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Abstract

The advent of the James Webb Space Telescope (JWST) has opened new horizons in the study of quasar host
galaxies during the reionization epoch (z > 6). Building upon our previous initial measurements of stellar light
from two quasar host galaxies at these redshifts, we now report the detection of the stellar light from the full Cycle
1 sample of 12 distant moderate-luminosity quasar (M;450 > —24 mag) host galaxies at z > 6 from the Hyper
Suprime-Cam Subaru Strategic Program. Using JWST /NIRCam observations at 1.5 and 3.6 yum combined with
2D image decomposition analysis, we successfully detect the host galaxies in 11 of the 12 targets, underscoring
the high detection rates achievable with moderate-luminosity quasars. Based on two-band photometry and
spectral energy distribution fitting, we find that our host galaxies are massive, with log M, /M, = 9.5-11.0. The
effective radii range from 0.6 to 3.2 kpc, comparable to the sizes of inactive galaxies with similar masses at z ~ 6
as measured with imaging from COSMOS-Web. Intriguingly, the two quasar hosts with post-starburst features,
which reside at the high-mass end of our sample and exhibit relatively compact morphologies, have similar size
and stellar mass surface densities to quiescent galaxies at z ~ 4-5. These findings suggest that the so-called galaxy
compaction scenario is already in place at the reionization epoch, in which gas inflows during starburst phases
drive centrally concentrated star formation followed by rapid quenching, bridging the structural transition of
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massive galaxies from relatively extended star-forming disks to compact quiescent systems.
Unified Astronomy Thesaurus concepts: Quasars (1319); AGN host galaxies (2017); Early universe (435)

1. Introduction

The formation of supermassive black holes (SMBHs) in the
early Universe, particularly at redshifts greater than 6, presents
a major puzzle in modern astrophysics. These mysterious
objects grew to an enormous scale of mass (e.g., 10°~10'° M)
in a relatively short period of cosmic history, thus challenging
our understanding of black hole growth and galaxy evolution
(X. Fan et al. 2006; X.-B. Wu et al. 2015; F. Wang et al. 2021).

The growth of SMBH is linked to that of host galaxies through
gas accretion. This process is regulated by multiple factors, such as
the amount of cold gas available within the hosts, star formation
activity, and the hosts’ merger history. Active galactic nuclei
(AGN) feedback may quench star formation or trigger compact
star formation®® (A. Zolotov et al. 2015; K. Inayoshi et al.
2020). Constraining the properties of quasar host galaxies is
particularly important at high redshift, as one can distinguish
different theoretical scenarios for early black hole growth
(A. Lupi et al. 2019; M. Habouzit et al. 2021). Among the
most fundamental questions is how galaxies and their SMBHs
established the tight correlation between stellar mass (or stellar
velocity dispersion) and SMBH mass observed in the local
Universe (J. Kormendy & L. C. Ho 2013).

Quasar hosts are also key to understanding the morphological
transition of galaxies. The so-called “compaction models” predict
that extreme gas inflows, often triggered by mergers or disk
instabilities, induce compact star formation and subsequent AGN
activities, ultimately transforming disk galaxies into elliptical
galaxies (A. Zolotov et al. 2015). Submillimeter observations,
primarily from the Atacama Large Millimeter/submillimeter
Array (ALMA), have revealed diverse gas dynamics among
high-z quasar hosts. They show that about one-third of z > 6
quasar hosts exhibit rotating gas disks, while another third show
merger signatures (R. Decarli et al. 2019; M. Neeleman et al.
2021; F. Wang et al. 2024). Dynamical mass measurements further
suggest that luminous quasar hosts have overmassive black holes
with respect to the local stellar mass—SMBH mass relation
(T. Izumi et al. 2019, 2021), whereas moderate-luminosity quasars
appear less extreme (J. Silverman et al. 2025). However, these
observations primarily trace cold gas and dust, which may not fully

50 Compact star formation refers to the concentration of star-forming activity
in smaller, high-density regions, often associated with the buildup of stellar
mass in the galaxy’s core. See Section 5.2 for an overview of this process.

represent the stellar mass distribution or quiescent populations.
Detecting host stellar light is thus essential to link these gas
reservoirs to star formation and test consistency between tracers.

Observational studies of quasar host galaxies have been
challenging, as the host stellar emission is often outshone by the
quasar radiation, particularly at high redshift. At earlier epochs, the
intrinsic sizes of galaxies appear to be smaller than at z ~ 0 (A. van
der Wel et al. 2014; T. Shibuya et al. 2015; L. Yang et al. 2022),
which, combined with spatial resolution limits, makes it difficult to
distinguish them from the bright quasar cores (N. L. Zakamska
et al. 2019). Due to cosmic expansion, the stellar light from these
galaxies undergoes significant redshifting, shifting its emission to
longer wavelengths. Additionally, surface brightness dimming,
which scales as (1 + z)*, significantly reduces their apparent
brightness. These combined effects pose substantial challenges in
detecting light above the rest-frame 4000 A, which typically
encompasses the bulk of emission from stars. For low-redshift
quasars at z < 1, ground-based surveys, such as Hyper Suprime-
Cam Subaru Strategic Program (HSC-SSP; H. Aihara et al. 2018),
have been used to measure the structural and photometric
properties of the host galaxies of ~5000 Sloan Digital Sky Survey
quasars (J. Li et al. 2021). For quasars at z ~ 1-2, Hubble Space
Telescope (HST) studies have successfully detected hosts but
faced limitations in resolving subgalactic structures or separating
AGN-dominated light in compact systems (N. L. Zakamska et al.
2019; X. Ding et al. 2020). At z > 6, even HST observations have
struggled to detect host galaxy emission in most quasars
(M. Mechtley et al. 2012; M. A. Marshall et al. 2020), a challenge
attributed to the overwhelming contrast in flux between the quasars
and their hosts, unless the system is undergoing a merger
(R. Decarli et al. 2019), with the host galaxy stretched well beyond
the tails of the point-spread function (PSF).

The deployment of the James Webb Space Telescope
(JWST; J. Rigby et al. 2023) has marked a turning point in this
area of study. Its large 6.5 m mirror enables superior angular
resolution and a high-quality PSF, resulting in sharp imaging.
Its position at the second Lagrange point further ensures
thermal stability, maintaining a more stable PSF. These
capabilities allow for the reliable decomposition of quasar
and host galaxy emission. Additionally, the NIRCam’s
infrared wavelength coverage at 1-5 um provides access to
rest-frame optical emission from galaxies at high redshift, well
beyond the limitation of HST studies.
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THE ASTROPHYSICAL JOURNAL, 993:91 (20pp), 2025 November 1

Ding et al.

Table 1
Details of Target Information

Target ID R.A. Decl. z Observation M 450 # of PSF Stars
(hh:mm:ss.ss) (dd:mm:ss.s) Date (F150W, F356W)

1 () 3 4) (5) (6) @

HSC J2255+4-0251 22:55:38.04 +02:51:26.6 6.34 2022-10-26 —23.87 9,5

HSC J2236+0032 22:36:44.58 +00:32:56.9 6.4 2022-11-05 —23.75 16, 13
HSC J0844—-0132 08:44:08.61 —01:32:16.5 6.18 2022-11-28 —23.97 11, 14
HSC J0911+40152 09:11:14.27 +01:52:19.4 6.07 2022-12-25 —22.09 14, 8
HSC J0918+0139 09:18:33.17 +01:39: 234 6.19 2022-12-25 —23.71 9,8

HSC J1425-0015 14:25:17.72 —00:15:40.8 6.18 2023-02-27 —23.44 13, 10
HSC J1512+4422 15:12:48.71 +44:22:17.5 6.19 2023-03-19 —22.07 6, 4

HSC J1525+4303 15:25:55.79 +43:03:24.0 6.27 2023-03-19 —23.61 7,6

HSC J1146—0005 11:46:58.90 —00:05:37.6 6.3 2023-06-23 —21.46 14,5
HSC J1146+40124 11:46:48.42 +01:24:20.1 6.27 2023-06-23 —23.71 7,3

HSC J0217-0208 02:17:21.59 —02:08:52.6 6.2 2023-12-10 —23.19 7,3

HSC J0844—0052 08:44:31.60 —00:52:54.6 6.25 2023-11-16 —23.74 18, 11

Note. Column (1): Object IDs are listed in the full name format as originally defined in Y. Matsuoka et al. (2016). For the remainder of this work, we will refer to
each object by its short name (e.g., J22554-0251). Columns (2) and (3): J2000 R.A. and decl. coordinates. Column (4): spectroscopic redshift based on Lya and
Lyman break. Column (5): the JWST observing date. Column (6): the M 450 value measured in Y. Matsuoka et al. (2016, 2018a, 2018b). Column (7): the number of
PSF stars collected from the corresponding JWST NIRCam field of view in F150W and F356W.

Early JWST studies have demonstrated its capability to detect
quasar host galaxies at z > 6. In our previous work (X. Ding
et al. 2023; M. Onoue et al. 2024), we reported robust detections
of stellar light from three z > 6 quasar hosts using NIRCam
broadband images (F356W /F150W). These hosts are found to be
massive (log My,/M., = 10.5-11.0) and compact (effective
radius, Ry, of 0.5-2.0kpc). Stellar light is even resolved
for the most luminous quasars (M50 < —26): The EIGER
collaboration (M. Yue et al. 2024) reported the detection of
compact host galaxies (R.;s = 1.6-2.2kpc) for three luminous
quasars using multiband NIRCam imaging (F115W/F200W/
F356W). M. A. Stone et al. (2024) derived even smaller effective
radii (1-1.5 kpc) from PSF-subtracted radial profiles of five 5 <
z < 7 quasars. Diverse morphologies are observed by JWST at
intermediate redshifts (2 < z < 5), where decomposition studies
detect spiral arms, bars, clumps, and merger signatures in quasar
hosts (X. Ding et al. 2022; D. D. Kocevski et al. 2023;
M.-Y. Zhuang et al. 2024; T. S. Tanaka et al. 2025).

