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Abstract

We present a spatially resolved study of stellar populations in six galaxies with stellar masses M, ~ 10'°M,, at
z~3.7 using 14-filter James Webb Space Telescope (JWST)/NIRCam imaging from the JADES and JEMS
surveys. The six galaxies are visually selected to have clumpy substructures with distinct colors over rest frame
3600—4100 A, including a red, dominant stellar core that is close to their stellar-light centroids. With 23-filter
photometry from the Hubble Space Telescope to JWST, we measure the stellar-population properties of individual
structural components via spectral energy distribution fitting using PROSPECTOR. We find that the central stellar
cores are =2 times more massive than the Toomre mass, indicating they may not form via single in situ
fragmentation. The stellar cores have stellar ages of 0.4—0.7 Gyr that are similar to the timescale of clump inward
migration due to dynamical friction, suggesting that they likely instead formed through the coalescence of giant
stellar clumps. While they have not yet quenched, the six galaxies are below the star-forming main sequence by
0.2—0.7 dex. Within each galaxy, we find that the specific star formation rate is lower in the central stellar core, and
the stellar-mass surface density of the core is already similar to quenched galaxies of the same masses and
redshifts. Meanwhile, the stellar ages of the cores are either comparable to or younger than the extended, smooth
parts of the galaxies. Our findings are consistent with model predictions of the gas-rich compaction scenario for the
buildup of galaxies’ central regions at high redshifts. We are likely witnessing the coeval formation of dense
central cores, along with the onset of galaxy-wide quenching at z > 3.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); Galaxy quenching
(2040); Galaxy structure (622); High-redshift galaxies (734)

1. Introduction (J. M. Lotz et al. 2017), have obtained more than 100,000

Over the last two decades, deep imaging surveys with the rest-frame optical images for mass complete samples of

Hubble Space Telescope (HST), such as GOODS (M. Giavali- galaxies up to redshift z = 3. These observations have not only

sco et al. 2004), CANDELS (A. M. Koekemoer et al. 2011; greatly advanced our understanding of galaxies’ structural

N. A. Grogin et al. 2011), and Hubble Frontier Fields evolution across cosmic time, but also raised a number of new

questions.

. ) It immediately becomes apparent after analyzing those HST
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denser (e.g., H. C. Ferguson et al. 2004; A. van der Wel et al.
2014; T. Shibuya et al. 2015; G. Barro et al. 2017), and their
morphologies are irregular and often show large-scale
asymmetries (e.g., L. L. Cowie et al. 1995; S. van den Bergh
et al. 1996). This latter morphological feature is also present in
z~0 galaxies, but it has been predominately observed in
galaxy mergers (e.g., C. J. Conselice et al. 2000; J. M. Lotz
et al. 2004). Despite the fact that galaxy major merger rate
increases with redshift (C. J. Conselice 2014), spatially
resolved spectroscopy revealed that at least half of the z~2
star-forming galaxies have a rotationally supported disk,
arguing against them being interacting systems (e.g.,
B. J. Weiner et al. 2006; N. M. Forster Schreiber et al.
2006, 2009, 2018; R. Genzel et al. 2006; K. L. Shapiro et al.
2008; D. R. Law et al. 2009; S. A. Kassin et al. 2012;
R. C. Simons et al. 2017; E. Wisnioski et al. 2019; N. M. For-
ster Schreiber & S. Wuyts 2020). Moreover, most of the z~2
star-forming disks show several giant, kiloparsec-scale stellar
clumps (e.g., B. G. Elmegreen & D. M. Elmegreen 2005;
D. M. Elmegreen et al. 2007, 2009; R. Genzel et al.
2008, 2011, 2014; N. M. Forster Schreiber et al. 2011; Y. Guo
et al. 2012, 2015), a morphological characteristic rarely seen in
the local Universe. Understanding this substantial change in
galaxies’ structures across cosmic time is the key to
constraining models not only of galaxy evolution but also of
the interplay between baryonic and dark matter (e.g., R. Genzel
et al. 2020).

Another important process tied to structural transformation is
galaxy quenching—the physical processes that control the
transition from widespread star formation to quiescence in
galaxies. Since z =3, star-forming galaxies showed a gradual
transformation in their structures from disturbed to normal,
smooth disks (M. Huertas-Company et al. 2015), while the
fraction of clumpy star-forming galaxies decreased from ~50%
to ~5% (e.g., K. L. Murata et al. 2014; Y. Guo et al. 2015). In
the meantime, there was a rapid buildup of quiescent galaxies
(e.g., O. Ilbert et al. 2010; A. Muzzin et al. 2013; O. Ilbert et al.
2013; A. R. Tomczak et al. 2014), which notably have much
larger stellar-mass surface densities than star-forming galaxies
of the same masses and redshifts (e.g., G. Kauffmann et al.
2003; J. Brinchmann et al. 2004; M. Franx et al. 2008;
E. Cheung et al. 2012; M. Mosleh et al. 2017). Is there a causal
link between structural transformations and quenching? While
a physical link between the two phenomena has been seen in
cosmological simulations (A. Zolotov et al. 2015; S. Wellons
et al. 2015; S. Tacchella et al. 2016), this question still eludes
us observationally, because the structure of galaxies is only
known at the time of observation, which makes empirical
constraints on the relative timing sequence of the two events
difficult (e.g., K. Bundy et al. 2010; A. van der Wel et al. 2011;
V. A. Bruce et al. 2012; A. B. Newman et al. 2015, 2018;
S. Toft et al. 2017; Z. Ji & M. Giavalisco 2022, 2023).

There is growing evidence that, as they head toward
quiescence, galaxies develop a dense stellar core, possibly a
bulge (e.g., G. Kauffmann et al. 2003; J. Brinchmann et al.
2004; E. Cheung et al. 2012; C. C. Williams et al. 2014;
E. Nelson et al. 2014; P. Lang et al. 2014; V. A. Bruce et al.
2014; S. Tacchella et al. 2015; G. Barro et al. 2017;
K. E. Whitaker et al. 2017; K. A. Suess et al. 2021; P. Dimauro
et al. 2022; Z. Ji & M. Giavalisco 2023), but the exact
physical mechanism responsible for this buildup of central
regions remains unknown. While major mergers and weak,
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nonaxisymmetric instabilities (e.g., bars, spiral arms) are
believed to drive the development of central structures in
z~0 disks (J. Kormendy & R.C.J. Kennicutt 2004), the
physical conditions, hydrodynamical instabilities in particular,
are very different in high-redshift galaxies. One mechanism to
effectively and efficiently grow the central regions of a galaxy
at high redshift is actually a class of processes, generically
referred to as “wet/gas-rich compaction” whose main feature is
highly dissipative gas accretion toward the galactic center,
which, in turn, promotes enhanced activity of star formation at
a higher rate relative to the average star formation rate (SFR;
A. Dekel et al. 2009). Consequently, right after a compaction
event, a galaxy will have a younger center relative to the other
smooth parts of the galaxy. In the absence of further gas inflow,
this leads to the central gas depletion and finally the quenching
of central star formation (e.g., S. Tacchella et al. 2016).
Hydrodynamical simulations with adequate resolution to model
relevant gaseous physics show that gas-rich major mergers
(A. Zolotov et al. 2015; S. Inoue et al. 2016), collisions of
counterrotating gas streams (M. Danovich et al. 2015), and
violent disk instability (VDI) are all associated with gas-rich
compaction.

Regarding VDI in particular, it can be understood in a
framework of Toomre instability (A. Toomre 1964; J. Binney
& S. Tremaine 2008), where a rotating gaseous disk becomes
unstable when”'

0K
TGX

where o is local gas velocity dispersion, x is epicyclic
frequency, and ¥ is local gas surface density. Observations
found that star-forming galaxies at cosmic noon are character-
ized by large o, with a typical level of 50kms™' (e.g.,
R. Genzel et al. 2008; N. M. Forster Schreiber et al. 2009;
R. Genzel et al. 2011) compared to only a few kilometers per
second observed for nearby spiral galaxies. In addition, high-
redshift galaxies have higher gas fractions, with a typical value
of ~50% compared to a few percent to 10% at z~0
(L. J. Tacconi et al. 2020). With these properties, high-redshift
disks have Q ~ 1 (i.e., the entire disk is unstable/marginally
stable), while low-redshift disks are largely stable with Q > 1.
These lead to two direct consequences in high-redshift galaxies.
First, high-redshift disks are subject to VDI that lead to the
formation of giant stellar clumps. Second, the timescale for the
inward migration of clumps toward the gravitational center’ is
much shorter at high redshifts than in the nearby Universe
(A. Dekel et al. 2009; R. Genzel et al. 2011).

A popular hypothesis is thus that massive stellar cores in
high-redshift galaxies are the result of unstable, gas-rich disks,
which first fragment into giant stellar clumps that then rapidly
migrate inward and finally coalesce to form dense stellar cores
(e.g., M. Noguchi 1999; A. Immeli et al. 2004; F. Bournaud
et al. 2007, 2014; B. G. Elmegreen et al. 2008; A. Dekel et al.
2009; D. Ceverino et al. 2010). On the one hand, the observed
radial color gradients of star-forming clumps seem to support
this hypothesis (N. M. Forster Schreiber et al. 2011; Y. Guo
et al. 2012, 2015; T. Shibuya et al. 2016; E. Soto et al. 2017;

Q <Qc~1 ey

2! For thick disks, Q. is about 0.7 rather than 1 (M. Behrendt et al. 2015).

22 The timescale is set by dynamical friction; hence, it is proportional to the
square of the ratio of disk rotation velocity divided by velocity dispersion, i.e.,

(rot/0)2.
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Table 1
Physical Properties of the Final Sample Presented in This Work

ID R.A. Decl. Redshift Redshift Ref.” log M, ° SFR® Stellar Ageb'C
(Deg) (Deg) (Mo) (Mg yr™") (Gyn)
JADES-JEMS-13396 53.14921 —27.79158 3.559 MUSE 10.00 532 13.5 138 0.8 *1
JADES-JEMS-15157 53.13943 —27.78009 3.591 MUSE and FRESCO*? 9.36 759 1.3 759 0.4 52
JADES-JEMS-6885 53.12832 —27.84573 3.698 FRESCO 9.87 1003 7.4 1 0.4 152
JADES-JEMS-16296 53.15651 —27.77227 3.53 Photometric 9.65 1003 5.4 12 0.5793
JADES-JEMS-14436 53.13306 —27.78456 3.67 Photometric 10.34 537 11.8 33 0.8 =91
JADES-JEMS-11059 53.13484 —27.80887 4.07 Photometric 9.59 T0% 9.6 797 0.4 101

Notes.

# Redshifts are from either the MUSE/HUDF Data Release 2 (R. Bacon et al. 2022), or [S TT]A\9531 emission line detected in the NIRCam WFSS spectra (F. Sun
2024, private communication) obtained by the FRESCO survey (P. A. Oesch et al. 2023), or photometric redshifts when spectroscopic ones are not available.
b Reported values are from the PROSPECTOR spectral energy distribution (SED) fitting with our fiducial model (Section 2.4).

€ Mass-weighted stellar age.

4 The redshift of this galaxy derived using the [S IIJA9531 in its FRESCO spectrum is slightly different from using the Ly« in its MUSE spectrum, with the former

being 3.591 and latter being 3.605.

N. Mandelker et al. 2017). On the other, studies of gas
kinematics find evidence that strong outflows can launch from
the clump sites (R. Genzel et al. 2011), arguing that clumps
might be self-disrupted by strong stellar feedback, which can
significantly reduce the growth rate of central stellar cores
(N. Murray et al. 2010; P. F. Hopkins et al. 2012; S. Genel
et al. 2012; T. Buck et al. 2017). Thus, it remains unknown to
what extent VDIs drive the growth of central regions in high-
redshift galaxies.

