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ABSTRACT

Context. The Hubble Space Telescope (HST) has long been the only instrument able to allow us to investigate the structure of galaxies
up to redshift z = 3, limited to the rest-frame UV and optical. The James Webb Space Telescope (JWST) is now unveiling the rest-
frame near-IR structure of galaxies, less affected by dust attenuation and more representative of their underlying stellar mass profiles.
Aims. We measure the evolution with redshift of the rest-frame optical and near-IR Sérsic index (n), and examine the dependence on
stellar mass and star-formation activity across the redshift range 0.5 < z < 2.5.

Methods. For an HST-selected parent sample in the CANDELS fields we infer rest-frame near-IR Sérsic profiles for ~15 000 galaxies
in publicly available NIRCam imaging mosaics from the COSMOS-Web and PRIMER surveys. We augment these with rest-frame
optical Sérsic indices, previously measured from HST imaging mosaics.

Results. The median Sérsic index evolves slowly or not at all with redshift, except for very high-mass galaxies (M, > 10" My),
which show an increase from n ~ 2.5 ton ~ 4 at z < 1. High-mass galaxies have higher n than lower-mass galaxies (the sample
reaches down to M, = 10°°> M) at all redshifts, with a stronger dependence in the rest-frame near-IR than in the rest-frame optical
at z > 1. This wavelength dependence is caused by star-forming galaxies that have lower optical than near-IR n at z> 1 (but not at
z < 1). Both at optical and near-IR wavelengths, star-forming galaxies have lower n than quiescent galaxies, confirming and fortifying
the result that across cosmic time a connection exists between star-formation activity and the radial stellar mass distribution. Besides
these general trends that confirm previous results, two new trends emerge: (1) at z > 1 the median near-IR 7 varies strongly with star
formation activity, but not with stellar mass, and (2) the scatter in near-IR 7 is substantially higher in the green valley (0.25 dex) than
on the star-forming sequence and among quiescent galaxies (0.18 dex) — this trend is not seen in the optical because dust and young
stars contribute to the variety in optical light profiles. Our newly measured rest-frame near-IR radial light profiles motivate future
comparisons with radial stellar mass profiles of simulated galaxies as a stringent constraint on processes that govern galaxy formation.

Key words. galaxies: bulges — galaxies: evolution — galaxies: high-redshift — galaxies: structure

1. Introduction

The structure of a galaxy contains key information about the pro-
cesses that determine its evolutionary history, such as accretion,
merging, and secular processes. Morphology strongly relates to
the star formation rate (SFR): young star-forming galaxies tend
to have disks with exponential profiles while older, quiescent
galaxies have higher average densities and steeper radial pro-
files, dominated by a bright center (e.g., Kauffmann et al. 2003;
Franx et al. 2008; Wuyts et al. 2011; Bell et al. 2012. These are
usually associated with the presence of a bulge (Gadotti 2009;
Bluck et al. 2014; Salo et al. 2015), which, in turn, is related to
the mass of the central black hole. The latter is invoked to be one
of the mechanisms responsible for the cessation of star forma-

* Corresponding author; marco.martorano@ugent . be

tion (Chen et al. 2020; Bluck et al. 2023) via radio-mode feed-
back (Croton et al. 2006).

The physical cause driving the transition of a galaxy from the
star-forming phase to the quenched phase is still under debate
and it is yet unclear whether the morphological change in the
galaxy’s structure is causally connected to quenching directly or
indirectly. We know, however, that the presence of a steeper than
exponential light profile is a necessary but not sufficient condi-
tion for a galaxy to be considered quiescent (i.e., Bell et al. 2012;
Lang et al. 2014; Whitaker et al. 2017; Martorano et al. 2023).
In other words, a non-negligible fraction of bulge-dominated
galaxies is star-forming (e.g., Bell et al. 2012; Barro et al. 2014),
suggesting that central densities build up before quenching.

Even though several methods exist to investigate galaxy
structure (i.e., multicomponent analysis, nonparametric meth-
ods, bulge-disk decomposition and many others; see Conselice
2014 for a complete review), the Sérsic profile (log(/(r)) o< ™"
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Sersic 1968) is the most used parameterization to describe radial
light profiles with n (the Sérsic index) describing its radial shape
(i.e., n = 1 exponential-like and n = 4 de Vaucouleurs-like
profile). Its usage is aided by the availability of several pub-
lic software packages such as GALFIT (Peng et al. 2002, 2010),
PROFIT (Robotham et al. 2016) or PYSERSIC (Pasha & Miller
2023) which implement it for light-profile fitting.

CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) is
the largest survey in the rest-frame optical regime with suffi-
cient spatial resolution and depth to allow for Sérsic index mea-
surements around cosmic noon. Although the dependence of
Sérsic index on SFR and stellar mass has been deeply investi-
gated at low-z (i.e., Lange et al. 2015), remarkably, just a few
works (i.e., Patel et al. 2013; Lang et al. 2014; Whitaker et al.
2015) investigated the same dependencies across redshift taking
advantage of this dataset even though Sérsic profile measure-
ments have been available for over a decade (van der Wel et al.
2012). Lang et al. (2014) studied the mass dependence in two
broad redshift bins (0.5 < z < 1.5 and 1.5 < z < 3) finding
that, at a fixed stellar mass, the Sérsic index weakly changes with
redshift but has a strong mass dependence for both star-forming
and quiescent galaxies. On the other hand, with the same data,
Patel et al. (2013) and van Dokkum et al. (2013) demonstrated
that individual galaxies must, as they increase in stellar mass,
strongly increase their Sérsic index over cosmic time. Finally,
Shibuya et al. (2015) showed that the Sérsic index for star-
forming galaxies, averaging over a broad range in stellar masses,
remained nearly constant (at n ~ 1.4) across the redshift range
z = 0.5-2. In short, there has been no detailed description of the
joint stellar mass- and redshift-dependence of the Sérsic index.
This is one (of two) main motivations for this paper.

