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ABSTRACT

We analyze the size evolution of 16000 star-forming galaxies (SFGs) and 5000 quiescent galaxies (QGs) with mass M, >
10° Mg at 0.1 < z < 0.9 from the COSMOS field using deep CLAUDS+HSC imaging in two rest-frame wavelengths, 3000 A
(UV light) and 5000 A (visible light). With half-light radius (R, ) as proxy for size, SFGs at characteristic mass My = 5x 101°Mg,
grow by 20% (30%) in UV (visible) light since z ~ 1 and the strength of their size evolution increases with stellar mass. After
accounting for mass growth due to star formation, we estimate that SFGs grow by 75% in all stellar mass bins and in both
rest-frame wavelengths. Redder SFGs are more massive, smaller and more concentrated than bluer SFGs and the fraction of
red SFGs increases with time. These results point to the emergence of bulges as the dominant mechanism for the average size
growth of SFGs. We find two threshold values for the stellar mass density within central 1 kpc (£;): all SFGs with logX; > 9 are
red and only QGs have logX; > 9.7. The size of M, = My QGs grows by 50% (110%) in the UV (visible) light. Up to ~ 20%
of this increase in size of massive QGs is due to newcomers (recently quenched galaxies). However, newcomers cannot explain
the observed pace in the size growth of QGs; that trend has to be dominated by processes affecting individual galaxies, such as
minor mergers and accretion.
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1 INTRODUCTION et al. 2012; Mosleh et al. 2012; van der Wel et al. 2014; Lange
et al. 2015; Faisst et al. 2017; Roy et al. 2018; Mowla et al. 2019b;
Matharu et al. 2019, 2020; Kawinwanichakij et al. 2021; Barone et al.
2022; Mercier et al. 2022; Damjanov et al. 2023, and many others).
Both galaxy populations show an expected positive trend in size with
stellar mass, in agreement with theoretical studies (e.g., Price et al.
2017; Genel et al. 2018; Rosito et al. 2019; de Graaff et al. 2022).
However, the parameters of the relation between galaxy size and
stellar mass (also called the size-mass relation; SMR) differ between
SFGs and QGs. The SFGs show a weak relation between galaxy
size and stellar mass with R, o« M 0.2 where R, is the effective
radius (radius that includes 50% of galaxy light) in kpc and M is
the stellar mass in Mg (e.g., Shen et al. 2003; Williams et al. 2010;
van der Wel et al. 2014; Mowla et al. 2019b; Kawinwanichakij et al.
2021; Barone et al. 2022). On the other hand, QGs exhibit a more
complex SMR. Below the pivot mass (~ 3 X 101°M¢), QGs show a
weak trend with R, o« M 9!, resembling the equivalent relation for

The assembly history of galaxies in the aging universe depends on
their evolutionary stage at the cosmic time (redshift) of observa-
tions. Galaxy transformations over time include changes both in the
average properties of their stellar population (e.g., age and metal-
licity) and in galaxy structure (i.e., size and shape). By observing
evolutionary trends in morphological properties of galaxies in large
(spectro-)photometric surveys (e.g., SDSS, York et al. 2000; Abaza-
jian et al. 2009; Aihara et al. 2011; HSC-SSP Aihara et al. 2018,
2019; DESI, Dey et al. 2019), we can probe the assembly histories
of different galaxy populations.

A suite of studies conducted over the last two decades show that
for both SFGs and QGs galaxy size depends on stellar mass. (e.g.,
Shen et al. 2003; Guo et al. 2009; Williams et al. 2010; Newman
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SFGs (e.g., Morishita et al. 2017; Kawinwanichakij et al. 2021). In
sharp contrast, the exponent of the power-law SMR for QGs above
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the pivot mass increases significantly (R, o M 0.7, e.g., Shen et al.
2003; Williams et al. 2010; Lange et al. 2015; Huang et al. 2017,
Mowla et al. 2019b; Mosleh et al. 2020; Kawinwanichakij et al. 2021;
Nedkova et al. 2021; Damjanov et al. 2023).

Mowla et al. (2019a) and Kawinwanichakij et al. (2021) show
that the pivot mass of the SMR of QGs matches the pivot point
of the stellar mass-halo mass (SMHM) relation, a relation between
galaxies and their host dark matter halos (e.g., Keres et al. 2005, 2009;
Bower et al. 2006; Croton et al. 2006; Behroozi et al. 2010; Huang
et al. 2017; Golden-Marx & Miller 2019; Golden-Marx et al. 2022;
Gabrielpillai et al. 2022; Zaritsky & Behroozi 2023). The SMHM
relation describes how efficiently baryons accreted into the halo are
cooled and converted into stars. The pivot point of the SMHM relation
is the stellar mass that corresponds to the maximum efficiency of this
conversion (e.g., Behroozi et al. 2010; Leauthaud et al. 2012; Moster
etal. 2013; Rodriguez-Puebla et al. 2017). According to Mowla et al.
(2019a) and Kawinwanichakij et al. (2021), because the pivot points
of SMR and SMHM relation are similar, the pivot point of the SMR
indicates the stellar mass at which in-situ galaxy growth via star
formation is replaced by the ex-situ driven growth via mergers and
accretion.

In addition, the pace at which galaxy sizes evolve also differ be-
tween massive (M, 2 3 x 1019My) SFGs and QGs. On average, the
evolution in galaxy sizes (i.e., in R,) with cosmic time is stronger for
QGs than for SFGs (e.g., van der Wel et al. 2014; Kawinwanichakij
et al. 2021). This difference suggests that the observed evolution in
galaxy morphology can probe physical processes that affect galaxy
growth before and after the star formation in them ceases.

The strength of SFG size evolution varies with the observed red-
shift interval. The observational studies that cover a wider redshift
range (0 < z < 3) show a strong evolution of sizes (e.g., van der
Wel et al. 2014; Mowla et al. 2019b). However, several studies show
weak to no evolution since z ~ 1 (e.g., Lilly et al. 1998; Ravindranath
etal. 2004; Barden et al. 2005; Kawinwanichakij et al. 2021) whereas
studies that focus only at higher redshifts (z > 2) show very strong
evolution in SFG sizes with redshift (e.g.; Oesch et al. 2010).The
range of results for different redshift intervals indicates that the size
evolution of SFGs may be slowing down with cosmic time.

There are several reasons why the size growth of SGFs could slow
down with decreasing redshift. One obvious reason is the availability
of cold gas. As the average density of gas decreases with time, there
is less gas (star-forming material) in galaxy environment that can be
accreted. The lack of star-forming material leads to reduced levels of
cosmic star formation at redshift z < 1 (Madau & Dickinson 2014).
If the size growth of SFG is driven predominantly by the in-situ star
formation, the reduced amount of available gaseous material will
affect the observed pace of their size growth.

Another reason for slower size growth of SFGs at z < 1 is the
emergence of centrally concentrated bulges in galaxies (Martig et al.
2009; Sachdeva et al. 2017; Hashemizadeh et al. 2022). Older galax-
ies tend to have a significant bulge component in their center com-
pared to younger galaxies. In massive galaxies at z < 1, these bulges
contain older and less massive red stars that dominate the light in
visible and near infra-red wavelength regimes. In contrast, the light
in outer disks is dominated by the contribution from young stars that
emit strongly in UV (e.g., Breda et al. 2020). Therefore, the overall
size of a galaxy appears smaller and more centrally concentrated in
the rest-frame 5000 A where the light from old stars dominates. In
studies that target this redder rest-frame wavelength, the observed
slower pace of size evolution with decreasing redshift can indicate
the emergence of concentrated red bulges.

Galaxies undergo morphological transformations when they be-
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come quiescent. A quenched galaxy typically has smaller size than
a star-forming one. If an SFG is a disk-dominated system and the
quenching process does not affect the stellar distribution within it,
the stellar disk fades away when the star-formation ceases (e.g.,
Christlein & Zabludoff 2004; Carollo et al. 2016; Matharu et al.
2020). As galaxy disks are more extended than their more centrally
concentrated bulges/spheroids, the half-light radius of a galaxy de-
creases when the disk fades. These transformations can be probed
further by analyzing galaxy light profile components (e.g., bulges
and disks) separately, investigating mass complete spatially resolved
spectroscopic datasets, and measuring galaxy dynamical properties
(e.g., Hudson et al. 2010; Belli et al. 2017, 2019; Newman et al.
2018).

QGs, on the other hand, evolve and grow in size through var-
ious physical processes, including major mergers, minor mergers,
accretion and adiabatic expansion (e.g., Naab et al. 2007, 2009; Fan
et al. 2008, 2010; van Dokkum et al. 2010; Trujillo et al. 2011;
Cimatti et al. 2012; Lopez-Sanjuan et al. 2012; Huertas-Company
et al. 2013; Zahid et al. 2019; Damjanov et al. 2023). Additionally,
newly quenched galaxies being added to the quiescent population
(newcomers) affect the overall size distribution and the average size
growth of QGs (progenitor bias; e.g., van Dokkum & Franx 2001;
Saglia et al. 2010; Carollo et al. 2013; Genel et al. 2018; Damjanov
et al. 2023). The estimated level of influence that the newcomers
have on the average size evolution of the quiescent population range
from minimal (e.g., Zanella et al. 2016; Damjanov et al. 2023) to
substantial (e.g., Carollo et al. 2013; Fagioli et al. 2016). However,
apart from the progenitor bias that affect the bulk of the QG popu-
lation, a majority of studies tracing morphological evolution of QGs
indicate that minor mergers are the major driver of size growth for
this galaxy population. (Newman et al. 2012; Beifiori et al. 2014;
Ownsworth et al. 2014; Belli et al. 2015; Buitrago et al. 2017; Zahid
et al. 2019; Hamadouche et al. 2022; Damjanov et al. 2023). These
galaxy encounters affect the light in different rest-frame wavelengths
by depositing younger and/or metal-poor stellar material at galaxy
outskirts (e.g., Suess et al. 2020).

So far, the large scale studies have been focused on a single rest-
frame wavelength (typically 5000 A). Galaxy light profiles at this
wavelength are dominated by the light from older stars that con-
tribute most of the stellar mass of a galaxy (e.g., van der Wel et al.
2014; Mowla et al. 2019b; Kawinwanichakij et al. 2021). By study-
ing galaxy morphology in ultraviolet (UV) light, we can probe the
distribution of recently formed stars in galaxies because the shorter
wavelengths (2000 < A < 4000 A) are dominated by the light from
young stars (e.g., Bruzual & Charlot 2003). In addition, simultaneous
analysis of galaxy morphology at longer wavelengths (1 > 4000 A)
enables us to probe the difference in spatial distribution of young and
old stars.

CFHT CLAUDS (Sawicki et al. 2019) and Subaru HSC-SSP (Ai-
hara et al. 2018, 2019) surveys together provide the ideal dataset for
studies of galaxy morphology in rest-frame UV and visible lights at
z < 1. The CLAUDS+HSC survey includes deep images of the sky
over an overlapping area of 18.6 deg2 in 6 bands (Ugrizy) that range
from UV to near infrared (IR). In this pilot study, we use a subset of
this dataset (the central ~ 1.6 deg2 region of the COSMOS field) to
analyse the SMR and size evolution of ~ 16000 SFGs and ~ 5200
QGs at 0.1 < z < 0.9 in two rest-frame wavelengths: 3000 A and
5000 A. We will expand the study to the entire survey volume in the
followup analysis.

The plan of this paper is as follows. Section 2 provides an overview
of CLAUDS+HSC survey, the data and auxiliary data products we
use, sample selection and classification of galaxies into SFGs and
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Figure 1. CLAUDS+HSC images of an SFG (centre) with mass log M = 10.53 at z = 0.67 (a: 150.17897, 6: 2.03213) in u, g, r, i and z bands. Image cutouts
are of dimensions ~ 33.8"” x 33.8”” and have the same intensity stretch. A 10" (72.3 kpc) scale is shown for reference in the middle panel.

QGs. In Section 3, we present details of the methodology for 2D
galaxy light profile fitting (Section 3.1). In Section 3 we also provide
the results of the simulations we perform to estimate the robustness
of the fitting pipeline and the systematic uncertainties present in our
morphological measurements (Section 3.2). In addition, we describe
how we estimate the rest-frame Sérsic parameters in Section 3.3. We
validate our size measurements by comparing them with those from
the literature (Section 3.4). In Section 4, we describe the analytic fits
to the SMR and present the results of SMR fitting and size evolution
for SFGs and QGs in two rest-frame wavelengths. We discuss the
implications of our findings in Section 5. We summarize the major
conclusions based on our analysis in Section 6.

Throughout this study, we use M to denote stellar mass in solar
units (M, /M) unless otherwise stated. Additionally, we use the AB
magnitude system and adopt a standard cosmology with Q7 = 0.3,
Qa =0.7 and h = 0.7 throughout this paper.

2 DATA AND SAMPLE SELECTION
2.1 CLAUDS+HSC Survey

We use the ultra deep multi-band (« + griz) imaging data from the
central 1.6 deg2 region of the COSMOS field from CFHT Large
Area U-band Deep Survey1 (CLAUDS; Sawicki et al. 2019) and
the Hyper Suprime-Cam Subaru Strategic Program? (HSC-SSP; Ai-
hara et al. 2018, 2019). In total, the combined deep CLAUDS+HSC
dataset covers an overlapping area of 18.6 degz. In u and i bands, the
median depth is 27.1 mag (measured at 50 level in 2”” apertures).
The depth of the dataset is optimal for the analysis of massive galaxy
morphology out to their faint outskirts. The CLAUDS+HSC bands
also have similar sensitivities, except for y-band where the limiting
magnitude is 25.6 mag. Figure 1 shows an example galaxy from our
dataset in u, g, r, i and z bands.

Recently, Kawinwanichakij et al. (2021) conducted an extensive
morphological study using HSC-SSP data only (i.e., without the u-
band images that are available only for the Deep and UltraDeep lay-
ers of the HSC-SSP). The u-band data are important for constraining
photometric redshifts and internal galaxy properties. For example,
u-band photometry is essential for bracketing the Balmer and 4000 A
breaks in order to estimate photometric redshifts (photo-z’s) accu-
rately for galaxies at intermediate redshifts (0 < z < 0.7, Sawicki
et al. 2019). At these intermediate redshifts, u-band data also play
a vital role in constraining star formation rates (SFRs) of galaxies.
With the addition of u-band data from CLAUDS to the Deep and

1 https://www.clauds.net/
2 https://hsc.mtk.nao.ac.jp/ssp/

UltraDeep layer of HSC-SSP, we are able to minimize the contam-
ination when separating SFGs and QGs at z < 1 and to analyze
structural evolution of the two populations in a unique way.

Although our final goal is to analyze the entire 18.6 deg2 of the
survey region, we limit this pilot study to the COSMOS/UltraVISTA
field, covering ~ 1.6 deg? on the sky. We target this smaller area
because it is a widely studied survey region in the sky. Choosing a
widely studied field is beneficial as we can compare the results of
our work with those of previous and parallel studies. This approach
ensures quality control of certain steps implemented in this project
and enables us to draw scientific conclusions regarding the physical
processes driving the observed trends with more certainty. In addi-
tion, the COSMOS field is rich in ancillary data, which we utilize
in this study for mass and redshift estimates. In the next stages, we
will expand the study to the entire CLAUDS+HSC data to improve
statistics and analyze the impact of environment on size evolution of
galaxies.

2.2 Point Spread Function

Atmospheric turbulence (atmospheric seeing) dominates the blurring
of astronomical images in ground-based observations. A point spread
function (PSF) describes how a point source in the sky (a star) looks
like in the image due to this blurring. Hence, to study the intrinsic
shapes of galaxies, we must remove the effect of PSF from galaxy
images.

The HSC Pipeline uses the PSFEx algorithm3 (Bertin 2011) to
characterize the PSF of the HSC images. The PSFex adaptation in
the HSC Pipeline models PSF from the images of unsaturated stars in
an iterative way to remove contamination from neighbouring objects
(Bosch et al. 2018). PSF models at any position within the footprint
of the survey are available through the PSF picker* utility in the
Public Data Release by HSC-SSP.