The James Webb Space Telescope (JWST; J. P. Gardner
et al. 2023) is revolutionary for studying the detailed physics of
structural transformations and quenching at cosmic noon. For
the first time, we can get images at rest-frame optical and near-
IR (NIR) wavelengths, with a sensitivity that is not attainable
with HST, for galaxies beyond z > 3, closer to the time of early
core/bulge formation and quenching. This guarantees more
direct constraints on the underlying physics. With subkilopar-
sec spatial resolution, JWST’s Near Infrared Camera (NIRCam;
M. J. Rieke et al. 2023b) can resolve a physical scale
comparable to the typical Toomre length of gaseous disks at
cosmic noon (e.g., A. Escala & R. B. Larson 2008; A. Dekel
et al. 2009; D. M. Elmegreen et al. 2009; R. Genzel et al.
2011), promising to identify individual stellar substructures.
Together with the ancillary HST data, imaging that covers truly
panchromatic swathes from rest-frame UV through NIR enable
us to put unprecedented constraints on the detailed, spatially
resolved mass assembly history of galaxies at high redshifts.

In this paper, we present the spatially resolved stellar
populations in six galaxies at 3 < z <4.5. This redshift range
represents one of the key epochs of the Universe when
quenching becomes a significant process (A. Muzzin et al.
2013; C. Schreiber et al. 2018; E. Merlin et al. 2019; A. Shahidi
et al. 2020; A. C. Carnall et al. 2023b, 2023a), which can
provide unique insight into the role that substructures among
massive galaxies may play in the transition from star-forming
disks to bulge-dominated quiescent objects. The galaxies are
visually selected to have bright and red central regions. We
show that these galaxies are very likely in the act of developing
their stellar cores/bulges. We discuss their implications on
structural transformations and quenching at cosmic noon.
Throughout this paper, we adopt the A cold dark matter
cosmology with Planck Collaboration et al. (2020) parameters,
ie., Q,,=0.315 and h=H,/(100kms ' Mpc ") = 0.673.

2. Observations and Analysis
2.1. Sample Selection

This work is a pilot study focused only on six galaxies at
3 <z<4.5 having visually identified prominent, red stellar
cores at rest-frame 4000 A. Basic information of the six
galaxies is present in Table 1. Utilizing the power of multiband
JWST+HST images, we provide a spatially resolved view of
the stellar-population properties of these six galaxies, aiming at
shedding light on the physical mechanisms responsible for the
formation of central spheroidal structure in massive galaxies at
cosmic noon.

The six galaxies are drawn from an initial sample of HST/
F160W-selected galaxies with 3 <z<4.5 from the latest
CANDELS/GOODS-S catalog obtained by the ASTRODEEP
project (E. Merlin et al. 2021). By selection, we first retain 361
galaxies in the footprint of the JWST Extragalactic Medium-
band Survey JEMS; ~10 arcminz; C. C. Williams et al. 2023b,
JWST Cycle 1, PID: 1963), which also appear in the footprint
of the JWST Advanced Deep Extragalactic Survey (JADES;
D. J. Eisenstein et al. 2017), a collaborative program between
the NIRCam and NIRSpec GTO teams. These yield a total of
14-filter NIRCam imaging at A= 0.8—5um (Section 2.2).
Together with the ancillary data from HST, this high angular
resolution imaging data across a total of 23 filters enables us to
perform detailed stellar-population analysis in these galaxies.
With the new photometry from NIRCam imaging (Section 2.2),
we then run spectral energy distribution (SED) fitting with the
code PROSPECTOR (B. D. Johnson et al. 2021) using the
fiducial model described in Section 2.4, during which we set
redshift as a free parameter. Finally, we only retain 301
galaxies as the parent sample whose best-fit redshifts from our
new SED fitting are still in the range of 3 <z, < 4.5.

For each one of the galaxies in the parent sample, we
visually check the color maps produced by its NIRCam
F150W, F182M, and F210M images, \yhich probe rest-frame
light at ~3000, 4000, and 4500 A, orespectively. This
wavelength range, i.e., around the 4000 A break, is chosen
because it contains key information about stellar-population
properties, especially stellar ages (e.g., A.G. Bruzual 1983;
G. Kauffmann et al. 2003). Our visual identification finds 37
(out of 301) galaxies having substructures with distinct
F150W/F182M/F210M colors. As Figure 1 shows, these 37
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Figure 1. The parent sample of 3 < z < 4.5 galaxies from JEMS. The x-axis
shows the stellar mass from our PROSPECTOR SED fitting (Section 2.4), the y-
axis shows the half-light radius derived directly from the F210M surface
brightness profile (no point-spread function (PSF)-convolved analysis
included). Red circles show the 37 galaxies with visually identified
substructures having distinct rest-frame colors at 4000 A. The golden hexagons
show the final sample of six galaxies with red, massive cores presented in this
work (see Section 2.1 for the detailed sample selection).

galaxies are at the massive end of our JEMS parent sample, i.e.,
the majority of them have stellar masses >10°Mg, which is
expected because the visual selection is biased toward bright
substructures in relatively bright galaxies. Among 36 galaxies
in the parent sample with masses >10°°Mg, 22 of them are
visually identified to have substructures, corresponding to a
fraction of 61% =+ 17%. Interestingly, at face value this fraction
is in quantitative agreement with earlier HST studies of the
fraction of galaxies with UV clumps at slightly lower redshifts
2.5 <z<3 (e.g., T. Shibuya et al. 2016; Z. Sattari et al. 2023).
While we caution that the methods used to identify clumps can
significantly affect the results, we defer more detailed
investigation of this impact to a future work with larger
samples and more uniform selection methods.

As Figure 2 shows, our analysis finds that the 37 galaxies
with visually identified substructures have diverse spatially
resolved stellar populations, representing different stages of
galaxy structural transformations. This motivates the present
paper and upcoming papers in this series, where we address
relevant physical mechanisms associated with those different
stages of structural transformations.

In this first paper, we only focus on a group of six galaxies
whose main characteristic is to have a bright and red (at rest-
frame ~4000 A) stellar core, which we refer to as “C1” in the
following. C1 is close to the center of stellar-light distribution,
and it is often accompanied by additional off-center, minor
clumpy substructures (named “C2” and “C3,” if present).
Figures 3 and 4 show their 23-filter cutouts. Our analysis below
shows that C1 is more massive than what one would expect
from a single collapse due to the Toomre instability, and has a
star formation history (SFH) that shows a recent major star
formation episode started ~0.5—1 Gyr ago that peaked at ~0.1
—0.3 Gyr prior to the time of observation. The formation of the
stellar core C1 and its impact, if any, on star formation will be
the main focus of this paper.

Finally, we note that in the future, instead of using visual
selection, we will use a more uniform selection method to study
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resolved properties of the more general population of galaxies
at 3 < z< 4.5 with deep JADES NIRCam imaging.

2.2. Observations and Data Reduction

The six galaxies have been observed with deep” imaging in
14 JWST/NIRCam filters. These include nine-filter images
(FO9OW, F115W, F150W, F200W, F277W, F335M, F356W,
F410M, and F444W) acquired as part in the GOODS-S portion
of JADES, and five additional medium-filter images (F182M,
F210M, F430M, F460M, and F480M) acquired by JEMS.

The NIRCam observations of all 14 filters are reduced using
a consistent method, which has been briefly summarized in
B. E. Robertson et al. (2022) and will be presented in detail
in M. Rieke et al. (2023a) and S. Tacchella et al. (2023, in
preparation). In short, we process the raw images with the
JWST Calibration Pipeline v1.8.1 (H. Bushouse et al. 2022)
with the CRDS pipeline mapping (pmap) context 1009. To
perform the detector-level corrections and obtain count-rate
images, we run the Stage 1 of the JWST pipeline with default
parameters, during which we also mask and correct for the
“snowballs” effect caused by charge deposition arising from
cosmic ray hits. We then run the Stage 2 of the JWST pipeline,
with default parameters, to perform the flat-fielding and flux
calibration, after which we perform several custom corrections
including the removal of 1/f noise and the subtraction of 2D
background from the images, and the correction for the “wisp”
features in the short-wavelength (SW, i.e., filters bluer than
F277W) images. Afterwards, for individual exposures of a
given visit, we match sources to the World Coordinate System
(WCS) of a reference catalog constructed from HST F160W
mosaics in the GOODS-S field with astrometry tied to Gaia-
EDR3 (Gaia Collaboration et al. 2021), calculate astrometric
corrections, and then run the Stage 3 of the JWST pipeline to
combine together all of those individual exposures. Finally, we
combine individual visit-level mosaics together to create the
final mosaic, where we choose a pixel scale of 0”03 pixel "' for
all filters.

The ancillary HST data used in this work are taken from the
latest Hubble Legacy Fields Data Release®* in the GOODS-S
field (G. Illingworth et al. 2016; K. E. Whitaker et al. 2019),
including the imaging data of the ACS/WFC F435W, F606W,
F775W, F850LP, and F814W filters, and of the WFC3 F105W,
F125W, F140W, and F160W filters. For all of those HST
images, we have (1) tied them to the same astrometry and (2)
resampled them to the same pixel scale as those of our
NIRCam images (B. Robertson et al. 2023, in preparation).

2.3. Photometry

For each galaxy, we perform aperture-matched photometry
for (1) integrated flux, (2) individual substructures, and (3) a
smooth component. The integrated flux is defined as total flux
in the pixel aperture generated from a galaxy’s segmentation
map generated by JADES (B. E. Robertson et al. 2022). For
fluxes of individual substructures, we use customized elliptical
apertures that are illustrated in the RGB images in Figures 6
and 7. Finally, the smooth component is defined as integrated
flux minus coadded fluxes of individual substructures.

2 The sensitivity for a 50 detection using a r = 0”15 circular aperture is
~30 mag in the F200W filter (B. E. Robertson et al. 2022).

24 https: //archive.stsci.edu/prepds /hlf/
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Figure 2. Examples of galaxies with different types of substructures identified by our visual selection (see Section 2.1). The RGB cutouts shown here are made with
JWST/NIRCam F150W (B), F182M (G), and F210M (R) images. The pink circle marks the angular resolution (FWHM) of NIRCam/F210M imaging. Our visual
identifications find a sample of 37 galaxies having substructures with distinct colors at rest-frame 4000 A. These galaxies show diverse substructures, and can be
generally categorized into three groups. The left panel shows an example galaxy with a red, prominent stellar core. The middle panel shows an example galaxy with a
dusty core, where in the RGB (made with images at rest-4000 A) cutout, a flux deficit is seen near the center of the NIRCam /F480M image (rest-1 um, starlight). The
right panel shows an example galaxy with a compact blue center. In this paper, we will only focus on six galaxies having visually identified prominent, red stellar cores
at rest-frame 4000 A (similar to the example galaxy shown in the left panel), while the latter (middle and right) two types of galaxies will be studied in forthcoming

papers.

Point-spread functions (PSFs) of all images are first
homogenized to that of NIRCam/F444W. To do so, in the
footprint of JEMS, we visually identify 13 isolated, bright stars
that are unsaturated across all filters from HST through JWST.
We then build effective PSFs (ePSFs) following the method
from J. Anderson & I. R. King (2000). For NIRCam filters, we
have also generated model PSFs (mPSFs) using the package
WEBBPSF (v1.1.1, M. D. Perrin et al. 2012, 2014), during
which we also took into account the observational (e.g., source
location on detectors, optical path difference) and data
reduction (e.g., mosaicking) effects. As shown in
Appendix A, we find excellent agreement between ePSFs and
mPSFs, with a typical difference of <1%. We then homogenize
ePSFs using the package PYPHER, which calculates the
convolution kernel based on Wiener filtering with a regulariza-
tion factor (A. Boucaud et al. 2016). Finally, we perform
aperture-matched photometry in the PSF-matched images.