Until the launch of the James Webb Space Telescope
(JWST), the only instrument with sufficient angular resolution
to allow for the quantification of light profiles at high redshift
was the Hubble Space Telescope (HST), limited to the rest-frame
optical (at z < 2.5) or UV (at z > 2.5). At these wavelengths,
the outshining effect (Papovich et al. 2001; Maraston et al. 2010;
Wuyts et al. 2011; Reddy et al. 2012; Sorba & Sawicki 2018;
Lejaetal. 2019a; Suess et al. 2022b; Narayanan et al. 2024)
from young stellar populations and the dust attenuation affect
the light distribution, exacerbating the difference between light
and mass profiles. These issues are finally circumvented to a
large extent by the wavelength coverage provided by JWST,
producing rest-frame near-IR light profiles up to z ~ 3. For
example, recent studies combining radio, near-IR and mid-
IR observations with ALMA, JWST/NIRCam and JWST/MIRI
(i.e., Chen et al. 2022; Tadaki et al. 2023; Le Bail et al. 2024)
reveal significant obscured star formation in the center of galax-
ies. Several other pioneering works are taking advantage of
the synergy between these instruments to address the near-
IR structure of high-redshift galaxies (e.g., Suess et al. 2022a;
Price et al. 2023; Gillman et al. 2023, 2024; Cutler et al. 2024;
Ward et al. 2024; Costantin et al. 2024; Shivaei et al. 2024). In
Martorano et al. (2023) we showed that for most galaxies at
redshifts 0 < z < 3, the Sérsic index does not greatly differ
between the rest-frame optical and rest-frame near-IR. The lim-
ited sample size of high-mass galaxies covered by the CEERS
(Finkelstein et al. 2017, 2023) footprint, used for that work, lim-
ited the statistical power, making it hard to discern subtler dif-
ferences between rest-frame optical and near-IR Sérsic indices.
The second motivation of the current paper is to take advantage
of the much larger area covered by JWST/NIRCam COSMOS-
Web (Casey et al. 2023) and PRIMER-COSMOS (Dunlop et al.
2021) surveys and use samples of stellar mass-selected galaxies
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at 0.5 < z < 2.5 with rest-frame near-IR imaging that rivals the
CANDELS dataset in sample size and spatial resolution.

The paper is structured as follows. In Section 2 we describe
the datasets used and the selection of the investigated galaxy
sample. Section 3 is dedicated to the presentation and discussion
of the correlations between Sérsic index and stellar mass, red-
shift, and SFR. Finally, in Section 4, we summarize the content
of the paper and draw our conclusions.

Throughout the paper we use the AB magnitude system
(Oke & Gunn 1983) and assume a standard Flat-ACDM model
with Q,, = 0.3 and Hy = 70 km s~ Mpc™'.

2. Data

In this section, we present an overview of the data and the galaxy
selection procedure to create a robust and consistent sample.

2.1. HST dataset

We use cataloged HST data presented by van der Wel et al.
(2012) based on HST observations obtained as part of the CAN-
DELS program (Koekemoer et al. 2011; Grogin etal. 2011).
These observations cover all five CANDELS fields (COS-
MOS, UDS, EGS, GOODS-South, and GOODS-North) in
the two WFC3 filters F125W and F160W with a 50 depth
of Hrieow =27ABmag. The catalog contains 186440 sources
whose morphological parameters have been recovered via Sér-
sic profile fitting using the software package GALFIT (Peng et al.
2002, 2010), as outlined in van der Wel et al. (2012). The uncer-
tainties in the measured Sérsic indices are not taken from the
GALFIT profile fits, but calculated from the signal-to-noise ratio,
calibrated to account for the total random uncertainty, as outlined
by van der Wel et al. (2012).

Stellar mass, redshift and star formation rates are taken
from the catalog presented by Lejaetal. (2020), who com-
bine HST, Spitzer and ground-based photometric observations
from the near-UV to 24 um (Skelton et al. 2014; Whitaker et al.
2014) to perform spectral energy distribution (SED) fitting with
the code PROSPECTOR (Johnson & Leja 2017; Johnson et al.
2021) for 63413 galaxies. These are selected from 3D-HST
(Brammer et al. 2012) to have redshift between 0.5 and 3 and
signal-to-noise ratio S/Ngjgow > 10. For ~5% of the sam-
ple spectroscopic redshift is available, ~20% has grism redshift
and the remaining ~75% of the sample has a photometric red-
shift. These redshift values are fixed during the SED fit. The
PROSPECTOR models include nonparametric star formation his-
tories (SFH), a Chabrier (Chabrier 2003) initial mass function
(IMF), a two-component dust attenuation model with flexible
attenuation curve, variable stellar metallicity and dust emission
powered by energy balance. A detailed setup description is pre-
sented in Leja et al. (2019b, 2020).

We cross-match the van der Wel et al. (2012) and Leja et al.
(2020) catalogs, keeping sources with an angular separation
below 0.4” which leaves us with 60 504 galaxies.

The rest-frame 0.5 um Sérsic indices (19.5.m) are calculated
by linearly interpolating the cataloged values of n in F125W and
F160W, using the respective pivot wavelengths. This interpola-
tion is repeated 100 times, sampling the measurements from the
F125W and F160W r uncertainties and taking the median values
of the retrieved interpolation at 0.5 um as the best n95,m esti-
mate.

We limit the redshift range to 0.5—-2.5 to avoid strong extrap-
olation effects, rejecting 3708 galaxies. We set a stellar-mass
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threshold of M, = 10° M, which grants mass completeness
up to z = 2.5 (Tal et al. 2014), remaining with 22 963 galaxies.