Although PSFs for every sky coordinate covered by the HSC-
SSP are available via the PSF picker, fetching a PSF model for
every galaxy would be computationally expensive. Hence, we divide
every HSC image patch’ into 36 sub-regions of dimensions 117.6” x
117.6”. For all galaxies within a sub-region, we use the PSF image
at the center of this region.

The PSF images for CLAUDS u-band data are not available ex-
ternally and thus we model PSFs for these images using PSFEx.

3 http://ascl.net/1301.001

4 https://hsc-release.mtk.nao.ac.jp/psf

5 Each image patch consists of 4200 x 4200 pixels where each image pixel
covers ~ 0.168” x 0.168” of the sky. The pixel and patch sizes are the same
for both CLAUDS and HSC images.
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Figure 2. A sample PSF generated for u-band using PSFEX. The left panel shows the image of a star in u-band. The middle panel shows the PSF image generated
for the same location in the sky. The last panel shows the residual image obtained by subtracting the PSF from the stellar image.

Although the software selects the bright unsaturated stars using the
catalogue generated by SExtractor, we refine the automated star se-
lection by identifying a region from peak in the surface brightness
versus magnitude relation where the unsaturated stars lie. PSEFx
then uses these stars to model PSFs for the 36 sub-regions in each
image patch.

Figure 2 shows a sample PSF in u-band we generate using PSFEx.
The third panel shows the residual after PSF model (second panel) is
removed from an image of a star in u-band (first panel). The residual
image shows no visible structure, confirming that the u-band PSFs
we generated are reliable.

The PSF changes with the band of observations and location in
the sky. Among the HSC bands, the i-band has the best seeing with
full width at half maximum (FWHM) of the PSF ranges between
0.5"" and 0.7””. The FWHM in u-band is also in the same range. The
median FWHM in other bands is ~ 0.7”.

2.3 Other Data Products

We make use of the COSMOS2020 (Weaver et al. 2022), the lat-
est photometric catalog from Cosmic Evolution Survey (COSMOS,
Scoville et al. (2007)). This catalog is based on new imaging and
incorporates CFHT CLAUDS u-band data, HSC-SSP PDR2 grizy
data, VISTA VIRCAM YJHKs-band data of UltraVISTA DR4 (Mc-
Cracken et al. 2012) and Spitzer/ IRAC channel 1, 2, 3, and 4 data of
the Cosmic Dawn Survey (Collaboration et al. 2022). The catalogue
covers an area of 2 deg? and includes multiwavelength photometric
measurements and derived properties for 1.7 million sources. From
the catalogue, we use the photometric redshifts, stellar masses and
star formation rates derived using LePhare (Ilbert et al. 2006) and
rest-frame UV]J colours from Eazy code (Brammer et al. 2008).

2.4 Sample Selection and Galaxy Classification

We limit the redshift range of our work to 0.1 < z < 0.9 because we
cannot constrain the stellar mass of galaxies well beyond z ~ 0.9 by
using CLAUDS+HSC data alone. This problem arises due to the lim-
itation in the available wavelength coverage to bracket several spec-
tral features like the 4000 A break. Although this pilot study utilises
COSMOS2020 catalogue with wider wavelength coverage (Section
2.3), our future studies will cover the complete CLAUDS+HSC deep
survey region and thus we will be relying on the data from Ugrizy
bands alone.

Furthermore, we select only massive galaxies for this study. The
mass completeness limits varies with redshift as well as with the

MNRAS 000, 1-32 (2024)

0.1<z<0.5
2.0

1.51

uv

1.0
0.5 4029

1539
0.0

2.57

2.0

1.51

Uu-v

1.0

0.5 2 12709

0.0l 4179

0.0 0.5 1.0 1.5 2.0
V-]

Figure 3. Classification of galaxies into SFGs (blue) and QGs (red) in the UV]J
diagram using Equation 1. The upper and lower panels show the classification
in two redshift bins. Rest-frame UVJ colours are taken from Weaver et al.
(2022).

level of galaxy star formation activity. The SFGs at lower redshifts
have lower stellar mass completeness limit than the QGs at higher
redshifts. To have a uniform mass completeness limit for the entire
dataset, we limit our study to galaxies more massive thanlog M > 9.5
(Chen et al. 2024, in prep).

We classify selected galaxies into SFGs and QGs using UVJ
colour-colour diagrams (e.g., Wuyts et al. 2007; Williams et al. 2009;
Brammer et al. 2011; Muzzin et al. 2013; Carnall et al. 2018) by ap-
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b/a =0.44

Figure 4. An example of galaxy profile modelling using GaLriT. Panels from left to right show the input cutout image of an SFG (z = 0.81; logM = 9.56)
in i-band (A), masked image (B), best-fit models (C) and residual image (D). The fitting of the target galaxy (center) is performed simultaneously with a
neighbouring bright galaxy on its bottom right. The best-fit parameters of the target galaxy is given in panel D. We also show a 10" (77.6 kpc) scale in panel A

for reference.

plying a selection criterion from Whitaker et al. (2011),

(U=-V)>0.88x% (V—J)+0.69 [for z < 0.5],

(U-V)>0.88x(V-=J)+0.59 [for z > 0.5], S

where U — V and U — J are rest-frame colours. Figure 3 shows the
UV classification of galaxies in two redshift regimes. The sample
we analyze in this study contains in total ~ 16000 SFGs (blue points)
and ~ 5200 QGs (red points).

3 METHODOLOGY
3.1 Galaxy Profile Fitting using GALFIT

We model galaxy light profiles with a single Sérsic profile,

R 1/n

— -1
(%
where R, is the effective radius, Z. is the surface brightness at R,
and n is the Sérsic index, which defines the concentration of the
profile. The coefficient b, is not a free parameter; it is a function of
n and it ensures that the region within R, encloses half of the total
luminosity of the galaxy. Although galaxies usually have several
internal components such as disks and bulges, we can fit the overall
light profile of a galaxy using a single Sérsic function to obtain its
global features (size, light concentration, axis ratio, etc.; van der Wel
etal. 2012).

In this work we use GALFIT, a two-dimensional (2D) parametric
light profile fitting software tool to fit galaxy profiles (Peng et al.
2002, 2010a). The software extends the one dimensional Sérsic pro-
file from Equation 2 to 2D space for direct fitting of galaxy images.
Based on the simulations we perform (and describe in Section 3.2),
we introduce magnitude cut in each band (u< 26; g< 25.5;r,i,z< 25)
that corresponds to ~ 75% success rate for our fitting pipeline. We
do not apply any limit based on other galaxy structural parameters
such as size, Séric index or axis ratio, because they do not affect the
robustness of our fitting pipeline (see Appendix A). Additionally, we
do not fit y-band data because the simulations show that our pipeline
does not produce accurate measurements of the structural parameters
in that band even for fairly bright galaxies (e.g., 24 < y < 25; see
Section 3.2.3).

At the start of the fitting procedure, we make an image cutout
centred around the target galaxy. We ensure that the size of the cutout

log (@) - b, , @

Ze

is sufficiently large for good fitting by adopting a minimum cutout
size of 25 X R,g, where R,g is the SExtractor effective radius from
the COSMOS2020 catalogue (this radius does not take into account
the effects of seeing). The cutout size does not exceed 84’/. Our
simulations (Section 3.2.2) show that the fitting of galaxy profiles
using the cutout size of 25 X R, g performs significantly better than
when using cutout sizes < 20 X R,g and that the performance level
plateaus around 20 — 25 X R,.g. Because the HSC PSF images have
dimensions of 43 pixels per side, we ensure that the image cutout
is at least 45 pixels per side, which is also the dimension of the
convolution box for PSF.

We flag neighbouring galaxies for simultaneous fitting if
their projected distance from the target galaxy is < 2 X
(R.s(target)+R,s(neighbour)), and the magnitude difference is
Mpeighbour — Miarget < 0.5. If the target galaxy is fainter than the
23 mag, we further restrict the magnitude range for neighbour selec-
tion to Mpejghbour — Miarget < 0.1.

We then mask out all other fainter galaxies and bright objects in
the cutout image. We use a watershed segmentation technique imple-
mented in the PHoTOUTILS package for PyTHoN for this purpose. The
watershed algorithm treats pixel values in the image as an inverted
local topography where the centroids of bright objects are at the local
minima of this topography. The algorithm generates a segmentation
map for the light sources in the image cutout. The algorithm then
deblends all overlapping regions and separates the objects in into
regions (‘watersheds’). Finally, it creates a file containing pixel co-
ordinates belonging to the ‘watersheds’ of all objects to be masked
out.

The next step is to estimate the initial parameters for galaxy fitting.
We use magnitudes from COSMOS2020 catalogue as the input mag-
nitude value for GALFIT in the respective filters. We roughly estimate
the initial values of the other Sérsic parameters (size, Sérsic index,
axis ratio) using PETROFIT®, a galaxy light profile fitting PyTHON
package, and provide a random angle for the position angle. We esti-
mate the mean sky background using the areas outside the watershed
segments and provide it as the initial parameter. However, if a galaxy
is fainter than 24.5 mag, we fix the sky brightness at this mean sky
value while running GaLFIT. In addition, the software requires -
images, that contain the pixel level uncertainties in the data, and the
PSF images.

A GavrrIT Séric model is a fuction of several parameters: centroid

6 https://github.com/PetroFit/petrofit/releases/tag/v0.4.1
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Figure 5. An example for profile modelling of simulated galaxies using GALFIT in i-band. The panels are same as in Figure 4 but for a simulated galaxy instead

for a real one.

pixel coordinates (xg, yg), magnitude (mzor), Re, n, axis ratio (b/a),
and position angle (6 p 4). We fit galaxy profiles using GALFIT in two
steps, a procedure similar to the one used by Matharu et al. (2019).
In the first step, we keep all parameters free to vary and obtain
refined values of galaxy initial position parameters: centroid pixel
coordinates (xq, yg), b/a and 6 p 4. We provide the best-fit parameters
from the first step as the input for the second step, where we force
three position parameters to remain constant (within uncertainties)
and keep the remaining three structural parameters (m:0¢, Re and
n) free. We also constrain the parameter space for both steps to
ensure that the software reaches global minimum. These constraints
are 10 < myor < 30, 0.1 < R, < 50 pix, 0.1 < n < 20 and
0.02 < b/a < 1. In addition, we do not allow the GaLrrT-derived
magnitude to differ from the magnitude obtained using SExtractor
by more than 2 mags.

Figure 4 illustrates the steps in fitting of a galaxy light profile.
Panel A shows the image cutout, panel B shows the masking using
watershed algorithm and panel C the best fit Sérsic models of the
target and a neighbouring galaxy. Panel D provides the residual image
obtained by subtracting panel C from panel A. From the residual
image, it is clear that the fitting pipeline finds Sérsic profile that best
matches the observed galaxy (i.e., Panel D shows no features in the
region of fitted galaxy). Since we use only a single Sérsic profile for
a galaxy, in some cases structural features (such as spiral arms) are
visible in the residual image (see the residuals for the neighbouring
galaxy in panel D).

3.2 Simulations
3.2.1 Pipeline

We perform simulations to test the robustness of our galaxy pro-
file fitting procedure (Section 3.1) and to estimate the systematic
uncertainties present in the measurements. In these simulations, we
generate artificial galaxies and plant them in real images. To ensure
that the simulated galaxies reflect the properties of real galaxies,
we use the structural parameters of galaxies in the COSMOS field
from the Zurich Structure and Morphology Catalogue’ (ZSMC; Sar-
gent et al. 2007; Scarlata et al. 2007). ZSMC contains Hubble Space
Telescope (HST)/ACS F814W-based structural properties of galaxies
(Sargent et al. 2007), derived from a single Sérsic profile fitting using
GIM2D (Simard 1998). We first estimate a multivariate probability

7 https://irsa.ipac.caltech.edu/data/COSMOS/gator_docs/
cosmos_morph_zurich_colDescriptions.html
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distribution function (PDF) of GIM2D-derived size (R,), Sérsic in-
dex (n) and axis ratio (¢) along with u, g, 7, i, z and y magnitudes
from the CLAUDS+HSC-SSP catalogue (Desprez et al. 2023) using
multi-dimensional kernel density estimation. As there are only a few
galaxies with R, > 1.5” in ZSMC, we include additional artificial
galaxies with these larger sizes. We then randomly draw parameters
from this PDF to simulate galaxy 2D profiles. While doing so, we
make sure that we do not draw a parameter set from the multivari-
ate PDF where any of the parameters has a non-physical value (for
example, R, < 0 pixels).

In the next step, we model each artificial galaxy with its randomly
chosen parameter set from the PDF using GaLFIT. We also convolve
these artificial galaxies with PSF at the position where we plant
them in the image. We then plant these galaxies in real images with
randomly chosen position angles (6p4). Random values of 0py4
ensure that galaxies are placed in the images with orientations similar
to those of real galaxies. We also make sure that the centroid of the
simulated galaxy does not fall within the effective radius of another
real galaxy in the image.

We fit each planted galaxy using the same procedure we use with
the real data (Section 3.1). Figure 5 shows an example of a simulated
galaxy and its best-fitting model obtained by the pipeline. We perform
the planting and fitting procedures using one artificial galaxy at a time
to avoid overcrowding of images. One of the caveats of our simulation
is that artificial galaxies have single Sérsic profiles, which is not true
for most of the real galaxies. Nevertheless, this estimate is sufficient
for the present study as we fit real galaxy profiles with a single-profile
model.

3.2.2 Cutout image size

Using simulations we first explore the impact of the image cutout
size on the fitting results. We perform several sets of simulations
with varying cutout sizes based on the size of the target galaxy: SR,
10R,, 15R,, 20R, and 25R,.

We define relative difference for a given parameter x as

x (input) — x (output)

Ralx) = x (output)

3

We then analyse the distribution of R 4 (R, ) as a function of galaxy
size in bins of various cutout sizes (Figure 6). Clearly, the smallest
cutout size (S5R,; first panel) performs the worst irrespective of the
intrinsic size of the target galaxy. In this case, our pipeline yields sizes
that are, based on the median relative difference, ~ 20% smaller than
input values (red line in the first panel of Figure 6). In addition
the scatter in relative differences is significantly higher than for any


https://irsa.ipac.caltech.edu/data/COSMOS/gator_docs/cosmos_morph_zurich_colDescriptions.html
https://irsa.ipac.caltech.edu/data/COSMOS/gator_docs/cosmos_morph_zurich_colDescriptions.html
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Figure 6. The relative difference in galaxy sizes in i-band from simulations with different cutout sizes. The contours in each panel show the distribution of the
relative difference in size: R4 = (input - output)/input (Equation 3). The red curve in each panel shows the median relative difference in sizes in bins of input
galaxy sizes. We perform five sets of simulations, changing the cutout size in relation to the effective radii of simulated galaxies: 5R., 10R., 15R., 20R, and
25R.. In the last panel, we give the median value of the offset in R ; (R, ) for each cutout size.

other cutout sizes (blue contours). This error in size measurements is
mainly due to two reasons: (1) galaxy profiles are extended beyond
SR.; (2) there are a few pixels in the cutout to effectively estimate
the sky background.

The offset in the size measurements decreases with increasing
cutout sizes. With the 25R, cutout (last populated panel of Figure
6), the median relative offset (red line) shows that the best-fit R,
is equivalent to the real (input) R, irrespective of the input galaxy
size. In addition, the scatter in relative galaxy size differences is
slightly higher for 20R,, than for 25R, cutout size. Since this scatter
represents the systematic uncertainty in galaxy size measurements,
we consider a cutout size of ~ 25R,. as the best among the five cutout
sizes chosen for the simulation and adopt that cutout size for our
fitting procedure.

However, unlike simulated galaxies, we do not know the intrinsic
sizes of galaxies in real data apriori. Therefore, for real galaxies, we
use size estimations from SExtractor to determine the required sizes
of image cutouts.

3.2.3 Robustness

To investigate the robustness of the pipeline, we define the simulated
success rate as

Number of failures

“

Success rate = | Total number of simulated galaxies
We consider a fit as failed if any of the parameters lies at the limits
of the allowed parameter space. We show this ratio in all the six
CLAUDS+HSC bands in Figure 7.

