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ABSTRACT

Using high-resolution Hubble Space Telescope imaging data, we perform a visual morphological classification of ~36 000
galaxies at z < 1 in the deep extragalactic visible legacy survey/cosmological evolution survey region. As the main goal of
this study, we derive the stellar mass function (SMF) and stellar mass density (SMD) sub-divided by morphological types. We
find that visual morphological classification using optical imaging is increasingly difficult at z > 1 as the fraction of irregular
galaxies and merger systems (when observed at rest-frame UV/blue wavelengths) dramatically increases. We determine that
roughly two-thirds of the total stellar mass of the Universe today was in place by z ~ 1. Double-component galaxies dominate
the SMD at all epochs and increase in their contribution to the stellar mass budget to the present day. Elliptical galaxies are the
second most dominant morphological type and increase their SMD by ~2.5 times, while by contrast, the pure-disc population
significantly decreases by ~ 85 per cent. According to the evolution of both high- and low-mass ends of the SMF, we find that
mergers and in situ evolution in discs are both present at z < 1, and conclude that double-component galaxies are predominantly
being built by the in situ evolution in discs (apparent as the growth of the low-mass end with time), while mergers are likely
responsible for the growth of ellipticals (apparent as the increase of intermediate/high-mass end).

Key words: galaxies: bulges — galaxies: disc — galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: formation —
galaxies: luminosity function, mass function.

size (e.g. Lange et al. 2015), and specific star formation rate (e.g.

1 INTRODUCTION Whitaker et al. 2014; Renzini & Peng 2015 and the references

The galaxy population in the local Universe is observed to be
bimodal. This bimodality manifests in multiple properties such as
colour, morphology, metallicity, light profile shape, and environment
(e.g. Kauffmann et al. 2003; Baldry et al. 2004; Brinchmann et al.
2004). This bimodality is also found to extend to earlier epochs
(see e.g. Strateva et al. 2001; Hogg et al. 2002; Bell et al. 2004;
Driver et al. 2006; Brammer et al. 2009, 2011; Taylor et al. 2009;
Williams et al. 2009) across many measurable parameters, for
example, in colour (e.g. Cirasuolo et al. 2007; Cassata et al. 2008;
Taylor et al. 2015), morphological type (e.g. Kelvin et al. 2014;
Whitaker et al. 2015; Moffett et al. 2016; Krywult et al. 2017),

* E-mail: abdolhosein.hashemizadeh @research.uwa.edu.au

therein). The inference from these observations is that there are
likely two evolutionary pathways regulated by mass and environment
giv (Driver et al. 2006; De Lucia & Blaizot 2007; Scarlata et al.
2007b; Peng et al. 2010; Trayford et al. 2016). However, it is unclear
as to whether studying the global properties of galaxies or their
individual morphological components can better explain the origin
of this bimodality (Driver et al. 2013) or whether more complex
astrophysics is required.

In this study, we explore the origin of this bimodality using the
global properties of galaxies to study the evolution of their stellar
mass function (SMF). The SMF, a statistical tool for measuring
and constraining the evolution of the galaxy population, is defined
as the number density of galaxies per logarithmic mass interval
(Schechter 1976). The SMF of galaxies in the local Universe is now
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very well studied and found to be described by a two-component
Schechter (1976) function with a characteristic cut-off mass of
between 10'%¢ and 10" M, and a steepening to lower masses (see e.g.
Baldry, Glazebrook & Driver 2008; Peng et al. 2010; Baldry et al.
2012; Kelvin et al. 2014; Moffett et al. 2016; Weigel, Schawinski
& Bruderer 2016; Wright et al. 2017). Several studies have also
investigated the evolution of the SMF at higher redshifts (Pozzetti
et al. 2010; Muzzin et al. 2013; Whitaker et al. 2014; Leja et al.
2015; Mortlock et al. 2015; Wright, Driver & Robotham 2018;
Kawinwanichakij et al. 2020). A fingerprint of this bimodality is also
observed in the double-component Schechter function required to fit
the local SMF (e.g. Baldry et al. 2012; Wright et al. 2018). At least
two distinct galaxy populations corresponding to star-forming and
passive systems are thought to be the origin of this bimodal shape,
with star-forming systems dominating the low-mass tail and passive
galaxies dominating the high-mass ‘hump’ of the SMF (Baldry et al.
2012; Muzzin et al. 2013; Wright et al. 2018).

Many previous studies have separated galaxies into two main
populations of star forming and passive (or a proxy thereof), and
measured their individual stellar mass assemblies (e.g. Pozzetti et al.
2010; Tomczak et al. 2014; Leja et al. 2015; Davidzon et al. 2017).
For example, by separating their sample into early- and late-type
galaxies based on colour, Vergani et al. (2008) studied the SMF of
the samples and confirmed that ~ 50 per cent of the red-sequence
galaxies were already formed by z ~ 1. Pannella et al. (2006)
used a sample of ~1600 galaxies split into early- intermediate-, and
late-type galaxies classified according to their Sérsic index. Similar
work was carried out by Bundy, Ellis & Conselice (2005) and Ilbert
et al. (2010). In the local Universe, some studies have classified
small samples of galaxies and investigated the SMF of different
morphological types (Fukugita et al. 2007 and Bernardi et al. 2010
using the Sloan Digital Sky Survey, SDSS). For example, Bernardi
et al. (2010) reported that elliptical galaxies contain 25 per cent of
the total stellar mass density (SMD) and 20 per cent of the luminosity
density of the local Universe.

Splitting galaxies into only two broad populations of star-forming
and passive (or early- and late-type) galaxies might be inadequate
to comprehensively study all aspects of galaxy evolution (e.g.
Siudek et al. 2018). Most previous studies at higher redshifts have
separated galaxies into early- and late-type according to their colour
distribution mainly due to the lack of spatial resolution as at high-
redshifts galaxies become unresolved in ground-based imaging. This
has restricted true morphological comparisons in most studies to the
local Universe (see e.g. Baldry et al. 2004; Fontana et al. 2004).
A disadvantage of a simple colour-based classification is at higher
redshifts, where, for example, regular discs occupied by old stellar
populations are likely to be classified as early-type systems (see e.g.
Pannella et al. 2006). This is, however, unlikely to have an impact
on the visual morphological classification, particularly when using
high-resolution imaging such as the Hubble Space Telescope (HST)
data (Huertas-Company et al. 2015). As such, we need better ways
of quantifying the structure of galaxies throughout the history of the
Universe. Consequently, some studies have started to probe visually
classified morphological types (e.g. Sandage 2005; Fukugita et al.
2007; Nair & Abraham 2010; Lintott et al. 2011 and the references
therein). In effect, there are two morphologies one might track: the
end-point morphology at z ~ 0 or the instantaneous morphology
at the observed epoch. Observing galaxies at higher redshifts, we
find a different distribution of morphological types. For example, in
earlier works using HST, van den Bergh et al. (1996) and Abraham
et al. (1996b) presented a morphological catalogue of galaxies in the
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Hubble Deep Field and found significantly more interacting, merger
and asymmetric galaxies than in the nearby Universe.

By studying the SMF of various morphological types in the
local Universe (z < 0.06), visually classified in the Galaxy and
Mass Assembly survey (GAMA; Driver et al. 2011), Kelvin et al.
(2014) and Moffett et al. (2016) found that the local SMD is
dominated by spheroidal galaxies, defined as E/S0/Sa. They reported
the contribution of spheroid- (E/SOab) and disc-dominated (Sbcd/Irr)
galaxies of approximately 70 per cent and 30 per cent, respectively,
towards the total stellar mass budget of the local Universe. These
studies, however, are limited to the very local Universe. For a better
understanding of the galaxy formation and evolution processes at
play in the evolution of different morphological types, and their rates
of action, we need to extend similar analyses to higher redshifts. This
will allow us to explore the contribution of different morphological
types to the stellar mass budget as a function of time and elucidate
the galaxy evolution process.

In this work, we perform a visual morphological classification of
galaxies in the deep extragalactic visible legacy survey (DEVILS)-
D10/cosmological evolution survey (COSMOS) field (Scoville et al.
2007; Davies et al. 2018). We use the high-resolution HST imaging
and use a sample of galaxies within0 <z <1and M, > 10%3, selected
from the DEVILS sample and analysis, for which classification
is reliable. This intermediate redshift range is a key phase in the
evolution of the Universe where a large fraction (~ 50 per cent) of
the present-day stellar mass is formed and large structures such as
groups, clusters and filaments undergo a significant evolution (Davies
et al. 2018). During this period, the sizes and masses of galaxies
also appear to undergo significant evolution (e.g. van der Wel et al.
2012).

By investigating the evolution of the SMF for different morpho-
logical types across cosmic time, we can probe the various systems
within which stars are located, and how they evolve. In this paper, we
investigate the evolution of the SMF of different morphological types
and explore the contribution of each morphology to the global stellar
mass build-up of the Universe. Shedding light on the redistribution
of stellar mass in the Universe and also the transformation and
redistribution of the stellar mass between different morphologies
likely explains the origin of the bimodality in galaxy populations
observed in the local Universe.

The ultimate goal of this study and its companion papers is
to not only probe the evolution of the morphological types but
also study the formation and evolution of the galaxy structures,
including bulges and discs. This will be presented in a companion
paper (Hashemizadeh et al., in preparation), while in this paper we
explore the visual morphological evolution of galaxies and conduct
an assessment into the possibility of the bulge formation scenarios
by constructing the global stellar mass distributions and densities of
various morphological types.

In Section 1.3, we define our sample and sample selection.
Section 2 presents different methods that we explore for the morpho-
logical classification. In Section 3, we describe the parametrization
of the SMF. We then show the total SMF at low z in Section 3.1.
Section 3.2 describes the effects of the cosmic LSS due to the limiting
size of the DEVILS/COSMOS field, and the technique we use to
correct for this. The evolution of the SMF and the SMD and their
subdivision by morphological type are discussed in Sections 3.3—4.
We finally discuss and summarize our results in Sections 5 and 6.

