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ABSTRACT
We reliably extend the stellar mass – size relation over 0.2 ≤ 𝑧 ≤ 2 to low stellar mass galaxies by combining the depth of Hubble
Frontier Fields (HFF) with the large volume covered by CANDELS. Galaxies are simultaneously modelled in multiple bands
using the tools developed by the MegaMorph project, allowing robust size (i.e., half-light radius) estimates even for small, faint,
and high redshift galaxies. We show that above 107M�, star-forming galaxies are well represented by a single power law on the
mass–size plane over our entire redshift range. Conversely, the stellar mass – size relation is steep for quiescent galaxies with
stellar masses ≥ 1010.3M� and flattens at lower masses, regardless of whether quiescence is selected based on star-formation
activity, rest-frame colours, or structural characteristics. This flattening occurs at sizes of ∼ 1kpc at 𝑧 ≤ 1. As a result, a double
power law is preferred for the stellar mass – size relation of quiescent galaxies, at least above 107M�. We find no strong redshift
dependence in the slope of the relation of star-forming galaxies as well as of high mass quiescent galaxies. We also show that
star-forming galaxies with stellar masses ≥109.5M� and quiescent galaxies with stellar masses ≥ 1010.3M� have undergone
significant size growth since 𝑧 ∼ 2, as expected; however, low mass galaxies have not. Finally, we supplement our data with
predominantly quiescent dwarf galaxies from the core of the Fornax cluster, showing that the stellar mass—size relation is
continuous below 107M�, but a more complicated functional form is necessary to describe the relation.
Key words: galaxies: evolution – galaxies: structure — galaxies: high-redshift
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1 INTRODUCTION

Understanding the relative importance of the different formation and
evolutionary mechanisms that are responsible for shaping quiescent
and star-forming galaxies at different epochs of the Universe contin-
ues to be one of the most fundamental goals of extragalactic astron-
omy. Signatures of the physical mechanisms that drive the formation
pathways through which a galaxy evolves are imprinted on its struc-
ture, making galaxy structure and size key observational quantities.
While it has now been well established that both quiescent (early-
type) and star-forming (late-type) galaxies were more compact at
higher redshift (e.g., Daddi et al. 2005; Trujillo et al. 2007; van
Dokkum et al. 2008), it is still under debate if the size growth that
galaxies have undergone since the early Universe is primarily driven
by major mergers (e.g., Naab et al. 2007; McIntosh et al. 2014) minor
mergers (e.g., Buitrago et al. 2008; Naab et al. 2009; Oser et al. 2012;
Newman et al. 2012), feedback (e.g., Fan et al. 2008; Damjanov et al.
2009), secular processes, or other mechanisms.

Although galaxies evolve via complex, nonlinear processes, their
structural parameters exhibit a number of tight scaling relations that
aid us in understanding their evolution. The stellar mass – size rela-
tion is particularly interesting because both stellar mass and effective
radius have been shown to correlate with the quenching process at
least for galaxies with stellar masses above 109 M� (e.g., Omand
et al. 2014; Chen et al. 2020). While the exact nature of the mecha-
nisms that quench galaxies remains unknown, it seems there are two
main quenching channels: one that quenches high mass galaxies and
another that quenches low mass galaxies. Peng et al. (2010b) termed
these ‘mass quenching’ and ‘environment quenching’ where galaxies
that undergo mass quenching are quenched by internal processes such
as stellar feedback and AGN feedback. Environment quenching pri-
marily impacts less massive satellite galaxies, which are more likely
to be quenched by environmental processes such as ram pressure
stripping or harassment from neighbouring objects.

Numerous models have been proposed to explain the quenching
process and its relation to stellar mass and galaxy size. van der Wel
et al. (2009) suggest that star-forming galaxies evolve on the stellar
mass–size plane until they reach a redshift-dependent velocity disper-
sion threshold. Above this velocity dispersion threshold, galaxies can
no longer efficiently form stars, and so, they quench. After quenching,
these galaxies undergo subsequent dry, minor mergers which result
in the observed trend that quenched galaxies experience a steeper
growth on the stellar mass–size plane. van Dokkum et al. (2015) also
describe a simple picture explaining these trends, where galaxies
evolve on the mass–size plane along ‘parallel tracks’ according to
r ∝ M0.3, where the growth is predominantly driven by star forma-
tion until they reach a central density, after which they quench. They
then experience steeper evolutionary tracks according to r ∝ M2,
where the growth is again primarily driven dry mergers. Recently,
Chen et al. (2020) proposed another model in which the radius of
star-forming galaxies indirectly dictates when they will quench. They
argue that at fixed stellar mass, star-forming galaxies with larger sizes
have smaller black holes due to their lower central densities. There-
fore, larger galaxies must evolve to higher stellar masses in order to
quench, ultimately resulting in a scenario where smaller star-forming
galaxies quench at higher redshift. This toy model successfully ex-
plains several observed characteristics including the parallel tracks
that van Dokkum et al. (2015) describe.

Major efforts have gone into constraining the exact behaviour of
the quiescent and star-forming sequences on the mass–size plane. We
now know that star-forming and quiescent galaxies follow different
tracks (e.g., van der Wel et al. 2014; van Dokkum et al. 2015; Dimauro

et al. 2019) such that star-forming galaxies tend to be larger in size
than quiescent galaxies across a large range of redshifts and stellar
masses. van der Wel et al. (2014) have shown that the sizes of star-
forming galaxies are proportional to the virial radius of their host
dark matter halo, likely a result of conservation of angular momentum
(Somerville et al. 2018). Quiescent galaxies, on the other hand, follow
a steeper slope on the mass–size plane and are more compact than
star-forming galaxies of similar masses (e.g., Cimatti et al. 2008; van
der Wel et al. 2014; Dimauro et al. 2019). In recent years, Mosleh
et al. (2017) and Suess et al. (2019) have argued that using half-
mass, as opposed to half-light, radii results in stellar mass – size
relations which are significantly shallower and suggest that galaxies,
especially star-forming ones, have not grown significantly in size
since the early Universe. Suess et al. (2019) therefore claim that
the evolution that is observed in the stellar mass – size relation,
when half-light radii are used, is primarily due to colour gradients.
While these results pose a challenge to our current picture of galaxy
evolution, multi-wavelength software, such as that developed as part
of the MegaMorph project (Häußler et al. 2013; Vika et al. 2013),
which we use in this work, are well-suited to address these questions
in the future.

While these observational results have provided a valuable test of
evolutionary models, a key drawback of most previous studies has
been their relatively high mass limits of galaxies above ∼ 109.5 M� .
Galaxies in this high stellar mass regime are strongly gravitationally
bound systems, which protects them from environmental influences
(e.g., Moore et al. 1996) and therefore most likely evolve via the
‘mass quenching’ channel. In order to understand all galaxies, both
high mass and low mass, it is important to constrain the stellar mass
– size relation for low mass galaxies across a wide redshift range.

Significant improvements have also been made in terms of ex-
tending the stellar mass – size relation to high redshift (e.g., Allen
et al. 2017; Hill et al. 2017) as well as to low stellar masses (e.g.,
Shen et al. 2003; Baldry et al. 2012; Lange et al. 2015; Morishita
et al. 2017). Unfortunately, high redshift studies are often limited to
high mass objects while studies that probe the evolution of low mass
galaxies have been restricted to local galaxies (see Morishita et al.
2017, for 𝑧 ∼ 0.7). Thankfully, hydrodynamical simulations have al-
lowed us to overcome the challenge of studying low mass systems at
high redshift and have proven to be an invaluable test of our current
understanding of galaxy evolution. Through hydrodynamical simula-
tions, key scaling relations can be studied in a way that is impossible
with observations alone. Furlong et al. (2017) and Genel et al. (2018)
have shown that the EAGLE and IllustrisTNG simulations, respec-
tively, are remarkably successful in reproducing the observed stellar
mass – size relation. Both works found results that were consistent
with van der Wel et al. (2014) and were able to evolve their galaxies
in time to provide key insights on how star-forming and quiescent
galaxies assemble over time. But, some tensions still remain between
simulations and observed galaxy sizes, especially for small galaxies
(e.g., Pillepich et al. 2018).

In order to solve these tensions, it is necessary to explore how
compact, low mass galaxies evolve. In this work, we present such
an analysis and extend the stellar mass – size relation to low stellar
masses 𝑎𝑛𝑑 to higher redshifts than previous observational studies
(e.g., Trujillo et al. 2004; Oesch et al. 2010; Mosleh et al. 2012; Barro
et al. 2014; van der Wel et al. 2014; Holwerda et al. 2015; Shibuya
et al. 2015; Hill et al. 2017; Dimauro et al. 2019) by making use of
the depth of the Hubble Frontier Fields (HFF) (Lotz et al. 2017) and
the large area probed by the CANDELS images (Koekemoer et al.
2011), as well as the multi-wavelength capabilities of the software
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developed as part of the MegaMorph project (Häußler et al. 2013;
Vika et al. 2013).

The paper is structured as follows. In Section 2, we explain the
technical setup for the galaxy profile fitting and modelling. In Sec-
tion 3, we describe the galaxy sample used for this study. In Section
4, we show the stellar mass – size relation for both quiescent and
star-forming galaxies, and we describe the flattening of stellar mass
– size relation for quiescent galaxies in Section 5. Finally, we sum-
marise our findings in Section 6. Throughout this paper, we use a
Hubble constant of H0 = 70 km s−1 Mpc−1 and cosmological density
parameters Ωm = 0.3 and ΩΛ = 0.7. We assume a Chabrier (2003)
initial mass function (IMF) for all estimates of stellar mass and all
magnitudes are quoted in the AB system.

2 MEGAMORPH

The tools developed as part of the MegaMorph (Measuring Galaxy
Morphology) project (Häußler et al. 2013; Vika et al. 2013) allow
robust size measurements as well as a characterisation of morpho-
logical properties to be reliably established, even for high redshift
galaxies, because they use and model data at all available wavelengths
simultaneously, effectively increasing the signal-to-noise ratio (𝑆/𝑁)
of the data. Because of this capability, we choose to model the light
profiles of all galaxies in our sample with these tools. We address key
aspects of the software below, but refer the reader to Häußler et al.
(2013) for details about the codes and their reliability and accuracy.

MegaMorph builds on Galapagos (Barden et al. 2012) and
Galfit (Peng et al. 2010a), but both codes have been modified to al-
low for multi-wavelength fitting. This modification allows galaxy
light profiles to be more reliably fit than with other commonly
used software, such as GIM2D (Simard 1998; Simard et al. 2002),
BUDDA (de Souza et al. 2004), PyMorph (Vikram et al. 2010),
Galfit (Peng et al. 2002, 2010a), and Imfit (Erwin 2015). GalfitM,
which is based on Galfit (Peng et al. 2010a), is a two-dimensional
fitting code designed to extract structural properties from galaxy
images. The galaxy models allow the user to fit any number of com-
ponents and functional forms. In this work, we model every object
with a single Sérsic component in order to measure properties of each
galaxy as a whole. Galapagos-2 automates the source detection, the
two-dimensional Sérsic profile modelling using GalfitM, and cat-
alogue creation. Both codes have been adapted from their original
versions to fit multiwavelength data by replacing the galaxy model
parameters with wavelength-dependent functions – namely Cheby-
shev polynomials of the first kind (Abramowitz & Stegun 1965).
While the tools developed as part of the MegaMorph project allow
structural parameters to vary systematically with wavelength, user
specifiable limits and parameters must be appropriately chosen. In
particular, the degrees of freedom with which each parameter is al-
lowed to vary as a function of wavelength must be specified. This
is done in order to balance the advantage of multi-band fitting with
constraining the model parameters to change with wavelength in a
physically meaningful way. We explicitly discuss the degrees of free-
dom with which we allow the magnitudes, sizes, and Sérsic indices
to vary below.

Spectral energy distributions (SEDs) have a complex wavelength
dependence and therefore cannot be reproduced with low-order poly-
nomials. In our fitting, we ensure that SEDs can be accurately re-
covered by giving the fitting function in GalfitM full freedom.
While other parameters also have some wavelength dependence, full
freedom is not always necessary nor, in fact, advisable, in order
to make use of the advantages of multi-band fitting. For instance,

the measured size of a galaxy depends on the wavelength at which
the observation is made (e.g., Evans 1994; La Barbera et al. 2010;
Häußler et al. 2013; Vulcani et al. 2014), such that galaxies are of-
ten found to be much smaller when measured in redder bands when
compared to bluer bands. This is because sizes measured in bluer
bands are more sensitive to the younger stellar population within
galaxies. These, generally speaking, tend to reside in galaxy disks,
which are typically more extended than their respective bulge com-
ponents. Sizes measured in redder bands instead reflect the extent
of the older stars, which are generally found in the very central part
of galaxies and/or their spheroidal components, i.e., bulges. As a
result, sizes measured in blue bands tend to be larger than those mea-
sured at longer wavelengths. To allow for this change in size in our
galaxy models, we decide to allow some variation with wavelength.
As we have sufficiently many bands available, we allow the effective
radius to vary as second order Chebyshev polynomial, enabling us
to recover the size’s smooth wavelength dependence. Sérsic indices
also have a strong wavelength dependence for similar reasons. If a
galaxy consists of both a bulge and a disk component, as most spiral
galaxies do, then the Sérsic index measured at longer wavelengths
will reflect the light profile of the bulge, while the Sérsic index mea-
sured in the bluer bands would reflect the light profile of the disk
(Vulcani et al. 2014). The Sérsic index of such a galaxy would then
increase with wavelength. Because of this dependence and following
the same arguments with the number of images/bands available, the
Sérsic indices are also allowed to vary as second order Chebyshev
polynomials. Finally, for the centre positions of the profiles, as well
as axis ratios and position angles, we choose to fit constant values,
with no wavelength dependence, by fitting zeroth order Chebyshev
polynomials.

We further discuss the advantages of fitting our data with a multi-
wavelength approach in the following section, and show fitting results
from the software developed as part of the MegaMorph project in
§3.7 .

3 DATA

We use both CANDELS and HFF data to construct magnitude-
limited samples of star-forming and quiescent galaxies over a large
stellar mass and redshift range. In this section, we describe the data
used in this work, from imaging/aperture photometry in §3.1 and
§3.2 for the HFF and CANDELS fields, respectively, to size and stel-
lar mass estimates in §3.4 and §3.5. We present several methods for
distinguishing star-forming and quiescent galaxies in §3.6 and show
galaxy light profile models from the MegaMorph tools in §3.7.

3.1 HFF

The HST Frontier Fields (HFF) program (Lotz et al. 2017) provides
a unique data set that allows structural parameters to be obtained
for bright objects as well as faint, high-redshift galaxies. The Fron-
tier Fields consist of six cluster fields centred on strongly lensed
galaxy clusters that were imaged in parallel with six blank fields.
The HFF-DeepSpace photometric catalogues (Shipley et al. 2018)
combine images from the Advanced Camera for Science (ACS) and
Wide Field Camera 3 (WFC3) with K𝑠 imaging, which was taken as
part of the ‘K-band Imaging of the Frontier Fields’ (KIFF) project
(Brammer et al. 2016), from the Very Large Telescope (VLT) HAWK-
I and Keck-I MOSFIRE instruments. These data were combined in
a consistent way to provide coverage in up to 17 filters spanning
wavelengths from the UV to NIR. The HFF-DeepSpace catalogues
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also contain post-cryogenic Spitzer imaging at 3.6`m and 4.5`m
from the Infrared Array Camera (IRAC), as well as any available
archival IRAC 5.8`m and 8.0`m data. In addition to the photometric
catalogues, Shipley et al. (2018) provide catalogues of photometric
redshifts and stellar population properties. We refer the reader to
Shipley et al. (2018) for more details on the properties of the HFF-
DeepSpace catalogues and how they were constructed, but we briefly
address key aspects of the catalogue construction that are relevant
for this work.