We find that the success rate is a function of magnitude in the
fitted band with limiting magnitude ranging from ~ 25 to 26 mag for
asuccess rate of 0.75 in u, g, r, i and z bands. However, we do not find
any significant dependence of the success rate on any other Sérsic

1.0
0.9
2 0.8
E
2071 — u
8
S - 8
=
206 =
0.5 i
— 1z
041 — v
18 19 20 21 22 23 24 25 26
Magnitude

Figure 7. Simulated success rate (Equation 4) as a function of magnitudes in
CLAUDS+HSC bands. The u-band data performs the best while the y-band
data performs the poorest (see text for details). Hence, we do not use y-band
data in this work.

parameter (see Appendix A). Hence, we limit our analysis based on
the magnitude of galaxies in five CLAUDS+HSC bands.

We also note that success rate in the y-band is the lowest among
the CLAUDS+HSC bands. It is because the y-band is shallow and
has poor seeing compared to other HSC bands. Hence, the fits based
on the y-band profiles are more likely to fail for even relatively bright
galaxies. Therefore, we do not use galaxy morphology in the y-band
for the analysis of galaxy morphological evolution in this work. This
does not impact our ability to probe the light profiles of galaxies in
two rest-frame wavelengths. For galaxies in our highest redshift bin
(0.75 < z < 0.9, Section 4), we use z-band images to model light
profiles at the redder rest-frame wavelength (5000 A).

3.2.4 Uncertainty Estimation

An important reason for running these simulations is to estimate the
systematic uncertainties in our measurements. To do this, we analyze
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Figure 8. Relative difference in Sérsic parameters in i-band from simulations. The contours in each panel show the distribution of the relative difference in
parameters: the top, middle and bottom rows show the relative differences in size, Sérsic index and axis ratios respectively. From left to right, the columns show
the relative differences in parameters as functions of Sérsic parameters: magnitude, output size, output Sérsic index and output axis ratio. Note that we have used
the relative difference here as R4 = (input - output)/input (Equation 3). In each panel, the red curve represents the median of the relative difference.
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Figure 9. Violin plots showing the distribution of the relative difference in galaxy sizes R 4 (R, ) in bins of i-band magnitude (x-axis), its measured size (rows)
and measured Sérsic index (columns). The shape of the violin plots represents the distribution of R (R, ) in each 3-D parameter bin, and its 16, 50t and
84™ percentiles are shown as horizontal lines. The distributions are approximately Gaussian with their medians around 0. However, the distributions differ from
Gaussian and their median values are significantly different from 0 for galaxies with higher Sérsic indices or larger sizes that represent the tail of the distribution
of galaxy structural properties.

MNRAS 000, 1-32 (2024)



the distribution of R 4(x) as a function of magnitude, measured size
and measured Sérsic index. The first column of Figure 8 shows R ;4 (x)
as a function of i-band magnitude. The median relative difference
(red curve) in size, Sérsic index or axis ratio does not exhibit any
significant systematic offset as a function of magnitude.

If the measured size of a galaxy is large (R, > 0.8'’; the first
row in the second column of Figure 8), the measurement tends to
be slightly larger than the input size. This offset increases with the
measured size of the galaxy (offset is above 10% if R, > 1.5""). We
also tend to overestimate the Sérsic index of a galaxy if its measured
size is greater than 1.5”” (second panel in the middle row). These
offsets are not significant, and galaxies with large sizes are extremely
rare. The median relative differences in R, and n also show offsets
if output Sérsic index is greater than 4 (red curves in the first and
second row of the third column in Figure 8). These high Sérsic index
galaxies could have complex formation history and are least likely
to be described by a single Sérsic index. Furthermore, the ability of
our algorithm to estimate structural parameters do not depend on the
b/a of galaxies (third column). Therefore, we do not introduce any
offset to measured parameters in this study.

In summary, the simulations show that we are able to recover
median values for structural parameters in all bands. We do not
find any significant systematic offset between the measured R, n
or b/a and their input values irrespective of the brightness, size,
Sérsic index and axis ratio for most of our model galaxies (R, < 17
and/or n < 4, Figure 8). The median difference between input and
output parameters (red curves) in the simulations is always close to
0. We also find that the size measurements are more robust than
the measurements of Sérsic index, as reflected in the scatters (blue
contours) of relative differences of R, and n. The scatter in the
distribution of R (R,) is significantly smaller than the scatter in
R4 (n). Finally, we are able to recover the size of the simulated
galaxies even if they are very small (R, < 0.2”).

We incorporate the R scatter ( blue contours in Figure 8) into
the measurement uncertainty as systematic uncertainty. We do not
estimate the systematic uncertainty in a given parameter as a func-
tion of each Sérsic parameter separately due to covariance between
them. We instead analyze the scatter in the relative differences in
multi-dimensional bins of Sérsic parameters. As we do not find any
dependence of the R4 scatter on the measured axis ratio, we do not
include b/a in our uncertainty analysis. The violin plots in Figure 9
show the distribution of R 4(R,) in 3-D bins of m, R, and n. Except
for galaxies with high R, and n (R, > 0.7’ and n > 3; bottom right
panels), the distribution is approximately Gaussian. Hence, we can
use the standard deviation (std) of the distributions in Figure 9 as
a quantitative measure of the systematic uncertainties. We consider
the x x std(R 4(x)) to be the systematic uncertainty in the parameter
X, Osys(x). We then estimate the total uncertainty in a measured

parameter to be o2 = g2

Sys + o-rzan, where 0 qp is the random un-
certainty reported by GALFIT for a given galaxy. We note that in most

cases the oy is significantly larger than o qp.

3.3 Size Measurements in Two Rest-frame Wavelengths

The goal of this work is to perform morphological analysis of galaxies
in two rest-frame wavelengths. We choose rest-frame 3000 A (UV
light) and 5000 A (visible light) because they bracket the 4000 A
break in galaxy spectrum (Bruzual & Charlot 2003; Conroy 2013).
Because UV light is dominated by the light from young (< 1 Gyr)
massive stars, this light traces the regions of recent star formation
activity in galaxies. In contrast, light from the old (> 1 Gyr) low
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mass stars contributes significantly to the visible wavelength region
of galaxy spectrum. Since low-mass stars represent the bulk of galaxy
stellar mass, the visible light traces closely the stellar mass distribu-
tion within galaxies.

Earlier studies generally focus on the rest-frame 5000 A that traces
the stellar mass distribution in galaxies. Furthermore, though many
of the studies have multi-wavelength dataset, they often fit galaxy
profiles in a single band alone. They first fit a subset of galaxies in
multiple bands and estimate colour gradients (i.e., how galaxy size
decreases with increasing wavelength). They then use this colour
gradient estimation and correct the size measurements of all galaxies
in a selected band to obtain size measurement in any desired rest-
frame wavelength (e.g., van der Wel et al. 2014; Kawinwanichakij
et al. 2021).

In contrast, we fit the light profiles of all galaxies in five bands
and use this multi-band structural information to estimate the Sér-
sic parameters in two rest-frame wavelength regimes. We first es-
timate the characteristic redshifts at which effective wavelengths of
CLAUDS+HSC bands cover these rest-frame wavelengths. As an ex-
ample, the rest-frame 5000 A corresponds to the effective (observed)
wavelengths of r and i bands for galaxies at the characteristic redshift
of z ~ 0.235 and z ~ 0.5422, respectively.

For a galaxy at redshift z, which falls between the characteristic
redshifts z, and z;, corresponding to bands a and b, we estimate the
rest-frame Sérsic parameter as

XRE = WaXa + WpXp, )
where x, and xp, are Sérsic parameter measurements in bands a and
b respectively. We add weights w, and wy, as

Z— Za
pb —Za

Z—2p
b — Za

Wq = and wp = . (6)

If a galaxy is missing Sérsic parameter measurement in one of the
bands (either a or b) due to failed fit or magnitude limit, we use the
measurement from the available single band.

3.4 Validation via Comparison with Literature

A number of studies use HST to perform the structural analysis of
galaxy light profiles. Since we use ground-based data, our images
have (on average) ~ 5 times larger PSF than HST images. Hence,
it is important to investigate how well our ground-based measure-
ments perform when compared to the measurements based on higher-
resolution HST data.

We compare our size measurements with those by van der Wel
etal. (2012) based on HST Wide Field Camera 3 (WFC3/IR) images
(the two left panels in Figure 10). We perform this comparison on
a galaxy-by-galaxy basis because the study by van der Wel et al.
(2012) also contains the Sérsic profile measurements of galaxies
in the COSMOS field. Following the prescription described in that
study, we correct HST size measurements to the constant rest-frame
wavelength of 5000 A. In our measurements, we use weighted average
of the measurements in two bands that are closest to the rest-frame
5000 A ata given redshift (Section 3.3).

Equivalent to our fitting approach, the measurements by van der
Wel et al. (2012) also come from a single Sérsic profile fitting using
GaLFIT. Because of this similarity in the approaches, a comparison
between two size measurements is an independent test of the accu-
racy of galaxy size measurements based on the ground-based data. A
direct comparison on a galaxy-by-galaxy basis shows that the galaxy
sizes in our study tend to be on average ~ 5% larger than the mea-
surements based on HST data for both SFGs and QGs (bottom panel
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Figure 10. Comparison between size measurements in our study and those in the literature. Left panels show the comparison with the size measurements by van
der Wel et al. (2014, v+14) and the right panels show the comparison with Kawinwanichakij et al. (2021, K+21), both corrected to rest-frame 5000 A. We use
measurements in r, i and z bands to bracket the rest-frame 5000 A depending on the redshift of the galaxy (see Section 3.3). Our size measurements are on y-axis
and those from the literature are on x-axis. The blue line shows the median for SFGs and the maroon line is the median relation for QGs. The shaded region
indicate the uncertainties in these median sizes. The black line represents the 1 : 1 relation. The lower panels show the relative difference in sizes measured as
a function of their measurements in the literature. We estimate the relative difference as R4 = (R, (literature) - R, (this work)/ R (literature). Similar to the
upper panels, the median values with their uncertainties are also shown. There is a good agreement between the measurements in this study and those in the

literature.

in the first column in Figure 10). The fact that ground-based data
have worse PSF than the HST data at least partially contributes to the
observed offset. At the same time, our data are more sensitive to the
low-surface brightness regions than the HST data and therefore our
images better incorporate information from outer regions of galaxies.
Since the offset is not very large (within uncertainties of individual
measurements) and we do not find any trend in this offset with galaxy
size, we infer that the size measurements are robust when obtained
from the ground-based data with good seeing.

Kawinwanichakij et al. (2021) use the same ground-based images
as we do (HSC-SSP). In the right panel of Figure 10 we compare
the two ground-based size measurements, using the size estimates in
rest-frame 5000 A for the comparison (the only estimates avaiable
in Kawinwanichakij et al. 2021). Although in general we find a
good agreement between these two size measurements, there is a
significant offset at smaller sizes (R, < 0.3”"): our size measurements
are systematically larger than Kawinwanichakij et al. (2021). The
offset increases with decreasing galaxy sizes and it is more prominent
for SFGs than QGs.

We speculate that the differences between our size measurements
and those of Kawinwanichakij et al. (2021) arise from a number
of differences between the two fitting approaches. Kawinwanichakij
et al. (2021) use LEnsTRONOMY (Birrer et al. 2015; Birrer & Amara
2018) whereas we use GALFIT. In contrast to their single-band size
measurements corrected to the rest-frame, we estimate the rest-frame
5000 A sizes by combining multi-band data that correspond to this
rest-frame wavelength directly, without any corrections. In addition,
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compared to their cutout images, we select significantly larger cutout
images to model the extended profiles of the galaxies. Our sim-
ulations show that a large-fitting region is essential to measuring
accurately the overall galaxy sizes (Section 3.2.2).

4 RESULTS
4.1 Size-Stellar Mass Relation

Observations show that galaxies exhibit a relation between their stel-
lar mass and size(SMR) at least up to z ~ 3 (e.g., Shen et al. 2003;
Trujillo et al. 2004; Guo et al. 2009; Williams et al. 2010; Newman
et al. 2012; van der Wel et al. 2014; Lange et al. 2015; Faisst et al.
2017; Roy et al. 2018; Mowla et al. 2019b; Matharu et al. 2019,
2020). The form of the SMR differs between the SFGs and QGs
(e.g., van der Wel et al. 2014; Mowla et al. 2019b; Kawinwanichakij
etal. 2021).

SFGs exhibit a linear relation between galaxy size and stellar mass
in log-log space:

(i)
logR. =logRy+alog|—], (7
Mo

where « is the slope and Ry is the characteristic size at the fiducial
mass, My (e.g., van der Wel et al. 2014; Kawinwanichakij et al.
2021). In line with the literature, we adopt Mg = 5% 1019Mg. Figure
11 illustrates the SMR at rest-frame 5000 A for SEGs in our sample
divided into five redshift bins (with data points in blue and the best
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Rest-frame 3000 A
b4 median z a B Rp log M, Tlog Re Ry
0.1-0.3 0.22+0.01 | 0.05+0.14 | 0.61+0.11 | 2.26+0.33 | 10.16+0.17 | 0.21 £0.01 | 4.52+0.06
0.3-045 | 0.35+£0.00 [ 0.19+£0.06 | 0.65+0.08 | 3.27+0.41 | 10.52+0.12 | 0.23+£0.01 | 4.07 £0.02
0.45-0.6 | 0.53+0.00 [ 0.20+0.12 | 0.60+0.07 | 3.18+0.56 | 10.52+0.16 | 0.27+0.01 | 3.91+0.03
0.6-0.75 | 0.68+0.00 | 0.12+0.08 | 0.71 £0.04 | 2.65+0.20 | 10.49+0.07 | 0.26+0.01 | 3.48+0.01
0.75-0.9 | 0.83+0.00 [ 0.04+0.12 | 0.59+0.06 | 3.35+0.32 | 10.57+0.10 | 0.28+0.01 | 3.82+0.01
Rest-frame 5000 A
z median z a B Ry log M, Tlog Re Ry
0.1-0.3 0.22+0.01 | 0.01+£0.12 | 0.75+0.14 | 2.08+0.28 | 10.25+0.15 | 0.22+0.01 | 4.15+0.05
0.3-045 | 0.36+0.00 | 0.15+0.04 | 0.71£0.05 | 2.38+0.19 | 10.47+0.07 | 0.21 £0.00 | 3.28 £0.01
0.45-0.6 | 0.53+0.00 [ 0.17+0.06 | 0.73+0.05 | 2.18+0.22 | 10.47+0.09 | 0.24+0.01 | 3.02+0.01
0.6-0.75 | 0.68+0.00 | 0.04+0.05 [ 0.70+0.04 | 1.87+0.12 | 10.38+0.06 | 0.24+0.00 | 2.87 +0.01
0.75-0.9 | 0.84+0.00 [ 0.02+0.06 | 0.70+0.04 | 1.83+0.12 | 10.43+£0.07 | 0.26+£0.00 | 2.60 + 0.00

11

Table 1. The best-fit parameters of double power law SMR for QGs in two rest-frame wavelengths: 3000 A and 5000 A (Equation 8). Here Ry denotes the
characteristic size of QGs at 5 x 10'°Mg,. Uncertainties smaller than 0.005 are rounded as 0.00. Both R p and Ry are in kpc and M, is in Mg.

