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ABSTRACT

By combining high-resolution observations from JWST and HST, we measured the stellar masses, star formation rates (SFRs), and
multiwavelength morphologies of galaxies in the CANDELS fields. Furthermore, based on rest-frame 1 um morphologies, we derived
the spatially resolved stellar mass and SFR surface density (X, and Zgpr) profiles for 46,313 galaxies with reliable structural mea-
surements at 0 < z < 4 and log(M. /M) > 8, and we provide the corresponding catalog. For star-forming galaxies, our results show
excellent consistency with previous studies in terms of the star formation main sequence and the size—mass relation, demonstrating
the robustness of our stellar mass and SFR measurements. For spatially resolved profiles, we find that at higher redshifts (z > 2.5),
the median radial profile of Xggr is nearly parallel to but slightly steeper than that of X.. This results in mildly negative gradients in
the specific SFR (sSFR) profiles in all stellar mass bins we considered. These findings indicate that galaxies at z > 2.5 cannot grow
in size via in situ star formation alone, challenging the understanding of galaxy size evolution beyond the cosmic noon. In contrast,
at z < 2.0, the sSFR profiles transition to exhibit increasingly more positive gradients at lower redshifts, consistent with an inside-out
growth scenario in which star formation preferentially expands the galactic outskirts.
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1. Introduction

Understanding how galaxies assemble their stellar mass and
grow in size over cosmic time remains a central question in
galaxy formation and evolution. Over the past several decades,
extensive efforts have been devoted to characterizing the growth
process of galaxies, revealing that their structures form hier-
archically, involving processes such as baryonic cooling, gas
accretion, star formation, galaxy mergers, and a wide variety of
feedback mechanisms (e.g., Cole et al. 2000; Lilly et al. 2013;
Geach et al. 2014; Sdnchez Almeida et al. 2014; Kacprzak 2017,
Wechsler & Tinker 2018; Wang et al. 2019; Ellison et al. 2022;
Davies et al. 2022; Wang & Lilly 2021, 2022b,a; Primack 2024;
Ellison et al. 2024; Chen et al. 2025; Jia et al. 2025; Lyu et al.
2025).

As one of the most important aspects of galaxy growth,
numerous studies have found that the majority of star for-
mation activity occurs along the so-called star-forming main
sequence (SFMS), which represents a tight correlation between

* Corresponding authors: jiesong@mail.ustc.edu.cn;
ecwangl6@ustc.edu.cn; xkong@ustc.edu.cn

stellar mass and SFR (e.g., Daddi et al. 2007; Speagle et al.
2014; Whitaker et al. 2014; Santini et al. 2017; Popesso et al.
2023; Koprowski et al. 2024; Clarke et al. 2024; Rinaldi et al.
2025; He et al. 2026). This relation exhibits a typical scatter
of only about 0.3 dex, and the scatter remains nearly con-
stant across different redshift epochs (e.g., Whitaker et al. 2012;
Speagle et al. 2014; Koprowski et al. 2024), which may suggest
that galaxies grow in mass over cosmic time in a state of self-
regulated semiequilibrium (e.g., Daddi et al. 2010; Genzel et al.
2010; Wang et al. 2019; Tacchella et al. 2020). Additionally,
many studies have demonstrated that galaxy sizes increase
with stellar mass, forming the well-known size-mass relation
(e.g., van der Wel et al. 2014; Mosleh et al. 2020; Nedkova et al.
2021; van der Wel et al. 2024). By combining constraints from
the SFMS and the size—mass relation, some previous works have
reconstructed the characteristic size—growth trajectories of indi-
vidual galaxies (e.g., van Dokkum et al. 2015; Jia et al. 2024).
However, since star formation is not uniformly dis-
tributed within galaxies, studies based solely on integrated
physical properties are insufficient to capture the full pic-
ture of galaxy growth. A comprehensive understanding of
galaxy growth and quenching mechanisms requires not only
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knowledge of the integrated galaxy properties, but also
their spatially resolved information (e.g., Barroetal. 2017
Jung etal. 2017; Abdurro’uf & Akiyama 2018; Wang et al.
2018; Sanchez 2020; Bakeretal. 2022; Abdurro’uf et al.
2023). Spatial distributions of SFR and stellar mass pro-
vide direct insight into where growth occurs within galax-
ies (e.g., Nelson et al. 2012; Tacchella et al. 2015; Nelson et al.
2016; Abdurro’uf & Akiyama 2018; Tacchellaetal. 2020;
Abdurro’uf et al. 2023). In the low-redshift universe, spatially
resolved studies have suggested that galaxies can assemble their
mass in different patterns (e.g., Pérez et al. 2013; Wang et al.
2018). A minor population of galaxies exhibits rapid stellar
mass assembly within their central regions. This is characterized
by elevated central sSFR and relatively younger central stellar
populations. This phenomenological profile corresponds to an
outside-in growth mode. Conversely, most star-forming galaxies
display preferential mass accumulation in their outskirts, fea-
turing higher sSFR at large radii and comparatively older cen-
tral populations. This signature is consistent with the inside-out
growth scenario.

Since galaxy growth is an inherently continuous process,
the increase in stellar mass (potentially along the SFMS) is
accompanied by size growth and by the corresponding evolu-
tion in stellar mass surface-density and SFR surface-density pro-
files (e.g., Dekel et al. 2009; Tacchella et al. 2015; Nelson et al.
2016; Furlong et al. 2017; Forster Schreiber & Wuyts 2020;
Jain et al. 2024; de la Vega et al. 2025). Therefore, a more com-
plete understanding of galaxy evolution requires the combina-
tion of the integrated and spatially resolved physical properties
(e.g., Hasheminia et al. 2024). For example, by analyzing the
spatial profiles of stellar mass and SFR, we may predict
the future size of a galaxy after a given period of star
formation.

Nevertheless, the study of the spatially resolved properties
of galaxies at intermediate to high redshifts critically depends
on either high-quality IFS or high-resolution multiwavelength
imaging. In the case of IFS, the available sample sizes are
typically small and often subject to selection biases (e.g.,
Tacchella et al. 2015). For imaging-based approaches, most pre-
vious studies have predominantly relied on observations made
with the Hubble Space Telescope (HST) (e.g., Wuyts et al. 2012;
Abdurro’uf & Akiyama 2018). However, the limited wavelength
coverage of the HST restricts observations to the rest-frame
ultraviolet and optical at z ~ 3, thereby hindering accurate
measurements of stellar masses and other key physical proper-
ties (e.g., Ilbert et al. 2010; Song et al. 2023b; Cochrane et al.
2025). The successful launch of the James Webb Space Tele-
scope (JWST) marks a transformative advancement, enabling
more detailed investigations of resolved galaxy properties. With
its deep high-resolution imaging in the near-infrared, JWST
facilitates significantly more precise measurements of galaxies
at intermediate to high redshifts, thereby allowing robust stud-
ies of their resolved physical structures and star formation histo-
ries (e.g., Song et al. 2023b; Cochrane et al. 2025; Mosleh et al.
2025; Harvey et al. 2025).

Some recent studies have begun to investigate the spa-
tially resolved physical properties of galaxies by lever-
aging combined observations from HST and the JWST
(e.g., Giménez-Arteaga etal. 2023; Abdurro’ufetal. 2023;
Giménez-Arteaga et al. 2024). However, these efforts have gen-
erally been constrained by the limited availability of deep
JWST observations. Over the past three observing cycles,
JWST has significantly expanded its coverage by conducting
deep multiband imaging across a wide range of extragalac-
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tic fields (e.g., Finkelstein et al. 2025; Eisenstein et al. 2026;
Dunlop et al. 2021).

