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ABSTRACT

Context. The stellar structures of star-forming galaxies (SFGs) undergo significant size growth during their mass assembly and must
pass through a compaction phase as they evolve into quiescent galaxies (QGs). The mechanisms behind this structural evolution re-
main, however, poorly understood.
Aims. We study the morphology of the star-forming components in SFGs to reveal the mechanisms that drive the structural evolution
of their stellar components.
Methods. We used high-resolution observations at 18 µm from the Mid-Infrared Instrument (MIRI) on board the James Webb Space
Telescope (JWST) taken as part of the Public Release IMaging for Extragalactic Research (PRIMER) survey to measure the mor-
phology of star-forming components in 665 SFGs at 0 < z < 2.5 and with M∗ & 109.5 M�. We fit single Sérsic models to get the
mid-infrared (MIR) structural parameters of these galaxies. The rest-frame optical morphology was taken from the literature and the
effects of radial color gradients (due to dust or stellar aging) were corrected to obtain the intrinsic structural parameters for the stellar
components of these galaxies.
Results. The stellar and star-forming components of most SFGs (66%) have extended disk-like structures (Sérsic index, nMIR ∼ 0.7
and noptical ∼ 1; flat axis ratio distribution; hereafter called extended-extended galaxies) that are well aligned with each other and of the
same size. Similar to the stellar components, the star-forming components of these galaxies follow a mass–size relation, with a slope
of 0.12, and the normalization of this relation increases by ∼0.23 dex from z ∼ 2.5 to 0.5. At the highest masses (M∗ & 7 × 1010 M�),
the optical Sérsic index of these SFGs increases to noptical ∼ 2.5, suggesting the presence of a dominant stellar bulge. Because their
star-forming components remain in a disk-like structure, these bulges cannot have formed by secular in situ growth. We also observe a
second population of galaxies lying below the MIR mass–size relation, with compact star-forming components embedded in extended
stellar components. These galaxies are rare (15%; called extended-compact galaxies) but become more dominant at high masses
(∼30% at M∗ > 3 × 1010 M�). The star-forming components of these galaxies are compact, concentrated (nMIR > 1), and slightly
spheroidal (b/a > 0.5), suggesting that this compaction phase can build dense stellar bulges in situ. We identified a third population
of galaxies with both compact stellar and star-forming components (19%; called compact-compact galaxies). The density and struc-
ture of their stellar cores (noptical ∼ 1.5; b/a ∼ 0.8) resemble those of QGs and are compatible with them being the descendants of
extended-compact galaxies.
Conclusions. The structural evolution of the stellar components of SFGs is mainly dominated by an inside-out secular growth. How-
ever, this secular growth might be interrupted by compaction phases triggered by either internal or external mechanisms, which build
dominant central stellar bulges as those of QGs.
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1. Introduction

In recent years, significant progress has been made in our
understanding of galaxy formation and evolution through mul-
tiwavelength extragalactic deep surveys. The current consen-
sus is that galaxies in the Universe can be broadly classified
into two main categories (e.g., Ilbert et al. 2013): blue star-
forming galaxies (SFGs) and red quiescent galaxies (QGs). In
general, the SFGs mainly reside along a tight correlation in
the plane of the star formation rate (SFR) against stellar mass
(the so-called main sequence; e.g., Elbaz et al. 2007; Daddi et al.
2007; Noeske et al. 2007; Schreiber et al. 2015; Barro et al.
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2019; Popesso et al. 2023), suggesting a secular growth for these
galaxies. In contrast, QGs show limited star formation activities;
hence, they lie well below the main sequence. One other fun-
damental difference between SFGs and QGs lies in their mor-
phology. The SFGs are mostly disks with an exponential light
profile (i.e., with a Sérsic index, n ∼ 1), whereas local QGs
are more like the elliptical galaxy. with a nearly de Vaucouleurs
light profile (i.e., n ∼ 4; Shen et al. 2003; Wuyts et al. 2011).
To unravel the origin of this morphological bimodality between
SFGs and QGs, and to understand the quenching mechanisms
connecting these two galaxy populations, it is imperative to track
in detail their structural evolution over stellar mass and cosmic
time.
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Earlier research studies have found that the rest-frame opti-
cal sizes of SFGs and QGs show very different stellar mass
and redshift dependencies (Shen et al. 2003; van der Wel et al.
2014). The SFGs typically have a larger effective radius (i.e., a
larger half-light radius) than QGs at low and intermediate stellar
mass. However, SFGs follow a rest-frame optical mass–size rela-
tion with a much shallower slope than QGs. This results in very
massive SFGs and QGs having similar sizes (van der Wel et al.
2014), although massive QGs usually exhibit higher central sur-
face stellar mass density (Barro et al. 2013, 2017). These mor-
phological differences indicate that a significant phase of size
compaction is required for SFGs to evolve into QGs, and both
observations and simulations show that this compaction phase
is often linked with the cessation of central star formation
(Dekel & Cox 2006; Barro et al. 2013, 2017; Lang et al. 2014;
Dekel & Burkert 2014; Tacchella et al. 2016; Lustig et al. 2021;
Lapiner et al. 2023). Nevertheless, the details within this process
remain poorly understood, and at present there is lack of a well-
defined galaxy structural transformation narrative.

According to spectral energy distribution (SED) models,
the rest-frame optical (∼5000 Å) size of galaxies can be used
to trace their stellar emission, and thus provide a proxy for
their stellar mass distribution, although corrections are still
required due to radial color gradient effects (Suess et al. 2022;
van der Wel et al. 2024). To predict the future distribution of
these galaxies’ stellar mass, it is essential, then, to examine
the ongoing stellar mass buildup processes; that is, where star
formation is occurring. Over the past decade, various meth-
ods have been employed to measure the star-forming compo-
nents in galaxies. A direct approach is to utilize Hα emission
radiated from galaxy HII regions surrounding young, massive,
and short-lived stars (e.g., OB stars). However, care must be
taken here as, due to the obscuration of the rest-frame optical
light by dust, one cannot simply equate sizes of the observed
Hα emission with those of the intrinsic star-forming compo-
nents within galaxies (Pérez-González et al. 2003; Nelson et al.
2012, 2016; Tacchella et al. 2015), especially for massive galax-
ies that are more heavily dust-obscured (e.g., Wuyts et al.
2011; Whitaker et al. 2012). To correct for dust attenuation,
the Balmer decrement (Hα/Hβ) or the UV slope (β) are often
used. Multiple studies have measured such dust-corrected Hα
emission and demonstrated that the star-forming components
of low- and intermediate-mass galaxies (i.e., M∗ ∼ 109 −
1010 M�) are slightly more extended than the corresponding
stellar disks, favoring an inside-out growth scenario of SFGs
(Nelson et al. 2012; Tacchella et al. 2015; van Dokkum et al.
2015; Wilman et al. 2020; Matharu et al. 2022; Shen et al.
2024). In contrast, massive SFGs (M∗ ≥ 1011 M�) are found
to exhibit a centrally depressed star formation, which favors an
inside-out quenching scenario for such galaxies (Tacchella et al.
2018). While interesting, the size measurements of the star-
forming components in these galaxies remain uncertain because
of these complex dust attenuation corrections of Hα emission,
which depend on the assumed geometry and composition of the
dust particles.

In lieu of relying on the complicated dust attenuation cor-
rection of Hα (or UV) emission, some studies have sought to
measure the size of high-redshift star-forming components via
their dust emission in the far-infrared (FIR) and submillimeter
bands. They have observed these SFGs mainly with the Atacama
Large millimeter/submillimeter Array (ALMA) at an observed-
frame wavelength of around 870 µm (Simpson et al. 2015;
Hodge et al. 2016; Fujimoto et al. 2017; Gómez-Guijarro et al.
2018, 2022; Elbaz et al. 2018; Lang et al. 2019; Puglisi et al.

2019; Gullberg et al. 2019; Chang et al. 2020; Tadaki et al.
2020; Puglisi et al. 2021). Despite variations in the sample selec-
tion, these investigations come to the agreement that in massive
dusty SFGs, the size of the dust-obscured star-forming compo-
nent is generally smaller (by a factor of two or three) than that of
the stellar component. The compact nature of the star formation
process could be a driving factor in the evolution of such mas-
sive galaxies (Gómez-Guijarro et al. 2022). These results appear
to be at odds with the ones obtained from the Hα emission line,
probably due to differential dust attenuation across the galaxies
(with the cores being more dusty, see e.g., Nelson et al. 2016) or
the disjointed sample selection procedures. Indeed, it is essential
to note that ALMA-detected objects are predominantly massive,
high-redshift SFGs with stellar masses exceeding 1011 M� and
redshifts greater than two. Consequently, for galaxies with low
and intermediate stellar masses (M∗ ∼ 109−1010 M�), the distri-
bution of dust-obscured star-forming components remains to be
explored.

To investigate the dust-obscured star formation distribution
in SFGs of more typical stellar masses (M∗ ∼ 109 − 1010 M�),
an infrared instrument with high sensitivity, good angular reso-
lution, and a large field of view is required. The Mid-Infrared
Instrument (MIRI; Rieke et al. 2015; Wright et al. 2024) on
board the James Webb Space Telescope (JWST; Gardner et al.
2006) provides such an opportunity by conducting comprehen-
sive deep sky surveys spanning from the observed-frame 5.6 µm
up to 25.5 µm with unparalleled quality. This wavelength range
covers the mid-infrared (MIR) region where the emission of
large complex molecules (e.g., the polycyclic aromatic hydro-
carbons; PAHs) dominates (also active galactic nuclei (AGNs)
or compact starbursts). Previous studies have shown that for
local SFGs, up to 20% of the total infrared luminosity is emit-
ted within MIR bands (Smith et al. 2007), and that the MIR
emission of SFGs can serve as an accurate tracer for star for-
mation in both the low- and high-redshift Universe (Elbaz et al.
2011; Schreiber et al. 2018; Ronayne et al. 2024; Shivaei et al.
2024). Compared to its predecessor, Spitzer/MIPS (Rieke et al.
2004), MIRI offers up to ten times deeper sensitivity and much
higher angular resolution (e.g., 0′′.6 at 18 µm for MIRI ver-
sus 6′′.0 at 24 µm for MIPS). JWST/MIRI can therefore effi-
ciently identify galaxies with infrared luminosities lower than
1010 L� at redshifts up to 2 (Kirkpatrick et al. 2023). Utilizing
MIRI observations from the Cosmic Evolution Early Release
Science survey, (CEERS; Finkelstein et al. 2023; Yang et al.
2023b), Shen et al. (2023), and Magnelli et al. (2023) demon-
strated that JWST/MIRI can be used to measure the morpho-
logical structures of star-forming components for distant galax-
ies with stellar masses as low as 109 M� (see also Liu et al.
2023). They successfully measured the star-forming sizes of sev-
eral dozens of SFGs in the redshift range 0.2 < z < 2.5 using
the single Sérsic model and compared these sizes with those of
their rest-frame near-UV/optical stellar emission. Interestingly,
Magnelli et al. (2023) found that when radial color gradients
affecting rest-frame optical sizes are accounted for, the size of
the stellar and dust-obscured star-forming components of SFGs
are, on average, consistent with each other at all stellar masses.
However, there is a small population of SFGs (∼15%) with a
compact star-forming component embedded in a larger stellar
structure. They suggest that this galaxy population could be the
missing link between the common SFGs (with extended stellar
and star-forming components) and the ones with compact stellar
components (often called blue nuggets; Barro et al. 2013, 2017).

In this paper, we build upon the work conducted by
Magnelli et al. (2023) and expand their measurements to a sam-
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ple ten times larger, comprising about 665 sources compared
to the previous 69. This extension has been made possible
through the JWST Public Release IMaging for Extragalac-
tic Research (PRIMER) survey (Dunlop et al. 2021). With this
enlarged dataset of SFGs, we conducted a more comprehensive
statistical analysis and delved into the redshift and mass depen-
dencies of the star-forming sizes. To this end, we firstly modeled
the MIR emission of these SFGs at 0 < z < 2.5 with a sin-
gle Sérsic model. Then, we compared these measurements with
the characteristics of their stellar components traced by the rest-
frame optical observation (van der Wel et al. 2014), corrected
for color gradient effects (Suess et al. 2019; van der Wel et al.
2024). This comparative analysis enables us to retrieve informa-
tion on how the stellar structures of these galaxies evolve with
time and stellar mass, and provides insights into the nature of
the galaxy size compaction and the star formation quenching.

This paper is structured as follows. In Sect. 2, we intro-
duce our data, which includes the JWST-PRIMER MIRI sam-
ple and the corresponding optical counterparts from the CAN-
DELS catalogs (Grogin et al. 2011; Koekemoer et al. 2011).
This section also outlines the sample selection procedures, mor-
phology measurements, and the SED fitting performed with
CIGALE (Boquien et al. 2019) to infer the physical properties
of our galaxies. Section 3 is dedicated to presenting our find-
ings, ranging from simple optical and MIR morphological com-
parisons to the inference of the MIR mass–size relation and a
comprehensive analysis of its redshift evolution. In Sect. 4, we
compare our results with the ones found in the literature, dis-
cuss the robustness of our findings, and integrate our results into
the broader context of galaxy evolution. Section 5 concludes the
paper with a summary.