Rest-frame 3000 A
Galaxy z median z a Ry Tlog Ry
0.1-0.3 0.23+0.00 | 0.22+0.03 | 6.35+0.30 | 0.22+0.01
0.3-045 | 0.36 +£0.00 | 0.28+0.01 | 6.49+0.15 | 0.24+0.00
SFGs 0.45-0.6 | 0.53+0.00 | 0.22+0.01 | 6.02+0.14 | 0.25+0.00
0.6-0.75 | 0.69 +£0.00 | 0.20+0.01 | 5.95+0.09 | 0.24 +0.00
0.75-09 | 0.84+0.00 | 0.19+0.01 | 5.83+0.08 | 0.24 +0.00
0.1-0.3 0.23+0.01 | 0.58+0.08 | 4.57+0.23 | 0.20+0.01
0.3-0.45 | 0.37+0.00 | 0.61+0.05 | 4.14+0.13 | 0.21 £0.01
QGs 0.45-0.6 | 0.53+0.00 | 0.59+0.06 | 3.94+0.17 | 0.25+0.01
0.6-0.75 | 0.69 +£0.00 | 0.70+0.03 | 3.48+0.09 | 0.25+0.01
0.75-09 | 0.84+0.00 | 0.59+0.04 | 3.77+0.13 | 0.26 +0.01
Rest-frame 5000 A
Galaxy z median z a Ry Tlog Ry
0.1-0.3 0.23+0.00 | 0.20+£0.02 | 5.76 £0.23 | 0.21 £0.01
0.3-0.45 | 0.36+0.00 | 0.24+0.01 | 5.74+0.11 | 0.21 £0.00
SFGs 0.45-0.6 | 0.53+0.00 | 0.19+0.01 | 5.32+0.09 | 0.22+0.00
0.6-0.75 | 0.69+0.00 | 0.18 +0.01 | 5.35+0.07 | 0.22+0.00
0.75-0.9 | 0.84+0.00 | 0.17+0.01 | 5.01£0.06 | 0.22+0.00
0.1-0.3 0.25+0.01 | 0.73+£0.08 | 4.18+0.19 | 0.21 £0.01
0.3-0.45 | 0.37+0.00 | 0.67+0.04 | 3.36+0.08 | 0.21 +0.01
QGs 0.45-0.6 | 0.53+0.00 | 0.69+0.04 | 3.10+0.09 | 0.23+0.01
0.6-0.75 | 0.69+0.00 | 0.68+0.03 | 2.90+0.06 | 0.24 +0.01
0.75-0.9 | 0.84+0.00 | 0.67+0.03 | 2.64+0.05 | 0.24+0.01

Table 2. The best-fitting parameters from the single power law SMR for SFGs and QGs in two rest-frame wavelengths (Equation 7). Uncertainties smaller than

0.005 are rounded as 0.00. The unit of Ry is in kpc.

fit relation as blue-shaded line). In Appendix B, we show the SMR
for our SFGs at rest-frame 3000 A.

However, QGs have a more complex SMR where the slope changes
at the pivot mass ~ 3 x 101°Mg (Lange et al. 2015; Mowla et al.
2019a; Mosleh et al. 2020; Kawinwanichakij et al. 2021; Nedkova
et al. 2021; Damjanov et al. 2023). Hence, to explore the trend in
size with stellar mass for QGs, we first fit a smoothly broken double
power law,

Jiind:A
M\ |1 M\l
R(M) =R) (—) —(l+—) , (8)
My) 2\ " M,
where M), is the pivot stellar mass at which the slope changes, R

is the effective radius at the pivot stellar mass, « is the slope of the
SMR at the low-mass end, § is the slope at the high-mass end, and

¢ is the smoothing factor. Following Mowla et al. (2019a), we adopt
¢ = 6 to reduce degeneracy between ¢ and the slopes.

We fit the SMR for both SFGs and QGs using DyNEsTY®, a PyTHON
package designed to fit the data by implementing Bayesian inference
(Speagle 2020). We follow the fitting procedure from van der Wel
et al. (2014, see their Section 3). The differences between our ap-
proach and the method of van der Wel et al. (2014) are the use of the
double power law for QGs and how total likelihood is estimated in
our study. van der Wel et al. (2014) introduce a 10% contamination in
the dataset due to misclassification of SFGs and QGs. Since we use
UV classification where the separation criteria varies with redshift,
we do not account for contamination in this study. Additionally, they

8 https://zenodo.org/record/7832419
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Figure 11. Fitting smoothly broken double power law to the QGs and single
power law to the SEGs at rest-frame 5000 A in 5 redshift bins. The individual
SFGs are shown as blue points; red points represent QGs. The median un-
certainties in size measurements for SFGs and QGs are given in the top left
corner of each panel. The best-fitting power law relations for SFGs and QGs
are shown in navy blue and maroon, respectively, with the uncertainties from
Bayesian posterior plotted as shaded region.
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also allow for 1% outliers (objects that should not be in the data) in
the likelihood estimation.
Our likelihood function is of the form

L =1In(wp), )

where w is a weighting factor and p is the probability of observing
the given size for a galaxy of mass M, as described by van der Wel
et al. (2014, their Equation 4). The weighting factor, w, is inversely
proportional to the galaxy number density at a given stellar mass
taken from the stellar mass functions of Muzzin et al. (2013). By ap-
plying this weight, we ensure that each stellar mass range contributes
equally to the SMR fit.

We first fit the double power-law to the SMR of QGs. Figure 11
shows (in red) the distribution of galaxies in this parameter space and
the best-fit relations in five different redshift bins in the rest-frame
5000 A (see Appendix B for the results in rest-frame 3000 A). It is
clear that QGs have shallower SMR slopes at stellar masses below the
pivot mass compared to those of more massive QGs. The SMR for the
low mass QGs is horizontal within 20 (i.e., @ ~ 0). These shallow
slopes of low mass QGs (M < M) are also consistent, within their
uncertainties, with the results of Kawinwanichakij et al. (2021) and
Nedkova et al. (2021). However, the QGs show a steep SMR above
the pivot mass, Mp,(z). This pivot mass is around logM ~ 10.5,
except in the lowest redshift bin where it drops to ~ 10.3. In addition,
the high-mass end slopes 8 do not change significantly across the full
redshift interval. Table 1 gives the best fit parameters of the double
power law fitting of QGs in two rest-frame wavelengths.

Once we estimate the pivot point, we fit the SMR for the QGs with
stellar masses larger than M, (z) and SFGs that are more massive than
10°9 Mg (mass completeness limit; Section 2.4) using the single-
power law from Equation 7. We use the Equation 7 for QGs to
be able to directly compare our findings with the results from the
literature (Section 4.2). This approach captures the nature of SMR
for QGs when we limit our analysis to very massive QGs (above the
pivot point)g. The SMR fitting procedure is the same as above. We
fit the SMR for SFGs and QGs separately without considering any
cross-contamination between the two populations. Unlike van der
Wel et al. (2014), we use moving UV]J separation line (with z) which
further reduces contamination (Whitaker et al. 2011). The best-fit
parameters are given in Table 2.

Figure 12 shows the resulting SMR in the rest-frame 5000 A for
SFGs and QGs (in navy blue and maroon, respectively) separated
into five redshift bins. This figure includes the best-fit SMRs for
SFGs from Figure 11. For QGs, the Figure 12 shows the best-fitting
single power-law for massive QGs above the pivot point (M > Mp,).

The results are mostly consistent with previous works. Except
at very high masses, the sizes of SFGs are larger than those of
QGs at a given stellar mass as shown previously by Shen et al.
(2003), Williams et al. (2010), van der Wel et al. (2014), Mosleh
et al. (2020), Kawinwanichakij et al. (2021) and others. At very high
masses (log M > 11.2), we find that the average size of QGs becomes
comparable to that of SFGs. The slopes of the SMR for SFGs (a ~
0.2) and massive QGs (@ ~ 0.7) are similar to those in the literature
(van der Wel et al. 2014; Mowla et al. 2019b; Kawinwanichakij et al.
2021; Nedkova et al. 2021).

Figure 12 also shows the resulting best-fit SMRs in the rest-frame
3000 A for both SFGs and QGs (in cyan and red, respectively; see

9 We note that although we fit the QGs in two ways (double power law given
in Table 1 and single power law in Table 2), the results for massive QGs are
very similar.
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Figure 12. The best-fitting single power-law SMR for SFGs and massive QGs
in two rest-frame wavelengths (3000 A and 5000 A) in five redshift bins. The
shaded regions represent the fit uncertainties estimated from the Bayesian
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respectively.
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Figure B1 for the distribution of individual data points in this param-
eter space). Except for the clear offset in the zero-points, the results
in the rest-frame 3000 A are also very similar to the results in the
rest-frame 5000 A. For stellar masses log M < 11.2, the SFGs are,
on average, larger than QGs. The slopes of the SFGs are comparable
between the two wavelengths (o ~ 0.2). At the same time, the SMR
for QGs is systematically ~ 10% steeper in the red light than in the
blue light, although this difference is within 20~ uncertainty on the
slope estimates. We return to the difference in the SMR zero points
for two rest-frame wavelengths in Section 4.3.

4.2 Median Size Evolution in the Rest-frame Visible Light

We further employ galaxy size measurements to explore the trend
in median size with redshift for SFGs and QGs segregated by stel-
lar mass. First, we use median galaxy sizes to explore galaxy size
evolution in the rest-frame wavelength of 5000 A.

Figure 13 shows the median sizes of SFGs and QGs in this rest-
frame wavelength as a function of redshift in four different stellar
mass bins. Within each bin, the stellar mass range is fixed across the
full redshift interval. In addition to SFGs having larger sizes than
QGs, median sizes of both galaxy populations at a given fixed stellar
mass generally grow with cosmic time.

We fit the redshift evolution in size of SFGs and QGs with a power
law,

Re = R(1+2)P, (10)

where Rg is R, at z = 0. When traced in the rest-frame visible light,
the pace of size evolution differs between SFGs and QGs (blue vs.
red solid lines in Figure 13). In all mass bins below logM ~ 11,
sizes of QGs evolve faster than those of SFGs. In the mass range
10.5 < log M < 11 and over the redshift interval 0.1 < z < 0.9, the
median sizes of QGs grow as R, « (1+7)~ 1.0 whereas the sizes of
SFGs grow as R, « (1 +2)~9>. For example, the average sizes of
log M ~ 10.75 QGs grow by ~ 73% in the time interval of 6.1 Gyrs.
In contrast, similarly massive SFG grows in size by only ~ 31% over
the same time interval.

Furthermore, for both galaxy populations, the pace at which
galaxies grow is faster for more massive systems. The growth rate

B= % for SFGs ranges from 0.10+0.18 for the least mas-
sive to —2.07 + 0.45 for the most massive SFGs (blue lines in Figure
13). Over the same mass range, the growth rate for QGs changes
from 8 = —0.55 0.4 to B8 = —1.94 + 0.64 (red lines in Figure
13). QGs grow significantly in size at z < 1 even at lower masses
(log M < 10.5). In contrast, the size evolution of SFGs at these low
masses is, within uncertainties, consistent with no growth.

We note that these growth rates are the median trends for galaxy
populations, not individual galaxies. Furthermore, for now we do not
consider the fact that stellar mass of SFGs also grows through star
formation. Finally, here we do not account for the effect of progenitor
bias among QG population. We estimate the amplitude of the effects
that mass growth and progenitor bias have on the evolution in average
size of SFGs and QGs in Section 5.

Our findings are in good agreement with results reported in the
literature. In Figure 13, we compare our results (solid curves and
shaded regions) with those from van der Wel et al. (2014, hatched
region) at rest-frame 5000 A. Like us, they have fitted galaxy images
using GaLriT. However, their fits are based on galaxy images taken
with WFC3 onboard HST, which has at least 4 times better resolution
than our ground-based HSC images (see Section 3.4). Furthermore,
we note that their best-fitting relation between median size and red-
shift spans the redshift interval 0 < z < 3. Finally, they only have two

MNRAS 000, 1-32 (2024)
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Figure 13. Evolution of the median galaxy sizes at fixed stellar mass in rest-frame 5000 A for galaxies segregated in four mass bins. Mass bins are noted in
the top right corner of each panel. SFG population is represented by blue colour and the QG population is shown in red. The median sizes in five redshift bins
are shown with stars for SFGs and with circles for QGs along with their bootstrapped error bars. The size evolution is represented by a power-law, A(1 + z)#
(solid curves with uncertainties from Bayesian posterior as shaded region). For comparison, we show the results from van der Wel et al. (2014, v+14) as well.
Their best fitting evolution curves for SFGs and QGs at rest-frame 5000 A are shown in blue and red hatched regions respectively. In general, there is a good

agreement between our results and those of v+14.
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Figure 14. Comparison of the size evolution at fixed stellar mass for SFGs and QGs we trace in four stellar mass bins with the results of Mowla et al. (2019b,
M+19) and Kawinwanichakij et al. (2021, K+21). The size evolution reported by M+19 and K+21 are shown as hatched regions. Rest of the details in the figure
are the same as in Figure 13. In general, there is a good agreement between our results and the literature.

redshift bins at z < 1 while we have a finer sampling of this redshift
range with 5 bins. Despite these differences, we find an excellent
agreement between our trends and results reported in van der Wel
et al. (2014).

In Figure 14 we compare our results (solid lines with shaded
regions) with Mowla et al. (2019b, backward hatched regions) and
Kawinwanichakij et al. (2021, forward hatched regions). Mowla et al.
(2019b) follow a similar methodology as ours: they fit the galaxy light
profiles using GaLF1T. However, their measurements are based on the
same HST imaging as the ones reported in van der Wel et al. (2014)
and thus do not suffer from atmospheric seeing effects. Furthermore,
they measure galaxy size growth over the redshift interval 0 < z < 3,
with only two redshift bins below z ~ 1. At the same time, Kawin-
wanichakij et al. (2021) use a ground-based HSC dataset similar to
ours, but follow a different methodology (see Section 3.4 for details).

Except for the marginal difference for SFGs in the lowest mass
bin (first panel of Figure 14), the agreement between our results and
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the results of Mowla et al. (2019b) is excellent. With our dataset that
covers larger area of the COSMOS field (Section 2.1), we are able to
obtain a narrower confidence interval (shaded regions in Figure 14).

In general, our median size evolution estimates for QGs are in
agreement with Kawinwanichakij et al. (2021), but we do find some
discrepancy between the measurements for SFGs. Overall, the me-
dian SFG size measurements of Kawinwanichakij et al. (2021, blue
forward hatched regions in Figure 14) are smaller than our measure-
ments and those of Mowla et al. (2019b). This offset could could be
a combination of several effects. As we discuss in Section 3.4, the
two ground-based studies (this study and that of Kawinwanichakij
et al. (2021)) use different methodology to fit galaxy light profiles.
In addition, we select significantly larger cutout images to model the
extended galaxy profiles. Furthermore, we have much better estima-
tion of photo-z’s and UVJ based SFG-QG classification thanks to
U +grizy+JHK data from COSMOS2020, whilst Kawinwanichakij
et al. (2021) use only HSC grizy data to segregate galaxies into
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Figure 15. Comparison of the median size evolution for SFGs and QGs at fixed mass between rest-frames UV (3000 A) and visible (5000 A) light. As in Figure
13, panels show the median size evolution in various mass bins as denoted in the top right corner of each panel. Cyan and navy blue represent SFG population
in rest-frames 3000 A and 5000 A respectively. Similarly, red and maroon colours denote QG population in rest-frame 3000 A and 5000 A respectively. The
best fitting power-law functions (solid curves) for the size evolution of SFGs and QGs are shown with their uncertainties (shaded regions). Galaxies are more

extended in shorter wavelength than in longer wavelength.

SFGs and QGs. On the other hand, our study is somewhat affected
by cosmic variance because our dataset covers almost two orders of
magnitude smaller area on the sky (1.6 deg? of the COSMOS field
vs 100 deg2 of the HSC-SSP analyzed in Kawinwanichakij et al.
2021). Using the Equation 3 from Driver & Robotham (2010), we
estimate that the cosmic variance will decrease by a factor of 4 when
we expand to the full CLAUDS+HSC survey area (from 12% to 3%).
The slower pace of evolution for SFGs compared to QGs for galax-
ies with log M < 11 in the rest-frame 5000 A is consistent with the
suite of previous studies (e.g., Lilly et al. 1998; Ravindranath et al.
2004; Barden et al. 2005; van der Wel et al. 2014; Mowla et al. 2019b;
Kawinwanichakij et al. 2021). Additionally, similar to our findings,
van der Wel et al. (2014), Mowla et al. (2019b) and Kawinwanichakij
et al. (2021) find that the rate of median size evolution for both QGs
and SFGs depends on galaxy stellar mass. This comparison confirms
that the resolution of the HSC+CLAUDS imaging dataset is well
suited for detailed probes of galaxy size evolution up to z ~ 1.

4.3 Median Size Evolution in Rest-frame UV Light

In addition to the rest-frame visible light, we also investigate the size
evolution of galaxies in rest-frame UV (3000 A). The comparison
of galaxy sizes in two rest-frame wavelengths using a large dataset
is unique to our work. These two rest-frame wavelengths (3000 and
5000 A) represent light coming from young and old stars (see Section
3.3). Hence, comparisons of galaxy morphology in these two rest-
frame wavelengths can advance our understanding of the connection
between galaxy structural change (i.e., size growth) and the evolution
in their stellar content.

