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ABSTRACT

How elliptical galaxies form is a key question in observational cosmology. While the formation of massive ellipticals is strongly
linked to mergers, the low mass (M,/Mg < 10°7) regime remains less well explored. In particular, studying elliptical populations
when they are blue, and therefore rapidly building stellar mass, offers strong constraints on their formation. Here, we study 108
blue low-mass ellipticals (which have a median stellar mass of 1087 My,) at z < 0.3 in the COSMOS field. Visual inspection of
extremely deep optical HSC images indicates that less than 3 per cent of these systems have visible tidal features, a factor of 2
less than the incidence of tidal features in a control sample of galaxies with the same distribution of stellar mass and redshift. This
suggests that the star formation activity in these objects is not driven by mergers or interactions but by secular gas accretion. We
combine accurate physical parameters from the COSMOS2020 catalogue, with measurements of local density and the locations
of galaxies in the cosmic web, to show that our blue ellipticals reside in low-density environments, further away from nodes and
large-scale filaments than other galaxies. At similar stellar masses and environments, blue ellipticals outnumber their normal
(red) counterparts by a factor of 2. Thus, these systems are likely progenitors of not only normal ellipticals at similar stellar mass
but, given their high star formation rates, also of ellipticals at higher stellar masses. Secular gas accretion therefore likely plays
a significant (and possibly dominant) role in the stellar assembly of elliptical galaxies in the low-mass regime.

Key words: methods: data analysis — surveys — galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: formation —

galaxies: structure.

1 INTRODUCTION

Our currently accepted paradigm of structure formation postulates
a hierarchical build up of stellar mass, driven by interactions
and merging (e.g Press & Schechter 1974; White & Rees 1978;
Blumenthal et al. 1984). Within this picture, elliptical galaxies,
at least those with high stellar masses, are considered to be the
natural dynamical end points of galaxy evolution, intimately linked
to galaxy merging (e.g. Dressler 1980; Moore et al. 1996; Dekel &
Birnboim 2006; Faber et al. 2007). The strong gravitational torques
created during galaxy interactions can destroy discs, by removing
angular momentum and randomizing stellar orbits, thus producing
the smooth relatively featureless morphologies typically found in
elliptical systems (e.g. Martin et al. 2018; Park et al. 2019).

Various pieces of evidence appear to support this picture in the
high-mass regime. Both theoretical and observational studies suggest
an increase in the fraction of massive elliptical systems in regions
of higher density, where the frequency of merging is expected to be
higher (e.g. the central regions of clusters), with the morphological

* E-mail: i.lazar @herts.ac.uk

The Author(s) 2023. Published

mix being increasingly dominated by late-type (i.e. disc-dominated)
galaxies as local density decreases (e.g. Dressler 1980; Brough et al.
2006; Hopkins et al. 2010; Li et al. 2012; Deeley et al. 2017;
Kolokythas et al. 2022; Sengupta et al. 2022). The tendency for
merging to create, or at least reinforce, the spheroidal elements
of a massive galaxy appears consistent with a large variety of
morphological and kinematical phenomena that are present in many
nearby (z < 1) massive ellipticals (Quilley & de Lapparent 2022)
and which are signposts of galaxy interactions, e.g. tidal features
(Toomre & Toomre 1972; Peirani et al. 2010; Kaviraj 2014; Kaviraj,
Martin & Silk 2019), shells (Quinn 1984; Cooper et al. 2011; Bilek
et al. 2022), stellar streams (Johnston et al. 1999), or kinematically
decoupled cores (Jedrzejewski & Schechter 1988; Miller, Roelofs &
Smith 1990; Forbes, Franx & Illingworth 1995; Bois et al. 2011;
Cappellari et al. 2011; Guérou et al. 2015).

While the dynamical changes in the structure of today’s massive
ellipticals appears to have taken place via merging over cosmic time
(e.g. Bender 1988; Boylan-Kolchin, Ma & Quataert 2006; Martin
et al. 2018), the bulk of the stellar mass in these galaxies appears to
have formed relatively rapidly at high redshift, as evidenced by their
red optical colours (e.g Larson 1974; Chiosi & Carraro 2002; Ferreras
et al. 2005; Baldry 2007; Kaviraj et al. 2007; Bamford et al. 2009),
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which exhibit little scatter (e.g. Stanford, Eisenhardt & Dickinson
1998; van Dokkum et al. 2000) and high alpha-to-iron ratios (e.g.
Thomas et al. 2005).