To estimate photometric uncertainties, we follow I. Labbé
et al. (2005) to first use randomly placed apertures in empty
(i.e., no sources) regions in the images to estimate the growth
of noise as a function of the linear size of aperture. We then fit
the function using the parameterization of R. Quadri et al.
(2007) and finally estimate photometric uncertainties using
Equation 5 in K. E. Whitaker et al. (2011). This procedure will
be presented in detail in B. Robertson et al. (2023, in
preparation).

2.4. Measuring Stellar-population Properties

We model panchromatic SEDs to derive stellar-population
properties of individual structural components, with the
emphasis on robustly measuring their stellar masses, ages,
and SFHs. For each one of the galaxies, we perform two rounds
of SED fitting. The first round aims at checking the physical
association of all structural components, as opposed to the case
when sources at different distances are projected onto the
regions of sky in close proximity of each other. During the
SED fitting of this round, we set redshift as a free parameter
with a flat prior of z€ (0, 10). We then check posterior
distributions of redshift, and consider structural components as
being physically linked when the difference in the median of
their redshift posteriors is <0.1. Afterwards, we fix redshifts of
all components to either the spectroscopic redshift if available

or the best-fit value that we derive from the first-round SED
fitting using the galaxy’s integrated photometry,”” and run the
second-round SED fitting. The fitting results are shown in
Figures 6 and 7, and will be discussed in Section 3.1. Below,
we detail the model assumptions of our SED fitting.

2.4.1. Basic Setup of the Prospector Fitting

The SED fitting code PROSPECTOR (B. D. Johnson et al.
2021) is elected to use in this work. It is built upon a fully
Bayesian framework that makes it possible to fit galaxies’
SEDs with complex models of stellar population synthesis.

Regarding the basic setup of PROSPECTOR fitting, we adopt
the Flexible Stellar Population Synthesis (FSPS) code
(C. Conroy et al. 2009; C. Conroy & J. E. Gunn 2010) where
we use the stellar isochrone libraries MIST (A. Dotter 2016;
J. Choi et al. 2016) and the stellar spectral libraries MILES
(J. Falcon-Barroso et al. 2011). During the modeling, we use
the Markov Chain Monte Carlo (MCMC) sampling code
DYNESTY (J. S. Speagle 2020), which adopts the nested
sampling procedure (J. Skilling 2004). We assume the
P. Kroupa (2001) initial mass function (IMF) for consistency
with the IMF used in the N. Byler et al. (2017) nebular
continuum and line emission model, which we adopt in our
SED modeling. We adopt the P. Madau (1995) intergalactic
medium absorption model.

We set the stellar metallicity as a free parameter and assume
a flat prior in logarithmic space log(Zy«/Zg) € (—2, 0.19),
where Zg = 0.0142 is solar metallicity. The upper limit of the
prior is chosen because it is the highest metallicity that the
MILES library has. We also leave the gas-phase metallicity Zg,g
and ionization parameter U as free parameters during the
fitting, where we use flat priors of log(Zs.s/Zo) € (=2, 0.5)
and logU € (—4, 1).

Following S. Tacchella et al. (2022a), we assume a two-
component dust attenuation model where the dust attenuation
of nebular emission and young stellar populations, and of old
stellar populations, are treated differently (S. Charlot &
S. M. Fall 2000). For stellar populations older than 10 Myr,

25 We notice that, for galaxies with spectroscopic redshifts, our photometric
redshifts are highly consistent with the spectroscopic ones, with a typical
difference of |zgpec — Zphot| < 0.1, thanks to the high-S /N photometric coverage
around both the Lyman Break and Balmer Break.
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Figure 3. Panchromatic HST and JWST/NIRCam images of the three galaxies with spectroscopically confirmed redshifts zype.. The RGB image shown on the left is
made with JWST/NIRCam F150W (B), F182M (G), and F210M (R) images. We use a linear color scale for the RGB cutout to better show the substructures. The pink
circle at the bottom-left marks the FWHM of the NIRCam/F210M PSF (Appendix A). Small panels show cutouts of 23 individual filters covering observed \ = 0.35
—5pm included in the analysis of this work, where the newly obtained 14-filter NIRCam images are labeled with a hexagon symbol at the bottom right. The last small
panel shows the segmentation map. The cutouts of individual filters are shown in a log color scale, highlighting the smooth component of the galaxies.

we assume the dust att.enuation using the parameterization from law, and D()\) is the Lorentzian-like profile used to describe the
S. Noll et al. (2009), i.e., UV dust bump at 2175 A. Instead of setting D()\) as a free

Brust R\ parameter, we tie it to ¢ following the results of M. Kriek &
Taus,2(A) = —=(k'(\) + D ()\))(—) 2 C. Conroy (2013). Therefore, the dust attenuation for the older
4.05 5500A : .
stellar populations only has two free parameters, 6 and 7gys2-
where 74,52 and ¢ correspond to dust2 and dust_index in We assume flat priors for both parameters, i.e., 6 € (—1, 0.4)
the FSPS, k’()) is the D. Calzetti et al. (2000) dust attenuation and Tyus2 € (0, 10). For stellar populations younger than
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Figure 4. Similar to Figure 3, but for the remaining three galaxies with photometric redshifts zphor.

10 Myr, we assume the same dust attenuation law as for the
nebular emission, which has a functional form of

A

—1
— 1 . 3
ssooA) ©

Tdust, 1 (A) = Taust, 1(

where 74,1 corresponds to the parameter dust1 in the FSPS.
Instead of modeling 7,1 as an independent free parameter,
we tie it to Tg,s2 and model their ratio using a clipped normal
prior centered at 1, with a width of 0.3 and in the range
of Tqust, 1/Taust.2 € (0, 2).

We also include active galactic nucleus (AGN) dust torus
templates from M. Nenkova et al. (2008a) and M. Nenkova
et al. (2008b), but we stress that the purpose of including this
AGN component is not to quantitatively constrain the AGN
strength, since the data coverage we currently have does not
have the power to do so. Instead, the purpose simply is to
marginalize over it in order to check how the AGN component
can affect the fitting results. This adds two free parameters: the
ratio of bolometric luminosity from the galaxy divided by that
from the AGN (fagn), and the optical depth of clumps in AGN
dust torus at 5500 A (Tagn). We assume flat priors in
logarithmic space for both parameters, i.e., fagn € (1075, 3)
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and Tagn € (5, 150). We find that fagn is consistent with zero
for all sample galaxies, which is in line with the fact that these
galaxies are not classified as AGNs using other different
selection methods, including X-ray (B. Luo et al. 2017), IRAC
colors (Z. Ji et al. 2022), and multiwavelength selections
(J. Lyu et al. 2022).

2.4.2. Reconstructing Star Formation Histories

One key feature of PROSPECTOR is that it allows flexible
parameterizations of galaxies’ SFHs, both in parametric and
nonparametric forms. This has been demonstrated as crucial to
reducing systematic biases in the measurements of stellar mass,
SFR, and stellar age (J. Leja et al. 2019). Several recent studies
have further shown that statistically, PROSPECTOR is capable of
reconstructing high-fidelity nonparametric SFHs for synthetic
galaxies generated from cosmological simulations (J. Leja et al.
2019; B. D. Johnson et al. 2021; S. Tacchella et al. 2022a;
Z. Ji & M. Giavalisco 2022).

For the fiducial SFH, we assume a piecewise, nonparametric
form composed of Nggy =9 lookback time bins (fipokbacks 1-€-5
the time prior to the time of observation), where SFR is
constant in each bin. Among the nine lookback time bins, the
first two bins are fixed to be 0—30 and 30—100 Myr in order to
capture the recent star formation activity; the last bin is
assumed to be 0.85ty — ty where i is the Hubble Time at the
time of observation; and the remaining six bins are evenly
spaced in logarithmic space between 100 Myr and 0.857y. As
has been extensively tested by J. Leja et al. (2019) using mock
observations of simulated galaxies (see their Figure 15), the
recovered physical properties are largely insensitive to Nsgy
when it is greater than 5. This is also found later through our
analysis presented in Section 3.1 and Figure 5.

The procedure above to reconstruct nonparametric SFHs
potentially suffers from overfitting problems, because it
includes “more bins than the data warrant” (J. Leja et al.
2019). An effective solution to mitigate the issue is to choose a
prior weight for physically plausible forms, as opposed to
letting the SFHs have a fully arbitrary shape (A. C. Carnall
et al. 2019a; J. Leja et al. 2019). Our fiducial measures use the
continuity prior that has been demonstrated to work well across
various galaxy types (J. Leja et al. 2019). Recent studies have
noted the systematics introduced by assumed priors to
reconstructed SFHs (K. A. Suess et al. 2022; S. Tacchella
et al. 2022b; Z. Ji & M. Giavalisco 2022). To check possible
systematics in our measurements, we therefore also experiment
using another well-tested Dirichlet prior (J. Leja et al. 2017). In
addition, we have also tested our results using the parametric
delayed-tau model. As we show in Appendix C, the results of
this work remain qualitatively unchanged using these different
methods of SFH reconstructions. In the remainder of main text,
our discussion thus will only focus on measurements from the
continuity prior.

2.5. Measuring Morphological Properties of the Substructures

To estimate intrinsic stellar masses (Section 3.2) and stellar-
mass surface densities (Section 4.2) of the clumpy substruc-
tures, we perform PSF-convolved morphological fitting. For
each one of the galaxies, we simultaneously model the 2D light
distributions of all clumpy substructures with the fitting code
FORCEPHO (B. Johnson et al. 2023, in preparation), which
adopts a fully MCMC framework and performs the fitting on
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Figure 5. Comparisons of the stellar-mass (top panel) and star formation rate
(SFR; bottom panel) measures. The x-axis shows the measure using integrated
flux, and the y-axis shows the results by coadding the measures of individual
structural components (i.e., substructures+smooth) together. We plot all 37
galaxies showing distinct substructures around the rest-frame 4000 A
(Section 2.1), and the final sample of six galaxies presented in this paper are
marked with the red star symbols. We see excellent agreement between the two
measurements.

the basis of individual NIRCam exposures, as opposed to
performing the fitting in a drizzled image (i.e., a mosaic). In
this way, parameter uncertainties are better estimated because
correlations of adjacent image pixels, and, more importantly
here given the complex morphologies of the galaxies,
correlations of fluxes from neighboring substructures are
naturally taken into account (see B. E. Robertson et al. 2022
and S. Tacchella et al. 2023 for a brief discussion).

A redder NIRCam filter generally better probes the stellar-
mass distribution. Meanwhile, a better angular resolution also
helps to better separate fluxes from individual substructures.
The combination of the poorer imaging angular resolution of
longer-wavelength filters and the younger stellar populations of
off-center clumps (i.e., their SEDs are bluer) makes it
increasingly difficult to morphologically decompose individual
substructures using images of longer-wavelength filters. We
thus perform the FORCEPHO analysis using the reddest
NIRCam’s SW ﬁ!ter we have, i.e., F210M, which probes
rest-frame ~5000 A of the six galaxies. Finally, we model each
clumpy substructure using a single Sérsic profile.