We compile JWST multiwavelength imaging from the
well-established Cosmic Assembly Near-infrared Deep Extra-
galactic Legacy Survey (CANDELS; Groginetal. 2011;
Koekemoer et al. 2011), including observations in the Extended
Groth Strip (EGS, Davis et al. 2007), the Great Observatories
Origins Deep Survey South and North (GOODS-S and GOODS-
N, Giavalisco et al. 2004), the Cosmic Evolution Survey (COS-
MOS, Scoville et al. 2007), and the UKIDSS Ultra-deep Survey
(UDS, Lawrence et al. 2007), along with the existing HST obser-
vations in the same fields. Adopting a self-consistent analysis
framework, we derive integrated and spatially resolved physi-
cal properties (including stellar mass and SFR) of galaxies and
measure morphological parameters (e.g., half-light radius along
the semimajor axis (R.), Sérsic index (n), axis ratio (g), and
some nonparametric parameters) across each photometric band'
(Jia et al. 2024). As the first paper in a series, this work provides
a comprehensive introduction to the method employed for deriv-
ing the integrated and spatially resolved physical properties of
galaxies and for a comparison of our results with previous stud-
ies. By examining the SFMS and the size—mass relation within
our galaxy sample, we find good consistency with previous stud-
ies, which validates the robustness of our analysis method. Fur-
thermore, the investigation of spatially resolved profiles of key
physical properties provides compelling evidence for the tran-
sition from outside-in to inside-out growth mode driven-by in
situ star formation at redshift 2. Based on the measurements
established in this study, our forthcoming work will involve the
construction of galaxy samples that trace progenitor—descendant
connections. These samples will be used to constrain models of
galaxy growth and to study the physical mechanisms that may
lead to the quenching of star formation.

This paper is organized as follows. In Section 2 we out-
line the data acquisition and sample selection criteria. Section
3 provides a detailed description of the method we employed to
measure the integrated and spatially resolved physical proper-
ties of galaxies. The results are presented in Section 4. Section
5 discusses the possible physical mechanisms. Finally, a sum-
mary and conclusions are provided in Section 6. Through-
out this paper, we adopt a flat ACDM cosmology with Hy =
70km s~! Mpc‘l, Q,, = 03, and Q5 = 0.7, and a Chabrier
(2003) initial mass function.

2. Data set
2.1. Multiband image

We employed JWST observations from the CANDELS fields,
incorporating data from the Cosmic Evolution Early Release
Science survey (CEERS, Finkelstein et al. 2025), the JWST
Advanced Deep Extragalactic Survey (JADES, Eisenstein et al.
2026), and the Public Release IMaging for Extragalactic
Research survey (PRIMER, Dunlop et al. 2021). The CEERS
survey covers an area of 94.6 arcmin®? within the CAN-
DELS/EGS field including JWST/NIRCam observations in
the F115W, F150W, F200W, F277W, F356W, and F444W
filters. The JADES survey spans 83.0 arcmin®? in the
CANDELS/GOODS-N field (hereafter referred to as JADES-
GDN) and 84.5 arcmin® in the CANDELS/GOODS-S field

! The catalog will be made publicly available at https://github.
com/jsong-astro/JWST-CANDELS upon the publication of this paper.
A detailed description of the catalog contents can be found in the
README file provided on the associated webpage.
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(JADES-GDS hereafter). In addition to the same filters as in the
CEERS field, JADES also includes JWST/NIRCam observations
in the FO9OW filter. The PRIMER program covers 141.8 arcmin?
in the CANDELS/COSMOS field (PRIMER-COSMOS here-
after) and 251.2 arcmin? in the CANDELS/UDS field (PRIMER-
UDS hereafter), which uses the same broad-band filters as
the JADES survey. In addition, these fields also include some
medium-band observations. However, because the medium-band
data are relatively shallow, we did not incorporate them into our
analysis. As demonstrated in Appendix B, excluding these bands
does not affect our results significantly.

All of these fields have also been observed by HST in mul-
tiple bands, including F435W, F606W, F814W, F125W, F140W,
and F160W. However, given the proximity of the central wave-
length of HST/F125W to that of JWST/F115W and the sim-
ilarity between the central wavelengths of HST/F140W and
F160W with that of JWST/F150W, we only included the F435W,
F606W, and F814W filters from HST in our subsequent analysis.

The HST and JWST images were processed by the Cos-
mic Dawn Center (Valentino et al. 2023), and the corresponding
data are publicly available through the DJA website?. The pixel
scale of the final mosaic image is 0”/04/pixel. We used the most
recent data releases available at the time of analysis: v7.0 for the
PRIMER-COSMOS field, v7.2 for the CEERS, JADES-GDS,
and PRIMER-UDS fields, and v7.3 for the JADES-GDN field.

2.2. Photometric catalog

In addition to the processed multi-wavelength imaging data,
Valentino et al. (2023) also provided photometric catalogs for
all available JWST and HST filters in these fields. The source
detection was performed on combined images of all NIRCam
long-wavelength filters (typically F277W+F356W+F444W),
followed by source extraction using SEP (Barbary 2016). The
photometry was measured within circular apertures with a diam-
eter of 075, with aperture corrections applied to estimate the
total flux within elliptical Kron apertures. Based on these total
flux measurements, photometric redshifts (zpno;) were derived
using EAZY-PY (Brammer et al. 2008). Additionally, spectro-
scopic redshift data were compiled for these fields and provided
spectroscopic redshifts (zspec) for a subset of sources.

With the high quality of the HST and JWST data,
Valentino et al. (2023) demonstrated that the photometric red-
shifts are highly reliable. By comparing zpne With zgpee for the
spectroscopic sample, they found normalized median absolute
deviations (o-nmap) of 0.026, 0.019, 0.016, 0.022, and 0.023 for
the CEERS, JADES-GDS, JADES-GDN, PRIMER-COSMOS,
and PRIMER-UDS fields, respectively, where onmap is defined
as the normalized median absolute deviation of Az/(1 + Zspec).
The photometric and redshift catalogs are also publicly avail-
able on the DJA website (for further details regarding the pho-
tometric measurements and redshift estimation, we refer to
Valentino et al. (2023)). We adopted the best redshifts reported
by Valentino et al. (2023) and used zspec When available and zppo
otherwise.

2.3. Sample selection

Numerous studies have demonstrated that point sources
occupy a well-defined sequence in size—magnitude space (e.g.,
Skelton et al. 2014; Weaver et al. 2022). Using the half-light
radius versus magnitude diagram provided in the photometric

2 https://dawn-cph.github.io/dja/index.html

catalog, we first excluded point sources from our parent sample.
To further remove potential spurious detections and sources with
unreliable redshift estimates, we applied the following selection
criteria to ensure a robust galaxy sample: (1) a signal-to-noise
ratio (S/N) greater than 10 in the detection image (S/Nget > 10);
(2) a reduced y? value satisfying y?/Ng;; < 8 with at least six
filters available for photometric redshift estimation (Ng, > 6),
where Ngj; is the number of filters used in the fit. As we aim to
estimate the physical properties of galaxies in Section 3.1, we
further limited our sample to relatively bright sources by apply-
ing the following additional criteria: (3) an F444W magnitude
brighter than 28.5 mag; and (4) an S/N greater than 3 in all six
JWST broad bands available across all fields (F115W, F150W,
F200W, F277W, F356W, and F444W), ensuring reliable spectral
energy distribution (SED) fitting. These criteria yielded a final
sample of 206 790 galaxies.

3. Method
3.1. The estimation of physical properties

We derived the integrated physical properties of the galaxies in
our sample using the CIGALE program (Boquien et al. 2019),
which is based on nine-band photometry for the CEERS field
and ten-band photometry for the remaining fields. The fitting
setup of CIGALE we used closely follows that of Shen et al.
(2024). We first corrected the photometric catalog for the Milky
Way extinction using the extinction curve of Fitzpatrick (1999)
and the extinction map from Schlafly & Finkbeiner (2011).
The SED fitting assumed a delayed-t star formation history, a
Bruzual & Charlot (2003) stellar population with solar metallic-
ity, the dust attenuation law of Calzetti et al. (2000), and the neb-
ular emission models of Inoue (2011). Mid-infrared observations
were lacking, and we therefore did not include a dust emission
component in our modeling.

CIGALE provided multiple estimates of SFR, including the
average SFR over the past 100 Myr (SFRgomyrs), the past 10
Myr (SFRoMyrs), and the instantaneous SFR (SFR;pstan). Unless
otherwise stated, we adopted SFRjgomyrs as the representative
SFR in our analysis. As discussed in Appendix B, however,
the absence of FOOOW data in the CEERS field has a negligi-
ble effect on our estimates of stellar mass and SFR. To alleviate
potential concerns regarding differences in band coverage across
different survey fields, we excluded the CEERS sample from the
further analysis. We examined the results after incorporating the
CEERS data and found that our main conclusions remain essen-
tially unchanged.