Both theory (e.g. Martin et al. 2019) and observations (e.g. Loft-
house et al. 2017) suggest, however, that the majority (~80 per cent)
of the old stellar populations that form in the early Universe and
dominate massive ellipticals at the present day form through gas
accretion, rather than mergers. This appears to be driven both by the
relative paucity of merger events over cosmic time (particularly major
mergers; e.g. Conselice 2003) and by the fact that the early Universe
is extremely gas rich and mergers do not enhance star formation rates
beyond what is possible by gas accretion alone (e.g. Kaviraj et al.
2013; Fensch et al. 2017; Lofthouse et al. 2017). Stellar assembly
continues in massive ellipticals over cosmic time (e.g. Fukugita et al.
2004; Yi et al. 2005; Kaviraj et al. 2007; Kannappan, Guie & Baker
2009; Kelvin et al. 2014), with a significant minority (20-30 per cent)
of stellar mass forming at z < 1 (Kaviraj et al. 2008). At late epochs,
the star formation activity in massive ellipticals appears to be more
influenced by merging (e.g. George 2017; Omar & Paswan 2018),
with most of the interactions being unequal mass ratio (i.e. minor)
mergers (e.g. Kaviraj et al. 2011).

While massive ellipticals have been extensively studied, both via
observations and theory, much less is known about the evolutionary
pathways of their low-mass counterparts. This is especially true for
these populations outside the very nearby Universe, because past
large surveys (like the SDSS) offer large footprints but are relatively
shallow, making it more difficult to detect lower luminosity objects
outside the very local Universe (e.g. Jackson et al. 2021; Davis
et al. 2022). Nevertheless, a growing literature has recently probed
the evolution of local ellipticals in the low-mass (M, < 10°° M)
regime. Many of these studies have focused on blue ellipticals which
are brighter and easier to detect in surveys like the SDSS. Apart from
their increased detectability, blue ellipticals are also a particularly
efficient route to understanding the processes that dominate the stellar
assembly of these systems, since they are in a phase where they are
actively building significant fractions of their stellar mass.

These studies have postulated several mechanisms that may
contribute to the formation of blue low-mass ellipticals, including
secular gas accretion (e.g. Mahajan et al. 2018), major and minor
mergers (e.g. Schawinski et al. 2009; Chung et al. 2019), or a
combination of both (e.g. Moffett et al. 2019). It is worth noting that
the unavailability, in past studies, of deep images, that are required
to reveal merger-driven tidal features (e.g. Kaviraj 2014), has been a
significant impediment to conclusively probing the role of mergers
in the formation of these objects. Since blue ellipticals will become
members of the general (red) elliptical population when they quench
(e.g. Meyer et al. 2014), these galaxies are valuable as progenitor
systems which can provide insights into the processes that form the
low mass elliptical population as a whole.

Here, we study a large sample of low redshift (z < 0.3) blue
elliptical galaxies, which have low-stellar masses, with a median
stellar mass of 1087 M. We explore the physical processes that
drive their stellar assembly, using multiwavelength data in the
COSMOS field, which includes extremely deep imaging from the
Hyper Suprime-Cam Subaru Strategic Program (Aihara et al. 2022;
HSC-SSP). Our study offers several novelties which allow us to
select blue ellipticals, probe their properties, and constrain their link
to normal ellipticals with higher precision and in greater detail than
has been possible in previous work.

Our blue ellipticals are selected from HSC-SSP images using a
novel unsupervised machine-learning algorithm, which is designed to
autonomously separate objects with similar morphological properties
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(e.g. colour, texture, and luminosity) in large survey data sets. As
described below, this automated selection is then augmented by
Sersic fitting to remove stars and ensure that the objects being
selected have the strongly peaked profiles expected in ellipticals.
The HSC-SSP images used in this study have point-source detection
limits of 28.1,27.7, and 27.4 mag in the g, r, and i bands, respectively,
around 6 mag deeper than standard depth imaging from the SDSS.
These represent the deepest survey data used for the analysis of such
blue ellipticals to date. This allows us to probe the role of mergers in
driving the formation of our blue ellipticals, by looking for merger-
induced tidal features more effectively than has been possible in
previous work.

The exquisite deep multiwavelength (UV to infrared) photometric
data available in the central regions of the HSC-SSP COSMOS field
results in extremely precise photometric redshifts (with accuracies
better than 1 per cent for massive galaxies) and physical parameters
such as stellar masses and star formation rates (SFRs), available
via the COSMOS2020 catalogue (Weaver et al. 2022). Finally, the
accurate redshifts in this field enable us to use the DISPERSE (Sousbie
2011) filament-finding algorithm to construct density maps and the
filamentary structure of the cosmic web. This is then used to study
the local density of our blue ellipticals and their topological locations
(i.e. proximity to nodes, large-scale filaments, and voids) with higher
precision than has been possible in past studies.