We use seven of the WFC3 bands, which are consistently avail-
able for all parallel and cluster fields (i.e., F435W, F606W, F814W,
F105W, F125W, F140W, and F160W). We choose to exclude any
ground-based and Spitzer imaging in order to keep the image quality
consistent across all bands. The images that we use have pixel scales
of 0.06

′′
/pixel. The depth of each field is listed in Tables 7 and 8 of

Shipley et al. (2018) for the F814W and F160W bands, respectively.
The HFF-DeepSpace catalogues are unique in that they model bright
cluster galaxies (termed bCGs, although it should be noted that this
terminology is different from the traditional use of BCG referring to
the brightest cluster galaxy) together with intra-cluster light (ICL)
and remove them from the images. This is done in order to obtain
information about background or underlying objects, which is crucial
for this work. We test if the removal of the ICL has any impact on
the galaxy sizes that we obtain by comparing the size distributions
of galaxies in the parallel fields to those in the cluster fields. We find
that the size distributions are similar and consistent, indicating that
the ICL subtraction does not introduce significant systematics.

We model the light profiles of galaxies from the ‘bCG subtracted’
images in order to gain information about objects that would other-
wise be outshone by neighbouring bCGs making reliable fitting of
their light profiles difficult, if not impossible. In an additional set of
fits, we model the bCGs from the original images separately. This
ensures that our sample consists of both the bright bCGs and any faint
objects that may lie ‘behind’ them. For the parallel fields, we find no
significant improvement between using the bCGs subtracted images
versus the original images in terms of the number of objects recov-
ered; however, we follow the same approach on those fields anyway,
for consistency. An additional benefit of using the bCG subtracted
images is that detecting the faint objects in the vicinity of these large
bCGs can be drastically improved by removing those brightest ob-
jects first. Without removing them, it is simply impossible to find a
SExtractor (Bertin & Arnouts 1996) setup that works on these small
and faint objects, reducing our sample size by 10-15% from this
effect alone.

To avoid biasing measured sizes and magnitudes, we exclude any
objects from the cluster fields that may be lensed. Galapagos-2, has
two features to ensure this. The first is meant to flag ‘detections’ that
are not real. Mostly, these are hot pixels at the edge of the field, but
this also allows to ensure that galaxies are detected as one object,
rather than being split up, e.g., due to internal structure. These objects
are removed before starting the galaxy light profile modelling. The
second allows flagging objects as ‘important, yet not real/wanted’.
A prime example of this are detected diffraction spikes of stars,
which need to be modelled as secondary objects (see Barden et al.
2012 for primary, secondary, and tertiary nomenclature), in order to
not influence the fit results of nearby objects. However, they do not
portray real objects and as such are only treated as secondary/tertiary
objects, never as primary objects. They are removed from the object
catalogue by the end of the fitting process. This latter feature allows
us to sensibly deal with lensed objects, especially arcs.

In our sample analysed in subsequent sections, we further limit the
redshift of the objects in the cluster fields to be either consistent with
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Figure 1. The redshift distribution of all six HFF cluster fields. Histograms
are colour coded by cluster, with the corresponding vertical dashed lines
indicating the spectroscopic redshift of each cluster. Galaxies with photomet-
ric redshifts within 3 × 𝜎NMAD of the cluster redshift (horizontal lines) are
classified as cluster members. Our final sample includes all cluster member
galaxies as well as galaxies with redshifts lower than the cluster redshift and
is indicated by the dotted horizontal lines. We exclude objects with redshifts
higher than 𝑧upper listed in Table 1 in order to avoid biasing any measure-
ments by including lensed galaxies. The parts of the histogram that are filled
in represent the redshift distribution of the bCGs.

Table 1. For each HFF cluster field, we list the spectroscopic redshift (𝑧spec),
the normalised median absolute deviation (𝜎NMAD), and the redshift limit
below which we include objects (𝑧upper).

Cluster Field 𝑧spec 𝜎NMAD 𝑧upper

Abell1063 0.348 0.043 0.522
Abell2744 0.308 0.043 0.477
Abell370 0.375 0.029 0.522
MACS0416 0.396 0.037 0.550
MACS0717 0.545 0.019 0.632
MACS1149 0.543 0.027 0.668

the cluster redshift or lower, in order to avoid any lensing effects.
Motivated by Morishita et al. (2017), we use the normalised median
absolute deviations (𝜎NMAD), which have been derived by Shipley
et al. (2018) for the HFF, to find cluster members. We define any
galaxy with a photometric redshift that satisfies

3 × 𝜎NMAD ≥ |𝑧 − 𝑧clu |
1 + 𝑧clu

(1)

as having a redshift that is consistent with the cluster redshift. In
Equation 1, 𝑧 is the photometric redshift of each galaxy, 𝑧clu is the
spectroscopic redshift of the cluster, and 𝜎NMAD is the normalized
median absolute deviation, which is obtained by comparing esti-
mated photometric redshifts and confirmed published spectroscopic
redshifts from the literature. 𝜎NMAD is different for each cluster field
and is listed in Table 1.

Figure 1 shows the redshift distribution of the cluster galaxies
and redshift cuts we apply in an effort to exclude galaxies whose
magnitudes or sizes may be affected by lensing. For each cluster, a
clear peak in the number of galaxies can be seen at the spectroscopic
redshift (indicated by the vertical dotted lines) of each cluster. The
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spectroscopic redshifts of the clusters are reported in Table 1. The
redshift distribution of the bCGs are shown as filled histograms. As
expected, the majority of bCGs have redshifts that are consistent with
the spectroscopic redshifts of the cluster field they belong to. We do
not restrict the redshift for the HFF parallel fields as no significant
lensing effects are to be expected.

3.2 CANDELS and 3D-HST

We measure the structural parameters from the Hubble Space Tele-
scope (HST) imaging from the Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey (CANDELS) for the galaxies in all five
CANDELS fields (i.e., GOODS-S, GOODS-N, COSMOS, EGS, and
UDS) (Koekemoer et al. 2011). While the CANDELS fields are not
as deep as the HFF fields, CANDELS allows us to study a much
larger galaxy sample due to the area covered by this survey. Each
object from the 0.03′′/pixel CANDELS images is matched by po-
sition to galaxies in the 3D-HST photometric catalogues (Skelton
et al. 2014), limiting the maximum spacial separation to 0.2′′. We
note here that the 0.03′′/pixel images provided by CANDELS that
we use in this work are not the same as those used by van der Wel
et al. (2012) and Dimauro et al. (2018), who derive galaxy properties
from the 0.06′′/pixel CANDELS images. This choice has no effect on
the fitting parameters as we find excellent agreement in the derived
magnitude, size, and Sérsic index with both van der Wel et al. (2012)
and Dimauro et al. (2018).

3.3 Sample Selection

Our initial sample consists of 39685 objects from the HFF and
106663 objects from CANDELS after spatially matching objects
from the images to the galaxies in the HFF-DeepSpace (Shipley et al.
2018) and 3D-HST photometric catalogues (Skelton et al. 2014), and
applying the redshift limit described in §3.1 to galaxies in the HFF
cluster fields. We first require that galaxies have FLAG_GALFIT=2,
meaning that they have been successfully modelled and fit with the
fitting software, GalfitM and Galapagos-2, which are discussed in
detail in §2. This reduces our HFF and CANDELS samples to 22090
and 105717 objects, respectively. We note that a significantly higher
fraction of HFF galaxies were unsuccessfully modelled compared to
CANDELS galaxies. This is because we only model HFF objects that
are within the F160W footprint since we will apply a completeness
cut in the H-band anyway. All CANDELS objects have been mod-
elled, not just those with F160W coverage; however, we will apply
a magnitude cut in the H-band for CANDELS as well, effectively
requiring that all CANDELS objects in the final sample are within
the F160W footprint, too.

For the separate bCG run, in which 330 galaxies were successfully
modelled, we visually inspect the fits to ensure that they are reliable
and found no major issues, apart from the typical effects of fitting
two-component systems with one-component models. We do not
visually inspect all objects from the ‘bCG subtracted’ images, as this
would be an unfeasible task and the modelling for these ‘standard’
galaxies is much closer to the tests carried out in (Häußler et al.
2013) and other publications. We have, however, also looked at a
subset of these (∼ 700 galaxy models), to ensure that Galapagos-2
works as intended. For each galaxy in the HFF, we fit morphological
parameters in seven bands and we require that each galaxy that is
modelled is covered by at least three of those seven images. For the
CANDELS fields, we have a different number of bands available
for each field, with a minimum of four bands for UDS. Therefore,

requiring that galaxies are covered by at least three bands, as we do
for HFF galaxies, would be a strict constraint. Hence, we require
that every galaxy that is modelled in CANDELS, have sufficient data
(i.e., >30% of pixels within the primary ellipse are not masked) in at
least two images. Galaxies that do not satisfy this have unsuccessful
models, and are hence removed by our first quality cut.

For galaxies which have been successfully modelled, we then re-
quire that they have a spectroscopic or a reliable photometric redshift
in the range 0.2 ≤ 𝑧 ≤ 2. For our CANDELS sample, we also use
redshifts derived from grism spectra (Momcheva et al. 2016) when
available. We include objects that have use_phot=1, which removes
stars (i.e., objects with star_flag=1), sources close to bright stars,
and objects with 𝑆/𝑁 < 3 from the photometry aperture in the
F160W band. These cuts leave 11438 and 71798 objects in the HFF
and CANDELS samples, respectively.

To ensure that we only select objects that are bright enough to
be modelled, we include only HFF galaxies that are one magnitude
brighter than the 90% detection completeness limit in the F160W
band when the injected mock objects are not allowed to overlap
with detected objects. These completeness limits are reported in
Table 8 of Shipley et al. (2018). For CANDELS, we exclude any
object >24.1mag in the F160W band, following the same idea. After
applying these magnitude cuts, we have 8686 HFF galaxies and 27555
CANDELS galaxies. Additionally, we apply cuts based on the model
parameters, which are all motivated by Häußler et al. (2013). These
cuts are as follows: (i) While we allow Sérsic indices to vary between
0.2 and 12 in the fitting, we exclude objects with a Sérsic index below
0.205 and above 8 (in any band) because these objects have run into
the Sérsic index constraint, are often found to be point sources, or
are unreliably fit based on visual inspection. (ii) The half light radius
in the modelling is restricted to be between 0.3 and 400 pixels to
avoid using results from objects that are unphysical. Therefore, in
the sample selection, we only include objects with effective radii
between 0.305 and 395 pixels to exclude any objects that have ran
into either of these constraints. For the separate bCG run, we remove
the 400 pixel size limit since the bCGs can be – and are – larger than
this. (iii) We require that the magnitude measured from all bands
is within 5 magnitudes of the magnitude measured from our source
extractor runs (MAG_BEST + an empirically derived offset between
bands). Although this constraint is rather lenient, it is again intended
to ensure that we are not using objects that have unreliable light
profile fits. This ensures a sample with reliable fitting parameters of
6632 HFF galaxies and 24736 CANDELS galaxies. Finally, we limit
the stellar mass of the galaxies that we use, but we provide a detailed
discussion of the stellar mass cuts in §3.5.

3.4 Effective Radius

For each galaxy, we measure the half-light radius, or effective ra-
dius, along the major axis in each observed band using GalfitM
and Galapagos-2, which are discussed in §2. Half-light radii have
been used in the literature to study galaxy sizes at least since de
Vaucouleurs (1948). It has long been known, however, that using
alternative radii can result in significantly different scaling relations
(see e.g., Graham 2019; Trujillo et al. 2020, for recent results). In
addition to using half-light radii, we have also derived the stellar
mass – size relations for star-forming and quiescent galaxies using
radii that contain 20% and 80% of the total light by converting the
measured half-light radii into these values by analytically integrat-
ing the Sérsic profile of each object. We find that the stellar mass
– size relations remain qualitatively the same in that there is still a
flattening for the quiescent sample, while the star-forming relation is
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Figure 2. The UVJ diagram of the entire sample divided into four redshift bins. Objects from the HFF parallel and cluster fields are shown as diamonds and
galaxies from the CANDELS fields are shown as dots. All galaxies are colour-coded by their stellar mass, which is estimated by the FAST code (Kriek et al.
2009) and corrected for the difference in the F160W magnitude from GalfitM and the photometric catalogues (see text for further details). The redshift range
of each panel is indicated at the bottom right corner and the number of star-forming and quiescent objects from HFF and CANDELS is indicated in the top left.

well represented by a single power law. Apart from the expected shift
in normalisation, the slopes of the curves remain largely unchanged,
with one notable exception: for quiescent galaxies, the slope of the
mass – size relation at the low mass end is weakly dependent on the
radius definition that is used. This change, however, is small and well
within the scatter of the relations and indicates a change of Sérsic
index with galaxy mass, examining which is not part of this work.

Using the Chebyshev polynomials returned by GalfitM, we are
able to derive the rest-frame 5000Å size, in order to have a redshift
independent measure of galaxy size, allowing a clean comparison
over all redshifts. We additionally derive the rest-frame 4000Å and
6000Å size of each galaxy; however, we find that the sizes at the
three rest-frame wavelengths are consistent. Therefore, the derived
stellar mass – size relation does not depend strongly on the rest-
frame wavelength that is used, at least in the 4000 – 6000Å range.
Throughout the remainder of this paper, we choose to use the 5000Å
size for easier comparison to the literature and because it can be
obtained without extrapolating the polynomial for higher redshift
galaxies.

3.5 Stellar Mass

The 3D-HST photometric catalogues (Skelton et al. 2014; Momcheva
et al. 2016) contain photometric and grism redshift estimates as well
as stellar population parameters determined by the FAST code, which
fits stellar population synthesis models to the measured SEDs of
galaxies to infer several galactic properties (Kriek et al. 2009). The
HFF-DeepSpace catalogue (Shipley et al. 2018) also provides stellar
masses that have been derived in a similar way. We use these FAST-
derived stellar masses with their 1𝜎 errors, which are determined
by using the Monte Carlo simulation option in FAST. We test how
the stellar mass changes depending on the metallicity by running
FAST for the HFF data with two options: (i) fixing the metallicity
of all galaxies to solar metallicity and (ii) allowing the metallicity
to vary. We find no significant difference in the derived stellar mass
between the two runs, therefore we choose to use the run with fixed
metallicity in order to be consistent with the way the CANDELS data
were modelled.

As the galaxy sizes that we measure are obtained from modelling
Sérsic profiles that integrate the profile out to infinity, while the
stellar masses in the HFF-DeepSpace and 3D-HST catalogues are
determined from aperture photometry that miss some light at large
radii, a correction must be applied to the stellar mass estimates in
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order for them to be consistent with the profiles used to measure
galaxy sizes. Following van der Wel et al. (2014), we correct for the
difference between the F160W flux from the photometric catalogues
and the F160W magnitude as measured with GalfitM, in the final
stellar mass that we use. However, we find that this correction only
has an effect on the largest galaxies, for which the corrected masses
are on average a factor of 1.08 larger. There is no significant effect
on the masses of the majority of objects, and the conclusions in this
paper are not significantly changed by this correction.