The catalog provided by van der Wel et al. (2012) includes a
“GALFIT model quality flag” that we use to reject 2265 galaxies
whose Sérsic fit did not properly converge (flag > 2). To increase
the statistics, upon verifying this does not bias our sample, we
decided to keep in the sample those 3578 galaxies cataloged as
suspicious fit (flag=1) in van der Wel et al. (2012).

Following the finding by van der Wel et al. (2012) that reli-
able Sérsic index measurements requires S/Npigow = 50, we
set this condition on the S/N in the filter closer to the rest-
frame wavelength 0.5 um. This reduces our sample to 14 826
galaxies.

Among these, 208 have ng 5, outside the 0.2—8 range which
defines the fit constraints set by van der Wel et al. (2012). For
these galaxies, we set npsum to the nearest boundary value
(n = 0.2 or n = 8). Removing these sources from the sam-
ple induces negligible variations in the results (variations on the
medians are below 4%). These targets do not introduce a rel-
evant bias. We separate quiescent and star-forming galaxies at
0.8 dex below the star-forming main sequence (SFMS) ridge
defined by Leja et al. (2022), resulting in 2638 quiescent galax-
ies and 12 188 star-forming galaxies.

2.2. JWST dataset

In Martorano et al. (2024) we investigated the size-mass dis-
tribution at rest-frame 1.5 um for ~26000 galaxies in the
COSMOS-Web (Casey et al. 2023) and PRIMER-COSMOS
(Dunlop et al. 2021) fields observed with JWST/NIRCam in the
redshift range 0.5-2.5 and with stellar mass M, > 10° M.
In the present paper, we use the same GALFITM (Hiufler et al.
2013) Sérsic profile fits of the F277W and F444W imaging pre-
sented in Martorano et al. (2024).

The parent sample used by Martorano et al. (2024) is drawn
from the multiwavelength COSMOS2020 catalog (Weaver et al.
2022) after the exclusion of active galactic nucleus candi-
dates detected in Chang et al. (2017). We preselected our sam-
ple based on the cataloged LEPHARE (Arnouts etal. 2002;
Ilbert et al. 2006) stellar masses (M, > 10°° M) and red-
shift (0.5 < z < 2.5). The different stellar mass threshold
adopted in this work makes us reject 10441 galaxies. For con-
sistency with the HST/CANDELS sample in the rest of the
work we make use of stellar population parameters inferred
with the code PROSPECTOR. Therefore, for all of the galaxies
selected from Martorano et al. (2024), we perform SED fits with
PROSPECTOR using photometry from the COSMOS2020 cata-
log, fixing the redshift to the LEPHARE value, and adopting the
same PROSPECTOR setup as Leja et al. (2020). For 388 galax-
ies we retrieve a PROSPECTOR stellar mass below the threshold
adopted, hence we remove them from the sample.

We remind the reader that the HST/CANDELS dataset and
the COSMOS2020 catalog (hence the catalog by Martorano
et al. (2024) that is a subset of COSMOS2020) just partially
overlap and only ~10% of the JWST sample used in this work
was observed also with HST during the CANDELS program.
To check the consistency between our PROSPECTOR run and
Leja et al. (2020) (based on COSMOS2015 (Laigle et al. 2016)
and 3D-HST (Brammer et al. 2012) photometry), in Appendix
A we compare the stellar masses and star-formation rates for the
subsample of 1656 galaxies in common between the two datasets
finding a good agreement.

The rest-frame 1.5um Sérsic index (nysum) is retrieved
from the catalog published in Martorano et al. (2024) where

authors computed it in the same manner as for the HST sam-
ple (Sect. 2.1). Also for this sample we require the S/N in the
filter closest to the rest-frame wavelength of interest (1.5 wm) to
be larger than 50. This criterion rejects 248 galaxies. 75 other
galaxies have ny 5., outside the 0.2—8 range, hence, we set their
nisum to the nearest boundary value (n = 0.2 or n = 8). The
final near-IR sample contains 14 882 galaxies, 11965 of which
are classified as star-forming and 2917 as quiescent, adopting the
selection based on the SFMS ridge defined by Leja et al. (2022).

3. Results and discussion
3.1. Mass and redshift dependence of the Sérsic index

Figure 1 presents the rest-frame near-IR and optical Sérsic index
(1.5.um and 719 5um, respectively) dependence on stellar mass in
four redshift bins, from z = 0.5 to z = 2.5. When considering
the full galaxy population (combining star-forming and quies-
cent galaxies) below M, = 10'"* Mg, both nos.m and 1y sum
have a median n ~ 1.4 in all redshift bins. At higher masses,
n steadily increases, up to ~3-5 at M, = 10" M. As high-
lighted by the dots in the figure’s background, part of this trend
with mass is associated with the increased fraction of quiescent
galaxies at high mass (e.g., Bundy et al. 20006; Ilbert et al. 2010;
Muzzin et al. 2013), which have systematically higher Sérsic
indices compared to star-forming galaxies (Blanton et al. 2003;
Franx et al. 2008; Wuyts et al. 2011; Bell et al. 2012; Barro et al.
2017; Whitaker et al. 2017; Martorano et al. 2023). We will fur-
ther address the different behavior of star-forming and quiescent
galaxies, and the relation between star-formation activity and
structure, in Section 3.2.

n1.5um and 1o s5um show very similar trends with stellar mass
and redshift (also see Martorano et al. 2023). Only at high mass
and at z > 1 there is a mild wavelength dependence, with
Nisum > Nosum. In the highest-mass bin (M, > 10" My)
the median near-IR Sérsic index reaches ns,m = 4, similar to
z < 1, while in the optical the mass dependence is flatter, reach-
ing no.sum ~ 3, distinctly lower than at z < 1.