This paper is structured as follows. In Section 2, we describe
the machine-learning algorithm used to extract our blue ellipticals
and the properties of the HSC-SSP on which the algorithm has been
implemented. In Section 3, we describe the COSMOS2020 catalogue
from which we extract photometric redshifts and physical parameters
for our galaxies. In Section 4, we describe the algorithm used to
construct maps of local density and topological structure that we
use to study the locations of our galaxies in the cosmic web. In
Section 5, we explore the role of different processes (e.g. mergers
and gas accretion) in the stellar assembly of our blue ellipticals and
explore their connection to normal ellipticals (i.e. those that are not
blue) to make a broad comment on how the bulk of the stellar mass
in low mass elliptical galaxies is likely to form. We summarize our
findings in Section 6.

2 GALAXY MORPHOLOGIES VIA
UNSUPERVISED MACHINE LEARNING

Our blue ellipticals are identified using an unsupervised machine
learning (UML) algorithm (Lazar et al. in preparation), which has
previously been implemented on images from both the Hubble Space
Telescope (Hocking et al. 2018) and the HSC-SSP (Martin et al.
2020). The algorithm samples a large number of random patches (8
by 8 pixels in size) in the footprints of the objects of interest (in our
case, galaxies), in multiband survey imaging. Here, we use HSC-SSP
images of galaxies in the griz bands. The algorithm then uses a radial
Fourier transform to construct a ‘feature vector’ for each patch, that
holds information about its physical properties (principally colour,
texture, and intensity). Patches are clustered via a growing neural
gas algorithm (Fritzke 1995) and hierarchical clustering (Johnson
1967), and galaxies with similar patch properties are then grouped
together using k-means clustering. Arbitrarily large galaxy samples
are rapidly and autonomously compressed into ~150 ‘morphological
clusters’, with typical purities greater than 90 per cent. ~150 clusters
are needed because identical morphologies at different redshifts can
occupy separate clusters (since galaxies change in size with redshift)
and because this allows for a better morphological diversity between
different clusters.
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Figure 1. Examples of morphological clusters (shown in different rows),
outputted by the unsupervised machine learning algorithm, which have been
visually associated with Hubble types: ellipticals (E), early type spirals (ETS),
late type spirals (LTS), and blue ellipticals (BLE).

Each of these clusters is then associated, via visual inspection, with
standard Hubble types. To perform this labelling, we visually inspect
a sample of 30 objects from each cluster, whose feature vectors have
varying Euclidean distances from the cluster centre in feature space
— we select 10 which are closest to the centre, 10 which are furthest,
and 10 random objects in between. We label clusters into broad
Hubble types: ellipticals, blue ellipticals, and early- and late-type
spirals (rows 1-4 in Fig. 1). As described in Martin et al. (2020),
these clusters obey known morphological trends in the literature e.g.
stellar mass functions and the relationships between stellar mass,
SFR, and colour as a function of morphology. Peculiar objects such
as blue ellipticals (row 4 in Fig. 1) are naturally segregated into
separate morphological clusters. We refer readers to Martin et al.
(2020) for more details of the algorithm and note that morphological
catalogues for the entire HSC-SSP Public Data Release 3 (PDR3) will
be released shortly in a forthcoming paper (Lazar, in preparation.).

Note that, prior to inputting galaxy footprints into our UML
classification algorithm, objects that are likely to be stars are
initially filtered out by only selecting objects which have an HSC
extendedness flag set to 1 (indicating that they are extended
objects and not stars) and which have the type parameter in the
COSMOS2020 catalogue set to 0 (indicating, again, that they are
galaxies). We perform additional filtering for stars when we select
our final sample of blue ellipticals, as described in Section 5.1. Note
also that, we focus, in this particular study, on the nearby Universe
(z < 0.3), where galaxies are extended, redshift errors are small,
and surface-brightness dimming is minimized, which aids the visual
identification of tidal features that are signposts for recent mergers
and interactions.

3 COSMOS2020: ACCURATE PHYSICAL
PARAMETERS FOR GALAXIES

We obtain physical parameters for our galaxies (photometric red-
shifts, stellar masses, rest-frame colours, and SFRs) from the
COSMOS2020 catalogue (Weaver et al. 2022). COSMOS2020 is
a high precision value-added catalogue of over 1.7 million sources
in the central region of the COSMOS field (Scoville et al. 2007). The
physical parameters are estimated using photometry in 40 broad and
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medium band filters, from deep multiband images taken using the fol-
lowing instruments: GALEX, MegaCam, ACS/HST, Hyper Suprime-
Cam, Suprime-Cam, VIRCAM, and IRAC. Here, we use parameters
derived using the ‘Classic’ method which uses the SEXTRACTOR
and IRACLEAN codes, with fluxes extracted within circular apertures,
after the survey images are homogenized to a common point-spread
function. The physical parameters are calculated using the LEPHARE
SED-fitting algorithm (Ilbert et al. 2013). The photometric redshifts
have accuracies better than 1 and 4 per cent for bright (i < 22.5 mag)
and faint (25 < i < 27 mag) galaxies, respectively, making this
catalogue ideally suited for our purposes. While accurate photometric
redshifts are available from COSMOS2020 for all objects, where
possible, we use spectroscopic redshifts from the literature (which
have been compiled and released as part of the HSC-SSP DR3).