Throughout this paper, we adopt a standard concordance
ΛCDM cosmology, with H0 = 70 km s−1, ΩΛ = 0.7, and
ΩM = 0.3. For all stellar mass and SFR estimations, we utilize
a Chabrier initial mass function (IMF; Chabrier 2003). Stellar
masses and SFRs taken from the literature adopting a different
IMF were converted by multiplying them by a factor of 1/1.78
for a Salpeter IMF (Salpeter 1955) and a factor of 1/0.94 for a
Kroupa IMF (Kroupa 2001).

2. Data and sample selection

2.1. PRIMER

In this study, we leveraged data from the PRIMER sur-
vey (Dunlop et al. 2021), a public treasury program of JWST
designed to provide an extensive and uniform coverage on parts
of the COSMOS (Scoville et al. 2007) and UDS (Lawrence et al.
2007) deep fields, with both NIRCam and MIRI observa-
tions. The parts of the COSMOS and UDS fields targeted
by PRIMER are those with deep WFC3 Hubble Space Tele-
scope (HST) coverage, from the Cosmic Assembly NIR Deep
Extragalactic Legacy Survey (CANDELS; Grogin et al. 2011;
Koekemoer et al. 2011). The observing modes of PRIMER
include ten bands in NIRCam (F090W, F115W, F150W, F200W,
F277W, F356W, F444W, and F410M) and two bands in MIRI
(F770W and F1800W). The observation, initiated in mid-
November 2022, was mostly completed by August of 2023, with
only a few pointings needing to be reobserved at the end of 2023
due to poor image quality from the first exposure. This paper
specifically focuses on the MIRI maps obtained from PRIMER
before May of 2023, covering approximately half of the planned
COSMOS and UDS fields. The MIRI coverage of the CAN-

DELS COSMOS and UDS fields adopted in this study (obser-
vations prior to May 2023) are shown in Fig. 1.

Details on the processing of the PRIMER MIRI observa-
tions can be found in Pérez-González et al. (2024). Here, we
briefly describe the most important steps. The PRIMER MIRI
imaging was reduced by the JWST rainbow pipeline developed
within the European Consortium MIRI GTO Team, based on the
JWST official pipeline. The background was homogenized using
a so-called super-background strategy, and then was subtracted
from the image. For the PRIMER data, we found that the official
JWST pipeline did not manage to obtain an accurate world coor-
dinate system (WCS) solution across the full mosaic (with sys-
tematic variations of 0′′.2). Therefore, we used the tweakreg ver-
sion provided by the CEERS collaboration (Bagley et al. 2023)
to align the individual frames before stacking and mosaicing.
We then checked that WCS was consistent across all mosaics.
At the end, we had our final science imagines, weighting maps,
and RMS maps, with a pixel scale of 0′′.06, which corresponds
to 0.48 kpc at the redshift of one. In this work, we mainly focus
on the PRIMER-MIRI observations in the F1800W band, which
captures, for galaxies at 0 < z < 2.5, the most prominent PAH
features at the rest-frame 6.2, 7.7, 8.6, 11.3, and 12.7 µm (e.g.,
Li 2020). In this band, the typical 5σ sensitivity in an aperture
of 0′′.37 is 23 mag AB.

The extraction and deblending of sources in our MIRI
F1800W maps were performed using the python package
photutils (Bradley et al. 2023) with a smoothing Gaussian
kernel. The connected pixels threshold was set to 20, meaning
that a detected source has to contain at least 20 pixels. The con-
nectivity was set to 8, implying that neighboring pixels can touch
each other along either edges or corners. The deblend levels was
set to 32 and the deblend contrast was set to 0.005 (i.e., deblend-
ing sources with a difference of at least 5.8 in magnitude). The
detection threshold was set to about two times the error in the
map. This threshold was set after careful visual inspection to
make sure that real-looking sources were not missed. We note
that we also applied our MIRI F1800W extraction maps to the
photometry measurements of the PRIMER-MIRI F770W obser-
vations after PSF-matching. These measurements were not used
for the following morphological analysis, as this signal origi-
nates from both the stellar and the dust emission of galaxies, but
they were used in our SED fit analysis (see Sect. 2.3), in which
they add important extra information. In the end, our PRIMER
MIRI F1800W catalog contains 2517 sources (1254 objects in
COSMOS and 1263 objects in UDS).

2.2. Rest-frame optical counterparts

To obtain the stellar mass, redshift, and rest-frame optical
morphology of our MIRI-detected galaxies, we took advan-
tage of the multiwavelength photometric data from CAN-
DELS (Grogin et al. 2011; Koekemoer et al. 2011). CAN-
DELS deep fields have been extensively observed by numer-
ous ground and space-based multiwavelength surveys, span-
ning from hard X-rays to low-frequency radio, includ-
ing but not limited to the observations from the Canada
France Hawaii Telescope (CFHT)/MegaCam, Subaru/Suprime-
cam, VLT/VISTA, VLT/HAWK-I, WFCAM/UKIRT, May-
all/NEWFIRM, Spitzer/IRAC, Spitzer/MIPS, Herschel/PACS,
and Herschel/SPIRE, and most importantly the HST/WFC3.
The instruments employed on COSMOS and UDS vary slightly,
leading to subtle difference in the associated multiwavelength
catalogs (for details, see Grogin et al. 2011; Koekemoer et al.
2011). For CANDELS COSMOS, we used the UV, optical,
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Fig. 1. Distribution of JWST PRIMER MIRI sources in both the CAN-
DELS COSMOS (upper) and UDS (lower) deep fields. The green
circles represent MIRI detection, corresponding to about half of the
planned PRIMER MIRI coverage of COSMOS and UDS fields. Blue
circles depict the CANDELS sources. Green circles with black edges
are MIRI sources with CANDELS counterparts.

and NIR catalogs from Nayyeri et al. (2017) and far-IR data
from Barro et al. (2019). For CANDELS UDS, we adopted the
UV, optical, and NIR catalogs from Galametz et al. (2013) and
far-IR catalogs from Barro et al. (2019). Redshift and stellar
mass information for COSMOS were derived by Nayyeri et al.
(2017), while for the UDS this information was obtained from
Santini et al. (2015). In both cases, stellar mass and photomet-
ric redshift (when spectroscopic ones were unavailable) were
obtained by modeling the multiwavelength photometry of each
galaxy with various SED fitting codes. The typical error on these
stellar masses is ∼30%. By taking the median value outputs by
these SED codes, the estimations are hence robust against the
star formation history (SFH), assumed metallicity, extinction,
and age parameterizations. In terms of SFR, we chose to use
the one from our fits with the SED fitting code CIGALE (see
Sect. 2.3) because it makes the optimal and consistent use of all
available panchromatic observations for each galaxy (including
their MIR emission measured with MIRI). The typical error on
our SFR is ∼15%. As a sanity check, we cross-verified that the
stellar masses taken from the literature were consistent with our
own measurements obtained from CIGALE: the two estimations
of stellar mass have a median ratio of 1.01 and a scatter of less
than 0.05 dex.

We crossmatched our MIRI detected sample with the CAN-
DELS catalogs based on their coordinates using TOPCAT (Taylor
2005). The maximum error (searching radius) was set to 1′′.0.
In Fig. 1, it is noted that the PRIMER MIRI observations do
not fully overlap with the CANDELS deep fields. In fact, only
64% of our PRIMER MIRI sources (1603) are in the sky area
covered by CANDELS. Among these 1603 sources, 1591 have
a counterpart in the CANDELS catalogs. This leaves us with a
dozen MIRI sources in the CANDELS fields that do not have
optical counterparts. After visual inspection, we find that four
of them are completely undetected in the HST F160W images
but clearly detected at longer wavelengths, probably due to very
heavy dust attenuation (Wang et al. 2019). The remaining ones
are very faint in the HST F160W images, and were hence missed
by the CANDELS catalogs due to inevitable incompleteness at
this signal level. The properties of these MIRI sources without
CANDELS counterparts are thus fully consistent with the so-
called optically dark or faint galaxies, whose redshifts are often
higher than the one of the present study (z > 3; Xiao et al. 2024).
For this reason, we simply ignored them in the rest of our analy-
sis.

We took the rest-frame optical size of our galaxies from the
catalogs of van der Wel et al. (2012), who performed such mor-
phological measurements for all objects detected by HST in the
CANDELS deep fields. A single Sérsic model was assumed and
fit for these objects using GALFIT (Peng et al. 2002, 2010) in
the closest rest-frame optical bands (F160W for z > 1.5 galaxies
and F125W for z < 1.5 galaxies). These structural parameters
include the Sérsic index (n), effective radius (Re, semimajor axis
of the ellipse containing half of the total flux), axis ratio (b/a,
semiminor axis over semimajor axis), and position angle (PA).
To counteract the negative effect of size–color gradient corre-
lating with the redshift and stellar mass of galaxies, we applied
the morphological K-correction advocated in van der Wel et al.
(2014), which effectively converted all measured sizes at a given
observed frame wavelength into rest-frame 5000 Å sizes,

Reopt = ReF ×
(

1 + z
1 + zp

)α
, (1)

with

α = −0.35 + 0.12 z − 0.25 log(M∗/1010 M�), (2)

where ReF is the size measured in the F125W band when z < 1.5
and in the F160W band when z > 1.5, and zp is the so-called
pivot redshift (1.5 for F125W and 2.2 for F160W). As for the
α above, any positive value was set to zero. We note that these
corrections are minor for high-redshift, low-mass galaxies (less
than 0.1 dex), but for low-redshift and high-mass galaxies the
corrections can reach up to 0.15 dex.

Finally, we had to take into account the fact that the half-light
radius at rest-frame 5000 Å were not yet perfect proxy for the
half-mass radius of SFGs (Suess et al. 2019; van der Wel et al.
2024), due to negative radial dust attenuation gradients (i.e., the
central galaxy region is more dust-attenuated than its outskirts)
or stellar age gradients (the central galaxy region is predomi-
nantly occupied by older stellar populations than its outskirts).
To this end, we simply used the empirical mass-dependent cor-
rections from van der Wel et al. (2024), which were deduced by
comparing the optical half-light radius with the half-mass radius
of ∼500 SFGs at 0.5 < z < 2.3 derived from multiwavelength
light profiles from HST and JWST images. These corrections
imply that the half-mass radius of SFGs with a stellar mass
of 1010 M� and 1011 M� are smaller by ∼10% and ∼40% than
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their rest-frame optical half-light radius, respectively. We note
that the stellar mass estimations from van der Wel et al. (2024)
were obtained with Prospector using a nonparametric SFH. This
type of SFH is known to lead to slightly higher stellar mass
compared to the delayed-τ SFH used in our analysis (∼0.1dex
Ciesla et al. 2023). However, the half-light to half-mass correc-
tions from Suess et al. (2022) obtained using a delayed-τ SFH
too do not suggest that there is a need to include such stellar
mass rescaling (i.e., +0.1 dex) before using van der Wel et al.
(2024) corrections. Therefore, we adopted the original
van der Wel et al. (2024) corrections and simply added in
quadrature extra 10% uncertainties to our optical corrected size
measurements.

2.3. Active galactic nucleus identification

The emission of AGNs can dominate the optical and/or MIR
emission of SFGs (Koratkar & Blaes 1999; Lyu et al. 2022;
Yang et al. 2021), and thus significantly bias the structural
parameters inferred at these wavelengths. To ensure that the size
measured in the MIR band indeed originates from star-forming
components, it is imperative to identify galaxies with signifi-
cant AGN emission in this band and eliminate them from our
sample. To this end, we fit the UV-to-FIR photometry of each
galaxy in our MIRI×CANDELS sample using the SED fitting
code CIGALE (Boquien et al. 2019). To set the various mod-
ules and parameters of CIGALE, we followed the description in
Magnelli et al. (2023) and Yang et al. (2023a), but with a much
finer E(B − V) and AGN grid (see Table 1). In brief, we fixed
the redshift according to the CANDELS catalogs and used the
standard delayed-τ SFH. We used the BC03 simple stellar pop-
ulation (SSP; Bruzual & Charlot 2003), assuming a Chabrier
(2003) IMF with solar metallicity (Z� = 0.02). We utilized the
Calzetti (2001) attenuation law and the dust emission model of
Draine & Li (2007), assuming the energy balance. For the AGN
emission, we used the clumpy torus model from Stalevski et al.
(2016), considering both type 1 and type 2 AGNs corresponding
to viewing angles of 30 and 70 degree, respectively, though some
studies suggest that including type 1 AGNs in the CIGALE fit-
ting causes significant model degeneracy versus stellar emission
in the UV/optical (Ni et al. 2021). The ratio between AGN lumi-
nosity and total luminosity was parameterized by the fraction of
AGN emission ( fAGN), which was calculated in the wavelength
range between 3 and 30 µm.