In our final sample, we include galaxies with corrected stellar
masses above 107 M� . We obtain stellar mass uncertainties from
the upper and lower 68th percentiles that the FAST code (Kriek
et al. 2009) returns and we exclude objects for which the stellar mass
uncertainty is ≥2 dex. This cut is a lenient one, as it is intended to only
remove galaxies for which the SED modelling is highly unreliable.
After applying these last quality cuts, the final sample consists of
5043 HFF and 24235 CANDELS galaxies. A higher fraction of HFF
objects are removed by the stellar mass cuts because the HFF consists
of more low mass galaxies compared to CANDELS, and therefore,
the M∗ ≥107 M� cut that we apply removes more HFF objects. In
Figures 2 and 3, we further provide the number of star-forming and
quiescent galaxies that fall into each redshift bin, noting that the HFF
consists of many quiescent galaxies at 𝑧 ≤ 1, but only 28 and 18 in
1.0 < 𝑧 ≤ 1.5 and 1.5 < 𝑧 ≤ 2.0, respectively. This is expected as
our sample does not consist of any cluster field galaxies at 𝑧 ≥ 1 as
a result of the redshift limits that we impose in §3.1.

In Figure 2, we show the UVJ diagram colour-coded by stellar mass
for four redshift bins spanning 0.2≤ 𝑧 ≤2.0. Rest-frame colours are
derived using EAZY (Brammer et al. 2008)1. For galaxies in both
the HFF, shown as diamonds, and in the CANDELS fields, shown as
dots, the most massive galaxies have redder U−V and V−J colours,
as expected from other studies. This suggests that the stellar mass
estimates are reliable. We also note that we detect more low mass
galaxies at low redshifts than at high redshifts, which is also expected.
The UVJ boundaries that separate the star-forming and quiescent
galaxies, shown as black lines in Figure 2, are exactly matched to
those used by van der Wel et al. (2014).

For any magnitude-limited sample, the minimum stellar mass at
which galaxies can be observed depends on their stellar mass-to-light
ratio (M/L) and redshift. The M/L depends on the stellar populations
and is therefore reflected in galaxy colours, meaning that quiescent
galaxies will have higher M/L because of their older stellar popula-
tions and redder colours (e.g., Marchesini et al. 2009). Therefore, the
mass-completeness limit of quiescent galaxies will be higher than
that of star-forming galaxies. We do not consider a mass complete
sample in this work since we do not attempt to study the number den-
sity of the galaxies in our sample and because we want to extend the
stellar mass–size relation to low mass galaxies. We place a conserva-
tive magnitude limit so that the size measurements are reliable even
for galaxies with stellar masses that fall below our mass completeness
limit. Nevertheless, there will, naturally, be some biases, particularly
against low-surface-brightness (LSB) galaxies, which could possibly
comprise a large fraction of the overall low-mass galaxy population
(e.g., Wright et al. 2020). To test this effect, we select 120 LSB galax-
ies from the Abell1063 parallel field. Determining which galaxies are
labelled as LSB systems is strongly dependent on the limits of the
surveys that are used (e.g., Disney 1976). For this test, we define LSB
galaxies as those with effective radii larger than 20 pixels and appar-
ent magnitudes fainter than 25.5mag in the F125W band, as these lie

1 https://github.com/gbrammer/eazy-photoz

well below the surface-brightness of the majority of objects in the
Abell1063 parallel field. For each of the 120 LSB galaxies, we then
generate 10 mock galaxies with the same magnitude and size as the
original, but with randomly selected position angles and axis ratios.
The mock galaxies are randomly assigned a Sérsic index of 𝑛 = 1 or
𝑛 = 4. We then inject these mock LSB galaxies into the F125W image
and we recover 1025 (∼ 85%) of the injected objects with SExtractor.
The majority of the LSB galaxies that are not detected happen to be
overlapping with bright foreground objects. This shows that any bias
against these ‘large’ LSB galaxies, which could systematically shift
a stellar mass – size relation, should be negligible.

Another class of objects that our sample could be potentially bi-
ased against are compact galaxies. Although compact galaxies are
easier to detect than large objects of similar brightness because their
flux is more concentrated and therefore peaks well above the back-
ground, it can be difficult to distinguish compact galaxies from point
sources. In the HFF-DeepSapce (Shipley et al. 2018) and 3D-HST
(Skelton et al. 2014) catalogues, compact objects are classified as
stars based on the tight correlation in size and magnitude that point
sources follow. Both studies show that point sources can be cleanly
separated from extended sources for magF160W ≤ 25. Objects fainter
than this are assigned a different flag (i.e., star_flag = 2) and are
hence not removed by our quality cuts discussed in §3. Because
of this conservative classification of stars, it is unlikely that compact
galaxies are classified as point sources, and removed. We additionally
test how often the modelling failed (i.e., FLAG_GALFIT=1) and how
often compact objects ran into fitting constraints compared to their
more extended counterparts. We find that the modelling of compact
objects is no more likely to fail than it is for more extended objects,
but compact objects are ∼3 times more likely to run into fitting con-
straints. This is expected as the fitting constraints are specifically
chosen to remove point sources and any galaxies for which the mod-
elling is unphysical. These results suggest that compact galaxies are
not removed from the sample, but faint compact point sources likely
are by the cuts on the model parameters, giving us confidence that
the results of this study will not be strongly impacted biases against
LSB or compact objects.

3.6 Selecting star-forming and quiescent galaxies

Quiescence can be estimated based on a variety of galaxy proper-
ties including colour, star formation activity, galaxy structure, and
morphology. However, great care must be taken when distinguishing
quiescent galaxies from star-forming ones since quiescence does not
mean that there is no residual star formation. Quiescent galaxies can
also appear blue in colour if they have only recently stopped forming
stars and have disk-like structures (Graham & Guzmán 2003). All of
these caveats mean that it is likely that different galaxies are identified
as quiescent depending on which criteria are used. It is therefore cru-
cial that star-forming and quiescent galaxies are carefully separated
using a robust method.

Often, galaxies are identified as quiescent based on their position
on the UVJ diagram (e.g., Labbé et al. 2005; Wuyts et al. 2007;
Williams et al. 2009). This method is powerful because the U−V
colour allows galaxies with red colours, which indicates old stellar
populations, to be selected while the V−J colour is used to differenti-
ate galaxies that have old stellar populations from dusty star-forming
galaxies (Whitaker et al. 2012). Unfortunately, selecting quiescent
galaxies from the UVJ diagram often misses galaxies that have re-
cently ceased their star-formation (e.g., Marsan et al. 2015). For
instance, post-starburst galaxies will still be relatively blue in colour
despite having very little ongoing star-formation because – while they
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Figure 3. Same UVJ diagram shown in Figure 2, except the galaxies are colour-coded by their specific star-formation rates (sSFRs), estimated by the FAST
code (Kriek et al. 2009). The redshift bin is indicated for each panel in the bottom right corner and the number of star-forming and quiescent objects from HFF
and CANDELS, when galaxies are separated according to the UVJ diagram, is indicated in the top left. In general, galaxies with low measured sSFR lie within
the quiescent region, as expected; however there is a small number of galaxies with low sSFR that fall outside the quiescent wedge. Upon checking, we find
that most of these galaxies have uncertain sSFR measurements, although it is possible that some are post-starburst galaxies, that have recently quenched their
star-formation and therefore still have bluer colours (see text).

are no longer forming stars – there are still short-lived stars within
those galaxies. An added complication of using the UVJ diagram to
select star-forming and quiescent galaxies is the lack of sufficiently
dusty templates in EAZY (Brammer et al. 2008), resulting in the
cut-off at the top right corner in each panel of Figure 2. Although
properties in the HFF-DeepSpace catalogues are measured with the
most up-to-date EAZY templates, the properties of the CANDELS
galaxies are not corrected for this effect. Therefore, we do not apply
a vertical cut in V−J, following, e.g., van der Wel et al. (2014) and
Martis et al. (2016).

A popular alternative is selecting galaxies directly based on their
star-formation activity. While this method gets around some of the
challenges of selecting quiescent galaxies based on the UVJ diagram,
it heavily relies on reliable SED fits, which have been shown to suffer
when modelling unique galaxies. We show the UVJ diagram for our
sample colour coded by the specific star-formation rate in Figure 3.
There is a small fraction (∼ 2%) of objects that have low specific
star-formation rates but do not lie within the quiescent region on the
UVJ diagram (i.e., galaxies that are colour coded red but lie outside
the quiescent wedge). While some of these objects could be recently
quenched galaxies that have not yet moved into the quiescent region,

we find that the majority of these objects have uncertain sSFRs. The
median uncertainty on log (sSFR) of all the data shown in Figure 3
is ∼0.4 dex, while the median uncertainty of the galaxies that have
low sSFR but fall outside the quiescent wedge is ∼1.2 dex.

Quiescent galaxies and star-forming galaxies are also believed to
have intrinsically different structure, making it possible to distin-
guish the two based on structural properties (e.g., Shen et al. 2003;
Ravindranath et al. 2004). Quiescent galaxies are more generally
thought to be spheroids with relatively concentrated light profiles,
while star-forming galaxies are more disk-like. We therefore also
show the stellar mass – size relation as a function of Sérsic index,
where classical quiescent galaxies are described by a de Vaucouleurs
(1948) profile (i.e., 𝑛 = 4) and star-forming spiral galaxies are well
described by an exponential light profile (i.e., 𝑛 = 1). Of the three
methods for selecting quiescence, this is the method most prone to
misclassification because reliably deriving Sérsic indices, especially
for non-local galaxies, is difficult, and is only a rough approximation
for disk and bulge dominated objects. Another group of missed cases
are quenched disk galaxies (e.g., McGrath et al. 2008; Salim et al.
2012; Carollo et al. 2016) since galaxies can quench while retain-
ing their structure. We therefore argue that this method is the least
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Figure 4. Example fitting results of the apparent magnitude (m), effective radius (Re), and Sérsic index (n) as a function of wavelength for three galaxies in the
Abell1063 parallel field, all at roughly the same redshift. These three galaxies, are chosen to display the variety of functional forms that can be fit for different
galaxy parameters. For each galaxy, the fit is shown in a different line style as indicated in the legend and the black squares indicate the 5000Å rest-frame
values that can be read from the Chebyshev polynomials. The left panel shows the apparent magnitude of each object, as derived by GalfitM, with the F160W
magnitude from the HFF-DeepSpace catalogue (Shipley et al. 2018) indicated as a horizontal grey line around 1.6`m, where the uncertainty is shown as a
shaded grey region. Although these H-band magnitudes are measured with different methods, they are consistent, indicating that the modelling is reliable,
even for faint objects, such as galaxy idHFF = 970. In the modelling, the magnitudes are allowed to vary freely as a function of wavelength (hence, rest-frame
magnitudes are not derived directly from the Chebyshev polynomial), while for the size and Sérsic index of each galaxy, which are shown in the middle and
right panel, the Chebyshev polynomial fit is allowed to vary as a second order polynomial. All of the errors shown are the ones derived by GalfitM and are
therefore underestimated by a factor of 2 to 2.5 (see §4). The magnitude errors are increased by a factor of 5, to illustrate that the faintest galaxy has the largest
uncertainties.

reliable, but in order to understand how the selection of quiescence
impacts the results of the stellar mass–size relation, we separate
quiescent from star-forming galaxies based on all three criteria and
compare them in Figure 6.

3.7 MegaMorph Galaxy Models

As discussed in §2, from the wavelength dependence of the param-
eters that we fit, we can identify many properties of each galaxy
that might otherwise be missed with single band fitting. We illustrate
the importance of modelling morphological parameters as a function
of wavelength in Figure 4, where we show three example galaxies.
These galaxies’ parameters show very different wavelength depen-
dencies and have been specifically selected in order to showcase the
wide variety of functional forms that we allow our fitting routine to
recover. We also show the images, models, and residuals for these
same galaxies in Figure 5. Although we did not consider the stellar
masses nor the redshifts of the example galaxies, they are all low
mass galaxies at 𝑧 ∼ 0.5. Galaxies idHFF = 657, idHFF = 970, and
idHFF = 1257 have corrected stellar masses of 108.27 M� , 107.83M� ,
and 108.21 M� , respectively. Hence, the quality of the models and
residuals shown in Figure 5 are typical for low mass galaxies.

In the left panel of Figure 4, we test how apparent H-band mag-
nitudes derived with the MegaMorph tools compare to those from
the HFF-DeepSpace catalogue (Shipley et al. 2018). The GalfitM
apparent magnitudes are expected to be different from those in the
HFF-DeepSpace catalogue, since they are derived in different ways.
The magnitudes in the HFF-DeepSpace catalogue are measured with
the AUTO aperture photometry, in which the extent of a galaxy
is defined and all of the flux within that area is summed. A small
AUTO-to-total correction is then applied. As previously discussed
in §3.5, GalfitM, on the other hand, first models galaxy profiles
and then these profiles are integrated to infinity in order to obtain
total-Sérsic magnitudes in each band. Despite these differences, it

can be seen that the H-band magnitudes are consistent for the three
example galaxies in Figure 4, indicating that the modelling results
are robust.

Given the reliability of the modelling, we now go on to investigate
the properties of the three example galaxies that we can infer from
the wavelength dependence of their parameters. Galaxy idHFF = 657,
shown with solid lines, is very similar to galaxy idHFF = 1257 in
terms of brightness. However, these galaxies’ sizes and Sérsic indices
indicate that they are in fact very different. Perhaps the most striking
property of galaxy idHFF = 657 is its large effective radius. This
galaxy has a size that is larger at short wavelengths than at longer
wavelengths, indicating that this is most likely a multi-component,
star-forming object, where the short wavelengths reflect the size of
the disk component and the longer wavelengths reflect the size of
the bulge. On the other hand, this galaxy’s Sérsic index is roughly
equal to one at all wavelengths, which is indicative of a blue, disk-
dominated system. The presence of a bulge is not well motivated from
the Sérsic index data alone. As it is more difficult to measure reliable
Sérsic indices than reliable sizes, we argue that this object is likely
a two-component system. From Figure 5, this galaxy appears more
extended at shorter wavelengths, which is consistent with Figure
4, where we show that the effective radius along the major axis is
decreasing with wavelength. In fact, the visual impression supports
that this is an edge-on disk system with a significant, large, and round,
bulge component.

Galaxy idHFF = 1257, shown with a dotted line, has parameters
that are consistent with a quiescent, elliptical galaxy. This object has
a large Sérsic index at all wavelengths, suggesting that this is an
elliptical galaxy, which classically have deVaucouleurs profiles with
n= 4 (e.g. Vulcani et al. 2014; Kennedy et al. 2015).

Finally, galaxy idHFF = 970, shown as a dashed line in Figure 4 and
in the central column of Figure 5, is the faintest and smallest galaxy
of the three examples, and therefore has the largest measurement
uncertainties. This object is slightly smaller at shorter wavelengths
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Figure 5. Fitting results for the three galaxies from the Abell1063 parallel field for which we show the parameters in Figure 4. The image, model, and residual
are shown for each of the seven bands that we use for the HFF. All images are oriented such that up is North and left is East. For all examples shown here, the
remaining flux in the residuals at each pixel around the primary object is less than 10% of the flux in the corresponding pixel of the image. This amount of
residual flux is to be expected and is generally found when fitting smooth profiles to real galaxies.

than at longer wavelengths, which is what would be expected for a
bulge-dominated galaxy. Like galaxy idHFF = 657, this is most likely
a two-component object based on the strong wavelength dependence
of the Sérsic index shown in the right panel of Figure 4. The Sérsic
index at the bluest wavelength is 𝑛 ≈ 1.6, while at longer wavelengths,
the Sérsic index is large, again a result of the disk component being
most prominent at shorter wavelength while the bulge component
being more prominent at longer wavelengths.