The access to the stellar light of quasar hosts enables direct
comparisons of the stellar mass—SMBH mass ratios with those
measured at lower redshifts (J. Silverman et al. 2025). Recent
JWST studies have identified a population of faint AGNs
(Myy = —22) at z > 4, whose black hole masses lie above the
local stellar mass—SMBH mass relation (e.g., Y. Harikane et al.
2023: F. Pacucci et al. 2023; H. Ubler et al. 2023; R. Maiolino
et al. 2024). At the extreme end, the luminous quasar hosts also
indicate that their SMBHs are overmassive, consistent with the
ALMA dynamical mass estimates (M. A. Stone et al. 2023, 2024;
M. Yue et al. 2024). These apparent offsets in black hole mass
relative to stellar mass have been interpreted as evidence of exotic
early growth channels of SMBHs, such as heavy seed BHs or
super-Eddington accretion. On the other hand, J. Li et al. (2025b)
argue that the coupled effect of selection biases (i.e., finite
detection limits and requirements on detecting broad lines) and
measurement uncertainties can largely account for the reported
offset of black hole masses, leaving the understanding of the
intrinsic mass distribution at high redshift elusive. Intriguingly,
observations of moderate-luminosity (—24 < Myso S —22)
quasars at z > 6, which are also affected by such biases, reveal
host galaxies consistent with the local relation when accounting for

selection effects (X. Ding et al. 2023; J. Silverman et al. 2025). In
support of this conclusion, broad-line AGN have been confirmed
from JWST among massive galaxies at 3 < z < 5 (A. C. Carnall
et al. 2023; J. Li et al. 2025a). These SMBHs are consistent with
the local relation, highlighting the need for population studies that
span a wide range of AGNs' luminosities and host galaxy
properties in order to disentangle true evolutionary trends from
observational biases.

A large sample of z > 6 quasars with secure host stellar light
detections is crucial in this early stage of JWST observations.
This paper presents the results of host galaxy decomposition
and host galaxy properties for 12 quasars at 6.0 < z < 6.4 in
the moderate-luminosity regime, building on the success of our
first few targets reported in X. Ding et al. (2023) and
M. Onoue et al. (2024). Our analysis of the mass relations
between SMBHs and their host galaxies is presented in
J. Silverman et al. (2025).

This paper is organized as follows. In Section 2, we describe
the JWST data and our sample selection. Section 3 introduces
our quasar image decomposition technique and the spectral
energy distribution (SED) fitting. In Section 4, we present the
results of our measurements and the size-mass relation
compared to nonactive galaxies from the COSMOS-Web
catalog. Discussion and concluding remarks are presented in
Sections 5 and 6. Magnitudes are given in the AB system. The
G. Chabrier (2003) initial mass function (IMF) is employed to
infer the stellar mass of the host galaxies and the control sample.
We use a standard concordance cosmology (i.e., ACDM model)
with Hy = 70kms ™' Mpc !, ©,, = 0.30, and 2, = 0.70.

2. Experimental Design
2.1. Sample Selection

The 12 quasars presented in this study were observed as part
of a JWST General Observers (GO) program in Cycle 1 (GO-
1967; PI: M. Onoue). The basic properties of these quasars are
summarized in Table 1. Their redshifts and rest-frame 1450 A
absolute magnitudes are presented in Figure 1. These quasars
at 6.0 < z < 6.4 were identified by the “Subaru High-z
Exploration of Low-Luminosity Quasars” (SHELLQs;
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Figure 1. The redshift-M, 45 distribution of the SHELLQs quasars in this
study (red) and other major JWST observations for luminous quasars: EIGER
(blue; M. Yue et al. 2024) and ASPIRE (orange; F. Wang et al. 2023). The
SHELLQs quasars, whose host detections were reported in our earlier papers
(X. Ding et al. 2023; M. Onoue et al. 2024) are indicated by larger open
circles.

Y. Matsuoka et al. 2016, 2018a, 2018b, 2022) project through
the HSC-SSP (H. Aihara et al. 2018), a 1100 deg*-class optical
survey conducted by the 8.2m Subaru Telescope. The rest-
frame 1450 A magnitudes of the targets are —23.9 < M450 <
—21.5 mag, approximately 1 order of magnitude fainter than
those typically found in other major quasar surveys such as the
Sloan Digital Sky Survey (L. Jiang et al. 2016) and the Pan-
STARRSI survey (E. Bafiados et al. 2016, 2023). We selected
these JWST targets mostly from a sample used in a study of
the z ~ 6 quasar luminosity function (Y. Matsuoka et al.
2018c), with two additional targets (J1146—0005 and J0911
+0152) from the faintest SHELLQs quasars at the time of
preparing the JWST proposal. We also note that J0217—0208
shows a relatively narrow Ly emission for a type I quasar
(FWHMy,,, < 230kms™'; Y. Matsuoka et al. 2018b). This
object is among the subpopulation of SHELLQs quasars,
which we call “narrow-line quasars,” whose Lya luminosities
are greater than Ljy, = 10* [ergsfl] and Lya full widths at
half-maximum are narrower than 500kms ' (Y. Matsuoka
et al. 2022). While we regard J0217—0208 as a quasar in this
study, its nature, based on rest-frame optical spectroscopy, is
discussed in other works (e.g., Y. Matsuoka et al. 2025).
There are advantages to observing SHELLQs quasars for
host galaxy studies (X. Fan et al. 2023). As compared to more
luminous quasars (Figure 1), such as those observed by the
EIGER (M. Yue et al. 2024) and ASPIRE (F. Wang et al.
2023) projects, the ratio of stellar emission to total rest-frame
optical emission is expected to be higher in our sample; this
results in a lower contrast between the host galaxy and quasar
emission, thereby enhancing the detectability of the host.
While even fainter AGN detected by JWST (e.g., M. Onoue
et al. 2023; H. B. Akins et al. 2025; R. Maiolino et al. 2024,
I. Juodzbalis et al. 2025; D. D. Kocevski et al. 2025) may be
even more effective for host detection, robust decomposition
of AGN and host galaxy emission remains challenging due to
their insufficient signal-to-noise ratios (SNRs), leading to large
uncertainties in stellar mass estimates. Therefore, the
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SHELLQs quasars appear to hit the sweet spot for host galaxy
studies with JWST.

2.2. JWST Observation and Data Reduction

The data were obtained using Module B of the NIRCam
instrument, which provides a field of view of 2.2 X
2.2 arcmin®. We obtained images with total exposures of
3100 s per target across the two filters (F356W and F150W),
observed simultaneously. To correct for cosmic ray hits and
bad pixels in the detector, and to facilitate subpixel resampling
during the stacking phase, a 4 x 4 primary and subpixel
dithering pattern was employed. The INTRAMODULEBOX
and STANDARD dithering patterns were utilized for primary
and subpixel dithers, respectively. The BRIGHT1 readout
mode was chosen for these observations. Note that this
program also includes spectroscopic observations using
NIRSpec Fixed Slit (S200A2), which enables the calibration
of the SMBH mass (e.g., X. Ding et al. 2023; M. Onoue et al.
2024). The analysis of spectroscopic results will be presented
in forthcoming works (M. Onoue et al. 2025, in preparation),
while we focus on the imaging study in this paper.

We perform the data processing of the NIRCam images
following the standard procedures outlined in the JWST
pipeline v1.7.2.>' We downloaded the precalibrated “Stage 2”
image frames from the MAST archive, which were processed
with pipeline parameter reference files as registered in the
JWST Calibration Reference Data System. The initial steps
involved subtracting global background light from individual
frames using the Background2D function from PHOTUTILS
(L. Bradley et al. 2016). Notably, the archived images exhibit
horizontal and vertical stripe noise patterns, recognized as “1/f
noise.” This noise was mitigated by first masking bright
objects and then collapsing the 2D images along each axis of
the detectors to estimate the noise amplitudes through sigma-
clipped median values. We then subtracted the amplitudes
from each row and column, with horizontal stripes measured
for each of the four detector amplifiers separately.

We follow the standard approach and utilize the post-
processed Stage 2 image frames for alignment and stacking
using inverse-variance weighting in the Stage 3 standard
pipeline. We preserved the original detector positions during
this step, which ensures that the relative position angles (PAs)
of all fields of view remain consistent across the sample. This
consistency is crucial for constructing the PSF library (see the
next section). Both F356W and F150W images were
resampled to a pixel scale half that of the original detector
pixel scale, utilizing the drizzling algorithm implemented in
the resampling step of the pipeline. The resulting pixel scales
for F356W and F150W images are 070315 and 070153,
respectively. These pixel scales correspond to approximately
30% of the full width at half-maximum (FWHM) of the PSF in
each filter.

Having obtained the final science image, we perform a
second round of background light removal to eliminate
residual contributions from both the sky and the detector.
For this purpose, we adopt the PHOTUTILS package
(L. Bradley et al. 2016), which implements a two-dimensional
background modeling based on the SEXTRACTOR algorithm
(E. Bertin & S. Arnouts 1996). This approach effectively
accounts for gradients and variations across the background.

51 https: / /jwst-crds.stsci.edu
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Once the global background map is derived, we subtract it
from our science frames to obtain cleaner images for
subsequent analysis. We measure the surface brightness in
the empty regions to verify that it is consistent with zero within
the noise. This background removing process has been
successfully used in our previous work (e.g., X. Ding et al.
2020, 2022, 2023).

2.3. Control Sample from COSMOS-Web

We establish a control sample of massive galaxies at z ~ 6
to allow for a meaningful comparison with our quasar host
galaxies in terms of size—mass relationships and morphological
properties. To select a sufficient number of massive galaxies at
high redshift, we utilize the catalog from the COSMOS-Web
survey (C. M. Casey et al. 2023), the largest JWST Cycle 1
treasury program. COSMOS-Web images a contiguous
0.54 deg® area with NIRCam and 0.19 deg” with MIRI in the
COSMOS field (N. Scoville et al. 2007). The survey employs
four NIRCam filters (F115W, F150W, F277W, and F444W)
reaching approximate 5o depths of 27.4-28.2 AB mag, and
one MIRI filter (F770W) with a 50 depth of 26 AB mag.

The data reduction process for both NIRCam and MIRI
observations is detailed in (M. Franco et al. 2025; S. Harish
et al. 2025, respectively), and we provide a brief overview
here. The NIRCam raw imaging data were processed using the
JWST Calibration Pipeline version 1.12.1, with additional
custom modifications to address issues such as “1/f” noise and
sky background subtraction, similar to other JWST studies
(e.g., M. B. Bagley et al. 2023). The Calibration References
Data System file pmap.1170 is employed, which corresponds
to NIRCam instrument mapping (imap) 0273. The final
mosaics were created in Stage 3 of the pipeline with a pixel
scale of 0703 pixel .

This control sample from COSMOS-Web provides us with a
robust set of 422 massive star-forming galaxies at z ~ 6 with
log M,./M, from 9.0 to 10.5. We also include a sample of
seven quiescent galaxies at 4 < z < 5. These stellar masses and
photome.tric redshifts for this control sample are derived from
the COSMOS catalog (M. Shuntov et al. 2025) based on SED
fitting, providing a well-characterized set of high-redshift
galaxies.