4 MEASUREMENT OF LOCAL DENSITY AND
TOPOLOGICAL STRUCTURE

We use the DISPERSE algorithm (Sousbie 2011) to measure local
density and the locations of galaxies in the cosmic web, e.g. their
proximity to nodes and large-scale filaments. DISPERSE measures
the density field, derived using Delaunay tessellations computed
from galaxy positions (Schaap & van de Weygaert 2000), to connect
topological saddle points with peaks (i.e. local maxima or nodes)
in the density map via connecting segments, forming a set of
ridges which constitute the ‘skeleton’. The ‘skeleton’ describes the
network of large-scale filaments that define the cosmic web, with the
stationary points in density maps calculated by DISPERSE (minima,
maxima, and saddles) denoting the locations of voids, nodes, and the
centres of large-scale filaments. We refer readers to Sousbie (2011)
for further details about the algorithm.

The properties of the skeleton are determined by a ‘persistence’
parameter, which is used to set a threshold value for defining critical
pairs within the density map. A persistence of ‘N’ creates a skeleton
where all critical pairs with Poisson probabilities below No from the
mean are removed. For our density analysis, we follow the method-
ology of Laigle et al. (2018), who have implemented DISPERSE on
redshift slices of similar widths, constructed from the COSMOS2015
(Laigle et al. 2016) catalogue, where the thicknesses of the slices are
driven by the redshift uncertainties of the galaxy sample. They have
also used the Horizon-AGN cosmological simulation (Dubois et al.
2014; Kaviraj et al. 2017) to show that data sets like COSMOS2015,
which offer high photometric redshift precision (and those like
COSMOS2020 which provide higher precision), can retrieve the
broad 3D properties of the cosmic web from 2D projected density
maps. We use a persistence of 2, which removes ridges close to the
noise level, where structures are likely to be spurious.

The highly accurate redshifts in the COSMOS2020 catalogue
enable us to use well-defined and relatively narrow redshift slices
to build density maps. We only use massive (M, > 10'°Mg)
galaxies to build these maps, as they dominate the local gravitational
potential well and have the smallest redshift errors. Fig. 2 indicates
the physical distance associated with the median redshift error of
massive galaxies, as a function of redshift. The redshift error reaches
abroad minimum in the redshift range 0.18 < z < 0.3, corresponding
to a physical distance of ~55-65Mpc. In Section 5, we restrict
the analysis of the environmental properties of our galaxies to this
redshift range.

Following Laigle et al. (2018), we define the slice width to be twice
the median redshift error of the massive galaxies, which results in
slice widths of ~100 Mpc in our redshift range of interest (0.18 < z
< 0.3). We produce nine density slices, each overlapping by 50 Mpc.
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Figure 2. Median redshift error of massive (M, > 10'My) galaxies
converted to a physical distance in Mpc, using the standard cosmology, as a
function of redshift. As noted in the text, only galaxies with stellar masses
greater than 10'° M, are used to construct density maps, as they dominate
the local gravitational potential well and have the smallest redshift errors.
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Figure 3. Example density map, with the associated skeleton calculated
using DISPERSE shown using the black solid lines. Different morphological
classes (red: ellipticals, blue: spirals, cyan: blue ellipticals) are shown
overlaid. This particular density map corresponds to the redshift range 0.218
< z < 0.243. All other density maps used in this study are shown in
Appendix A.

‘When constructing each density map, every galaxy is weighted by the
area under its redshift probability density function that is contained
within the redshift limits of the slice in question. This takes into
account the fact that the photometric redshifts of massive galaxies,
although very accurate in COSMOS2020, do have associated errors.
Fig. 3 shows an example redshift slice for the reshift range 0.218 < z
< 0.243, with the associated density map and skeleton calculated
using DISPERSE, and galaxies of various morphologies identified
using our UML algorithm overplotted. Other redshift slices used
in this study are shown in Appendix A.

Itis instructive to consider the large-scale structure that is enclosed
within the COSMOS2020 region. The COSMOS2020 field has
approximate dimensions of 1.6 x 2deg (Fig. 3). At the lower (z
~ 0.18) and upper (z ~ 0.3) ends of the redshift range, we probe
here, 1.8deg corresponds to a linear size of ~20 and ~30 Mpc,
respectively. To get insights into the types of structures that might
be present in a field of this size, we consider the NewHorizon
cosmological simulation (Dubois et al. 2021), which has a similar
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size to the COSMOS2020 field at these redshifts. The largest dark
matter halo in NewHorizon has a mass close to that of the Fornax
cluster. It is, likely, therefore that the large scale structure within the
COSMOS2020 field contains small clusters like Fornax, along with
smaller groups of galaxies.