All of these details can give us crucial information about the
intrinsic properties of galaxies, which could be lost with single band
fitting. In principle, in noise-less data, these details could be obtained
by using single-band fits at different wavelengths and interpolating
the values using the same polynomials; however, as data are not
noiseless, this would only be feasible for the very brightest galaxies
and not for the majority of objects we are after. Additionally, multi-
wavelength fitting gives us the advantage of being able to obtain
the 5000Å rest-frame parameters from the Chebyshev polynomials
directly, allowing for a fairer comparison across redshifts. We indicate
the rest-frame 5000Å sizes and Sérsic indices for the three example

galaxies shown in Figure 4 as black squares. We note that we do
not derive rest-frame magnitudes in this way since we allow full
freedom in order to recover the SEDs, which can lead to Runge’s
phenomenon, in which the polynomial is unconstrained in between
the fixed points where data is available, making estimated magnitude
values unfeasible.

As can be seen from all three galaxy models in Figure 5, neighbour-
ing objects are modelled along with the primary object. For object
idHFF = 657, there is a bright, neighbouring spheroidal galaxy in
the upper right corner. The residuals of the neighbouring object are
characteristic of a multi-component galaxy that has been modelled
with a single Sérsic profile, exactly as we have done. Although the
spheroidal neighbouring galaxy itself is not particularly well mod-
elled in the centre, we are able to reliably recover the primary galaxy’s
parameters, as can be seen from the residuals of the primary object.
Another interesting feature of this figure is the bright object “next”
to galaxy idHFF = 1257, again in the upper right corner. This object
is not modelled and can be clearly seen in the residual of every band.
This object is too far away from object idHFF = 1257 to contribute
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to its flux, so it is masked out for the modelling. The residuals seen
for these three galaxies are examples of normal residuals as these ob-
jects are not chosen to have excellent models nor particularly clean
residuals.

Uncertainties in the magnitude, size, and Sérsic index measure-
ments are produced directly by GalfitM. In Figure 4, we show the
GalfitM-derived uncertainties for each parameter in each band. Un-
fortunately, these uncertainties have been shown to be significantly
underestimated (Häussler et al. 2007). Since the 3D-HST (Skelton
et al. 2014) and HFF-DeepSpace (Shipley et al. 2018) catalogues
already provide reliable magnitudes and uncertainties for the objects
in the CANDELS and HFF fields, respectively, we do not make an
effort to obtain reliable uncertainties for the measured magnitudes
but use those reported values instead. Additionally, because we do
not use the uncertainties on the Sérsic index measurements for any
of our results, we focus on deriving reliable uncertainties only for
galaxy sizes. Häussler et al. (2007) simulated images with similar
properties to the HST Gems (Rix et al. 2004) dataset, which con-
tained over 40,000 simulated galaxies of various magnitudes, sizes,
position angles and axis ratios, and the light profiles of these galaxies
were fit with Galfit. Häussler et al. (2007) found that Galfit sub-
stantially underestimates the true uncertainties of the fit and suggest
that the uncertainties estimated by the Galfit are not reflecting the
Poisson noise of the images. They find that the Galfit uncertainties
are underestimated by a factor of ∼ 10 or more. Since GalfitM uses
the same assumptions to derive uncertainties as Galfit, the errors es-
timated by both codes should be consistent. However, it is important
to point out that the simulated galaxies in Häussler et al. (2007) were
all fit and modelled in one band. Häußler et al. (2013) performed
a similar analysis for multi-wavelength fitting in 9 bands for simu-
lated galaxies with properties similar to GAMA (Galaxy And Mass
Assembly; Driver et al. 2011) images. While they do not present an
analysis of the error bars in that work, subsequent checks on this
issue revealed that the uncertainty for the multi-wavelength fitting
is only underestimated by a factor of ∼ 2 − 2.5. Therefore, we in-
crease all size errors estimated by GalfitM by a factor of 3 in order
to be conservative. To obtain the uncertainties on the 5000Å rest-
frame size, we linearly interpolate the uncertainties on the two bands
that enclose the rest-frame wavelength. Given our redshift range, the
rest-frame 5000Å always falls within our wavelength range (i.e., <
1.6`m); therefore, we do not extrapolate any rest-frame parameters
or uncertainties.

4 STELLAR MASS – SIZE RELATION

The stellar mass – size relation is shown in Figure 6, where the sample
is divided into four redshift bins in the same way as in Figures 2 and
3. Sizes smaller than the FWHMF160W/2 at the maximum redshift of
each bin are indicated in grey. Size measurements smaller than this
limit are not as robust as larger sizes; however, further investigation
of the simulations carried out in Häußler et al. (2013) reveals that
galaxy sizes smaller than FWHM/2 can be reliably measured if the
point spread function (PSF) of the image is well known, which for
HST data is the case. In their simulations, the FWHM of the PSF
was ∼3.5 pixels, and galaxies were simulated down to effective radii
of ∼1pixel, well below the FWHM/2 limit. No systematic effects
on the measured image sizes were seen, implying that the measured
sizes below this limit are not artificially shifted. Furthermore, in our
sample, there are only 94 galaxies that have effective radii smaller
than FWHMF160W/2. Although we are able to measure the small sizes
of these galaxies, they do not comprise a large portion of the total

sample and, therefore, would not heavily influence the stellar mass
— size relation that we derive. We also note that the FWHMF160W/2
limit is well below the galaxy size distribution of our objects. To
significantly change the result of this work, a strong (factor of a few
in size measurements) and systematic (all small objects would have
to be fit larger) measurement error would have to be observed. No
such effect was found in any galaxy regime, specifically not for small
objects.

In Figure 6, we differentiate between star-forming and quiescent
galaxies based on three criteria: the sSFR, UVJ diagram, and Sérsic
index as discussed in §3.6. In Figure 6, the top four panels are colour
coded according to the sSFR as derived from FAST. The middle four
panels are colour coded according to each galaxy’s position on the
UVJ diagram. Finally, the bottom four panels are colour coded by the
Sérsic index following the idea that objects with high Sérsic index
are predominantly passive ellipticals. As discussed in §3.6, none of
these selection techniques are perfect, as they rely intrinsically on
good photometric measurements, which becomes tricky especially
for faint objects. Despite all of these difficulties, Figure 6 shows
that there is generally good agreement between the three selection
criteria. This is not necessarily expected, since the sSFRs and rest-
frame colours are derived from SED models, while the Sérsic indices
are obtained from modelling light profiles with GalfitM. As these
quantities are independently derived, the level of consistency between
these selection methods suggests that the light profile modelling and
the SED modelling are reliable. Naturally, there are some differences
between the selection methods. For instance, the flattening of the
quiescent sample is less pronounced with the Sérsic cut, as there
appear to be only a few low mass galaxies with high Sérsic indices;
however, the flattening is visible if galaxies with Sérsic indices > 2.5
are considered to be quiescent, as is generally done in the literature
(e.g., Bruce et al. 2014; Lange et al. 2015) such that flattening can
be seen for the galaxies which are colour-coded as yellow points in
the figure.

From Figure 6, the star-forming and quiescent sequences can be
seen to occupy the same regions of the stellar mass – size plane for
all three separation criteria even though individual galaxies may be
classified differently by the different methods. It is also worth noting
that there is a cloud of quiescent galaxies at the very low mass end (i.e.
below 108 M�) that can be seen especially in the 0.2 ≤ 𝑧 ≤ 0.5 and
0.5 < 𝑧 ≤ 1.0 redshift bins when the quiescent sample is selected
based on the sSFR (top panels). This cloud of galaxies cannot be
seen when we select galaxies based on the UVJ diagram or Sérsic
index. Further investigation of these objects reveals that their SEDs
are visually consistent with being young, blue, low-mass galaxies.
However, due to the rather featureless SEDs of young, low-mass
galaxies and the relatively large measurement errors in these faint
objects, the derived sSFRs suffer from large uncertainties. In fact,
many of these objects would be classified as star-forming if the lower
1𝜎 sSFR were used instead of their best-fit sSFR. Combined with the
uncertainties on the Sérsic indices previously discussed, we therefore
choose to separate star-forming and quiescent galaxies based on their
positions on the UVJ diagram for the subsequent sections of this paper
because this appears to be the most robust method for our sample.

Above ∼1010 M� , which is the stellar mass regime that most other
studies in the literature have focused on, the quiescent sequence on
the stellar mass – size plane can be easily distinguished from the
star-forming sequence at all redshifts. In other words, the quiescent
galaxies follow a distinct trend on the mass-size plane that is different
from the one that the blue, star-forming galaxies follow. This distinc-
tion can be made regardless of whether star-forming and quiescent
galaxies are separated based on sSFR, position on the UVJ diagram,
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Figure 6. The stellar mass – size relations for different redshift bins for quiescent and star-forming galaxies. The sizes reported are rest-frame 5000Å sizes as
derived in §3.4. The top four panels are colour-coded by specific star-formation rate (sSFR). The middle four panels are colour-coded based on each galaxy’s
position on the UVJ diagram, with the quiescent galaxies shown on top of the star-forming galaxies to highlight the flattening seen at 𝑧 ≤ 1. Finally, the bottom
four panels are colour-coded by Sérsic index. The colour-coding shows that there is good agreement between the three selection criteria that we test for separating
star-forming and quiescent galaxies. The grey areas in each panel indicate sizes at Re < FWHMF160W/2 at the maximum redshift in each panel, to indicate
potentially difficult sizes to measure (see text).
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or Sérsic index. In this high mass regime, the quiescent galaxy se-
quence shows a steeper slope than the star-forming population across
all redshifts, consistent with previous works (e.g., van der Wel et al.
2014; Dimauro et al. 2019; Mowla et al. 2019). Consequently, at a
given stellar mass, high mass quiescent galaxies tend to be smaller
in size than their star-forming counterparts, again consistent with the
literature. These trends however, do not hold true for less massive
objects.

Below ∼1010 M� , the quiescent and star-forming galaxy se-
quences are not quite as clearly distinguishable from each other.
This could partly be an effect due to the fact that it is more difficult
to separate less massive galaxies into star-forming and quiescent be-
cause it is generally harder to measure the properties of less massive
objects. In spite of this, we recover similar trends for the star-forming
and quiescent sequence across all selection methods, suggesting that
this behaviour is real. The stellar mass – size relation of low mass
quiescent galaxies appears flat and then steepens for high mass quies-
cent galaxies, while the star-forming galaxies continue to grow in size
as they grow in mass from 107 to 1011.5 M� . We will quantitatively
discuss these relations in the following sections. The flattening of the
stellar mass – size relation for quiescent galaxies has been shown in
previous works (e.g., Cappellari et al. 2013; Berg et al. 2014; Norris
et al. 2014; Lange et al. 2015; Whitaker et al. 2017); however, most of
these are low redshift studies or are limited to relatively high stellar
mass galaxies. In this work, we extend the stellar mass – size relation
to include low stellar mass galaxies while also quantitatively explor-
ing its flattening as a function of redshift. Unfortunately, at redshifts
𝑧 > 1, our number of quiescent galaxies with stellar masses below
109 M� is limited. This is, in fact, why we use the multi-band tools
discussed in §3.7, as they allow us to push our analysis to fainter, less
massive objects than was possible in previous studies. Nevertheless,
some evidence of a flattening remains at these higher redshifts.

4.1 Quiescent Mass – Size Relation

We first analyse the quiescent galaxy sample shown in Figure 6,
selected using the UVJ diagram. In §4.1.1, we discuss the high mass
end (i.e.,≥ 1010.3 M�) only, for easier comparison with the literature.
In §4.1.2, we discuss the behaviour of the quiescent sequence over
the entire stellar mass range analysed in this work (i.e., ≥ 107 M�).
Finally, in §4.1.3, we show the redshift evolution of the best-fit trends
and discuss what this implies for how quiescent galaxies build up their
mass and grow over cosmic time.

4.1.1 The High Mass End

We begin by fitting the high mass end of the stellar mass – size rela-
tion for quiescent galaxies as this mass regime has been extensively
studied in the literature (e.g., Maltby et al. 2010; van der Wel et al.
2014; Kuchner et al. 2017; Dimauro et al. 2019). These previous
works have shown that the stellar mass – size relation is well repre-
sented by a single power law at the high mass end for both quiescent
and star-forming galaxies. We therefore fit a power-law function of
the form:

𝑅𝑒 = 𝐴

( 𝑀∗
5 × 1010 M�

)𝐵
(2)

following van der Wel et al. (2014), Mowla et al. (2019), and Dimauro
et al. (2019) in order to make a direct comparison. In Equation 2,
𝑅𝑒 is the 5000Å rest-frame half-light radius along the major axis in
kpc and 𝑀∗ is the stellar mass in M� and corrected as described in
§3.5; 𝐴 and 𝐵 are best-fit parameters that describe the trend. As this

Figure 7. Corner plot for the estimated parameters for high mass quiescent
galaxies in the redshift bin 0.5 < 𝑧 ≤ 1.0 according to Equation 2. We choose
to show the corner plot for this redshift bin because we have the largest
sample size in this range and therefore, smaller uncertainties; however, the
parameters exhibit similar behaviour in the other redshift bins as well. For the
1D posterior distributions, the vertical dashed lines mark the 16th, 50th, and
84th percentiles, where the 16th and 84th percentiles of each distribution are
indicated as the lower and upper uncertainties of each parameter estimation,
respectively. These values are reported for the quiescent fits in Table 2. For
the 2D posterior distribution, the contours mark the 1𝜎 and 2𝜎 levels.

relation is linear in the log-log space in which we fit the data, we
refer to 𝐵 as the slope and log10 (𝐴) as the intercept at 5 × 1010 M� .

The best-fit parameters, 𝐴 and 𝐵, of our model are determined us-
ing a Bayesian inference with a Markov Chain Monte Carlo (MCMC)
approach (Foreman-Mackey et al. 2013). We assume uniform pri-
ors for both parameters and each galaxy’s contribution to the fit is
weighted by its uncertainty in mass and size, which are described in
§3.5 and §3.7, respectively, by taking the covariance of the two un-
certainties. The parameters are fit in the log10 M∗ – log10 Re space,
as in the other works that we compare our results to. Motivated by the
parameters obtained in previous studies, we allow log10 (𝐴) and 𝐵 to
vary over [-0.5, 2] and [0, 2], respectively. We set 50 random walkers,
and perform 10,000 MCMC iterations, which allow the parameters
to converge on the best-fit value for all four fits, one for each redshift
bin. The resulting corner plot (Foreman-Mackey 2016) for the fitting
routine in the 0.5 < 𝑧 ≤ 1.0 range is shown in Figure 7.