Put differently, at high mass, 1 5.m evolves somewhat more
strongly with redshift than 7, 5. Figure 2 visualizes the same
data as Figure 1, but now shown as a function of redshift in bins
of stellar mass. To quantify the evolution of n with redshift, we
parameterize the Sérsic index evolution across cosmic time as
ny; o« (1 + z)P'. For each stellar mass bin, we fit 1000 times
the median Sérsic index computed in redshift bins of width ran-
domly sampled in the range 0.05-0.5, and weighing each value
by the inverse of the statistical uncertainty. The best-fit coeffi-
cient (first two columns of Table 1) is given by the median of
the parameters obtained in the 1000 iterations of the fit. The
retrieved values for 8, confirm a statistically stronger redshift
evolution in the optical than in the near-IR for galaxies with
M, > 10'%5 M,, and a negligible evolution (8, ~ 0) for galaxies
with 1010 < M, /M, < 1007,

The absence of any redshift evolution at M, < 103 Mg
is striking, especially considering that the intrinsic 3D shapes
evolve quite radically over this redshift range (van der Wel et al.
2014; Zhang et al. 2019; Pandya et al. 2024), with predomi-
nantly flattened disks at z < 1 and a common occurrence of
elongated (prolate) shapes at z > 1.5. Despite this fundamen-
tal change in shape, the radial profile remains approximately
exponential. It is important to keep in mind that, especially at
z > 1, n = 1 does not (necessarily) imply a disk-like morphol-
ogy/geometry: the general correspondence between exponential
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Fig. 1. Sérsic index at rest-frame 1.5 um (left panel) and rest-frame 0.5 um (right panel) as a function of stellar mass. Dots in the background
represent 7, of the individual star-forming (blue) and quiescent (red) galaxies. Filled circles show the median 7, in stellar mass bins of width
0.25 dex and four redshift bins from low-z (light) to high-z (dark). Error bars identify the statistical uncertainties computed as o/ VN with N the
number of galaxies within the bin and o the standard deviation of the distribution. Solid lines show spline-quantile regression obtained using the
COBS library (Ng & Maechler 2007, 2022). 16-50-84 percentiles of n at each redshift and mass bins are reported in Appendix B. The median
uncertainty on the Sérsic index is shown in the bottom right corner as a black error bar. We report the number of galaxies in each redshift bin in
the top right corner of each panel. In any redshift bin massive galaxies have higher r, than at lower mass.

profiles and diskiness applies to galaxies in this mass range and
in the present-day Universe, but not generally.

The mass dependence that exists regardless of redshift, com-
bined with the notion that galaxies grow through star formation
and/or merging, implies that individual galaxies increase their n
over time, even if, as is the case, the correlation between n and
stellar mass shows little redshift dependence.

The lack of (or mild) redshift evolution of 71 5.m, at a fixed
stellar mass, suggests the different conditions at earlier cosmic
times do not play a dominant role in defining the radial pro-
files of galaxies. In fact, even at much earlier cosmic times
galaxies (up to z ~ 10) have approximately exponential pro-
files (Robertson et al. 2023; Morishita et al. 2024). Instead, at all
cosmic times the (radial) structure is related to mass and star-
formation activity, as we will discuss below in Section 3.2.

3.2. The relation between Sérsic index and SFR

In the previous section, we showed how the optical and near-
IR Sérsic index depends on stellar mass and redshift, without
considering star-formation activity, which is generally known
to play a key role in understanding galaxy structure, both for
present-day galaxies (Kauffmann et al. 2003) and at earlier cos-
mic times (Franx et al. 2008; Wuyts et al. 2011; Bell et al. 2012;
Whitaker et al. 2017). In Figures 1 and 2 we already preempted
the connection with star-formation activity: quiescent galaxies
clearly have higher n values than star-forming galaxies, regard-
less of mass and redshift. Before presenting a split analysis of
the mass and redshift dependence for quiescent and star-forming
galaxies separately, we first analyze the correlation with SFR.
Figure 3 shows the star-formation rate — stellar mass dia-
gram, color-coded by near-IR Sérsic index. At all redshifts and
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for all stellar masses there is a correspondence between star-
formation rate and median 7, 5,m: galaxies with lower star for-
mation typically have higher ns5,n. Likewise, as indicated by
the running medians in Fig 3 (colored lines), galaxies with
higher ny5.m have lower SFR at the high-mass end. At low
mass (M, < 10'© My) and z > 1 this stratification disappears:
regardless of ny sy, the median SFR is the same. But note that
the trend between 7;5,n and SFR is still present. This implies
that the bulk of these low-mass galaxies is on the star-forming
sequence, but that among high-n; 5., galaxies a tail toward low
SFR also exists that is absent among low-n; 5,m galaxies. In any
case, high-n; 5,m, low mass galaxies are rare (see Fig. 1).

The figure further shows that lines of constant specific
SFR (shown in Figure 3 as dotted light gray lines), down
to log(sSFR) ~ -10, have an approximately constant 7y 5um.
The increase in nysun with mass for galaxies on the star-
forming sequence (or ridge) is associated with the bending of
the sequence/ridge, not with a correlation between structure and
mass at fixed sSFR. This is reminiscent of the result that disk
components of galaxies have a linear star-forming sequence, at
least in the local Universe (Nair et al. 2011).

The dependence (or lack thereof) of n 5.m on stellar mass at
fixed sSFR is made explicit in Figure 4. The dominant trend is
that lower sSFR correlates with higher n values, but a striking
new feature appears: while at z < 1 there is a strong mass depen-
dence in the n values at a fixed sSFR, at z > 1 there is not. At
z > 1, n only depends on sSFR, and not on stellar mass.