S BLUE ELLIPTICALS: THE IMPORTANCE OF
SECULAR GAS ACCRETION AND THE
INSIGNIFICANCE OF MERGERS

In this section, we first describe how blue ellipticals are identified
using the morphological clusters produced by the UML algorithm
described in Section 2. We then combine their physical and morpho-
logical properties with their locations in the cosmic web to explore
the processes that are likely to give rise to these systems. Finally,
we consider their connection to the general elliptical population and
study the implications of our findings on the evolution of low mass
elliptical galaxies as a whole.

5.1 Identification

As noted in Section 2, morphological clusters outputted by our
classification algorithm are associated via visual inspection with
standard Hubble types — broadly ellipticals and spirals. Elliptical
galaxies which are blue naturally end up in their own morphological
clusters, as the classification algorithm uses colour as one of its
primary discriminants for separating objects of different morpho-
logical types. Galaxies in these clusters represent a sample of blue
elliptical candidates which form the starting point for selecting our
final sample of galaxies (amounting to ~1100 initial candidates),
as described below. For these candidate systems, we (1) perform
further filtering for stars and (2) select a subset of objects that have
strongly peaked profiles that are typical of elliptical morphologies
(e.g. de Vaucouleurs 1948; Kormendy 1977). This subset forms the
final sample of blue ellipticals that underpins our study.

We first fit the g-band HSC image of each blue elliptical candidate
with a single-component Sersic profile using PYIMFIT (a PYTHON
wrapper for IMFIT from Erwin 2015), convolved with the point spread
function. We then remove objects which have Sersic indices less than
4 (since these may contain a disc component, e.g. de Vaucouleurs
1959, 1977; Blanton et al. 2003; Pannella et al. 2006; De Propris,
Bremer & Phillipps 2016). Although we perform an initial filtering
for stars using two catalogue parameters at the outset, before any
galaxies are inputted into the classification algorithm (as described
above), we take additional steps to ensure that our blue elliptical
sample is not contaminated by stars. Note that, 40 objects have
spectroscopic redshifts, confirming that they are galaxies, and are
therefore excluded from the filtering process described below.

To perform additional filtering for stars, we use the catalogue of
Bailer-Jones, Fouesneau & Andrae (2019), using the maximum value
from the residual map of the Sersic fits in the g band. The Bailer-Jones
etal. (2019) catalogue contains star, galaxy, and quasar classifications
for objects in the GAIA Data Release 2 (DR2). The authors make use
of a supervised classifier, based on Gaussian Mixture Models, which
use the GAIA DR2, cross-matched with spectroscopic classifications
from the SDSS as a training set.

The maximum residual values of objects that are identified as stars
and quasars in Bailer-Jones et al. (2019) are significantly higher
than those for objects that are identified as galaxies. We define
a conservative threshold of 1.5 for this maximum residual value,
in order to differentiate between stars and galaxies. This threshold
value corresponds to the lowest maximum residual value among all
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Figure 4. Redshift (top) and stellar mass (bottom) distribution for our blue
ellipticals (BLE) and other morphological types: ellipticals (E) and spirals

(Sp).

objects labelled as stars in the Bailer-Jones et al. (2019) catalogue.
Appendix B shows examples of blue elliptical candidates which have
Sersic indices greater than 4 and objects classified as stars by Bailer-
Jones et al. (2019). This leaves a final sample of 108 blue ellipticals
which forms the basis of our study (of which 40, i.e. ~37 per cent
have spectroscopic redshifts).

It is worth noting here that the Sersic index (n) threshold which
defines elliptical galaxies may vary as a function of stellar mass, with
studies in the very nearby Universe (e.g. S*G sample; Watkins et al.
2022) suggesting that a lower value than n ~ 4 may be appropriate
in the low-mass regime. Nevertheless, we use n ~ 4 as our threshold
here, as the S*G galaxies probe significantly lower redshifts than our
objects and because statistical morphological studies of large samples
of low-mass galaxies outside the local Universe, which would require
deep-wide surveys, are still largely missing. The existence of low-
mass ellipticals with high concentrations is therefore not ruled out. It
is also worth noting that the high central concentrations in our blue
ellipticals are, at least in part, driven by central ongoing star formation
in these galaxies. The profiles are likely to become shallower as the
star formation subsides and the galaxies quench.

5.2 Physical properties

The top and bottom panels of Fig. 4 show the redshift and stellar
mass distributions, respectively, of our blue ellipticals and other
morphological classes in our galaxy sample. Our blue ellipticals have
a median stellar mass of 1037 Mg, (similar to blue ellipticals studied
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Figure 5. Rest-frame g—r colour (top) and specific star formation rates
(bottom) of our blue ellipticals (BLE) and other morphological types:
ellipticals (E) and spirals (Sp).

in some past work e.g. Kannappan et al. 2009; Mahajan et al. 2018;
Moffett et al. 2019). The median redshift of our sample is 0.19.
Our blue ellipticals exhibit specific star formation rates and rest-
frame colours that are comparable to objects on the main sequence
of star-forming galaxies, which is dominated by late-type (i.e. spiral)
systems (Fig. 5). As expected, the population of normal elliptical
galaxies, in contrast, dominates the red sequence. The behaviour
seen here is similar to that in Schawinski et al. (2007, 2014) who
have also studied low-mass blue ellipticals in the nearby Universe.