In addition to these CIGALE SED fits, we also used the
X-ray luminosity of our galaxies to identify any potential
AGN-dominated systems. To do this, we used the Chandra
X-ray legacy survey (Civano et al. 2016; Marchesi et al.
2016) for COSMOS field and X-UDS Chandra observations
(Kocevski et al. 2018) for UDS field. After cross-matching, there
are 29 sources that have X-ray detections, 27 of which have
an X-ray luminosity larger than 1042.5 erg s−1, which is usu-
ally treated as the threshold between star-forming dominated
galaxies and AGN-dominated galaxies (see in, e.g., Yang et al.
2018). Among these X-ray AGNs, 13 of them have fAGN ≤
0.1, and 14 of them have fAGN > 0.1. Among the lat-
ter 14 galaxies, 11 of them are all classified by CIGALE
as type-2 AGNs, whose luminosity is significantly obscured
by the dust torus and that thus strongly re-emit in the MIR
band.

Combining both SED fitting results and X-ray luminosity
information, we classified a galaxy as a SFG only if it has
fAGN ≤ 0.1 and its X-ray luminosity is smaller than 1042.5 L�
(as, e.g., in Yang et al. 2023a). We identified 237 AGNs and

were left with 1354 pure SFGs for our subsequent MIR struc-
tural analysis. Very few AGNs (less than 10%) were identi-
fied only from their X-ray luminosity. The AGN incidence in
our sample is consistent with what is found in Magnelli et al.
(2023) but slightly lower than in Yang et al. (2023a), who found
an AGN incidence of 142 out of 560 MIRI detected galaxies.
The slight disagreement (16% vs. 25%) may be explained by
the fact that Yang et al. (2023a) have taken into account six
MIRI bands covering from F770W to F2100W in their analysis,
which better constrains the AGN emission fraction than using
only F770W and F1800W, as is also proved in the JWST/MIRI
simulation of Yang et al. (2021). In Fig. 2, we present three
examples of SED fitting from the AGN-dominated galaxies
to the pure SFGs. It is noteworthy that for galaxies domi-
nated by AGN emission, the typical PAH features between 3
to 20 µm are completely concealed by the underlying the AGN
continuum.

2.4. MIR morphology measurements

2.4.1. Point spread function

As in Shen et al. (2023) and Magnelli et al. (2023), in this work
we performed our structural analysis in the MIR using the the-
oretical MIRI point spread function (PSF) produced by the
WebbPSF model (Perrin et al. 2014) built in python. However,
unlike these previous works, which were based on the CEERS
MIRI map with small sky coverage (∼8 arcmin2), the rela-
tively wide area covered by our PRIMER MIRI maps allows for
the presence of a few ideal point sources (i.e., stars, quasars)
that can be used to create an effective PSF. With this effec-
tive PSF, we can test at first order the accuracy of the theoret-
ical model from WebbPSF. Firstly, we preselected high signal-
to-noise ratio (S/N > 100) sources in the MIRI images with
the photutils task Find_peak. Then, we visually selected the
clean point sources among them, excluding, for example, some
of bright stars with diffraction patterns strongly contaminated
by neighboring sources or bad pixels. Finally, we created the
final effective PSFs by aligning and stacking the three and two
perfect point sources selected in COSMOS and UDS, respec-
tively. These effective PSFs were constructed with a pixel scale
of 0′′.06, using the python package photutils and its task
EPSFBuilder (Bradley et al. 2023). In the end, we find that
the effective PSFs and those modeled from WebbPSF are con-
sistent within 5% in terms of their full width at half maximum
(FWHM). Their major and minor axis and position angle are also
consistent and well aligned. This finding is consistent with the
results of Libralato et al. (2024), who constructed MIRI effec-
tive PSFs using various JWST Cycle-1 public surveys and found
a good agreement between effective PSFs and WebbPSF mod-
els at 18 µm. However, the small number of ideal point sources
found in our fields (two and three) results in the fact that slight
changes in the input parameters of the EPSFBuilder task (e.g.,
the oversampling rate and the number of iterations) can have
impacts on the output effective PSF FWHM. As we are work-
ing in the MIR domain, where the angular resolution is consid-
erably lower than in the near-infrared (NIR) or optical, some
galaxies have sizes very close to these angular resolution lim-
its. This implies that for these SFGs, even very slight deviations
(one pixel; ∼10%) in the FWHM can translate into noticeable
changes in their size measurements. We find that these devia-
tions in the FWHM of our different effective PSF realizations are
at almost the same level as the differences between the effective
PSFs and those from WebbPSF. Therefore, to enable our results
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Table 1. CIGALE model parameters.

Module Parameter Values

Star formation history Stellar e-folding time τ 0.5, 1, 5 Gyr
sfhdelayed Stellar age t 1, 3, 5, 7 Gyr
Simple stellar population Initial mass function Chabrier (2003)
Bruzual & Charlot (2003) Metallicity Z� 0.02
Dust attenuation E(B − V)line 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35,

0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75,
0.80

Calzetti (2001) E(B − V)Factor 1
Dust emission PAH mass fraction qPAH 0.47, 1.12, 1.77, 2.50, 3.90
Draine & Li (2007) Minimum radiation field Umin 5, 12, 20, 30, 40

Power-law slope dU/dM ∝ Uα 2
Fraction of PDR emission 0.01, 0.1, 0.5, 0.99

AGN emission Viewing angle 30, 70
Stalevski et al. (2016) AGN fraction fAGN 0,0.01,0.03,0.05,0.1,0.2,0.3, 0.4, 0.45,

0.4,0.5,0.6,0.7,0.8,0.9
Wavelength range λAGN 3–30 µm

to be more easily reproduced, we decided to use PSFs gener-
ated by WebbPSF for our subsequent MIRI morphological anal-
ysis. We compared our main results with those obtained using
the effective PSFs generated by EPSFBuilder and found that the
choice of PSFs had little impact on our conclusions. Neverthe-
less, we added in quadrature an additional 20% uncertainty to
our size measurements, typical of the dispersion in size measure-
ments obtained using these different effective PSFs. Finally, we
note that the FWHM of WebbPSF at F1800W is 0′′.6. This cor-
responds to an effective radius of about 0′′.2 (assuming a Gaus-
sian profile), which is smaller than the typical size in our sample
(∼0′′.3).

2.4.2. GALFIT fitting

We utilized GALFIT (Peng et al. 2002, 2010) to fit the MIR
emission of our pure SFGs sample, with a 2D single-component
Sérsic model, as was done in Shen et al. (2023). In con-
trast, Magnelli et al. (2023) used a Markov chain Monte Carlo
(MCMC) approach to fit this 2D Sérsic model, which gives a
more reasonable estimation of the uncertainties of the fitting
parameters. However, MCMC is very computationally expen-
sive, and thus not suitable for our large sample. We compared the
performance between GALFIT and MCMC using simulations,
and found that these two methods exhibit consistent results. We
also note that although GALFIT would allow us to fit a more
complex two-component (e.g., bulge+disk) Sérsic model to the
MIR emission, the angular resolution and S/N of these MIRI
detections would limit such an analysis to the few brightest and
most extended SFGs in our sample, hampering the representa-
tiveness of our results. We defer this two-component analysis to
future work.

For the GALFIT fitting, the initial parameters (positions,
magnitude, size, etc.) of each galaxy were set based on the
segmentation map generated by photutils during the source
extraction (see Sect. 2.1). To balance between speeding up our
fits, mitigating contamination from surrounding bright sources,
and dealing with source deblending issues, we chose to fit the
central target galaxy and simultaneously all galaxies in an image
cutout with a size of up to 200 × 200 pixels (12′′ × 12′′),
the specific choice depending on the area of the target galaxy

estimated by photutils. At the end, we only kept the fit-
ting results of the central target. To perform this fitting anal-
ysis, we provided GALFIT with the MIRI error map gener-
ated by the JWST pipeline. Letting GALFIT generate its own
noise estimations was unfortunately impractical due to the lack
of necessary information (van der Wel et al. 2014). When GAL-
FIT fails, typically indicated by a “warning” message, we per-
turbed the initial parameters, by changing the cutout size or
using a smaller initial magnitude estimation, and attempted to
refit for at most ten times. For sources still failing after ten
runs, we stopped the process and flagged them as “non-fitting”
sources.

Sources successfully fit by GALFIT have each of their out-
put parameters labeled as “doubtful” (marked by GALFIT with a
“∗” sign) or “robust” (no “∗” sign). Following van der Wel et al.
(2014), we used this information to flag the GALFIT structural
parameters of a given galaxy into “good” (all seven parame-
ters are robust), “acceptable” (the Sérsic index and effective
radius are robust, while some of other parameters are doubtful,
which is quite rare in our sample), or “bad” (one of the Sér-
sic index or the effective radius is doubtful). We also flagged
a source as bad once one of its fitting parameters reached
the setting boundary values (e.g., with a Sérsic index of 0.2
or 8, or an ellipticity of 0.1). In addition, by visual inspec-
tion, we found that five galaxies in the sample have blend-
ing issues in MIR due to the worse resolution of the JWST
F1800W image. These blending issues correspond to several
close-by optically detected galaxies that look like one single
source in the MIR. We also flagged these problematic sources as
bad.

We find that, except for objects with blending issues, the rest
of the bad and non-fitting objects are sources with very small S/N
(<10) or sources with missed inner pixels. We excluded all these
bad and non-fitting galaxies from our subsequent analysis (see
Sect. 2.5 for the impact of these exclusions on the representativ-
ity of our final sample). As in van der Wel et al. (2014), by visual
inspection, we find that acceptable objects are not necessarily
associated with terrible fits. Furthermore, we verified that the
magnitudes produced by GALFIT and those from photutils
for these acceptable galaxies were consistent with each other
within 3σ (this also being true for galaxies flagged as good).
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We therefore decided to use all the galaxies flagged as good and
acceptable in our subsequent MIRI morphological analysis. Our
final Sérsic model contains seven parameters: positions (x, y),
magnitude (mag), Re, n, b/a, and PA. For illustration, in the
left of Fig. 2, we show examples of GALFIT MIR fits for three
galaxies (from AGN-dominated to purely star-forming), along
with their rest-frame optical images. It is noted that our fitting
strategy with GALFIT provides accurate fits even in a crowded
environment.

2.4.3. GALFIT simulation

Regardless of the fitting methods, obtaining accurate structural
parameters for faint sources is challenging, and GALFIT is no
exception. In van der Wel et al. (2014), GALFIT was applied
on galaxies that are at least two magnitudes brighter than the
5σ limit (S/N ∼ 30). A similar limit (S/N ∼ 40) was used in
Shen et al. (2023). To explore the S/N thresholds above which all
seven parameters of GALFIT Sérsic model fitting can be trusted,
we conducted a set of Monte Carlo simulations with 10000
mock galaxies. The structures of MIR emission of our simu-
lated galaxies were taken from the catalogs of van der Wel et al.
(2014, assuming MIR and rest-frame optical galaxies have sim-
ilar morphology distribution), to which we added small ran-
dom perturbations (20% variations). To create these mock MIR
emission profiles, we used the python packages Sersic2D and
petrofit, and adopted an over-sampling rate of ten. These sim-
ulated galaxies were then convolved with the PSF generated by
WebbPSF and projected into random empty regions of the orig-
inal PRIMER-MIRI maps. These empty regions were identi-
fied based on the segmentation map generated by photutils.
Finally, we fit these simulated galaxies with GALFIT following
two different strategies:
1. Fitting the images with all seven parameters of the single 2D

Sérsic model (hereafter referred to as strategy 1).
2. Fixing the Sérsic index to the median value of the group (in

the rest-frame optical it is one, while in MIR it is 0.7; see
Sect. 3.2) and fitting the remaining six structural parameters
(hereafter referred to as strategy 2).
In Fig. 3, we present the results of our simulation. The metric

used to evaluate the goodness of fitting is the relative error of the
output measurement (i.e., (output−input)/input), and we studied
the evolution of this quantity as a function of the S/N. Addition-
ally, we gauged the goodness of these fits by studying the fail-
ure rate of GALFIT (fraction of the fits flagged as bad or non-
fitting) as a function of S/N. To enhance clarity, we binned the
data by their input effective radius and color-coded them based
on their input Sérsic index. Because we are using optical struc-
tural parameters to generate a realistic set of mock galaxies, the
number in each effective radius bin is not constant. For example,
sources with a small effective radius (i.e., <3 pixels) are rela-
tively rare.

By comparing the top two panels of Fig. 3, it is evident
that estimating the Sérsic index of a galaxy is more challeng-
ing than determining its effective radius, likely due to the fact
that a small change in the effective radius can be compensated
for by a substantial change in the Sérsic index while maintaining
a similar χ2. For strategy 1, we observe that down to S/N ∼ 40,
the Sérsic index is well constrained by GALFIT, with the uncer-
tainty staying below 50%, even for very small sources. How-
ever, for galaxies with S/N below 40, the inferred Sérsic index
appears quite dispersed around its true value and even systemat-
ically biased toward higher values, especially for sources with a
small effective radius. Meanwhile, sources with S/N < 40 show

a high probability of failure, at a rate of even more than 50%
for very small sources. All of these suggest that the Sérsic index
derived from strategy 1 is not reliable for galaxies with S/N <
40. Consequently, we decided to adopt the results of the GAL-
FIT fit of the Sérsic index (strategy 1) only for galaxies with
S/N ≥ 40.