Figure 4 also elucidates the connection between star-
formation activity and the emergence of peaked light profiles
(bulge-dominated systems). At any redshift, there is an anticor-
relation between n and sSFR, namely that star formation activ-
ity is suppressed in galaxies with more centrally concentrated
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Fig. 2. Sérsic index at rest-frame 1.5 um (left panel) and rest-frame 0.5 pm (right panel) as a function of redshift. Dots in the background represent
n, of the individual star-forming (blue) and quiescent (red) galaxies. Filled circles show the median n, in redshift bins of width 0.25 and in four
stellar mass bins from high-M, (dark) to high-M, (light). Error bars identify the statistical uncertainties computed as o/ VN with N the number
of galaxies within the bin and o the standard deviation of the distribution. Solid lines shows results of the fits to 7, o (1 + z)’*. In the top right
corner, we report the number of galaxies in each stellar-mass bin using the same color coding, and we show the median uncertainty on the Sérsic
index as a black error bar. The Sérsic index of massive galaxies evolves with redshift while that of lower mass galaxies does not.

light profiles. This supports the general picture in which star
formation declines for galaxies with prominent bulges and/or a
spheroidal structure (Huertas-Company et al. 2016). The trend
for ny 5.m in the redshift bin 1.5 < z < 2 is particularly striking:
over more than four orders of magnitude, the sSFR tightly cor-
relates with n 5,;» With no discernible dependence on mass. The
increase in n with mass seen in Figure 1 is, therefore, driven by
the underlying anticorrelations n-sSFR and mass-sSFR.

At later cosmic times (z < 1) there is a slight dependence
on stellar mass, in the sense that, at fixed sSFR, higher-mass
galaxies have larger n. This trend is more pronounced for 79 5um
than for ny 5,m, suggesting that M, /L gradients play a role that
potentially extends to the near-IR.

3.2.1. Scatter in Sérsic indices

The results described above refer to median values of n, but there
is considerable spread in n values at fixed redshift, mass, and
star-formation rate. The scatter in logn across the SFR-stellar
mass plane is shown in Figure 5. For n; 5, the scatter around
the median values is =0.18 dex for galaxies on the SFMS as
well as those far (>1 dex) below it, but significantly elevated to
~(0.25 dex in the green valley, the region 0.5—-0.7 dex below the
SFMS. The variety in structural properties peaks in this tran-
sitionary region, implying a true, physical variation in struc-
ture as galaxies follow a variety in pathways toward quiescence
(Wu et al. 2018), perhaps with a contribution from galaxies that
are undergoing rejuvenation events, that is periods of renewed,
elevated, star formation activity after a quiescent phase (e.g.,
Chauke et al. 2019; Mancini et al. 2019).

The scatter in ngsu.m for galaxies on the star-forming
sequence is much larger than the scatter in ny5,n (*0.27 dex
vs. 0.18 dex): differing viewing angles and dust properties, per-

haps combined with a larger variety of stellar populations prop-
erties, result in extra scatter in the observed light profiles (see
e.g., Zhang et al. 2023) on top of underlying variations in the
stellar mass profiles. This trend obfuscates the increased scatter
in galaxy structure in the green valley.

At z > 1 the peak in scatter in the green valley is less clear
(not shown here), and it remains to be seen whether this is phys-
ical or the result of limitations in the data due to the smaller
sample sizes in that region of the stellar mass-SFR plane and the
larger measurement uncertainties.

3.2.2. Separating quiescent and star-forming galaxies

Now that the relation between SFR and Sérsic index has been
explored, we examine the mass and redshift dependence of n for
quiescent and star-forming galaxies separately. Figure 6 shows
that, as anticipated, for any mass and redshift interval, quiescent
galaxies have, on average, higher 7 5, than star-forming galax-
ies. Both populations show an increase in n 5,y with increas-
ing stellar mass. For quiescent galaxies this increase is mono-
tonic, while for star-forming galaxies the relation is flat up to
M, ~ 10'%5 Mg, and increases at higher mass.

We note that the increase in n 5., With M, at z > 1 (already
seen in Fig. 1) for star-forming galaxies does not contradict the
lack of a stellar mass-dependence in the n-sSFR plane (Fig. 4):
the distinction between star-forming and quiescent galaxies is
based on offset from the SFMS, which has a sublinear slope at
high mass, adding lower-sSFR (that is higher-n) to the popula-
tion of star-forming galaxies at high stellar mass.

The results presented in Figure 6 reproduce previous find-
ings based on UV-optical profile analysis (e.g., Wuyts et al.
2011; Bell et al. 2012; Buitrago et al. 2013; Barro et al. 2017,
Whitaker et al. 2017) that at all redshifts z < 3 quiescent
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Fig. 3. Star-formation rate (SFR) vs. stellar mass in four redshift bins color-coded by 7, 5,m. The dashed black line represents the SFR-ridge
identified in Leja et al. (2020). Solid lines show the median trends in five 7, 5, bins. Hexbins are drawn around groups of at least 10 galaxies and
colored with the median 7, 5. For reference, constant log(sSFR) lines are shown in light gray. Exponential-like galaxies lay on the SFMS at any
redshift and stellar mass. n; 5., > 2 galaxies detach from the SEMS at different stellar masses as a function of redshift.

galaxies, on average, have more peaked light profiles than star-
forming galaxies, and that high-mass galaxies have higher n than
lower-mass galaxies. As previously shown by Martorano et al.
(2023), intrinsic differences up to 50% between 75,y and
nosum are present, but the distinction in the radial light profile
between quiescent and star-forming galaxies holds in the near-
IR as well. The persistence of a structural difference between
star-forming and quiescent galaxies in the rest-frame near-IR
implies a true, physical difference in structure: if the structural
difference seen in the rest-frame optical were merely apparent
due to the presence of bright, exponential disks in star-forming
galaxies that fade upon the cessation of star formation, then
the structural difference would be less apparent in the near-IR
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and in mass-weighted profiles (see also Martorano et al. 2023;
van der Wel et al. 2024).