In Figure 8, we show the stellar mass – size relations across four
redshift bins for the high mass quiescent galaxy population, where
the number of objects that are fit in each redshift bin are indicated
in the bottom left corner. Our best-fit models are shown in magenta
where the shaded region signifies the 1𝜎 level within which 68% of
all models fall. Across the entire redshift range that we explore, we
find generally good agreement with the stellar mass – size relations
from van der Wel et al. (2014), Mowla et al. (2019), and Dimauro
et al. (2019), which are also shown in Figure 8. Finally, we also
compare our results in the lowest redshift bin to Lange et al. (2015),
who fit the stellar mass – size relation with a different functional
form, which we discuss further in §4.1.2.
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4.1.2 Entire Mass Range

For the full stellar mass range that we are exploring, the stellar mass
– size relation for quiescent galaxies flattens, as can be seen from
Figure 6. In order to capture this flattening at the low mass end, we
fit the quiescent galaxy mass – size relation with a double power-law
function motivated by Shen et al. (2003) and Lange et al. (2015):

𝑅𝑒 = 𝛾
(
𝑀∗

)𝛼 (1 + 𝑀∗
10𝛿

)𝛽−𝛼
(3)

where 𝑅𝑒 is the 5000Å rest-frame half-light radius in kpc and 𝑀∗
is the corrected stellar mass in M� , as in Equation 2; 𝛼 and 𝛽

describe the slope at the low and high mass end, respectively; 𝛾 is
the normalisation, or in other words, the effective radius at a stellar
mass of 100 M� . Finally, 10𝛿 is the stellar mass at which the second
derivative of the function is at a maximum. Since it is difficult to
assign an intuitive, physical meaning to this parameter, we simply
refer to it as 𝛿. This parameter can be considered to be the distinction
between high and low mass galaxies (e.g., Shen et al. 2003; Lange
et al. 2015); however, we find that this value does not align well with
the visual transition from one slope to the other. For example, in the

highest redshift bin, the most probable 10𝛿 value is ∼ 1011.27 M� ,
which would imply calling even very massive galaxies ‘low mass’,
ultimately making such a cut a poor choice. For quiescent galaxies,
we choose to make the distinction between high mass and low mass
galaxies at 1010.3 M� since this is the stellar mass range we use in
§4.1.1 following van der Wel et al. (2014), Mowla et al. (2019), and
Dimauro et al. (2019).

The double power-law function, shown in Equation 3, is fit to the
quiescent galaxy samples using an MCMC approach in a way that is
similar to how the single power law is fit to the high mass quiescent
galaxies. Namely, we assume uniform priors for all parameters and
the galaxies are weighted by their uncertainties in mass and size. All
parameters are fit in log space, and because of this we choose to fit
log10 (𝛾) as opposed to 𝛾. Although the same posterior probability
distributions can be recovered for the parameters by allowing them
to vary over a variety of ranges as long as they are large enough, we
choose to let the parameters vary over the following ranges:

• The low mass slope: 𝛼 ∈ [−2, 2]
• The high mass slope: 𝛽 ∈ [0, 10]
• The normalisation, i.e., log10 Re at 1 M�: log10 (𝛾) ∈ [−10, 10]
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Figure 9. Corner plot for the four parameter MCMC fitting routine for the
0.5 < 𝑧 ≤ 1.0 redshift bin. The vertical dashed lines in the 1D posterior
distributions indicate the 16th, 50th, and 84th percentiles, where the 16th and
84th percentiles of each distribution are indicated as the lower and upper
uncertainties of each parameter estimation, respectively. These results are
reported for the entire redshift range used in this work in Table 2. For the 2D
posterior distributions, the contours mark the 1𝜎 and 2𝜎 levels.

• log10 of the stellar mass at which the second derivative of the
function is at a maximum: 𝛿 ∈ [9, 13]

The parameter spaces of the low mass and high mass slopes, as well
as the normalisation, are derived empirically. The parameter space
of 10𝛿 is constrained from 109 to 1013, since this is the stellar mass
range within which we expect the low mass slope to transition to the
high mass slope.

For the four parameter fitting, we set 100 random walkers, and per-
form 30,000 MCMC iterations. The resulting corner plot (Foreman-
Mackey 2016) is shown in Figure 9. For the double power law fit (Eq.
3), we see a strong anti-correlation between 𝛼 – the low mass slope
– and log10 (𝛾) – the normalisation. This indicates that if the low
mass slope is a large negative value, then the resulting model would
have a large size at 100 M� . This behaviour can be seen in Table 2,
where the low mass slope is most negative for the 1.0 < 𝑧 ≤ 1.5,
so in turn, we see the largest normalisation in this redshift range as
well. If the low mass slope is zero, then the normalisation would
be the size (log10Re) at 10𝛿 . Additionally, 𝛽 (the high mass slope)
and 𝛿 (log10 of the stellar mass at which the second derivative is at
a maximum) are correlated. This behaviour explains why the four
parameter model always has a steeper high mass slope than the two
parameter model, as can be seen in Figure 10. If we set 10𝛿 M� as
the lower stellar mass limit, instead of using 1010.3 M� , the resulting
two parameter model has a slope that is consistent with the high mass
slope that we recover with the four parameter model.

We show the stellar mass – size relation for quiescent galaxies over
the full stellar mass range explored in this work in Figure 10. The
best-fit model is shown in blue with the 1𝜎 level, which includes 68%
of all possible models, in light blue. We additionally show the high
mass model with its corresponding 1𝜎 level from Figure 8 in ma-

genta. Generally, we find that the ‘high mass’ and ‘all mass’ models
are in good agreement since they overlap and display similar be-
haviour above 1010.3 M� . This indicates that the two independently
derived models are consistent, lending confidence to our result. The
best-fit model from Lange et al. (2015) is also shown in the first
panel of Figure 10 as a dashed black line. Although this model has
somewhat different characteristics from the model that we obtain, it
is important to note that Lange et al. (2015) use GAMA data (Driver
et al. 2011), so that their stellar mass – size relations are for 𝑧 ∼ 0
galaxies. Furthermore, the Lange et al. (2015) stellar mass – size
relation shown here is derived in the g-band, where star-forming and
quiescent galaxies are separated with a 𝑢 − 𝑟 colour cut. Hence, it is
not surprising that there is some difference between their results and
ours. Nonetheless, the overall shape of the two curves is generally
consistent.

From the quiescent galaxy data, it appears that a model with a
positive slope at the low mass end could be better representative of
the data. Given the small number of low mass quiescent galaxies
at 𝑧 > 1, the MCMC models are primarily driven by intermediate
mass galaxies. A negative low mass slope would imply that quiescent
galaxies with stellar masses below ∼ 1010 M� are more extended
than their higher mass counterparts. This result is difficult to explain
physically, so we test how the model behaves if it is restricted to have
a positive low mass slope. We find that the general shape of the curve
is similar and the behaviour at the high mass end remains largely
unchanged when the low mass slope is forced to be positive. Given
that we can reproduce the general behaviour of the model with and
without constraining the low mass slope, we opt to show the model
in which the parameters are unconstrained, but refer explicitly to the
mass range in which this model is valid and has been tested in our
data. Interestingly, Genel et al. (2018) also predict an increasingly
negative low mass slope with redshift when reproducing the stellar
mass – size relation with Illustris.

4.1.3 Quiescent Galaxy Evolution

After galaxies quench, they continue to undergo subsequent evolu-
tion by merging with other galaxies and/or minor episodes of star-
formation activity. Whereas major mergers, involving galaxies of
similar mass, will lead to comparable growth in both size and mass,
minor mergers can leave the overall galaxy profile shape largely un-
changed, while leading to substantial size evolution. These results
have been shown by a number of studies (e.g., Buitrago et al. 2008;
Bezanson et al. 2009) and are also well-supported by simulations
(e.g., Naab et al. 2009; Oser et al. 2012). We find that the average
size evolution which galaxies experience once they quench depends
strongly on their stellar mass, such that above stellar masses of 1010.3

M� , quenched galaxies experience a steep evolution on the mass –
size plane with slopes of ∼ 0.7 at 𝑧 ≤ 2. van Dokkum et al. (2015)
argued that the evolution of quiescent galaxies with stellar masses
above 1010 M� is primarily driven by dissipationless, dry mergers.
Newman et al. (2012) showed that this mechanism requires a high
rate of occurrence of minor mergers to account for the observed
size growth of quiescent galaxies. While multiple dry mergers can
significantly increase the size of a galaxy, they do not significantly
impact the total stellar mass (e.g., Bezanson et al. 2009; Hopkins et al.
2010; van Dokkum et al. 2010). This causes the quiescent sequence
to follow a steep slope on the mass–size plane and our results are
hence consistent with this picture at the high mass end. The evolution
of the best-fit parameters with redshift in this high mass regime is
shown in Figure 11. The slope, shown in the top panel, does not show
a strong evolution, while the intercept, log10 (𝐴), shows significant
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Figure 10. The stellar mass – size relation of quiescent galaxies, where the single power-law models for the high mass end are indicated in magenta and the
double power-law fits are shown in blue. The number of galaxies fit with the double power-law fit are indicated in the bottom left corner of each redshift bin. As
in previous figures, the grey areas indicate sizes at Re < FWHMF160W/2 at the maximum redshift of each panel.

evolution with redshift, representing the upwards shift of the relation
over time. These results are consistent with many other studies and
imply that high mass quiescent galaxies were more compact in the
early Universe than they are today.

Quenched low mass galaxies, however, exhibit an almost flat rela-
tion on the stellar mass – size plane. Because of this, the quiescent
galaxy sequence has to be fit with a double power law function,
which is shown in Equation 3. We show the redshift evolution of the
double power law fit and parameters in Figure 12. In the top panel,
all models are shown, where the shading of the 1𝜎 region indicates
the redshift according to the legends. A clear evolution can be seen
for the stellar mass – size relation of quiescent galaxies. In panel (a),
we show the evolution of the slope at the low mass end, 𝛼, and in
panel (b), we show the evolution of the normalisation, log10 𝛾, which
is anticorrelated to 𝛼. In panel (c), we show the evolution of the slope
at the high mass end, 𝛽. The slope at the high mass end remains rela-
tively constant with increasing redshift, which is consistent with the
behaviour of the slope when only high mass quiescent galaxies are
fit with a single power law (top panel of Figure 11). Finally, in panel
(d), we show the evolution of 𝛿. Since this parameter is correlated to
the slope at the high mass end (𝛽), we do not see a strong redshift
evolution for 𝛿.

4.2 Star-forming Mass – Size Relation

The star-forming galaxy relation on the mass–size plane is analysed
in a similar fashion to the quiescent relation, such that in §4.2.1, we
discuss the high mass end (i.e., ≥ 109.5 M�) only and in §4.2.2, we
discuss the trends exhibited over the entire mass range available to us.
In §4.2.3, we show and discuss the redshift evolution of star-forming
galaxies on the stellar mass–size plane.

4.2.1 The High Mass End

In an effort to derive consistent and fair comparisons to previous
studies, we first fit high mass star-forming galaxies only. We model
all star-forming galaxies with stellar masses above 109.5 M� to cover
the same mass range as van der Wel et al. (2014) and Dimauro et al.
(2019). The stellar mass – size relation of these high mass star-
forming galaxies is shown in Figure 13. The best-fit power-law, using
Equation 2, is shown as a magenta line with a shaded magenta region
indicating the 1𝜎 level that includes 68% of all MCMC models.
These models are obtained in the same way as the high mass quiescent
best-fit parameters.

At the high mass end, our results are consistent with van der
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Table 2. The estimated parameters for quiescent galaxies according to the single power law shown in Eq. 2 for the high mass galaxies and the double power
law shown in Eq. 3 for quiescent galaxies over 107 − 1011.5 M� . The high mass parameters correspond to the magenta lines in Figure 10, and the all mass
parameters correspond to the blue curves. As the ‘All Mass’ parameters have posterior probabilities that are not symmetric around the median, we report the
16th and 84th percentiles as lower and upper limits. The corner plots for the 0.5 < 𝑧 ≤ 1.0 redshift range can be seen in Figures 7 and 9, for the high mass and
all mass parameters, respectively. We additionally provide the root-mean-square error (RMSE) for each model. In the right-most column, we report the stellar
mass below which we do not place confidence in our model due to a lack of data. For the first two redshift bins, this value is the stellar mass of the lowest-mass
galaxy in that bin. At higher redshift, this is visually set to a value below which we do not have a significant number of data points.

High Mass All Mass Lower Limit on
𝑧 log10(𝐴) 𝐵 RMSE 𝛼 𝛽 log10 (𝛾) 𝛿 RMSE log10 M∗ [M�]

0.2≤ 𝑧 ≤0.5 0.61±0.01 0.68±0.04 0.23 0.04+0.01
−0.01 1.82+0.44

−0.39 −0.24+0.09
−0.09 10.94+0.19

−0.17 0.23 7.00
0.5< 𝑧 ≤1.0 0.45±0.01 0.64±0.03 0.24 −0.03+0.01

−0.01 1.60+0.23
−0.19 0.48+0.11

−0.11 10.95+0.10
−0.10 0.23 7.44

1.0< 𝑧 ≤1.5 0.28±0.01 0.63±0.04 0.22 −0.33+0.06
−0.06 1.25+0.17

−0.14 3.24+0.39
−0.38 10.63+0.12

−0.12 0.25 9.20
1.5< 𝑧 ≤2.0 0.18±0.01 0.61±0.05 0.28 −0.17+0.11

−0.12 1.84+0.40
−0.26 1.76+0.81

−0.74 11.09+0.21
−0.18 0.29 9.80
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Figure 11. The evolution of the parameters 𝐵 and log10 (𝐴) with redshift
from the single power-law fit shown in Equation 2 for high mass quiescent
galaxies (i.e., M∗ ≥ 1010.3 M�). For the posterior probability distribution
in each redshift bin, we indicate the median with an orange line, the 1𝜎
confidence level as a box, and the 2𝜎 confidence level an error bar. The
values shown here are reported in Table 3. We additionally compare these
results to other high mass studies, as indicated in the legend. We find that the
slope of the best-fit relation for high mass quiescent galaxies remains constant
with redshift, consistent with previous works. There is a clear decrease in the
intercept – log10 (𝐴) – with redshift. log10 (𝐴) describes the size at a fixed
stellar mass of 5 × 1010 M� and its evolution with redshift indicates that
quiescent galaxies at higher redshift were more compact, as expected.

Wel et al. (2014), shown as a red line in Figure 13. We also find
very good agreement with Mowla et al. (2019), who extended the
CANDELS data presented by van der Wel et al. (2014) to include
very massive galaxies with stellar masses above 2×1011 M� from the
COSMOS-DASH program (Momcheva et al. 2017). This is perhaps
not particularly surprising as we already find consistent results with
van der Wel et al. (2014) at the high mass end. However, our results

for high mass star-forming galaxies differ significantly from Dimauro
et al. (2019), especially at high redshift. At 𝑧 ≥ 1, Dimauro et al.
(2019) find a very shallow slope of 𝛽 ≈ 0 whereas we find that
the slope remains roughly equal to 0.2 across the entire redshift
range considered in this work (see also Fig. 15). This difference is
surprising given that Dimauro et al. (2019) use the same method
for deriving rest-frame sizes from CANDELS data (i.e., they use
the software, GalfitM and Galapagos-2, and obtain the rest-frame
5000Å size from the Chebyshev polynomial). Likewise, they also
derive their stellar masses using FAST (Kriek et al. 2009) and divide
their star-forming and quiescent populations using the UVJ diagram.