To extend our structural analysis to galaxies with S/N lower
than 40, we turned ourselves to strategy 2, in which the Sérsic
index is fixed to the median value of the group. Fixing Sérsic
index to 1, or 0.7, in strategy 2 is reasonable, considering that
most SFGs exhibit disk-like structures with an approximately
exponential light profile (see Sect. 3.2; also van der Wel et al.
2014; Paulino-Afonso et al. 2017). Compared with results from
strategy 1 for the effective radius, we find that the GALFIT fits
turn out to be better constrained (i.e., median and uncertainties
of (output − input)/input are within 20%) all the way down to
S/N ∼ 10. Besides, by fixing the Sérsic index, GALFIT’s fail-
ure rate significantly decreases by more than 30% (from 65% in
strategy 1 at S/N = 40 to 35% in strategy 2), due to fewer degrees
of freedom in the fit.

Finally, at the bottom right of Fig. 3, we compare the effec-
tive radius inferred from strategy 1 and strategy 2, and hence
restrict ourselves to sources with S/N ≥ 40. We notice that the fit-
ting results of these two strategies are consistent with each other
for galaxies with a Sérsic index that is less than 2. The observed
underestimation in strategy 2 for sources with a relatively high
Sérsic index is also seen as a systematic offset for galaxies in
the bottom left panel of Fig. 3, especially for large galaxies. This
artifact naturally comes from our assumption in Strategy 2 of fix-
ing the Sérsic index to the value of one, while the intrinsic Sérsic
index of these galaxies is significantly larger than one and in par-
ticular larger than two. Fortunately, the fraction of SFGs with a
MIR Sérsic index greater than two is found to be marginal (10%)
in our S/N ≥ 40 sample (see Sect. 3.2); hence, the slight bias of
strategy 2 that we see here should not have a significant impact
on our main results.

In summary, for galaxies with S/N ≥ 40, we measured both
their MIR effective radius and Sérsic index using strategy 1. With
strategy 2, we extended our structural analysis to S/N > 10 by
fixing galaxies’ Sérsic index to the median value observed in the
S/N ≥ 40 sample from strategy 1 (i.e., nMIR ∼ 0.7; see Sect.
3.2). We note that for parameters other than Sérsic index and
effective radius, we find no significant difference in terms of fit-
ting results between strategy 1 and strategy 2. It should be noted
that galaxies in strategy 2 are always included in strategy 1. In
the following sections, we present and discuss only the structural
parameters deduced from one of these strategies, without mixing
them, so that the analysis remains self-consistent.

Finally, we note that the errors of the structural parameters
directly output by GALFIT are very small, with a median of
only a few percent for the Sérsic index and effective radius,
respectively. Such small errors are about three times smaller
than the ones we deduced from our simulations by mea-
suring the dispersion of the (output-input)/input distribution.
Consequently, in what follows, we have used the errors pro-
duced by GALFIT, multiplied by a factor of three, as the
uncertainties on the measured structural parameters of our
galaxies.

2.5. Main sequence of the MIR sample

In Fig. 4, we show the SFR as a function of the stellar mass
for the whole sample of SFGs detected by MIRI with coun-
terparts in the rest-frame optical, in six redshift bins between
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Fig. 2. Left: 10′′ × 10′′ cutouts of the HST F125W (z < 1.5) or F160W (z > 1.5) and MIRI F1800W images (upper panels), and of the GALFIT
model and residual images (lower panels), for three galaxies in our MIRI×CANDELS sample (COSMOS field). Right: Best SED fitting of these
galaxies as obtained by CIGALE (Boquien et al. 2019). Blue and red curves are stellar and dust emission; orange curves indicate the emission
coming from the AGN component. From top to bottom, the AGN fraction is decreasing, from 70%, to 10%, and then 0%. For galaxies dominated
by AGNs, typical PAH features between 3 to 20 µm are hidden by the AGN continuum.
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Fig. 3. Quality of our fits ([output−input]/input) of the Sérsic index and effective radius vs. input S/N, obtained by fitting 10 000 mock galaxies, for
strategy 1 (upper left and upper right panels, fitting all parameters) and strategy 2 (lower left panel, fixing Sérsic index to one). Mock galaxies are
split into four different input effective radius bins. Data points are color-coded by their input Sérsic index. Sliding medians and the corresponding
uncertainties (16th and 84th percentile) along the S/N are marked by black circles. 25% uncertainties are labeled by horizontal gray lines. Vertical
color lines mark S/N of 40 and 10 for strategy 1 and strategy 2, respectively. For each input effective radius bin, the line charts above show the
failing rate of GALFIT. In the lower right panel, we compare the ratio between the effective radius of strategy 1 and strategy 2 as a function of the
input Sérsic index, with contours exhibiting the distribution and stars showing the sliding median.

0.1 and 2.5. The SFRs shown here are renormalized according
to the localization of the main sequence at the median redshift
of each bin; that is, the renormalized SFR is not the true SFR
of the individual galaxy, but reflects the galaxy’s distance from
the main sequence at its redshift, so that the overall distribution
of galaxies’ ∆MS (≡ log [SFR] − log [SFRMS ]) is maintained.
We adopted the parametrization of the galaxy main sequence
from Popesso et al. (2023), who compiled a collection of liter-
ature measurements in the redshift range between 0 and 6. The
alignment of MIRI detected galaxies within ±0.5 dex from the
main sequence suggests that most of them are typical SFGs.
Our sample also contains 36 (∼5%) galaxies (strategy 2) that
exhibit extreme star formation activities and that are thus posi-
tioned well above the main sequence (∆MS > 0.5; so called
starburst galaxies). This fraction of starburst galaxies is consis-
tent with the literature (Rodighiero et al. 2011; Schreiber et al.

2015). To further constrain the sample into pure SFGs, in the
rest of the analysis we restricted the sample to galaxies with
∆MS ≥ −0.5 (effectively excluding few MIRI-detected QGs,
<10%). We note that the “artificial” stripe distribution of QGs is
due to the SFH grid configuration that we used in the SED fit.
This limited grid has no impact on our subsequent analyses of
SFGs. On the top panel of each main sequence plot, we calcu-
lated the completeness of our sample of pure SFGs with robust
MIR morphological measurements by comparing their number
with the total number of ∆MS ≥ −0.5 SFGs in the CANDELS
catalog that are covered by our MIRI maps. We find that, using
CANDLES as a benchmark, our sample is 80% complete down
to a stellar mass of 109, 109.25, 109.5, 109.5, 109.75, and 1010.25

M� at z ∼ 0.25, 0.6, 1.0, 1.4, 1.8, and 2.2 for strategy 2. These
stellar mass completeness limits increase to 109.25, 109.5, 109.5,
109.75, 1010, and 1010.25 M� for the same redshift bins when we
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Fig. 4. SFR vs. stellar mass for the CANDELS×MIRI strategy 2 sample, grouped into six redshift bins from 0.1 to 2.5. The color of each point
represents the S/N in MIR. Gray contours indicate the distribution of CANDELS galaxies falling on the PRIMER MIRI field of view. The solid
gray curves are the main sequence of SFGs from Popesso et al. (2023). The SFR is normalized according to the median redshift in each bin by
maintaining the distance to the main sequence. The dashed gray lines are ±0.5 dex from the main sequence. The green and blue histograms above
exhibit the detection fraction of SFGs with ∆MS > −0.5 for strategy 1 (S/N ≥ 40) and strategy 2 (S/N ≥ 10) samples, respectively. The dashed
vertical blue and green lines above display the 80% stellar mass completeness limits of these samples (compared with CANDELS). The median
error bar is shown in black.

are using strategy 1. In the rest of our analysis, we restricted our
sample to galaxies above these stellar mass limits and deemed it
our final sample.

Our final strategy 1 sample provides the full structural param-
eters (Sérsic index, effective radius, position angle, axis ratio,
position, and magnitude) of 384 galaxies, representative of the
massive population of SFGs at z < 2.5. Our final strategy 2
sample provides, by fixing galaxies’ Sérsic index to 0.7, the par-
tial structural parameters (effective radius, position angle, axis
ratio, position, and magnitude) of 665 galaxies, representative of
the intermediate and massive stellar mass population of SFGs at
z < 2.5. Figure 5 summarizes the selection procedures of these
two final samples and the number of galaxies involved in each
step.

3. Results

In this section, we investigate the differences between the mor-
phologies of galaxies observed in the rest-frame optical after
color gradient correction and those seen in the rest-frame MIR.
Our goal is to investigate whether there are potential correlations

between the structural parameters of galaxies and their physical
properties, and in particular whether there is, as in the rest-frame
optical, a clear mass–size relation in the rest-frame MIR. By pur-
suing this study, we seek to decipher how stellar and star-forming
components are distributed inside galaxies and how they are con-
nected with each other. This enables us to better understand the
mechanisms that govern the structural evolution of SFGs, as well
as the halt in their star formation.

For ease of reading, in the following sections we refer to
our rest-frame optical after color gradient correction and rest-
frame MIR measurements (e.g., effective radius, Sérsic index,
etc.) as simply optical and MIR measurements. Moreover, when
we refer to the size of a galaxy, we always mean its effective
radius.

3.1. Axis ratio and position angle

In Fig. 6, we compare the axis ratio and position angle observed
in the optical and MIR, both inferred using our strategy 2 (i.e.,
for galaxies with S/N > 10). Both the optical axis ratios and MIR
axis ratios have a median value of around 0.5 (the MIR axis
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ratio is on average slightly larger than optical one, suggesting
a more bulge-like star-forming core in these galaxies), and show
a relatively flat distribution. In the local Universe, elliptical QGs
typically exhibit a skewed Gaussian distribution of axis ratios
with a peak around 0.7 or higher; in contrast, spiral SFGs often
display a more uniform or flat distribution, centered around 0.5
(Rodríguez & Padilla 2013). Consequently, the flat axis ratio dis-
tributions observed here, together with the fact that the Sérsic
index distributions in the optical and MIR peak around 1 and
0.7, respectively (see Sect. 3.2), indicate that both the stellar
and star-forming components of most SFGs have disk-like struc-
tures. We note that previous works have found that while most
massive SFGs at low redshift (z < 1.5 and M∗ > 1010 M�) have
disk-like structures, at higher redshift or low mass the SFGs have
more irregular structures (e.g., Zhang et al. 2019). However, we
do not observe in our data any clear evolution of the axis ratio
distribution with reshift and/or stellar mass, probably due to lim-
ited statistics. We defer a more detailed exploration of this trend
to future work.

At the same time, we find that there is a very good correla-
tion of the axis ratio and the position angle measured between
the optical and MIR, closely following the 1-to-1 line. We also
find the median astrometric offset between the optical and MIR
centroids is just 0′′.07 (i.e., 500 pc at z ∼ 1, compared with 0′′.6
angular resolution of the MIRI F1800W map). All these imply
that in our SFGs, not only are the stellar and star-forming compo-
nents disk-like, but they also align well with each other. We note
that from a technical point of view, the good agreement between
the optical and MIR position angles instills good confidence in
our MIR profile fits in general, as it implies that the shape (minor
and major axis), and therefore the size of the MIR component,
has been successfully measured. Restricting this analysis to our
strategy 1 sample would not change any of these conclusions,
but would simply lower the statistic.

3.2. Sérsic index

Through strategy 1, we obtained robust measurements of the Sér-
sic index for 384 galaxies, with z < 2.5 and ∆MS > −0.5. In Fig.
7, we compare the distribution of their MIR Sérsic index with
their optical Sérsic index. There is a weak correlation between
them, with a Pearson correlation value of 0.27. The median Sér-
sic index value for MIR and optical are 0.69+0.66

−0.26 and 1.04+0.93
−0.50,

respectively (the range corresponds to the 16th and 84th per-
centiles of the distribution). The typical error on the optical and
MIR Sérsic index is around 20%, which is smaller than the dis-
persion around the 1-to-1 line observed in Fig. 7, as well as
smaller than the 16th to 84th percentile ranges given above. A
median Sérsic index value of one in the optical implies that the
stellar components of these galaxies have an exponential light
profile, which, combined with their flat axis ratio distribution,
demonstrates that these stellar components resemble local disks.
In slight contrast, the MIR emission of these galaxies follows
a disk-like structure according to their axis ratio distribution
but with a flatter light profile, between that of a Gaussian and
exponential profile, as is also found in Shen et al. (2023) and
Magnelli et al. (2023). In order to investigate whether these dis-
tributions of Sérsic index in the MIR and optical could, how-
ever, have been drawn from the same parent distribution, we
performed a Kolmogorov-Smirnov test. We find a statistic-value
of 0.25 and a p-value � 0.05, both implying that the MIR
and optical Sérsic index distributions are different from each
other. Although subtle, these differences are therefore statisti-
cally robust; that is, the dust-obscured star-forming components

All MIRI detections
2517

Optical coverage
1603

Optical counterparts
(removing optically faint galaxies)

1591

Removing AGNs
1354

S/N≥40⇒ strategy 1
660

S/N>10⇒ strategy 2
1352

GALFIT successful fitting(1)

582
GALFIT successful fitting

1223

80% completeness(2)

384
80% completeness

665

Fig. 5. Summary of our sample selection steps. (1) Flags from GALFIT
have a value of good or acceptable; (2) Galaxies above our 80% mass
completeness limits as defined in Sect. 2.5. All galaxies in strategy 1 are
included in strategy 2.

of SFGs have a flatter light profile than the corresponding stellar
components. This difference is probably not due to the differ-
ent angular resolution between the optical and MIRI F1800W
images used here, since Shen et al. (2023) also found nMIR ∼ 0.7
for their sample, for which they used data with two times bet-
ter angular resolution offered by the MIRI F1000W image. This
flatter MIR light profile could be indicative of a clumpier or
patchier star-forming disk, although ALMA observations down
to a resolution of hundreds of parsecs found no evidence for sig-
nificant dust-obscured star-forming clumps (Cibinel et al. 2017;
Ivison et al. 2020). Further observations with higher sensitivity
and resolution are required to confirm this. As a final comment
on this distribution of Sérsic index, we note that 92% of the SFGs
in our strategy 1 sample have a Sérsic index below two in the
MIR. This implies that the structural parameters deduced in our
strategy 2 sample by fixing the Sérsic index to 0.7 are robust
within 10% (see Fig. 3).

