named A and B. Each module contains four short wavelength
detectors (alongside a single long wavelength detector), labeled 1 through 4. We then further split our Global A/B
groups into eight subgroups named “Global A1-4” and “Global B1-4” based on the specific detector each point source
was detected on.

From here, we again return to the parent Global group and split into groups based on the data release. “Epoch 17
and “Epoch 2”7 include sources from DR0.5 and DRO.6, respectively. We again break these groups down further based
on the module into “Epoch 1A”, “Epoch 1B”, “Epoch 2A”, and “Epoch 2B”.

We further increase the specificity by splitting the Epoch groups into subgroups based on the dither pattern of the
observation. Following M.-Y. Zhuang & Y. Shen (2024), we place CEERS1+2 into a single group called “Dither 1.
Both of these pointings use a dither pattern tied to the simultaneous MIRI observations, whereas CEERS3+6 are
grouped into “Dither 2” by virtue of sharing the 3-POINT-MIRIF770W-WITHNIRCam dither pattern, causing different
step sizes within images of the same NIRCam filter (M. B. Bagley et al. 2023).

We analogously split the Epoch 2 groups into two subgroups, “Dither 3” and “Dither 4”. Dither 3 contains the point
sources from CEERS4+10, whereas Dither 4 contains CEERS5+CEERS7-9. The primary distinction between these
two groups is that Dither 4 has two sets of NIRCam F115W imaging overlaid: one taken as NIRSpec parallels, and
one with WFSS imaging. These two sets of data have different readout patterns (MEDIUM8 for the NIRSpec parallels,
and SHALLOW4 for the WFSS imaging). In addition, the NIRSpec-defined imaging used a three point dither, whereas
the WFSS pointings used a four point dither. Thus, we have separated these pointings from the rest of Epoch 2.

The last split is to subgroups based on both the dither pattern and the module, creating the final eight groups:
“Dither 1A/B”, “Dither 2A/B”, “Dither 3A/B”, and “Dither 4A/B”. If one is to compare the PSFs in this work to
those available from M.-Y. Zhuang & Y. Shen (2024), these final groupings would be the direct comparable. Overall,
we have 31 groupings of JWST point sources for which we can create PSF's.

For our HST point sources, we have a smaller set of nine groups: “Global”, “Global High S/N” (SNR_WIN > 30),
“Global Low S/N” (20 < SNR_WIN < 30), “Epoch 1 or 27, and “Dither 1-4”. Adopting these groupings, particularly the
Epoch and Dither groups, has no inherent physical significance for HST; the Epoch and Dither group are defined based
on the JWST imaging independent of the HST imaging and simply exist as a way of providing different groupings
of point sources to investigate. We expect that these groupings should provide PSF models more consistent than the
JWST groups.

B. EFFECT OF THE PSF ON THE FITS

Here, we investigate how the choice of PSF influences the results of our fits. First, we compare how the fit parameters
vary with the choice of point source groupings with PSFEX and PHOTUTILS. Figure 10 shows the relative difference
between the Global PSF grouping and the Global A/B, Epoch 1A-2B, and Dither 1A-4B groupings for each of the
main fit parameters from ASTROPHOT and GALFIT; namely, the Sérsic index, effective radius, host magnitude, AGN
magnitude, and the reduced chi-squared value. In general, the choice of PSF is internally consistent within PSFEX
or PHOTUTILS and does not have a significant, consistent influence on the results of the fit for any combination of
PHOTUTILS, PSFEX, GALFIT, or ASTROPHOT.

The GALFIT fit parameters do show a marginally higher scatter than ASTROPHOT, particularly for the effective
radius (Figure 10b) and AGN magnitude (Figure 10d). There are several outliers in both ASTROPHOT and GALFIT,
however these are typically sources that are not particularly well-fit with any grouping. There is a small subset of such
sources that are well-modeled by some PSF's but not others—these are generally AGN-dominated sources fit with the
poorer (e.g., with lower number of contributing sources) PSF models (e.g., Dither 1A). These poor PSF models are
the most significant cause of the scatter in the AGN magnitudes.

Next, we investigate how the results vary between fits utilizing PHOTUTILS and PSFEX PSFs. Figure 11 shows the
relative difference in the main fit parameters between PSFEX and PHOTUTILS for both ASTROPHOT and GALFIT.
Generally, the agreement is again consistent—however, there is larger scatter than within PSFEX or PHOTUTILS.

Between PSF's, the host magnitude (Figure 11c) is by far the most consistent, whereas the Sérsic index (Figure
11a), effective radius (Figure 11b), and AGN magnitude (Figure 11d) see more significant variance. GALFIT is more
significantly influenced by the choice of PSF than ASTROPHOT across all parameters. The scatter is not symmetric—
the effective radius is marginally but consistently lower, the Sérsic index skews higher (particularly for GALFIT), and
the AGN magnitude tends to be fainter for the PSFEX PSFs.
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Figure 10. Comparison of the ASTROPHOT (left) and GALFIT (right) fit parameters for the various PSF groupings for both
PSFEX and PHOTUTILS. The panels from top down show: (a) the Sérsic index, (b) effective radius, (c¢) host magnitude, (d)
AGN magnitude, and (e) x2. BEach plot is shown as the difference between the Global PSF group and the Global A/B (pink
diamonds), Epoch 1A-2B (orange circles), and Dither 1A-4B (green crosses) groups as a function of the Global group’s value.
In general, the PSF grouping does not have a strong influence on the results of the fit.
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Figure 11. Direct comparison of the fit results for PHOTUTILS and PSFEX using ASTROPHOT (left) and GALFIT (right). Each
row corresponds to a fit parameter, concluding with the distribution of x2 relative to the median of each source. The gray
region indicates the region permitted by our constraints. GALFIT tends to see more scatter than ASTROPHOT. The PSFEX
PSFs generally have a larger x2 than the pHOTUTILS PSFs.
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The x?2 of the PHOTUTILS fits are consistently lower than the PSFEX fits for both ASTROPHOT and GALFIT. This
is likely due to the deviation seen in the PSFEX PSFs’ radial profile—if the constructed PSF is not representative of
a point source in the image, any fit using such a PSF will result in a higher y2.
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