Throughout this paper, we use a flat standard ACDM cosmology
of Qy = 0.3, Q4 = 0.7 with Hy = 70 kms~' Mpc~'. Magnitudes
are given in the AB system.
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1.1 DEVILS: deep extragalactic visible legacy survey

The DEVILS (Davies et al. 2018), is an ongoing magnitude-
limited spectroscopic and multiwavelength survey. Spectroscopic
observations are currently being undertaken at the Anglo-Australian
Telescope (AAT), providing spectroscopic redshift completeness
of > 95 per cent to Y-mag <21.2 mag. This spectroscopic sample
is supplemented with robust photometric redshifts, newly derived
photometric catalogues (Davies et al., in preparation) and derived
physical properties (Thorne et al. 2020, and the work here) all
undertaken as part of the DEVILS project. These catalogues extend
to Y~25 mag in the D10 region.

The objective of the DEVILS campaign is to obtain a sample
with high spectroscopic completeness extending over intermediate
redshifts (0.3 < z < 1.0). At present, there is a lack of high com-
pleteness spectroscopic data in this redshift range (e.g. Davies et al.
2018; Scodeggio et al. 2018). DEVILS will fill this gap and allow
for the construction of group, pair, and filamentary catalogues to fold
in environmental metrics. The DEVILS campaign covers three well-
known fields: the XMM-Newton LSS field (D02: XMM-LSS), the
Extended Chandra Deep Field-South (D03: ECDES), and the Cos-
mological Evolution Survey field (D10: COSMOS). In this work, we
only explore the D10 region as this overlaps with the HST COSMOS
imaging. The spectroscopic redshifts used in this paper are from the
DEVILS combined spectroscopic catalogue that includes all avail-
able redshifts in the COSMOS region, including zCOSMOS (Lilly
et al. 2007, Davies et al. 2015), hCOSMOS (Damjanov et al. 2018),
and DEVILS (Davies et al. 2018). As the DEVILS survey is ongoing
the spectroscopic observations for our full sample are still incomplete
(the completeness of the DEVILS combined data is currently
~90 per cent to Y-mag = 20). Those objects without spectroscopic
redshifts are assigned photometric redshifts in the DEVILS master
redshift catalogue (DEVILS_D10MasterRedshiftCat_v0.2
catalogue), described in detail in Thorne et al. (2020). In this
work, we also use the stellar mass measurements for the D10
region (DEVILS_D10ProSpectCat_vO0. 3 catalogue) reported by
Thorne et al. (2020). Briefly, to estimate stellar masses they used
the PROSPECT SED fitting code (Robotham et al. 2020) adopting
Bruzual & Charlot (2003) stellar libraries, the Chabrier (2003) IMF
together with Charlot & Fall (2000) to model dust attenuation
and Dale et al. (2014) to model dust emission. This study uses
the new multiwavelength photometry catalogue in the D10 field
(DEVILS_PhotomCat_vO0.4; Davies et al., in preparation) and
finds stellar masses ~0.2 dex higher than in COSMOS2015 (Laigle
et al. 2016) due to differences in modelling an evolving gas phase
metallicity. See Thorne et al. (2020) for more details.

1.2 COSMOS ACS/WFC imaging data

The COSMOS is one of the most comprehensive deep-field surveys to
date, covering almost two contiguous square degrees of sky, designed
to explore LSSs and the evolution of galaxies, AGN, and dark matter
(Scoville et al. 2007). The high-resolution HST F814W imaging in
COSMOS allows for the study of galaxy morphology and structure
out to the detection limits. In total, COSMOS detects ~2 million
galaxies at a resolution of <100 pc (Scoville et al. 2007).

The COSMOS region is centred at RA = 150.121 (10: 00: 28.600)
and Dec. = +2.21 (4-02: 12: 21.00) (J2000) and is supplemented by
1.7 deg? of imaging with the Advanced Camera for Surveys (ACS')

I ACS Hand Book: www.stsci.edu/hst/acs/documents/.
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Figure 1. Background shows the ACS/F814W mosaic image of the COS-
MOS field. The cyan rectangle represents the D10 region in the DEVILS
survey. The gold points are the D10/ACS sources used in this work consisting
of ~36k galaxies. See Section 1.3 for more detail.

on HST. This 1.7 deg” region was observed during 590 orbits in the
F814W (I band) filter and also, 0.03 deg? with F475W (g band). In
this study, we exclusively use the F814W filter, not only providing
coverage but also suitable rest-frame wavelength for the study of
optical morphology of galaxies out to z ~ 1 (Koekemoer et al. 2007).
The original ACS pixel scale is 0.05 arcsec and consists of a series
of overlapping pointings. These have been drizzled and re-sampled
to 0.03 arcsec resolution using the MULTIDRIZZLE code (Koekemoer,
Fruchter & Hack 2003), which is the imaging data we use in this
work. The frames were downloaded from the public NASA/IPAC
Infrared Science Archive (IRSA) webpage? as fits images.

1.3 Sample selection: D10/ACS sample

As part of the DEVILS survey, we have selected an HST imaging
sample with which to perform various morphological and struc-
tural science projects. Fig. 1 shows the ACS mosaic imaging of
the COSMOS field with the full D10 region overlaid as a cyan
rectangle (defined from the Ultra VISTA imaging). Our final sample,
D10/ACS, is the common subset of sources from ACS and D10. The
position of the D10/ACS sample on the plane of RA and Dec. is
overplotted on the same figure as the yellow dots. Note that as shown
in Fig. 1, we exclude objects in the jagged area of the ACS imaging
leading to a rectangular effective area of 1.3467 deg?.

Although our HST imaging data is high resolution (see Fig. 2 for
arandom galaxy at redshift z ~ 0.47), we are still unable to explore
galaxy morphologies beyond a certain redshift and stellar mass in
our analysis as galaxies become too small in angular scale or too dim
in surface brightness to identify morphological substructures.

We first try to select a complete galaxy sample from the DEVILS-
D10/COSMOS data to define the redshift and stellar mass range
for which we can perform robust morphological classification and

%irsa.ipac.caltech.edu/data/COSMOS/images/acs 2.0/1/
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Figure 2. A random galaxy in our sample at redshift z ~ 0.47 showing an
example of the postage stamps we generate to perform our visual inspection.
Main image is the HST ACS/F814W and the inset is SUBARU gri colour
image. The image shows a cut-out of 5 x R90 on each side, where R90 = 3.23
arcsec measured from UltraVISTA Y band (Davies et al. 2018).

structural decomposition (Hashemizadeh et al., in preparation). Note
that we use a combination of photometric and available spectroscopic
redshifts as well as stellar masses as described in Section 1.1. In total,
at the time of writing this paper, 23 264 spectroscopic redshifts are
available in the D10 region (excluding the jagged edges) of which
2903 redshifts are observed by DEVILS. See the DEVILS website?
for a full description of these data. We select 284 random galaxies
drawn from across the entire redshift and stellar mass distribution,
and visually inspect them. These 284 galaxies are shown as circles
in Fig. 3. From our visual inspection, we identify the boundaries
within which we believe the majority of galaxies are sufficiently
resolved that morphological classifications should be possible (i.e.
not too small or faint). Our visual assessments are indicated by
colour in Fig. 3 showing two-component (grey), single-component
(blue), and problematic cases (red; merger, disrupted, and low S/N).
Unsurprisingly, in agreement with other studies (e.g. Conselice,
Blackburne & Papovich 2005), we find the fraction of problematic
galaxies increases drastically at high redshifts (z > 1.4). Beyond this
redshift, an increasing number of galaxies (~ 50 per cent) become
complex and no longer adhere to a simplistic picture of a central bulge
plus disc system. A large fraction of galaxies appear interacting,
clumpy, very faint and/or extremely compact, hence the notion
of galaxies as predominantly bulge plus disc systems becomes
untenable. Note that the vast majority of galaxies in this redshift
range are disturbed interacting systems, however our observation
of a fraction of the clumpy galaxies could be due to the fact
that the bluer rest-frame emission is more sensitive to star-forming
regions dominating the flux. The clumps and potential bulges at this
epoch, are mostly comparable or smaller than the HST PSF, hence
conventional 2D bulge+disc fits are also unlikely to be credible even
at HST resolution.

3https://devilsurvey.org
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Note that as can be seen in Fig. 3, we also start to suffer significant
mass incompleteness at low redshifts due to the COSMOS F814W
sensitivity limit. The sample completeness limit is shown here as a
smooth spline fitted to the modal values of stellar mass in bins of
lookback time (shown as a solid line), i.e. peaks of the stellar mass
histograms in narrow redshift slices. We also show the completeness
limit reported by Thorne et al. (2020) and shown as a dashed line in
Fig. 3, which is based on a g — i colour analysis and is formulated
as log(M,) = 0.25¢ + 7.25, where ¢ is lookback time in Gyr. From
this initial inspection we define our provisional window of 105 185
galaxies at z < 1.4 and log(M../Mg) > 9, shown as a dotted rectangle
in Fig. 3.

To further tune this selection, we then generated postage stamps of
4000 random galaxies (now initial selection) using the HST F814W
imaging and colour gri insets from the Subaru Suprime-Cam data
(Taniguchi et al. 2007). Fig. 2 shows an example of the cut-outs
we generated for our visual inspection. The postage stamps are
generated with 5 x R90 on each side, where R90 is the radius
enclosing 90 per cent of the total flux in the UltraVISTA Y band
(soon to be presented in DEVILS photometry catalogue, Davies et al.,
in preparation). These stamps were independently reviewed by five
authors (AH, SPD, ASGR, LJMD, and SB) and classified into single-
component, double-component, and complicated systems (hereafter:
hard). The single-component systems were later sub-divided into
disc or elliptical systems. Note that the hard class consists of
asymmetric, merging, clumpy, extremely compact, and low-S/N
systems, for which 2D structural decomposition would be unlikely
to yield meaningful output. Objects with three or more votes in one
category were adopted and more disparate outcomes discussed and
debated until an agreement was obtained. In this way, we established
a ‘gold calibration sample’ of 4k galaxies to justify our final redshift
and stellar mass range, and for later use as a training sample in our
automated-classification process, see Section 2 for more details.