In order to investigate the correlation between the Sérsic
index and other physical properties of our SFGs, we compare
in Fig. 8 the MIR Sérsic index, the optical Sérsic index, and
their ratio (nMIRI/noptical) with various galaxy properties: red-
shift, stellar mass, SFR, dust attenuation index, AV, ∆MS , and
effective radius. We find that there is no evidence for both the
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bars exhibit the corresponding distributions. The median and 16th/84th
percentiles of these distributions are illustrated by the dashed and dash-
dotted blue lines, respectively. The median error bar is shown in black.
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and elliptical galaxies, respectively, referred from Rodríguez & Padilla
(2013). For the position angle, galaxies that are clustered in the lower
right-hand corners of the graph are not really outliers. This appears due
to the fact that at these high position angles, a galaxy can be fit indiffer-
ently with a 90 degree or -90 degree position angle.

optical and MIR Sérsic index evolving with redshift. There is
also no significant correlation between the Sérsic index and AV,
in both the MIR and optical. With the effective radius, we find a
slight anticorrelation in both the optical and MIR. Because this
trend occurs in images with vastly different angular resolution
(0′′.1 versus 0′′.6), it suggests that it is not due to a degeneracy
inherent to GALFIT, but rather implies that the stellar and star-
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ncorrected
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n M
IR

40 100 1000

S/N

25 50
#

m
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Fig. 7. Optical Sérsic index versus MIR Sérsic index inferred from strat-
egy 1, color-coded by their S/N. The median error bar is shown in black
in the upper left. The dashed gray line shows the 1-to-1 line. The corre-
sponding distributions are shown in the sidebars, with the median value
and 16th/84th percentiles indicated with dashed and dash-dotted blue
lines.

forming components of the smallest galaxies are more centrally
concentrated.

We observe that the Sérsic index decreases slightly with
∆MS in the optical. This indicates that when galaxies start to
quench, and thus move below the main sequence, their stellar
light resembles more and more that of QGs with a high Sérsic
index. We do not observe the same anticorrelation between ∆MS
and the MIR Sérsic index. This suggests that for these SFGs,
even on the way to quiescence, their star-forming components
still maintain the shape of an exponential disk.

Finally, we detect a positive correlation between Sérsic index
and stellar mass in the optical. We do not find the same strong
trend in the MIR. To ensure that part of this correlation could not
be affected by the negative correlation between the Sérsic index
and ∆MS mentioned earlier, we restricted our sample to those
with ∆MS > 0. After doing this, we find that the correlation
between Sérsic index and stellar mass in the optical still exist.
This indicates that when galaxies become more massive, their
stellar components become more centrally concentrated, while
their dusty star-forming components still maintain a relatively
flat light distribution. This positive stellar mass trend in optical,
together with the positive relation between stellar mass and the
SFR (main sequence), results in more SFGs (higher SFR) tend-
ing to have a higher optical Sérsic index, as is seen in Fig. 8.

All the above can be summarized and explained as follows:
on the one hand, the optical features of our galaxies are con-
sistent with previous studies; that is, the stellar components of
SFGs consist of two separate parts, one disk (n ∼ 1) and one
bulge (n ∼ 4), and the bulge-to-total mass ratio (total = disk
+ bulge) increases strongly with stellar mass (Khochfar et al.
2011; Bluck et al. 2014). Therefore, as the stellar mass increases,
the optical Sérsic index rises from n ∼ 1 (B/T ∼ 0) to n ∼ 4
(B/T ∼ 1). On the other hand, the star-forming components
remain mostly in a disk-like structure at all stellar masses,
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suggesting that the bulge might not form in situ in a secular slow
process but rather probably in violent out-of-equilibrium phases.
This point is discussed in more detail in Sect. 4. To complement
this scenario, we now turn our attention to the size evolution of
the stellar and star-forming components of these galaxies.

3.3. Effective radius

Through strategy 2, we obtained robust measurements of the
MIR effective radius for 665 galaxies, which constitutes a mass-
complete sample of SFGs down to 109.75 M� at z ∼ 2. In Fig. 9,
we compare the MIR effective radius with the optical ones,
color-coded by their S/N. There is a strong correlation between
these optical and MIR measurements, with a Pearson correla-
tion value of 0.67, suggesting strong consistencies between the
size of the stellar and star-forming components in these galaxies.
We find that the median value for the optical effective radius is
3.13+1.80

−1.37 kpc and the median value for MIR effective radius is
2.73+1.51

−1.02 kpc (the ranges correspond to the 16th and 84th per-
centiles of the distribution).

In Fig. 10, we compare the optical, MIR effective radius and
their ratio (see more details in Fig. A.1) with galaxies’ physical
properties. Neither the MIR nor the optical effective radius cor-
relate significantly with ∆MS , SFR, and dust attenuation, AV.

As for the axis ratio, we observe a pronounced anticorrelation
whereby smaller galaxies tend to be more round. Given that the
same anticorrelation is seen in both optical and MIR, this can-
not be simply ascribed to some inherent degeneracy in GAL-
FIT (HST-F160W have six times better angular resolution than
MIRI-F1800W). This anticorrelation with the axis ratio implies
that the stellar and star-forming components of the smallest
galaxies (low-mass blue nuggets or compact SFGs; see Sect. 3.5)
are not only more centrally concentrated (see Sect. 3.2) but also
more round, as would be expected if we were witnessing the
growth of the stellar bulge in galaxies. As for the redshift, we
observe a negative correlation for both optical and MIR effec-
tive radius, except at very low redshift where our sample size
is, however, not large enough to provide a robust statistic. This
slight redshift evolution reflects that of the mass–size relation
and is further investigated in Sect. 3.4.

As for the stellar mass, we observe that the optical effective
radius is quite consistent with the MIR effective radius up to
M∗ ∼ 1010.5 M�. In low- and intermediate-mass SFGs, the stel-
lar and star-forming components thus have very similar struc-
tures in terms of the Sérsic index, axis ratio, and effective radius
(see also Magnelli et al. 2023), and both stellar and star-forming
components increase in size as the stellar mass increases. In
contrast, at higher stellar masses (M∗ > 1010.5 M�), while the
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in our strategy 2 sample. Galaxies are color-coded by their S/N. The
dashed gray line is the 1-to-1 line. The median error bar is shown in
black in the upper left. Sidebars exhibit the corresponding distributions,
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dash-dotted blue lines, respectively.

optical median effective radius of SFGs still increases slightly
or reaches a plateau, the MIR effective radius of these massive
SFGs is highly scattered, with some galaxies being extended and
others being compact, but with an overall decrease in the median
MIR sizes at these stellar masses. This suggests the emergence at
these stellar masses of a large number of galaxies with compact
star-forming cores embedded in larger stellar components.

Combining all the information obtained so far, the struc-
tural evolution that galaxies undergo as their mass increases
becomes clearer: as stellar mass increases, the stellar compo-
nents of SFGs increase in size and become increasingly bulge-
dominated, while their star-forming components also increase
in size, but mainly retain their disk-like structure. At high
mass, there appears to be the emergence of compact star-
forming components in galaxies whose stellar component is oth-
erwise extended. Interestingly, we also find that the stellar and
star-forming components of smaller galaxies are more “bulgy”
(larger Sérsic index and axis ratio). To investigate in more detail
the structural evolution of galaxies as they increase in mass, in
the next section we examine the MIR and optical mass–size rela-
tions as a function of redshift.

3.4. Mass–size relation

As we saw in Sect. 3.3, the size of the stellar and star-forming
components in SFGs appear to depend to the first order on their
stellar mass, and to the second order on their redshift. To disen-
tangle these two dependencies, we explore their MIR mass–size
relation in distinct redshift bins in Fig. 11, and investigate their
redshift evolution in Fig. 12. To obtain the best statistics and the
greatest leverage in terms of stellar mass probed, we used our
strategy 2 sample.

We observe in Fig. 11 a positive correlation between the stel-
lar mass and the MIR effective radius of galaxies at all redshifts;

that is, their star-forming component becomes more extended
as their stellar mass increases. To better characterize this mass–
size relation in the MIR, we followed the approach used in the
optical (Shen et al. 2003; van der Wel et al. 2014), and adopted
a single power-law function that assumes that galaxy effective
radius adheres to a log-normal distribution:

log (Re/kpc) = log (A) + α log (M∗/5 × 1010 M�), (3)

where A is the intercept at the stellar mass of 5 × 1010 M�, and
α is the slope of this power law relation. Unfortunately, since
we are limited by the current number counts of MIRI detections,
it is not possible to constrain the slope of the mass–size rela-
tion in each redshift interval independently, in particular for our
lowest redshift bin (small comoving volume probed) and high-
est redshift bin (limited range of stellar mass probed). As an
alternative, and motivated by the studies of the optical mass–
size relation in van der Wel et al. (2014), we assumed that the
slope of the mass–size relation is independent of the redshift and
that only its intercept evolves with the redshift. Furthermore, as
is advocated in van der Wel et al. (2014), we assumed that the
redshift evolution of this intercept is better parameterized with
the normalized Hubble parameter (Hn ≡ H(z)/H(z = 0)) than
with (1 + z). Indeed, it has been shown that the galaxy’s disk
length is strongly correlated with the size of the dark matter halo
that they are embedded in. In the Universe dominated by matter
(i.e., z & 1), the size of the dark matter halo evolves tightly with
the cosmological scale factor (1 + z) or Hn, as these two factors
evolve very similarly in these epochs (Dodelson 2003). How-
ever, in today’s dark-energy-dominated Universe, the size of the
dark matter halo is found to be more correlated with the cosmo-
logical expansion rate (i.e., Hn; Dodelson 2003), which evolves
much more slowly than (1 + z). Taking into account this redshift
evolution of the intercept:

log(A) = log(B) + βlog(Hn), (4)

and combining this with Eq. (3), we get:

log (Re/kpc) = log (B)+α log (M∗/5×1010 M�)+β log (Hn), (5)

where B is now the intercept at the stellar mass of 5 × 1010 M�
when z = 0, and β is the slope of the redshift evolution.

The best fits of the MIR mass–size–redshift relation obtained
using Eq. (5) are shown in Figs. 11 and 12 and summarized
in Table 2. We find that this simple log-norm function fits the
median values of the MIR size of our MIRI galaxies relatively
well. This is particularly true for low- and intermediate-mass
galaxies. However, we observe some deviation from the best-
fitting results for galaxies at high stellar masses. Although this
deviation may be partly due to the small-number statistics in
these parameter ranges, it suggests that the size distribution
of the star-forming components of massive SFGs is shifted or
skewed toward compact objects. van der Wel et al. (2014) also
observe an asymmetric distribution in the case of the opti-
cal mass–size relation, but across all stellar mass and redshift
ranges. They propose that these small galaxies might represent a
transition phase between SFGs and QGs.

In Fig. 11, we directly compare the mass–size relation in
the MIR with the one in the optical, also fit using Eq. (3) (see
Fig. 12). Because both the MIR and optical relations (median
values and fit using Eq. (5)) were deduced from the same sam-
ple, this comparison is exempt from potential problems intro-
duced by the combination of the small-number statistics and rel-
atively large dispersion in the respective mass–size relations. We
find that the size of the stellar and the star-forming components
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of low- to intermediate-mass galaxies are very similar. However,
deviations of 10−30% between the MIR and optical appear at
the most massive end (M∗ & 1010.5 M�), where the star-forming
components seem to be smaller than the corresponding stellar
components. A large proportion of these galaxies have very high
Reoptical/ReMIR values (i.e., larger than 1.51, see Sect. 3.5), sug-
gesting the emergence, at high stellar masses, of a sizeable pop-
ulation of galaxies with compact star-forming cores embedded
in larger stellar disks. The emergence of this population at high
stellar mass naturally translates into a MIR mass–size relation
with a slightly shallower slope (0.12 versus 0.17) than the one in
the optical.