‘We combine the median evolutionary trends in galaxy size at fixed
stellar mass in rest-frame UV and visible light for both SFGs and
QGs in Figure 15. The median sizes of SFGs and QGs in UV are
represented by cyan crosses and red diamonds respectively and those
in visible light are in blue stars and maroon circles. We also show the
best-fit size evolution trends (solid curves) along with uncertainties
(shaded area).

On average, we find that the two galaxy popoulations are larger in
rest-frame 3000 A than in 5000 A. For example, the median size of
SFGs with stellar mass log M ~ 10.5 at z ~ 0.5 is 12% larger in rest-

frame blue light than in red light (cyan and blue curves in the second
panel of Figure 15). The sizes of QGs display even larger difference
when measured in two rest-frame wavelengths. At the same mass
and redshift logM ~ 10.5, z ~ 0.5) QGs are, on average, 33%
more extended in the observations at shorter rest-frame wavelength
(3000 A) than in 5000 A (red and maroon curves in the second panel
of Figure 15).

Several evolutionary trends in galaxy size at the rest-frame
wavelegth of 3000 A are similar to those we observe at the rest-
frame wavelength of 5000 A. Firstly, the median UV-based sizes of
both SFGs and QGs evolve with cosmic time. At stellar mass range
of 10.8 < log M < 11, the median UV-based sizes of SFGs grow by
~ 50% over the span of ~ 6.1 Gyrs (z = 0.9 to z = 0.1) whilst sizes of
similarly massive QGs grow by 21% in the same rest-frame regime
and during the same cosmic period. However, the pace of evolution
in rest-frame 3000 A is slower than in 5000 A. For comparison, in the
rest-frame visible light SFGs of similar mass grow by 90% over the
same redshift interval; based on their visible light profiles, similarly
massive QGs grow by 78% since z ~ 0.9.

Finally, the trend in the pace of size evolution with galaxy mass in
the rest-frame 3000 A is similar to the trend we observe at 5000 A
except for QGs in the most massive bin (log M > 11). SEGs in the
most massive bin grow by ~ 165% whilst at lowest mass bin we do
not find any significant evidence for size evolution of either SFG or
QG population. However, unlike the rest-frame visible light, the most
massive QGs in rest-frame UV do not show any significant signs of
growth in median size since z ~ 1. Nevertheless, we note that our
sample size is small at these higher mass end and the uncertainties
are large.

5 DISCUSSION

So far we have used the median sizes in several mass bin to trace
the size evolution of galaxies in our dataset. Although this approach
provides direct comparison with the results based on median size
measurements from other studies, it does not formally take into ac-
count the uncertainties present in the individual size and mass mea-
surements. At the same time, the SMR fitting procedure incorporates
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Rest-frame 3000 A
Galaxy | logM RY B

97 | 3.62:039 | 0.03<0.24
102 | 4952027 | —0.1120.12
SFGS 07 [ 6832040 | —02620.13
112 | 957=1.17 | —045027
0Gs | 107 | 506064 | 059208
112 | 9682058 | —0.44+0.14

Rest-frame 5000 A
Galaxy | logM Rg B

97 | 3.59:030 | —0.08%0.19
102 | 4752028 | —0.21£0.13
SEGs 107 T 6282038 | —03520.14
112 | 8372076 | —0.500.20
0Gs | 107 | 5.07+058 | ~T102026
112 | 11.95+1.96 | —1.24 +0.36

Table 3. The best-fit parameters for the redshift evolution of characteristic
sizes at fixed stellar mass for SFGs and QGs in two rest-frame wavelengths
(Re = Rg(l +z)P). The best-fit curves are displayed in Figures 16 and 21
for SFGs and QGs respectively.

SFGs
Restframe 4 | log M(;—0.9) RY B

9.7 7.00 £ 0.44 -0.91 +£0.14
10.2 8.06 + 0.63 -0.81 £0.17
3000 A 10.7 9.72 £ 1.15 -0.78 £0.27
11.2 12.21 +2.03 -0.80 £0.37
9.7 6.42 +0.45 -0.91 £0.16
o 10.2 7.25 £0.55 -0.82 +£0.17

A
5000 10.7 8.52 +0.80 -0.79 £0.21
11.2 10.37 £ 1.27 -0.82 £0.28

Table 4. The best-fit parameters of redshift evolution of characteristic sizes
of SFGs with evolving mass as described in Section 5.1.2. The corresponding
evolutionary curves are displayed in Figure 17.

these measurement uncertainties and applies weighting based on
galaxy stellar mass functions (Section 4.1). Therefore, we decide to
use the size estimates from the best-fitting SMRs for the interpreta-
tion of our results. Our conclusions remain the same when we replace
the estimates from the best-fit SMRs with the measured median sizes
in bins of galaxy stellar mass.

In addition, we also compare this size evolution in two rest-frame
wavelengths: 3000 A and 5000 A. The analysis of the size growth
in two rest-frame wavelengths enables us to trace the distribution of
young and old stellar populations in galaxies. We list the parameters
of the best-fit function for the redshift evolution of SFG and QG sizes
in both wavelengths in Table 3.

5.1 Size Evolution of Star-Forming Galaxies
5.1.1 Overview of the Observed Trends

Figure 16 shows the size evolution of SFGs in two rest-frame wave-
lengths for four fixed characteristic stellar masses since z ~ 1. As
expected, for the evolution in rest-frame 5000 A (visible light, navy
blue symbols and solid lines with shaded area in Figure 16) we find
similar trends as in Section 4.2. The size growth of SFGs is mass
dependent: the higher the mass of SFGs, the faster they grow in size
with cosmic time. At logM = 9.7, SFGs grow only ~ 5% in size
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but at log M = 11.2, they grow by 31% in 6 Gyrs from z ~ 0.9 to
z~0.1.

At the characteristic mass of 5x 10!°Mg, van der Wel et al. (2014)
report the power-law fit (Equation 10) to the size evolution of SFGs
with 8 = —0.75 whereas we find 8 = —0.35+0.14. When probing the
trends in near-IR-based size with redshift for log M > 10.8 galaxies
Williams et al. (2010) also find a steeper size evolution for SFGs
(B =-0.77+£0.08). We note that both Williams et al. (2010) and van
der Wel et al. (2014) studies cover wider redshift ranges: 0.5 < z < 2
and 0 < z < 3 respectively. Thus, their observed evolution is affected
by SFGs at z > 1. Furthermore, the flatter distribution of median SFG
sizes below z ~ 1 from Figure 4 of Williams et al. (2010) and the
agreement between our size measurements and those of van der Wel
etal. (2014) suggest that the size evolution of SFGs weakens atz < 1.
Moreover, Oesch et al. (2010) and Mosleh et al. (2012) report faster
evolution of SFG sizes at z > 2. At the same time, studies that focus
at z < 1 (e.g., Lilly et al. 1998; Ravindranath et al. 2004; Barden
et al. 2005; Kawinwanichakij et al. 2021) report either a slow or no
evolution of the average size of SFGs. Thus, our analysis confirms
that the size evolution of SFGs slows down with decreasing redshift
and that this change in pace occurs at z ~ 1.

Asin Figure 15, Figure 16 also includes the size evolution of SFGs
in the rest-frame 3000 A (cyan symbols and solid lines with shaded
area). In general, we find that the sizes of SFGs are larger at shorter
wavelength than at the longer one, as we indicate in Section 4.3.
For example, at z = 0.5, SFGs appear ~ 5% — 17% larger in rest-
frame UV than in visible light depending on their stellar mass. Since
the shorter wavelength probes the distribution of younger stellar
population, the larger size in 3000 A may imply extended (less
concentrated) star-forming regions in those star-forming systems. A
smaller size at longer wavelength suggests that the older population
is more centrally concentrated, in line with the inside-out quenching
scenario (Tacchella et al. 2015, 2018; Lin et al. 2019).

The difference between the two rest-frame wavelengths also de-
pends on galaxy stellar mass. The sizes of SFGs at low mass
(logM < 10) are almost the same at both wavelengths, and the
differences in the sizes between the wavelength regimes increase
with their stellar mass. At z = 0.5, an average SFG with stellar mass
log M = 9.7 has very similar size (within uncertainties) in both red
and blue light. However, a massive SFG (logM = 11.2) is ~ 17%
larger in blue than in red light.

We interpret the lack of difference in two rest-frame sizes of low-
mass SFGs as a sign that low-mass galaxies tend to have their younger
and older stars well mixed within their light profiles, without any
strong signals of either inside-out or outside-in quenching. However,
as the galaxies grow in mass and size, the bulges also grow in the
centres of these galaxies. These bulges may eventually suppress star
formation by stabilizing the gas within them (e.g., Martig et al. 2009;
Saintonge et al. 2012; Sachdeva et al. 2017; Hashemizadeh et al.
2022). As the star formation ceases in the centre, the peak of star
formation activity moves to the outskirts of disks. Thus, the massive
SFGs tend to look bigger in rest-frame UV than in visible light.

At fixed stellar mass, we find that the pace of SFG size evolu-
tion is slightly slower at 3000 A than at 5000 A. For example, at
log M = 10.7, SFGs grow by 21% (8 = —0.35) in red light and by
15% (B = —0.26) in blue light between z ~ 0.9 and z ~ 0.1. The
direction towards faster growth in red light is systematic across all
stellar masses of SFGs, but we also note that, within uncertainty, this
difference is consistent with the same pace of size evolution in two
rest-frame wavelengths.

The slower pace of evolution in blue light than in red light could
also indicate the role of bulge growth in the evolution of SFGs.
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Figure 16. Evolution of characteristic sizes of SFGs at a given fixed stellar mass. Panels show the size evolution of SFGs for a range of characteristic masses (as
labeled). The SFG sizes at rest-frame 5000 A are shown in navy blue and at rest-frame 3000 A in cyan. The sizes at shorter wavelength are larger than those at
longer wavelengths. The size evolution is fit by a power-law R, = Rg(l +z)P, and the best fitting parameters are given in Table 3. The solid curves show the
evolutionary trends as described by these power-law functions with shaded regions showing the 1o confidence intervals.

Bulges become more and more significant in the overall galaxy light
profile with time (e.g., Sachdeva et al. 2017). As the bulges grow, this
growth is reflected in the size evolution of SFGs at longer wavelength
where we see a slightly faster pace of size evolution.

There are two scenarios for bulge growth that we can consider: (1)
both the bulge and the disk grow in SFGs, and (2) bulge grows into
the disk and pushes the peak star-forming regions we can observe
at 3000 A further out. In the first scenario, the slightly faster pace
of SFG size evolution in longer wavelength probing older stellar
population could suggest that the growth of bulges is faster than
the growth of disks at this redshift range. In the second scenario,
since only bulges grow significantly, the size growth in visible light
is faster as well. Although pushing the peak star forming regions
outward will make the sizes in UV bigger, growth in visible light is
still stronger because it encompasses the light from stars in both the
growing bulge and the disk. However, we note that we only fit a single
Sérsic profile to observed galaxy light profiles. We will explore the
two scenarios in more detail in the follow-up study by performing
bulge+disk decomposition.

5.1.2 The Effects of SFG Mass Growth

The earlier studies in general look at the galaxy size evolution at
a constant stellar mass across the redshift range that they probe
(e.g., van der Wel et al. 2014; Mowla et al. 2019b; Kawinwanichakij
et al. 2021, and many others). So far, we have also analyzed the size
evolution in this manner. However, SFGs are actively forming stars
and growing in both size and mass with cosmic time. To study the
true size evolution of SFGs, it is important to consider their mass
growth.

We use a toy model to trace the size evolution of galaxies having
progenitors with similar mass at z ~ 0.9 by incorporating mass
growth via star-formation. We assume that the SFGs remain on the
star-forming main sequence since z ~ 1 and that the mass growth
is only due to in sifu star formation in galaxies. Although galaxies
quench and leave the SFG population over cosmic time interval we
probe, in the toy model we also assume that this quenching is random
and does not affect any sub-population of SFGs specifically.

We adopt the star-forming main sequence relation from Speagle

et al. (2014),
log SFR(M, t) = (0.84 — 0.026¢) log M +0.11¢ — 6.51, (11)

where 7 is the age of the universe in Gyr and SFR is in Mg /yr. For
SFGs with a specific mass at z = 0.9, we estimate their mass at
various cosmic times between z = 0.9 and z = 0.1 as

t
M(ty) = M(t;) +/ * 1QlogSFR(M.1) 4y (12)
151

where t; is the age of the Universe at z = 0.9 and 1, is its age at
the target redshift. We then estimate the characteristic sizes of these
SFGs at lower redshifts by taking their increased stellar mass as the
input for the SMR (Equation 7) with redshift-dependent parameters
from Table 2. Finally, we fit the size evolution of SFGs growing both
in mass and size at two different rest-frame wavelengths. Figure 17
illustrates the results and Table 4 lists the best-fit parameters of the
evolutionary trends for the SFGs with growing stellar mass.

When considering stellar mass growth, for every initial stellar
mass (i.e., stellar mass at z = 0.9) we find that the size growth is
faster than the growth at constant mass. In rest-frame visible light,
SFGs with initial stellar mass of log M = 9.7 grow in size by ~ 65%
when we consider mass growth (navy blue curve in the first panel
of Figure 17) against only ~ 5% growth when the mass growth is
ignored in the redshift range we probe (navy blue curve in the first
panel of Figure 16). The observed weak/no evolution at the lowest
mass bin in Figure 16 (8 = —0.08 + 0.19 in 5000 A) seems to be due
to the selection of different galaxies at different redshifts.

At the same time, the SFGs with initial stellar mass logM =
11.2 grow in size by ~ 55% and ~ 32% with and without stellar
mass growth, respectively (last panels in Figures 17 and 16). Thus
the difference in size growth with or without simultaneous stellar
mass growth decreases with stellar mass. The difference we observe
demonstrates that the size evolution of individual galaxies is faster
than what is being suggested in the literature because size growth of
SFGs cannot be separated from the increase in their stellar mass.

Additionally, we do not find any differential size evolution with
stellar mass when we consider mass growth. Our analysis shows that
the sizes of all massive SFGs (log M > 9.5) grow, within uncertain-
ties, at a constant pace (8 ~ —0.8 to —0.9) (Figure 17 and Table
4).
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Figure 17. Evolution of characteristic sizes of SFGs assuming evolving stellar mass we calculate based on Equation 12 at z < 1. Each panel shows the size
evolution for a galaxy that has labeled stellar mass at z ~ 0.9. This characteristic mass then evolves along the redshift space in each panel via in-situ star
formation. We adopt the SFR values of star formation main sequence from Speagle et al. (2014) to estimate this stellar mass growth. We then adopt galaxy size
considering increased mass and observed SMR at each subsequent redshift point. As in Figure 16, the navy blue stars denote the size in rest-frame 5000 A and
the cyan crosses denote those in rest-frame 3000 A, along with their bootstrapped error bars. The best fitting power-laws with their uncertainties are represented
by solid curves and shaded areas. The parameters of the best-fit power-laws are given in Table 4. By selecting galaxies with increased stellar mass at lower
redshifts we attempt to analyze the size evolution of SFGs by connecting progenitors to their descendants.

Furthermore, the differences in the rate of size growth between
two wavelength regimes that we report in Section 5.1.1 disappear
when we include stellar mass growth. Both cyan and navy blue
curves represent power-law functions with very similar exponents in
all panels of Figure 17. However, throughout the redshift range we
probe, the SFGs remain more extended in the shorter wavelength
than in the longer wavelength in all initial stellar mass bins.

5.1.3 Slowing down of Size Evolution for SFGs

In combination with the observed rates of size growth at z > 1
from the literature, our results for the star-forming population point
to slowing down of SFG size evolution with cosmic time (5.1.1).
To explore this further, we separate SFGs into two groups based on
U -V colour: red SFGs (U -V > 1) and blue SFGs (U -V < 1).
In Figure 18 we show the characteristics of these two populations in
size-stellar mass parameter space for sizes measured at the rest-frame
5000 A. The figure shows that (1) blue SFGs (blue squares) cover
a smaller range of masses (up to 1019°Mg) than red SFGs (purple
diamonds); (2) at the same stellar mass, blue SFGs are around 20%
larger than red SFGs.