Figure 1 shows the redshift and stellar mass distributions of
the good sample defined in Section 2.3, excluding sources from
the CEERS field. Previous studies have emphasized the impor-
tance of MIRI data for accurately constraining the physical prop-
erties of galaxies at z > 4 (e.g., Papovich et al. 2023; Song et al.
2023b). However, Cochrane et al. (2025) also demonstrated that
robust estimates of galaxy stellar mass can still be achieved up to
z ~ 10 using only HST and JWST/NIRCam data. In Appendix A
we validate the reliability of our method in recovering galaxy
physical properties at z < 4 using mock observations. To adopt
a conservative approach, we limited our subsequent analysis to
galaxies at z < 4, where the rest-frame ~1 um broad-band imag-
ing is available. The physical properties of galaxies at higher
redshifts will be investigated in future work.

Given the varying depths of observations across differ-
ent fields, we assessed the mass completeness of our sample
by estimating the 90% completeness limit using the method
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Fig. 1. Redshift and stellar mass distribution of our total good sample.
The region enclosed by the dashed black lines indicates the selected
sample we used, defined by 0 < z < 4 and log(M../M;) > 8. The solid
cyan curve represents the 90% stellar mass completeness limit, which
corresponds to a magnitude limit of F444W;,, = 28 mag. The gray (yel-
low) histograms in the top and right panels show the redshift and stellar
mass distributions of the good sample (selected sample), respectively.

described in Pozzetti et al. (2010). Based on a source-injection
analysis, Merlin et al. (2024) showed that the detection rate
reaches 100% for objects brighter than 28 mag in the combined
F356W+F444W detection images in these fields. To ensure sam-
ple completeness, we therefore adopted a conservative mag-
nitude limit of F444Wy,, = 28 mag across all surveys we
included. In each redshift bin with a width Az = 0.25, we iden-
tified the faintest 20% of galaxies and used them to calculate
the stellar mass completeness limit. Based on the typical mass-
to-light ratio for each galaxy, the stellar mass limit M), at a
given redshift slice represents the mass a galaxy would have
if its apparent magnitude equaled the magnitude limit. Specif-
ically, the stellar mass limit at a particular redshift was derived
as log(Myim) = log(M.) + 0.4(F444W — F444Wy,,). Then, we
defined Mcomp as the upper envelope of the M, distribution
below which 90% of the My;,, values are located at a given red-
shift. We estimated the stellar mass completeness across the red-
shift range 0 < z < 6 and empirically parametrized it as a
function of redshift: Mcomp(z) = 7.36 + 0.51n(z). The restric-
tion of the analysis to z < 4 does not significantly alter this
result. The resulting completeness limit is shown in Figure 1. To
ensure a mass-complete sample, we only included galaxies with
log(M./My) > 8 and z < 4 in our subsequent analysis, which
includes 67,986 galaxies in total.

3.2. PSF match

Since our goal was to perform a spatially resolved SED fitting, it
was crucial to homogenize the spatial resolution across all filters.
To achieve this, we selected 10-20 unsaturated point sources
brighter than 24 mag in the F444W band in each field by identi-
fying the point-source sequence in the size-magnitude diagram.
Using these sources, we constructed empirical PSFs for each
band with the PHOTUTILS package (Bradley et al. 2024). Then,
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Fig. 2. Fraction of enclosed light as a function of radius for each filter
relative to F444W in the JADES-GDS field. The upper and lower panels
present the results before and after PSF matching, respectively.

by optimizing the performance metrics defined in Aniano et al.
(2011), the PSF matching kernels were generated to match the
PSF of shorter-wavelength images in each field to that of the
F444W band, which has the largest full width at half maximum
(FWHM is about 0714). All images are then convolved with
the corresponding kernels to ensure uniform spatial resolution
across all bands for each field.

To visually assess the effectiveness of our PSF matching pro-
cedure, Figure 2 shows the fraction of enclosed light as a func-
tion of radius for each filter relative to the F444W band in the
JADES-GDS field. The upper and lower panels show the results
before and after PSF matching, respectively. As shown, after
PSF matching, the encircled energy profiles of PSFs in differ-
ent bands exhibit remarkable similarity, with deviations mostly
within 0.01. A similar consistency is observed across all other
fields, which confirms the robustness and reliability of our PSF
homogenization method.

3.3. Estimating the galaxy morphology

To derive the spatially resolved physical property profiles of
galaxies, we first estimated their morphologies to inform the
construction of measurement apertures. We fit a single Sérsic
model using GALFIT (Peng et al. 2002, 2010) to obtain key
structural parameters of galaxies such as Re, n, g, and position
angle (PA) for each available band (Jia et al. 2024).

Following the approach of Jia et al. (2024), we estimated the
morphology at rest frame 1 um by linearly interpolating the Sér-
sic parameters from the two observed bands that were nearest
in wavelength. When only one suitable band was available, we
directly adopted its fitted parameters. In the following analysis,
the galaxy morphology refers to the morphology at rest frame
1 wm unless stated otherwise. Galaxies for which Sérsic model-
ing failed in both bands near rest frame 1 um were excluded. In
addition, Chen et al. (2022) demonstrated that single-Sérsic fit-
ting with GALFIT can recover R, with an accuracy better than
20% for galaxies whose R, exceeds one-third of the PSF FWHM,
while galaxies below this threshold are considered unresolved.
Therefore, we also excluded sources with R, < 1 pixel (approx-
imately one-third of the PSF FWHM) from our analysis. We
also measured nonparametric morphological parameters using
the statmorph_csst package (Yao etal. 2023), applied to the
F444W-band images. To exclude the possible merger systems,
we followed the recommendations of Conselice et al. (2003) and
Conselice (2014) and remove dgalaxies with asymmetry values
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Fig. 3. Example of our spatially resolved SED fitting for a randomly selected galaxy. The left panel shows the F444W-band image, and the dashed
black lines mark elliptical annuli spaced at intervals of 0.2R.. Four representative radial regions are highlighted in red, orange, cyan, and magenta,
corresponding to 0 < r < 0.2R., 0.4R. < r < 0.6R., 1R. < r < 1.2R., and 2R, < r < 2.2R., respectively. The middle and right columns display the

SED fitting results for these four radial bins.

greater than 0.35. Finally, the morphology of 46,313 galaxies
was well estimated in total.

3.4. Estimating galaxy physical property profiles

Figure 3 illustrates the procedure for deriving spatially resolved
physical property profiles of our galaxy sample. For each galaxy,
we extracted a 300 x 300 pixel cutout from the PSF-matched
images and masked all other sources within the region. Using
the galaxy center and the morphological parameters R., g, and
PA derived at rest frame 1 um from GALFIT, we constructed
a series of concentric elliptical annuli with a radial step size of
0.2R., extending out to SR.. Fluxes and associated uncertainties
in each band were measured within these annuli using the PHO-
TUTILS package. Although this radial binning strategy may mix
young and old stellar populations, our previous work demon-
strated that in SED fitting, as long as observations at rest-frame
wavelengths longer than 1 um are included, the effect of the out-
shining effect is substantially reduced (Song et al. 2023b). Fur-
thermore, to ensure consistency with our scientific objective of
characterizing radial profiles of galaxy physical properties, we
did not adopt other more granular binning strategies.

We then performed a spatially resolved SED fitting in each
elliptical annulus using CIGALE, adopting the same configura-
tions as described in Section 3.1. To ensure the reliability of the
derived physical properties, we retained only those annuli where
the S/N exceeded 3 in all six JWST broad bands, consistent with
the selection criteria outlined in Section 2.3. The left panel of
Figure 3 shows an example galaxy in the F444W band, with
black dashed lines denoting elliptical annuli spaced at intervals
of 0.2R.. The middle and right panels present the corresponding
SED fitting results for four representative annuli. As illustrated,
the SED fitting achieves high-quality results in annuli with suffi-
cient S/N.

Although some studies have shown that profiles derived
from PSF-matched images can be affected by PSF smearing
(e.g., Szomoru et al. 2013; Suess et al. 2019; Mosleh et al. 2020;
Suess et al. 2022; Miller et al. 2023) and have suggested the
deconvolved images are considered more appropriate, the relia-
bility of these deconvolution techniques has not been thoroughly
assessed. Therefore, we still adopted the PSF-matched images.
In Appendix C we also present results obtained from decon-
volved images and find that they are nearly identical to those
derived from the PSF-matched data.