In Fig. 12, we compare the redshift evolution of the optical
and MIR sizes in three different stellar mass bins. Given that the
stellar mass bins are relatively broad here, we normalized the
MIR and optical sizes, accounting for the mass dependence in
each stellar mass bin. To be specific, for each individual galaxy,
we normalized the measured size according to the stellar mass
at the center of each mass bin, while maintaining the distance
of the galaxy size from the corresponding mass–size relation.
Therefore, Fig. 12 purely illustrates the redshift evolution of the
mass–size relation. We find that the sizes of star-forming com-
ponents of SFGs decrease by ∼0.3 dex from z ∼ 0.1 to z ∼ 2.5.
At low and intermediate stellar masses, most SFGs have a sim-

ilar size in terms of their stellar and star-forming components.
In contrast, the stellar component of the most massive SFGs
(M∗ > 1010.5 M�) is around 20% larger than the star-forming
component. This results in an excess number of galaxies with a
very large optical-to-MIR size ratio at high stellar mass.

Finally, in Fig. 13, we compare the distribution of optical
and MIR sizes, in three stellar mass bins, accounting for both
the stellar mass and redshift dependencies of the mass–size rela-
tion. To this end, we normalized these sizes according to the stel-
lar mass at the center of each mass bin and assuming z ∼ 1.5,
while maintaining the distance of each galaxy sizes to the cor-
responding mass–size relations. At low stellar masses, the two
distributions nearly perfectly overlap, with both of them exhibit-
ing slightly skewed tails toward small sizes. At intermediate
masses, the peak positions of the two distributions begin to show
a very small deviation: the optical size distribution is still skewed
toward the small, while the MIR size distribution does not show
such a skewed tail but rather exhibits a larger scatter and a center
slightly shifted toward smaller sizes. This increase in the scatter
of the MIR size distribution and its shift toward smaller sizes are
even more pronounced at higher stellar masses. Overall, these
size distributions can be explained by (i) SFGs consisting of two
populations, one with similar stellar and star-forming sizes and
the other with compact star-forming components embedded in
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extended stellar components; (ii) the relative number fraction of
these populations changing with stellar mass; and (iii) their frac-
tions in number being similar at the highest stellar mass. In the
next section, we explore this scenario in more detail.

3.5. Compact star-forming components

The previous section shows that the majority of galaxies exhibit
similar sizes in both MIR and optical, and these galaxies tend
to adhere to a well-constrained correlation between stellar mass
and size. However, there are still some galaxies showing signif-
icant compact (dust-obscured) star-forming cores, especially at
high stellar mass. To better comprehend these galaxies, we have
to firstly distinguish which galaxies can be considered as com-
pact or extended in terms of their stellar and star-forming compo-
nents. In previous works, Barro et al. (2013) used a fixed thresh-
old (i.e., log(M∗/Re1.5) > 10.3) to define SFGs with compact
stellar components; van Dokkum et al. (2015) used a slightly
different criterion (i.e., log(M∗/Re) > 10.7) to select massive
galaxies with compact stellar components, while Barro et al.
(2017) derived the stellar mass surface density inside 1 kpc
(ΣM∗

1 ), and defined SFGs that follow the M∗–Σ
M∗
1 relation of

QGs as those with compact stellar components. In this work,
following the approach in Magnelli et al. (2023), we calcu-
lated ∆Reoptical = Reindividual/Refitting (i.e., the distance from the
optical mass–size relation) to define whether the stellar com-
ponent of a galaxy was compact or extended relative to the
overall population, while taking its stellar mass and redshift
dependence into account. We then calculated galaxies’ optical-
to-MIR size ratio to define whether their star-forming compo-

nents were compact or extended relative to their stellar compo-
nents. In Fig. 14, we compare ∆Reoptical with the optical-to-MIR
size ratios.

The ∆Reoptical and optical-to-MIR size ratio distribution
reveal two things: firstly, the optical size of SFGs does not dis-
tribute as a Gaussian function but instead is skewed toward small
sizes (see also van der Wel et al. 2014); secondly, the optical-
to-MIR size ratio also exhibits a skewed distribution, reveal-
ing the emergence, at its tail, of a population of galaxies with
compact star-forming components embedded in extended stellar
components. To highlight these skewed distributions, we fit the
∆Reoptical and the size ratio distributions with a Gaussian func-
tion but restricting our fits to their positive and negative values,
respectively. These fits allow us to identify “outliers” material-
ized by an excess of galaxies in the tail of these distributions. To
separate these outliers from the general population, we simply
used −2σ and +2σ thresholds from the center of these Gaus-
sian distributions, respectively. Because the dispersions of the
∆Reoptical and size ratio distributions (σ ∼ 0.14 and 0.09 dex,
respectively) are dominated by the intrinsic dispersion of the
population, the definition of these thresholds are only weakly
affected by the uncertainties associated with the measurements
(∼0.03 dex). Using these thresholds, we have effectively classi-
fied our SFGs into three main categories:
1. EE galaxies (extended stellar components and extended

star-forming components): ∆Reoptical > 0.59 and
size ratio < 1.51;

2. EC galaxies (extended stellar components and compact star-
forming components): ∆Reoptical > 0.59 and size ratio >
1.51;
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Table 2. Fitting results.

log(B) α β

MIR 0.69 (0.02) 0.12 (0.01) −0.44 (0.05)
Optical-corrected 0.82 (0.02) 0.17 (0.01) −0.62 (0.04)

Notes. Best-fitting results and the corresponding uncertainties (in paren-
thesis) of the mass–size–redshift relations using Eq. (5).

3. CC galaxies (compact stellar components and compact star-
forming components): ∆Reoptical < 0.59 and size ratio <
1.51.

In Fig. 14, we sketch the relative morphology of the stellar
component (orange) and star-forming component (blue) of these
three categories. We note that we speak of “populations” or
“categories” when it is clear that SFGs are not separated into
three different locations in this parameter space, with few galax-
ies in between. Rather, our definition identifies galaxies that
are outliers of the general population and are in a relatively
extreme phase of their evolution. The terms population or cat-
egory are therefore used for the sake of simplicity. Finally, we
note that although there is formally a fourth category of galaxies
with compact stellar components and even more compact star-
forming components, the rarity of this population (five galaxies
in the strategy 2 sample; zero galaxies in the strategy 1 sam-
ple; maybe scattered out of the other three categories due to
measurement errors) leads us to simply ignore it in the remain-
der of the analysis. In summary, approximately 66% of the
galaxies in our strategy 2 sample are classified as EE galax-
ies, 15% are classified as EC galaxies, and 19% are classified as
CC galaxies. Galaxies falling into this latter category are often
called blue nuggets in the literature, and are commonly thought
to be the prerequisite stage before SFGs finally quench into
QGs (Barro et al. 2013; van Dokkum et al. 2015; Tacchella et al.
2016; Barro et al. 2017; Wang et al. 2018; Lapiner et al. 2023).

In Fig. 15, we find that the number fraction of EE galaxies
decreases smoothly with the redshift from ∼70%± 4% at z ∼ 0.5
to ∼50% ± 7% at z ∼ 2.5 (excluding the first redshift bin, which
shows a very limited statistic). The number fraction of EE galax-
ies also decreases as a function of stellar mass, but more signifi-
cantly from ∼70% at M∗ ∼ 1010 M� to ∼40% at M∗ ∼ 1011 M�.

These trends are mirrored by variations of the number fraction of
EC galaxies, which increases from ∼10% at z ∼ 0.5 to ∼20% at
z ∼ 2.5 and from ∼10% at M∗ ∼ 1010 M� to almost ∼40% at
M∗ ∼ 1011 M�. In contrast, the number fraction of CC galaxies
remains almost constant as a function of either redshift or stel-
lar mass. These results indicate that it is the stellar mass that is
the main driver of the galaxy compaction phase that EC galax-
ies appear to be in. Indeed, the increased number fraction of EC
galaxies at higher redshift is mostly due to a mass selection bias:
the stellar mass above 1010.5 M� where EC galaxies appear most
often is poorly represented in our low-redshift sample due to the
limited comoving volume probed, whereas it dominates our sam-
ple at high redshift due to the limited stellar mass range probed.

In Table 3, we present the median physical properties of our
three categories of galaxy. We have turned here to our strategy
1 sample to include the Sérsic index (i.e., the concentration of
these galaxies) in our analysis. To account for the mass selec-
tion bias of our sample, we also calculated these median val-
ues for mass-redshift-matched samples of these three categories;
that is, restricting them to the stellar-mass between 109.7 M� and
1010.7 M� and redshift smaller than 2. For both the whole galaxy
samples and the mass-redshift-matched samples, we find that
(i) EE galaxies have a disk-like stellar component (noptical ∼ 1,
b/a ∼ 0.5) and a disk-like star-forming component (nMIR ∼ 0.7,
b/a ∼ 0.5); (ii) EC galaxies have a more bulgy stellar compo-
nent (noptical > 1 but b/a ∼ 0.5) and the growth of this bulge is
still going on (nMIR > 1, b/a > 0.5); and finally (iii) CC galaxies
have a compact, bulge-dominated stellar component (noptical > 1,
b/a > 0.5) and show residual growth of this bulge (nMIR ∼ 1 but
b/a > 0.5). These results suggest that the EC and CC phases
might correspond to an in situ bulge growth not seen in the EE
phase and might be compatible with the wet compaction scenario
advocated by simulations (Tacchella et al. 2015; Lapiner et al.
2023). This is further discussed in Sect. 4.

3.6. Surface density

To go further, we calculated the stellar mass surface density
within the inner 1 kpc of these galaxies (Σ1), which offers a
more intuitive interpretation of their concentration than to ana-
lyze their effective radius and Sérsic index separately. Σ1 also
provides a “cosmic clock” as it cannot decrease but can solely
increase during a galaxy’s mass assembly (Barro et al. 2017).
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Fig. 13. Distribution of optical (blue) and MIR (green) effective radius, in three stellar mass bins. The vertical lines are the mass–size–redshift
relation at the median redshift of 1.5 and the central stellar mass of each bin.

Fig. 14. ∆Reoptical (distance to the optical mass–size relation) compared
with the optical-to-MIR size ratio for our strategy 2 sample. The median
error bar is shown in black in the upper left. A Gaussian function is fit
to both the ∆Reoptical and the size ratio distributions, as the dashed blue
curve shows. Dashed blue lines show the median of the fitting, while
solid blue lines show the 2σ threshold. Based on the median values for
each category of galaxy in Table 3, we sketched a schematic representa-
tion of the three galaxy classifications. Orange and blue regions are stel-
lar and star-forming components, respectively. EE stands for extended
stellar and extended SFGs. EC stands for extended stellar and compact
SFGs. CC stands for compact stellar and compact SFGs. The number
fraction of each category of galaxies are also given below each sketch.

Finally, Barro et al. (2017) found that Σ1 is a more reliable
structural parameter than the surface density inside the effec-
tive radius (ΣRe): the Σ1–M∗ relation is tighter and barely evolves
with redshift compared to the ΣRe–M∗ relation. In this work, we
adopted the equation from Ciotti & Bertin (1999) to analytically
derive Σ1:

Σ
M∗
1 = M∗ ×

γ(2ncorrected
optical , b × Recorrected

optical
−1/ncorrected

optical )

πΓ(2ncorrected
optical )

, (6)

ΣSFR
1 = SFR × γ(2nMIR, b × Re−1/nMIR

MIR )
πΓ(2nMIR)π

, (7)

where γ is the lower (left) incomplete gamma function, Γ is the
complete gamma function, and b is a Sérsic index-dependent
normalization parameter that satisfies

Γ(2n) = 2γ(2n, b). (8)

We numerically solved Eq. (8) using the scipy function
gammaincinv to get the value of b. We note that Σ1 is a projected
quantity that can be affected by inclination effect. However,
given that in the following we focus primarily on the median val-
ues of each population, such projection effects should not intro-
duce significant bias into our results, assuming that the inclina-
tions distribute uniformly across the different populations.

In Fig. 16, we study how our three categories of galaxy
(EE, EC, and CC; see Sect. 3.5) distribute in the Σ

M∗
1 –M∗ plane

and with respect to the corresponding correlations followed by
SFGs and QGs and parameterized in Barro et al. (2017). Three
main conclusions can be drawn from this comparison: firstly,
for all SFGs, Σ

M∗
1 is positively and tightly correlated with stel-

lar mass, with a slope that is very consistent with the one found
in Barro et al. (2017) for SFGs. As SFGs grow in their stel-
lar mass, they build a denser central region but the sub-unity
slope (∼0.9) of the Σ

M∗
1 relation indicates a steady inside-out

structural growth of these galaxies (see also Barro et al. 2017);
secondly (and by construction), EE galaxies and CC galaxies
follow distinct relations in the Σ

M∗
1 –M∗ plane, with CC galax-

ies having at any stellar mass a higher central density than EE
galaxies. In fact, CC galaxies have structural properties sim-
ilar to those of the so-called blue nuggets that were defined
in Barro et al. (2017) as SFGs with stellar cores as dense as
QGs (i.e., falling within 2σ of the Σ

M∗
1 –M∗ relation for QGs);

thirdly, EC galaxies have stellar core structures that are mainly
indistinguishable from those of EE galaxies, and therefore prob-
ably share the same origin as these EE galaxies. Naturally,
and by construction, EE and EC galaxies are separable on
the basis of their star-forming components, and therefore their
future.