Fig. 4 shows the fraction of each of the above classifications versus
redshift and total stellar mass (the dashed lines). As the left-hand
panel shows, the fraction of hard galaxies (the grey-dashed line)
drastically increases at z > 1. At the highest redshift of our sample,
z ~ 1.4, 40 percent of the galaxies are deemed unfittable, or at
least inconsistent with the notion of a classical/pseudo-bulge plus
disc systems (which is consistent with Abraham et al. 1996a and
Conselice et al. 2005). Also see the review by Abraham & van den
Bergh (2001). We therefore further restrict our redshift range toz < 1
in our full-sample analysis. Additionally, we increase our stellar mass
limit to log(M./Mg) = 9.5 to reduce the effects of incompleteness
(see Fig. 3) and to restrict our sample to a manageable number for
morphological classifications. In Fig. 3, our final sample selection
region is now shown as a solid rectangle. The distribution of the
stellar mass and redshift of our final sample is also displayed in the
right-hand panels (b and c) of the same figure.

Overall, our analysis of galaxies in different regions of the M,—z
parameter space leads us to a final sample of galaxies for which we
can confidently study their morphology and structure. We conclude
that we can study the structure of galaxies up to z ~ 1 and down
to log(M,./Mg) > 9.5. Within this selection, our sample consists of
35803 galaxies with 14 036 available spectroscopic redshifts.

2 FINAL MORPHOLOGICAL
CLASSIFICATIONS

In this section, we initially aim to develop a semi-automatic method
for morphological classification. Our ultimate goal would be to reach
a fully automatic algorithm for classifying galaxies into various
morphological classes. While this ultimately proves unsuitable, we

MNRAS 505, 136-160 (2021)

120Z Jaquardeg G| uo Jasn pioixQ Jo Ausieaiun Aq 858491 9/9€ L/1L/S0S/301e/SeluwW/Wwod dno"olwapeoe//:sdiy Wol) papeojumMo(]


https://devilsurvey.org

A. Hashemizadeh et al.

140

Downloaded from https://academic.oup.com/mnras/article/505/1/136/6164858 by University of Oxford user on 15 September 2021

*20°0 JO UOTIBIAQD pIepue)s ()M [ouIay & Aq
payoowss a1k sJ(d Y} eyl 2J0N ‘([Surioar prjos oy urgim o'1) Jdwes [euy Ino Jo JJIYSPAI pue ssew Ie[[d)s Jo uonnqrusip ay) Ae[dsip () pue (q) s[oued "S[IEJOp 2I0W J0J X3} AY) 22§ JrwI| ssaud[dwod (0z07)
‘T2 19 QUIOYT, SMOYS UI] PAYSLP-Jor[q AL, "Ssaualo[duwod Sseur Je[[o)s ) SUTEdIPUT W) JOrqyOO] JO SUIq UT SSeUl Je[[2)S ) JO anJeA [epour oy 0 3y aurfds o) sjuasardar our] Yor[q PIOS AL 'S'6 < (CIN/*IN)01
pue (' > 2 03 dn sarxe[es s19A09 jey) uor3ar o[dwres euy Jno smoys a[3ueyda1 pIjos AL, (6 < (PIN/*IN)30] pue 4] > 2] uordar ojdwes [eniur Ino 0) spuodsariod 9[3ue)dar panop Ay [, ‘sorxeres Adwnjo-)jryspar-ysiy
10 N/S MO] ‘sarxe[ed paqiniiad ‘Swo)sAs Juriour Jo ISISuod jey) sarxe[es payeor|dwos aIe sJoquiAs pal Y], ‘A[oAndadsar ‘sarxees juauodwod 9[3uls pue 9[qnop Y} MOYS SI[OIID an[q pue A3 Y], ‘uondadsur [ensia
Tentur J0j ojduwres Ajuwopuel om jey) sarxe[ed 487 1uasa1dar SO[OIId 9y, "puNoI3oeq ur ueko ur umoys are sarxe[es [[y -o[dwes Ino Jo (IIYSpaI) Wi} JOrqyoo] pue SSBUl JB[[9)S Uoam)dq uone[ar oy, (8) °¢ aanSLy

Hlyspay
L 80 90 %0 20 0

1A / Bwi] ¥oegy007
€L 2L L O 6 8 L 9 S ¥ € 2 L 0

AL N L B R S B B S B S S S S S SN L S e

Jwi| ssaud)a|dwod 0zZOZ +9uUIoy] — — — 4 o;
sanje [ePO 03 )4 aulds
pieH/pereondwod e

sifus e
]

&

S0
S0

H

AisuaQg

Sl
g

8|gnoQ
saixeleb ||y

S¢
.
O
N—
gec

I 80 90 v'0 co 0
(O /-IN)Bo
cl Gl L G0l (0]§ G'6 B

e O
¥ A0SR

< o
e
.0+ ]
5 § . ]
4

(°W /*IN)Bo)

v0_ 20
v0 20
(0]8

L

90
Alsuaq

90

80
80

cl

¥0 0 0

L0
(a) Hlyspay

MNRAS 505, 136-160 (2021)



DEVILS: mass growth of morphological types 141

Redshift
0.1 0.2 0.4 0.7 1 1.4
T T T T T L R L T I A L LA N A R B BN AL
- T = = Gold Sample (4k) 7
| e Full Sample (36k) 1
T BD
& D
o[ T E B
c
C H
5]
© el £ 1
c S
S
L \
by \
Qo < | | i
E° ’
Z /7
7/
N € i
<) 2=
o - — -— — -
| 1 | | A T T N S S T T NS S S S SN SR SR SR SR SN SR SO S SO N SRR
2 4 6 8 9 9.5 10 10.5 11 11.5
Lookback Time log(M-/Mo)

Figure 4. The number fraction of each morphological type (BD: bulge-+disc, D: pure-disc, E: elliptical, C: compact, H: hard) in bins of lookback time (redshift)
and total stellar mass, left-hand and right-hand panels, respectively. Each colour represents a morphology as indicated in the inset legend. The dashed lines are
the ~4000 random sample that we visually classified (z < 1.4), while the solid lines are our full visual inspection of the final sample. Shaded stripes around
lines display 95 per cent confidence intervals from beta distribution method as calculated using prop . test in R package STATS.

discuss it here to explain why we finally visually inspect all systems.
These classes are as mentioned above bulge+disc (BD; double-
component), pure-disc (D), elliptical (E), and hard (H) systems. In
order to overcome this problem we test various methods including:
cross-matching with Galaxy Zoo, Hubble catalogue (GZH), and
Zurich Estimator of Structural Type (ZEST) catalogues. In the end,
none of the methods proved to be robust and we resort to full visual
inspection.

2.1 Using Galaxy Zoo: Hubble

A large fraction of COSMOS galaxies with Irg14w < 23.5 have been
classified in the Galaxy Zoo: Hubble (GZH) project (Willett et al.
2017). Like other Galaxy Zoo projects, this study classifies galaxies
using crowdsourced visual inspections. They use images taken by the
ACS in various wavelengths including 84 954 COSMOS galaxies in
the F814W filter. Our sample has more than 80 per cent overlap with
GZH, so we can cross-match and use their classifications to partially
improve our final sample. We translate the GZH classifications into
our desired morphological classes using the decision tree shown in
fig. 4 of Willett et al. (2017), as well as the suggested thresholds for
morphological selection presented in table 11 of the same paper. Our
final decision tree is displayed in the flowchart shown in Fig. 5. We
refer to Willett et al. (2017) for a detailed description of each task.
The thresholds are shown as P values in the flowchart. In addition
to using different combinations and permutations of tasks as shown
in Fig. 5, the only part that we add to the GZH tasks is where an
object is voted to have a smooth light profile. In this case, the object
is likely to be an E or SO or a smooth pure-disc galaxy. To distinguish
between them, we use the single Sérsic index (n). As shown in the
flowchart, n > 2.5 and n < 2.5 are classified as spheroid and pure-disc,
respectively. The Sérsic indices are taken from our structural analysis

which will be described in Hashemizadeh et al. (in preparation). In
order to capture the SO galaxies or double-component systems with
smooth disc profiles we add an extra condition as to whether there
are at least two Galaxy Zoo votes for a prominent bulge. If so,
then it is likely that the galaxy is a double-component system. An
advantage of using the GZH decision tree is that it can identify a
vast majority of galaxies with odd features such as merger-induced
asymmetry, etc. Table 1 shows a confusion matrix comparing the
GZH predictions with the visual inspection of our 4k gold sample
as the ground truth. Double-component galaxies are predicted by the
GZH with maximum accuracy 81 per cent. Single-component (i.e.
pure-disc and elliptical galaxies) and hard galaxies are predicted at
a significantly lower accuracy with high misclassification rates. We
further visually inspected misclassified galaxies and do not find good
agreement between our classification and those of GZH. As such, we
do not trust the GZH classification for our sample.

2.2 Using Zurich Estimator of Structural Type

Another available morphological catalogue for COSMOS galaxies
is the ZEST (Scarlata et al. 2007a). In ZEST, Scarlata et al. (2007a)
use their single-Sérsic index (n) as well as five other diagnostics:
asymmetry, concentration, Gini coefficient, second-order moment
of the brightest 20 percent of galaxy flux, and ellipticity. ZEST
includes a sample of ~56 000 galaxies with Izg;4y < 24. More than
90 per cent of our sample is cross-matched with ZEST that we use
as a complementary morphological classification. We use the ZEST
TYPE flag with four values of 1, 2, 3, and 9 representing early-
type galaxy, disc galaxy, irregular galaxy, and no classification. For
Type 2 (i.e. disc galaxy), we use the additional flag BULG, which
indicates the level of bulge prominence. BULG is flagged by five
integers as follows: 0 = bulge dominated, 1,2 = intermediate-bulge,
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Figure 5. This flowchart shows the decision tree that we adopt to translate Galaxy Zoo: Hubble (GZH) tasks and outputs into the desired morphologies to be
used in this study. The weight of final arrows are proportional to the number of galaxies following those paths. In addition, the fraction of galaxies falling into

each morphological category is annotated.