4. Result

In the previous section, we have applied a self-consistent method
to measure the physical properties, morphologies, and spatially
resolved profiles of galaxies observed with JWST in the CAN-
DELS fields. To prepare for the subsequent studies in this series,
we use the measurements obtained in this work to investigate the
SFMS, the size—mass relation, and the evolution of the physical
property profiles of the galaxies.

4.1. Star formation main sequence

Over the past decade, the SFMS, including its slope, nor-
malization, scatter, and evolution over cosmic time, has been
extensively studied (e.g., Speagle et al. 2014; Leja et al. 2022;
Popesso et al. 2023). These investigations have extended the
characterization of the SFMS to the epoch of cosmic reionization
(e.g., Clarke et al. 2024; Cole et al. 2025). Overall, the SFMS
is found to follow a tight, nearly linear relation between stellar
mass and SFR. However, several studies have reported a devia-
tion from linearity at the high-mass end (e.g., M, > 10'! M),
commonly referred to as the bending of the SFMS (e.g.,
Schreiber et al. 2015; Daddi et al. 2022; Popesso et al. 2023).
This trend has also recently been confirmed by early observa-
tions from Euclid (Euclid Collaboration: Enia et al. 2026).

In this study, we examine the SFMS of galaxies at z < 4
using the mass-complete sample defined in Section 3.1. The
results are shown in Figure 4 with each panel presenting the
results for different redshift bins. To characterize the SEMS, it is
essential to separate SFGs from QGs. Bluck et al. (2024) demon-
strated through simulations and observations that a threshold
of sSSFR < 1/ty (where tyy is the Hubble time at a given
redshift) reliably identifies quenched galaxies. Following this
criterion, we classified galaxies with sSFR > 1/#y as star form-
ing and included only these galaxies in our SFMS analysis. The
adopted quenching threshold is shown as a gray solid line in
Figure 4.

Based on a compilation of data from 25 studies,
Speagle et al. (2014) explored the SFMS up to z ~ 6 and found
that for galaxies with stellar masses above 10'° M, the SFMS
can be well represented by a linear relation. We adopted the same
functional form to describe the SFMS of our galaxy sample,

ey
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log(SFR) = (a1 + Bi1)log(M.) — (a2 + B2 X 1),
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Fig. 4. Distribution of galaxy SFR as a function of stellar mass across different redshift bins. Each panel corresponds to a different redshift
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the sSFR threshold of 1/#y, where #4 is the Hubble time at the median redshift of the bin; galaxies above this threshold are classified as SFGs. The
black points with error bars represent the median SFR and the corresponding scatter for SFGs in different stellar mass bins. The solid black line
shows the best-fit SFMS assuming the formulation in Equation (1), while the solid orange and red lines corresponds to the best-fit results derived
from Equations (2) and (3), respectively. For comparison, we include results from previous studies: the dashed cyan line denotes the SFMS from
Speagle et al. (2014), and the dashed orange and violet lines represent results from Popesso et al. (2023) and Koprowski et al. (2024), respectively.
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Fig. 5. Left panel: Distribution of SFR for SFGs mapped onto the stellar mass vs. Universe age plane, where the color scale indicates the median
SFR within each square bin. Middle panel: Best-fit SEMS derived using a linear relation. Right panel: Residuals between the observed SFRs and

the best-fit linear model. The small residuals demonstrate that a linear relation provides a good representation of the SFMS for our sample across

the explored stellar mass and cosmic time ranges.

where ¢ represents the age of the Universe at the galaxy red-
shift. To model the SFMS in a way that accounts for the stel-
lar mass and Universe age, we performed a two-dimensional fit
using the Markov chain Monte Carlo (MCMC) method, imple-
mented via the emcee package (Foreman-Mackey et al. 2013).
To minimize the effect of outliers on the fitting process, we
binned the galaxies by stellar mass and Universe age, as illus-
trated in Figure 5. The median SFR was calculated within each
bin, which was then used for the fitting. In computing the likeli-
hood function, we included the uncertainties in the median SFR
for each bin, expressed as o"(SFR)/ VN, where o-(SFR) is the
scatter in SFR within the bin and N is the number of galaxies
in the bin. The best-fitting parameters are a; = 0.745 + 0.005,
B1 =0.0167+0.001, a; = 5.845+0.042, and B, = 0.278 +0.009.
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The left panel of Figure 5 shows the map of galaxy SFRs
in the stellar mass—Universe age plane. The middle panel
displays the best-fit SFMS surface obtained from our two-
dimensional fitting. The right panel illustrates the residuals
between the observed median SFRs and the model predic-
tions. As shown in the figure, this linear form of the SFMS
provides a good description of our sample across the full
range of stellar mass and cosmic time. The corresponding
results are also shown in Figure 4. Overall, our results agree
well with those of Speagle et al. (2014), except in the redshift
range of 0 < z < 0.5. This discrepancy may be attributed
to the different stellar mass ranges considered in the analy-
ses and to the relatively small sample size in this redshift
bin.
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Moreover, several studies have reported that within the
redshift range 0 < z < 3, the sSFR scales approximately
as (1 + z)2‘5~3'5 (e.g., Oliveretal. 2010; Ilbertetal. 2015;
Tasca et al. 2015). Motivated by this trend, some studies have
also described the SFMS using the following functional form
(e.g., Boogaard et al. 2018):

log(SFR) = alog(M../My) + Blog(1 + z) + . 2)

We also applied this functional form to our sample and per-
formed a two-dimensional fitting using the emcee package. The
results show that this parameterization also describes the SFMS
in our dataset well. The best-fit parameters are @ = 0.812+0.002,
B =1.811+0.009, and y = =7.762 + 0.018. The corresponding
result is shown as the orange solid line in Figure 5. As illustrated
in the figure, this parameterization agrees remarkably well with
the results derived using Equation (1).

Many previous studies have demonstrated that the SFMS
deviates from a linear relation at the high-mass end (e.g.,
Schreiber et al. 2015; Daddi et al. 2022; Popesso et al. 2023;
Koprowski et al. 2024). By compiling data from several studies,
Popesso et al. (2023) investigated the SFMS for galaxies within
the redshift range 0 < z < 6 and stellar masses between 108 M,
and 10'%3 M. They found that SFR can be well described by
a polynomial function of log(M.). Although the bending of
the SFMS at the high-mass end is not prominent in our study
because our sample includes only a few massive galaxies, we
still performed a fit to our data using a polynomial function of
log(M.) to capture any potential nonlinearity. We adopted the
same model as Popesso et al. (2023),

log(SFR) = (a1t + by) log(M,) + by log®(M.) + (by + apt),  (3)

where ¢ also represents the Universe age. Following the same
procedure as described earlier, the best-fitting parameters are
ap = —0.295 £ 0.009, a; = 0.019 £ 0.001, by = -9.298 + 0.197,
by =1.514+0.143, and b, = —0.043 +0.002. The corresponding
best-fit result is shown in Figure 4 as a red solid line. For com-
parison, we also represent the results from Popesso et al. (2023)
and Koprowski et al. (2024), shown as orange and violet dashed
lines, respectively.

Compared to the linear relation, this polynomial relation
exhibits a slight bending at the high-mass end, which can also
be seen directly from the sample distribution. When compared
with the results from Popesso et al. (2023), our results are clearly
consistent with theirs in the intermediate-mass range (9 <
log(M./Mg) < 10). At the high-mass end, our result are also
clearly consistent with theirs at z > 2. However, at lower red-
shifts, Popesso et al. (2023) revealed a more pronounced bend-
ing phenomenon. Furthermore, at the low-mass end, our results
also deviate slightly when compared to those of Popesso et al.
(2023). When we consider that our sample lacks massive galax-
ies while previous studies were deficient in low-mass galaxies,
these differences can be understood reasonably well.

4.2. Size-mass relation

It is essential to understand the size growth of galaxies to
uncover their evolutionary pathways because the galaxy size
evolution reflects the underlying processes of mass assembly. We
revisit this topic using the latest JWST observations. While many
previous investigations have primarily focused on rest-frame
optical sizes, it is now well studied that rest-frame optical mor-
phologies are affected by spatial variations in stellar populations,
dust attenuation, and metallicity gradients. In contrast, rest-
frame near-infrared morphologies provide a more direct probe

of the underlying stellar mass distribution (e.g., Suess et al.
2019; Mosleh et al. 2020; Suess et al. 2022; Miller et al. 2023;
van der Wel et al. 2024; Jia et al. 2024). Therefore, we focused
on the morphology of galaxies at rest-frame 1 um to trace their
stellar mass structure better.