In order to understand this difference, we compare the sizes mea-
sured in the F160W band for galaxies that are included in this study
and in Dimauro et al. (2019). We choose to compare the measured
F160W sizes as opposed to the rest-frame size in order to avoid any
differences caused by different redshift estimates. We find excellent
size agreement with no systematic offsets, suggesting that the Meg-
aMorph tools are returning consistent results and are therefore not the
root of this discrepancy. Dimauro et al. (2019) use redshift estimates
from Dahlen et al. (2013) whereas we use redshift from the 3D-HST
catalogues (Skelton et al. 2014; Momcheva et al. 2016), which have
the added benefit of including redshifts derived from grism spec-
tra. While there is scatter between the redshifts that we use and those
used by Dimauro et al. (2019), we find that the redshifts are generally
consistent, again, with no systematic differences.

It is important to also note that we take a simpler approach to
modelling the trend exhibited by the star-forming galaxies com-
pared to van der Wel et al. (2014) and Dimauro et al. (2019). These
previous studies use a model that takes into account possible mis-
classifications of the star-forming and quiescent galaxies using the
UVJ diagram. Although this is an important issue to consider, we
recover similar results as van der Wel et al. (2014) using our simpler
modelling method. This indicates that fitting the sequence with an
MCMC approach, with fewer free parameters, can perform just as
well and might be preferred due to its simplicity. As the galaxy sam-
ple that Dimauro et al. (2019) use is publicly available (Dimauro et al.
2018), we fit their star-forming sample with our MCMC approach.
In doing this, we also obtain a slope that becomes shallower with
redshift, reaching 𝛽 = 0.06 at 1.5 < 𝑧 < 2.0. Given that we recover
a similarly shallow slope at high redshift, we attribute the different
results to a different sample selection rather than the modelling used.
We discuss these differences in more detail in Appendix B.
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Figure 12. The evolution of the stellar mass – size relation for the quiescent sample. In the top panel, we show the quiescent best-fit trends from each of our four
redshift ranges, where the concentration of the colour for the 1𝜎 level indicates the redshift bin, as shown in the legend. The best-fit model for each redshift bin
is shown as a solid red line while the high mass best-fit models are shown as dashed lines. The redshift evolution of 𝛼, 𝛽, log10 𝛾, and 𝛿 are shown in panels
(a), (b), (c), and (d), respectively. The median, 1𝜎 and 2𝜎 levels for each of these parameters are shown as an orange line, box, and error bar, respectively. As
in Figure 9, 𝛼 and log10 𝛾 show anti-correlation while 𝛽 and 𝛿 are correlated. Unsurprisingly, the uncertainties for the parameters that describe the low mass
end (i.e., 𝛼 and log10 𝛾) are large in the highest two redshift bins, in which there are few low mass quiescent galaxies.

4.2.2 Entire Mass Range

Star-forming galaxies appear to follow a single power law over the
full stellar mass range explored in this work. We therefore fit the
star-forming galaxy population in all four redshift bins according to
Equation 2, in addition to fitting it with a double power-law function,

shown in Equation 3, as we did for the quiescent sample. The single
power law best-fit models are shown in Figure 14 as a blue lines,
with the 1𝜎 limits shown in light blue. We additionally show the
star-forming high mass fits and the corresponding 1𝜎 limits from
Figure 13 in magenta. As can be seen from Figure 14, the blue
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Figure 13. Same as Figure 8, but for the star-forming galaxy sample. The best-fit line to all star-forming galaxies with stellar masses above 109.5 M� is shown
in magenta. Relations from van der Wel et al. (2014), Mowla et al. (2019), and Dimauro et al. (2019) are shown as indicated for comparison. As in previous
figures, the grey areas indicate sizes at Re < FWHMF160W/2 at the maximum redshift of each panel. See the main text for discussion and comparison to other
works.

and magenta fits either overlap entirely or are consistent within 1𝜎,
indicating that the high mass fit is consistent with the fit over the
entire stellar mass range studied in this work, across 0.2 ≤ 𝑧 ≤ 2.0.
This also shows that the fit over our entire mass range well represents
the high mass end, giving us confidence in such simple result over
such a large mass range.

We fit the star-forming sample in the same way as the quiescent
sample, with one notable exception – we do not constrain the pa-
rameter 𝛿. By not constraining it, 𝛿 can occur at stellar masses much
greater than the stellar mass range that is available to us, ultimately,
allowing the MCMC model to essentially fit a single power law re-
lation, even though a double power law functional form is assumed.
The resulting double power law fits are shown as red dashed lines
in Figure 14. In all redshift bins, the double power law is consistent
with the single power law fit, highlighting that a double law fit to the
star-forming population is unnecessary.

4.2.3 Star-Forming Galaxy Evolution

While they are star-forming, galaxies are constantly building up their
stellar mass via new star formation. It is now well understood that

galaxies grow in size over cosmic time; however, certain physical pro-
cesses, such as gas inflows to the centre of the galaxy can also cause
galaxies to become more compact (Zolotov et al. 2015; Tacchella
et al. 2017) . This interplay between structure and star formation can
be studied and better understood by constraining the stellar mass –
size relation.

The average galaxy growth with cosmic time is visible in the
redshift evolution of the stellar mass – size relation above ∼ 109 M�
shown in the top panel of Figure 15, where the zero point is decreasing
with increasing redshift (see panel d in Fig. 15). Interestingly, this
trend appears not to hold true for low mass galaxies, as shown in the
top panel of Figure 15. In fact, galaxies with ∼ 107 − 108 M� appear
to remain in the same region of the stellar mass – size plane from 0.2
≤ 𝑧 ≤ 2, suggesting that low mass galaxies are not growing much in
size with cosmic time, unlike their more massive counterparts.

Our best-fit models as well as the evolution of our best-fit param-
eters and their uncertainties estimated by our MCMC analysis are
shown in panels a-to-d in Figure 15. The top panel shows the best-fit
curve for each redshift bin from Figure 14 shown in different shades
of blue as indicated by the legend. Similarly, we show the high mass
models (where we limit the star-forming sample to M∗ ≥ 109.5M�)
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Figure 14. Same as Figure 10, but for the star-forming galaxy sample. The magenta and blue lines with the corresponding 1𝜎 levels show the models for the
high mass star-forming galaxies (i.e., M∗ ≥ 109.5 M�) and the entire stellar mass range (i.e., M∗ ≥ 107 M�), respectively. The red dashed line is the best-fit
double power law model, which is derived in a similar way to the double power law model for the quiescent galaxies (see text for details). The star-forming
double power law fit is in excellent agreement with the all-mass fit at the low mass end and with the high mass fit at the high mass end. The blue and magenta
lines from the 4-parameter and linear models are also in good agreement – they fall within 1𝜎 of each other at all redshifts. Therefore, the double power law
model is over-fitting the data and is unnecessary, but shown here as a means to indicate that a single power law fit is a good representation of the data. As in
previous figures, the grey areas indicate sizes at Re < FWHMF160W/2 at the maximum redshift of each panel.

Table 3. The estimated parameters for star-forming galaxies according to the single power law shown in Eq. 2 for each redshift bin. We fit the high mass end
only (i.e., M∗ ≥ 109.5 M� for the star-forming galaxies) in order to provide direct comparisons to previous studies. The high mass parameters correspond to
the magenta lines in Figure 14. The last three columns show the best-fit model parameters and the RMSE for star-forming galaxies over our entire mass range.
We find good agreement between our high mass best-fit parameters and the best-fit parameters derived for our entire mass range, indicating that the models are
reliable. In Figure 15, we show the evolution of these parameters with redshift.

High Mass All Mass
𝑧 log10(𝐴) 𝐵 RMSE log10(𝐴) 𝐵 RMSE

0.2≤ 𝑧 ≤0.5 0.78±0.03 0.22±0.03 0.21 0.82±0.02 0.24±0.01 0.25
0.5< 𝑧 ≤1.0 0.74±0.02 0.21±0.02 0.23 0.75±0.01 0.21±0.01 0.25
1.0< 𝑧 ≤1.5 0.66±0.01 0.21±0.01 0.23 0.65±0.01 0.18±0.01 0.25
1.5< 𝑧 ≤2.0 0.61±0.01 0.20±0.02 0.24 0.59±0.01 0.17±0.01 0.26
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Figure 15. The evolution of the stellar mass – size relation and the best-fit parameters for the star-forming sample. The top panel shows the best-fit model for
each redshift bin as a solid blue line while the high mass best-fit models are shown as dashed lines. The 1𝜎 levels for each model are shown as blue and magenta
regions, where the concentration of the colour indicates the redshift bin. The bottom four panels display the redshift dependence of the parameters 𝐵, which is
the slope of the fit and log10 (𝐴) , which is the intercept. Panel (a) shows the evolution of 𝐵 when the entire mass range is fit, and panel (b) shows the evolution
when only the high mass galaxies are modelled. Likewise, panels (c) and (d) show the evolution of log10 (𝐴) over the whole mass range and for the high mass
range, respectively. The high mass range contains galaxies with stellar masses 109.5 M� ≤ M∗ ≤ 1011.5 M� in order to provide a direct comparison to van der
Wel et al. (2014) and Dimauro et al. (2019). At each redshift, we show the median, the 1𝜎 confidence level, and the 2𝜎 confidence levels as an orange line,
box, and error bars, respectively. Our results are consistent with van der Wel et al. (2014) (in red) for both the slope and normalisation, while Dimauro et al.
(2019) (in white) find a much steeper evolution in the slope. Our results are also in very good agreement with those from Mowla et al. (2019) (in blue).
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as dotted lines with magenta 1𝜎 regions. The high mass fit and the
fit over all mass are in excellent agreement, where the dotted line
falls within 1𝜎 region of the solid blue line. In panels (a) and (c), we
show the slope and intercept as a function of redshift, respectively,
when the entire mass range is used. In panels (b) and (d), we show
the redshift evolution of the high mass best-fit parameters using the
same lower mass limit as van der Wel et al. (2014), Dimauro et al.
(2019), and Mowla et al. (2019). We note that the measurements for
our lowest redshift bin span 0.2 ≤ 𝑧 ≤ 0.5, while measurements from
previous studies include redshifts down to 𝑧 ∼ 0. This difference in
the redshift ranges is indicated by the offset mean redshift of the
studies we compare to from the mean of our lowest redshift bin at
𝑧 = 0.35 shown in panels (b) and (d). We also show the result from
panel (b) and (d) as more transparent box plots in panels (a) and (c),
respectively, in an effort to compare the high mass and all mass fits.
The slope, 𝛽 becomes slightly steeper when the entire mass range is
used, while the intercept, log10 𝛼, is consistent for both fits.

Unsurprisingly, the normalisation, or intercept (i.e., the log10 (𝐴)
parameter) shows a strong evolution with redshift indicating that at
fixed mass, galaxies have undergone significant size growth since
𝑧 ∼ 2. This evolution is present when we include our entire mass
range as well as when we model only the high mass star-forming
galaxies, as shown in panels (c) and (d). The slope, 𝐵, also shows
some indication of evolution with redshift, although the evolution is
not as strong and in fact appears to be absent when only the high
mass star-forming sample is considered.

Interestingly, from panel (b) in Figure 15, we see that van der Wel
et al. (2014) and Mowla et al. (2019) derive very different best-fit
parameters for the slope of model from Dimauro et al. (2019). While
Dimauro et al. (2019) find a rather steep evolution in the slope, van
der Wel et al. (2014) and Mowla et al. (2019) find none. The results
from our work are more consistent with van der Wel et al. (2014) and
Mowla et al. (2019), as can be seen from both similarity in the power
laws in Figure 14 and from the proximity of the best-fit parameters in
Figure 15. As mentioned before, we discuss the difference between
our own results and the results by Dimauro et al. (2019) in Appendix
B in detail.

5 DISCUSSION

We present in this paper detailed measurements of the stellar mass–
size relation of star-forming and quiescent galaxies over 0.2 ≤ 𝑧 ≤ 2.
In this section, we provide a discussion based on the results from the
previous section, covering topics from possible selection effects in
§5.1 to providing possible interpretations of the results in §5.2 and
comparing these findings to dwarf galaxy studies in §5.3.

5.1 Selection Effects

Before we discuss the implications of our results and their connection
to low redshift studies, we first consider possible selection effects. In
this work, we have combined galaxies from the cluster and parallel
fields imaged as part of the HFF program with galaxies from the
CANDELS fields to measure the stellar mass – size relation and
its redshift evolution. As briefly noted in §3.1 and §3.2, the HFF
and CANDELS data have different depths. The HFF data is deeper
and therefore allows us to probe the low mass end of the stellar
mass – size relation. As a result, the HFF and CANDELS data have
different stellar mass distributions, with the HFF comprising the
majority of low mass objects, and CANDELS providing the majority
of intermediate- and high-mass objects since it samples a larger

area. Despite this, we find that the size distributions are consistent
with each other and that both the HFF and CANDELS samples are
consistent with the best-fit trends derived in §4. Hence, although
we have combined data with different depths, we do not expect this
difference to affect the stellar mass – size relations that we measure.

We have also used a combination of photometric and spectro-
scopic redshifts. By design, spectroscopic redshift estimates are
much more reliable than photometric redshift estimates, although
the typical photometric uncertainties for both HFF and CANDELS
are small. Shipley et al. (2018) report a scatter of ∼0.02−0.05(1+z)
for the HFF-DeepSpace catalogues depending on the specific HFF
pointing and Bezanson et al. (2016) report an average scatter
∼0.0197±0.0003(1+z) for the 3D-HST catalogues. In our final sam-
ple, we have spectroscopic redshift estimates for 3441 galaxies from
CANDELS and 606 galaxies from the HFF. As a result of the redshift
cuts that we impose on the HFF cluster fields, discussed in §3.1, our
HFF sample is devoid of galaxies with spectroscopic redshift esti-
mates at 𝑧 ≥ 1. We find that using only objects with spectroscopic
redshifts does not quantitatively change the results of this study,
but using the larger photometric sample yields better statistical sig-
nificance, specifically at high redshift, where spectroscopic redshift
estimates are very rare.

Although we exclude any galaxies that are possibly lensed (see
§3.1), Yang et al. (2021) recently presented the stellar mass – size
relation of strongly lensed, high mass galaxies in the HFF cluster
fields. After applying a lens reconstruction technique, they find that
the strongly lensed galaxies lie on relations that are consistent with
those derived by van der Wel et al. (2014). As we also find results
that agree well with van der Wel et al. (2014), our results are also
consistent with Yang et al. (2021) even though we have removed the
galaxies that they study from our sample.

Finally, we note that while we have included galaxies from both
dense and less-dense environments, only ∼ 10% of the entire sam-
ple presented here comes from the HFF cluster fields. While galaxy
evolution depends on the environment such that dense, cluster envi-
ronments are believed to accelerate galaxy evolution (e.g., Shankar
et al. 2013), the majority of galaxies presented in this work are not
evolving due to cluster-specific processes, because only a small frac-
tion of the total sample comes from dense environments. In fact,
the effect of environment on the observed stellar mass – size re-
lation is still debated. Several works have shown that galaxy sizes
and masses exhibit weak, if any, environmental dependence (e.g.,
Weinmann et al. 2009; Maltby et al. 2010; Huertas-Company et al.
2013; Shankar et al. 2014; Sweet et al. 2017). On the other hand,
Kuchner et al. (2017) report larger sizes for early-type galaxies and
smaller sizes for massive late-type galaxies in clusters in comparison
to the field at 𝑧 ∼ 0.44, consistent with higher redshift studies (e.g.
Papovich et al. 2012; Delaye et al. 2014). Given the low percentage
of cluster galaxies that we use in this study, and that the effect of the
environment is subtle, we do not expected the different environments
to significantly influence the stellar mass – size relations that we
recover in this work.