Figure 8 shows results of the FORCEPHO fitting. As the
residual map shows, each one of the substructures is well fit by
a single Sérsic profile. The y map also confirms the presence of
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Table 2
Properties of Spatially Resolved Stellar Populations

D Redshift Component FF1S0Wa log M..° SFR"* Stellar Age” sSFR®

(nJy) (Mo) (Mg yr™") (Gyr) (Gyr™")
JADES-JEMS-13396 3.559 Cl 246408 9.40 *993 27 152 0.7 ¥4 1.07 *919
Smooth 2128+ 114 9.88 *0% 13.4 23 0.6 7} 1.76 538
Integrated 2374+ 117 10.00 £002 13.5 £0% 0.8 741 1.35 1019
JADES-JEMS-15157 3.591 C1 114407 8.71 *90 0.2 31 0.6 73} 0.38 102}
2 92+09 8.02 T012 0.3 10! 0.5 294 2.86 *137
c3 9.8+0.8 8.55 1013 0.2 '3 0.5 93 0.56 039
Smooth 58.7+73 9.35 700 04 %03 0.7 135 0.17 2543
Integrated 89.2 £ 8.3 9.36 *01 1.3 %59 0.4 191 0.56 1033
JADES- JEMS-6885 3.698 Cl 399+ 1.6 9.19 1007 1.5 53 0.6 =51 0.96 =18
2 16.8 + 0.8 8.30 *91¢ 12 tg} 0.3 =51 6.01 34
C3 122408 8.13 1098 12 754 0.1 £51 8.89 1179
Smooth 169.0 + 13.0 9.62 *097 3.6 it 0.4 *92 0.86 *07
Integrated 238.1 & 14.0 9.87 003 74 753 04 133 0.99 018
JADES-JEMS-16296 3.53 Cl1 425413 8.82 1002 2.7 5 0.5 51 4.08 1933
2 7.1+£09 7.88 00 0.4 ig{ 0.1 *1 527 718
Smooth 80.8 + 7.3 9.37 709 0.9 101 0.9 51 0.38 T8
Integrated 130.6 + 8.4 9.65 +88§ 5.4 12 0.5 103 1.20 *939
JADES-JEMS-14436 3.67 cl 87.8 + 1.8 9.58 +003 3.9 ¥92 0.4 *1 1.02 *542
2 38.5+0.9 9.32 ¥4} 5.8 198 0.3 152 2.77 0%
Smooth 169.9 + 17.0 10.05 9% 2.8 £9¢ 0.9 73} 0.24 100
Integrated 2963 + 18.0 10.34 790 11.8 733 0.8 *o1 0.53 *014
JADES-JEMS-11059 4.07 Cl 478+12 9.32 003 2,0 101 0.7 +0! 0.95 008
c2 240+ 1.1 7.97 09 1.2+l 0.4 *31 12.85 *1%2
C3 82+0.5 8.227933 0.4 01 0.5 ¥4 2.41 13§
Smooth 164.0 + 11.6 9.81 4] 73 *)1 03 *94 1.13 032
Integrated 2442 +12.9 9.59 *0%8 9.6 797 0.4 3} 2.46 tgj%

Notes
Fluxes from aperture photometry in PSF-matched NIRCam/F150W images.

Reponed values are from the PROSPECTOR SED fitting with our fiducial model (Section 2.4).
¢ Instantaneous SFR from SED fitting, i.e., SFR in the first lookback time bin (30 Myr) of a nonparametric SFH.

the smooth component surrounding the clumpy substructures in
each one of the galaxies. Ideally, in the FORCEPHO fitting, we
could add an additional morphological component to model
this smooth component together with the clumpy substructures.
However, we find that a single Sérsic profile is unable to
describe the smooth component, because its morphology is
rather complex with large-scale asymmetries. In principle, we
could assume a more complex model for it, e.g., a summation
of several Sérsic profiles. But such a model is purely arbitrary,
and it would be hard to understand and control the systematic
errors behind it. We therefore decide not to model the smooth
component in the FORCEPHO fitting. One concern is then how
this can affect the morphological fits to the clumpy sub-
structures. While it can be significant for faint clumps C2 and
C3, we argue that the effect should be minor for C1 (which is
the focus of this work) because the ratio of the median residual
flux (primarily from the smooth component) to the peak flux of
Cl is only ~0.1%—4%.

3. Results

In this Section, we present the spatially resolved stellar
populations of the six galaxies. In particular, we focus on the
properties of the red, massive core Cl in each one of the
galaxies, and discuss the constraints on its formation
mechanisms.

3.1. Spatially Resolved Stellar Populations

Table 2 presents the physical properties derived from the
fiducial PROSPECTOR model described in Section 2.4. To check
the SED fitting results, we first compare the stellar mass and
SFR derived using the integrated flux with the sum of that
measured for individual components, i.e., substructures plus the
smooth component. We note that these two values are not
necessarily consistent with each other, because summation of
the measurements of N individual components is equivalent to
fitting a galaxy’s SED with (N — 1)x more free parameters
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Figure 6. Spatially resolved stellar populations of the three galaxies with zg... Left: the RGB images are the same as those shown in Figure 3, except that here we
zoom in to the central 1”3 x 173 region. The middle and right panels show the SED fitting results from our fiducial PROSPECTOR model (Section 2.4). Middle: the
normalized (i.e., FF'5'W = 1) photometry and best-fit SEDs of individual structural components defined in Section 2.3. These include best-fit SEDs for (1) visually
identified clumpy substructures, which are color-coded accordingly based on the colors used in the RGB images for individual apertures, (2) the smooth component
(orange), and (3) integrated flux (black). The inset highlights the wavelength range around 2um covered by NIRCam F150W, F182M, F200W, and F210M, and HST/
WEC3 F160W filters. The magenta shaded region marks the rest-frame wavelength range between 3645 and 4100 A, which contains key spectral features sensitive to
stellar age, such as the Balmer jump and D4000 break (A.G. Bruzual 1983; M. L. Balogh et al. 1999). Right: reconstructed nonparametric SFHs of individual
substructures. Each SFH is normalized with its peak SFR, i.e., normalized SFR(t) = SFR(t)/max(SFR(t)), to better show the difference in the shape of SFHs. In each
subpanel, we overplot the best-fit nonparametric SFHs for the smooth component (orange) and integrated flux (black). For better illustration, here we only plot the
best-fit SFHs with solid lines, while in Appendix C, we also plot the 1o uncertainties.

than using its integrated flux alone. Yet, excellent agreement We refer the readers to Appendix D for detailed descriptions
between the two measurements is seen in Figure 5, showing the of SED fitting results of individual galaxies. In the list below, we
consistency and robustness of our SED fitting. In Appendix B, only summarize the key findings. In each one of the galaxies,

we further compare the coadded SFH of individual structural
components, with the SFH obtained from SED fitting of
integrated flux. The two SFHs are consistent with each other
within uncertainty.

Figures 6 and 7 show the spatially resolved SED fitting

1. the red stellar core C1 is the dominant, most massive one
among all identified clumpy substructures. Relative to the
off-center, minor clumps C2 and C3, CI1 contains older
stellar populations, spanning a range in mass-weighted
stellar age of 0.4—0.7 Gyr, and has a lower specific SFR.

results in detail. The SED shapes of individual structural In all galaxies, C1 has a common feature in its
components differ across the entire rest-frame UV to NIR reconstructed SFH—it experienced a recent major star
wavelengths, suggesting that stellar populations vary signifi- formation episode that started ~0.5—1 Gyr and peaked at
cantly within each one of the galaxies. This highlights the ~0.1—0.3 Gyr prior to the time of observation.

importance of having spatially resolved measures of stellar 2. compared to C1, the minor, off-center clumps C2 and C3
populations to get a comprehensive view on the mass assembly are less massive by 20.5 dex. They have bluer colors and
processes in high-redshift galaxies. larger specific SFRs, and feature a generally rising SFH.
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Figure 7. Similar to Figure 6, but for the three galaxies with z,ne shown in Figure 4. Note that the C2 of JADES-JEMS-11059 is not covered by its segmentation map
(the bottom row of Figure 4), but we still include it in the analysis because its photometric redshift is consistent with that of the central galaxy.

3. the stellar population of the smooth component has a
comparable or older stellar age than C1l. The smooth
component contributes the most stellar mass and SFR to
the entire galaxy, but it has smaller surface densities
(i.e., mass/SFR per area) compared to the clumpy
substructures.

3.2. Stellar Masses of the Substructures

The stellar mass of clumpy substructures contains key
information on their physical origins (e.g., A. Dekel et al. 2009;
R. Genzel et al. 2011; Y. Guo et al. 2012; F. Bournaud et al.
2014; Y. Guo et al. 2015; M. Dessauges-Zavadsky &
A. Adamo 2018). Directly comparing their stellar masses with
the mass threshold of gravitational collapse due to local
hydrodynamical instabilities (Mrtoomre; A. Toomre 1964, see
Section 3.3 for details) will immediately tell us that if their
formation is consistent with in situ fragmentation in gaseous
disks.

Accurately measuring the stellar mass of clumps, however, is
very challenging, because they are embedded in a smooth
component, e.g., a galaxy disk. We thus need to properly
subtract the contribution from the smooth component at the

11

clump locations; otherwise, the stellar-mass measures will be
biased (M. Huertas-Company et al. 2020). In our case, this can
be formularized as

int
M C

=1n-Mc — MS), 4)

where Mém is the intrinsic (i.e., true) stellar mass of a clump;
M is the stellar mass of that clump derived from SED fitting
with fluxes directly from aperture photometry (Section 2.3 and
Section 2.4); MSC is the contribution from the smooth
component to the stellar-mass measure at the clump location;
and finally 7 accounts for aperture correction.

Reliably estimating MSC and 7 requires information on
intrinsic shapes of clumps and the smooth component, which
unfortunately are not known a priori, and it becomes
increasingly challenging when clumps are fainter. However,
we reiterate that the primary goal of this work is to understand
the formation of massive stellar cores (i.e., C1), rather than to,
e.g., measure the stellar-mass function of clumps. If the stellar
mass of a clump is less than the threshold mass even before
subtracting MSC ,i.e., "Mc < Mroomre, its formation will then be
fully consistent with in situ fragmentation. Robustly determin-
ing the stellar masses for these low-mass, faint clumps (mostly
C2 and C3) is beyond the scope of this paper, and in such cases
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we simply use nMc as a strict upper limit (Figure 9 and
Section 3.3).

In the remainder of this Section, the main focus will be on
estimating intrinsic stellar masses of clumps (C1 in particular)
more massive than Mroomre. We estimate them using two
different empirical methods (Sections 3.2.1 and 3.2.2), and
with different aperture correction factors (Section 3.2.3). In
short, our conclusion, that intrinsic stellar masses of C1 are
larger than Mrgomre, does not depend on the choice of method.

3.2.1. Estimating Mé"' by Directly Subtracting the Mass Contribution
from the Smooth Component

As we showed earlier in Figure 5, because the coadded
measurements of stellar mass and SFR are consistent with those
derived using integrated flux, this supports our decision to
perform the direct subtraction in mass. If we assume that the
mass-to-light (M/L) ratio is constant and stellar mass is
uniformly distributed within the smooth component, then M{
simply is the stellar mass of the smooth component derived via
SED fitting using fluxes directly from aperture photometry
(Mg) and scaled by the area ratio of the clump (Ac) to the
smooth component (Ag). The intrinsic stellar mass of the clump
is then

MEP = (M - %MS). (5)

N

Because stellar masses of individual components were derived
by SED fitting (Section 2.4), the biggest advantage of this
approach is that the spatial variation in M/L has already been
largely taken into account, despite not being on a pixel-by-pixel
basis. In Figure 9, we plot the resulting Mcim as filled symbols

with error bars. For all C1, we find Mé"t / Mroomee =, 2, arguing
against formation via in situ fragmentation. We use the intrinsic
stellar masses of C1 derived from this approach as the fiducial
ones for the discussion in Section 4.