In Figure 6 we present the size—mass relations of our SFGs
sample across various redshift intervals. Following the approach
of Jia et al. (2024), we modeled the dependence of the galaxy
size on the stellar mass and redshift using the following func-
tional form:

log(R./kpc) = alog(M../Mg) + Blog(1l + z) + K, “4)

where @, B, and k are free parameters. We also performed a two-
dimensional fitting using the MCMC method, adopting the same
method as described in Section 4.1. Similar to Figure 5, Figure 7
presents the mapping of the median galaxy size across the stel-
lar mass versus redshift plane. Given that at z > 3.5, only the
F444W band can be used to approximate galaxy morphology
at rest-frame 1um, we restricted our analysis of the size—mass
relation to galaxies at z < 3.5, where rest-frame 1um morpholo-
gies are more reliably probed. The best-fit parameters are @ =
0.164 £ 0.002, 8 = —0.618 £ 0.012, and k = —0.974 £ 0.017. As
shown in Figure 7, the small residuals indicate that our method
provides a robust characterization of the variation in galaxy size
with stellar mass and redshift.

The size—mass relation of galaxies has also been extensively
investigated in previous studies. Using data from the CAN-
DELS fields, van der Wel et al. (2014) reported a relation of
re o« M%? for SFGs with stellar masses above 10° My, in the
redshift range 0 < z < 3, which is slightly steeper than the
slope found in this work. Similar slightly steeper trends have
also been observed in other studies (e.g., Mowla et al. 2019;
Nedkova et al. 2021). However, based on JWST observations
in the CEERS field, Ward et al. (2024) more recently reported
a values ranging from 0.15 to 0.19 over 0 < z < 4, which
agrees well with our results. Although these studies typically
relied on rest-frame optical morphologies, which are known to
be systematically larger than those measured at rest-frame 1um
(e.g., Suess et al. 2022; van der Wel et al. 2024), they nonethe-
less support the robustness of our measurements. In our previ-
ous work, using rest-frame 1 um morphologies from the JADES
field, Jia et al. (2024) obtained a slightly higher value of @ =
0.19. This discrepancy may arise from differences in the stellar
mass estimation methods.

The size evolution of SFGs offers key insights into the pro-
cesses governing their growth and assembly. In previous studies,
the evolution of galaxy sizes has been parameterized as r, o (1 +
z)?, with reported values of S typically ranging from —1.3 to —0.5
(e.g., van der Wel et al. 2014; Shibuya et al. 2015; Song et al.
2023a; Ward et al. 2024; Ormerod et al. 2024; Varadaraj et al.
2024; Yang et al. 2025). For instance, using HST data from the
CANDELS fields, van der Wel et al. (2014) found 8 ~ —0.75
for late-type galaxies. More recently, JWST-based analyses of
CEERS data yielded § = —0.63 by Ward et al. (2024), and
B = —0.71 by Ormerod et al. (2024). Our own best-fit value of
B =—0.618 £ 0.012 agrees well with these findings, which may
suggests that galaxy morphologies in the near-infrared exhibit
evolutionary trends similar to those observed in the optical
bands. To illustrate the redshift evolution of galaxy size derived
from our sample more clearly, we took galaxies with stellar mass
~5x 10'° My, as a representative example to illustrate the evolu-
tionary trend of our sample. This is shown in Figure 8. To facil-
itate comparison with previous studies, we also show the corre-
sponding results from van der Wel et al. (2014), based on galaxy
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within each square bin. Middle panel: Best-fit models of the size mass relation. Right panel: Residuals between the observed size mass relation

and the best-fit model.

sizes measured at rest-frame 0.5 um, and from Martorano et al.
(2024), derived from rest-frame 1.5 wm size measurements. They
clearly exhibit similar evolutionary trends, albeit with some sys-
tematic offsets. However, this is reasonable given that numerous
studies have shown that galaxy sizes measured at longer wave-
lengths are systematically smaller than those derived at shorter
wavelengths (e.g., Jia et al. 2024; McGrath et al. 2026). A more
comprehensive exploration of the differences between rest-frame
optical and near-infrared morphologies, including their redshift
and stellar mass dependencies, will be presented in a forthcom-
ing study.

4.3. Stellar mass profile

To investigate the dependence of the physical property profiles
of the galaxies on redshift and stellar mass, we divided our sam-
ple into three stellar mass bins (103 ~ 10° M, 10° ~ 10'° Mo,
and 10'° ~ 10'> M) and eight redshift bins (with an interval
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of Az = 0.5). For each galaxy, we adopted the same S/N crite-
rion as in Section 2.3 to ensure the reliability of measurements:
only annuli with S/N exceeding 3 in all six JWST bands were
retained. We defined the quantity max_high_snr_radius as the
largest radius within which this criterion is satisfied. For each
redshift—stellar mass bin, we derived the median physical prop-
erty profile by computing the median surface density of the rel-
evant quantity across all galaxies at each radius. If the radius
under consideration exceeded max_high_snr_radius of a galaxy,
we linearly extrapolated that galaxy profile to estimate its physi-
cal property at that radius. To maintain robustness, we restricted
our analysis to the radial range within which more than 50% of
the galaxy max_high_snr_radii exceeded this limit.

Figure 9 presents the . profiles of our sample. In each panel,
different colors represent results from different redshift bins. The
first and second rows display the profiles as a function of radius
normalized by R. and in physical units (kpc), respectively. The
shaded regions in the first row represent the 25th—75th percentile



Song, J., etal.: A&A, 709, A205 (2026)

1.5 rrxJrr7q7irImToT 7 rTp Tt
[ =——— This Work: 1.0um
- M vander Wel+14:0.5um A
1.0 -_ * Martorano+24: 1.5um _
— |.® ]
2 S~ l
CIl ]
> 0.5F = -
% 3 \\
g 1 Z
0.0 -
PO BN B TP TP
0-39 1 2 3 4

Redshift

Fig. 8. Two-dimensional histogram (blue) of the galaxy distribution
with stellar mass ~5 x 10' M,. The orange contours enclose 25%,
50%, and 75% of the sample. The solid red line indicates the best-
fitting relation derived in Section 4.2. To facilitate comparison with pre-
vious studies, the results from van der van der Wel et al. (2014), derived
from rest-frame 0.5 um sizes, are shown as black squares, and those
from Martorano et al. (2024), derived from rest-frame 1.5 pm sizes, are
shown as red stars.

distribution of X, at different radius. In addition, we have also
estimated the standard error of X, at each radius to quantify the
uncertainties in our radial profiles, which are typically smaller
than 0.05 dex. Since the X, profiles in kpc units are close across
different redshifts, we have opted not to include the correspond-
ing shaded regions for better visualization. Since many previous
works demonstrated that radial profiles within radii smaller than
the PSF FWHM are strongly affected by PSF smearing (e.g.,
Liu et al. 2018; Hasheminia et al. 2024), we also show the extent
of the PSF FWHM using a shaded gray region in the bottom
panel. For results in physical units, we also performed a linear
extrapolation of the outer profiles, which is shown as a dashed
line, to infer the stellar mass surface density in the outskirts of
galaxies.

As shown in Figure 9, the X, profiles exhibit
negative gradients across all redshift and stellar
bins, with X, decreasing as a function of radius. This
results has also been reported in many previous stud-
ies (e.g., Nelsonetal. 2016; Abdurro’uf & Akiyama 2018;
Mosleh et al. 2020; Nelson et al. 2021; Abdurro’uf et al. 2023;
Miller et al. 2023; van der Wel et al. 2024; Hasheminia et al.
2024; dela Vegaetal. 2025). At fixed redshift, more mas-
sive systems consistently exhibit higher X,, even in their
central regions. This trend is consistent with many previ-
ous findings (e.g., Abdurro’uf et al. 2023; Hasheminia et al.
2024; de la Vega et al. 2025). This pattern implies that dur-
ing the course of star formation, galaxies progressively build
up their central stellar mass. These results provide impor-
tant constraints on galaxy growth models, such as that pro-
posed by Nelson et al. (2016), which suggests that galaxies form
compact cores at early epochs and subsequently grow their
outer regions over time. However, it is important to empha-
size that our current analysis focuses solely on the variation
of X, as a function of redshift and stellar mass and does
not directly trace individual evolutionary pathways. In future
work, we aim to construct more carefully selected samples that

clear
mass

might allow us to identify progenitor—descendant connections,
thereby enabling a more direct investigation of galaxy growth
mechanisms.