The same G. Chabrier (2003) IMF is adopted to infer the
stellar mass for the COSMOS catalog. The size measurements
for these control galaxies have been conducted and reported by
L. Yang et al. (2025) using the same methodology as our
analysis of quasar hosts. In particular, L. Yang et al. (2025)
utilize the same image analysis tool, GALIGHT (X. Ding et al.
2020, see Section 3.2), for galaxy fitting, ensuring a consistent
approach in determining galaxy sizes across both the control
and quasar host samples. This consistency is essential for
enabling a fair and direct comparison of the size—mass relation
between our quasar hosts and the general massive galaxy
population at similar redshifts.

For the morphology comparison (e.g., Section 4.4), the
COSMOS-Web control sample uses the F444W filter, while
our quasar hosts are observed in the F356W filter. While these
filters differ in central wavelength, both are long-wavelength
bands (above rest-frame 4000 A) and are expected to trace
similar stellar emission, ensuring a meaningful comparison of
galaxy sizes and structures.
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3. Quasar-host Decomposition

In this section, we outline the methodology used to
decompose the quasar host galaxy light from the central
nuclear light.

3.1. PSF Library

The quality of the PSF model is essential for accurately
characterizing the shape of the central point source (i.e.,
quasar) and separating it from its host, especially when the
quasar dominates the overall emission. PSF variations occur
temporally and spatially across the field of view of the detector
due to aberration and breathing effects.

In this study, we employ a methodology consistent with our
previous works (X. Ding et al. 2020, 2022, 2023; T. S. Tanaka
et al. 2025) by constructing a PSF library. Previous studies
(e.g., M.-Y. Zhuang & Y. Shen 2024) have examined the
effectiveness of NIRCam’s empirical PSFs generated by
PSFEx (E. Bertin 2011), which supports the modeling of
spatial variations of the PSF model across the NIRCam’s field
of view as a function of pixel coordinates and provides a
qualified PSF model to perform the AGN decomposition. As
demonstrated by T. S. Tanaka et al. (2025), the PSF library
approach produces consistent host inference results compared
to these empirical PSFs by PSFEx. The details of the PSF
library construction are described below.

For each target observed in the F150W and F356W bands,
we utilize the PSF-star searching function within GALIGHT to
collect isolated, unsaturated PSF stars with adequate SNRs.
We further improve the use of the selected PSF stars to
produce a clean PSF model by erasing any nearby objects
located in the PSF cutout—replacing their pixels with values
from empty (background) regions—so they do not interfere
with our analysis. We present the number of PSF stars selected
for each target in Table 1. Subsequently, each PSF in the
library is applied during the fitting process, and the final result
is obtained by combining the contributions from all PSFs, as
detailed in Section 3.3.

3.2. Image Decomposition and Inference of Host Properties

We conduct two-dimensional modeling of images using our
2D profile fitting software GALIGHT.>® This is an open-source
PYTHON package designed for astronomical data processing,
which utilizes the image modeling capabilities in LENSTRON-
OMY (S. Birrer & A. Amara 2018; S. Birrer et al. 2021), a
multipurpose software package to model strong gravitational
lenses. LENSTRONOMY'’s flexibility enables GALIGHT to turn
off the lensing channel and focus on the AGN and host
decomposition, enhancing the user interface for automated
fitting ability. Our modeling process involves the preparation
of essential ingredients using GALIGHT, including:

1. Science data image cutouts, covering sufficient quasar
light emission. We set the cutout size as 81 x 81 pixels
(i.e., 2”4 x 274) for F356W and 71 x 71 pixels (i.e.,
1”71 x 1”1) for F150W, respectively.

2. Noise level map, representing pixel value uncertainty.

3. PSF model, describing the point-source shape and for
image convolution.

52 The performance of GALIGHT has been verified through simulations and
comparisons with fitting by GALFIT by X. Ding et al. (2023).
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The noise level encompasses both Poisson and random
background noise components. The Poisson noise is estimated
by calculating the effective exposure time based on weight
maps (i.e., WHT map), accounting for gain values. The
background rms noise level is determined using pixels from a
blank region near the target. During the fitting, we do not
explicitly include an additional noise term for the PSF model;
instead, we account for PSF-related uncertainties by measuring
the scatter in host galaxy properties obtained using different
PSF models from our library, as described in Section 3.1.

We assume that the central quasar is described as a scaled
PSF at an arbitrary position and use a 2D Sérsic profile
(J. L. Sérsic 1968) to model the host galaxy. If any object
happens to be close to our target, we add another Sérsic profile
to model its light and remove any potential contamination
from its extended profile. To avoid any unphysical results, we
limit the Sérsic parameters as follows: effective radius
R €[0706, 2700] (corresponding to a range of ~0.33 to
~11.16 kpc at z ~ 6.5), Sérsic index n € [1, 4]. The central
position of the 2D Sérsic model is allowed to be different from
the central point source. Note that in GALIGHT, the profiles of
the central PSF and the galaxies are fitted simultaneously.
Once the modeling is completed, we subtract the scaled point-
source component (i.e., quasar) from the image to isolate and
assess the intrinsic emission from the host galaxy. This
approach ensures a robust decomposition and avoids biases
that may arise from sequential fitting. The final host flux is
measured as the total light of the fitted Sérsic model integrated
within the image cutout region, which is typically consistent
with the total flux calculated from the full Sérsic profile. The
fits to the F150W and F356W images are performed
independently, with no shared or simultaneously fitted
parameters between the two bands.

Note that the sizes of our host galaxies are defined using the
Sérsic effective radius (R.r) along the semimajor axis, which is
consistent with the approaches adopted in the literature (e.g.,
A. van der Wel et al. 2014) that are usually measured by GALFIT
(C.Y. Peng et al. 2010). For the final host photometry, we adopt
the total flux of the Sérsic model integrated within the image
cutout region, ensuring that the host flux measurement is
consistent with the area used in the decomposition analysis.

3.3. Combining Strategy

During the quasar image modeling task, there are different
choices of fitting configurations that can be introduced,
including the choice of PSF models, initial parameter settings,
and the parameter minimization algorithm. These different
choices can lead to variations in the inferred properties of
quasar host galaxies, including flux and effective radius. To
mitigate potential biases introduced by these variations, we
employ a weighting approach that combines results from all
configurations, ensuring robust and reliable measurements.
This strategy allows us to quantify uncertainties arising from
different fitting configurations, ensuring robust estimates of
host galaxy properties while mitigating systematic biases. We
outline all the different fitting configurations or factors we
considered that can cause the fitting results to vary, as follows:

53 While the light profile shape undergoes a dramatic transformation as the
Sérsic index value changes from 1 to 4, there is no such evident change in the
light profile shape from 4 to higher values (A. W. Graham 2013).
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1. PSF supersampling factor. The parameter value of
point_source_supersampling in GALIGHT controls the
interpolation factor for a subpixel shift of the PSF to
align with the quasar’s position. This interpolation within
a subpixel can result in modest variations in the
allocation of flux between the quasar and its host galaxy.
To quantify any bias related to this factor, we adopt PSF
interpolation factor values of both 1 and 2.

2. Sérsic index n. The n value controls the central intensity
concentration of the Sérsic model, which inherently is
degenerate with the flux value of the point source—
higher Sérsic index values result in a more concentrated
host profile, leading to increased inferred host flux.
However, due to the compact nature of our host galaxies,
accurately fitting this index value is challenging and can
lead to potential bias. To account for this, we carried out
the fits by fixing the n to four typical values: 1, 2, 3,
and 4.

3. PSF model. The accuracy of the PSF model is crucial in
the decomposition task. In this study, we adopt each PSF
from the entire PSF library for a fixed fit configuration
(i.e., after setting the point_source_supersampling and n
values). For one fixed fitting configuration, we selected
the top five PSFs based on their corresponding x~ values,
to ensure that only the most suitable PSFs contribute to
the final combined result. As discussed by M.-Y. Zhuang
& Y. Shen (2024), the smallest reduced X2 does not
necessarily indicate the best-fitting result. Therefore, we
adopt a weighting strategy that combines these top PSFs
evenly to mitigate any potential bias arising from PSF
inaccuracies.

For a fixed target in a given broadband image, the results are
combined using the values derived from the 40 configurations
(ie., 2 x 4 x 5: PSF supersampling factors x Sérsic
indices x PSF models, respectively). Our final inferred host
properties are determined by calculating the mean value and
standard deviation of their distribution across the 40 config-
urations. We assume that the true values of the host properties
are covered within the random scatter of the results obtained
from all available fitting configurations, as mentioned above.
As will be shown later in Section 4 (see Tables 2 and 3), the
error bars associated with our host value are usually small.
This indicates that the outcomes from these different settings
do not vary excessively, thereby enhancing our confidence in
our final estimates.

3.4. Criteria for Significant Detection

In the process of quasar image decomposition, incorporating a
Sérsic profile model alongside a point-source model provides an
inferred flux value for the extended component. However, this
flux value alone is insufficient to confidently assert a robust
detection of the host galaxy. To establish a reliable basis for
claiming such detections, we have defined specific criteria for
host galaxy identification in this study. For a target in the F150W
or F356W filter, we design three key criteria that must be met to
consider the quasar host galaxy as a significant detection:

1. Sufficient host-to-total flux ratio (>3%). The inferred host
galaxy flux must contribute at least 3% to the total flux (i.e.,
integrated model fluxes of the quasar and host galaxy). As
demonstrated in Section 5.4, we have conducted extensive
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Table 2
Summary of Target Decomposition Results in F356W
Target ID Host Ratio Host Mag Quasar Mag Host Resr Host Re¢¢ Host ¢ Offset Host SNR
(AB) (AB) @) (kpe) (b/a) (kpe)