5.2 Interpretation of the star-forming and quiescent stellar
mass–size relations

We show the stellar mass – size relation for all galaxies in our sample
in Figure 6 as well as for quiescent galaxies only in Figure 10 and
star-forming galaxies in Figure 14. Our results confirm previous
findings that the star-forming and quiescent galaxy populations lie
on distinct regions on the stellar mass–size plane (e.g., van der Wel
et al. 2014; van Dokkum et al. 2015; Morishita et al. 2017; Dimauro
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et al. 2019). While the mass – size relation of star-forming galaxies is
well represented by a single power-law across 107 M� to 1011.5 M� ,
quiescent galaxies show a clear flattening at the low mass end. By
taking the median size of galaxies with stellar masses below 109.5

M� , we clearly observe that the flattening occurs at around 1 kpc out
to 𝑧 ∼ 1, with some indication that this flattening exists out to 𝑧 = 2
although the number of low mass quenched galaxies is limited above
𝑧 ∼ 1.

In the local Universe, it has been known that a flattening occurs in
the stellar mass – size relation of quiescent galaxies for some time
(e.g., Shen et al. 2003; Misgeld & Hilker 2011; Lange et al. 2015;
Eigenthaler et al. 2018). At higher redshifts, Huang et al. (2017) have
shown that if the half-light radius scales linearly with the dark-matter
radius, as is expected from galaxy formation models, then the stellar
mass – size relation of quiescent galaxies should be nonlinear, with
a bend at a few ×1010 M� out to at least 𝑧 ∼ 3. In contrast, for
star-forming galaxies, they obtain a linear relation on the size–mass
plane. Our results for both star-forming and quiescent galaxies agree
very well with the findings and predictions of Huang et al. (2017). It
is hence likely that the flattening in the stellar mass – size relation of
quiescent galaxies that we observe is a result of the baryonic radius
scaling linearly with the dark-matter radius.

In Figure 16, we directly compare the models of the quiescent
galaxy relation to the models of the star-forming stellar mass – size
relation. In all four redshift bins, the star-forming models are shown
in blue, while the models for the quiescent galaxies are in red. The
corresponding blue and red shaded regions indicate the 1𝜎 level,
which include 68% of all MCMC models. Even with the 1𝜎 levels,
we find that the quiescent and star-forming galaxies populate distinct
stellar mass–size relations. For each redshift bin, we also show the
scatter around each model as a dashed region. These dashed regions
show the running upper and lower 68th percentiles. Up to this point,
we have not addressed the scatter around our best-fit models for
either the star-forming nor the quiescent samples. From Figures 10
and 14, it can be seen that there is indeed a significant amount of
scatter in galaxy sizes at a given stellar mass (Ruhland et al. 2009;
Somerville et al. 2018). The observed scatter in galaxy size could be
due to radial stellar migration. For instance, El-Badry et al. (2016)
have shown that processes such as stellar feedback can cause galaxy
size to fluctuate significantly in just a few hundred million years.
In Figure 16, we quantify the amount of scatter around the best-fit
trends and compare this scatter to the difference in the star-forming
and quiescent best-fit models. We additionally show lines of constant
effective mass surface density (Σ = M∗/(2𝜋 Re2)) following (e.g.,
Misgeld & Hilker 2011; Eigenthaler et al. 2018). These lines indicate
the median mass density within the half-light radius, such that mass
assembly along these lines implies density-invariant growth. Any
galaxies which lie on a stellar mass–size relation which is parallel
to these lines are building up mass both inside and outside their
half-light radius.

For 𝑧 > 1, we do not place much confidence in the quiescent
best-fit models at low stellar masses, as we do not have many low
mass quiescent galaxies at these redshifts to constrain the model.
The best-fit model is extended to 109.2M� for the 1.0 < 𝑧 ≤ 1.5
bin and to 109.8M� for 1.5 < 𝑧 ≤ 2, as shown in Table 2. We have
included the extrapolated model below these stellar masses down to
107M� , where the width of the red extrapolated region shows the 1𝜎
confidence level. We have done this to highlight that the high redshift
models are ill-constrained at low stellar masses.

For the first two redshift bins, shown at the of top Figure 16,
below ∼ 109 M� , the star-forming and quiescent models intersect,
such that the quiescent galaxy model has a shallower slope than the

model for star-forming galaxies. Although the models are not the
same at this low mass end, the star-forming and quiescent galaxies
occupy the same region of the stellar mass – size plane. The scatter
around the models is larger than the difference between the models,
indicating that star-forming and quiescent galaxies could be evolving
through the same processes in this stellar mass regime. In the ∼
109 − 1010.5 M� stellar mass range, the star-forming and quiescent
galaxies occupy very different regions of the mass – size plane,
suggesting that galaxies in this mass regime are building up their mass
via different mechanisms depending on whether they are actively
forming stars or not. Finally, massive galaxies, with M∗ ≥ 1010.5

M� , also follow different stellar mass – size relations depending
on whether they are quiescent or star-forming. Massive quiescent
galaxies follow a steep stellar mass – size relation, indicating that on
average, quiescent galaxies are rapidly growing in size, most likely
due to minor mergers, while massive star-forming galaxies appear
to lie on the same linear relation as their less massive counterparts.
This suggests that star-forming galaxies across∼ 107−1011.5 M� are
primarily building up their mass and size by forming new stars, while
quiescent galaxies evolve through different mechanisms depending
on their stellar mass.

Indeed, comparing the stellar mass – size relations to the lines of
constant Σ reveals a few interesting features that support this argu-
ment. For 0.2 ≤ 𝑧 ≤ 2, the stellar mass – size relation of star-forming
galaxies is shallower than the lines of constant Σ. This implies that
star-formation allows galaxies to assemble mass predominantly in-
side their effective radius. Quiescent galaxies with low to interme-
diate stellar masses also follow stellar mass – size relations that are
shallower than the lines of constant Σ, indicating that they too are
primarily assembling their mass inside the half-light radius. Massive
quiescent galaxies instead lie on relations that are steeper, suggesting
that they are assembling mass in their outskirts. Indeed, it is known
that these massive systems primary grow via minor mergers (e.g.,
Buitrago et al. 2008; Naab et al. 2009; Oser et al. 2012), which cause
galaxies to assemble mass in the outer regions.

To gain more insight into the underlying processes that drive these
different phases of growth, in a future paper we will present the
decomposition into bulge+disk components for the galaxies in the
sample presented in this work to understand how different galaxy
components build up their mass (Nedkova et al., in prep).

5.3 Link to Dwarf Galaxies

It is interesting to consider why the flattening of the quiescent se-
quence appears to occur at an effective radius of ∼1 kpc and whether
this flattening continues to exist when the stellar mass – size relation
is extended to stellar masses below 107 M� , which we can not do
with our data set. In order to study this low mass end of the stellar
mass – size relation, dwarf galaxies need to be considered. Many
previous works have studied the connection between galaxies and
dwarf galaxies. For instance, Forbes et al. (2008) have shown that
elliptical galaxies and the dwarf elliptical galaxies from Binggeli &
Jerjen (1998) follow a continuous trend on the size–luminosity plane
which flattens to a constant size of∼1 kpc. More recently, Eigenthaler
et al. (2018) and Ordenes-Briceño et al. (2018) have shown that there
is a similar flattening for dwarf and elliptical galaxies in the Fornax
cluster in the stellar mass – size and size – luminosity relations, re-
spectively. Eigenthaler et al. (2018) investigate the properties of the
low surface-brightness dwarf galaxy population in the core region (.
rvir/4) of the Fornax galaxy cluster, using data obtained as part of the
Next Generation Fornax Survey (NGFS). In Figure 17, we overplot
their results onto the stellar mass – size relation derived in this work.
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Figure 16. Comparison of the star-forming and quiescent best-fit curves from Figures 14 and 10, respectively. We show the entire sample (star-forming and
quiescent) that falls into each redshift bin as black points. All models are shown as solid lines with a shaded region representing the 1𝜎 confidence level over the
stellar mass range over which the models are robust. The red and blue dashed regions indicate the scatter of the quiescent and star-forming galaxies, respectively.
The stellar mass range over which we calculate the scatter is the same as the range over which we show our models. The grey indicate constant effective mass
surface density (Σ). All models have also been extrapolated to 107M� , where the extrapolation is shown as vertical lines indicating the 1𝜎 spread of the model
at low stellar masses. As in previous figures, the grey areas indicate sizes at Re < FWHMF160W/2 at the maximum redshift of each panel.

We note here that the effective radius is measured in the rest-frame
g-band wavelength as opposed to the 5000Å size. While this does
not make a significant difference, as discussed in §3.4, we derive the
stellar mass – size relation on the rest-frame g-band for consistency
with Eigenthaler et al. (2018). Unfortunately, not enough information
is available for the NGFS dwarf galaxies to reliably separate them
into quiescent and star-forming galaxies. As this sample of dwarf
galaxies is from the inner regions of the Fornax cluster, the dwarf
galaxy morphology-density relation (Côté et al. 2009) would suggest
that most are dwarf ellipticals (DEs), which are usually quiescent.
Although the majority of the NGFS dwarf galaxies from Eigenthaler
et al. (2018) are likely quiescent (e.g., Venhola et al. 2019; Carlsten
et al. 2021), we compare them to both of our star-forming and qui-
escent mass — size relations as we cannot properly separate them
using the same criteria used to identify quiescent galaxies from HFF
and CANDELS.

Comparing the dwarf galaxies from Eigenthaler et al. (2018), it is
interesting to see that they seem to align with both of our sequences.
This could be coincidental, or contain interesting physics. On one
hand, the dwarf galaxies seem to turn off at intermediate masses,

following the same ∼1 kpc size that we find for the flattening of
the quiescent galaxies, which might indicate a causal connection
between these dwarfs and the quiescent galaxies we find. On the
other hand, at lower masses, they follow closely (but not perfectly),
our relation of the star-forming galaxies, indicating that they could be
just a continuation of the mass-size relation of star-forming galaxies
that we already find over four orders of magnitude in mass, to lower
masses. As the dwarf galaxy sample is most likely a mixture of
quiescent and star-forming objects, both might be true. But without
pushing our analysis to lower masses and larger samples on better
data, we can not distinguish the different processes just yet.

6 SUMMARY

By using a multi-wavelength modelling approach as well as the depth
of the HFF survey and the large sample size of CANDELS, we
have extended the evolution of the stellar mass – size relation over
0.2 ≤ 𝑧 ≤ 2 to low stellar mass galaxies and high redshift. We
measure the stellar mass and morphological parameters, including
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Figure 17. The stellar mass – size relation of the star-forming (shown in
blue) and quiescent (shown in red) galaxies from the lowest redshift bin, i.e.,
0.2 ≤ 𝑧 ≤ 0.5, where the half light radius has been measured in the rest-
frame g-band instead of at 5000Å. The stellar mass – size relation of dwarf
galaxies from the Fornax galaxy cluster presented in Eigenthaler et al. (2018)
are shown as empty black circles. Lines of constant effective mass surface
density (Σ) are drawn in grey and labelled.

size and Sérsic index, in a consistent way across both HFF and
CANDELS samples. From these data, we find that the star-forming
and quiescent galaxies follow entirely separate sequences on the
stellar mass – size plane regardless of whether star-forming and
quiescent galaxies are separated based on star formation activity,
colour, or Sérsic index. This result is best illustrated in Figure 6,
where the quiescent sequence can be seen to flatten at lower stellar
masses across all three selections. We observationally confirm that
this flattening at around 1 kpc is present out to at least 𝑧 ∼ 1.0, with
some signatures out to 𝑧 ∼ 2. These results confirm the findings of
previous studies, but represent an important advance, since we have
extended the stellar mass range over which we are measuring the
stellar mass – size relation. Our main findings are as follows:

• The stellar mass – size relation of star-forming galaxies is well
described by a single power law to at least 𝑧 = 2 even when low
stellar mass galaxies (M∗ ≥ 107 M�) are included. Star-forming
galaxies have a slope of 𝛽 ∼ 0.2 on the mass – size plane, across all
redshifts studied in this work. While the slope does not show a strong
evolution with redshift, the zero-point of the models increases with
cosmic time, indicating that galaxies of the same mass were more
compact at high redshift than their present-day counterparts. We note
however, that low mass galaxies with ∼ 107 − 108 M� occupy the
same region of the stellar mass – size relation regardless of redshift,
as shown in Figure 15. This suggests that these low mass star-forming
galaxies are not significantly growing in size with cosmic time.

• The stellar mass – size relation of quiescent galaxies, on the
other hand, is well described by a double power law at stellar masses
> 107M� due a flattening in the stellar mass – size relation that
occurs at sizes of ∼1 kpc. Dwarf galaxy studies (e.g., Eigenthaler
et al. 2018; Ordenes-Briceño et al. 2018), however, suggest that this
functional form might not hold at lower masses. High mass quiescent
galaxies can be represented by a single power law, with a slope of
∼ 0.7 over the redshift covered in this work. Our results at the high
mass end are consistent with previous works as shown in Figure 8.

• We note that although the star-forming and quiescent galaxies
models at the low mass end for the star-forming and quiescent se-
quences are different, the scatter around these relations is large at

stellar masses of 107 − 108.5 M� . Although this increased scatter
could be, and probably largely is, measurement errors on faint ob-
jects, this result hints at quiescent and star-forming galaxies evolving
via the same mechanisms, or at least via mechanisms that influence
galaxy size and mass growth in the same way.

• Finally, we show that, while the trends that we have recovered
represent the data above 107 M� well, extending the stellar mass
– size relation to include dwarf galaxies can give a more compre-
hensive picture of galaxy formation and raises additional, interesting
questions that deserve further investigations.

This study presents the stellar mass – size relation and its evolution
down to 107 M� , but plenty of scope remains for future work. Ex-
ploring the stellar mass – relation down to even lower masses could
help us better understand the connection between dwarf galaxies and
giant galaxies. Additionally, while understanding how environment
impacts galaxy evolution is outside the scope of this paper, the HFF
presents a great data set to study this effect. Finally, with current
facilities, observing low mass galaxies, particularly quiescent ones,
at high redshift is challenging. Future studies with the James Webb
Space Telescope, the Nancy Grace Roman Space Telescope, and Eu-
clid present exciting possibilities for better understanding the stellar
mass – size relation at high redshift.
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APPENDIX A: HFF STRUCTURAL CATALOGUES

Along with this work, we publish catalogues of structural proper-
ties for HFF galaxies that have been measured with Galapagos-2
and GalfitM (Häußler et al. 2013). We provide a total of 12 cata-
logues – one for each cluster and parallel field. Although we use a
combination of HFF and CANDELS galaxies for this study, we make
available only HFF catalogues, as a catalogue of structural properties
for CANDELS galaxies will be released in a forthcoming publication
(Häußler et al., in prep.).

In this appendix, we describe the properties of the HFF struc-
tural catalogues. In Table A1, we list the columns with a descrip-
tion, as well as an example – namely, galaxy idHFF = 657 from
the Abell1063 parallel field that is shown in Figures 4 and 5. It is
important to note that this structural catalogue is 3D catalogue in
the sense that many of the columns (e.g., MAG_GALFIT_BAND,
MAGERR_GALFIT_BAND, etc.) consist of seven values. The pa-
rameters that are reported for each band (i.e., those ending in
‘_BAND’) are reported for the F125W, F435W, F606W, F814W,
F105W, F140W, and F160W bands, in this order. These cata-
logues are available through the VizieR database: http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/MNRAS, and all HFF data prod-
ucts are publicly available via the HFF-DeepSpace web page: http:
//cosmos.phy.tufts.edu/~danilo/HFF/Download.html.