For galaxies at a fixed stellar mass, galaxies at higher red-
shifts tend to have higher X, values, which is consistent with the
expectation that galaxies at earlier cosmic times are generally
more compact. Similar trends have been reported in the literature
(e.g., Barro et al. 2017; Jung et al. 2017). Using HST observa-
tions, Barro et al. (2017) found that galaxies with M, ~ 10° M,
show a decline of approximately 0.3 dex in central stellar mass
surface density within 1 kpc from z ~ 3 to z ~ 0.5, which agrees
with our results. However, the underlying physical mechanisms
that cause the increased compactness of high-redshift galaxies
remain uncertain.

4.4. SFR and sSFR profile evolution

The stellar mass of a galaxy reflects the cumulative result of
its past star formation activities. In this section, we investigate
the recent star formation activity of galaxies by examining their
Zsrr and sSFR (defined as Zgpr /X.) profiles, shown in Figure 10
and Figure 11. As shown in Figure 10, the Zggr profiles exhibit
negative gradients across all redshift and stellar mass bins, with
a flattening trend observed in the central regions. Many stud-
ies have highlighted the existence of a resolved SEMS (rSFMS),
that is, of a tight correlation between the SFR surface density and
the stellar mass surface density (e.g., Lin et al. 2019; Baker et al.
2022). The negative Zgggr profiles observed here can be naturally
explained by this rSFMS, in conjunction with the negative gra-
dient of the stellar mass profile.

When we compare the Xgpg profiles of galaxies at different
redshifts, we observe that higher-redshift galaxies exhibit ele-
vated Zgpr across all radii. This trend likely reflects the higher
gas fractions or increased cold gas accretion rates that are char-
acteristic of galaxies at earlier cosmic times. For the dependence
on stellar mass, galaxies with higher stellar masses consistently
show higher Zggg at all radii than their lower-mass counterparts.
This is expected because more massive galaxies have higher Z,
at all radii, which agrees with the existence of the rSFMS. Sev-
eral studies suggested that the integrated SFMS arises from the
underlying rSFMS, indicating that the relation between X, and
Zsrr 1s more fundamental. In future work, we will further inves-
tigate the connection between the resolved and integrated SFMS
using the spatially resolved physical properties derived in this
study.

For the sSFR profiles, we found a distinct behavior across
different redshift ranges. As shown in Figure 11, for galaxies
at z < 2, we observe a positive sSFR gradient, and this trend
becomes more pronounced in more massive galaxies. This trend
has been observed in many previous studies (e.g., Nelson et al.
2016; Morselli et al. 2019; Shen et al. 2024; Hasheminia et al.
2024). Galaxies across all redshift and stellar mass bins exhibit
negative Xgpr gradients, and the observed positive sSFR gradi-
ents therefore reflect an inside-out growth scenario. In contrast,
for galaxies at z > 2.5, there is a negative sSFR gradient,
although it is less pronounced for more massive galaxies. To
quantitatively characterize the sSFR gradient, we measured the
sSFR gradient between 0.5R, and 2.5Re. We chose this radial
range to ensure that the separation was larger than the PSF
FWHM, thereby minimizing the effect of PSF smearing. At
the same time, this range allowed us to estimate sSFR gradi-
ents consistently across different mass bins. Similar to X,, we
also estimated the standard error at each radius to character-
ize the uncertainties in the sSFR profile, and we subsequently
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Fig. 9. Radial profiles of stellar mass surface density for SFGs, categorized into three stellar mass intervals and eight redshift intervals. For each
bin, we present the median X, as a function of radius, normalized by the R. (top row) and in physical units of kiloparsec (bottom row). To ensure
the reliability of the profiles, we limit the radial range to regions where more than 50% of galaxies in the bin satisfy the adopted criterion for the
signal-to-noise ratio. The shaded regions in the top panels denote the 25th—75th percentile distribution of X, at each radius. Due to the close of the
profiles in physical units across different redshifts, we omit the corresponding distribution in the bottom panels for clarity. We also show the extent
of the PSF FWHM using a shaded gray region in the bottom panel. For results in physical units, we also performed a linear extrapolation of the
outer profiles, which is shown as a dashed line, to infer the stellar mass surface density in the galaxy outskirts.

determined the corresponding errors in the inferred gradients.
Additionally, using physical units, we evaluated the sSFR gradi-
ents between 0.5 kpc and 2.5 kpc. The results are summarized in
Table 1. As indicated in the table, galaxies with log(M./My) <
10 are significant shifted from positive sSFR gradients at z < 2
to negative gradients at z > 2.5. Massive galaxies show a qualita-
tively similar trend, but the associated uncertainties are substan-
tially larger because the number of high-redshift massive galax-
ies is limited. Additionally, since high-redshift star formation is
more stochastic, we examined whether a shorter timescale (10
Myr) for the SFR tracer would provide different results, but the
results remained unchanged.

While positive sSFR gradients at z < 2 have been reported
in numerous studies, however, results at higher redshifts, par-
ticularly for low-mass galaxies, have not been systematically
investigated prior to JWST. Using data from the VELA simula-
tion (Ceverino et al. 2014; Zolotov et al. 2015), Tacchella et al.
(2016) demonstrated that galaxies begin to exhibit positive sSSFR
gradients at redshifts below z ~ 3. By combining HST and JWST
data, Abdurro’uf et al. (2023) studied the sSFR profiles of 219
SFGs and found that the sSFR radial profiles of the majority of
galaxies at z > 2.5 are broadly flat. In a recent study based on
JWST slitless data, Matharu et al. (2024) reported that galaxies
at 4.8 < z < 6.5 exhibit roughly positive EW(Hea), which may
indicate a positive sSFR gradient. However, in another study

A205, page 10 of 17

using data from the JADES field, Tripodi et al. (2024) found
that galaxies at z > 4 exhibit negative EW(Hp) profiles, which
implies a negative SSFR gradient at this redshift range. Using
a sample of 669 galaxies at 4 < z < 8 in the CEERS field,
Jin et al. (2025) found in contrast that high-redshift galaxies pre-
dominantly exhibit positive color gradients, which also indicates
centrally concentrated star formation. These findings are consis-
tent with the results presented in our work. However, the phys-
ical mechanisms driving this transition and the dependence on
stellar mass remain unclear and warrant further investigation.
Moreover, since sSFR measures the ratio of recently formed
stellar mass to the total stellar mass, a positive sSSFR gradient
indicates that the outskirts of galaxies are growing more rapidly
in stellar mass, which might expand their overall size. On the
other hand, a negative sSFR gradient would indicate more effi-
cient stellar mass buildup in the central regions, which may lead
to a more compact morphology. The transition from a nega-
tive to a positive sSFR gradient may lead to a different size
growth status. At lower redshifts, star formation contributes sig-
nificantly to galaxy size growth, particularly for high-mass sys-
tems. In contrast, at higher redshifts, the role of in situ star for-
mation in driving size growth appears to be less prominent or
even result in a smaller effective radius. If this trend continues
to even higher redshifts, it might lead to a negative size—mass
relation, which has already been found in observations (e.g.,



Song, J., et al.: A&A, 709, A205 (2026)