For massive star-forming galaxies at z > 1, nisum is
systematically larger than ngs.n. These are also the galax-
ies whose sizes show the strongest wavelength dependence
(van der Wel et al. 2024; Martorano et al. 2024) and which are
often seen to have strongly attenuated centers (Nelson et al.
2016; Miller et al. 2022; Le Bail et al. 2024). This evidence,
taken together, points at radially varying dust attenuation as
an important factor for the structure measured in the rest-
frame optical for massive, star-forming galaxies (see also e.g.,
Zhang et al. 2023; Nelson et al. 2023). This is also supported
by the analysis presented in Nedkova et al. (2024) of the rest-
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Fig. 4. Sérsic index as a function of the specific Star Formation Rate (sSFR) in four redshift bins. Each color represents a stellar mass bin with solid
lines showing spline-quantile regression and squares showing the median Sérsic index in sSFR bins. Error bars show the statistical uncertainty on the

median (o/ VN). We highlight the — values between the two redshift extremes as a gray-shaded area and as a dotted line the position at the median

1 (2)

redshift. Systematic differences in 19 5y (left) and 7 5,y (right) due to stellar mass appear at z < 1 independently on the wavelength observed.

frame UV and optical Sérsic profiles of CANDELS galaxies,
where authors find that the presence of centrally concentrated
dust in massive galaxies flattens the light profile leading to a
lower UV Sérsic index than in the optical. At z < 1 the median
optical and near-IR Sérsic indices for these massive star-forming
galaxies are comparable, suggesting lower optical depths; galaxy
sizes still differ substantially between the optical and near-IR
(van der Wel et al. 2024). The implied M, /L gradient is likely
partially explained by stellar age/metallicity gradients, which is
reproduced by radiative transfer calculations of simulated galax-
ies (Baes et al. 2024).

Figure 7, like Figure 2, shows the redshift dependence of
the Sérsic index, but now dividing the sample into star-forming
and quiescent galaxies. As done for Figure 2, we parameterize
the Sérsic index evolution across cosmic time as n; o (1 + 7)1
(results are shown in Table 1). We note that these findings do
not depend on the definition of quiescence; all fitting results for
B are not affected by more than 1o if we use other quiescence
criteria based on the galaxy’s sSFR (i.e., defining a galaxy as
quiescent when log;,(sSFR) < —11 or log,,(sSFR) < #@ with
ty the age of the universe at the galaxy’s redshift).

Low-mass (M, < 10'° My) star-forming galaxies show a
subtle but interesting trend. The approximate result is that both
optical and near-IR Sérsic indices are typically approximately
exponential at all redshifts, but there is a small but significant dif-
ference between ny 5., and ng s, at z < 1 thatis absentat z > 1.
no5um 18 smaller than 7y 5,,, which can either be explained by

a significant concentration of dust in the center of these low-
mass galaxies due to their high dust-formation and low dust-
destruction efficiency (Calura et al. 2016), or age gradients due
to young, star-forming outer parts.

At M, > 10'%5 M, the situation is more complicated, and
the Sérsic index depends on redshift, galaxy type, and wave-
length. The Sérsic index of star-forming galaxies shows a sig-
nificant decrease with redshift, more so in the optical than in
the near-IR. We attribute this to the evolution in centrally con-
centrated dust attenuation. Conversely, for quiescent galaxies
differences between ngs.m and 71 5., are minor, which is con-
sistent with the notion that these objects are relatively poor in
young stars and dust content. Furthermore, the fact that high-
mass quiescent galaxies have somewhat lower n values at high
z than at low gz, is consistent with the idea that massive ellip-
ticals gradually build up their outer parts through (dissipation-
less) merging (e.g., Naab et al. 2009; van der Wel et al. 2009;
van Dokkum et al. 2010).

Patel et al. (2013) showed the redshift evolution of the rest-
frame UV/optical Sérsic index of star-forming and quiescent
galaxies in the stellar mass range 10'%% < M, /M, < 102
in the redshift range 0.25-3. They found n o (1 + z)® with
B =-0.50£0.18 and —0.64 +0.16 for quiescent and star-forming
galaxies, respectively. Limiting our sample to the same stellar
mass range, in the redshift range z = 0.5 — 2.5, we recover
trends marginally compatible on the 1o level, with ngsum o
(1 4z)7040£0:06 and oc (1+7)7044+09 Differences are most likely
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Fig. 6. Same as Figure 1 but medians are now computed separately on the quiescent (reds) and star-forming (blues) samples. Solid lines show
spline-quantile regression obtained using the COBS library (Ng & Maechler 2007, 2022). 16-50-84 percentiles of n at each redshift and mass bins
are reported in Appendix B. For the quiescent population in the highest redshift bin, just the circles are shown and not the solid line because the
spline regression was not robust enough given the low number of samples. The median uncertainty on the Sérsic index is shown in the bottom
right corner as a black error bar. We report the number of galaxies in each redshift bin in the top right corner of each panel. n, evolves with stellar
mass for both populations.

driven by a combination of factors: their smaller sample; the dif-
ferent SED fitting code used to derive stellar population param-
eters, the different pipeline used to retrieve Sérsic indices, and
the different definition of quiescence adopted. Despite all these
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differences, the general trends recovered are compatible within
the uncertainties. For comparison, for the same sample we find
1y 5um o (1 + 7)7034007 and o (1 + 2)~0%4097 for quiescent and
star-forming galaxies, respectively.