3.2.2. Estimating M™ by Subtracting the Flux Contribution from the
Smooth Component

Differing from directly subtracting mass, alternatively we
can first subtract the flux contribution from the smooth
component to the clump location, and then estimate M™. The
Equation (4) thus becomes

) A .fC
Mt =n- [Mc - uMc], (6)

C

where fSC is the flux contribution per pixel from the smooth
component to the clump location, and F¢ is the flux of the
clump from aperture photometry.

For each one of the galaxies, we estimate fSC by subtracting
from its F210M image the best-fit FORCEPHO models
(Section 2.5) of all clumpy substructures. We then do a 3o
clipping on the residual image and use the median residual
pixel value as fSC . Because we ignore the smooth component
during the FORCEPHO fitting (Section 2.5), instead of using
the residual image, we also estimate fSC in a more aggressive
way. We first mask out pixels within r=2 X R, circular
regions of individual clumpy substructures from the galaxy’s
segmentation map, and then estimate fSC as the median pixel
value of the masked image (i.e., without subtracting the best-fit
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FORCEPHO models of clumpy substructures). This latter
estimate certainly overestimates fSC because the flux contrib-
ution from clumps to the smooth component is not fully
removed. Even so, we find that fSC only increases by ~3%
—7%, which is small and will not cause any substantial changes
in our results.

In Figure 9, we use hollow symbols with dashed edges to
show the M™ of C1 from this approach. The M™ from this
approach are larger than the fiducial ones, which is expected
because Equation (6) assumes the same M/L for C1 and the
smooth component. As Figure 6 and 7 show, in each one of the
galaxies, C1 has a redder rest-frame (B — V') color, as probed
by F182M — F277W, than the smooth component. Because
M/ L increases as (B — V') becomes redder (e.g., S. S. McGaugh
& J. M. Schombert 2014), using Equation (6) can lead to an
under-subtraction of MS. This issue can be mitigated by doing
the FORCEPHO analysis across all filters, as opposed to only
using the F210M filter, and then taking the M/L variation into
account with the FORCEPHO-derived model photometry.
Following this, we find that the intrinsic masses of Cl can
change by <20%, a sufficiently small amount that does not
substantially change any of our results.?

3.2.3. Estimating the Aperture Correction Factor |,

By default, we use the best-fit Sérsic profile from the
FORCEPHO fitting (Section 2.5) to derive the aperture correction
factor . As the posterior plots of Figure 8 show, the Sérsic
profiles of C1 are tightly constrained, with typical uncertainties
of Sérsic index n and effective radius R, of <10%. C1 are
resolved/marginally resolved in NIRCam/F210M images
(PSF FWHM =0707), spanning a range in R, of 0707
—0”14, corresponding to 0.5—1kpc at the median redshift
Z = 3.7. For minor clumps C2 and C3, their Sérsic profiles are
much less constrained. We also check our results by adopting a
rather conservative aperture correction, namely, assuming the
clumps are point sources, which we already knew does not
accurately describe C1’s morphologies. Using the point-source
aperture correction can lead to a decrease in stellar mass by a
factor of ~1.5—2.1, which, still, cannot substantially change
our conclusions because all C1 have Mém/MToomre 2 2 (see
Figure 9 and Section 3.3 below).

3.3. Origins of the Substructures

A prominent feature of high-redshift galaxies is the presence of
giant stellar clumps that are far more massive than individual star
clusters observed in nearby galaxies (e.g., D. M. Elmegreen et al.
2007; R. Genzel et al. 2008, 2011; S. Wuyts et al. 2012; Y. Guo
et al. 2012, 2018). One scenario to form such giant clumpy
substructures is through in situ fragmentation due to VDIs (e.g.,
M. Noguchi 1999; A. Immeli et al. 2004; F. Bournaud et al.
2007; B. G. Elmegreen et al. 2008; A. Dekel et al. 2009;
D. Ceverino et al. 2010; S. Inoue et al. 2016). In a rotating
gaseous disk, gravity needs to overcome both gas pressure and

26 We could use the FORCEPHO model photometry from the outset to do SED
fitting, instead of using aperture photometry. But we argue that using the model
photometry would then make the accuracy of the measured SED sensitive to
the assumption of the intrinsic shapes of the clumps, which could deviate from
a single Sérsic profile and may also depend on wavelength. These systematics
are difficult to control, and can be particularly significant for the inferences of
stellar age and SFH. Therefore, in this work we decide to stay empirical and
use the properties of stellar populations measured with fluxes from aperture
photometry.
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Figure 8. Morphological analysis for the individual substructures. Each substructure is modeled as a Sérsic profile using the code FORCEPHO that adopts an MCMC
framework to perform PSF-convolved analysis in individual exposures to better estimate the parameter uncertainties (Section 3.2). The best-fit centroids of individual
substructures are marked with the star symbols. The left three columns show the F210M cutout, best-fit model, and residual, respectively. The fourth column shows
the residual x map, which is defined as xy = (data — model)/error, from which we clearly see the smooth component surrounding the clumpy substructures. The last

column shows the posterior corner plot of Sérsic index n vs. circularized effective (i.e., half-light) radius R,.
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Figure 9. The scatter plot of the intrinsic stellar masses of clumpy substructures (y-axis) vs. the total stellar masses of their host galaxies (x-axis). The black solid line
marks the prediction of Toomre mass Mrtoomre, Which represents the largest stellar mass that a clump can form through Toomre instability in an unstable, gaseous disk
(see Section 3.3). The dashed and dotted lines mark 2 x and 3 X Mroomre, respectively. The upper-left gray shaded region marks the unphysical part where
M > M. The symbols used for individual galaxies, as well as the corresponding color scheme used for individual clumpy substructures, are labeled on the right.
For low-mass clumps whose stellar masses are already less than Mroomre before subtracting the contribution from the surrounding smooth component (Section 3.2), we
plot the upper limits of their M{™. Similar to previous plots, the stellar cores, Cl, are color-coded in red. The filled symbols with error bars show the M™ estimated via
the method of Section 3.2.1, while the hollow symbols with dashed edges show the M estimated via a different method described in of Section 3.2.2. We find that
the intrinsic stellar masses of C1 are significantly larger than Mroomre in all six galaxies, suggesting that C1 may not form through in situ fragmentation due to Toomre

instability.

shear forces produced by the relative motion between fluid
parcels. A. Toomre (1964) showed that in situ fragmentation can
happen if the parameter Q is less than unity (Section 1).
Consequently, clumps have a characteristic mass that represents
the largest stellar mass that a clump can form via Toomre
instability, a.k.a. the Toomre mass. Following R. Genzel et al.
(2011), the Toomre mass can be calculated as

Froue Y M
~ 9| Jyoung disk
Mroome = 5 x 10 ( 04 m Mo, @)

where fyoung is the mass fraction of components forming stars,
and Mg is the total baryonic mass of a disk.

To estimate Mtoomre fOr our sample, we assume fyoung = foas»
where fy,s is the gas-to-baryonic mass fraction, ie.,
Mgas/ (Mgas + My). Strictly speaking, Mg, here should be the
summation of molecular and atomic gas masses in galaxy
disks, but we assume Mg, & Myo1005 fOr the following reason.
While directly measuring atomic gas in galaxies beyond the
local Universe is technically challenging, studies using the
damped Lya absorbers toward high-redshift quasars infer a
generally very weak, if any, evolution of the cosmic atomic
hydrogen density (py 1) up to z~ 5 (e.g., S. M. Rao et al. 2006;
J. X. Prochaska & A. M. Wolfe 2009; C. Péroux &
J. C. Howk 2020; F. Walter et al. 2020). Meanwhile,
observations with different probes of molecular gas, including
CO, far-IR SED, and submillimeter dust continuum, have
reached a consensus, at least up to z = 4, that the molecular-gas
mass of galaxies rapidly evolves at a rate of (1 +2)°*"' (e.g.,
R. Genzel et al. 2015; N. Scoville et al. 2017; L. J. Tacconi
et al. 2018; D. Liu et al. 2019). Putting together the weak py;
and strong molecular-gas evolutions, because the mass ratio of
atomic gas divided by molecular gas is ~2—3 at z~0 (e.g.,
A. Saintonge et al. 2011; B. Catinella et al. 2013), it is
reasonable to assume Mg,s & Minoleas (hence foas X frolgas) iN
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galaxies at z > 1 (see a similar argument from L. J. Tacconi
et al. 2018 for this assumption).

We estimate fioigas for the six galaxies using the best-fit
relationship from L. J. Tacconi et al. (2020; see their Table 3),
who combined a number of surveys of galaxies’ molecular gas
content across cosmic time, and also included the dependence
of the relationship on stellar mass and the distance to the star-
forming main sequence. We note, however, that almost all of
those high-redshift surveys were designed for galaxies with
My > 10'°M,, either on or above the star-forming main
sequence. Because five out of the six galaxies presented in
this work have My, ~ 10°? 7'M, (Table 1), we use the fiolgas
derived for M, =10'""M, galaxies. As we will show in
Section 4.2, all six galaxies are below the star-forming main
sequence. Using their distances to the star-forming main
sequence, we find fy,s ~ 0.5 for our sample, similar to those
observed in star-forming galaxies on the main sequence at
z~2 (e.g., L. J. Tacconi et al. 2008; E. Daddi et al. 2010;
L. J. Tacconi et al. 2010). We note that f,o1eas increases with
decreasing stellar mass. If the scaling relationship of fiigas
from L. J. Tacconi et al. (2020) can be safely used for galaxies
with M, < IOIOM@, we would get frolgas ~ 0.6 assuming
M, = 10°>M,, the lowest stellar mass of the six ;alaxies.
This would increase Mroomre by a factor of (0.6/0.5)" = 1.44,
which however is small compared to the stellar mass of C1 and
hence does not change our conclusion about the formation of
C1 detailed below.

With f, in hand, we then get Myisx = My + Mgos = M.y [fass
and finally use Equation (7) to calculate Mroomre. In Figure 9,
we plot the relationship between Mroomre and M, as the black
solid line. In what follows, we discuss possible physical origins
of the clumpy substructures.

To begin, Figure 9 shows that the most minor clumps (C2
and C3) are less massive than Mryomre; hence, they are
consistent with in situ formation through gravitational
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fragmentation in gaseous, turbulent disks. These clumps are
bluer, and have enhanced specific star formation rates (sSFRs)
compared to C1 and the smooth component (Table 2). These
properties are similar to the star-forming clumps found in
galaxies at lower redshifts 1<z<3 from earlier HST
studies (e.g., B. G. Elmegreen & D. M. Elmegreen 2005;
D. M. Elmegreen et al. 2007; S. Wuyts et al. 2012).
Quantitatively, these individual minor clumps contribute 5%
—50% of the total SFR, and <10% of the total stellar mass of
their host galaxies, in broad agreement with earlier studies of
UV-bright clumps at 1 <z<3 (e.g., Y. Guo et al. 2012). In
addition, they have overall rising SFHs that started ~0.3 Gyr
ago, which is also consistent with the young stellar ages found
in 2 < z < 3 star-forming clumps (D. M. Elmegreen et al. 2009;
N. M. Forster Schreiber et al. 2011; R. Genzel et al. 2011;
Y. Guo et al. 2018).