The lack of massive blue SFGs may be related to the extent of the
star formation episodes. Blue SFGs are forming stars at high rates
and thus are still "catching up" with the SFGs that are in slightly more
advanced stage of the evolution (but still on the main sequence). As
the SFGs evolve, they become redder in colour because low-mass
stars become dominant light source. A fraction of these stars are in
central bulges. The presence of bulges in red SFGs makes them more
centrally concentrated in the rest-frame 5000 A than blue SFGs of
the same mass. Hence, on average, these red SFGs have smaller sizes
in visible light than blue SFGs.

We also find that the fraction of red galaxies in the SFG population
is steadily increasing with cosmic time across the redshift range we
explore (Figure 19). At0.75 < z < 0.9, red SFGs constitute ~ 64% of
the SFG sample (purple diamonds with solid curve). This percentage
increases to ~ 80% in the lowest redshift bin. Conversely, the fraction
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Figure 18. The median rest-frame 5000 A sizes of red SFGs (U — V > 1) and
blue SFGs (U — V < 1) in ten equally populated mass bins. The red SFGs
are shown as indigo diamonds and blue SFGs as blue squares. All errors are
bootstrapped. Blue SFGs tend to be less massive than red SFGs and thus mass
bins are concentrated at lower masses for blue SFGs. At a given mass, blue
SFGs are 20% larger than red SFGs.

of blue SFGs decreases with redshift because the sum of fractions of
red and blue SFGs equals to 1 in each redshift bin.

Since blue SFGs have low masses, we investigate how the fraction
of red SFGs change with redshift for log M < 10.3 (crosses with
dashed curve in Figure 19). We find a similar trend: the fraction of
red SFGs increases with decreasing redshift. Low-mass red SFGs
constitute ~ 48% of the low-mass SFG sample in the highest redshift
bin but this percentage increases to ~ 82% in the lowest redshift
bin. This increase in the fraction of smaller red galaxies in the SF
population could explain the observed slower pace of sizes growth
for SFGs at z < 1 with respect to higher redshifts.

Based on the observational studies, galaxies with Sérsic index

> 1.5 are generally considered to have a significant bulge com-
ponent and those with n > 2.5 are considered bulge-dominated or
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Figure 19. The redshift evolution of the SFG red fraction: fraction of red
SFGs in the complete SFG population along with bootstrapped error bars
(diamonds with solid line). Conversely, the fraction of blue SFGs decrease
with cosmic time. We find that the fraction of red SFGs increases with cosmic
time. Since the majority of blue SFGs have mass log M < 10.3 (see Figure
18), we also show the red SFG fraction in this mass range (crosses with dashed
line) to demonstrate that the trend remains the same. This fractional increase
in the smaller and redder SFGs with cosmic time could explain the slowing
pace of the characteristic size evolution of SFGs since z ~ 1.
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Figure 20. The distribution of Sérsic indices of blue SFGs (blue filled his-
tograms) and red SFGs (purple unfilled histograms). Galaxies with n > 1.5
are often considered to have a significant bulge component whilst galaxies
with n > 2.5 are considered to bulge dominated. Among bulge-dominated
SFGs, 83% are red. We also show the p-value from the K-S test in the figure
legend.

spheroidal galaxies (e.g., Dutton 2009; Sachdeva 2013). Figure 20
shows that in our sample red SFGs dominate both the n > 1.5 (galax-
ies with significant bulge component) and n > 2.5 (bulge-dominated
galaxies) subsamples with 81% and 83%, respectively. The average
Sérsic indices of red SFGs are higher than their blue counterparts.
The median n of red SFGs (n = 1.14) is 33% higher than blue
SFGs (n = 0.86). We perform a Kolmogorov—Smirnov test (K-S test,
Kolmogorov-Smirnov et al. 1933; Smirnov 1948) to check whether
the two distributions differ statistically from each other. An extremely
small p-value implies that the two samples do not originate from the
same parent (sub)population.

Even when we remove massive red SFGs and restrict the analysis of
Sérsic indices tolog M < 10.3, we find similar trends as in Figure 20.
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Among low-mass SFGs with significant bulge component, ~ 69% are
red SFGs; among bulge dominated SFGs, this percentage is ~ 72%.

To summarize, we see that blue SFGs are more extended but lower
in mass than red SFGs. The fraction of red SFGs in the parent SFG
population is increasing steadily with cosmic time. Red SFGs tend
to be more concentrated and host significant bulge component in
them compared to their bluer SFG counterparts. Together with the
difference we see between sizes of SFGs at shorter and longer rest-
frame wavelengths (Figures 12, 15, 16, and 17) and the scenarios
that can explain it (Section 5.1.1), this analysis suggests that the
emergence of bulges is driving the observed average size evolution
of SFGs.

Several physical processes may be responsible for the emergence
and growth of bulges in galaxies. Bulge growth can happen internally
(secular evolution) or it can be induced externally.

In secular evolution, bulge formation and growth is often a result
of perturbations in the galaxy disks due to internal substructures such
as spiral arms and bars (Kormendy & Kennicutt 2004; Athanassoula
2005; Kormendy 2008; Gadotti 2009; Sellwood 2014). This secular
growth of bulges (also called pseudo-bulges) is global to all disk
galaxies. The pseudo-bulges are characterised by disk like profiles
(n ~ 1) and thus do not increase galaxy Sérsic index.

In contrast, bulge formation and growth induced externally (e.g.,
through mergers) by displacing the stars and gas in the disks towards
galaxy centres, can contribute to the increase in galaxy Sérsic index
(Naab et al. 2006; Gadotti 2009; Hopkins et al. 2010; Oser et al.
2010; Tacchella et al. 2019). Bulges formed in this manner (classical
bulges) have light profiles and properties similar to elliptical galaxies.
These bulges have higher fraction of old red stars than in the disks
and appear redder in colour (e.g., Breda et al. 2020). They generally
have centrally concentrated surface brightness distributions, which
are reflected in their higher 7.

Several processes can cause a compaction towards galaxy centre
resulting in central bulge formation and growth. Those mechanisms
include galaxy wet mergers (Zolotov et al. 2015; Inoue et al. 2016)
and collisions of counter-rotating gas streams that feed the galaxy
(Danovich et al. 2015). In both cases, dissipative gaseous accretion
promotes bursts of star formation and growth of stellar mass towards
galaxy centre (e.g., Dekel et al. 2009; Lapiner et al. 2023). The
absence of further gas inflow results in gas depletion and eventual
quenching of the core regions (e.g., Ceverino et al. 2010; Zolotov
et al. 2015; Tacchella et al. 2016). Thus, the bulges in SFGs tend to
have high central mass concentrations and appear redder in colour
as they age. We note, however, that wet compaction events are more
common at earlier cosmic times than within the redshift interval we
probe here.

Studies based on cosmological hydrodynamic simulations (e.g.,
IustrisTNG) predict that the emergence of centrally concentrated
spheroidal components is a common phenomena in SFGs (e.g., Tac-
chella et al. 2019). Observational studies show that the overall Sérsic
index and bulge-to-total ratios increase with cosmic time for SFGs
which agrees with the predictions of simulations that the bulges are
growing in SFGs (e.g., Lang et al. 2014). In light of these results, the
emergence of classical bulges must be responsible for the high # tail
of the Sérsic index distribution for SFGs in our sample.

5.1.4 Limitations

Effects of age and metallicity on galaxy light profiles cannot be dis-
entangled without spatially-resolved spectroscopic data. Observed
larger galaxy sizes in shorter wavelength can result from either young
or low-metallicity stars in their outskirts as both stellar population
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Figure 21. Evolution of median sizes of QGs. Panels show the size evolution of SFGs at two different characteristic masses. The QG sizes at rest-frame 3000 A
is shown in red and at rest-frame 5000 A in maroon. The sizes at shorter wavelength is larger than those at longer wavelengths. The size evolution is fit using a
power-law: A(1+ z)# and the best fitting parameters are given in Table 3. The solid curves show the best-fit evolutionary curves with shaded regions showing

their 1o confidence intervals.

properties contribute to galaxy colours (e.g., Gustafsson 1989; Stre-
ich et al. 2014). If light profiles of our log M > 9.5 SFGs in bluer
rest-frame wavelength are at least in part affected by the presence
of low-metallicity stars, measured larger sizes in 3000 A can point
towards accretion (in addition to star-formation) in the outskirts of
these galaxies. Low mass galaxies generally have lower metallicities
than massive ones (e.g., Tremonti et al. 2004; Foster et al. 2012;
Zahid et al. 2014; Ma et al. 2016). Thus the accretion of low-mass
satellites can lower the average metallicity and increase the surface
brightness of galaxy outskirts in bluer light.

The presence of dust can also cause observed differences between
rest-frame 3000 A and 5000 A. The rest-frame 3000 A is more
impacted by dust absorption than 5000 A. Some studies show that the
dust attenuation is stronger in bulges than in disks (e.g., Driver et al.
2007). This radial dependence of dust reddening could impact the
fitting of Sérsic profile at 3000 A. As the contribution of unobscured
blue light from the outskirts dominates the overall light profile of
a galaxy, its R, is overestimated and » is underestimated. However,
we find that the red SFGs tend to be smaller and have higher Sérsic
indices than blue SFGs in the rest-frame 5000 A where galaxy light is
less affected by dust compared to the rest-frame 3000 A (Figures 18
and 20). Hence, we conclude that the observed differences between
red and blue SFGs in our study are not driven by dust reddening
alone.

With this study, we do not perform detailed analysis of galaxy
components (bulges v/s disks). This is a necessary next step in testing
the bulge growth scenario for the size evolution of SFGs. In the
follow-up study we plan to perform bulge-disk decomposition and
estimate bulge-to-total (B/T) ratios for all CLAUDS+HSC galaxies
using a multi-component model fitting approach.
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5.2 Size Evolution of Quiescent Galaxies
5.2.1 Overview of the Observed Trends

As in Section 5.1, we use characteristic sizes estimated from the
SMR to trace the evolution in size for QG population in two rest-
frame waveleghts (Figure 21). We limit the analysis to two different
characteristic masses (log M = 10.7,11.2) that are above the pivot
point of the SMR (Section 4.1) for quiescent population.

As expected, the results we show in Figure 21 are in line with our
findings in Section 4.3. Similar to SFGs, we find that the sizes of
QGs are larger in rest-frame 3000 A than in 5000 A (red and maroon
curves in Figure 21). At z ~ 0.5, QGs with mass log M = 10.7 are
~ 23% larger in size in shorter wavelength than in longer wavelength.
This offset in size decreases with increase in stellar mass. At the same
redshift, QGs with mass log M ~ 11.2 are ~ 12% more extended in
the rest-frame UV light than in visible light.

With respect to SFGs in our sample, QGs exhibit much stronger
size evolution in rest-frame 5000 A than in 3000 A. For example, in
the rest-frame 3000 A, QGs with mass log M ~ 10.7 grow in size by
~ 38% in the rest-frame UV and by ~ 82% in the rest-frame visible
light over the span of 6 Gyrs that we probe. For very massive QGs
(logM ~ 11.2), this growth is by ~ 27% and ~ 97%, respectively,
for sizes measured in rest-frame UV and visible light.

Furthermore, the average size of a QG is significantly smaller than
an SFG at a given mass and redshift (Figure 15). Comparison of the
last two panels of Figure 16 with Figure 21 shows that at z = 0.5 and
rest-frame wavelength 5000 A, log M = 10.7 SFG is ~ 70% larger
than QG of the same stellar mass. However, SFGs and QGs with
log M = 11.2 have similar sizes. The trends in the bluer wavelength
are also similar to those in the redder wavelength. This is interpreted
to be due to the fading of disk when a galaxy fully quenches (e.g.,
Christlein & Zabludoft 2004; Carollo et al. 2016; Matharu et al. 2020;
Estrada-Carpenter et al. 2023). Since the disks are more extended
than their more centrally concentrated bulges/spheroids, the overall
size of a galaxy shrinks when the disk completely fades.

Alternatively, the smaller sizes of QGs relative to SFGs of compa-



rable stellar mass could be due to the preferential growth of central
regions over the outer ones during and after quenching. We can in-
vestigate the effects of both disk fading and growth of bulges through
bulge+disk decomposition in two rest-frame wavelengths. When the
star formation in galaxy disk is quenched, the disk become fainter,
especially at UV wavelengths (although it does not disappear com-
pletely). The surface brightness of the disk diminishes significantly
in the rest-frame UV regime and less so at longer (rest-frame optical)
wavelengths. However, this fading should not affect the central re-
gions (galaxy bulges). We will explore this effect in our future work
through bulge+disk decomposition.

Finally, the QGs tend to grow in size at a more rapid pace compared
to SFGs even though they do not actively form stars. This observation
is in line with the literature (e.g., Conselice 2014; van der Wel et al.
2014; Straatman et al. 2015; Damjanov et al. 2019; Kawinwanichakij
et al. 2021). This strong size evolution could be driven by several
physical processes affecting individual QGs, such as major mergers
(Conselice et al. 2003, 2022; Bluck et al. 2012; Kaviraj et al. 2014;
Man et al. 2016; Mantha et al. 2018; Husko et al. 2022, 2023), minor
mergers and accretion (Khochfar & Silk 2006; Naab et al. 2009;
Bluck et al. 2012; Newman et al. 2012; Fagioli et al. 2016; Sawicki
et al. 2020; Conselice et al. 2022; Husko et al. 2023; Suess et al.
2023), and adiabatic expansion (Boily & Kroupa 2003; Goodwin &
Bastian 2006; Baumgardt & Kroupa 2007; Fan et al. 2008, 2010;
Damjanov et al. 2009; Ragone-Figueroa & Granato 2011; Lapi et al.
2018). In addition, progenitor bias due to newcomers affects the
average QG size evolution (Franx et al. 2008; Carollo et al. 2013;
Fagioli et al. 2016; Damjanov et al. 2019, 2023).

Galaxy mergers can contribute significantly to the size evolution
of QGs. Although major dry mergers can yield an increase in size
of QGs proportional to the increase in mass (eg., Boylan-Kolchin
et al. 2006; Naab et al. 2007), the average number of major mergers
per galaxy since z ~ 1 is low (e.g., Bundy et al. 2009; Lépez-
Sanjuan et al. 2010; Kaviraj et al. 2014; Thibert 2018). However,
both observational studies (e.g., Bezanson et al. 2009; van Dokkum
et al. 2010; Trujillo et al. 2011; Fagioli et al. 2016; Zahid et al.
2019) and theoretical/simulation based studies (e.g., Khochfar &
Silk 2006; Naab et al. 2009; Oser et al. 2010, 2012; Hilz et al. 2012)
show that minor mergers and accretion can support size growth in
QGs. Theoretical studies (e.g., Naab et al. 2009) and observational
studies that incorporate these theoretical predictions (e.g., Bezanson
et al. 2009; Zahid et al. 2019) indicate that a series of minor mergers,
with the fractional growth in R, o« M2 (where M, is the fractional
growth in stellar mass) can explain QG size growth since z ~ 2 — 3.

The fact that the QGs have larger sizes in shorter wavelength (red
curves in Figure 21) than the longer one (maroon curves in Figure
21) could indicate growth through minor mergers and accretion (e.g.,
Bezanson et al. 2009; Naab et al. 2009; Suess et al. 2020, 2023). As
these are passive galaxies, they are not actively forming stars, but
the bulk of the young and/or low-metallicity stars traced by shorter
wavelength could be added ex-situ or formed from ex-sifu added gas
through accretion and minor mergers. These materials are added to
the outskirts puffing up galaxy light profile.