Table 1. The confusion matrix comparing the morphological predictions of
the GZH with our visual inspection of 4k gold calibration sample as the ground
truth. For example, 0.81 means 81 per cent of double component galaxies (in
our visual classification) are also correctly classified by the GZH.

GZH Pred \ Ground truth Double Hard Single
Double 0.81 0.28 0.32
Hard 0.0038 0.18 0.011
Single 0.18 0.53 0.67

Table 2. The confusion matrix comparing the morphological predictions of
the ZEST catalogue with our visual inspection of 4k gold calibration sample
as the ground truth.

ZEST Pred \ Ground truth Double Hard Single
Double 0.74 0.34 0.42
Hard 0.047 0.37 0.036
Single 0.21 0.28 0.55

3 = pure-disc, and 9 = no classification. We present the accuracy
of ZEST predictions in a confusion matrix in Table 2 that shows
we do not find an accurate morphological prediction from ZEST in
comparison to our gold calibration sample. While double-component
systems are classified with an accuracy of 74 per cent, other classes
are classified poorly with high error ratios. We confirm this by visual
inspection of the misclassified objects where we still favour our
visual classification.

MNRAS 505, 136-160 (2021)

Overall, by analysing both of the above catalogues we do not
find them to be sufficiently accurate for predicting the proper
morphologies of galaxies when we compare their estimates with
our 4k gold calibration visual classification.

2.3 Visual inspection of full D10/ACS sample

As no automatic classification robustly matches our gold calibration
sample, we opt to visually inspect all galaxies in our full sample.
However, we can use the predictions from GZH and ZEST as a
pre-classification decision and put galaxies in master directories
according to their prediction. The hard class is adopted from the
GZH prediction as it is shown to perform well in detecting galaxies
with odd features. In addition, from analysing the distribution of the
half-light radius (R50) of our 4k gold calibration sample, extracted
from our DEVILS photometric analysis, we know that resolving
the structure of galaxies with a spatial size of R50 <0.15 arcsec is
nearly impossible. R50 is measured using the PROFOUND package
(Robotham et al. 2018), a tool written in the R language for source
finding and photometric analysis. So, we put these galaxies into a
separate compact class (C).

Having pre-classified galaxies, we now assign each class to one
of our team members (AH, SPD, ASGR, LJMD, SB) so each of
the authors is independently a specialist in, and responsible for,
only one morphological class. Initially, we inspect galaxies and
relocate incorrectly classified galaxies from our master directories to
transition folders for further inspections by the associated responsible
person. In the second iteration, the incorrectly classified systems will
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Figure 6. Stellar mass versus redshift, colour coded by the level of agreement in our final classifications (by three co-authors), i.e. the percentage of objects in
each cell consistently classified by at least two of our classifiers. Note that we increase the resolution of the colour map of agreement >0.92 to highlight the

variation of agreement in this level. See the text for more details.

be reclassified and moved back into master directories. The leftover
sources in the transition directories are therefore ambiguous. For
these galaxies, all classifiers voted and we selected the most voted
class as the final morphology. As a final assessment and quality
check three of our authors (SPD, LJIMD, and SB) independently
reviewed the entire classifications (~15k each) and identified ~7k
that were still felt to be questionable. These three classifiers then
independently classified these 7k objects. The final classification
was either the majority decision or in the case of a 3-way divergence
the classification of SPD.

Fig. 6 shows the stellar mass versus redshift plane colour coded
according to the level of agreement between our 3 classifiers. Colour
indicates the percentage of objects in each cell consistently classified
by at least two classifiers, obtained as follows:

Agreement
__ Number of objects with two or more agreement in the cell

)

(1

This figure implies that we have the highest agreement
(~ 100 per cent) for high stellar mass objects at low redshifts. The
agreement in our classification decreases to ~ 90-95 per cent to-
wards lower stellar mass regime at high redshift. This figure indicates
that, on average, our visual classifications performed independently
by different team members agree by ~ 95 per cent over the complete
sample.

We report the number of objects in each morphological class in
Table 3. 44.4 per cent of our sample (15 931) are classified as double-

Total number of objects in the cell

Table 3. Final number of objects in each of our morphological classes.

Morphology Object number Percentage
Double 15931 44 4 per cent
Pure Disc 13212 37 per cent
Elliptical 3890 11 per cent
Compact 1124 3.1 per cent
Hard 1600 4.5 per cent

component (BD) systems. We find 13212 pure-disc (D) galaxies
(37 per cent), while only 3890 (11 per cent) elliptical (E) galaxies.
The Compact (C) and hard (H) systems, in total, occupy 7.6 per cent
of our D10/ACS sample.

The visual morphological classification is
the team-internal DEVILS data release one
D10VisualMoprhologyCat data management unit.

released in
(DR1) in

2.4 Possible effects from the ‘Morphological K-correction’ on
our galaxy classifications

The morphology of a sub-set of nearby galaxy classes shows some
significant dependence on rest-frame wavelengths, especially below
the Balmer break and towards the UV (e.g. Hibbard & Vacca 1997;
Windhorstet al. 2002; Papovich et al. 2003; Taylor et al. 2005; Taylor-
Mager et al. 2007; Huertas-Company et al. 2009; Rawat, Wadadekar
& De Mello 2009; Holwerda et al. 2012; Mager et al. 2018). This
‘Morphological K-correction’ can be quite significant, even between
the B- and near-IR bands (e.g. Knapen & Beckman 1996), and
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must be quantified in order to distinguish genuine evolutionary
effects from simple bandpass shifting. Hence, the results of faint
galaxy classifications may, to some extent, depend on the rest-frame
wavelength sampled.

Our D10/ACS classifications are done in the F814W filter (/ band),
and the largest redshift in our sample, z ~ 1, samples ~412 nm (B
band), so for our particular case, the main question is, to what extent
galaxy rest-frame morphology changes significantly from 412 to
823 nm across the BVRI filters. Here, we briefly summarize how any
such effects may affect our classifications.

Windhorst et al. (2002) imaged 37 nearby galaxies of all types
with the HST, gathering available data mostly at 150, 255, 300, 336,
450, 555, 680, and/or 814 nm, including some ground-based images
to complement filters missing with HST. These nearby galaxies
are all large enough that a ground-based V-band image yields the
same classification as an HST F555W or F606W image. These
authors conclude that the change in rest-frame morphology going
from the red to the mid-far-UV is more pronounced for early-type
galaxies (as defined at the traditional optical wavelengths or V-
band), but not necessarily negligible for all mid-type spirals or star-
forming galaxies. Late-type galaxies generally look more similar in
morphology from the mid-UV to the red due to their more uniform
and pervasive SF that shows similar structure for young—old stars in
all filters from the mid-UV through the red. Windhorst et al. (2002)
conclude qualitatively that in the rest-frame mid-UYV, early- to mid-
type galaxies are more likely to be misclassified as later types than
late-type galaxies are likely to be misclassified as earlier types.

To quantify these earlier qualitative findings regarding the mor-
phological K-correction, much larger sample of 199 nearby galaxies
across all Hubble types (as defined in V' band) was observed by Taylor
etal. (2005) and Taylor-Mager et al. (2007), and 2071 nearby galaxies
were similarly analyzed by Mager et al. (2018). They determined
their SB-profiles, radial light-profiles, colour gradients, and CAS
parameters (Concentration index, Asymmetry, and Clumpiness; e.g.
Conselice 2004) as a function of rest-frame wavelength from 150 to
823 nm.

Taylor-Mager et al. (2007) and Mager et al. (2018) conclude
that early-type galaxies (E-SO) have CAS parameters that appear,
within their errors, to be similar at all wavelengths longwards
of the Balmer break, but that in the far-UV, E-SO galaxies have
concentrations and asymmetries that more closely resemble those
of spiral and peculiar/merging galaxies in the optical. This may
be explained by extended discs containing recent star formation.
The CAS parameters for galaxy types later than SO show a mild
but significant wavelength dependence, even over the wavelength
range 436—823 nm, and a little more significantly so for the earlier
spiral galaxy types (Sa—Sc). These galaxies generally become less
concentrated and more asymmetric and somewhat more clumpy
towards shorter wavelengths. The same is true for mergers when
they progress from pre-merger via major-merger to merger-remnant
stages.

While these trends are mostly small and within the statistical error
bars for most galaxy types from 436 to 823 nm, this is not the case
for the Concentration index and Asymmetry of Sa—Sc galaxies. For
these galaxies, the Concentration index decreases and the Asymmetry
increases going from 823 to 436 nm (fig. 17 of Taylor-Mager et al.
2007 and fig. 5 of Mager et al. 2018). Hence, to the extent that
our visual classifications of apparent Sa—Sc galaxies depended on
their Concentration index and Asymmetry, it is possible that some
of these objects may have been misclassified. E-SO galaxies show no
such trend in Concentration with wavelength for 436-823 nm, and
have Concentration indices much higher than Sa-Sc galaxies and
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Figure 7. Top panel: the PDF of the specific star formation rate (sSFR
= SFR/M,) of the same morphologies. Bottom panel: the stellar mass
probability density function (PDF) of three morphologies in our sample (all
redshifts), i.e. pure-disc (cyan), double-component (green), and elliptical
(magenta) galaxies. Note that for clarity, the PDFs are slightly smoothed by
a kernel with standard deviation of 0.02.

Asymmetry and Clumpiness parameters generally much lower than
Sa—Sc galaxies. Hence, it is not likely that a significant fraction of
E-SO galaxies are misclassified as Sa—Sc galaxies at z < 0.8 in the
436-823 nm filters due to the Morphological K-correction.

Sd-Im galaxies show milder trends in their CAS parameters and
in the same direction as the Sa—Sc galaxies. It is thus possible that
a small fraction of Sa-Sc galaxies — if visually relying heavily on
Concentration and Asymmetry index — may have been visually
misclassified as Sd-Im galaxies, while a smaller fraction of Sd-
Im galaxies may have been misclassified as Sa—Sc galaxies. The
available data on the rest-frame wavelength dependence of the
morphology of nearby galaxies do not currently permit us to make
more precise statements. In any case, these CAS trends with rest-
frame wavelengths as observed at 436-823 nm for redshifts z >~
0.8-0 in the F814W filter are shallow enough that the fraction
of misclassifications between Sa—Sc and Sd-Im galaxies, and vice
versa, is likely small.