Apart from C1, two other clumpy substructures are more
massive than Mrtoomee, 1.€., the C3 of JADES-JEMS-15157
(blue X in Figure 9) and the C2 of JADES-JEMS-14436 (green
hexagon in Figure 9). Regarding the former, its intrinsic stellar
mass i8S ~1.5 X Myoomre- We notice, however, that it might
contain two distinct clumps, which is particularly clear in the
F210M image but becomes less obvious in other filters
(Figure 3). After taking this into account, its formation is then
still consistent with in situ fragmentation. Regarding the latter,
i.e., the C2 of JADES-JEMS-14436, we see a clear tidal feature
associated with this substructure in the NIRCam SW'’s filter
images (Figure 4 and Appendix D). Therefore, the physical
origin of this substructure is very likely related to a minor
merger with a mass ratio of 1:10 (Table 2). The minor mergers
can have two broad effects on the clump formation. First, minor
mergers can disturb the gas distribution in galaxy disks, trigger
local starbursts, and hence induce clump formation (F. Bourn-
aud et al. 2014; S. Inoue et al. 2016). Second, the clumps can
be minor mergers themselves, i.e., the clumps have an ex situ
origin. Using cosmological hydrodynamical simulations,
N. Mandelker et al. (2014) found that the ex situ clumps have
a typical stellar age of 0.5—3 Gyr and sSFR of 0.1—2 Gyr™ ',
which are in quantitative agreement with the C2 of JADES-
JEMS-14436 (Figure 7 and Appendix D).

Finally, at the core of this study is the physical origin of C1
—the stellar core. In each one of the six galaxies, C1 is redder
than the other parts of the galaxy, and has significantly
larger stellar mass than Mroome, With a typical ratio of
Mém/MToomre = 2. This excessive stellar mass is strong
evidence that Cl1 may not formed via a single in situ
fragmentation in gaseous disks. Relative to those minor clumps
discussed above, C1 has a lower sSFR and is closer to the light
centroid of NIRCam images at ~4um. All of these are
consistent with C1 being a forming stellar core/(pseudo-)bulge,
which will be discussed in detail in the remainder of this paper.

4. Discussion
4.1. The Formation of Cl1: Early (Pseudo-)Bulge Formation?

In the local Universe, bulges and pseudo-bulges are believed
to have different origins, with the former primarily formed
through major mergers (e.g., L. Hernquist 1989; J. E. Barnes &
L. Hernquist 1996; P. F. Hopkins et al. 2009) and the latter
formed through secular evolution in galaxy disks (e.g.,
V. P. Debattista et al. 2004; T. Okamoto 2013; E. Athanassoula
et al. 2015). According to the classification for z ~ 0 galaxies,
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the light distribution of a classic bulge is similar to a spheroid
(n=4), while it becomes flattened (smaller n) for a pseudo-
bulge (J. Kormendy & R.C.J. Kennicutt 2004). Therefore, from
a purely morphological perspective (Figure 8), the C1 of
JADES-JEMS-13396 (n > 2) is more like a classic bulge, while
in the other five galaxies, C1 are consistent with pseudo-bulges;
although, we stress that without dynamical measures it remains
difficult to definitively distinguish the two.

At high redshifts, early numerical simulations showed that
stellar cores formed through the coalescence of inspiral stellar
clumps should have n ~ 2—4, which is consistent with classic
bulges (B. G. Elmegreen et al. 2008). Later simulations
however, after taking into account the gas kinematics of
individual clumps, showed that the remnant of the clump
coalescence should still have significant rotation, arguing that
the high-redshift cores are more consistent with being pseudo-
bulges (D. Ceverino et al. 2012; S. Inoue & T. R. Saitoh 2012).
Regardless, those simulations consistently showed that the
coalescence of clumps is an efficient way to grow dense central
cores in gas-rich galaxies at high redshifts. Indeed, the
coexistence of C1 with other minor, off-center star-forming
clumps (C2 and C3) in the six galaxies is consistent with this
picture.

The reconstructed SFHs provide another key constraint on
the physical origin of C1. If they form through the coalescence
of inspiral clumps, the timescale for the clumps’ inward
migration will be ~0.5 Gyr (e.g., M. Noguchi 1999; A. Immeli
et al. 2004; F. Bournaud et al. 2007; R. Genzel et al.
2008, 2011). This is consistent with the SED fitting that the
mass-weighted stellar ages of C1 span a range of 0.4—0.7 Gyr
(Section 3.1). The clump migration scenario also predicts the
radial age gradient of clumps. Indeed, those off-center minor
clumps (C2 and C3, if present) have significantly younger
SFHs (Figures 6 and 7), spanning a range in mass-weighted
stellar age of 0.1—0.5 Gyr (Table 2). These are in quantitative
agreement with the scenario of growing the stellar core of
massive galaxies at high redshift through VDI, i.e., one of the
processes associated with gas-rich compaction initially pro-
posed by A. Dekel et al. (2009; also see Section 1 for a detailed
description), which predicts that clumps should have stellar
ages <0.5 Gyr at the outskirts and be older at the center.

One important question about the efficacy of the inward
migration scenario is the uncertain lifetime of clumps. Can
clumps formed in disks survive stellar feedback until they
coalesce at the center? Some simulations with intense stellar
feedback models showed that clumps are short-lived, and
should be self-destroyed within <50—100 Myr (P. F. Hopkins
et al. 2012; S. Genel et al. 2012). In contrast, other simulations
with different stellar feedback models showed that they can
produce relatively longer-lived stellar clumps with a typical age
of a few hundred megayears (J. Perez et al. 2013; D. Ceverino
et al. 2014; F. Bournaud et al. 2014). The stellar ages of
0.1—-0.5 Gyr measured for the minor clumps C2 and C3 favor a
relatively longer lifetime of clumps than the predictions from
intense stellar feedback models. Similar conclusions were also
reached by earlier studies of z~2 star-forming clumps
(S. Wuyts et al. 2012; Y. Guo et al. 2012). Arguably, however,
the measured stellar ages of C2 and C3 still seem to be shorter
than the ~0.5 Gyr required for the inward migration. As
pointed out by F. Bournaud (2016), however, the observed
stellar ages of clumps are only lower limits to their true ages,
because during their evolution, clumps continuously exchange
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Figure 10. The star-forming main sequence of 3 < z < 4.5 galaxies from JEMS. The stellar mass and SFR are derived from SED fitting with integrated flux. Each
galaxy is color-coded using its best-fit photometric redshift. The green solid line shows the star-forming main sequence at z = 3.7 for M, > 10%°M, galaxies from
P. Popesso et al. (2023). We extrapolate it to M, < 10° M, and plot it as the green dashed line. The green shaded region marks the 0.3 dex range. Also plotted as
the magenta solid line is the star-forming main sequence at z = 2.7 for M, > 10"%2M, galaxies from J. Leja et al. (2022), who also used PROSPECTOR with a similar
SED model of this work. Similarly, we also extrapolate it to M, < 10'®?M, and plot it as the magenta dashed line. The six galaxies presented in this work are marked
with golden hexagons. They are below the star-forming main sequence by ~0.2—0.7 dex.

mass with the surrounding ISM through outflows and inflows
(F. Bournaud et al. 2007; A. Dekel & M. R. Krumholz 2013;
F. Bournaud et al. 2014; V. Perret et al. 2014). According to the
zoom-in simulations from F. Bournaud et al. (2014), a clump
with an observed stellar age of 0.1—0.2 Gyr corresponds to a
true age of 0.3—0.5 Gyr. Taking this into account, the inferred
stellar populations for the minor clumps thus are still in line
with the scenario where the central regions of high-redshift
galaxies are built through the inspiral of clumps.

We also note that gas-rich major mergers (another process
associated with gas-rich compaction), if present, can help
efficiently grow central cores/bulges at high redshifts as well.
However, we do not see clear evidence of major mergers in the
six galaxies presented here. The effect induced by recent minor
mergers, e.g., the formation of bars, can also contribute to the
buildup of (pseudo-)bulges (e.g., F. Bournaud et al. 2005;
M. C. Eliche-Moral et al. 2011; J. Guedes et al. 2013). Given
the complex morphologies of the galaxies, however, it is hard
to distinguish an in situ stellar clump from a merging low-mass
galaxy. Minor mergers thus might also contribute to the
development of central regions in the six galaxies.

Finally, we notice that C1 has a comparable /younger mass-
weighted stellar age than the smooth component in each one of
the galaxies (Table 2). As the reconstructed SFHs show (see
Figures 6 and 7), this is because the smooth component started
its major mass assembly either at about the same time as C1, or
earlier, i.e., >1Gyr prior to the time of observation.
Interestingly, recent studies of galactic archeology found that
the Milky Way’s bulge is predominately composed of =>9
—10 Gyr-old stars (corresponding to a formation redshift z = 2
—3; e.g., B. Barbuy et al. 2018; S. Hasselquist et al. 2020),
while the formation of thick-disk stars likely started as early as
atz > 6, 1i.e., 13 Gyr ago (M. Xiang & H. -W. Rix 2022). These
are seemingly similar to the reconstructed SFHs of C1 and the
smooth component. It is thus possible that we are witnessing
the early formation of structural components that will
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eventually evolve into the bulge and thick-disk components
in the Milky Way—like galaxies at z ~ 0; although we caution
that the six galaxies are likely hosted by dark matter halos ~0.5
—1.5 dex more massive®’ than the Milky Way’s.

4.2. Implications for Galaxy Quenching

We now advance the discussion by connecting what we
found about the six galaxies to the general picture of galaxy
quenching.

To begin, in Figure 10 we present the star-forming main
sequence, i.e., SFR versus stellar mass, for all 301 galaxies at
3 < z< 4.5 in our parent sample from JEMS (Section 2.1). The
SFR and stellar-mass measures shown in the plot are from our
PROSPECTOR SED fitting with the same model as that assumed
for the six galaxies (Section 2.4), measured with integrated
flux. We compare the star-forming main sequence with that
from P. Popesso et al. (2023),%® who conducted a comprehen-
sive literature search, and used a consistent method to derive
the star-forming main sequence over 1 <z <6 for galaxies
with M, > 10*°M. As Figure 10 shows, our measurements
are in excellent agreement with the distribution measured by
P. Popesso et al. (2023). We also plot the star-forming main
sequence from J. Leja et al. (2022), who also used PROSPEC-
TOR with a very similar SED model to ours, but only measured

27 We base this estimate on the stellar-to-halo mass ratio, and the halo mass
growth history from P. S. Behroozi et al. (2013a, 2013b). For a 10°”M, galaxy
at z = 3, we find it is hosted by a ~1012’7M® halo at z ~ 0.1, which is ~0.7 dex
more massive than the Milky Way’s dark matter halo (L. Posti &
A. Helmi 2019).

28 As noted by P. Popesso et al. (2023), they made a —0.3 dex correction for
the stellar-mass measures from the PROSPECTOR fitting with nonparametric
SFHs. This systematic offset in stellar-mass measures between nonparametric
and parametric SFHs has also been reported by others (J. Leja et al.
2019, 2022; Z. Ji & M. Giavalisco 2022, 2023). For a proper comparison, we
therefore enlarge the stellar mass in the best-fit star-forming main sequence of
P. Popesso et al. (2023; their Equation (10)) by 0.3 dex.



THE ASTROPHYSICAL JOURNAL, 974:135 (27pp), 2024 October 10

I -a
O
&
%

¥ (Mo kpc=2)

Barro+17 Zii,c for QGs
Barro+17 iy for SFGs

108 4

10 15 20 25 3.0 35 a0
Redshift
Figure 11. The stellar-mass surface density at the location of C1. The symbol
used for each galaxy is the same as in Figure 9. The solid line shows the X; ypc
evolution of galaxies at 0.5 < z < 3 measured by G. Barro et al. (2017). We
extrapolate this evolution to z > 3 and plot it as the dashed line. The evolution
of star-forming galaxies and quiescent galaxies is plotted in cyan and magenta,
respectively. The shaded region marks the 0.3 dex range. Although the six
galaxies have not quenched yet, their stellar-mass densities within the region of
C1 are already high, approaching the central stellar-mass surface density of
high-redshift quiescent galaxies (see Section 4.2 for detailed discussions and

caveats of this comparison).

the relation for galaxies up to z=2.7 with M, > 10'"*M,
owing to the stellar-mass incompleteness. As Figure 10 shows,
the six galaxies presented in this work are below the star-
forming main sequence by 0.2—0.7 dex, suggesting a possible
link between the presence of a massive stellar core (e.g., C1)
and galaxy quenching.