100 8 <log(M,/Mg) <9 100 9 <log(M./Mg) < 10 100 10 < log(M,/Mg) < 12
—_— 00<z<05
—_— 05<2z<1.0
= 10°f —_— 10<z<15 | & 100 = 10
le> —_—15<2<20 | o s
£ — 20<2<25 | B =
o107 — 25<2<30 | 1_ 107! L 1071
3 30<2<35 | 3 3
= 35<z<40 | 2 =,
£ FS o gm*2 5104
A A A
1073 1073
0 1 2 3 1 5 5 0 1 2 3 1 5
Normalized Radius [R) Normalized Radius [Ry Normalized Radius [Ry]
10! 8 < log(M,/Mg) <9 10! 9 < log(M,/Mg) < 10 10! 11 < log(M,/Mg) < 12
—_— 0.0<z<0.5
—_—(05<z<1.0
5 10 — 10<z<15 | g~ 10° — 100
'S —_—15<2<20 | s L
ﬁ% — 20<2<25 ;* ﬁ
1107t X — 25<2<30 | T, L1071
3 NS 30<z<35 | 3 3
=, Wy 35<2<40 | &, =
210 210
A SUUI A A
1073 R 1073
0.0 25 50 75 100 00 25 50 75 100 00 25 50 75 100
Radius [kpc] Radius [kpc] Radius [kpc]
Fig. 10. Similar to Figure 9, but for radial profiles of Xggg.
10-75 8 < log(M,/Mg) <9 10-75 9 < log(M,/Mg) < 10 10-75 10 < log(M,/Mg) < 12
—_ 00<2z<05 — 20<z<25
80 —_— (05<z<1.0 8.0 — 25 <27<3.0
10755 — 10<z<15 10771 30<z<35
. — 15<2z2<20 | 35 <z<4.0
T 10-85 1 T
£ 10 &
O, O,
= =
51070 &
w n
1079.5,

10~ 1oL " " . " 10~ 1oL " . . L
0 1 2 3 4 5 0 1 2 3 4
Normalized Radius [Rq Normalized Radius [Rq Normalized Radius [Rq

10-75 8 < log(M,/My) <9 10-75 9 < log(M./Mg) < 10 10-75 10 < log(M, /M) < 12
- 0.0<2z<05 —_— 20<2<25
—_— 05<2z<10 10-50 m— 25<2<3.0
—_— 10<z<15 3.0<z<35

1.5<z<20

,_.
9
oo
ot
Y
1
1
1
1
1

\L\\\I\l |
sSFR[Gyr~!
\\\\\

10799
10 s s s —10 s s s 10 s s s
25 50 75 100 Vo0 25 s0 75 100 Yoo 25 50 75100
Radius [kpc] Radius [kpc] Radius [kpc]

Fig. 11. Similar to Figure 9, but for radial profiles of sSFR.

A205, page 11 of 17



Song, J., et al.: A&A, 709, A205 (2026)

Table 1. sSFR gradient at different stellar masses and redshift bins.

sSFR gradient between 0.5R, and 2.5R, in unit of dex/R,

0<z<0.5 05<z<1 l<z<l15 1.5<z<2 2<z<25 25<z<3 3<z<35 35<z<4
8 < log(M./My) <9 0.083+0.010  0.101 +£0.003  0.096 + 0.003 0.078 + 0.002 —-0.003 +£0.004  -0.051+0.005 —0.064 +0.006  —0.046 + 0.006
9 <log(M./Mos) < 10 0.001 £0.002  0.029 +0.006  0.050 + 0.004 0.055 + 0.004 —0.003 +£0.004  -0.034 £0.005  —0.049 +£0.006  —0.035 + 0.005
10 <log(M,/Mz) <12 0.115+0.005  0.144 +0.017  0.184 £ 0.015 0.080 + 0.015 0.058 +0.019 -0.071 £0.025  -0.030+0.034  -0.037 +0.038

sSFR gradient between 0.5 Kpc and 2.5 Kpc in unit of dex/kpc

0<z<0.5 05<z<1 l<z<15 15<z<2 2<z<25 25<z<3 3<z<35 35<z<4
8 <log(M./My) <9 0.041 +£0.008  0.031+0.003  0.035 +0.003 0.023 +0.002 —-0.004 £0.004  -0.022+0.005 -0.021+£0.005  —0.039 +0.006
9 <log(M./My) < 10 0.045+0.019  0.021 +£0.006  0.006 + 0.004 0.002 + 0.003 -0.017 £0.004  -0.022 +0.004  -0.025+0.005  —0.041 +0.005
10 < log(M,/Mz) <12 0.157+0.045 0.216+0.016  0.194 +0.017 0.098 +0.018 0.067 +0.020 —-0.010 + 0.031 0.025 +0.033 —0.013 + 0.029

sSFR gradient derived from deconvolved images between 0.5 Kpc and 2.5 Kpc in unit of dex/kpc

8 < log(M./My) <9 0.064 £0.009  0.057 +£0.004  0.065 + 0.004 0.061 + 0.004 —0.034 £0.005  -0.063 £0.006  -0.064 +£0.007  —0.046 + 0.009
9 <log(M./My) < 10 0.082+0.020  0.044+0.007  0.018 £0.006  —0.012+0.005 —-0.056+0.005 —0.072+0.006 —0.059 +0.009  —0.090 + 0.008
10 < log(M,/Mz) <12 0.338£0.050  0.304 +£0.019  0.311 +0.023 0.186 + 0.027 0.137 £ 0.028 0.011 +0.031 0.060 + 0.046 —0.013 + 0.060

Ormerod et al. 2024) and some cosmological simulations (e.g.,
Genel et al. 2018; Costantin et al. 2023). A more thorough and
comprehensive investigation may be needed to understand the
results at higher redshifts.

5. Discussion

Our analysis of the spatially resolved sSFR profiles revealed a
pivotal transition in the mode of galaxy assembly around z ~ 2.
Specifically, the shift from negative sSFR gradients at high red-
shifts (z > 2.5) to positive gradients at lower redshifts (z < 2)
suggests a fundamental change in the way star-forming galax-
ies acquire gas and build their stellar mass. The observed evo-
lution may reflect the interplay between the angular momentum
of accreting gas, the dynamical stability of galactic disks, and
feedback processes that regulate star formation.

The prevalence of negative sSFR gradients observed in our
sample at z > 2.5 points to a phase in which mass assembly is
centrally concentrated. In the high-redshift Universe, the accre-
tion of cold gas streams is characterized by relatively low spe-
cific angular momentum (e.g., Pichon et al. 2011; Dubois et al.
2012). When combined with violent disk instabilities preva-
lent in these highly gas-rich and turbulent disks, gas clumps
lose angular momentum rapidly and migrate inward toward the
galaxy center (e.g., Zolotov et al. 2015; Dekel et al. 2020). This
efficient funneling of gas triggers intense nuclear starbursts,
naturally resulting in the negative sSFR gradients we observe,
where the specific star formation rate is significantly higher in
the core than in the outskirts. As new stellar mass is preferen-
tially added to the central region, the galaxy mass distribution
becomes highly concentrated.

At z < 2, the emergence of positive sSFR gradients sig-
nals a transition to the classical inside-out growth mode. Sev-
eral physical processes can conspire to drive this shift. First,
as the assembled central bulge becomes sufficiently massive, it
deepens the central potential and stabilizes the inner disk against
further violent inflows (e.g., Martig et al. 2009). Simultaneously,
the nature of gas accretion evolves with cosmic time. Cosmolog-
ical models dictate that subsequent gas accretion onto the dark
matter halo carries significantly higher specific angular momen-
tum due to the expansion of the Universe and the growth of the
halo virial radius (e.g., Pichon et al. 2011; Stewart 2017). This
high-angular-momentum gas cannot penetrate the deep central
potential well; instead, it settles into an extended disk struc-
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ture in the galaxy outskirts (Obreschkow & Glazebrook 2014).
Consequently, star formation becomes most active in these outer
regions, resulting in the positive sSFR gradients observed in
our lower-redshift sample. This marks the onset of secular disk
growth, where the continuous addition of mass at large radii
leads to the gradual buildup of a stellar envelope and a steady
increase in the effective galaxy size.

6. Summary

By combining high-resolution imaging data from JWST and
HST, we have measured the integrated and spatially resolved
physical properties of galaxies with log(M./My) > 8 over the
redshift range 0 < z < 4 in the CANDELS fields. This work
is the first in our series of studies. By investigating the relation-
ships between galaxy-integrated and spatially resolved physical
properties, we here draw the following conclusions:

(1) For galaxies at z < 4, combining HST and JWST data
allows us to reliably recover the stellar mass and SFRs. Addition-
ally, within the range log(M./My) > 8, the star-forming main
sequence of galaxies exhibits a roughly linear relation.