2.5 Review

In Fig. 4, we show the associated fractions of our final visual
inspection as the solid lines. The global trends are in good agreement
with our initial 4k gold calibration sample. We find that, although our
inspection procedure may have slightly changed from the 4k gold
calibration sample to the full sample, the outcome classifications
are consistent in the three primary classes making up more than
92 per cent of our sample.

Fig. 7 shows the probability density function (PDF) of the specific
Star Formation Rate (sSFR; upper panel) and total stellar mass
(lower panel) for galaxies classified as D, BD, and E. We use the
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Figure 8. Random postage stamps of various morphologies that we generate to perform our visual inspection. Background images are HST ACS/F814W, while
insets are combined SUBARU gri colour image. The rows represent different morphologies. Galaxies are randomly selected within different redshift bins shown
in columns. Redshifts annotated in the first row are the mean of the associated redshift bins. The cut-outs indicate 5 x R90 on each side, where R90 is measured
from UltraVISTA Y-band in the DEVILS photometry catalogue (Davies et al., in preparation).

Star Formation Rate (SFR) from the PROSPECT SED fits described in
Thorne et al. (2020). These figures indicate that, as one would expect,
D galaxies dominate lower stellar mass and higher sSFR regime,
opposite to Es which occupy the high stellar mass end and low
sSFR. BD galaxies are systems located in between these two classes
in terms of both stellar mass and sSFR. These results are as expected
and provide some confidence that our classifications are sensible.

Fig. 8 displays a set of random galaxies in each of the morphologi-
cal classes within different redshift intervals. In addition, we present
50 random galaxies of each morphology in Figs A1-AS.

Having finalized our morphological classification, we now inves-
tigate the SMFs for different morphologies and their evolution from
z=1

3 FITTING GALAXY STELLAR MASS
FUNCTION

For parametrizing the SMF, we assume a fitting function that can
describe the galaxy number density, ®(M). The typical function
adopted is that described by Schechter (1976) as

./ M\°
O(M)AM = d*re MM <ﬁ> dMm, 2)

where the three key parameters of the function are, «, the power low
slope or the slope of the low-mass end, ®*, the normalization, and,

M*, the characteristic mass (also known as the break mass or the
knee of the Schechter function).

At very low redshifts, a number of studies have argued that the
shape of the SMF is better described by a double Schechter function
(Baldry et al. 2008, 2012; Pozzetti et al. 2010), i.e. a combination of
two single Schechter functions, parametrized by a single break mass

(M*), and given by
M g (M\] aM )
M* Ve M+’

where o, < o, indicating that the second term predominantly drives
the lower stellar mass range.

To fit our SMFs, we use a modified maximum-likelihood (MML)
method (i.e. not 1/V},,¢) as implemented in DFTOOLS* (Obreschkow
et al. 2018). This technique has multiple advantages including: it is
free of binning, accounts for small statistics and Eddington bias.
DFTOOLS recovers the mass function (MF) while simultaneously
handling any complex selection function, Eddington bias and the
cosmic LSS. Eddington bias tends to change the distribution of
galaxies, particularly in the low-mass regime that is more sensitive
to the survey depth and S/N, as well as high-mass regime due to the
exponential cut-off, which is sensitive to the scatters by noise (e.g.
Ilbert et al. 2013; Caputi et al. 2015). Eddington bias occurs because

D(M)AM = e MM {dff (

“https://github.com/obreschkow/dftools

MNRAS 505, 136-160 (2021)

120Z Jaquardeg G| uo Jasn pioixQ Jo Ausieaiun Aq 858491 9/9€ L/1L/S0S/301e/SeluwW/Wwod dno"olwapeoe//:sdiy Wol) papeojumMo(]


https://github.com/obreschkow/dftools

146  A. Hashemizadeh et al.

of the observational/photometric errors and often can dominate over
the shot noise (Obreschkow et al. 2018). Photometric uncertainties,
which are introduced in the redshift estimation, as well as the
stellar mass measurements are fundamentally the source of this bias
(Davidzon et al. 2017). We account for Eddington bias in DFTOOLS
by providing the errors on the stellar masses from the PROSPECT
analysis by Thorne et al. (2020).

The R language implementation and MML method make
DFTOOLS very fast. In the fitting procedures described in this work,
we use the inbuilt optim function with the default optimization
algorithm of Nelder & Mead (1965) for maximizing the likelihood
function. In order to account for the volume corrections, we use the
effective unmasked area of the D10/ACS region that we calculate to
be 1.3467 deg?. This is exclusive of the masked areas from bright stars
and the non-uniform edges of the ACS mosaic (see Fig. 1), and this is
calculated using the process outlined in Davies et al. (in preparation).
Our selection function, required for a proper volume corrected
distribution function, is essentially a volume-limited sample, i.e. a
constant volume across adopted mass range. We refer the reader to
Obreschkow et al. (2018) for full details regarding DFTOOLS and its
methodology. In this paper, we fit both single and double Schechter
functions to the SMF. We examine both functions and will discuss
further in Section 3.1.

3.1 Verification of our SMF fitting process at low redshift

We first validate our total SMF fitting process at low z and
compare with the known literature, prior to splitting by redshift and
morphology.

To achieve this, we compare the SMF of D10/ACS galaxies in
our lowest z bin, i.e. 0 < z < 0.25, with literature studies. We
primarily choose this redshift range to compare with the SMF
(Muzzin et al. 2013 and Davidzon et al. 2017) at 0.2 < z < 0.5
in the COSMOS/UltraVISTA field and local GAMA galaxies at
z < 0.06 (Baldry et al. 2012; Kelvin et al. 2014; Moffett et al.
2016; Wright et al. 2017). We fit the SMF within this redshift
range using both single and double Schechter functions (equations 2
and 3, respectively). The upper panel of Fig. 9, shows our single
and double Schechter fit to this low-z sample. As annotated in
the figure, we report the best-fitting single Schechter parameters
of log(M*/Mg) = 11.01 £ 0.05, « = —1.15 £+ 0.05, log(®*) =
—2.69 £ 0.06 and log(M*/My) = 10.96 + 0.06cc; = —1.07 £ 0.08,
ay =—4.91 £ 3, log(®}) = —2.62 £ 0.07 and log(P;) = —8.6 £ 5
in our double Schechter fit. Therefore, the double Schechter fit
involves a broad range of uncertainty, in particular at the low-
mass range. Larger uncertainty is likely due to the fact that the
stellar mass range of the D10/ACS sample does not extend to
log(M./Mg) < 9.5, where the pronounced upturn in the SMF
occurs. The error ranges shown in the upper panel of Fig. 9 as
the transparent curves are obtained from 1000 samples drawn from
the full posterior probability distribution of all the single Schechter
parameters.

Despite larger errors on the double Schechter parameters, we elect
to use this function for our future analysis at all redshifts as it has
been shown that a double Schechter can better describe the stellar
mass distribution even at higher z (e.g. Wright et al. 2018).

In the lower panel of Fig. 9, we show that our SMF is in good
agreement with Muzzin et al. (2013) and Davidzon et al. (2017)
within the quoted errors. Overall, we see a good agreement with
the MF of galaxies at low z. We observe no significant flattening
of the SMF at the intermediate stellar masses (10°°—10'0%) as
reported in the local Universe by, e.g. Moffett et al. (2016). We are
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unsurprised that we do not see this flattening as the D10/ACS contains
only three galaxies in the redshift range comparable to GAMA
(z < 0.06).

One might expect an evolution of the SMF within 0 < z < 0.25 that
would explain the slightly higher number density in the intermediate
mass range. Our fitted Schechter functions, however, also deviate
from the GAMA SMFs in the high stellar mass end. We find that this
is systematically due to the Schechter function fitting process. Unlike
D10/ACS, as shown in Fig. 9, the local literature data extend to lower
stellar mass regimes (log(M./Mg) = 8 and 7.5 in the case of Wright
et al. (2017), influencing the bright end fit and the position of M*. In
this regime, the upturn of the stellar mass distribution is remarkably
more pronounced. This strong upturn drives the optimization fitting
and impacts the high-mass end. This highlights the difficulty in
directly comparing fitted Schechter values if fitted over different
mass ranges.

3.2 Cosmic large-scale structure correction

All galaxy surveys are to some extent influenced by the cosmic
LSS (Obreschkow et al. 2018). Generally, the LSS produces local
overdensity and underdensity of the galaxies at particular redshifts
in comparison to the mean density of the Universe at that epoch. For
example, GAMA regions are ~ 10 per cent underdense compared
with SDSS (Driver et al. 2011).

We observe this phenomenon in the non-uniform D10/ACS
redshift distribution, N(z). To highlight this, Fig. 10 compares the
N(z) distribution of the D10/ACS sample with the prediction of the
SHARK semi-analytic model (Lagos et al. 2018, 2019). SHARK
data in this figure represent a light-cone covering 107.889 deg?® with
Y-mag < 23.5, and because of the much larger simulated volume,
is less susceptible to LSS. In this figure, the redshift bins we shall
use later in our analysis are shown as background colour bands
indicating redshift intervals of (0, 0.25, 0.45, 0.6, 0.7, 0.8, 0.9, and
1.0). SHARK predicts a nearly uniform galaxy distribution with no
significant overdensity and underdensity regions, while the empirical
D10/ACS sample shows a non-uniform N(z) with overdensities and
underdensities. These density fluctuations can introduce systematic
errors in the construction of the SMF by, for example, overestimat-
ing the number density of very low-mass galaxies that are only
detectable at lower redshifts (Obreschkow et al. 2018). In other
words, the LSS can artificially change the shape/normalization of
the SMF.