()] @) 3 @ ) () ) (®) C)]
J2255+40251 9.6% £+ 1.3% 24.56 £ 0.14 22.12+£0.03 0.48 £0.20 2.68 £1.09 0.43 +£0.10 0.47 £ 0.11 83+1.2
J2236+0032 28.9% + 7.8% 23.01 £0.28 22.00 £0.13 0.11 £0.02 0.61 £0.14 0.35 £0.04 0.21 £ 0.09 28.4 +£10.7
J0844—-0132 3.8% + 0.9% 25.70 £ 0.34 22.13 £0.01 0.56 +0.27 3.15 4+ 1.49 0.26 + 0.07 0.46 +0.25 20£0.5
J0911+0152 9.7% + 2.7% 26.56 £ 0.30 24.10 £ 0.02 0.16] 0.89] 0.56 £0.14 0.24 £0.14 8.4+22
J0918+0139 7.0% £ 1.6% 25.28 £0.25 22.44 £ 0.02 0.23 £0.07 1.30 £0.39 0.61 £0.23 0.14 £0.14 42+£1.0
J1425-0015 18.1% + 4.9% 24.12 £0.29 22.44 £0.07 0.11 +£0.03 0.61 +0.16 0.57 £ 0.11 0.17 + 0.09 154443
J1512+4422 36.2% £ 17.7% 23.10 £0.28 2246 £0.11 0.19 £ 0.04 1.05£0.23 0.53 £0.04 0.09 £0.12 58.8 £20.4
J15254-4303 19.2% + 4.0% 24.61 +0.24 23.02 £ 0.05 0.16 + 0.04 0.89 4+ 0.20 0.51 +0.08 0.14 + 0.06 15.0+29
J1146—0005 3.9%] 26.387 22.90 £ 0.02 0.13 £0.05 0.70 £ 0.30 0.51 £0.20 0.51 £0.23 09+£0.5
J1146+-0124 17.1% + 2.5% 24.15 £0.16 22.43 £0.03 0.37 £0.12 2.04 £0.65 0.44 +0.05 0.15 + 0.09 21.5+33
J0217—-0208 69.2% + 9.8% 23.69 4+ 0.18 24.62 £ 0.35 0.12 +0.02 0.68 +0.11 0.80 + 0.04 0.09 + 0.06 107.0 + 21.6
J0844—0052 4.1% £ 1.6% 25.57 £ 0.51 22.03 £0.02 023 +£0.14 1.27 £ 0.79 0.45 +0.17 0.31 +£0.16 23408

Note. The values presented in this table are the averaged results of our host galaxy inference, obtained through a comprehensive approach utilizing 40 fitting
configurations (see Section 3.3), including different PSFs, different point-source sampling factors, and a range of Sérsic index values. Both the SNR values and their
uncertainties in the table are derived from the distribution of SNRs measured over the 40 fitting configurations. J0911+40152 has the faintest quasar, which reduces
the impact of PSF mismatch on the host decomposition. As a result, the derived host galaxy SNR for this target is high, given its appearance in Figure 2. Column (8)
indicates the position offset between the quasar and the center of the inferred host galaxy. For J0911+0152 in F356W, we set 0”716 as the upper limit for the R
during the fitting. Note that for J1146—0005 (the only nonsignificant detection case in F356W), we report the maximum host flux ratio and the corresponding
magnitude derived from the 40 fitting configurations with downward/upward arrows. This corresponding flux is adopted as a 1o upper limit to perform the SED
fitting (Section 4.3); the other host properties of J1146—0005 have high uncertainties.

Table 3
Summary of Target Decomposition Result in F150W
Target ID Host Ratio Host Mag Quasar Mag Host R.¢ Host R.¢¢ Host ¢ Offset Host SNR
(AB) (AB) ) (kpe) (b/a) (kpe)

@D 2 3) 4 (%) ©) @) ® ©

J2255+0251 3.0%| 26.667 22.87 £ 0.03 1.5+0.3
J2236+0032 11.2% + 1.4% 25.00 £ 0.15 22.74 £ 0.01 0.13 +0.04 0.72 +0.20 0.29 + 0.06 0.30 + 0.04 72+ 1.1
J0844—-0132 7.8%)] 26.797 24.06 + 0.02 23+0.8
JO911+0152 3.5%)] 27.617 24.00 + 0.01 1.3+0.6
J0918+0139 6.2%| 26.037 23.05 £ 0.01 1.9+0.5
J1425-0015 85% +2.3% 25.78 +£ 0.29 23.17 £ 0.02 0.13 +0.05 0.73 £ 0.27 0.39 +0.10 0.13+0.12 40+ 1.1
J1512+4422 40.2% + 5.5% 24.07 +0.17 23.63 + 0.09 0.08 +0.01 0.44 + 0.04 0.69 + 0.03 0.07 + 0.04 314 +3.9
J1525+4303 14.9% + 2.6% 25.60 £ 0.21 23.69 £ 0.03 0.07 £ 0.01 0.38 + 0.07 0.57 £ 0.16 0.09 + 0.03 11.0 £ 2.1
J1146—0005 52%] 28.0471 24.83 +0.02 0.8 +0.6
J1146+0124 8.1% + 1.4% 25.62 + 0.20 22.96 + 0.01 0.18 + 0.06 1.03 +0.35 0.30 + 0.05 0.16 + 0.08 424038
J0217—-0208 60.9% + 5.0% 24.29 +0.13 24.78 + 0.10 0.06 + 0.00 0.34 + 0.00 0.62 +0.03 0.07 + 0.04 574+72
J0844—0052 7.8% + 1.7% 25.34 £ 0.25 22.64 + 0.02 0.07 + 0.01 0.39 + 0.06 0.55+0.18 0.33 + 0.06 42+ 1.1

Note. Same format as Table 2 but for F15S0W. For the nonsignificant detections listed in this table, we use the corresponding flux value to provide upper limit

constraints in the SED fitting process (Section 4.3); their morphological para

simulation tests to validate the robustness of our host-to-
total >3% criterion. This criterion ensures that the detected
host is substantial enough to be distinguished from noise or
observational artifacts.

2. Adequate SNR (SNR > 2) of the host. A sufficiently high
SNR ensures that the detected host signal is reliably
above the noise floor. For each of the broadband images,
F356W and F150W, we set SNR > 2 as the criterion for
significant detection. In our later analysis, we find that
almost all of the targets can meet this criterion in F356W.

3. Improved ABIC > 50. The addition of a Sérsic profile to
the model must result in an improved fit compared to a
single point source alone, according to the Bayesian
information criterion (BIC) comparison.

meters are not presented in this table.

For the second criterion, we adopt the fitting result and
calculate the “‘host” SNR by comparing the flux of the data
minus the point-source model (i.e., the host galaxy flux) to the
central noise level. Selecting an appropriate aperture size is
essential to obtain a representative host SNR for assessing the
presence of the quasar host. If the aperture is too small, the
measurement becomes dominated by central noise from PSF
subtraction, leading to a low SNR. In contrast, an overly large
aperture encompasses many empty pixels at the outskirts,
which increases the total noise and reduces the SNR. Thus, we
adopt an aperture, matched in shape and size to the inferred
host, that yields the maximum SNR, balancing the inclusion of
genuine host signal against the impact of noise. Note that this
noise level incorporates both the instrumental noise and the
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Figure 2. Quasar-host decomposition of NIRCam/F356W images for all 12 targets. The rows are as follows from top to bottom: (1) original science image (data),
(2) data minus quasar model, i.e., the host galaxy and neighbors, (3) best-fit host Sérsic model(s), and (4) SNR maps of the host significance; the noise is a
combination of that from the data and the scatter of the corresponding top five PSFs. In row (4), we show the elliptical apertures within which we calculate the host
SNR, as reported in Table 2. When drawing these apertures, we use solid lines to highlight those with confirmed host detections. The inferred host-to-total flux ratios
from the best fit are also indicated in the bottom panels. Our simulation results indicate that even in challenging cases, such as J0844—0132, we are able to accurately

recover the host galaxy properties, as demonstrated in Figure 9.

scatter of the top five PSFs used in the analysis. This SNR is
defined as the ratio between the total flux value to the total
noise level within a given region. Note that this total noise is
defined by the square root of the sum of the squared noise
values for each individual pixel. The total SNR for the host is
calculated as

SNR = & (1)
S noise?
where “i” corresponds to the pixel; within the defined
apertures.
In the third criterion, the BIC value is computed as

BIC = In(N,)N; — 21In(L), 2)

where N; and N, are the number of data points and free
parameters within the model, respectively. L is the maximum
likelihood value given the model. ABIC is the value of the
difference in BIC between two fits: one fit considers the quasar
as just a PSF component, and the other fit has an extra Sérsic
model included. For objects that pass this requirement, the
Sérsic component is necessary to explain the residual flux after
subtracting the point source, indicating the presence of an
extended structure, with a penalty for the larger number of
parameters in the model to avoid overfitting.

We conducted realistic simulations to validate our detection
criteria, including thresholds for the host flux ratio and SNR,
as detailed in Section 5.4. Our simulations show that when the
host galaxy is not added in the simulation, the corresponding
host-to-total flux ratio, SNR, and ABIC consistently remain
below 1%, 0.5, and 10, respectively, failing to meet these
detection thresholds simultaneously. These criteria ensure that
our claimed detections are robust and minimize the risk of
false positives due to fitting artifacts or noise fluctuations.

4. Results
4.1. Host Inference in F356W and FI150W

We now present the results of our decomposition routine to
detect the host galaxies for the 12 SHELLQs quasars in

F356W and F150W (Figures 2 and 3, respectively). As
illustrated in these figures, we detect the host galaxies for the
majority of our quasars at a significant level: 11/12 and 7/12
for the F356W and F150W filters, respectively. The inferred
values of the key parameters based on the top 40 configura-
tions (see Section 3.3) are listed in Tables 2 (F356W) and 3
(F150W). It is encouraging that the results for J22554-0215
and J22364-0032 are consistent with those reported by X. Ding
et al. (2023), although we have updated our fitting strategy
with a larger PSF library and a new combination method
(Section 3.3). We also present the Sérsic index and ABIC
value based on the best-fit configuration in Table 4. For targets
classified as nondetections under our criteria (Section 3.4), we
derive upper limits by taking the maximum host flux measured
across the 40 fitting configurations. This approach accounts for
PSF-related uncertainties and provides conservative estimates
of undetected host emission.

The reduced host detection rate in FI50W (rest-frame
~2000 A) can be attributed to three key factors. First, the
quasar continuum has a relatively flat shape in F, space and
thus is bright in UV, while the stellar emission from an old
stellar population is brighter at rest-frame optical wavelengths,
which are captured by the F356W images (centered on
~5000 A rest frame at z ~ 6). Second, F356W benefits from
JWST’s enhanced sensitivity at longer wavelengths, achieving
a lower noise floor compared to F150W for identical exposure
times. Third, dust extinction impacts the FI50W band more
significantly compared to F356W. These effects combine to
produce lower host SNR in F150W. As a result, fewer quasar
host galaxies meet our detection criteria in F150W.

Figure 4 presents the distribution of the host-to-total flux
ratio in F356W, as a function of AGN magnitude at rest-frame
1450 A. The host-to-total flux ratio varies significantly across
our sample, from <4% to 69% in the F356W images. This
wide variation in the stellar light contribution suggests that our
UV-selected quasar sample spans a diversity of host galaxy
populations. Notably, the highest host fraction is found for
J0217—-0208 (the narrow-line quasar), suggesting that it has a
distinct nature compared to the other quasars in our sample.
Also remarkable is that the two post-starburst galaxies reported
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Figure 3. Same as Figure 2 for the F150W filter. Note that for nonsignificant detections (i.e., those indicated by dashed-line elliptical apertures), the inferred host
properties have larger uncertainties. In these cases, the orientation of the inferred host shape in F1S0W can even be inconsistent with that in F356W.