Martorano, M., et al.: A&A, 694, A76 (2025)

. Agest = 1.5um Arest = 0.5um
Star-Forming Quiescent N= 296 550 N= 593 515
i 10g10(M./Mo) N=1712 1214 N=1917 1206
7 e (11.0,115) e N=4652 789 N=4020 678
® (105,11.0) ® Ne N=
6+ ® (10.0,105) o
(9.5, 10.0) I i
5-- -
S4t e t
3-- -
2T 3 T ([ ]
¢ S ) ®
3% '-\c_'—‘f——‘F — 80— ey e N 2
1-- . 5“ g ‘ T —%’*—:\,—'1?:#'_"" d
0.5 1.0 1.5 2.0 2.50.5 1.0 1.5 2.0 2.5
Redshift Redshift

Fig. 7. Same as Figure 2 but medians are now computed separately on the quiescent (reds) and star-forming (blues) samples. Solid lines represent
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high-M,,.

Table 1. 3, values from the parametrization n,; oc (1 + z)Pt.

Full-sample Star-forming Quiescent
Massbin  Bo.sum Bisum Bosum Bisum Bo.5um B15um
(9.5-10) 0-39i8:83 0.00fg:gi 0.45’:8:83 0.1 6’:8:82 - -
(10-10.5)  0.06*303  0.05*307  0.347003  0.22700%  0.19*313  0.18*513
(10.5-11) —0.53f8:8§ —O.27f8:8; —0.59’:8:}‘]) —0.02f8:8; —0.331’8;82 —0.25j8:8§
(11-11.5) —0.77f8:}8 —0.54f8:}8 —0.71f8:}g —0.30f8:§(3) —0.65:’8}8 —0.59f8;ﬁ

Notes. Values of 8, represent the median and 16—84 percentile intervals retrieved as outlined in Sect. 3.1 for the Full-Sample (first two columns),
the star-forming sample (middle two columns) and the quiescent sample (last two columns) in four stellar mass bins.

4. Summary and conclusion

We measure the rest-frame near-IR (1.5 um) Sérsic indices of
~15000 galaxies in the redshift range 0.5 < z < 2.5, selected
from the COSMOS-Web and PRIMER-COSMOS surveys with
JWST/NIRCam (Section 2). The dependence on redshift, stellar
mass, and star-formation activity of 7 5y is compared with the
rest-frame optical (0.5 pm) from HST/CANDELS. At fixed stel-
lar mass up to M, = 10'"3 M, the median Sérsic index evolves
slowly or not at all with redshift both in the optical and near-IR
(Section 3.1). At higher masses (M, > 10" M), both M1.5um
and 79 5, evolve with redshift fromn ~ 2.5atz =25ton = 4
at z < 1. High-mass galaxies have higher n than lower-mass
galaxies (the sample reaches down to M, = 10°> M) at all red-
shifts, with a stronger dependence in the rest-frame near-IR than
in the rest-frame optical at z > 1 (Section 3.1). This wavelength
dependence is caused by star-forming galaxies that, at z > 1
but not z < 1, have lower optical than near-IR n. Star-forming
galaxies generally have lower n than quiescent galaxies, also in
the near-IR, confirming and fortifying the result that there exists

a connection between star-formation activity and radial stellar
mass profile across cosmic time. Besides these general trends
that confirm previous results, two new trends emerge: (1) atz > 1
the median near-IR n varies strongly with star formation activ-
ity, but not with stellar mass (Section 3.2), and (2) the scatter in
near-IR n is substantially higher in the green valley (0.25 dex)
than on the star-forming sequence and among quiescent galax-
ies (0.18 dex) — this trend is not seen in the optical because dust
and young stars contribute to the variety in optical light profiles
(Section 3.2.1).

The variety of physical processes and evolutionary pathways
of individual galaxies implies that a unique interpretation of the
trends presented in this paper is not possible and conclusions
based on observations such as those presented in this paper will
always remain speculative. General tendencies may be identified
but more insight must come from the comparison with simula-
tions (i.e., Martig et al. 2009; Ceverino et al. 2010; Wetzel et al.
2013; Tacchella et al. 2019; Pillepich et al. 2019; Gargiulo et al.
2022; Park et al. 2022; Wang et al. 2023; Bluck et al. 2023).
Much attention has been given to interpreting the size evolution
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of galaxies in the context of simulations (Furlong et al. 2015;
Genel et al. 2018; Lee et al. 2023; Costantin et al. 2023, and oth-
ers). However, Sérsic indices (or related parameters that quantify
concentration) of simulated galaxies in the same redshift range
investigated in this work, are not often shown or calculated.
Wayts et al. (2010) found that radial profiles of simulated galax-
ies compared poorly with observed profiles, but in the meantime,
simulations have improved in resolution and treatment of physi-
cal processes. Tacchella et al. (2016) showed that the mass pro-
files of 26 simulated galaxies resemble those of observed galax-
ies across a range in redshifts, but at z = 2 that sample con-
tains no M, > 10'%7 M, galaxies, which is where most varia-
tion and evolution with redshift is seen in the observations. Now
that near-IR radial profiles are available due to JWST/NIRCam
observations, the next step must be to quantify the radial profiles
of large samples of simulated galaxies with sufficient spatial res-
olution and compare with the newly measured (and tabulated)
data in this paper.
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Appendix A: Datasets comparison