Using the distance distribution of galaxies, DFTOOLS
(Obreschkow et al. 2018) internally accounts for the LSS by mod-
elling the relative density in the survey volume, g(r), i.e. it measures
the mean galaxy density of the survey at the comoving distance
r, relative to the mean density of the Universe. Incorporating this
modification into the effective volume, the MML formalism works
well for a sensitivity-limited sample (see Obreschkow et al. 2018
for details). However, for our volume-limited sample, this method
is unable to thoroughly model the density fluctuations. Therefore,
to take this non-uniformity into account, we perform a manual
correction as follows.

In a comprehensive study of the cosmic star formation history,
Driveretal. (2018) compiled GAMA, COSMOS, and 3D-HST data to
estimate the total SMD from high redshifts to the local Universe (0 <
z < 5). Fig. 11 (upper panel) shows these data. As we know the total
SMD must grow smoothly and hence we assume that perturbations
around a smooth fit represent the underlying LSS. In Fig. 11 (middle
panel), we fit a smooth spline with the 3.5 degrees of freedom to
the Driver et al. (2018) data to determine a uniform evolution of
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Figure 9. Top panel: Single and double Schechter functions fitted to a low-z sample of D10/ACS (0.0 < z < 0.25). The fits are performed using DFTOOLS
down to the stellar mass limit of the sample, i.e. 10>>Mg. The transparent region shows the error range calculated by 1000 times sampling of the full posterior
probability distribution of the single Schechter fit parameters. The black data points show the binned galaxy counts for which the stellar mass range from
minimum to maximum (9.5 < log(M,/Mg) < 12) is binned into 25 equal-sized bins. Note that the Schechter functions are not fitted directly to the galaxy counts.
Bottom panel: Comparison of our SMF at 0.0 < z < 0.25 with Muzzin et al. (2013) and Davidzon et al. (2017). For completeness, the SMF of the GAMA local
galaxies from several studies are shown in different colours. The solid and black-dashed lines represent the double and single Schechter function fits to our data,
respectively (equations 2 and 3). Note that, the fits to other studies (the coloured solid lines) are double Schechter fits.

the total p,. We then introduce a set of correction factors (8) to our
empirical measurements of the fotal SMDs to match the prediction
of the spline fit (middle panel of Fig. 11). We then apply these
correction factors (bottom panel of Fig. 11) to our estimations of
the morphological SMD values. This ignores any coupling between
morphology and LSS which we consider a second-order effect. We
report the 8 correction factors in Table 4 and show them in the bottom
panel of Fig. 11.

3.3 Evolution of the SMF since z =1

With the LSS correction in place, we now split the sample into seven
bins of redshift (0-0.25, 0.25-0.45, 0.45-0.6, 0.6-0.7, 0.7-0.8, 0.8—
0.9, and 0.9-1.0), so that we have enough numbers of objects in each
bin and are not too wide to incorporate a significant evolution (these
redshift ranges are shown by the colour bands in Fig. 10). Each bin
contains 1108, 5041, 4216, 4867, 5277, 7090, and 8207 galaxies,
respectively.

MNRAS 505, 136-160 (2021)
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Figure 10. The N(z) distribution of the D10/ACS sample (the solid line)
compared with the SHARK semi-analytic model prediction (the dashed
line). SHARK data represent a light-cone covering 107.889 deg® with Y-
mag <23.5. The colour bands represent the redshift bins that we consider
in this work. Note that the PDFs are smoothed by a kernel with standard
deviation of 0.3 so are non-zero beyond the nominal limits.
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Figure 11. Top panel: our measurement of the evolution of the foral SMD
(per comoving Mpc?) compared with a compilation of GAMA, COSMOS,
and 3D-HST by Driver et al. (2018). The black curve represents a spline fit to
the Driver et al. (2018) data. Middle panel: the large-scale structure correction
factor applied to our SMD in order to meet the predictions of the spline fit.
Bottom panel: the residual of the SMDs before and after the LSS correction
indicating the correction coefficient we apply to each redshift bin.
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Fig. 12 shows the SMF in each redshift bin for the full sample,
as well as for different morphological types of: double-component
(BD), pure-disc (D), elliptical (E), compact (C), and hard (H). These
SMF measurements include the correction for LSS as discussed in
Section 3.2. Note that the first row of Fig. 12 highlighted by the yellow
shade shows GAMA z = 0 SMFs (Driver et al., in preparation).

As shown in Fig. 12, we fit the toral SMF within all eight redshift
bins (including GAMA) by both single and double Schechter func-
tions (displayed as the dashed and solid black curves, respectively),
while the morphological SMFs are well fit by single Schechter
function at all epochs. The difference between double and single
Schechter fits is insignificant, compared to the error on individual
points. However, as noted in Section 3.1, for calculating the SMD
we will use our double Schechter fits. As we will see later, the effect
of this choice on the measurement of our total SMD is negligible.
In Fig. 12, we overplot the GAMA z = 0 SMFs (Driver et al.,
in preparation) on higher z to highlight the evolution (the dotted
curves). In the rotal SMF, we see a growth at the low-mass end and
a relative stability at high-mass end, particularly when comparing
high z with the D10/ACS low z (0 < z < 0.25). At face value, this
suggests that since z = 1 in sifu star formation and minor mergers
(low-mass end) play an important role in forming or transforming
mass within galaxies (Robotham et al. 2014).

Looking at the SMF of the morphological sub-classes, we find that
the BD systems show no significant growth with time at their high-
mass end, while at the low-mass end we see a noticeable increase
in number density. In D galaxies, at both low- and high-mass ends
we find a variation in the number density with the low-mass end
increasing and extreme steepening at the lower z and high-mass
end decreasing with time. Note that we do not rule out the possible
effects of some degree of incompleteness in this mass regime on the
evolution of the low-mass end. For E galaxies, however, we report a
modest growth in their high-mass end (again when comparing with
D10/ACS low z) and a significant growth in intermediate- and low-
mass regimes from z = 1 to z = 0. Finally, H and C systems become
less prominent with declining redshift as fewer galaxies occupy these
classes. The physical implications of these trends will be discussed
in Section 5.

Fig. 13 further summarizes the trends in Fig. 12, showing the
evolution of our best-fitting single Schechter parameters ®*, M*,
and «. We report the best Schechter fit parameters in Table B1.
For comparison, we also show a compilation of literature values in
the right-hand panel. The literature data show only single Schechter
parameters of the toral SMF. Comparing our fotal SMF with other
studies, including Muzzin et al. (2013), we find a good agreement
within the quoted errors.

Note that the three parameters are, of course, highly correlated and
the mass limits to which they are fitted vary.

The ®* of BD systems has the largest value and almost mimics the
trend of the toral ®*, which is largely consistent with no evolution.
This is expected as BD galaxies dominate the sample at almost all
redshifts. We report a slight decrease in the ®* value of D galaxies,
while almost no evolution in E systems. Note that as mentioned
earlier, our lowest redshift bin (0.0 < z < 0.25) contains only
1108 galaxies of which only 102 are D systems incorporating an
uncertainty in our fitting process. This can be seen in the deviation
of the second data point of D galaxies (the cyan lines) from other
redshifts in Fig. 13. H systems also contribute more at higher
redshifts (higher ®* values) owing to the fact that the abundance
of mergers, clumpy, and disrupted systems dramatically increases at
higher redshifts (despite lower resolution). We note that due to our
LSS corrections (Section 3.2), the ®* reported here is not the directly
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Table 4. The total and morphological stellar mass density in different redshift ranges displayed in Fig. 15 (left-hand panel). p,. values are calculated from the
integration under the best Schechter function fits. Note that the p,. are presented after applying the LSS correction. Columns represent: z —bin: redshift bins, z:
mean redshift, LBT: lookback time, T (S-Schechter): fotal with single Schechter, T (D-Schechter): total with double Schechter, BD: bulge+disc, pD: pure-disc,
E: elliptical, C: compact, H: hard, B: the large-scale structure correction factor. Errors incorporate all error sources including, cosmic variance, fit error, Poisson
error, and classification error (see Section 4.1 for details).

log10(p./Mo)

z —bin Z LBT(Gyr) T (S-Schechter) T (D-Schechter) BD pD E C H B

0.00 <z <0.08 0.06 0.82 8.315 +£0.08 8316 £0.11 8.109 £0.08 6.977 +£0.26 7.835+0.10 - 5818+ 1.25 140
0.00 <z <0.25 0.18 2.27 8.280 +0.14 8.289 £ 0.14 8.063 +£0.14 6.735+0.53 7.863 £0.20 5.332+0.83 6.054+0.38 0.89
0.25<z<045 0.36 3.95 8.258 £ 0.10 8.257 £0.10 8.054 £0.10 7.025+0.17 7.740+£0.12 5513+1.23 6350+043 0.74
045 <z<0.60 0.53 5.23 8.231 £0.10 8.230 £ 0.16 8.008 £0.10 7.376 £0.12 7.594+£0.13 5.936 £+ 1.01 6.635+0.21 1.21
0.60<z<0.70  0.65 6.05 8.210 £0.12 8.210 £ 0.21 7.962+0.12 7.395+£0.13 7.603+0.13 5922+0.60 6.688+0.25 0.74
070 <z<0.80 0.74 6.55 8.195 £ 0.11 8.194 £ 0.12 7936 +0.12 7468 £0.12 7.540+0.13 6.032+095 6.692+0.17 0.81
0.80<z<090 0.85 7.07 8.171 £ 0.11 8.170 £ 0.13 7.877 +£0.11 7.497+0.12 7508 £0.12 6.258 £0.55 6.863 £0.15 0.57
090 <z <1.00 0.95 7.51 8.150 £ 0.11 8.149 £0.13 7.795+0.11 7.574+£0.12 7473+0.12 6430+043 6946+ 0.14 0.55

measured parameter but modified according to our LSS correction
coefficients (reported in Table 4). This normalization smooths out
the evolutionary trends, otherwise fluctuating due to the LSSs, but
does not impact their global trends.