Table 4
Target Decomposition Result Based on Best-fit Configurations

Target ID Host Sérsic Index ABIC

F356W F150W F356W F150W
1225540251 1 1 6145.82 21.81
J2236-+0032 4 4 53,280.78 2170.16
J0844—-0132 1 1 1011.21 —36.72
J0911+0152 1 1 170.86 —48.23
J0918+0139 1 1 1357.33 29.40
J1425—-0015 1 1 69,32.52 852.89
J1512+4422 4 2 38,697.94 9614.43
J1525+4303 4 1 3885.35 441.37
J1146—0005 1 1 35.50 —47.06
J1146+0124 4 1 93,11.33 708.64
J0217—-0208 2 2 18,754.58 7153.36
J0844—0052 1 1 32,40.59 1423.38

Note. The table presents the values based on the fitting results using the lowest
x* values among all the fitting configurations. Note that the Sérsic n values
listed are based on the fixed parameters during fitting. Since the host light is
often heavily contaminated by the central quasar, these index values are poorly
constrained in the presence of bright nuclear emission. Therefore, these values
should be regarded as reference estimates only and interpreted with caution.
The ABIC values are used as one of the criteria to determine the host detection
(Section 3.4). The parameters of the nonsignificant detections are underlined.

in M. Onoue et al. (2024), J1512+4422 and J22364-0032,
exhibit the second and third highest stellar emission contrasts,
respectively. These two galaxies are likely the most mature,
having already experienced their major starburst episodes.
Figure 4 also shows the three successful host detections
reported by M. Yue et al. (2024), where the moderate-
luminosity quasars in our sample exhibit significantly higher
host-to-total flux ratios compared to the brighter counterparts
(<4%). These higher stellar emission contrasts enable the high
detection rate of host galaxies, a clear advantage of using
moderate-luminosity quasars for studying quasar hosts.

We calculate the physical scale in kiloparsecs based on the
effective radius of each host galaxy. In the F356W filter, the
inferred host R.; (along the semimajor axis) ranges from
0.6 kpc to 3 kpc, while the sizes inferred in the FI50W filter
are typically smaller. The host flux of J0911+0152 is weak in
F356W, causing the inferred R.¢ to approach the upper limit of

2”00, which is unphysical. To avoid any overestimation, we
use the apparent size (i.e., the region exhibiting positive
remaining flux) of the host image after subtracting the central
point source (i.e., “Data—quasar” in Figure 2) as an upper limit
to perform the image fitting for this target. We also find that
the inferred host galaxies are not circular: the ellipticities
(g = b/a) are typically below 0.6.

In our work, the fits to the F150W and F356W images are
performed independently. We note that the inferred host
morphology in F150W, specifically the shape and orientation,
sometimes differs from that in F356W. To assess the impact of
these differences, we perform a test in which the ¢ and PA in
F150W are fixed to match the best-fit value from F356W. We
found that this constraint resulted in negligible changes to the
host photometry (<0.05 mag), indicating that our measure-
ments of host flux are robust against uncertainties in
morphological orientation between bands.

Our result also shows that, in general, our quasars exhibit
positional offsets from their host centers of up to 0.5 kpc.
These offsets may arise from host galaxy asymmetries, such as
tidal distortions caused by galaxy interactions or clumpy
accretion of cold gas. For example, ALMA observations of
Z > 6 quasar hosts have revealed sub-kiloparsec-scale offsets
between the central black holes and the surrounding interstellar
medium, often in interacting systems or those with close
companions (R. Decarli et al. 2019; B. P. Venemans et al.
2020). Such offsets could also be caused by uneven dust
attenuation in the host. With our targets at z ~ 6, the F356W
filter targets the rest-frame g-band, which can be affected by
inhomogeneous dust attenuation, resulting in offsets between
the quasar and stellar light. The offsets observed in some
objects differ between the F150W and F356W filters. As an
example, the offset directions in J0844—0052 appear to be
nearly opposite in the two filters, as shown in Figures 2 and 3.
Such wavelength-dependent shifts are expected if the offset is
due to obscuration.

Observations at longer wavelengths, such as JWST’s
NIRCam F444W and MIRI bands or (sub)millimeter wave-
lengths with ALMA, are required to confirm the presence and
spatial distribution of dust in these hosts. This would help
determine whether dust attenuation is responsible for the
suppressed rest-UV emission and lower detection rates in
F150W, as more heavily obscured hosts may remain
undetectable at shorter wavelengths but become visible in
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Table 5
Summary of J2236+0032 Decomposition Results in Eight NIRCam Filters
Filter Host to Total Ratio Host Mag Quasar Mag Host Reg¢ Host Res Host g
) (kpe)
FI115W 10.7% + 2.3% 2545 +0.23 23.12 £ 0.03 0.14 £ 0.04 0.80 £0.23 0.42 £+ 0.05
F150W 11.2% + 1.4% 25.00 + 0.15 22.74 £ 0.01 0.13 £ 0.04 0.72 £0.20 0.29 £ 0.06
F200W 11.4% + 1.2% 2449 +0.12 22.26 £0.01 0.18 £ 0.04 0.98 +£0.22 0.45 £+ 0.02
F250M 13.2% + 4.9% 24.22 +0.40 22.11 £0.05 0.15 £ 0.07 0.82 £ 0.37 0.34 £ 0.09
F300M 26.9% + 5.1% 23.15+£0.21 22.05 £ 0.08 0.12 £ 0.02 0.65 £ 0.11 0.37 £ 0.01
F356W 28.9% + 7.8% 23.01 £0.28 22.00 £0.13 0.11 £0.02 0.61 £0.14 0.35 £ 0.04
F444W 31.3% + 8.4% 22.79 + 0.29 2191 +£0.14 0.10 £ 0.03 0.55 +0.17 0.38 +0.03
F480M 19.4% + 3.3% 22.96 £+ 0.20 21.40 £ 0.04 0.16 £ 0.03 091 £0.16 0.48 +£0.03

Note. The values presented in this table are derived from the host galaxy fitting for J2236+0032 in eight bands. These results are based on the weighted result using
different fitting configurations as introduced in Section 3.3. The corresponding decomposition images are presented in Figure Ela in M. Onoue et al. (2024).
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Figure 4. Host-to-total flux ratio as a function of the quasar’s absolute
magnitude. The plot includes three luminous z ~ 6 quasars reported in M. Yue
et al. (2024). Our results demonstrate that the intrinsically low luminosity of
our quasars leads to a significantly higher host-to-total flux ratio than found in
luminous quasars. Note that the photometric measurements of the host
galaxies in M. Yue et al. (2024) are based on a different methodology that
results in very small statistical uncertainties, leading to exceptionally small
error bars in their sample. The 3% threshold, which serves as one of our
detection criteria for hosts, is indicated by the dashed line.

the rest-frame optical or far-infrared. However, we note that
the observed host colors are not particularly red and can be
well explained by normal stellar populations, suggesting that
dust extinction may not be the primary driver of the lower
detection rates in the UV.

We further investigate systematic uncertainties and perform
image simulation tests to validate the accuracy of our host
galaxy measurements; see Sections 5.3 and 5.4 for details.

4.2. Multiband Host Image Fitting for J2236+40032

X. Ding et al. (2023) confirmed that J2236+4-0032 (z = 6.4)
has a massive extended host galaxy. As part of our ongoing
investigation into high-redshift quasar host galaxies, we
conducted follow-up observations of this quasar using
JWST/NIRCam with six additional broadband and medium
filters, namely, F115W, F200W, F250M, F300M, F444W, and
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F480M. This follow-up study (JWST-GO-3859 PI: Onoue)
aimed to provide a comprehensive view of the quasar host
galaxy’s properties across a range of near-infrared wave-
lengths. Together with F150W and F356W, this multiband
approach allows us to probe various aspects of the host galaxy,
from its stellar populations to its dust content, providing a
more complete picture of the galaxy’s structure and composi-
tion. The extended wavelength coverage offers unique insights
into the dust-obscured star formation and enables more precise
estimations of stellar properties.

The host decomposition of J22364-0032 was performed
using the same approach as introduced in Sections 3.2 and 3.3;
the fit in each band is also considered as independent. The
results for all the NIRCam filters are shown in Figure Ela of
M. Onoue et al. (2024) and in Table 5. Our analysis indicates
that the inferred host galaxy morphology is consistent across
all eight bands, including the best-fit parameters R.g and gq.
This consistency not only suggests a robust and reliable
morphological structure across different wavelengths but also
indicates that the host is well described by a single-component
model, with no evidence for a significant disk+bulge
decomposition. As a test, we perform a joint fit of the eight-
band data while applying a common Sérsic profile with
varying amplitudes for each band. The resulting host galaxy
properties derived from this joint fit agree with those derived
from independent fits, with any differences remaining within
the 1o uncertainty range.

It is worth mentioning that our host decomposition results
for J2236+0032 were presented in the study by M. Onoue
et al. (2024), where we compare our NIRCam imaging-based
decomposition with the spectral decomposition of the AGN
and host galaxy flux within the NIRSpec slit. We found that
our NIRCam image decomposition results are consistent with
the spectral decomposition (see also C. Phillips et al. 2025, in
preparation). This agreement between the two independent
methods (i.e., imaging-based and spectral-based) provides
additional validation for the state-of-the-art decomposition
technique and enhances the reliability of the host galaxy
properties in this work.

4.3. Host Stellar Masses from SED Fitting

We estimate the stellar masses of the host galaxies using
SED fitting, following a similar methodology to that
introduced by X. Ding et al. (2023). For most targets, we
adopt the photometric data from the NIRCam F356W and
F150W filters, which bracket the rest-frame Balmer break at
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the redshifts of our sample. For objects with nonsignificant
detections in F150W, we apply the flux upper limits from
Table 3 to constrain the model; for J1146—0005, the one
object with a nonsignificant detection in F356W, we
incorporate the value of 1o flux limits as the data points in
the SED fitting and adopt the corresponding M, as an upper
limit. A special case is J2236+-0032, for which we adopt the
host fluxes derived from all eight NIRCam filters (Section 4.2)
to achieve a more robust SED fit.