5.3 Absence of tidal features — blue ellipticals typically do not
evolve via galaxy interactions

We first consider whether the star formation seen in our blue
ellipticals is likely to be driven by a recent merger or interaction.
The HSC images of our blue ellipticals offer an unprecedented
combination of depth and resolution, compared to past surveys like
the SDSS (on which many previous studies of blue ellipticals have
been based). Recent mergers or interactions produce tidal features
(e.g. Toomre & Toomre 1972; Schweizer 1982; Mihos & Hernquist
1996; Springel & Hernquist 2005; Martin et al. 2022; Yoon et al.
2022), which are best identified by direct visual inspection of galaxy
images (e.g. Darg et al. 2010). Indeed, tidal features are readily
detected in images from surveys like the SDSS Stripe 82 (e.g. Kaviraj
2014), which are around 3 mag shallower than the images we use
here.
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Visual inspection of the HSC images indicates that only three
out of the 108 blue ellipticals (2.8725 per cent) show either a tidal
feature indicative of a recent interaction or an ongoing merger. To
study how this interaction fraction compares to that in the general
galaxy population, we select a random sample of 108 galaxies within
the COSMOS field which have the same stellar mass and redshift
distribution as our blue ellipticals. We then visually inspect the HSC
images of this general sample of galaxies. The tidal feature fraction
in this general sample is 5.6f?:; percent. The errors in the tidal
feature fractions have been calculated following Cameron (2011).!
Our blue ellipticals therefore show a lower tidal feature fraction
than the general galaxy population, indicating that mergers are not
a preferential channel for their recent evolution.? Figs 6 and 7 show
the blue ellipticals which are relaxed and show no tidal perturbations
and the three objects that do, respectively.

Note that, if the star formation is indeed merger-driven, then the
chances of detecting tidal features is expected to be higher when the
galaxy is blue, since the star formation episode has started relatively
recently and not much time has elapsed in which the tidal features
can fade (e.g. Lofthouse et al. 2017). The negligible incidence of
tidal features in our blue ellipticals indicates that the star formation
observed in these systems is not driven by mergers and interactions
but rather by secular gas accretion. This result is consistent with the
findings of Mahajan et al. (2018) who combine optical and HI data
from the GAMA (Driver et al. 2016) and ALFALFA (Giovanelli et al.
2005) surveys to reach a similar conclusion about the star formation
activity in such systems. Note, however, that while Mahajan et al.
(2018) arrive at this conclusion due to blue ellipticals being rich in
H1 and residing in low-density environments, we are able to probe
this directly through the lack of tidal features, by virtue of the depth
of our optical images.

We conclude this section by considering whether our blue ellipti-
cals could have a tidal origin, i.e. whether they could have formed
in the tidal debris of mergers between two gas-rich massive galaxies
(e.g. Bournaud & Duc 2006; Ploeckinger et al. 2018). The images of
our blue ellipticals (Fig. 6) demonstrate that none of these galaxies
exhibit tidal bridges with nearby galaxies, consistent with the fact
that these objects reside further away from the massive galaxies that
define the nodes and filaments of the cosmic web (see Section 5.4
below). It is also worth noting that the fraction of low-mass galaxies
that have a tidal origin is likely to be quite low (~6 percent; see
e.g. Kaviraj et al. 2012). Thus, it is unlikely that our blue ellipticals
formed in the tidal debris of mergers between massive galaxies.

5.4 Blue ellipticals reside further away from nodes and
large-scale filaments

Recall that, Fig. 3 shows the density map and skeleton calculated
using DISPERSE in the redshift range 0.22 < z < 0.24, with galax-
ies of various morphologies identified using our UML algorithm

ICameron (2011) calculated accurate Bayesian binomial confidence intervals
using the quantiles of the beta distribution. These are considered to be more
accurate than simpler methods, like using the normal approximation, which
misrepresents the statistical uncertainty under the sampling conditions (e.g.
small number counts) that are often encountered in astronomical surveys.
2It is worth noting that tidal features are also readily visible, in these deep
HSC images, around dwarf galaxies which have significantly smaller stellar
masses than the blue ellipticals in this study. Since tidal debris tends to
become fainter when lower mass galaxies are involved, this strengthens the
conclusion that, if they were present, tidal features would indeed be visible
around our blue ellipticals.
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overplotted (other redshift slices are presented in Appendix A).
Visual inspection of these density maps suggests that, unlike their
normal (red) counterparts which tend to populate dense regions (e.g.
those around nodes), the blue elliptical population appears to reside
preferentially in low-density regions, further away from nodes and
large-scale filaments than e.g. normal elliptical galaxies.