The characteristic mass, M*, of the BD systems presents a stable
trend since z = 1. We interpret this behaviour to be a result of
the lack of significant evolution of the massive/intermediate-mass
regime of the SMF of this morphological class. D galaxies also show
slight evidence of evolution with some fluctuations in M* value. E
galaxies, likewise, evolve only a small amount. Overall, we observe
a behaviour consistent with no evolution in M* for all morphological
types. Note that large variation of the M* in H and C types, at low z
in particular, is not physical. This is massively driven by the lack of
H and C galaxies at low z resulting in an unconstrained turnover and
as can be seen in Fig. 13 large uncertainties.

The low-mass end slope, «, of different morphological classes
also shows some evolution. Similar to D systems, BD galaxies
show a marked steepening increase in their slope at later times,
indicating that the SMF steepens at lower redshifts. The steepest
MF at almost all times is for the D galaxies. E galaxies occupy the
lowest steepening but constantly growing from o = 0.34 to —0.75 at
z~0.2.

4 THE EVOLUTION OF THE STELLAR MASS
DENSITY SINCE z =1

In this section, we investigate the evolution of the SMD as a function
of morphological types. To determine the SMD, we integrate under
the best-fitting Schechter functions over all stellar masses from 10°°
to co. This integral can be expressed as a gamma function:

Py = / M &(MYAM' = &*M*T(a + 2, 10°3 /M*), 4)
M=1095

where ®*, M*, and « are the best regressed Schechter parameters.
Fig. 14 shows the evolution of the distribution of the SMDs, term
M &(M), for different morphologies. We also illustrate the fitting er-
rors by sampling 1000 times the full posterior probability distribution
of the fit parameters. These are shown in Fig. 14 as transparent shaded
regions around the best-fitting curves. The standard deviations of the
integrated SMD calculated from each of these functions are reported
as the fit error on p, in Table 4. As can be seen in Fig. 14, the dis-
tribution of the SMD of all individual morphological types in almost
all redshift bins is bounded, implying that integrating under these
curves will capture the majority of the stellar mass for each class.
Fig. 15 then shows the evolution of the integrated SMD, p,, in
the Universe between z = 0—1. This includes the LSS correction by

forcing our fotal SMD values to match the smooth spline fit to the
Driver et al. (2018) data, as described in Section 3.2. The uncorrected
evolutionary path of p, is shown in the upper panel of Fig. 11.

We report the empirical LSS corrected p, values in Table 4. This
table also provides the LSS correction factor, 8, so one might obtain
the original values by p?"¢ = p'’ /8.

For completeness, we show the evolution of the SMDs before
we apply the LSS corrections in Fig. C1 of Appendix C. In this
figure, the trends are not as smooth as one would expect without the
LSS correction being applied, given the evident structure in the N(z)
distribution from Fig. 10. However, even without the LSS corrections,
the main trends are still present, albeit not as strong. This highlights
that the LSS correction is an important aspect and also the need for
much wider deep coverage than that currently provided by HST. This
will become possible in the coming Euclid and Roman era.

Before we analyse the evolution of the SMDs in Fig. 15, below
we investigate the errors that are involved in this calculation.

4.1 Analysing the error budget on the SMD

The error budget on our analysis of the SMD includes cosmic
variance (CV), fit error, classification error and Poisson error.
Cosmic variance and classification are the dominant sources of error.

We use Driver & Robotham (2010) equation (3) to calculate the
cosmic variance in the volume encompassed within each redshift bin.
This calculation is implemented in the R package: CELESTIAL’.
Note that for our low-z GAMA data, instead of using Driver &
Robotham (2010) equation that estimates a ~ 22.8 per cent cosmic
variance, we empirically calculate the CV using the variation of the
SMD between three different GAMA regions of G09, G12, and G15
with a total effective area of 169.3 deg2 (G09:54.93; G12: 57.44,
G15: 56.93, Bellstedt et al. 2020) and find CV to be ~ 16 per cent.

We measure the fit error by 1000 times sampling of the full
posterior probability distribution of the Schechter parameters (shown
as the shaded error regions in Fig. 14) and calculating the associ-
ated p, in each iteration. We calculate the classification error by
measuring the SMD associated with each of our three independent
morphological classifications. The range of variation of the SMD
between classifiers gives the error of our classification. The Poisson
error is calculated using the number of objects in each morphology
per redshift bin.

5The online version of this cosmology calculator is available at: http://cosm
ocalc.icrar.org/.
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Figure 13. Left: Evolution of the single Schechter best-fitting parameters, ®*, M*, and «. Error bars are the standard deviations on each of the most likely
parameters. The black line is the fotal SMF, while colour coded data represent the best-fitting parameters of the Schechter function of different morphologies.
Note that for simplicity we remove compacts as their trends are very noisy and washes out the trends of other morphological types. Right: Zoomed-in plot
showing the evolution of our total Schechter function parameters compared with a compilation of other studies. The highlighted region shows the epoch covered

by the GAMA data.

The combination of all the above error sources will provide us
with the total error that is reported in Table 4.

As can be seen in Fig. 15, the extrapolation of our D10/ACS p, to
z = 0 agrees well with the our local GAMA estimations. Note slight
difference in D, but consistent in errors.

The total change in the stellar mass is consistent with observed
SFR evolution (e.g. Madau & Dickinson 2014; Driver et al. 2018)
as we will discuss more in Section 5. Analysing the evolution of the
SMD (Fig. 15), we find that in total (the black symbols), 68 per cent
of the current stellar mass in galaxies was in place ~8 Gyr ago
(z ~ 1.0). The top panel of Fig. 16 illustrates the variation of the p.
(p7/pi_y), where p! is the SMD at redshift z while p}_, represents
the final SMD at z = 0.

According to our visual inspections C types are closer to Es than
other subcategories. We, therefore, combine C types with E galaxies
that shows a smooth growth with time of a factor of ~2.5 up to
z = 0.25 and flattens out since then (0.0 < z < 0.25). Note that as
reported in Table 4 the amount of mass in the C class is very little.
This demonstrates a significant mass build-up in E galaxies over this
epoch (~ 150 per cent). We also note that the large error bars on
some of E+4-C data points are dominantly driven by the large errors
in C SMDs.

Having analytically integrated the SMD, we now measure the
fraction of baryons in the form of stars (f; = €2,/€2;) locked in each
of our morphological types. We adopt €2, = 0.0493 as estimated from
Planck by Planck Collaboration VI (2020) and the critical density of
the Universe at the median redshift of GAMA, i.e. z = 0.06 to be
pe =121 x 10" Mg Mpc3 in a 737 cosmology.

As shown in the bottom panel of Fig. 16, at our D10/ACS lowest
redshift bin 7 ~ 0.18 we find the fraction of baryons in stars f, ~
0.033 £ 0.009. Including our GAMA measurements at 7 ~ 0.06 we
find this fraction to be f; ~ 0.035 & 0.006. As shown in Fig. 16, this
result is consistent with other studies within the quoted errors for
example: Baldry et al. (2006, 2012) and Moffett et al. (2016). The
evolution of the fraction of baryons locked in stars, f;, shows that it
has increased from (2.4 = 0.5) per cent at z ~ 1 to (3.5 = 0.6) per cent
at z ~ 0 indicating an increase of a factor of ~1.5 during last 8 Gyr.

Fig. 16 also shows the breakdown of the total f; to each of
our morphological subcategories highlighting that as expected BD
systems contribute the most to the stellar baryon fraction increasing
from f; = 0.011 £ 0.006 to f; = 0.022 + 0.005 at 0 < z < 1.
E+C systems take less percentage of the total f; but increase their
contribution from 0.005 £ 0.001 to 0.012 & 0.002, while D galaxies
decrease from f; = 0.006 &+ 0.002 to f; = 0.001 %+ 0.005 between
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Figure 15. The evolution of the foral and morphological stellar mass density, p, in the last 8 Gyr of the cosmic age. p. expresses our measurements of
the analytical integration under the best Schechter function fits in 8 redshift bins, i.e. equation (4). The highlighted region shows the epoch covered by the
GAMA data (0 < z < 0.08). This figure includes the correction for the large-scale structure, LSS, that we apply by fitting a smooth spline to the empirical
data of GAMA/G10COSMOS/3D-HST by Driver et al. (2018). See the text for more details on our method for this correction. The prediction of the SHARK
semi-analytic model is also overlaid as dashed line. Colour codes are similar to Fig. 12. The vertical bars on the points show the total error budget on each data
point including cosmic variance within the associated redshift bin taken from Driver & Robotham (2010), classification error, fit error, and Poisson error. See
Section 4.1 for more details about our error analysis. The horizontal bars indicate the redshift ranges, while the data points are plotted at the mean redshift.

0 < z < 1. We report our full f; values for all morphological types at
all redshifts in Table 5.

In summary, over the last 8§ Gyr, double component galaxies clearly
dominate the overall SMD of the Universe at all epochs. The second
dominant system is E galaxies. However the extrapolation of the
trends to higher redshifts in Figs 15 and 16 indicates that D systems
are likely to dominate over Es in the very high-z regime (z > 1),
which is reasonable according to the rise of the cosmic star formation
history and the association of star formation with discs.

5 DISCUSSION

Using our morphological classifications, we explore the evolution of
the SMF at 0 < z <1 to assess the physical processes that are likely
affecting the individual morphological SMF. In particular, major
mergers are thought to primarily occur between comparable mass
companions (1:3) resulting in the fast growth of the SMF (Robotham
et al. 2014). Conversely, secular activities, minor mergers, and tidal
interactions will primarily alter the number density at the low-stellar

mass end of the SMF (Robotham et al. 2014). Investigating the
total SMF (Fig. 12) shows that unlike high-mass end the low-mass
end grows significantly. This suggests that since z ~ 1, the galaxy
population goes through mainly in sifu/secular processes at the low-
mass end.

An important caveat, in what follows, is that although we have
undertaken multiple tests of our visual classifications, possible
uncertainties due to human classification error or inconsistencies
will be present. Nevertheless some clear trends, which we believe are
resilient to the classifications uncertainties are evident. Furthermore,
we do not rule out the effects of dust in distinguishing bulges,
particularly at high z leading to overestimating the number of pure-
disc systems at high redshifts. Although, high level of agreement
in our visual classifications (see Fig. 6) gives us some confidence
that our evolutionary trends are unlikely dominated by incorrect
classifications, it is possible that all classifiers agree on the incorrect
classification.