To infer the host stellar mass, we assume a G. Chabrier
(2003) IMF for our stellar population model, which is
consistent with the control sample from COSMOS-Web.”
Our SED templates are governed by three key parameters:
stellar population age, metallicity (Z), and dust attenuation (Ay,
rest-frame V-band extinction).55 Dust attenuation, which
exhibits the strongest degeneracy with stellar mass, is assigned
a prior range of Ay=[0, 5.0] mag. For host galaxies
undetected in the FI150W filters, the limited constraining
power of the photometry motivates the use of a log-normal
prior with a median value of 0.85, consistent with recent JWST
observations of high-redshift galaxies (A. E. Shapley et al.
2023). Our approach incorporates a broad range of Ay values,
which enhances the likelihood of encompassing the true values
of the stellar mass. In contrast, the stellar population age has
less impact on the inferred mass estimates. We adopt a fiducial
uniform prior of [0.01, 0.84] Gyr, extending to the age of the
Universe at z ~ 6.5.°° We find the metallicity is even less
influential: fixing Z/Z., = 0.5 (adopted in this work) results in
<0.1dex difference compared to fixing Z/Z, = 0.1. To
account for nebular contributions, we include a uniform prior
on the ionization parameter (log U) over the range of [—3,
—1]. The robustness of our stellar mass measurements also
stems_from having photometric data on both sides of the
4000 A break, accurate spectroscopic redshifts, and a firmly
constrained upper limit on stellar age (0.84 Gyr), considering
the age of the Universe at z ~ 6.4.

We perform SED model fitting using the GSF software
(T. Morishita et al. 2019), which generates a range of stellar
templates with various ages and metallicities according to the
defined priors to fit a composite stellar population-like star
formation history. Parameter inference is performed via
Markov Chain Monte Carlo (MCMC) sampling to derive the
probability distribution of the SED parameters. The GSF
software was tested in X. Ding et al. (2023) by comparing
its SED results with those obtained from other independent
codes, such as BAGPIPES (A. C. Carnall et al. 2018) and
CIGALE (M. Boquien et al. 2019), for SED fitting; these
comparison tests show minimal variations, with general
differences in the derived stellar mass (M,) values being
0.1 dex or less.

Given the limited ability of our two-band photometry in
constraining additional SED parameters (such as age and
metallicity), we focus exclusively on presenting the inferred
host stellar mass in this work. We present the final inferred

5% The G. Chabrier (2003) IMF yields stellar mass estimates consistent with
the P. Kroupa (2001) IMF (differences <0.05 dex) but produces masses
~0.1-0.25 dex smaller than those derived using the E. E. Salpeter (1955) IMF.
55 As shown by X. Ding et al. (2023, Extended Data Figure 5), the stellar
mass exhibits limited sensitivity to age and metallicity but is significantly
more sensitive to Ay.

56 1 instead, we fix the age to a typical value for a z ~ 6 galaxy, such as
0.3 Gyr, the inferred stellar mass changes by <0.2 dex for all our sources.
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Table 6
Inferred Stellar Mass of the Quasar Hosts

ID log My /M., ID log My /M.,
J225540251 10.7373% 223640032 10.967938
J0844-0132 10.034033 J0911+0152 9.721048
J09184-0139 10217332 J1425-0015 10.547938
J15124-4422 10.57793 J1525+4303 10.007939
J1146—0005 9.92| J1146+0124 10.387933
J0217—0208 10.06+0% J0844-0052 9.4910:33

Note. The inferred stellar mass based on the SED fitting approach introduced
in Section 4.3. The 1o upper limit stellar mass (i.e., nonsignificant detection in
F356W) is indicated with the downward arrow symbol. The object J2236
40032 is constrained using eight bands and thus has a smaller uncertainty.
The stellar mass values for J2236+-0032 and J1512+4-4422 are also consistent
with the inference in M. Onoue et al. (2024) (i.e., 10.81 £+ 0.08 and
10.63 + 0.02, respectively), in which data from JWST/NIRSpec were applied
in the SED fits.

host stellar masses in Table 6 and show the inferred two-band
SED results in Figure 5.

The stellar masses of the quasar host galaxies span a wide
ran%e, from 10°° to 10''° M., with a median value of
10" M. The general systematic uncertainty of the stellar
mass is 0.35 dex. Notably, the host galaxies of J2255+4-0251
have stellar masses of 10.57707 (in units of log M, /M),
consistent with our previous studies (i.e., 10.53703)) (X. Ding
et al. 2023). For J2236+0032, the fitting result (10.967308) is
based on eight-band photometry; the inferred M, is also
consistent with X. Ding et al. (2023) (11.12339) based on two-
band fitting (F150W+F356W). This result is also consistent
with the reported value in M. Onoue et al. (2024)
(10.81 £ 0.08) in which additional information from JWST/
NIRSpec spectroscopy is applied during SED fitting.

On the other hand, less massive hosts, such as J0911+40152,
J0844—0052, and J1146—0005, exhibit stellar masses of log
M, /M, < 9.9, respectively, with the latter being a 1o upper
limit due to lack of detection in the F356W filter. The diversity
in stellar masses reflects the varying evolutionary stages and
accretion histories of these high-redshift quasar hosts.
Importantly, the stellar masses of our sample are consistent
with those of massive star-forming galaxies at similar redshifts
as those reported in L. Yang et al. (2025), suggesting that these
quasar hosts are among the most massive galaxies in the early
Universe (see the next subsection).

4.4. Size—Mass Relation

We investigate the stellar size—mass relation of our 12
quasar host galaxies and present their distribution in Figure 6
(left). The sizes for our sample range from 0.5 to 3 kpc
(represented by the star symbols), indicating a wide variation
at a given stellar mass. For comparison, we show the size
measurements of a control sample of nonactive star-forming
galaxies at z ~ 6.5 from the COSMOS-Web survey (L. Yang
et al. 2025), along with the best-fit relation. Instead of applying
an empirical formula for a wavelength correction on the sizes,
we directly use the measured values in the long-wavelength
filter: F356W for our quasar host sample and F444W for the
COSMOS-Web sample. While these sizes are derived from
two different filters, we expect their apparent sizes to be
similar since both bands are above 4000 A and are in the rest-
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Figure 5. (a) This figure presents the SED inference for our host galaxies, derived using the GSF software. Red data points with error bars represent the inferred host
galaxy fluxes across multiple bands. The gray-shaded region illustrates the 1o range of SED template variations obtained through MCMC sampling. The black line
denotes the median SED template. Blue diamonds indicate the flux predictions based on this median template for each observed band. We use eight-band photometry
to infer the SED for J2236+-0032 (M. Onoue et al. 2024). (b) For J1146—0005, the inferred host detection in F356W is weak and does not pass the detection criteria.
Thus, the inferred stellar mass for this target should also be considered as an upper limit.

frame optical regime. This expectation is further supported by
the multiband decomposition results for J2236+4-0032 (see
Table 5). The size—mass relationship for our objects is close to
that of the z ~ 6.5 star-forming sample. That is, our quasar
hosts have sizes comparable to those of COSMOS-Web star-
forming galaxies with the same stellar mass.

Our control sample from the COSMOS-Web survey at z > 6
includes very few quiescent galaxies, limiting direct compar-
isons within this redshift range. To address this population, we
use a sample of seven quiescent galaxies at z ~ 4-5 to
facilitate our understanding of evolutionary trends; the results
indicate that the sizes of our quasar hosts are generally larger
than the distribution for lower-redshift quiescent galaxies.
Given that galaxy sizes of the COSMOS-Web sample are
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expected to be more compact with increasing redshift, our
result implies that quasar hosts at z > 6 should be larger than
quiescent galaxies of comparable stellar masses at similar
redshifts. Notably, the two post-starburst quasar hosts in our
sample, J22364-0032 and J1512+4422 (reported by M. Onoue
et al. 2024), exhibit sizes that are consistent at the 1o level
with the lower-redshift quiescent galaxy distribution. This
agreement suggests that their morphological properties are
consistent with those of quiescent galaxies, which is expected
given their post-starburst nature, meaning that they will likely
transition toward quiescence.

We note that the F356W filter at z ~ 6 includes the H3 and
[O1] emission lines. If these nebular lines are spatially
extended, they could, in principle, bias the measured host
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Figure 5. (Continued.)

galaxy sizes toward larger values, since the ionized gas
distribution can be more extended than the stellar continuum.
However, as reported in our previous work based on JWST/
NIRSpec spectroscopy (X. Ding et al. 2023; M. Onoue et al.
2024, M. Onoue et al. 2025, in preparation, and C. Phillips
et al. 2025, in preparation), the HG and [O IIT] emission lines
are generally weak in our sample. For example, in J2236
40032, the narrow HS emission is not detected, and the [O IIT]
emission in NIRSpec contributes roughly 3%. This indicates
that nebular line contamination is minimal, and the stellar
continuum emission dominates the measured F356W sizes.

4.5. Stellar Mass Density

We estimate the 2D stellar mass surface density by
assuming that half of the stellar mass is within R.g. We then
compare it with the COSMOS-Web sample as well as
quiescent galaxies from the literature across a broad redshift
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range, as shown in Figure 6 (right). The quiescent galaxies
included in this comparison consist of those at z ~ 2-3 from
the 3DHST catalog (R. E. Skelton et al. 2014), along with a
sample of massive quiescent galaxies at z > 4 (A. C. Carnall
et al. 2023; E. Vanzella et al. 2023; D. J. Setton et al. 2024;
A. Weibel et al. 2025; A. de Graaff et al. 2025). Our analysis
reveals that most of our quasar hosts fall below the empirical
lower limit for quiescent galaxies in the literature (i.e.,
log(¥4) ~ 10). Notably, the two post-starburst galaxies,
J2236+0032 and J15124-4422, occupy the upper region of
this density space, aligning with the characteristics of
quiescent galaxies.