These results indicate that our blue ellipticals populate low-density
regions of the Universe, at larger projected distances from the cosmic
web than other morphological types. In Fig. 8, we quantify the
locations of the various morphological types within the cosmic web,
in terms of local density and the 2D projected physical distance from
the nearest nodes and large-scale filaments. Note that, this analysis
uses all density maps (which span the redshift range 0.18 < z < 0.31).
While the different morphological types exhibit similar distributions
in local density, with their medians coinciding within their statistical
uncertainties (top panel of Fig. 8), strong differences are found
between the different morphological classes in terms of the projected
distances from the nearest nodes and large-scale filaments. We find
that blue ellipticals completely avoid the (projected) inner ~0.5 Mpc
around nodes. And while the distribution for normal ellipticals
peaks at 0-0.3 Mpc from their nearest large-scale filaments, the
corresponding range of values for the blue ellipticals is 0.8—1.3 Mpc
(bottom panel of Fig. 8).

Even though such low-density regions are relatively poor in gas
(Krumm & Brosch 1984; Burchett et al. 2020; Li et al. 2022), they
are likely to offer the best conditions for star formation in such
low-mass objects to be driven via gas accretion. This is because
these objects will dominate their immediate environment and will
not have to compete with the larger gravitational potential wells
of more massive galaxies (e.g. Kreckel et al. 2012; Beygu et al.
2013; Das et al. 2014, 2015; Florez et al. 2021; Jian et al. 2022),
which are found closer to large-scale filaments and are more likely to
preferentially accrete the gas available in these regions (e.g. Song
et al. 2021). While we do not have information about the past
assembly history of our blue ellipticals, it is interesting to note that
direct gas accretion could also impart their elliptical morphology.
This can happen, for example, if the object in question is fed by
multiple streams from the cosmic web. The net angular momentum
of the gas sourced from multiple streams can be low because the
angular momenta imparted by individual streams can largely cancel
out (e.g. Crone Odekon et al. 2018; Song et al. 2021), resulting in
new stars with a mass profile resembling that found in ellipticals
(rather than a disc).

5.5 Blue ellipticals as progenitors of the general low mass
elliptical population

We complete our study by exploring the connection between our
blue ellipticals and the general low-mass elliptical galaxy population.
We consider the 25" and 75" percentile values of the distributions
of projected distances from nearest filaments and nodes of the blue
ellipticals, which translate to distances between 0.7 and 1.6 Mpc. The
ratio of blue to normal ellipticals that lie both within these distances
and within the stellar mass range of the blue ellipticals (108 < M, <
10°3 M), is around a factor of 2.

Kaviraj et al. (2007) show that galaxies in the blue cloud, in
which star formation has been completely shut off, migrate out of
the blue cloud over time-scales of ~1.5 Gyrs. This is consistent
with the findings of Schawinski et al. (2007), who suggest that blue
ellipticals likely remain in the blue cloud for at least around a Gyr,
after which they migrate towards the red sequence, either as a result
of natural or possibly feedback-driven gas exhaustion. In Fig. 9,
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Figure 6. Blue ellipticals which are relaxed, i.e. show no evidence for tidal features in the deep HSC images.

we show the stellar mass growth that can be expected in our blue
ellipticals if their current measured SFR remains constant over 1 Gyr.
The distribution of mass growth values indicates that some blue
ellipticals can increase their stellar mass by 100 percent or more,
i.e. they are capable of more than doubling their stellar mass over a
time-scale of around a Gyr.

The number of blue ellipticals fficient for these galaxies to
feed the population of normal ellipticals which reside in similar
environments and have similar (or somewhat higher) stellar masses.
In addition, in the context of hierarchical structure formation,
galaxies will tend to migrate towards higher density environments,
so that ellipticals which currently reside in low-density environments

MNRAS 520, 2109-2120 (2023)
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Figure 7. Blue ellipticals which exhibit either evidence of an ongoing merger
(left-hand panel) or tidal features indicative of a recent interaction (other
panels).
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Figure 8. The distributions of local density (top) and projected distance
from the nearest filament (bottom) for different morphological types (red:
ellipticals, dark blue: spirals, light blue: blue ellipticals). The medians of
the distributions are represented by dashed lines. The standard error in these
median values are calculated using 100 bootstrapped iterations and are shown
using the solid horizontal lines.

will progressively populate higher density environments over cosmic
time. In that sense, our blue ellipticals may also feed the elliptical
population in denser environments within the cosmic web.