In Figure 11, we continue the discussion by comparing the
stellar-mass surface densities at the location of C1 (X)) with
the prediction based on the evolution of Xy, i.e., the stellar-
mass surface density within the central radius of 1kpc, of
0.5 < z < 3 galaxies measured by G. Barro et al. (2017) using
HST data from CANDELS. Specifically, we compare with the
2| kpe €volution of star-forming (the cyan line in Figure 11)
and quiescent (the magenta line in Figure 11) galaxies with
M, = 109'7M®, i.e., the median stellar mass of the galaxies
presented in this work.

Before proceeding to discuss the results, we clarify how we
estimate Y¢; for a fair comparison with the existing X ypc
measures, and caution about the caveats in this comparison.
First, because Cl are close to the center of stellar-light
distributions (NIRCam images at ~4pum in Figures 3 and 4),
and their sizes are ~0.5—1 kpc (effective radius, Figure 8), ¥
is a good proxy for the central stellar-mass surface densities of
the galaxies presented in this work. Second, we note that the
existing X ype measures simply assumed a single Sérsic profile
for the entire galaxy, meaning that those X y,. measures
included all stellar masses in the central regions, regardless of
their origins (e.g., cores versus stars in disks). For a fair
comparison, instead of using M{}' (Equation (4)), we thus
include all masses at the location of Cl, i.e., X¢; = nMcy /Aci,
where Ac, is the aperture size used for Cl. Third, the earlier
studies were only able to study the evolution of XJ; . up to
z=3. In this work, we therefore need to extrapolate the ¥ ypc
evolution from G. Barro et al. (2017) to a higher redshift range,
ie., 3<z<4.5. Finally, at z~3, while the stellar-mass
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completeness of CANDELS is still ~10°°M, for star-forming
galaxies (e.g., Z. Ji et al. 2018; P. Santini et al. 2022), it rises to
~10"*M, for quiescent galaxies (G. Barro et al. 2017). We
therefore also need to extrapolate the ;. evolution for
quiescent galaxies from G. Barro et al. (2017) to a lower stellar
mass 10°'Mg,.

As Figure 11 shows, except JADES-JEMS-16296, all five
other galaxies have large central stellar-mass surface densities,
namely, that their ¥¢; are already similar to the X yp. of
quiescent galaxies of similar redshifts and masses. Interest-
ingly, JADES-JEMS-16296 in fact is the galaxy that shows
evidence of recent rejuvenation of central star formation, which
will be further discussed in Section 4.3. Although the galaxies
presented in this work are not quenched yet, they are below the
star-forming main sequence. On the one hand, although we
cannot be sure that these six galaxies will not rejuvenate their
star formation activities in the future, the findings here suggest
that galaxies have already formed significant amount of their
mass in a spheroidal central component while they are still in
the star-forming phase, which is consistent with what has been
found in the IllustrisTNG simulations (A. Pillepich et al. 2019;
S. Tacchella et al. 2019). On the other hand, it is also possible
that the galaxies are actually heading toward quiescence. The
presence of a massive stellar core with a surface density
comparable to quenched galaxies then suggests that the
suppression of star formation may occur along with the
development of dense central regions. The implication is that
there is either a causal link between quenching and central
structural transformations, or an as-yet unidentified physical
process that controls both events.

The conclusion above is in broad agreement with the studies
at lower redshifts (e.g., J. J. Fang et al. 2013; G. Barro et al.
2017; K. E. Whitaker et al. 2017; S. Tacchella et al. 2018;
K. A. Suess et al. 2021; Z. Ji & M. Giavalisco 2023). What is
different here, though, is that we are now able to study the
buildup of central regions in the act at 3 <z<5 in the
progenitor of lower-redshift massive quiescent galaxies, thanks
to the deep NIRCam imaging obtained by JADES and JEMS.
This, in our view, is an important step forward because those
lower-redshift quiescent galaxies are already old—the typical
stellar age of z~ 1—2 massive quiescent galaxies is about
1 Gyr (e.g., A. C. Carall et al. 2019b; S. Tacchella et al.
2022a; Z. Ji & M. Giavalisco 2022). This fact complicates the
interpretation for the correlation between the star formation
properties and central stellar-mass surface density that is well
established at z=1-2 (e.g., S. Belli et al. 2015; C. C. Williams
et al. 2017; V. Estrada-Carpenter et al. 2020), because post-
quenching processes can alter galaxies’ structures. Thus, it is
difficult to assess if the correlation is really due to a causal link
between the development of dense cores and quenching, or is
simply a byproduct of another yet-to-be identified physical
process. Pushing observations closer to higher redshifts z > 3,
i.e., closer to the time of quenching, enables a more direct view
of the relative timing between structural transformations and
quenching, hence, guarantees a more accurate constraint on the
relationship between the two phenomena.

4.3. Consistency between Our Observations and the Gas-rich
Compaction Scenario

Finally, we discuss our constraints on the physical mechan-
isms responsible for the correlation between the star formation
properties and central stellar-mass surface density observed in



THE ASTROPHYSICAL JOURNAL, 974:135 (27pp), 2024 October 10

galaxies at cosmic noon (e.g., M. Franx et al. 2008; E. Cheung
et al. 2012; G. Barro et al. 2017; K. E. Whitaker et al. 2017).
Our observations are fully in line with the so-called “gas-rich
compaction” scenario, which, as we already mentioned in
Section 1, is a class of processes whose main feature is highly
dissipative gas accretion toward the center of galaxies. This
process promotes enhanced central star formation activity,
followed by the central gas depletion and finally the quenching
of central star formation (A. Dekel et al. 2009; D. Ceverino
et al. 2010; A. Dekel & A. Burkert 2014; A. Zolotov et al.
2015; S. Wellons et al. 2015; S. Tacchella et al. 2016).

One important prediction of gas-rich compaction is that,
right after a compaction event, we should observe a younger
stellar population at the center as a result of recent central
starburst triggered by the highly dissipative gas accretion. This
is observed in the six galaxies where C1 is comparable to/
younger than the smooth component (Section 3.1). Addition-
ally, we find that C1 features a common SFH whose SFR
declines over the past 0.1—0.3 Gyr, following a major star-
forming episode ~0.5—1 Gyr prior, and peaked ~0.2—0.5 Gyr
ago. This SFH is consistent with the six galaxies experiencing a
gas compaction event, followed by a suppression of star
formation likely as the result of central gas depletion. If there is
future gas replenishment, this chain of events, ie., gas
compaction followed by gas depletion, will repeat several
times before the final quiescence of the entire galaxy at z < 3
(S. Tacchella et al. 2016). Indeed, we see evidence of star
formation rejuvenation in the C1 of JADES-JEMS-16296 by
the time of observation. This rejuvenation event happens at
~0.3 Gyr after the peak of the galaxy’s most recent
major star formation episode. Interestingly, this timescale is
very similar to the model predictions for the oscillation
timescale (0.2—0.5#y, corresponding to 0.3—0.8 Gyr at
z=23.7) of star formation triggered by gas replenishment
(S. Tacchella et al. 2016). However, we caution that this result
is sensitive to the assumed prior of nonparametric SFHs (see
Appendix C).

5. Summary

This is the first paper of the series that uses deep 14-filter
JWST/NIRCam imaging data from the JEMS and JADES
surveys to study in detail the spatially resolved stellar
populations of galaxies at redshifts 3 <z < 4.5, a key epoch
of the Universe that can provide unique insight into the role
that substructures among massive galaxies may play in the
transition from star-forming disks to bulge-dominated, quies-
cent galaxies.

We visually inspected color maps at rest-frame 3600
—4100 A produced by JWST/NIRCam imaging for all
3 <z<4.5 galaxies in JEMS, from which we identified a
sample of 37 galaxies having substructures with distinct rest-
frame colors. These 37 galaxies show diverse spatially resolved
stellar populations. In this first paper, we present the spatially
resolved stellar populations in six galaxies with massive stellar
cores, representing a specific stage of galaxy structural
transformation.

We divided each one of the six galaxies into different
structural components, including (1) a bright central stellar core
C1, the focus of this study, (2) off-center, minor clumps C2 and
C3 (if present), and (3) the smooth component representing the
remaining, extended light distribution of the galaxy. Together
with nine-filter ancillary imaging from HST, we fit a total of
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23-filter photometry covering truly panchromatic swathes of
observed wavelength range A =0.4—5um, corresponding to
the rest-frame 0.1—1um, using the SED fitting code PROSPEC-
TOR with nonparametric SFHs. We then studied the stellar-
population properties of those different structural components.

In each one of the galaxies, C1 has a redder color at rest-
frame 4000 A and a significantly lower sSFR than off-center
clumps C2 and C3. We showed that C1 is 22 times more
massive than Mroomre, 1.€., the maximum stellar mass that a
clump can form via Toomre instability, suggesting that it may
not have formed via single in situ fragmentation in an unstable,
gaseous disk. Instead, because C1 has a typical stellar age of
~0.5 Gyr, which is similar to the timescale of clump inward
migration as the result of dynamical friction, we argued that C1
likely formed through the coalescence of giant stellar clumps, a
model prediction from the VDI, which is one of the processes
associated with the gas-rich compaction scenario at high
redshift.

We found that all six galaxies are below the star-forming
main sequence by 0.2—0.7 dex. We showed that the stellar-
mass surface densities of C1 are already comparable to the
central stellar-mass surface density of quenched galaxies of
similar masses and redshifts. In addition, we found that the
stellar populations of C1 are either comparable to or younger
than the smooth component. Putting these together, we thus
concluded that we are likely witnessing the coeval development
of dense central cores, along with the beginning of galaxy-wide
quenching at z > 3, likely triggered by gas-rich compaction.

As a closing remark, we stress that the sample presented here
only contains six galaxies and hence has no statistical power. In
addition, the visual selection means that this study is biased
toward bright substructures in relatively bright galaxies. To
obtain a robust statistical characterization of massive stellar
cores in high-redshift galaxies, and a comprehensive picture of
its relationship with quenching, a much larger sample with a
more uniform selection method is required. We, however, view
this work as a pilot study to demonstrate the power of JWST,
especially its imaging capability with NIRCam, in constraining
the spatially resolved mass assembly history of galaxies at
z>3 in unprecedented detail. We reiterate that the galaxies
here were selected from JEMS, whose sky coverage is
relatively small (~10 arcmin?). The ongoing JADES survey
will eventually produce NIRCam imaging and NIRSpec
spectroscopy of similar depth over a sky area of
2200 arcmin® in the GOODS fields, promising a statistically
significant galaxy sample at z>3 that will dramatically
advance our understanding of the physics of galaxy structural
transformation and quenching in the early Universe.
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Appendix A
Comparing Effective PSF with Webbpsf-Predicted
Model PSF

Knowledge of the point-spread function (PSF) plays an
essential role in getting accurate PSF-matched aperture
photometry and, hence, the inferences of physical properties
of stellar populations. Per JWST User Documentation,*’
NIRCam’s PSFs are under-sampled in both <2pum SW filters
and <4um LW filters. To overcome this, we have constructed
empirical and theoretical PSF models for JADES and JEMS
with the following three different approaches:

2 https:/ /jwst-docs.stsci.edu
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1. Effective PSF (ePSF)—We construct ePSFs using the
EPSFBuilder in PHOTUTILS, which adopts the empirical
method from J. Anderson & I. R. King (2000) to iteratively
solve the centroids and fluxes of a list of input point sources,
and then stack them together. For the list of point sources,
we visually selected 13 isolated point sources from JADES
and JEMS. These point sources are bright, but unsaturated
across all NIRCam filters used in this study.