(2) Regarding the morphologies of galaxies in the rest-frame
1 wm band, the size-mass relation and size evolution of galax-
ies show trends similar to those in optical bands, following the
relation R, oc M%7 (1 + 7)=0-2,

(3) By comparing the physical property profiles across differ-
ent redshift and stellar mass bins, we found that across all red-
shift and stellar mass ranges, galaxies consistently exhibit neg-
ative gradients in the stellar mass surface density and SFR sur-
face density. Furthermore, at higher redshifts and stellar masses,
galaxies tend to show higher stellar mass and SFR surface den-
sities.

(4) For the sSFR profiles, we observed a distinct trend: at
z > 2.5, galaxies display a mild negative gradient in sSFR pro-
files, whereas at lower redshifts, they exhibit a positive gradient.
These findings suggest that galaxies undergo a transition in their
stellar assembly mode that is driven by in situ star formation and
shifts them from an outside-in to an inside-out growth pattern
at z ~ 2. This marks a pivotal shift in their structural evolution.
This finding deepens the mystery of how galaxies grow in size
beyond the cosmic noon. More research is required to resolve
the puzzle.
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Appendix A: Compare with mock data

Previous studies have emphasized the importance of broad wave-
length coverage for accurately recovering galaxy physical prop-
erties such as stellar mass and SFR (e.g., Ilbert et al. 2010;
Song et al. 2023b). However, recent works by Abdurro’uf et al.
(2023) and Cochrane et al. (2025) have demonstrated that com-
bining JWST and HST observations can yield reliable estimates
of these properties out to z ~ 6. In this section, we assess
the robustness of our SED-fitting methodology using mock
data. Specifically, we construct a suite of mock SEDs with the
CIGALE code, adopting the same set of stellar population tem-
plates as described in Section 3.1. The mock SEDs are gener-
ated at seven discrete redshifts, ranging fromz = 0.5toz = 3.5
in intervals of 0.5, to systematically test the performance of our
method across cosmic time. To ensure realistic mock catalogs,
we draw galaxy samples that reproduce the stellar mass and SFR
distributions observed in real galaxies at each redshift, thereby
avoiding unphysical parameter configurations.

We construct the mock SEDs using ten filters consistent with
those employed in the JADES-GDS field. To emulate realistic
observational conditions, Gaussian noise is added to the model
fluxes. Given that the median flux uncertainties vary across filters
in real observations, we set the standard deviation of the Gaus-
sian noise in each band to match the corresponding median flux
uncertainty measured in the JADES-GDS field. We have verified
that adopting noise properties from other fields does not signif-
icantly affect the results. Applying the same selection criteria
described in Section 2.3, we randomly select 2,000 mock galax-
ies that meet the S/N threshold of 3 in at least six JWST bands.
These mock SEDs are then processed using the same SED-fitting
procedure as outlined in Section 3.1.

In Figure A.1, we compare the recovered physical properties
from our SED fitting with the true input values used to generate
the mock SEDs. Overall, our SED-fitting procedure successfully
recovers the intrinsic physical parameters. The median offsets
between the true and recovered values of stellar mass and SFR
are all within 0.05 dex, with corresponding scatters below 0.1
dex. These results confirm that the combination of JWST and
HST photometry yields robust constraints on stellar mass and
SFR. Although it is well established that assumptions in stel-
lar population models and star formation histories can intro-
duce systematic uncertainties in derived parameters, our primary
objective is to obtain internally consistent measurements of inte-
grated and spatially resolved galaxy properties. Therefore, the
model-dependent systematics is beyond the scope of considera-
tion of this work.

Appendix B: The importance of FO90W and F410M
data

Although some medium-band filters, such as F410M, are avail-
able in our field, we excluded them from the primary anal-
ysis due to their relatively shallow depth. However, recent
studies have highlighted the importance of medium-band data
in accurately constraining galaxy physical properties, particu-
larly at high redshifts where strong emission lines can signifi-
cantly influence broadband photometry (e.g., Davis et al. 2024;
Harvey et al. 2025). To evaluate the potential impact of includ-
ing medium-band data, we conduct a test using the JADES-GDS
dataset, focusing on the effect of incorporating the F410M fil-
ter into our SED fitting. We re-fit the physical properties of our
selected high-quality sample after adding F410M data using the
same methodology outlined in Section 3.1. The results are pre-

sented in Figure B.1, panels (a) and (b), in a format consistent
with Figure A.1. The x-axes correspond to results obtained with-
out the F410M band, while the y-axes show the results with
F410M included.

As illustrated in the figure, the inclusion of F410M has a
negligible effect on the derived physical parameters. It is worth
noting that the F410M band was included in the photometric
redshift measurement step, as medium-band data are known to
significantly improve redshift accuracy (e.g., Davis et al. 2024).
However, our results in Figure B.1 suggest that, once the red-
shift is fixed, the inclusion or exclusion of F410M has minimal
impact on the estimation of galaxy physical properties.

In addition, we note that the CEERS field lacks imaging
in the FO90OW band, unlike the other fields used in our anal-
ysis. Although CEERS data are not included in our primary
results, we have confirmed that their inclusion does not substan-
tially affect our conclusions. To specifically evaluate the impact
of the missing FOO0OW data on the estimation of galaxy phys-
ical properties, we conduct a controlled test using the JADES-
GDS dataset, following the same methodology applied to assess
the influence of F410M. We re-fit the physical properties of
our selected high-quality sample when missing FOOOW data.
The results are shown in panels (c) and (d) of Figure B.1. As
demonstrated, the absence of FO90W leads to a slight underes-
timation of stellar mass and a mild overestimation of the SFR.
However, the median offsets are close to zero, and the scat-
ter remains below 0.1 dex. These findings indicate that, even
without FOOOW coverage, the derived physical properties remain
robust and within acceptable uncertainties.

Appendix C: PSF smearing effect

In this work, we measure galaxy profiles directly from PSF-
matched images with a radial step of 0.2R.. However, PSF
smearing can wash out gradient information on scales compa-
rable to the PSF (e.g., Liu et al. 2018; Hasheminia et al. 2024).
Although, in Section 4.4, we have measured sSFR gradients
using radial separations larger than the PSF FWHM to mini-
mize the impact of PSF smearing on our results, some stud-
ies suggest that deconvolved images are more appropriate for
mitigating PSF effects (e.g., Szomoru et al. 2013; Suess et al.
2019; Mosleh et al. 2020; Suess et al. 2022; Miller et al. 2023).
Additionally, some studies also suggested that the radial steps
should be larger than the PSF half-width at half-maximum to
account for correlated noise (e.g., de la Vega et al. 2025). In this
section, we also present the results obtained from the decon-
volved images to test the roboustness of our results.

Following the method described in the previous studies, we
obtain the deconvolved images in every band of each galaxy by
fitting the corresponding image with a single Sérsic model. Then
a first-order correction is applied to the deconvolved models by
adding the residual flux between the observed image and the
PSF-convolved model. Based on the rest-frame 1 wm morphol-
ogy, we construct a series of concentric elliptical annuli with
a radial step of 2 pixels (0.08 arcsec), exceeding the PSF half-
width at half-maximum. We then estimate the physical-property
profiles following the procedure described in Section 3.4.

Using the same methodology as in Section 4, we also derive
the median profiles of galaxies across different redshift and
stellar-mass bins. The results are presented in Figure C.1. It
can be seen from this figure, after accounting for PSF smear-

3 The corresponding results will also be available at https://
github.com/jsong-astro/JWST-CANDELS
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Fig. B.1. Similar to Figure A.1, but comparing the best-fit parameters derived from SED fitting using different filter configurations against those
obtained with the full 10-filter set from the JADES-GDS field. Panels (a) and (b) show results with the F410M band included, while panels (c) and
(d) show results with the FOOOW band excluded.

ing, the results are largely consistent with those presented in
Figures 9—-11. As in Section 4.4, we also estimate the corre-
sponding sSFR gradients, with the results presented in Table 1.
For low-mass galaxies, the transition in sSFR gradients becomes
even more pronounced. In contrast, for massive galaxies, the
central sSSFR shows mild suppression, and the transition in sSSFR
gradients between 0.5 kpc and 2.5 kpc is less evident. However,
when a larger radial range is considered to derive the sSFR gra-
dient, negative gradients can also be observed at high redshift.
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Fig. C.1. Similar to Figure 9 — 11, but for radial profiles derived from the deconvolved images.
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