It is worth noting here that theoretical studies of the formation of
elliptical galaxies, using cosmological simulations (e.g. Kobayashi
2004, 2005; Feldmann et al. 2010; Merlin et al. 2012; Rodriguez-
Gomez et al. 2016), appear aligned with our observational results.
These studies show that, while most massive (M, > 10" M)
ellipticals undergo (major) mergers in their formation histories,
their lower mass counterparts have relatively relaxed, merger-free
assembly histories. Taken together with our results, this suggests
that accretion-driven stellar assembly, without recourse to mergers,
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Figure 9. Mass growth percentage in our blue ellipticals, relative to their
current stellar mass, if their current measured SFRs remain constant for
1 Gyr.

could be a significant channel for stellar mass assembly in the low
mass elliptical galaxy population.

6 SUMMARY

The evolution of elliptical galaxies is a key topic in observational
cosmology. Within the standard hierarchical paradigm, the formation
of these systems, in the high-mass regime, is strongly linked to galaxy
mergers and interactions. However, the low mass domain remains less
well explored and empirical studies that probe the physical processes
that drive the evolution of low-mass elliptical galaxies are highly
desirable. In particular, studying populations of ellipticals when they
are blue (and therefore actively building significant fractions of their
stellar mass) can offer important insights into their formation.

Here, we have studied a sample of 108 blue ellipticals in the
low-mass regime (with a median mass of ~10%7 My) at z < 0.3.
The novelties of this study include (1) making use of extremely
deep images from the HSC-SSP (which are around 6 mag deeper
than standard-depth imaging from the SDSS), (2) exploiting 40 filter
photometry that yields accurate physical parameters for galaxies
(e.g. redshifts, stellar masses, SFRs, and rest-frame colours) via the
COSMOS2020 catalogue, and (3) quantitatively investigating the
local density and locations in the cosmic web of our blue elliptical
sample, using the DISPERSE structure finding algorithm. Our main
results are as follows:

(1) Less than 3 per cent of our blue ellipticals show signs of tidal
features (indicative of recent mergers and interactions), which are
expected to be readily visible at the depth of the images used in this
study. The incidence of tidal features in the blue ellipticals is also
a factor of 2 lower than in the general galaxy population, strongly
implying that the star formation activity is likely to be driven, not by
mergers or interactions, but by secular gas accretion.

(ii) The blue ellipticals typically inhabit low-density environments
and reside further away from nodes and filaments of the cosmic
web compared to other morphological types. Such environments are
likely to facilitate sustained and efficient gas accretion on to these
systems because they are able to dominate their local environment,
as opposed to higher density regions where nearby massive galaxies
will preferentially accrete the available gas by virtue of their deeper
potential wells.

(iii) The number ratios of blue and normal (non-blue) ellipticals
that have similar stellar masses and reside in similar environments
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is around a factor of 2. In addition, given their high SFRs, our blue
ellipticals have the potential to significantly increase their stellar
mass over time-scales of ~1Gyr. Thus, these blue ellipticals are
likely progenitors of typical ellipticals at low (and slightly higher)
stellar masses.

(iv) Taken together, our results suggest that stellar mass growth
driven by secular gas accretion plays a significant (and possibly
dominant) role in the stellar mass buildup of elliptical galaxies in the
low-mass regime.
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APPENDIX A: DENSITY MAPS

In this section, we present all density maps (Fig. Al) used in our
study (see the text in Section 4 for details about their construction).
Note that, the density map for the redshift range 0.218 < z < 0.243 is
shown in Fig. 3.
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Figure A1. Density maps and skeletons (shown using black solid lines) used in this study. Different morphological classes (red: ellipticals, blue: spirals, cyan:
blue ellipticals) are shown overlaid.
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APPENDIX B: EXAMPLES OF SERSIC FITS

In this section, we show Sersic fits for typical examples of blue
ellipticals which have both photometric and spectroscopic redshifts
(Fig. B1), blue ellipticals which have only photometric redshifts
available (Fig. B2) and objects classified as stars (Fig. B3) by our
method.

Original Best fit Residuals

0.0 3
X
o
=
|
-05 ¢
3
o
S
o
-1.0 9
-15
-2.0

Figure B1. Sersic fits for three random blue ellipticals which have spectro-
scopic redshifts available. From top to bottom, the fitted Sersic indices and
maximum residual values are 4.56,7,5.13 and 0.1, 0.3 and 0.7 counts pixel‘1 s
respectively.
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Figure B2. Sersic fits for three blue ellipticals which have only photometric
redshifts available. From top to bottom, the fitted Sersic indices and maximum
residual values are 7, 6.5, 4.4 and 0.8, 0.3 and 0.5 counts pixel ~!, respectively.
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Figure B3. Sersic fits for three objects classified as stars by our method.
From top to bottom, the fitted Sersic indices and maximum residual values

are 7,5,6.1 and 4.7, 6.1 and 1.9 counts pixel’l, respectively.
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