In this work, we compare the Sérsic index for galaxies retrieved from two different samples for which stellar parameters were
retrieved by different PROSPECTOR runs using different photometric catalogs. In this appendix, we compare the stellar mass and
SFER retrieved in this work and in Leja et al. (2020) for a subset of 1 656 galaxies that fall in the PRIMER-COSMOS field and for

which values from both the PROSPECTOR runs are available.
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Fig. A.1. Difference in stellar mass measured in this work and in Leja et al. (2020) as a function of the stellar mass retrieved in this work in
4 redshift bins. Color coding conveys the difference of the relative redshift estimates from the COSMOS2020 catalog (used in this work) and
in the 3D-HST catalog (used in Leja et al. 2020). The solid black line shows the median difference with error bars representing the statistical

uncertainty o/ YN while dashed lines show the 16-84 percentile range. A systematic difference appears in the highest redshift bin mostly driven
by a systematic 5% difference in the redshift value adopted.
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Fig. A.2. Difference in SFR measured in this work and in Leja et al. (2020) as a function of the SFR retrieved in this work in 4 redshift bins. Color
coding conveys the difference of the relative redshift estimates from the COSMOS2020 catalog (used in this work) and in the 3D-HST catalog
(used in Leja et al. 2020). The solid black line shows the median difference with error bars representing the statistical uncertainty o/ VN while
dashed lines show the 16-84 percentile range. Systematic differences are on the order of 0.1-0.2 dex for high-SFR galaxies and up to 0.6 dex for

low-SFR ones. These differences do not play a major role in this work.

As Figure A.1 shows, systematics in stellar mass between the two catalogs are below 0.1 dex for z < 2 and up to 0.1 dex for

z > 2 with this latter driven by a systematic 5% difference in the redshift value adopted for the SED fit.
Differences in the SFR estimates can be up to 0.6 dex (see Figure A.2) for low-SFR galaxies and ~ 0.2 dex for the high-SFR

ones. These do not play a major role in this work.

Appendix B: Mass-redshift variation of Sérsic index

In this appendix, we make available the medians and 16-84 percentiles of the lines drawn in Figures 1 and 6.
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Table B.1. This table quantifies lines presented in Figures 1 and 6

05<z<1 1<z<15 15<2<2 2<2<25
Mass bin ALL SF Q ALL SF Q ALL SF Q ALL SF Q
9.50 9.75 1.00 0.89 1.01 1.25 1.17 0.81 0.85 0.83 0.84 0.84
(107 - 107) 1'44t0.59 1'34fo.ss 2042537 1'361).59 1'32450.57 z'llto.eg 133)10.53 1'31450.57 - 1'31to,55 1'31t0.55 -
9.75 10.00 0.98 0.83 1.98 1.03 0.95 1.47 0.94 0.94 0.87 0.85 0.59
[10°75 = 101000) | 1.31+098 1.22+083 234+198 | 1337193 1307027 2.867147 | 1.43*09% 1.42%09%4 | 1.347087 13708 1 06702
10.00 10.25 L.15 0.82 2.07 1.31 1.00 2.00 1.04 1.03 1.96 0.97 0.97 2.50
(10 - 10 ) 1‘33t0.49 1'23J:0.43 2‘34't1.00 1‘38t0.59 l'284:()452 2‘87:.00 1‘43J—r0,63 1‘40i0.61 2'4'5J:0.93 l'47i0466 1‘46t0.66 l'544:()455
(101939 — 101030) | 1547465 1287493 279303 | 1458 127°9% 3127330 | 144703 127740 279738 | L41h R 135702 270719
10.50 10.75 1.83 1.19 1.81 1.77 113 2.17 1.87 1.23 2.36 1.85 1.46
(10 - 10 ) 1'97t0.89 1'39t0446 3'Oztl.os 1'76t0.79 1'34t0.48 2'99:.01 1'96J—r0.9s 1'46t0.61 2'93J:0.94 L5 liooo 1'35t0.45 -
10.75 11.00 1.67 1.39 1.81 175 1.17 1.44 1.73 1.63 1.71 1.76 2.22 1.35
(101075 — 101100) | 2 71+167 1 667139 344181 12414178 167417 33441431 2467173 1677183 2887171 12207176 1851222 2.40*133
11.00 11.25 1.78 1.80 1.66 2.17 1.52 1.93 1.53 1.94 1.61 1.35 1.27 0.85
(101100 — 1011.25) | 3. 61+178 2.40+180 4 02160 | 321+2]7 2684192 3.61+193 | 2.827153 1.987190 3.217181 12697133 273121 266083
[101125 — 1011-30) 1 4.67%137 2.95+124 4874138 14.09+235 2.157020 5.41%127 | 3567128 2724163 4061070 | 4187393 - -

Notes. Medians and 16-84 percentile intervals of the 7, 5., as a function of stellar mass in four redshift bins. Values are computed when at least
10 galaxies are available in the mass-redshift bin. The first column identifies the stellar mass bin investigated, then, grouped by three, are shown
the values for the population as a whole (ALL), just the star-forming galaxies (SF), and just the quiescent (Q) corresponding to the redshift bin
indicated above.

Table B.2. Same as Table B.1 but for ng 5

05<z<1 1<z<15 1.5<z<2 2<z<25

Mass bin ALL SF Q ALL SF Q ALL SF Q ALL SF Q
DO 107 | LIS 106705 LI L LS sl a0 oy - ey -
107 100%) | o163 095208 193432 10558 101738 1w 12w 1oy - gl ten -
0 10192 | 1037318 0523 208738 | 1077338 100 265713 | Loyl 1078 2505 1aoris awrs -
035 —1010%) | 1277438 09837 2667135 | 113738 08805 27538 | 10973 09673} 28038 1217438 157y 27635
0010127 | 1857135 L1203 30871 | 13477 10U 258l 19071 098ty 202t el 110nyS sy
075 —1010) | 2507458 123 350713 | 205734 1260 322°185 220717 1T 2707 (18I 13 247
10119 10125) | 345°172 276772 4337110 | 24630 176°148 320718 25171 L] 3230140 | 24074 21071 2979
0135 10113 | 420455 30579 47l 30atB 239 aetif |28l 29 s aswl 1T sav)
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