2. Model PSF (mPSF)—Two effects are taken into account
during the construction of mPSFs. The first effect comes
from instrumental responses, which are taken care by the
software WEBBPSF. The other effect comes from data
reduction, especially from the mosaicking process. To
include both effects to the mPSF construction, we assume a
list of synthetic point sources with known WCS coordinates.
For each one of the point sources, we first project its WCS
coordinate to individual exposures. In each exposure, we
then convert the WCS coordinate to the corresponding
detector coordinate, and use the WEBBPSF to predict the
PSF at that location, during which we adopt the JWST on-
orbit measured optical path difference map closest to the
date of that exposure. We repeat these for all synthetic point
sources. Finally, we use the mosaicking pipeline of JADES
to combine individual exposures together and get the
mosaicked PSF images. We have made the PSF mosaics for
all NIRCam filters used in this work (three examples are
shown in Figure 12). These mosaics allow us to check
astrometric accuracy, image quality, and to study the spatial
variation of PSFs, which will be presented in detail in Z. Ji
et al. (2023, in preparation).

3. Simple WEBBPSF—Unlike mPSFs, simple WEBBPSF
models do not include any observational and data
reduction effects.

In Figures 13 and 14, we compare the above three PSF
models. Excellent agreement is seen between ePSFs and
mPSFs, with a typical difference of <1% in radial profiles of
enclosed energy. We have tested our PSF-matched photometry
using the mPSFs, and found no substantial changes at all for
the results of this paper.

We note, however, that the analysis here demonstrates that
simple WEBBPSF models can significantly deviate from ePSFs,
especially at small angular scales of <0” 1. Therefore, using simple
WEBBPSF models can lead to significant systematics in the PSF-
related analysis, if observational and data reduction effects are not
taken into account. Once these effects are properly modeled, the
prediction of WEBBPSF is very accurate. This last point is very
important for extragalactic deep surveys like JADES, whose
observational configurations (e.g., dithering patterns) can be
complex and where not enough high-S/N, unsaturated stars are
in the field for constructing high-quality ePSF models to large
angular scales.


https://jwst-docs.stsci.edu

THE ASTROPHYSICAL JOURNAL, 974:135 (27pp), 2024 October 10 Ji et al.

- Program 1180 Program 1180 Program 1180

Figure 12. JADES PSF mosaics of NIRCam/F090W (left), F200W (middle), and F444W (right) filters produced following the procedure described in Appendix A.
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Figure 13. Comparisons among three different PSF models (Appendix A) for the NIRCam filters used by JADES. Plotted in the bottom of each panel are the
differences between mPSFs and ePSFs (red dashed line), and between simple WEBBPSF models and ePSFs (blue dashed line), where the horizontal, gray dashed lines
mark +1% range. Excellent agreement is observed between ePSFs and mPSFs, while simple WEBBPSF models significantly deviate from ePSFs at small angular
scales.
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Figure 14. Similar to Figure 13, but for the five medium-band NIRCam filters used by JEMS.

Appendix B
Comparing Coadded SFHs with SFHs from SED Fitting of
Integrated Flux

Apart from comparing the coadded stellar mass and SFR
with those measured from SED fitting of integrated flux
(Figure 5), here we compare the coadded SFH of individual

structural components, with the SFH from SED fitting of
integrated flux. The results are shown in Figure 15. The two
SFHs are consistent with each other within uncertainty, further
demonstrating the consistency and robustness of our SED
fitting results.
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Figure 15. Comparison of the coadded SFH of individual structural components with the SFH derived from SED fitting of integrated flux. The y-axis shows the
relative difference, i.e., (coadded—integrated) / integrated, of the two SFHs. The gray shaded region shows 1o uncertainty.
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Appendix C
SED Fitting with Different Priors of Star Formation
History

Apart from the fiducial SED fitting with nonparametric
SFHs assuming the continuity prior (Section 2.4), we
have also tested our PROSPECTOR fitting results using the
other two SFHs, namely, nonparametric SFHs with the
Dirichlet prior (J. Leja et al. 2017) and parametric SFHs
with a delayed-tau functional form. For the difference
between the continuity and Dirichlet priors, we refer readers
to J. Leja et al. (2017) for details. In short, these two priors
for nonparametric SFHs are very similar except that the
continuity prior is strongly against sudden changes in SFR in
adjacent lookback time bins. For the delayed-tau model, i.e.,
SFR(t) o (t — tyge)e 1)/7 we fit 7 with a logarithmically
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flat prior of log(7/Gyr) € (=2, 1), and t,,. With a flat prior of
tage/Gyr € (1072, tyy).

In Figure 16, we compare the measurements of stellar mass
and SFR from different SFH assumptions. Very good
agreement is seen across the three SFH models. In
Figures 17 and 18, we compare the fiducial reconstructed
SFHs with the delayed-tau and Dirichlet nonparametric SFHs,
respectively. As expected, the nonparametric SFHs are able to
capture more complex shapes than the delayed-tau ones, but the
overall shapes of these two SFHs are very similar. Meanwhile,
relative to the fiducial SFHs from the continuity prior, the
Dirichlet nonparametric SFHs show larger fluctuations in SFR
in adjacent lookback time bins, but these two nonparametric
SFHs, in general, mirror each other in terms of their overall
shapes. The tests here show that the results of this work are not
sensitive to the assumptions of SED models.

101 _

100 _

101 ;

100

10° 10!
SFR (Continuity)

Figure 16. Comparisons of stellar-mass and SFR measures from different SFHs for the individual structural components of the six galaxies presented in this work.
Color-coding is the same as Figure 6 in the main text (C1 are in red). Symbols used for individual galaxies are the same as Figure 9 in the main text. The black solid

line in each panel marks the one-to-one relationship.
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Figure 18. Similar to Figure 17, but now comparing with the nonparametric SFH reconstructed using the Dirichlet prior.

component, the shapes of their SFHs are different. For the
smooth component, its mass assembly was at a relatively low,
but nonnegligible, rate in early times of f#okpack > 0.4 Gyr,
followed by a rapid increase in SFR. For C1, however, most of

JADES-JEMS-13396. The top row of Figure 6 shows the its mass formed through a recent star formation episode during
SED fitting result of this galaxy. Despite that the mass- Hookback = 0.2 ~ 0.8 Gyr. By the time of observation, the
weighted stellar age of C1 is consistent with that of the smooth smooth component is forming stars at a higher rate than Cl,

Appendix D
Detailed Descriptions of the Spatially Resolved Stellar
Populations of the Six Galaxies

24



THE ASTROPHYSICAL JOURNAL, 974:135 (27pp), 2024 October 10

with the sSFR of the former being ~1.6 times larger (Table 2).
These differences in SFH shapes qualitatively remain if we
instead use a parametric delayed-tau or nonparametric Dirichlet
SFH priors (Figures 17 and 18). We also notice that a color
gradient is clearly present in the smooth component, with the
upper-left side (likely contains several faint clumps in it) being
bluer than its rest parts.

JADES-JEMS-15157. The middle row of Figure 6 shows the
SED fitting result of this galaxy. Unlike C2 having a
monotonically rising SFH, the SFH of C1 gradually rises
toward a relatively recent peak at fjooxpack 0.3 Gyr, followed
by a rapid decline over the past 0.2 Gyr. By the time of
observation, the sSFR of C1 is only ~0.4 Gyr ', ~7.5 times
smaller than that of C2 (Table 2). We note that C3 has a similar
stellar population to that of C1, but this is because the spatial
separation between C1 and C3 is so small—about 0”1, which
is smaller than the angular resolution of NIRCam/F444W
imaging—that the aperture photometry (Section 2.3) for one
substructure is significantly affected by the other. Finally, while
C1 and the smooth component share a similar SFH in early
times, they differentiate from each other at late times: unlike
C1, whose SFR quickly declined after the fiookpack 0.3 Gyr
peak, the smooth component retained that peak SFR toward a
later time of fookpack < 0.1 Gyr. All of these remain qualita-
tively unchanged if we instead use a parametric delayed-tau or
nonparametric Dirichlet SFH priors (Figures 17 and 18).

JADES-JEMS-6885. The bottom row of Figure 6 shows the
SED fitting result of this galaxy. There is no significant mass
assembly before fiookpack >1 Gyr for all structural components,
but their SFHs are different over the recent 1 Gyr. Compared to
C2 and C3, ClI is older by 0.3 ~ 0.5 Gyr (Table 2). Moreover,
C1 has a post-starburst-like SFH; namely, it experienced a
burst of star formation during figokpack = 0.2~ 0.6 Gyr,
followed by a rapid decline of SFR. Differing from C1, both
C2 and C3 are experiencing ongoing bursts of star formation
that started ~0.2 Gyr ago. By the time of observation, the
sSFR of C1 is 6.3 and 9.3 times smaller than those of C2 and
C3, respectively. Finally, while the smooth component
generally mirrored the shape of C1’s SFH before the peak
(fiookback ~0.2 Gyr), they differed from each other afterward:
the SFR of C1 quickly declined to a very low level, while the
smooth component retained the peak SFR to a later time of
fookback <0.1 Gyr. All of these differences in the SFHs of
different structural components remain qualitatively unchanged
if we instead use the other two SFH priors (Figures 17 and 18).

JADES-JEMS-16296. The top row of Figure 7 shows the
SED fitting result of this galaxy. Both Cl1 and C2 are
experiencing bursts of star formation started <0.1 Gyr ago,
and their instantaneous sSFRs are similar, ~5 Gyr~'. While it
is not seen from the delayed-tau SFH (Figure 17), the
reconstructed nonparametric SFH (Figures 7 and 18) suggests
that older (fiookback =, 0.5 Gyr) stellar populations are also
present in Cl1, leading to its larger mass-weighted stellar age
than C2 (Table 2).

JADES-JEMS-14436. The middle row of Figure 7 shows the
SED fitting result of this galaxy. The major mass assembly
event of C1 started at fiookpack ~0.6 Gyr, peaked at fiookback
~0.2 Gyr, and gradually declined afterward. For C2, its SFR
monotonically increased since fookpack 0.8 Gyr, before which
its SFR was consistent with zero. There also seems to be a tidal
tail associated with C2 (see, e.g., NIRCam FI150W cutouts in
Figure 4), so this is a possible merging system. Also noticed for
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this galaxy is that the smooth component has a very extended
SFH, namely, its mass assembly began at fjookpack >1 Gyr,
corresponding to redshift z > 7, and the SFR started to decline
since fipokpack 0.6 Gyr. All of these features in SFHs remain
qualitatively unchanged if we instead use the other two SFH
priors (Figures 17 and 18).

JADES-JEMS-11059. The bottom row of Figure 7 shows the
SED fitting result of this galaxy. Cl contains old stellar
populations with age >1 Gyr, and it also has a recent burst of
star formation that started ~0.2 Gyr ago, peaked at fiookback
~0.1 Gyr, and declined afterward. Meanwhile, C3 has an
overall rising SFH. For C2, although it is not in the
segmentation map of the galaxy (Figure 4), it is still included
to the analysis because its photometric redshift solution is
consistent with that of the galaxy JADES-JEMS-11059. C2 is
experiencing a starburst started <0.3 Gyr ago.
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