On the other hand, the longer wavelength profiles are dominated
by the in-situ old stars which are concentrated towards galaxy centre.
As time progresses, the ex-situ stars can also migrate inward and
add to the galaxy profile in the longer wavelength as they age (e.g.,
Boecker et al. 2023). Since the longer wavelength probes newly added
old ex-situ stars along with the already existing in-situ aged stellar
population in galaxies, we see the stronger evolution in rest-frame
5000 A.
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QGs
Restframe 4 | log M (.—.9) RY B
3000 A 10.7 4.58 £0.60 | —0.69 +0.28
11.2 8.28+0.70 | -0.27+0.19
o 10.7 4.48+0.59 | —1.13+£0.29
5000 A
11.2 9.45+0.70 | -0.91£0.17

Table 5. The parameters of the best-fit power-law (Equation 10) to the redshift
evolution of characteristic QG sizes after the removal of the the progenitor
bias (Section5.2).

5.2.2 Removing the Effect of Progenitor Bias

Newly quenched galaxies (newcomers) can affect the distribution of
QG sizes at a given mass because they are, on average, more extended
than the rest of the QG population (progenitor bias; Saglia et al.
2010; Damjanov et al. 2023). Progenitor bias should not contribute
significantly to the size evolution of QGs. For example, Damjanov
et al. (2023) find that the newcomers contributed only 11% to the
growth of QGs at z < 0.6. Nonetheless, it is important to remove
the impact of progenitor bias from the QG population to understand
how aging QGs may evolve with time. Here we account for the effect
of progenitor bias by removing the most extended galaxies and re-
fitting the “corrected" QG SMR in five redshift bins that cover the
0.1 < z < 0.9 interval.

We assume that in total ~ 10% of the QG population above the
SMR pivot point in each redshift bin are newcomers (Moutard et al.
2016). However, the probability for an SFG to quench increases with
stellar mass and is given by

PQ<1(1—6_5%),
_ M
=c(1—e M*),

where M is the stellar mass of the SFG in solar masses, c¢ is the
normalization constant and M* is the characteristic mass from stellar
mass (Schechter) function for SFGs in Mg (Peng et al. 2010b). M*
varies with redshift and we adopt the values from Muzzin et al.
(2013). In addition, the number densities of SFGs and QGs also vary
with stellar mass and redshift (e.g., Muzzin et al. 2013).

To incorporate this information into a toy model of QG size growth,
we first divide massive QGs (M > M) in each redshift bin into 10
equal frequency bins of stellar mass. Then we determine the fraction
of galaxies to be removed from each mass bin as

13)

M
Fob =pg%, (14)

where ng (M) and ny (M) are the number densities of QGs and all
galaxies respectively. We adopt the number densities from Muzzin
et al. (2013). We use the normalization constant ¢ in the equation
for po (Equation 13) to keep the percentage of the newly quenched
galaxies to be ~ 10% . We adopt ¢ = 3/5 which removes ~ 8 — 13%
of the most extended galaxies in each redshift bin above the SMR
pivot point (see also Appendix C). Across the stellar mass bins, this
percentage varies from ~ 0% to ~ 20% of the QG population in that
bin. We then perform the SMR fitting and examine the evolution of
characteristic sizes of remaining (aging) QGs at two different stellar
masses in 3000 A and 5000 A (Figure 22; the best-fit parameters of
the size evolution are given in Table 5).

When we remove the supposed newcomers from the QG sample,
the average characteristic sizes of QGs become smaller, as expected.
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Figure 22. Size Evolution of QGs in two rest-frame wavelengths when progenitor bias is removed. The size evolution curves of the entire QG population are
shown in gray (dotted and solid curves for rest-frame UV and visible light respectively). The best-fit parameters are given in Table 5. Other details are same as

for Figure 21.

The decrease in the average size of QGs with stellar mass log M =
10.7 is similar across the redshift range at both wavelength regimes
(11 — 15%). However, at high stellar mass (logM = 11.2), this
decrease ranges from 3% (5%) at z = 0.9 to 18% (13%) at z = 0.1 in
rest-frame visible (UV) light.

We do not find any significant difference in the pace of size growth
for QGs with mass log M = 10.7 when we account for progenitor
bias in both wavelength regimes (compare coloured curves against
black curves in the first panel of Figure 22). However, there are
indications that the size evolution becomes weaker when we remove
the progenitor bias for QGs with mass log M = 11.2 (second panel
of Figure 22). Nonetheless, the difference is within uncertainties for
both UV and visible light. Thus, the progenitor bias only causes a
significant vertical offset in the redshift evolution of average QG sizes
without strong signals of change in the exponent of the evolutionary
trends for stellar masses higher than the pivot mass (log M ~ 10.5,
Section 4.1).

Progenitor bias can affect the size evolution of QGs in two ways.
First, the sizes of SFGs are larger than QGs at the same stellar
mass and the size of SFGs increase with time (e.g., Figures 11 and
15). Thus, the newcomers are larger than the those quenched earlier
in time. This causes a vertical shift in the size evolution curve by
increasing the average size of QGs at all redshifts. We see this effect
in our sample (the black curves are higher than coloured curves in
Figure 22).

Second, disks of galaxies fade when they quench (Christlein &
Zabludoft 2004; Carollo et al. 2016; Estrada-Carpenter et al. 2023).
Bulge becomes more prominent in a galaxy light profile resulting in
smaller effective sizes of galaxies. Since the disk fading affects light
profiles in rest-frame 3000 A more than 5000 A and the quenched
fraction increases with cosmic time, the progenitor bias effect should
slow down the pace of size evolution in the shorter wavelength (red
curves in Figure 22). We expect to see a strengthening of the size
evolution for QGs in rest-frame UV light after we remove the pro-
genitor bias. Instead, we find that the pace of the size evolution is
unaffected indicating that the process of disk fading does not affect
the average size evolution of massive QGs.
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Thus, we conclude that the effects of progenitor bias on the massive
QG population is mainly on the vertical offset of the evolutionary
trend. The strength of the redshift evolution in size for massive QGs
is determined by other physical processes such as minor mergers and
accretion adding low-mass and/or low-metallicity stellar population
(Section 5.1.4) to galaxy outskirts.

5.3 Evolution in Central Stellar Mass Surface Density

Central stellar mass surface density, the projected stellar mass surface
density within central 1 kpc radius, is another physical parameter
that is widely used in the analysis of galaxy evolution (e.g., Cheung
et al. 2012; Fang et al. 2013; Barro et al. 2013, 2014, 2017; Suess
et al. 2021, 2020; Xu & Peng 2021; Ji et al. 2022; Ji & Giavalisco
2022, 2023; Estrada-Carpenter et al. 2023). Stellar mass surface
density is derived using both R, and » and thus it does not include
uncertainties due to covariance between R, and n making it a more
robust parameter than these two parameters individually (Ji et al.
2020, 2022).

We calculate X in units of Mg /kpc2 and fit the relation between
21 and galaxy stellar mass in Appendix D. We first fit the X -stellar
mass relation in log-log space for all SFGs and QGs (Figure D1) and
also for SFGs split into blue and red subpopulations (Figure D2).
One of the parameters of the fits we perform in Appendix D is the
characteristic ¥ value!? for galaxies with stellar mass of 5 X 1010
M. Figure 23 shows the redshift evolution of this characteristic
value for SFGs (dark blue stars) and QGs (maroon filled circles).

The QGs have ~ 2 (3) times higher £ than SFGs at0.1 < z < 0.3
(0.75 < z < 0.9). As the majority of the SFGs are red (Figure 19),
the average X; of red SFGs (purple diamonds) are almost identical
to those of all SFGs. However, blue SFGs (blue squares) have sig-
nificantly lower X; values than red SFGs, except at 0.1 < z < 0.3
where the sample size is small. Red SFGs have ~ 1.5 (2.7) times

10 Throughout this work, we use its logarithmic value for analysis, i.e.,
log(Z1 /Mo /kpc?).
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Figure 23. The evolution of characteristic ¥ for galaxies with mass 5 x 1010
M. We show these values for all SFGs (dark blue stars) and QGs (maroon
dots) along with their uncertainties. We also show the evolution in £ in two
subpopulations of SFGs - blue (blue diamonds) and red (purple squares).
We compare our results with the estimated characteristic X; values at higher
redshift for SFGs (blue crosses) and QGs (maroon open circles) from Barro
et al. (2017).

higher central stellar mass density than blue SFGs at 0.3 < z < 0.45
(0.75 < 7 < 0.9). This difference is in line with SFGs growing their
central regions and increasing X; during their evolution towards the
red sequence (as also reported by Guo et al. 2021; Quilley & de
Lapparent 2022).

We compare our results with the evolution in £ for SFG and QG
at 0.5 < z < 3 (Barro et al. 2017, maroon open circles (QGs) and
blue crosses (SFGs) in Figure 23). High-redshift X; are estimated
based on spatially resolved SED fits derived from surface brightness
profiles in nine HST bands. We do not have spatially resolved SED
fits for z < 1 galaxies. By incorporating spatially resolved SEDs,
Barro et al. (2017) are potentially able to incorporate the effects of
colour gradients in the X; calculation. However, these gradients in
both SFGs and QGs do not evolve at z < 1 significantly (Suess
et al. 2019). Hence, the fact that we consider only global rather than
spatially resolved colour gradients does not affect the difference in
the evolutionary trends for X; between two studies.

Figure 23 shows decreasing trend in X; of SFGs at z > 1 with
cosmic time. At z < 1, we find that the SFGs with mass 5 x 10!°Mg
have, on average, a constant X; value. We interpret this lack of
evolution in X for SFGs in our sample as another aspect of prominent
bulge growth in them. The growth of centrally concentrated bulges
increases the X values at lower redshift, resulting in flattening of the
observed evolutionary trend.

The characteristic £ values for QGs also decrease with time since
z ~ 3. Potential mechanisms driving this decrease in 2| include mi-
nor mergers (resulting in much larger size than stellar mass increase;
e.g., Bezanson et al. 2009; Hopkins et al. 2009; Naab & Ostriker
2009; van Dokkum et al. 2010; Fagioli et al. 2016; Zahid et al.
2019), adiabatic expansion due to mass loss and the rearrangement
of stellar orbits in shallower gravitational potential (e.g., Damjanov
et al. 2009, 2011; van Dokkum et al. 2010, 2014; Lapi et al. 2018),
and the influx of larger newcomers (Section 5.2.2; Carollo et al. 2013;
Damjanov et al. 2019, 2023; Ji & Giavalisco 2022).

However, QGs at z < 1 show that the pace of redshift evolution
in X slows down at z < 0.9. For example, £; of QGs decreases by
~ 10% from z ~ 0.7 to z ~ 0.2 (or over 4 Gyrs of cosmic time), while
the decline is somewhat more dramatic at higher z (20% between the
redshiftbins 1.5 < z < 2and 1 < z < 1.5, corresponding to ~ 2 Gyrs
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Figure 24. The relation between specific star formation rate (sSSFR) and X in
four redshift bins for SFGs (red, blue and all) and QGs. We divide each galaxy
groups into 10 equally populated bins of X and estimate median sSFR. The
errorbars correspond to the bootstrapped errors for the medians.

of cosmic time). This weakening of | evolution reflects the lack of
evolution in X; for SFGs (especially red SFGs shown in purple
diamonds) of the same mass. This similarity in trends between SFGs
and QGs is driven partly by the quenching processes that transfer a
fraction of SFGs in one redshift bin to the the QG population in the
next lower redshift bin.

Earlier studies show that galaxy star formation activity is correlated
with their central stellar mass surface density (e.g., Barro et al. 2017;
Whitaker et al. 2017; Suess et al. 2021). These studies demonstrate
that galaxies follow an "L-shaped track" in the specific star formation
rate (SSFR) vs | parameter space. We explore this relation in Figure
24, where we show median sSFR values for both SFGs (dark blue
stars) and QGs (maroon filled circles) in ten equally populated >
bins. The sSFR values for SFGs are roughly stable at logX; < 9.
After that point, the sSFR starts to decrease with the increase in 2. As
the SFGs build up their central regions, their star-formation activity
declines. However, we note that the observed correlation between X
and the sSFR may not necessarily imply a causal relation between
the two parameters since a third, hidden parameter may be involved
(as also noted by, e.g., Lilly & Carollo 2016; Chen et al. 2020; Ji &
Giavalisco 2022, 2023).

When we divide the SFG population into red and blue SFGs (pur-
ple diamonds and blue squares, respectively, in Figure 24), red SFGs
show somewhat lower sSFR at any given X;. Furthermore, there is a
maximum X above which only red SFGs exist.

The sSFR values for blue SFGs do not change with X, indicating
that these young SFGs are actively forming stars at all galactocentric
radii. The sSFR for red SFGs declines with X above the threshold
value where blue SFGs are absent. This trend suggests that by probing
the red SFG subpopulation, we trace how these galaxies build up their
central bulges and undergo inside-out quenching.

The threshold X value above which all SFGs are red is log ¥; ~ 9.
This threshold value does not evolve with redshift. In line with the
values reported by Whitaker et al. (2017), our result suggests that
as SFGs build up sufficient central stellar mass density, quenching
process becomes prominent above this universal minimum value.

In addition, we find that there is a threshold £; (logZ; ~ 9.7)
beyond which a galaxy cannot sustain star formation. This finding
broadly agrees with previous results of Whitaker et al. (2017), Suess
et al. (2021) and Estrada-Carpenter et al. (2023).

Thus, we observe the minimum value for X that corresponds to
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the point when quenching becomes prominent globally (throughout
the galaxy) and the maximum value above which all galaxies are
quiescent. Between these two threshold values of X, red bulges
continue to grow in SFGs as indicated by the negative correlation
between 2 and sSFR (Figure 24).

The range of X; values that red SFGs can have once they drop
below sSFR for the blue subpopulation suggests that the process we
trace is the slow process of bulge growth that drives this decline in
sSFR. A number of studies support the emergence/significant growth
of centrally concentrated bulges in galaxies before and while they
transition through the green valley and quench (Barro et al. 2017;
Wau et al. 2020; Guo et al. 2021; Quilley & de Lapparent 2022; Ji &
Giavalisco 2023). Therefore, we conclude that the bulge growth is
the major driving force behind the evolution of SFGs towards the red
sequence at z < 0.9.

6 CONCLUSIONS

We measure morphological parameters for 21,200 massive (log M >
9.5) star-forming and quiescent galaxies (SFGs and QGs) in the
redshift range 0.1 < z < 0.9 and in two rest-frame wavelengths,
3000 A and 5000 A. We use the multi-band images from the central
region of the COSMOS field in the CLAUDS+HSC Survey and
ancillary data from COSMOS2020 catalogue for the estimates of
galaxy redshifts and stellar masses. We measure galaxy sizes by
fitting a single-component Sérsic profile to their light profiles using
GALFIT software.

We fit the size-mass relation (SMR) for SFGs and QGs separately
in five redshift bins in the two rest-frame wavelengths (Equations
7 and 8. We then analyse the redshift evolution of galaxy sizes by
fitting a power-law (Equation 10).

The main conclusions of our study are:

(1) Both SFGs and QGs on average appear more extended in blue
light (rest-frame 3000 A) than in red light (rest-frame 5000 A) at all
redshifts and masses (Figures 12, 15, 16 and 21). We find that the
pace of evolution at fixed stellar mass is stronger in the rest-frame
visible light than in the rest-frame UV light and this difference is
more prominent for QGs (Figure 21). In addition, the strength of the
evolution in both wavelengths in general increases with the stellar
mass of galaxies (Figures 15 and 16).

(i)) When we incorporate mass growth for SFGs assuming the
evolving star formation main sequence, the pace of the SFG size
evolution (i.e., the exponent of the best-fitting power-law) becomes
independent of both galaxy stellar mass and the rest-frame wave-
length (Figure 17).

(iii) The strength of the size evolution at constant stellar mass for
SFGs is weaker than the strength reported in studies that cover wider
redshift ranges. We explore this slowing down of the size evolution
since z ~ 1 by dividing the SFG population into two groups: blue
SFGs (U -V < 1)andred SFGs (U -V > 1). We find that red SFGs
are smaller and more massive than blue SFGs and that their fraction
increases by 25% during the 6 billion years of cosmic time that we
explore. In addition, red SFGs constitute the majority (83%) of the
bulge-dominated SFGs (n > 2.5). We conclude that the emergence
of bulges is a primary driver of size evolution for SFGs.