Based on the galaxies’ current star formation distribution, we
can predict how their stellar mass distribution will evolve, and
thus how they will move on the Σ

M∗
1 –M∗ plane. To this end, for
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Table 3. Physical properties of galaxies in the three categories.

Category(#) z log(M∗/M�) SFR/M�yr−1 ∆MS ncorrected
optical nMIR Recorrected

optical /kpc ReMIR/kpc b/acorrected
optical b/aMIR

CC(74) 1.19+0.51
−0.56 10.04+0.44

−0.31 17.11+41.69
−11.11 0.16+0.16

−0.24 1.35+1.31
−0.55 0.77+0.46

−0.36 1.66+0.41
−0.34 1.8+0.59

−0.43 0.74+0.13
−0.22 0.78+0.09

−0.16

EE(254) 1.15+0.45
−0.51 10.1+0.37

−0.3 17.28+44.49
−11.29 0.11+0.21

−0.2 0.91+0.7
−0.35 0.64+0.47

−0.22 3.73+1.56
−1.1 3.5+1.7

−0.93 0.51+0.28
−0.21 0.56+0.24

−0.19

EC(56) 1.38+0.52
−0.69 10.35+0.45

−0.46 31.56+106.38
−23.97 0.2+0.21

−0.28 1.42+1.58
−0.73 1.23+0.73

−0.54 4.04+1.86
−1.04 2.13+0.94

−0.97 0.49+0.27
−0.18 0.64+0.18

−0.18

CC∗(58) 1.2+0.32
−0.46 10.05+0.41

−0.24 18.17+23.45
−8.88 0.16+0.15

−0.23 1.47+1.23
−0.65 0.85+0.4

−0.34 1.66+0.44
−0.33 1.85+0.54

−0.49 0.76+0.11
−0.17 0.8+0.08

−0.15

EE∗(211) 1.18+0.4
−0.5 10.09+0.32

−0.23 17.39+28.67
−9.33 0.11+0.2

−0.2 0.88+0.7
−0.32 0.64+0.38

−0.22 3.73+1.54
−1.1 3.59+1.51

−0.98 0.5+0.29
−0.18 0.57+0.22

−0.2

EC∗(38) 1.24+0.48
−0.53 10.24+0.31

−0.34 24.78+43.77
−14.56 0.1+0.25

−0.26 1.41+1.32
−0.76 1.25+0.51

−0.46 4.21+1.71
−1.16 2.23+0.84

−0.83 0.48+0.23
−0.17 0.59+0.21

−0.14

Notes. Median values of physical properties for galaxies in the three categories defined in Fig. 14. Upper and lower ranges are derived from the
16th and 84th percentiles. For those labeled with “∗,” the sample is limited to 109.7 < (M∗/M�) < 1010.7 and z < 2.
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Fig. 15. Stellar mass vs. redshift for our three categories of galaxy. The
top and right sidebars show the corresponding number fraction for each
category of galaxy. Colored numbers are the number fraction of three
categories of galaxy in the corresponding mass and redshift bins, and
black numbers are the counts of galaxies in each box. The bold black
box illustrates the region of the parameter space we used to build our
mass-redshift-matched sample; that is, 109.7 < (M∗/M�) < 1010.7 and
z < 2.

each individual galaxy, we have made two simplified assump-
tions: that the current SFR remains constant for the next 600
million years (i.e., the average cold gas depletion time observed
in these SFGs; Wang et al. 2022) and that all newly born stars
are distributed according to the MIR light profile. Therefore, the
newly added stellar mass is SFR × 600 Myr and the future stel-
lar component is distributed according to the sum of its current
optical and MIR light profiles. In Fig. 16, we overplot these pre-
dictions in the form of arrows. We find that EE galaxies will
grow along the scaling relation of SFGs, and thus will not go
through a size compaction phase that is necessary to explain the
formation of CC galaxies. In contrast, the compact star-forming
component in EC galaxies will naturally result in a tremendous
increase in their Σ

M∗
1 , bringing them into the sequence of CC

galaxies. Finally, CC galaxies, with their already compact stellar
cores, will secularly evolve toward the scaling relation followed
by QGs.

Fig. 16. Stellar mass surface density inside 1 kpc versus stellar mass.
The red, orange, and blue dots represent CC, EC, and EE galax-
ies, respectively. The red and blue lines are Σ

M∗
1 –M∗ relations from

Barro et al. (2017) for QGs and SFGs, respectively. Diamonds rep-
resents the median value for our three categories of galaxy, and cir-
cles are the median value when restricting these galaxies to those with
109.7 < (M∗/M�) < 1010.7 and z < 2. The arrows show how these median
values would evolve in the next 600 Myr by assuming that the SFRs of
these galaxies remain constant over this period and that newborn stars
follow the light distribution observed in the MIR.

All these results support an evolutionary path from EE galax-
ies to EC galaxies, then to CC galaxies and, finally, to QGs.
Our unique view of the star-forming components of galaxies has
therefore enabled us to identify a population of galaxies pass-
ing through this critical phase of compaction, which is a pre-
requisite for the formation of QGs. Studying the mechanism
behind EC galaxies is now crucial to our understanding of galaxy
evolution.

3.7. Caveats

There are two main caveats that may affect the use of MIR
sizes as a proxy for the sizes of the star-forming components in
galaxies. One caveat is the representativeness of dust-obscured
SFR (i.e., SFRIR) compared to the total SFR (i.e., SFRUV +
SFRIR). By comparing the dust-unobscured UV SFRs and
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dust-obscured SFRs of our SFGs deduced from the CIGALE
SED fits, we find that the former are subdominant with the ratio
of SFRUV/(SFRIR + SFRUV) well below 30%. These results are
consistent with the literature for the same stellar mass range
probed here (M∗ > 109.5 M�; Whitaker et al. 2012; Shen et al.
2023; Magnelli et al. 2023; Shivaei et al. 2024). Therefore, we
consider that, on global scales, the dust-obscured star-forming
components measured by MIRI trace the bulk of the star for-
mation activities in our galaxies. However, SFRUV/(SFRIR +
SFRUV) might change within the galaxies (i.e., dust attenuation
gradient). Unfortunately, not much is known about such varia-
tion, but one can assume that the inner parts of galaxies are typi-
cally more dust-obscured than their outskirts (Miller et al. 2022).
This makes SFRIR more representative in the galaxy center than
in the outskirts, and hence decreases the observed MIR half-light
radius compared with the intrinsic half-SFR radius. Quantifying
the magnitude of this effect is beyond the scope of our study, and
we defer this analysis to a future pixel-scale study, combining
JWST/NIRCam and JWST/MIRI observations. Nevertheless, it
should be borne in mind that the number fraction of compact
SFGs in our study may be slightly overestimated due to this
effect.

Another caveat is the representativeness of MIR emission
compared to the total infrared emission (often expressed by the
index IR8 ≡ LIR/L8; Elbaz et al. 2011). It has been found that
on global scales and for main-sequence galaxies, IR8 equals ∼4
and is independent of redshift and stellar mass (Schreiber et al.
2018). This implies that for most galaxies our MIRI 18 µm
observation (rest-frame about 8 µm) is a good proxy for SFRIR.
However, it has been found that, on global scales, IR8 increases
when galaxies are above the main sequence (i.e., for starbursts)
or when galaxies have low metallicity, and hence low stellar
mass (Engelbracht et al. 2005; Elbaz et al. 2011; Schreiber et al.
2018; Whitcomb et al. 2020). This change in IR8 from one
galaxy to another does not influence our size measurements, as
long as IR8 remains constant inside each galaxy. However, it
could be problematic if IR8 varies inside a given galaxy. One
can make the assumption that if such variation occurs, IR8 goes
from a main-sequence-like value on the outskirts to a starburst-
like value in the center. In this case, our MIR half-light radius
would be larger than the intrinsic half-SFR radius of these galax-
ies. This might decrease the number fraction of compact galax-
ies in our study. The possible overestimation of the star-forming
size of galaxies due to this variation in IR8 and the possible
underestimation of the star-forming size due to the variation in
SFRUV/(SFRIR + SFRUV) could cancel each other out. However,
we defer this conclusion to a future pixel-scale analysis.

4. Discussion

We analyzed the optical and MIR structural properties of SFGs
in the CANDELS × MIRI COSMOS and UDS fields to study
both their stellar and (dust-obscured) star-forming components.
We characterized these structural properties as a function of var-
ious physical properties of these SFGs (e.g. reshift and stellar
mass). We find that the stellar and star-forming components of
most SFGs have disk-like structures with relatively similar sizes
(i.e., EE galaxies; 66%), which grow linearly with their stel-
lar mass (the so-called mass–size relation). However, there is
a group of galaxies (∼15%) with compact star-forming compo-
nents embedded in extended stellar components (i.e., EC galax-
ies). These EC galaxies are relatively rare at low stellar mass
(∼10%), but this population becomes important at high stellar
mass (M∗ > 1010.5 M�), where it corresponds to ∼30% of the

total SFG population. Our study suggests that these EC galax-
ies could be the intermediate stage between EE galaxies and a
third category of SFGs with compact stellar and star-forming
components (i.e., CC galaxies; 19%; sometime also called blue
nuggets), these latter galaxies probably being the progenitors of
the QGs that we observe at low redshift (Barro et al. 2017).

This evolutionary path (EE→EC→CC galaxies), in which
the EC phase corresponds to the in situ formation of a compact
bulge, could be compatible with the wet compaction scenario
advocated by simulations (Tacchella et al. 2015; Barro et al.
2017; Lapiner et al. 2023). In this scenario, which implies a loss
of angular momentum of the dark matter halo, a typical gas-
rich galaxy with its extended disk-like structures (large size,
low Sérsic index, and ∼0.5 axis ratio for the stellar and star-
forming components; EE phase) undergoes violent disk instabil-
ities (VDIs) that compress its gas components, triggering intense
star formation, effectively transforming its star-forming compo-
nent into a compact, concentrated one (small size, high Sérsic
index, and high axis ratio of the star-forming components; EC
phase); Finally, this intense star formation creates a dominant
compact and concentrated stellar component with a structure that
looks like a bulge (small size, high Sérsic index, and high axis
ratio of the stellar components), but rapidly depletes the cold gas
and leads to less intense star formation (small size, low Sérsic
index, and high axis ratio of the star-forming component; CC
phase). Therefore, although caution must be exercised due to
potential complex progenitor biases, the physical properties of
the EE, EC, and CC galaxies are consistent with them represent-
ing the three phases of the wet compaction scenario.

4.1. The incidence of EC galaxies

Our results reveal that at high stellar mass (M∗ > 1010.5 M�),
there is an emergence of a significant population of galax-
ies (∼30%) with compact star-forming cores embedded in the
extended stellar components (i.e., EC galaxies). This num-
ber fraction of EC galaxies is consistent with that found in
Magnelli et al. (2023, i.e., 27% of their galaxies with M∗ ≥
1010.5 M�). It is also in line with the results obtained by
Puglisi et al. (2021) in the submillimeter using ALMA. Indeed,
about 40% of their SFGs at 1.1 < z < 1.7 and with M∗ >
1010.5 M� have a compact star-forming core embedded in a
more extended stellar component. The fact that EC galaxies
appear predominantly at high stellar mass is also consistent
with the broken luminosity (mass)–size relation described by
Pozzi et al. (2024), who used ALMA to measure this relation
and found a downward trend after a point at LIR > 1012 L�.
Finally, ALMA observations of galaxies at even higher red-
shift than our study (i.e., z & 2.5) reveal that the majority
of massive (M∗ & 1011 M�) SFGs, if not all of them, have
a compact dust-obscured star-forming component embedded
in a more extended stellar component (Simpson et al. 2015;
Hodge et al. 2016; Fujimoto et al. 2017; Gómez-Guijarro et al.
2018, 2022; Elbaz et al. 2018; Lang et al. 2019; Puglisi et al.
2019; Gullberg et al. 2019; Chang et al. 2020; Tadaki et al.
2020). Therefore, if at a given stellar mass the number fraction of
EC galaxies does not increase significantly from z ∼ 0 to z ∼ 2.5,
it does so at an even higher redshift. Overall, these results indi-
cate that as SFGs grow in mass, their star-forming components
are more likely to go through a compaction phase, and this prob-
ability increases further at z > 2.