APPENDIX B: COMPARISON TO DIMAURO ET AL. (2019)

As briefly discussed in §4.2.1, we find results for the high mass star-
forming galaxy population that do not agree as well as expected with
the stellar mass – size relations reported by Dimauro et al. (2019). In
particular, the slopes derived for the star-forming galaxies are at odds
especially at 𝑧 > 1. This is particularly puzzling as the same data
and largely identical software has been used to measure galaxy sizes.
Here, we investigate a number of differences between our sample and
the one used by Dimauro et al. (2019) to show how each impacts the
derived stellar mass – size relation.

We begin by testing the size and mass distributions of the star-
forming galaxies used in both works. These comparison are shown
in Figure B1, where we show only the highest redshift bin as this is
where the largest difference in the two samples can be seen; how-
ever, the conclusions drawn for this bin also hold across our entire
redshift range. From Figure B1, it can be seen that at the high mass
end (i.e., above stellar masses of 109.5 M�), our sample predomi-
nantly consists of galaxies from the larger CANDELS fields. This is
expected, as we use the HFF galaxies mostly to probe the low stellar
mass range, where the number of CANDELS galaxies becomes more
limited.

From the right panels of Figure B1, we note that while the number
of galaxies is significantly different between the original samples (left
panels), this difference is primarily caused by the stricter magnitude
cut that Dimauro et al. (2019) use. We re-derive the best-fit lines for
our sample when a magnitude cut of 23 in the F160W band is applied.

This fit is shown in green and is consistent with the high mass stellar
mass – size relation that we derive for our sample, presented in Figure
13, and shown in Figure B1 as a black line. We therefore argue that
the stellar mass – size relation that we derive at the high mass end
does not significantly change when we limit the sample to brighter
galaxies. This suggests that the different results between this work
and Dimauro et al. (2019) are not a direct consequence of a different
magnitude cut. Additionally, from Figure B1, it can be seen that
when similar sample selections are applied to both samples, there
are more galaxies with small sizes in our sample (vertical histogram
on the right plot). The mass distributions of our sample (horizontal
blue histogram on the right plot) are also skewed toward lower stellar
masses compared to Dimauro et al. (2019), such that below 1010.3

M� , we have a significantly larger number of galaxies. Above this
stellar mass, the mass distributions of our samples are comparable.
Since we have more compact, low mass objects than Dimauro et al.
(2019), this could possibly explain the different stellar mass – size
relations.

To investigate this difference further, we match our sample to the
Dimauro et al. (2019) sample in order to test the similarities between
the galaxies that are used in both works versus those that are only
used in one of the samples. The results are shown in Figure B2, where
the left panels show our full sample in grey, where galaxies that are
also used in Dimauro et al. (2019) are indicated with a red point. In
the right panels, we show the same but for the Dimauro et al. (2019)
sample (i.e., the Dimauro et al. 2019 sample is shown in grey, where
galaxies that are also used in this work are indicated in red). In the
histograms, we show the size and stellar mass distributions of each
work, where the grey histogram corresponds to the sample from each
study (and in the left panel is identical to the blue histogram in Figure
B1). The red histograms are for galaxies that are used in both this
work and Dimauro et al. (2019), and the hashed histogram is for the
objects that are not matched, i.e., only used in one of the works.

For the star-forming galaxy population, we find that the stellar mass
– size relation has a slope of ∼ 0.2 at all redshifts, while Dimauro
et al. (2019) derive a shallower slope, especially at high redshift.
Indeed, visually from Figure B2, the Dimauro et al. (2019) sample
on the right appears flatter than ours on the left. Upon modelling
the Dimauro et al. (2019) sample, we also obtain a shallow slope of
𝐵 = 0.03 at 1.5 < 𝑧 ≤ 2. Although the fitting method used by both
van der Wel et al. (2014) and Dimauro et al. (2019) is different from
ours, we find results that are consistent with van der Wel et al. (2014)
and we are able to reproduce the shallow results that Dimauro et al.
(2019) find using their data. Likewise, if we fit our data with the
same method as van der Wel et al. (2014) and Dimauro et al. (2019),
by assuming the same functional form (i.e., Eq. 2), and computing
the total likelihood for a set of six model parameters, we find very
consistent parameters with those that we derive. These values are
presented in Table B1, where our best-fit parameters for the high
mass quiescent and star-forming galaxies from Tables 3 and 2 are
shown in brackets for comparison.

In the right panel of Figure B2, we also show the galaxies that
are selected as quiescent by our UVJ diagram, but identified as star-
forming by Dimauro et al. (2019). These galaxies (shown as black
crosses) are generally smaller and more massive compared to the
overall star-forming sample, shown in grey, and therefore, including
these objects in the fitting, would result in a flatter slope.

Finally, the way the uncertainties are obtained can significantly
influence a model. We derive the size and mass uncertainties from
GalfitM (Häußler et al. 2013) and FAST (Kriek et al. 2009), respec-
tively, while Dimauro et al. (2019) estimate the size uncertainties
from their simulations and the stellar mass uncertainties are assumed
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Table A1. Columns from the released HFF structural catalogues. idHFF corresponds to the id numbers from the HFF-DeepSpace catalogue (Shipley et al.
2018), while the remainder of the parameters are derived with the GalfitM and Galapagos codes. All columns for which the description begins with ‘[7]’ are
seven-element arrays. We provide all Re and Re error estimates in pixels as we apply size quality cuts based on the measurements in pixels. Hence, a pixel scale
of 0.06′′/pixel is needed to convert the measured Re into units of arcseconds. Position angles are defined such that 0 is ‘up’, increasing anticlockwise. Most
non-integer parameter values are truncated for the example galaxy and shown here only for guidance regarding the format.

Column Description Example Galaxy

idHFF HFF-DeepSpace catalogue id 657
RA SExtractor ALPHA_J2000 342.3186149
DEC SExtractor DELTA_J2000 −44.5636569
CXX_IMAGE SExtractor CXX_IMAGE 0.030213457
CYY_IMAGE SExtractor CYY_IMAGE 0.11420833
CXY_IMAGE SExtractor CXY_IMAGE 0.037952058
THETA_IMAGE SExtractor THETA_IMAGE −12.16
ELLIPTICITY SExtractor ELLIPTICITY 0.53
KRON_RADIUS SExtractor KRON_RADIUS 3.5
BACKGROUND SExtractor BACKGROUND 9.684838E-5
FLUX_BEST SExtractor FLUX_BEST 3.850794
FLUXERR_BEST SExtractor FLUXERR_BEST 1.000767
MAG_BEST SExtractor MAG_BEST 24.4761
MAGERR_BEST SExtractor MAGERR_BEST 0.2822
FWHM_IMAGE SExtractor FWHM_IMAGE 10.05
FLAGS SExtractor FLAGS 3
CLASS_STAR SExtractor CLASS_STAR 0.029
SKY_GALA_BAND [7] Galapagos-2 sky values at each band {−1.77E-4, −7.49E-5, −2.19E-4, −1.47E-4, −1.19E-4,

−2.31E-4, −1.86E-4}
SKY_SIG_BAND [7] Galapagos-2 sky values uncertainty. The sky value is fixed during {2.07E-5, 1.73E-5, 2.86E-5, 7.12E-6, 1.56E-5,

the fit, but these values can be potentially used to detect ‘difficult’ fits 2.33E-5, 1.36E-5}
SKY_FLAG_BAND [7] Galapagos-2 sky flag {0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0}
FLAG_GALFIT Single-Sérsic fit flag: −1 = not enough bands with data; not attempted, 2

0 = not attempted, 1 = fits started, but crashed, 2 = fits completed
NEIGH_GALFIT Number of neighbouring profiles fit (or fixed) during the modelling 7
CHISQ_GALFIT GalfitM 𝜒2 value 66011.9
CHISQ_GALFIT_PRIME GalfitM 𝜒2 value within the primary ellipse 30272.7
NDOF_GALFIT Degrees of freedom (DoF) allowed during the fit, includes 58203

number of pixels. Used to derive 𝜒2 and 𝜒2/a
NDOF_GALFIT_PRIME same as NDOF_GALFIT but for the fit within the primary ellipse 18527
CHI2NU_GALFIT GalfitM reduced 𝜒2: 𝜒2/a 1.13417
CHI2NU_GALFIT_PRIME same as CHI2NU_GALFIT but for the fit within the primary ellipse 1.63398
use_flag modelling parameter flag: 0 = at least one parameter has run into a 1

fitting constraint; 1 = no parameters have run into constraints
X_GALFIT_DEG DoF of x-position; not allowed to vary with wavelength 1
X_GALFIT_BAND [7] x-position for F125W, F435W, F606W, F814W, F105W, F140W, {57.064, 57.064, 57.064, 57.064, 57.064, 57.064, 57.064}

and F160W, in this order
...
MAG_GALFIT_DEG DoF of apparent magnitude; full freedom has been allowed 7
MAG_GALFIT_BAND [7] apparent magnitude measured at each band {24.35, 26.10, 25.22, 24.68, 24.46, 24.29, 24.26}
MAGERR_GALFIT_BAND [7] apparent magnitude uncertainties at each band {0.007, 0.017, 0.008, 0.005, 0.005, 0.006, 0.007}
MAG_GALFIT_CHEB [7] magnitude Chebyshev polynomial coefficients – as we {24.799, −0.784, 0.338, −0.134, 0.0450, −0.002, −0.003}

allow full freedom, all values are nonzero
MAGERR_GALFIT_CHEB [7] uncertainties on the magnitude Chebyshev polynomial coefficients {0.002, 0.008, 0.005, 0.003, 0.003, 0.003, 0.005}
RE_GALFIT_DEG DoF of effective radius (Re) 3
RE_GALFIT_BAND [7] Re [in pixels] at each band {5.07, 7.01, 6.44, 5.82, 5.31, 4.98, 4.97}
REERR_GALFIT_BAND [7] Re uncertainty [in pixels] at each band {0.08, 0.24, 0.14, 0.08, 0.08, 0.08, 0.12}
RE_GALFIT_CHEB [7] Re Chebyshev polynomial coefficients – as we use a 2nd {5.71, -1.02, 0.28, 0.0, 0.0, 0.0, 0.0}

order Chebyshev polynomial, the first 3 values are nonzero
REERR_GALFIT_CHEB [7] uncertainties on the Re Chebyshev polynomial coefficients {0.03, 0.13, 0.09, 0.0, 0.0, 0.0, 0.0}
N_GALFIT_DEG DoF of Sérsic index (𝑛) 3
N_GALFIT_BAND [7] 𝑛 at each band {1.37, 0.86, 1.02, 1.18, 1.31, 1.39, 1.38}
NERR_GALFIT_BAND [7] 𝑛 uncertainty at each band {0.05, 0.10, 0.05, 0.04, 0.05, 0.06, 0.09}
N_GALFIT_CHEB [7] 𝑛 Chebyshev polynomial coefficients {1.20, 0.26, -0.08, 0.0, 0.0, 0.0, 0.0}
NERR_GALFIT_CHEB [7] uncertainties on the 𝑛 Chebyshev polynomial coefficients {0.02, 0.06, 0.05, 0.0, 0.0, 0.0, 0.0}
Q_GALFIT_DEG DoF of axis ratio; not allowed to vary with wavelength 1
Q_GALFIT_BAND [7] axis ratio at each band {0.144, 0.144, 0.144, 0.144, 0.144, 0.144, 0.144}
...
PA_GALFIT_DEG DoF of position angle; not allowed to vary with wavelength 1
PA_GALFIT_BAND [7] position angle at each band {76.21, 76.21, 76.21, 76.21, 76.21, 76.21, 76.21}
...
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Figure B1. The stellar mass – size relation of high mass star-forming galaxies from our sample shown in blue, where the size of the points indicates whether they
come from the CANDELS fields or the HFF, and the Dimauro et al. (2019) star-forming sample shown in red. In the left panels, we show the sample comparison
using our original magnitude cut at 1 magnitude brighter than the 90% detection completeness limit. In the right panels, we show the sample comparison using
the same magnitude cut for both CANDELS samples i.e., mF160W ≤ 23 following Dimauro et al. (2018). The size distributions of our sample (blue) and the
Dimauro et al. (2019) sample (red) are shown as vertical histograms, while the stellar mass distributions are shown as horizontal histograms. The purple regions
indicate where the two histograms overlap. In the right panel, we show the best-fit stellar mass – size relations from this work and Dimauro et al. (2019), as
indicated in the legend. Additionally, we re-derive the relation for our sample with a magnitude cut of mF160W ≤ 23 and the result is shown in green, where the
shaded green region indicates the 1𝜎 confidence level.
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Figure B2. The stellar mass – size relation of high mass star-forming galaxies in the highest redshift bin from our sample (left panels) and the Dimauro et al.
(2019) (right panels). Galaxies included in both samples are shown in red. In the left panel, a large fraction of the sample that we use is not used in Dimauro
et al. (2019) as a result of the machine learning classification that they use (see Dimauro et al. (2018) for details). These objects are indicated in green.
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Table B1. The estimated best-fit parameters for quiescent and star-forming galaxies following the same methods as van der Wel et al. (2014) and Dimauro et al.
(2019) where 𝜎 log10(Re) is the scatter in size. These results are closely consistent with the results from our own fitting method, which we report in brackets,
and are shown in Tables 2 and 3 for the quiescent and star-forming samples, respectively.

Quiescent Galaxies Star-forming Galaxies
𝑧 log10(𝐴) 𝐵 𝜎 log10(Re) log10(𝐴) 𝐵 𝜎 log10(Re)

0.2 ≤ 𝑧 ≤ 0.5 0.69 [0.61±0.01] 0.72 [0.68±0.04] 0.19 0.78 [0.78±0.03] 0.21 [0.22±0.03] 0.22
0.5 < 𝑧 ≤ 1.0 0.48 [0.45±0.01] 0.72 [0.64±0.03] 0.18 0.74 [0.74±0.01] 0.21 [0.21±0.02] 0.22
1.0 < 𝑧 ≤ 1.5 0.31 [0.28±0.01] 0.63 [0.63±0.04] 0.20 0.66 [0.66±0.01] 0.20 [0.21±0.01] 0.22
1.5 < 𝑧 ≤ 2.0 0.24 [0.18±0.01] 0.54 [0.61±0.05] 0.25 0.59 [0.59±0.01] 0.18 [0.20±0.02] 0.23

to be proportional to the size uncertainties. We test this idea by fit-
ting the matched objects from our work (i.e., the red points from the
left panel in Figure B2) by using the uncertainties from Dimauro
et al. (2019). We find no significant change in the best-fit model
when either set of uncertainties is used, therefore, the errors on the
measurements are not driving the discrepancy between our work and
Dimauro et al. (2019).

From all of the various tests carried out to investigate this discrep-
ancy between our results, we are unable to say specifically which of
these effects dominate the difference. However, we can rule out the
fitting methods themselves as well as the weighting scheme used.
From the visual impression in Figure B1, it can be seen that the
sample selection of quiescent and star-forming galaxies is different.
For instance, the majority of the objects in the Dimauro et al. (2019)
sample which are not in our star-forming sample are massive and
small, possibly indicating that they are elliptical quiescent galaxies.
This leads us to the conclusion that the main difference is most likely
a result of the sample selection.

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