(iv) We use a a toy model to remove the effect of newcomers
(progenitor bias) from the observed trend in size evolution for QGs.
The removal of the largest QGs changes the characteristic size of QGs
atz =0 (Rg in Equation 10). This change in Rg is systematically
negative for all masses and in both rest-frame wavelengths. Our
analysis shows that newcomers increase the average size of QGs by
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up to ~ 20% since z ~ 1. In contrast, the pace of QG size evolution
is not affected systematically by this effect. We conclude that the
strength of the evolution is not determined by disk fading during
the process of quenching but rather by physical processes affecting
individual galaxies after they become quiescent (e.g., mergers and
accretion).

(v) We find that the redshift evolution of X; stops (slows down)
for SFGs (QGs) at z < 1. This change in the evolutionary pace
compared to higher z is consistent with the growth of bulges in SFGs
and the influx of newcomers to the QG population. We also find that
all SFGs with logX{ > 9 are red (U — V > 1) and that all galaxies
withlog X; > 9.7 are quiescent. Finally, the sSFR of red SFGs within
these two threshold values of X declines with X1, suggesting that
the growth of bulges drives the evolution of SFGs towards the QG
population.

To explore further the role of bulges in the average size growth of
the SFG population and the impact of various physical processes on
the QG size evolution, we will perform bulge+disk decomposition.
We plan to implement this procedure in the future by fitting a double-
component Sérsic profile to galaxy light profiles. Furthermore, here
we do not investigate the impact of environment on the galaxy size
evolution due to the small volume we probe. To take into account
environmental effects, we will expand our analysis based both on
a single- and double-component Sérsic profile to the entire 18.6
deg2 of the CLAUDS+HSC survey. Our pilot study demonstrates the
power of deep ground-based photometric surveys and galaxy light
profiles fitting in multiple rest-frame wavelengths to probe in detail
the strength of galaxy structural evolution at z < 1 and constrain its
driving mechanisms.
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APPENDIX A: ROBUSTNESS OF THE FITTING PIPELINE
AND SERSIC PARAMETERS

In Section 3.1, we mention the magnitude limits that we adopt in
each band while fitting the light profiles of galaxies. These magnitude
limits are as follows: u< 26; g< 25.5; r, i, z< 25. We introduce these
limits based on the robustness analysis of our fitting pipeline through
the simulations we perform (Section 3.2). We adopt the simulation
success rate described in Equation 4 as a proxy for the robustness of
the pipeline. This rate tells us what fraction of galaxies with a certain
properties we can fit successfully.

Through simulations we investigate how this success rate changes
with intrinsic Sérsic parameters of the simulated galaxies. In Figure
7, we show how success rates in each CLAUDS+HSC bands change
with the band magnitude of galaxies. It is clear from the figure that
the success rate is sensitive to the brightness of a galaxy beyond 24t
magnitude in the bands used in this study.

In Figures Al, A2 and A3, we investigate how the success rate
depend on other Sérsic parameters - size (R, ), Sérsic index (n) and
axis ratio (b/a) respectively through heat maps. These figures show
the success rate as function of both the input/intrinsic values of these

MNRAS 000, 1-32 (2024)


http://dx.doi.org/10.1088/0004-637X/725/2/2312
http://dx.doi.org/10.1088/0004-637X/725/2/2312
http://dx.doi.org/10.1088/0004-637X/744/1/63
http://dx.doi.org/10.1088/0004-637X/744/1/63
http://dx.doi.org/10.1093/mnras/stu1802
http://dx.doi.org/10.1093/mnras/stu1802
http://dx.doi.org/10.48550/arXiv.1201.0490
http://dx.doi.org/10.1086/340952
http://dx.doi.org/10.1086/340952
http://dx.doi.org/10.1088/0004-6256/139/6/2097
http://dx.doi.org/10.1088/0004-6256/139/6/2097
http://dx.doi.org/10.1088/0004-637X/721/1/193
http://dx.doi.org/10.3847/2041-8213/aa7d4b
http://dx.doi.org/10.1051/0004-6361/202244202
http://dx.doi.org/10.1111/j.1365-2966.2011.18670.x
http://dx.doi.org/10.1111/j.1365-2966.2011.18670.x
http://dx.doi.org/10.1086/382952
http://dx.doi.org/10.1093/mnras/stx1172
http://dx.doi.org/10.1051/0004-6361/201935162
http://dx.doi.org/10.1051/0004-6361/201935162
http://dx.doi.org/10.1093/mnras/sty1917
http://dx.doi.org/10.1093/mnras/stt1364
http://dx.doi.org/10.3847/1538-4357/aa6c61
http://dx.doi.org/10.1051/0004-6361/201014703
http://dx.doi.org/10.1088/0004-637X/758/2/73
http://dx.doi.org/10.1086/516584
http://dx.doi.org/10.1093/mnras/stz2522
http://dx.doi.org/10.1093/mnras/staa779
http://dx.doi.org/10.1086/516582
http://dx.doi.org/10.1086/516585
http://dx.doi.org/10.1103/RevModPhys.86.1
http://dx.doi.org/10.1046/j.1365-8711.2003.06740.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06740.x
http://dx.doi.org/10.1214/aoms/1177730256
http://dx.doi.org/10.1093/mnras/staa278
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.1088/2041-8205/808/1/L29
http://dx.doi.org/10.1051/0004-6361/201220956
http://dx.doi.org/10.3847/2041-8213/ab4db3
http://dx.doi.org/10.3847/2041-8213/abacc9
http://dx.doi.org/10.3847/1538-4357/abf1e4
http://dx.doi.org/10.48550/arXiv.2307.14209
http://dx.doi.org/10.1126/science.1261094
http://dx.doi.org/10.1093/mnras/stw131
http://dx.doi.org/10.1093/mnras/stw131
http://dx.doi.org/10.3847/1538-4357/aabf8b
http://dx.doi.org/10.1093/mnras/stz1657
http://dx.doi.org/10.1111/j.1365-2966.2011.19438.x
http://dx.doi.org/10.1086/423264
http://dx.doi.org/10.1086/382060
http://dx.doi.org/10.1111/j.1365-2966.2011.19017.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19017.x
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.3847/1538-4365/ac3078
http://dx.doi.org/10.1088/0004-637X/735/2/86
http://dx.doi.org/10.3847/1538-4357/aa6258
http://dx.doi.org/10.1088/0004-637X/691/2/1879
http://dx.doi.org/10.1088/0004-637X/691/2/1879
http://dx.doi.org/10.1088/0004-637X/713/2/738
http://dx.doi.org/10.3847/1538-4357/ab5fd9
http://dx.doi.org/10.1086/509708
http://dx.doi.org/10.3847/2041-8213/ac3a01
http://dx.doi.org/10.1086/301513
http://dx.doi.org/10.1088/0004-637X/792/1/75
http://dx.doi.org/10.3847/1538-4357/ab21b9
http://dx.doi.org/10.3847/1538-4357/ab21b9
http://dx.doi.org/10.3847/0004-637X/824/2/68
http://dx.doi.org/10.1093/mnras/stac3610
http://dx.doi.org/10.1093/mnras/stac3610
http://dx.doi.org/10.1093/mnras/stv740
http://dx.doi.org/10.1093/mnras/stab3510
http://dx.doi.org/10.1086/320645
http://dx.doi.org/10.1088/0004-637X/709/2/1018
http://dx.doi.org/10.1088/0004-637X/791/1/45
http://dx.doi.org/10.1109/MCSE.2011.37
http://dx.doi.org/10.1109/MCSE.2011.37
http://dx.doi.org/10.1088/0067-0049/203/2/24
http://dx.doi.org/10.1088/0004-637X/788/1/28

28  A. George et al.

Re [arcsec]

Success ratio

COOooo00000or
oRNWhRUONDOD

Re [arcsec]
Success ratio

COOO0O000000
oRNwhRUOINDPOD

18 20 22 24 18 20 22 24
Magnitude Magnitude Magnitude

Figure Al. Heat maps showing the simulation success rate (Equation 4) as a function of input magnitude and input size. Galaxy sizes do not affect the success
rate significantly in a given magnitude bin as indicated by the (almost) vertical colour stripes.
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Figure A2. Heat maps showing the simulation success rate (Equation 4) as a function of input magnitude and input Sérsic index. Sérsic indices of galaxies do
not affect the success rate significantly in a given magnitude bin as indicated by the vertical colour stripes.
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Figure A3. Heat maps showing the simulation success rate (Equation 4) as a function of input magnitude and input axis ratio. Axis ratios of galaxies do not
affect the success rate significantly in a given magnitude bin as indicated by the vertical colour stripes.
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Sérsic parameters and magnitude in a given band. We find that the
colours in the heat map in every panel in each figure change hori-
zontally but remain more or less constant vertically. This observed
colour pattern in the heat map shows that the success rate and thereby
the robustness of the fitting algorithm does not depend on the intrin-
sic shape of the galaxy (R, n and b/a) but the brightness alone.
Therefore, we do not adopt any cuts on the data based on R,, n and
b/a.

APPENDIX B: SIZE-MASS RELATION FITTING IN
REST-FRAME UV LIGHT

In Figure B1, we show the size-mass relation (SMR) for star-forming
galaxies (SFGs; blue) and quiescent galaxies (QGs; red) in rest-frame
UV light (3000 A). We fita single power-law for SFGs but a double
power-law for QGs initially followed by a single power-law fit for
QGs above the pivot mass (M ; mass at pivot point) in the double
power-law SMR (see Section 4.1). We provide the best-fit parameters
of double power-law SMR in Table 1 and single-power law SMR in
Table 2.

As we see in Figure B1, the SFGs are on average more extended
than QGs in rest-frame UV light in every redshiftbinat 0.1 < z < 0.9.
The SFGs and low mass QGs (M < M),) have shallow SMR with an
exponent around 0.2 but the high mass QGs have a steep exponent
(~ 0.6). These differences in SFG and QG SMRs are similar to those
we find in rest-frame 5000 A (see Figure 11).

APPENDIX C: REMOVING PROGENITOR BIAS FROM
QG POPULATION

Newly quenched galaxies introduces a bias (progenitor bias) when
we analyze the size evolution of the quiescent population. Hence,
we remove progenitor bias from our QG population as described in
Section 5.2.2. In short, we assume that the newly quenched galaxies
are more extended than the galaxies those quenched earlier in a given
stellar mass bin. We also assume that the quenching efficiency in-
creases with mass and thus, the fraction of newly quenched galaxy in
our QG sample varies in stellar mass bins. We estimate this fraction
using Equation 14. We normalize this equation so that we remove ap-
proximately 10% of QGs from the parent population in each redshift
bin.

In Figures C1 and C2 we show the QGs removed in the size-
mass plane in rest-frames 3000 A and 5000 A respectively. In both
wavelengths, we remove 8 — 13% of QGs in each redshift bin and
this percentage is given in each panel. The removed QGs (red) are
more extended than the remaining QGs in their respective mass bin
and their percentage increases towards higher masses by design.

APPENDIX D: CENTRAL STELLAR MASS SURFACE
DENSITY

Following Cheung et al. (2012) and Ji & Giavalisco (2022), we
calculate the projected central stellar mass surface density as
s [ Mo ] Mixpe M v(2n,x)
1|—>|= = ,
kpc? 7 x 1kpe? T'(2n)

where Myp. is the stellar mass within 1 kpc radius in Me, M is the
total stellar mass in Mg, y and I are incomplete and complete gamma

(DID)
T X lkpc2

(1/n)
functions, and x = b, (%) . We calculate b, by solving the
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Figure B1. Fitting smoothly broken double power law to the QGs and single
power law to the SEGs at rest-frame 3000 A in 5 redshift bins. The individual
SFGs are shown as blue points and QGs in red. The median uncertainties
in their measurements are given in the top left corner of each panel. The
best-fitting power law relations for SFGs and QGs are shown in navy blue and
maroon respectively with their uncertainties from Bayesian posterior plotted
as shaded region.
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Figure C1. Removing progenitor bias in rest-frame 3000 A shown in size-mass plane. We describe the removal process in Section 5.2.2 and Appendix C. The
QGs removed (newcomers) are shown in red and the remaining QGs are in black. The percentage of QGs removed are given in each panel.
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Figure C2. Removing progenitor bias in rest-frame 5000 A shown in size-mass plane. As in Figure C1, removed newcomers are in red and other QGs are in

black.

equation I'(2n) = 2y(2n, by) numerically (Graham & Driver 2005).
The caveat here is that we assume a uniform mass-to-light (M/L)
ratio within each galaxy. Although this assumption is reasonable
for QGs, we acknowledge that the radial variation in M /L ratio is
significantly higher for SFG (e.g., Tortora et al. 2011). We attempt
to minimize the effect of M /L variation by analyzing the | only at
the rest-frame 5000 A which has more contribution from bulk of the
stars (old low-mass stars) than at 3000 A. However, even at 5000 A,
radial variation of M /L ratio can be significant (at least) in SFGs
where the overall profile is dominated by the light from young stars in
the disks. Hence, the X that we estimate are lower limits, especially
for SFGs with steep negative colour gradients.

To explore how the characteristic £; value for SFGs and QGs
evolves in Section 5.3, we fit a single power-law to the X -stellar mass
relation in log-log space for SFGs and QGs with mass log M > 9.5
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in 5 redshift bins (Figure D1). Across the redshift bins, we do not
find any signs of significant evolution in the power-law parameters,
in congruence with previous works (e.g., Fang et al. (2013)atz ~ 0.1
and Barro et al. (2017) at 0.5 < z < 3). The only parameter that we
observe changing with time is the zero point for QGs. The 1 of QGs
with a characteristic mass 5 x 1019 Mg, increases by ~ 20% from the
lowest to the highest redshift bin.

The X;—stellar mass relation is tighter for QGs than for SFGs
(Figure D1). One of the possible reasons for this difference is the
strong variation in M /L ratios in SFG radial profiles compared to
QG profiles (Tortora et al. 2011). QGs in general have higher X
than SFGs in any given mass bin and this X; value is very similar
for all QGs with similar stellar mass due to the very tight £ —stellar
mass relation. Thus, there exists a threshold X value required for a
galaxy to be quiescent and this threshold value increases with galaxy
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Figure D1.

The best-fitting log X1 — log M relation for SFGs (blue) and QGs (red) with mass log M > 9.5 in 5 redshift bins. The best-fit single power-law parameters are

given in each panel.
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stellar mass. It means that forming a dense core is a prerequisite for
quenching (or a consequence of quenching) as argued by Cheung
et al. (2012), Fang et al. (2013), van Dokkum et al. (2014), Barro
etal. (2017), Ji & Giavalisco (2023) and others. However, since some
SFGs also have X close to the threshold value, having a dense core
alone is insufficient for a galaxy to be quiescent.

A lack of evolution in the slopes indicates that the galaxies build
up their inner core while they grow in stellar mass in a similar
manner across the redshift range. However, X —stellar mass relation
has 15 — 20% steeper slope for SFGs. This difference in the slopes is
at least partially due to the differences in how galaxies evolve before
and after quenching. SFGs build up mass more uniformly across

— log M relation for blue and red SFGs (blue and purple colours respectively) with mass log M > 9.5 in 5 redshift bins. The

the galactocentric radii than QGs. However, we note that the scaling
relations for QGs are also affected by recently quenched galaxies
(newcomers) through the so-called progenitor bias (Section 5.2.2; Ji
& Giavalisco 2022, 2023).

To further probe the evolution in characteristic X; for blue and red
SGFs separately in Section 5.3, we fit the X 1—stellar mass relations
for these two SFG subpopulations in Figure D2. Because the majority
of SFGs within our redshift interval is red (purple points in D2; see
also Figure 19), the X values of the overall SFGs reflect those of
red SFGs. The blue SFGs (blue points in D2) generally have lower
21 than red SFGs at a given stellar mass. This suggests that, as blue
SFGs turn red, they also build up their central regions.
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However, we acknowledge that the parameters of the X{—mass
relation for blue SFGs are quite uncertain because of the small sample
that covers a narrow dynamic range in stellar masses. At 0.75 < z <
0.9, around 45% of SFGs are blue but this percentage drops down to
below 15% at 0.1 < z < 0.3. Most of these blue SFGs have stellar
mass in a narrow 9.5 < log M < 10 interval. Hence, the parameters
of the fit for blue SFGs at z < 0.45, where the fraction of blue
galaxies in the star-forming population is below 20%, are not well
constrained.

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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