Although the existence of a population of EC galaxies under-
going a critical phase of compaction seems relatively well cor-
roborated in the literature, the exact physical mechanism that
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triggers this phase remains controversial. In principle, galaxy
compaction must be “wet”, meaning that the process has to
involve a dramatic loss of angular momentum (Dekel & Burkert
2014; Zolotov et al. 2015). In the narrative of wet com-
paction, a gas-rich SFG can develop VDIs, which are associ-
ated with (i) major or minor wet mergers (Dekel & Cox 2006;
Covington et al. 2011); (ii) counter-rotating cold gas streams
(Danovich et al. 2015); (iii) recycling of stellar winds or foun-
tains (Elmegreen et al. 2014); or (iv) satellite tidal compression
(Renaud et al. 2014). All these simulations typically predict that
the occurrence of this violent compaction phase increases with
the stellar mass (with low-mass galaxies going through a much
milder compaction phase) and at higher redshifts where galaxies
are much richer in cold gas and their denser cosmic environment
leads to more frequent major or minor mergers (Zolotov et al.
2015; Tacchella et al. 2015; Lapiner et al. 2023). Although our
results strongly support an increase in the occurrence of this
compaction phase with the stellar mass, they only support a
strong redshift evolution at z > 2.

If there is an evolutionary path from EE to EC, and to CC
galaxies, the emergence of EC galaxies at high stellar mass
should also be accompanied by a rise in the number fraction
of CC galaxies. Such an increase is, however, not observed,
with their number fraction even slightly decreasing with stellar
mass. Part of this discrepancy can be attributed to our classifica-
tion strategy, in which we did not take into account the change
in the dispersion of the optical mass–size relation. Indeed, the
optical size distribution is slightly more dispersed at low stel-
lar mass than at high stellar mass (van der Wel et al. 2014). As a
result, low-mass galaxies are more likely to be classified as opti-
cally compact in our approach. After taking this into account,
the number fraction of galaxies classified as CC at low stel-
lar mass would decrease; hence, the number fraction of CC
galaxies would probably increase with stellar mass. Neverthe-
less, this would not alter the fact that at high stellar masses
(M∗ > 1010.5 M�), the number fraction of CC galaxies would
still be lower than that of EC galaxies (∼15% vs. ∼40%). This
implies that the timescale of compaction is longer than that of
galaxy quenching (CC galaxies becoming QGs) or galaxy reju-
venation (CC galaxies falling back into the EE category due
to rejuvenation from gas inflow). Simulations only marginally
support this result as they typically find comparable timescales
of a few hundred million years for these three critical phases
(Zolotov et al. 2015; Tacchella et al. 2015; Lapiner et al. 2023).
To further investigate these timescales, more detailed studies of
the gas components of EE, EC, and CC galaxies with ALMA are
needed.

4.2. Structural evolution of star-forming galaxies

To better illustrate the overall picture of structural evolution of
SFGs, in Fig. 17, we compare their stellar mass against their
ΣsSFR

1 /sSFR, where sSFR is the ratio between SFR and stellar
mass, and ΣsSFR

1 = ΣSFR
1 /ΣM∗

1 . ΣsSFR
1 /sSFR characterizes how

the inner structure of SFGs evolves with respect to their out-
skirts. If ΣsSFR

1 /sSFR = 1, the structure of the stellar component
is not going to be changed by the ongoing star formation activ-
ity. If ΣsSFR

1 /sSFR > 1, the inner 1 kpc of the stellar component
evolves faster than the outskirt (i.e., compaction). In contrast, if
ΣsSFR

1 /sSFR < 1, the galaxy outskirts grow faster than its inner
regions (i.e., inside-out growth).

EE galaxies have a median value of ΣsSFR
1 /sSFR ∼0.8, indi-

cating that this population of galaxies follows a secular inside-

out growth, leading to the mass–size relation seen in Fig. 11.
However, for some reasons (e.g., VDI), some of these EE galax-
ies have their star-forming components compressed, and turn
into EC galaxies, exhibiting high ΣsSFR

1 /sSFR (i.e., ∼2). Subse-
quently, these galaxies grow a compact stellar core, leading to
CC galaxies with less extreme star formation and less extreme
ΣsSFR

1 /sSFR (i.e., ∼0.7). In Fig. 17, such a compaction evolution-
ary path is sketched as an inverse-U path.

Despite the existence of this possible evolutionary scenario,
there is a significant fraction of very massive (M∗ > 1010.7 M�)
EE galaxies that have apparently not yet passed through such
a compaction phase. While by definition these very massive
EE galaxies have extended stellar and star-forming components,
they also have a fairly concentrated stellar profile (i.e., high opti-
cal Sérsic index; see inset of Fig. 17), suggesting the existence
of a stellar bulge in their inner cores. As was already mentioned,
because in EE galaxies the star-forming components remain pre-
dominantly in a disk-like structure at all stellar masses (i.e.,
nMIR ∼ 0.7; see inset in Fig. 17), the presence of these massive
stellar bulges is at odds with a scenario in which very massive EE
galaxies grow only via this EE phase. The existence of massive
bulges inside these very massive EE galaxies suggests two dif-
ferent scenarios: (i) the bulge of these galaxies grows ex situ via
multiple relatively dry minor and major mergers, without expe-
riencing any compaction phase; or (ii) the bulge of these galax-
ies grows in situ during several violent phases of compaction
(EE→EC→CC), which were followed by a phase of rejuvena-
tion through the growth of a new gas ring from gas infalling or
minor mergers. This rejuvenation on the galaxy outskirts is sup-
ported by numerous hydrodynamic simulations (Zolotov et al.
2015; Tacchella et al. 2016; Lapiner et al. 2023) and would cor-
respond observationally to galaxies with more extended star for-
mation than stellar components, as is shown in some of our
galaxies (Reoptical/ReMIR < 10−0.18; Fig. 14). In this case, the
EC phase would naturally correspond to the in situ growth of
the bulge of these very massive EE galaxies, as is suggested by
the high Sérsic index and the spheroid structure (axis ratio larger
than 0.5) of the star-forming components in EC galaxies.

As SFGs might go through one or more phases of com-
paction, their stellar cores increasingly resemble those of QGs
in terms of surface density (Σ1 of CC galaxies or Σ1 of very
massive EE galaxies; see Fig. 16), Sérsic index (noptical > 1)
and structure (axis ratio larger than 0.5). If star formation ceases
in these galaxies, they may turn into QGs. How star formation
ceases in these galaxies is, however, still a matter of debate.
Some invoke morphological quenching (e.g., Martig et al. 2009),
because once a galaxy becomes bulge-dominated, its gaseous
disk is stabilized against fragmenting into star-forming clumps.
This quenching process operates from the inside-out, and often
occurs at high stellar mass when galaxies have had time to build
massive bulges. Others invoke the suppression of gas inflow
due to various heating mechanisms taking place in very mas-
sive halos (e.g., Tacchella et al. 2015), followed by a high (virial)
temperature being maintained due to radio AGN feedback (e.g.,
Chen et al. 2019). Finally, others invoke the gas removal by
AGN feedback, which is only effective in galaxies with suffi-
ciently massive supermassive black holes (e.g., Weinberger et al.
2018). Although it is impossible with our observations to distin-
guish between these scenarios, we have clues that this quench-
ing operates from the inside-out, especially for very massive
EE galaxies. Indeed, in Fig. 17, we observe an anticorrelation
between stellar mass and ΣsSFR

1 /sSFR for very massive EE galax-
ies, with a Pearson correlation of −0.2. This favors the scenario
of morphological quenching or AGN quenching over that of gas
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Fig. 17. Stellar mass against the ratio of the sSFR measured inside 1
kpc and that measured over the whole galaxy. Red, orange, and blue
circles are CC, EC, and EE galaxies, respectively. Median values are
labeled by a small triangle. The solid gray arrows depict the scenario
in which the secular growth of SFG is interrupted by violent phases
of compaction. The dashed arrow illustrates the inside-out quenching
for massive SFGs. The two insets show the same distribution, only for
EE galaxies color-coded with their optical (left) and MIR (right) Sérsic
index (blue: low value; red: high value).

supply suppression, which typically does not operate from the
inside-out.

It should be noted that the galaxy evolution scenario pre-
sented here is based on the simplified assumption that increas-
ing stellar mass or increasing stellar mass density is equivalent
to a cosmic clock. However, the real scenario of galaxy evolu-
tion might be more complex. For example, some galaxies can
undergo large jumps in stellar mass due to bursty star-formation
activities, while some other galaxies can increase their stellar
mass through minor and major mergers. These lead to breaks in
their relative cosmic clock. Overall, care must be taken when
using snapshots of galaxies in a limited range of redshifts to
sketch out an evolutionary model, and more sophisticated analy-
ses of their SFHs are needed.

5. Summary

In this paper, we have used the imaging from PRIMER
JWST/MIRI F1800W to study the MIR morphology of SFGs in
the CANDELS COSMOS and UDS fields. The rest-frame MIR
emission allows us to study the dust-obscured star-forming com-
ponents in SFGs. Our final mass-complete sample contains 384
(strategy 1) and 665 (strategy 2) SFGs at 0 < z < 2.5, with
M∗ & 109.5M� and ∆MS > −0.5. We crossmatched our MIRI
detected sample with the rest-frame optical observations from
CANDELS, to retrieve the associated physical parameters (e.g.,
redshift, stellar mass, rest-frame optical morphology, etc.). We
compared the rest-frame MIR and optical morphologies of these
galaxies to study the intrinsic relation between their star-forming
and stellar components, thereby exploring the structural evolu-
tion of SFGs. Our main results can be summarized as follows:

1. The stellar and star-forming components of SFGs have a
median Sérsic index of 1.05+0.93

−0.50 and 0.69+0.66
−0.26, respectively,

and their axis ratio distributions are relatively flat with a
median value of ∼ 0.5. This implies that the stellar and star-
forming components in most SFGs have disk-like structures,
which are actually well aligned, as is indicated by their small
astrometric offset and consistent position angle. The slightly
lower Sérsic index of the star-forming components might,
however, indicate the presence of more clumpy structures in
the star-forming disk than in the stellar disk.

2. Despite peaking at n ∼ 1, the Sérsic index of the stel-
lar component increases with stellar mass, implying that as
SFGs grow in mass, their stellar components become more
centrally concentrated, likely because of an evermore dom-
inating central bulge. Because the star-forming components
remain mostly in a disk-like structure at all stellar masses,
these bulges do not seem to form in situ in a secular process.

3. The sizes (effective radius) of the stellar and star-forming
components of SFGs are generally the same. Consequently,
the stellar and star-forming components follow a very sim-
ilar mass–size–redshift relation in which the size increases
as SFGs become more massive or are observed at a lower
redshift.

4. The size distribution for both the stellar and star-forming
components is skewed toward small values. By comparing
those sizes with the average values, we classified SFGs into
three categories: EE galaxies (extended stellar components
and extended star-forming components, 66%), EC galax-
ies (extended stellar components and compact star-forming
components, 15%), and CC galaxies (compact stellar com-
ponents and compact star-forming components, 19%). The
number fraction of EC galaxies increases from 10% at low
stellar mass (M∗ ∼ 1010 M�) to 30% at high stellar mass
(M∗ > 1010.5 M�), mirrored by the decrease in the number
fraction of EE galaxies over the same stellar mass range.
Stellar mass thus seems the main driver of the emergence
of this EC population.

5. The inner 1 kpc stellar mass surface density (ΣM∗
1 ) of EE

and EC galaxies are very similar, indicating that these two
populations might share the same origin. In contrast, CC
galaxies have a value ∼0.5 dex higher than EE and EC galax-
ies, close to the Σ

M∗
1 of QGs. The inner 1 kpc SFR surface

density (ΣSFR
1 ) of EE galaxies has a lower value than that

of EC galaxies, suggesting that these latter galaxies are in
a phase of violent out-of-equilibrium compaction, building
dense stellar bulges in situ (nMIR > 1 and b/aMIR > 0.5).
This compaction phase is significant enough to increase the
stellar mass surface density of EE galaxies to the very large
value observed in CC galaxies. This points to an evolutionary
path from EE to EC to CC galaxies.

In summary, our results indicate that the structural evolution of
the stellar component of SFGs is initially due to an inside-out
secular growth (EE galaxies), which leads to the establishment
of the optical mass–size relation. However, this secular growth
can be interrupted by one or more violent phases of com-
paction (EC galaxies), triggered by internal or external mech-
anisms, which build in situ stellar cores resembling those of
QGs (CC galaxies or very massive EE galaxies). It remains
unclear whether this phase of compaction is unique and fol-
lowed by quenching, or whether it is followed by a phase of
rejuvenation that brings the galaxies back into the EE popu-
lation. The latter scenario is favored by the existence in mas-
sive EE galaxies of bulges that seem to form only during this
EC phase, unless ex situ bulge formation plays an important
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role. To better understand the structural evolution of SFGs,
and in particular the mechanism leading to this critical com-
paction phase in which EC galaxies find themselves, high-
resolution observations of their gas reservoir with ALMA will be
necessary.
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Appendix A:

In this appendix we show the scatter plot of stellar mass, redshift
and the ratio between the optical and MIR effective radius of the
SFGs in our sample, as a supplementary figure to Fig.10.
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Fig. A.1. Comparison of stellar mass (top), redshift (bottom) and the
ratio between the optical and MIR effective radius of the SFGs in our
sample. The black horizontal line shows the ratio of unity and the gray
line shows the 2σ threshold as indicated in Fig.14. Blue stars show the
corresponding median value.
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