4.6. Local Environments of Quasar Hosts

The local environments of our quasar hosts reveal a mix of
isolated systems and those with nearby companion galaxies.
Six of 12 targets exhibit neighbors within a projected
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Figure 6. (Left) Size—stellar mass relation of our quasar host galaxies compared with the control sample of star-forming galaxies (SFGs) and from COSMOS-Web
(see L. Yang et al. 2025) at redshift 6 < z < 7. The two gray stars with arrows are the host measurements with size or stellar mass as upper limits. We also include
seven quiescent galaxies (QGs) at 4 < z < 5 for comparison. In addition, the best-fit relations for the COSMOS-Web sample, derived assuming the power-law
model, are also shown. We measure the sizes of our sample host galaxies using the F356W filter, while the COSMOS-Web sample adopts the F444W filter (see
Section 4.4 for methodological details). The results show that the sizes of our quasar hosts appear to be similar to the SFGs for a given stellar mass, while the two
post-starbursts are consistent with the QGs at lower redshifts within the 1o level. The dashed horizontal line indicates the PSF size at redshift 6. (Right) Projected 2D
stellar mass surface density within R.¢ as a function of redshift, compared with those of quiescent galaxies from the literature (R. E. Skelton et al. 2014; A. C. Carnall
et al. 2023; E. Vanzella et al. 2023; D. J. Setton et al. 2024; A. Weibel et al. 2025; A. de Graaff et al. 2025) as well as with 1 < z < 2.5 AGN-host galaxies revealed
by COSMOS-Web (T. S. Tanaka et al. 2025). Most of our quasar hosts fall below the typical quiescent threshold (dashed line of 10'° M /kpc? as introduced in
A. Weibel et al. 2025). The two post-starburst targets are in the top region of our sample. The typical uncertainty associated with the density measurements of the

hosts in our sample is 0.5 dex.

separation of 2”1 in the F356W images, corresponding to a
physical distance of 12 proper kpc at z ~ 6. Notably, two
quasars, J0844—0032 and J0217—0208, are accompanied by
nearby objects with projected separations of less than 073,
which may indicate ongoing interactions or minor mergers.
The companion galaxy near J15124-4422 has been identified
as a foreground object based on our NIRSpec observations
(C. Phillips et al. 2025, in preparation). However, the majority
of the quasar hosts appear relatively isolated, with no strong
evidence of major mergers or significant tidal features in their
immediate environments. This may reflect the limitations of
current observations, including low host galaxy SNR and
surface brightness sensitivity, rather than a true absence of
ongoing mergers or interactions at these redshifts.

To further investigate the local environments of our quasar
hosts, we compare the frequency of nearby neighbors in our
quasar sample to that of star-forming galaxies in the
COSMOS-Web survey at similar redshifts and similar stellar
masses. In COSMOS-Web, approximately 60% (68 out of
113) of star-forming galaxies have at least one apparent
neighbor within the same projected separation level (i.e.,
271 x 2"1) in the F444W filter at a similar stellar mass (log
M, /M > 9.5). This fraction is consistent with the 50% (six
out of 12) observed in our quasar sample, suggesting that the
local environments of quasar hosts are not significantly
different from those of typical star-forming galaxies at
z ~ 6. We note that this fraction is also consistent using the
dusty companions as seen in ALMA observations using high-z
luminous quasars (e.g., R. Decarli et al. 2017; M. Neeleman
et al. 2021; R. A. Meyer et al. 2022), which is ~30%. We note
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that the current analysis focuses on companions within a 2”1
projected separation; however, the larger field of view of our
JWST observations allows for examining galaxy overdensities
on broader scales. We plan to conduct a comprehensive study
of the quasar environments as a function of scale in
future work.

The lack of morphological signatures of recent mergers
(e.g., tidal tails and asymmetric clumps) in 11/12 quasar hosts,
with the exception of J0844—0132, challenges the traditional
paradigm that major mergers are the dominant mechanism for
triggering AGN activity at high redshifts. Instead, our results
align with emerging evidence that secular processes, such as
disk instabilities or minor interactions, may play a more
significant role in fueling AGNs during the epoch of
reionization. This is consistent with recent studies of lower-
redshift quasars, which have shown that AGN activity can be
sustained in relatively isolated galaxies without the need for
major mergers (e.g., V. Marian et al. 2019). However, the
presence of close companions in some systems, such as J0844
—0032 and J0217—0208, suggests that interactions may still
contribute to AGN fueling in certain cases. These systems
provide valuable opportunities to study the role of minor
mergers and interactions in driving black hole growth and star
formation in the early Universe. Future follow-up spectro-
scopic observations (e.g., JWST-GO-7519, PIL: Arita, using
NIRCam WEFSS observations) and ALMA observations (such
as [C1I] and CO, R. Decarli et al. 2017, 2019) will be crucial to
confirm the redshifts of these companion galaxies and
determine whether they are physically associated with the
quasar hosts.
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Figure 7. Size evolution of our quasar hosts with redshift, comparing them to the rest-frame optical sizes of star-forming and quiescent galaxies at a fixed stellar
mass of 5 x 10'° M, at 0 < z < 10; the comparative observational measurements and evolution trends are provided by A. van der Wel et al. (2014), L. Yang et al.
(2025). We also incorporate recent quasar host size measurements from the COSMOS-Web survey, as reported by T. S. Tanaka et al. (2025). The result suggests that
most massive hosts (log M, /M., > 10.5) have systematically smaller effective radii, approaching the compact sizes characteristic of quiescent galaxies.

5. Discussion
5.1. Moderate-luminosity Quasars as Critical Probes

Moderate-luminosity quasars (M50 > —24 mag) offer
advantages for advancing our understanding of AGN-host
galaxy coevolution in the following ways. First, their lower
intrinsic luminosity ensures a higher host flux ratio (see
Figure 4, top), thus increasing the observational success rate in
terms of detecting and characterizing their host galaxies. In
this work, we achieved host detections in 11 out of 12 targets
(92%), perhaps due to less contamination from nuclear
emission than we would have at higher luminosities. Second,
moderate-luminosity quasars dominate the AGN population by
number, representing the most statistically representative
subset of the entire quasar distribution. This minimizes
selection biases inherent in studies of rare, luminous systems
(e.g., the “tip-of-the-iceberg” effect; see the discussion in J. Li
et al. 2025b), which often overrepresent extreme accretion
states or environments. Our findings highlight the need to
study moderate-luminosity quasars as analyzed in this work to
establish a robust and unbiased picture of black hole growth
and its connection to host galaxy evolution across cosmic time.

5.2. Implications for Galaxy Compaction Models

A key goal of this work is to investigate the structural
properties of our z > 6 quasar hosts within the framework of
galaxy evolution. To this end, Figure 7 compares the physical
size of our sample quasar hosts as observed in the rest-frame
optical regime with the redshift evolution of star-forming and
quiescent galaxies at a fixed stellar mass (M,. =5 x 10" M)
from the observations by L. Yang et al. (2025) and A. van der
Wel et al. (2014). While the majority of our quasar hosts align
with the size distribution of star-forming galaxies at z ~ 6, we
observe a striking trend: the most massive hosts (log
M, /M., > 10.5) exhibit systematically smaller effective radii,
approaching the compact sizes of quiescent galaxies.

This trend supports scenarios where massive galaxies
undergo rapid structural transformation via compaction. In
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such models, gas-rich disks experience turbulent inflows
driven by mergers, instabilities, or AGN feedback, triggering
centrally concentrated starbursts that build dense cores (e.g.,
A. Dekel et al. 2009; A. Zolotov et al. 2015). Subsequent
quenching then preserves these compact morphologies, align-
ing them with the quiescent population. The two post-starburst
quasar hosts in our sample reside at the high-mass end and
show compact sizes with higher mass surface density, which is
consistent with high-z quiescent galaxies (i.e., Figure 6). This
consistency provides direct evidence for this sequence. Their
properties suggest a phase where star formation is rapidly
suppressed after a compaction-driven starburst, potentially
linked to AGN activity.

Our results extend the validity of compaction models into
the reionization epoch. The coexistence of extended, star-
forming hosts and compact, massive systems in our z > 6
quasar host sample implies that compaction is already
underway in the earliest massive galaxies, with AGN activity
potentially acting as both a catalyst (via feedback-driven
inflows) and a consequence (via black hole growth during
starbursts). In particular, feedback-driven inflows associated
with AGN represent a key process in the evolution of massive
galaxies, especially at high redshift. These inflows occur when
energy and momentum from the central AGN, via outflows
such as winds, jets, or radiation pressure, not only expel gas
from the center but, under certain conditions, also induce the
return of gas toward the nucleus. This phenomenon regulates
both star formation and black hole growth (e.g., A. Zolotov
et al. 2015).

Future studies with dynamical mass measurements and
spatially resolved star formation histories will test whether the
compact hosts in our sample truly represent nascent quiescent
cores, or instead are experiencing temporary structural changes
that occur before star formation is fully suppressed.

5.3. Systematics in Host Measurement

In this study, we employ state-of-the-art fitting techniques to
measure the properties of quasar host galaxies. Utilizing a
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Figure 8. This figure illustrates how the inferred host properties in NIRCam/F356W vary with changes in the fixed Sérsic index n values, ranging from 1 to 4. Since
the Sérsic index controls the central flux concentration, increasing n results in a brighter inferred host. However, the response of the inferred effective radius (Reg) to
changes in 7 is not uniform. Generally, our results indicate a negative trend when the host is bright (mag < 24.5) and compact (log Rq(") < —0.7), while a positive
trend emerges when the host is faint and extended. In this work, we adopt the combined results obtained by fixing the Sérsic index to n = 1, 2, 3, and 4.

weighting algorithm, we combine results from various fitting
settings (i.e., using different PSFs, changing PSF super-
sampling factor, and varying the value of the Sérsic index n
from 1 to 4) to derive our final estimates. The final small
scatter among the different inferences indicates a high fidelity
in our host galaxy measurements, reinforcing the reliability of
our findings.

Figure 8 illustrates the variations in inferred host magnitude
and R.¢ derived from the F356W filter as a function of the
fixed Sérsic index n. As shown, the inferred magnitudes are
fairly insensitive to changes in the Sérsic index, demonstrating
that the final inferred stellar masses remain robust across a
range of light profile shapes (i.e., from disk-like to bulge-like).
Our analysis reveals clear trends in how these parameters
depend on different fixed n values. We find that increasing the
Sérsic index n leads to a brighter inferred host, which is
expected since the index controls the concentration of light;
higher values allocate more light from the total to the host
galaxy (T. Treu et al. 2007). Interestingly, the response of R.¢r
to n differs: a negative trend is observed for bright hosts
(mag < 24.5) with compact sizes (log Regr () < —0.7), while a
positive trend emerges for faint and extended hosts. This
suggests that when the SNR of the host is high, the effect of
increasing n, which controls light concentration, tends to
reduce the inferred size. Conversely, for hosts with lower
SNR, increasing n encourages the Sérsic model to extend
further into the outer regions, resulting in a larger inferred size.
Overall, we emphasize that these changes in host property
inferences remain relatively small and fall within our quoted
errors. This consistency indicates that our measurements are
robust against variations in the Sérsic index. In the next
subsection, we perform further simulation tests to confirm that
there are small systematic biases in host galaxy photometry
measurements when fixing the Sérsic n to its true value.

Despite being based on only two-band photometry, our SED
fitting yields reliable results for the inference of host stellar
mass. The combination of FI50W and F356W filters
effectively covers the 4000 A break at z ~ 6, which is crucial
for constraining the host stellar template and estimating stellar
mass. Additionally, at high redshift, the age of the Universe is
relatively small, placing a tight upper limit on the age of
galaxies.
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5.4. Image Simulation Tests on Host Galaxy Decomposition

We perform a comprehensive simulation test to evaluate the
robustness of our host galaxy measurements. While similar
simulations were conducted in X. Ding et al. (2023), we
provide more detailed information here. Our simulation tests
aim to incorporate the effects of observational noise and PSF
mismatch, which are critical factors in high-redshift galaxy
studies. To achieve this, we utilize each specific fitting result
(adopted from the 40 configurations) and generate mock
images that include the inferred light profiles from the quasar,
host galaxy, and nearby objects if they exist. These mock
images serve as our “ground truth” based on the best-fit
parameters, and we test whether our fitting approach could
recover them. Specifically, our simulation process involves the
following steps:

First, for each target with a specific fitting configuration, we
adopt the corresponding inferred host Sérsic parameters and
generate the corresponding Sérsic profiles, along with the
quasar light model, which represents the true host galaxy and
quasar emission. We add Poisson noise to these mock images
based on the observed exposure time. Next, we insert these
mock images into conditions mimicking actual JWST
observations, specifically by embedding them into residual
images (data minus model). This step ensures that our
simulations incorporate realistic background noise and PSF
mismatches, closely replicating the actual data environment.

We then process these simulated images through our
standard image decomposition pipeline, identical to the
approach described in Section 2. Because our fitting
combination strategy effectively reduces systematic uncertain-
ties related to the unknown Sérsic index, we fix the Sérsic
index to the true value in the simulations to simplify the
analysis. We repeat this process for each target, applying it to
the top five PSF models to account for PSF variability.

Finally, we compare the inferred host properties from these
simulations and combine the comparison results across the top
five PSF models to assess their general consistency with the
known “true” input parameters. This process is repeated for all
12 targets, enabling us to evaluate whether our measurements
of host magnitude and size are robust within the systematic
uncertainties reported in our results. We present one example
of our simulation for target J0844—0132 in Figure 9 (top).
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Figure 9. Example of a simulation for a challenging case: J0844—0132. (Top) The mock image is generated by injecting the best-fit quasar, a host galaxy model, and
a nearby galaxy model into a realistic JWST background, incorporating observational noise and PSF mismatch. In this realization, the recovered host magnitude
differs from the input by —0.2 mag. The label “2 galaxy(s)” indicates that we applied two galaxies in the fitting, i.e., the host galaxy and the nearby galaxy. (Bottom)
Same as above, but without injecting a host galaxy component. In this scenario, the host signal in the third panel is no longer present.

A summary of our simulation results, demonstrating the
accuracy and robustness of the recovered host properties in
F356W, is presented in Figure 10. Our simulations indicate
that systematic biases in host magnitude and size measure-
ments are well within the reported uncertainties (see Table 2),
with typical offsets of <0.30 mag and <0.1 dex, respectively,
for both F356W and F150W. The only exception is JO918
40139 in F356W, which exhibits a larger bias of ~0.45 mag
(corresponding to an underestimate of ~0.2dex in stellar
mass). Overall, these results validate that our combining
strategy (Section 3.3) effectively quantifies uncertainties
arising from PSF variations and fitting configurations, ensuring
robust estimates of host properties.

We also conducted control simulations where we created
mock images containing only quasar light, with no host galaxy
included. In these cases, our fitting results never simulta-
neously met the thresholds of a host-to-total flux ratio >1%,
host SNR > 0.5, and ABIC > 10 across all fitting configura-
tions. This confirms that our detection criteria (>3% flux ratio,
SNR >2, and ABIC > 50) as defined in Section 3.4 are
effective at reliably distinguishing true host galaxy detections
from false positives caused by fitting artifacts or noise. An
example of such a control simulation for the target
J0844-0132, without a host galaxy added, is shown in Figure
9 (bottom).

Recent simulation-based work by S. Berger et al. (2025)
provides an independent verification of our host galaxy
measurements. Using the hydrodynamical simulation, they
perform extensive mock JWST observations and point-source
removal to statistically quantify potential biases in measured
stellar masses of high-redshift quasar hosts caused by quasar
subtraction. Their results confirm that the methodologies
employed in our study reliably recover intrinsic host galaxy
magnitudes and stellar masses within modest uncertainties,
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thereby reinforcing the robustness of our host decomposition
and photometric analysis techniques.

6. Summary

We study a sample of 12 moderate-luminosity quasars
(M 1450 > —24) observed with JWST/NIRCam in the F150W
and F356W filters. We characterize their host galaxies through
a state-of-the-art 2D image decomposition technique. To
address systematic uncertainties in measuring host properties,
such as host flux and effective radius, we adopt a weighting
algorithm based on different fitting settings (Section 3.3). We
establish three key criteria that must be satisfied to classify the
quasar host galaxy as a significant detection (Section 3.4).
Additionally, we employ two-band SED fitting to derive the
stellar masses of the host galaxies (Section 4.3). Our results
include the size—mass relation, stellar mass density, and local
environment of our quasar hosts, which we compare with that
of a normal (i.e., non-quasar) galaxy sample observed by the
COSMOS-Web survey and massive quiescent galaxies at
Z 2 4 in the literature.

We summarize the key findings of this work as follows:

1. We successfully resolve and detect host galaxies for
11/12 quasars in F356W and 7/12 in FI50W (see
Figures 2 and 3), demonstrating the capability of JWST/
NIRCam to separate host emission from bright quasar
cores at 7 > 6.

2. We find that the host galaxies span a wide range of stellar
masses (log M, /M., = 9.5-11.0, Table 6) and sizes (0.5
—3 kpc, at the rest-frame optical wavelength by F356W,
Table 2), with compact morphologies prevalent among
massive systems.

3. The size-mass relation of quasar hosts is generally
consistent with that of non-quasar star-forming galaxies



THE ASTROPHYSICAL JOURNAL, 993:91 (20pp), 2025 November 1 Ding et al.
1.00 1.00
® 1225540251 J1512+4422
0.75 1 0.751 M 12236+0032 ®  J11525+4303
= A 10844-0132 % J1146-0005
2 0501 0.50. J0911+0152 J1146+0124
8 ¢ 10918+0139 X 10217-0208
I
11425-0015 J0844-0052
‘é 0.251 + 0.251 ¢ b
Z o . =
5 0.00f-------- S R I 0.00 t=--===r==-= - Hemmm
=
]
%—0.2& + —-0.251 +
2
=
&b —(0.50 —0.50
g
—0.751 —0.751
—1.00 T v v v —1.00 T v y y y
23 24 25 26 27 8 0 10 20 30 40 50 60
Host magnitude Host-to-total flux ratio (%)
® 12255+0251 J1512+4422
0.41 0.41 M 12236+0032 ® 11525+4303
= A 10844-0132 %  J1146-0005
& J091140152 J1146+0124
I 021 021 ¢ J0918+0139 X J0217-0208
g ® 11425-0015 10844-0052
=]
o
0.0t x<-0o® A 0.0~--——J~-— NI NUS S S
) + * * +
B
5
£ —0.21 —0.21
()]
o~
=]
<
—0.41 —0.41
23 24 25 26 27 28 0 10 20 30 40 50 60

Host magnitude Host-to-total flux ratio (%)

Figure 10. This figure presents the results of our simulations assessing the recovery of host galaxy properties for all 12 quasar targets in F356W. The top panel shows
the recovered host magnitudes minus the truth, while the bottom panel displays the recovered effective radii minus the truth, both plotted as a function of input host
magnitude and host-to-total flux ratio. Our results demonstrate that the dispersion in inferred host magnitude increases for fainter hosts (those with magnitudes >25)
and for systems with host-to-total flux ratios below 10%. Nevertheless, the systematic biases in both magnitude and size remain small (<0.5 mag, or 0.2 dex), even in
cases of nonsignificant detection such as J1146—0005. Additionally, our simulations reproduce the overestimation of host size observed for J09114-0152. Overall,
these results validate the robustness of our image decomposition approach and confirm that our methodology yields reliable host property measurements.

in COSMOS-Web at z ~ 6 (Figure 6, left), suggesting
shared structural evolution pathways during the epoch of
reionization.

. The most massive hosts of our sample (i.e., those with
log M. > 10.5) and the two post-starbursts (J2236
40032 and J15124-4422) exhibit ultracompact sizes and
elevated stellar mass densities, similar to those observed
in z ~ 4-5 quiescent galaxies in COSMOS-Web. This
supports models where gas inflows drive -central
starbursts followed by rapid quenching.

. Half of our quasar hosts have nearby companions (within
a projected separation of 2”1 (~12kpc) in the F356W
images); this fraction is consistent with that observed for
non-quasar star-forming galaxies in COSMOS-Web at
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z ~ 6 at a similar galaxy stellar mass. However, the
decomposed quasar host light does not show prominent
merger signatures, suggesting that minor interactions or
secular processes, such as disk instabilities, play a
dominant role in fueling AGN at z > 6.

. The eight-band observations of quasar host galaxy J2236

+0032 reveal consistent morphology across different
wavelengths, see Table 5 and Figure Ela in M. Onoue
et al. (2024). Furthermore, the agreement between
imaging-based decomposition (using NIRCam) and
spectral decomposition (by M. Onoue et al. 2024, using
NIRSpec) validates the robustness of our image decom-
position framework, ensuring accurate characterization
of host galaxy properties.
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Our findings support galaxy compaction models, which
propose that gas-rich disks undergo turbulent inflows driven by
mergers, instabilities, or AGN feedback, triggering centrally
concentrated starbursts that build dense cores. The most
massive quasar hosts in our sample (log M,/M, > 10.5)
exhibit ultracompact sizes and elevated stellar mass densities,
resembling z ~ 4-5 quiescent galaxies, suggesting that
compaction-driven starbursts, followed by rapid quenching,
may already be shaping the structural evolution of massive
galaxies during the reionization epoch. The two post-starburst
quasar hosts (J2236+0032 and J15124-4422) further align
with this scenario, as their compact morphologies and high-
mass densities are consistent with the properties of quiescent
galaxies (Figure 6, right), indicating a potential transition
toward quiescence.

To confirm this compaction-driven evolutionary scenario, it
is essential to gather more measurements of quasar hosts
across a broader redshift range (2 < z < 6). Moderate-
luminosity quasars (M450 > —24 mag) are critical for this
effort: their lower AGN-host contrast enables a high success
rate of host galaxy detections, while their prevalence
minimizes biases inherent in luminous systems. By extending
observations to intermediate redshifts (i.e., z ~ 3-5), we can
clarify the roles of secular processes (e.g., disk instabilities)
versus mergers in fueling AGN activity and shaping host
morphologies. Such an expanded dataset would also allow us
to directly investigate evolutionary processes, such as minor
mergers and structural instabilities, that drive changes in
galaxy sizes and densities.
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