First, double-component galaxies display a modest decrease with
redshift in the high stellar mass end of their SMF (Fig. 12), whilst
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Figure 16. Top panel: the variation of the stellar mass density showing the
fraction of final stellar mass density assembled or lost by each redshift, i.e.
Pzl Pz = 0. Psz =0 1s taken from GAMA estimations of the local Universe.
Bottom panel: the evolution of the baryon fraction in form of stars (f;). For
simplicity, in this figure we only show the main morphological types and
remove the hard and compact sub-classes. The highlighted region shows the
epoch covered by the GAMA data.

their low stellar mass end steepens significantly. This could be
interpreted as most of the stellar mass in double-component systems
evolving via lower mass weighted star formation or secular activity,
rather than major merging, i.e. BD systems are not merging together
to form higher mass BD systems.

Secondly, pure-disc systems show a strong increase at the low-
mass end and a decrease at their high-mass end. The low-mass
end evolution suggests in situ star formation of the disc and/or the
formation of new discs. However, the decrease at the high-mass end
is to some extent unphysical, unless these systems are undergoing a
transformation from the D class to another class. The most likely
prospect is the secular formation of a central bulge component,
resulting in a morphological transformation into the BD class. Hence,
as time progresses and the second-component forms, galaxies exit
the D class leading to a mass-deficit at the high-mass end.

The new component forming through such an in situ process is
most likely a pseudo-bulge (pB), resulting in mass-loss from the
high-mass D SMF and a corresponding mass gain at comparable
mass in the BD class.

Finally, elliptical galaxies, generally thought to be inert, show
little growth in their high-mass end but a significant growth of lo and
intermediate-mass end presumably due to mergers.

The evolution of the global and morphological SMDs indicates
that BD galaxies dominate (~ 60 per cent on average) the SMD
of the Universe at least at z < 1. This morphological class also
shows a constant mass growth, compared to other morphologies.
As mentioned, D systems slightly decrease their SMD with time.
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Presumably, the mass transfer out of the D class outweighs the mass
gain due to in situ star formation for this class.

We remark that the rate of mass growth in the BD systems also
decreases with time. This is reflected in the decrease of their SMD
slope, although it is still steeper than the fotal SMD evolution and
consistent with the general decline in the cosmic star formation
history. On the other hand, the E galaxies experience an initial growth
until z ~ 0.2 and a recent flattening in their stellar mass growth from
z = 1-0 (see Fig. 15 and the top panel of Fig. 16).

6 SUMMARY AND CONCLUSIONS

We have presented a visual morphological classification of a sample
of galaxies in the DEVILS/COSMOS survey with HST imaging, from
the D10/ACS sample. The quality of the imaging data (HST/ACS)
provides arguably the best current insight into galaxy structures and
therefore the best pathway with which to explore morphological
evolution.

We summarize our results as below:

(1) By visually inspecting galaxies out to z ~ 1.5, we find
that morphological classification becomes far more challenging at
z > 1.0 as many galaxies (> 40 per cent) no longer adhere to the
classical notion of spheroids, bulge+disc or disc systems (Abraham
& van den Bergh 2001). We see a dramatic increase in strongly
disrupted systems, presumably due to interactions and gas clumps.
Nevertheless, at all redshifts we find that more mass is involved in
star formation than in merging and most likely it is the high star
formation rates that are driving the irregular morphologies.

(i) The SMF of the D10/ACS sample in our lowest redshift bin
(z < 0.25) is consistent with previous measurements from the local
Universe.

(iii) The evolution of the global SMF shows enhancement in both
low- and slightly in high-mass ends. We interpret this as suggesting
that at least two evolutionary pathways are in play, and that both are
significantly impacting the SMF.

(iv) Despite a slight decrease in their high-mass end, BD systems
demonstrate a non-negligible growth in the low-mass end of their
SME. In the D type, we witness a significant variation in both
high- and low-mass ends of the SMF. We interpret the high-mass
end decrease in D systems, which is at first sight unphysical, as an
indication of significant secular mass transfer through the formation
of pseudo-bulges and hence an apparent mass-loss as galaxies transit
to the BD category.

(v) E galaxies experience a modest growth in their high-mass end
as well as an enhancement in their low/intermediate-mass end that
we interpret as a consequence of major mergers resulting in the
relentless stellar mass growth of this class.

(vi) Despite the above shuffling of mass, we find that the best re-
gressed Schechter function parameters in the fotal SMF are observed
to be relatively stable from z = 1. This is consistent with previous
studies (Muzzin et al. 2013; Tomczak et al. 2014; Wright et al.
2018). Conversely, the component SMFs show significant evolution.
This implication is that while stellar-mass growth is slowing, mass-
transformation processes via merging and in sifu evolution are
shuffling mass between types behind the scenes.

(vii) We measured the integrated total SMD and its evolution since
z = 1 and find that approximately 32 per cent of the current stellar
mass in the galaxy population was formed during the last 8 Gyr.

(viii) As shown in Fig. 15, we find that the BD population
dominates the SMD of the Universe within 0 < z < 1 and has
constantly grown by a factor of ~2 over this time frame. On the
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Table 5. Total and morphological stellar baryon fraction (f;) in different times. See the text for details.

Redshift
Morphology type 000<z<0.08 000<z<025 025<z<045 045<z<0.60 0.60<z<070 0.70<z<0.80 080<z<090 090<z<l1.0
Total 0.035 + 0.006 0.033 & 0.009 0.030 % 0.006 0.029 + 0.006 0.027 + 0.006 0.026 + 0.006 0.025 + 0.005 0.024 + 0.005
Double 0.022 + 0.004 0.019 & 0.005 0.019 + 0.004 0.017 & 0.004 0.015 £ 0.004 0.015 4 0.003 0.013 4 0.003 0.010 % 0.002
Pure-disc 0.002 + 0.001 0.001 4 0.001 0.002 + 0.001 0.004 £ 0.001 0.004 £ 0.001 0.005 + 0.001 0.005 + 0.001 0.006 + 0.001
Elliptical 0.012 + 0.002 0.012 4+ 0.004 0.009 + 0.002 0.007 & 0.002 0.007 £ 0.002 0.006 + 0.002 0.005 + 0.001 0.005 + 0.001
Compact - 0.000 =+ 0.000 0.000 % 0.000 0.000 =+ 0.000 0.000 =+ 0.000 0.000 =% 0.000 0.000 =% 0.000 0.000 = 0.000
E+C 0.012 4 0.002 0.012 £ 0.004 0.009 £ 0.002 0.007 £ 0.002 0.007 £ 0.002 0.006 + 0.002 0.006 % 0.001 0.005 + 0.001
Hard 0.000 % 0.000 0.000 % 0.000 0.000 = 0.000 0.001 % 0.000 0.001 + 0.000 0.001 % 0.000 0.001 % 0.000 0.001 % 0.000

other hand, the SMD of Ds declines slowly and eventually loses
~ 85 per cent of its original value until z ~ 0.2. On the contrary,
the E population experiences constant growth of a factor of ~2.5
since z = 1. We observe that the extrapolation of the trends of all of
our morphological SMD estimations meets GAMA measurements at
z = 0 (see Fig. 15) except for the pure-disc systems, which is likely
due to unbound distribution of their SMD (see Fig. 14).

One clear outcome of our analysis is that the late Universe
(z < 1) appears to be a time of profound spheroid and bulge
growth/emergence. To move forward and explore this further we
conclude that to move forward it is key to decompose the double
component morphological type, which significantly dominates the
SMD, into discs, classical bulges, and pseudo-bulges. This requires
robust structural decomposition, which we will describe in Hashem-
izadeh et al. (in preparation) using our morphological classifications
to guide the decomposition process.
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APPENDIX A: RANDOM SAMPLES OF THE MORPHOLOGICAL TYPES

Here, we show 49 random galaxies in each of our morphological categories (BD, D, E, H, C). We show our stamps in both HST/F814W filter

and Subaru gri.
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Figure A1. Random sample of double component systems. Left set of panels: ACS/F814W image. Right set of panels: SUBARU gri combined image.

- . . » - » .
» - » - - . -
- . . - - . -
. . ¢ . . » .
- N b . » . * i .
e - - . . - »
. 1 . A,_,‘ & . ; . ‘

Figure A2. Random sample of elliptical systems. Left set of panels: ACS/F814W image. Right set of panels: SUBARU gri combined image.

MNRAS 505, 136-160 (2021)

120Z Jaquardeg G| uo Jasn pioixQ Jo Ausieaiun Aq 858491 9/9€ L/1L/S0S/301e/SeluwW/Wwod dno"olwapeoe//:sdiy Wol) papeojumMo(]



158 A. Hashemizadeh et al.

L

N

- %y -
g 5 » | = .

e
. -.
hbd
8"
EEH
ﬂﬂ!

Figure A3. Random sample of pure disc systems. Left set of panels: ACS/F814W image. Right set of panels: SUBARU gri combined image.
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Figure A4. Random sample of complex systems (hard). Left set of panels: ACS/F814W image. Right set of panels: SUBARU gri combined image.
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Figure AS. Random sample of low angular sized systems (compact). Left set of panels: ACS/F814W image. Right set of panels: SUBARU gri combined image.

APPENDIX B: BEST SCHECHTER FIT PARAMETERS

This table shows our best Schechter fit parameters of the total and morphological SMFs, shown in Fig. 12.

Table B1. Best Schechter fit parameters of total and different morphological types in different redshift bins.

0.80 <z <0.90 0.90 <z < 1.00

z-bins 0.0<z<0.08 00<z<025 025<z7<045 0.45 < z < 0.60 0.60 <z < 0.70 0.70 < z < 0.80
Total (Double Schechter)

log, @7 —243 £ 0.04 —2.68 £ 0.07 —2.55 £ 0.03 —2.66 £ 0.07 —2.71 £ 0.08 —2.61 £ 0.03

logioM* 10.65 £ 0.04 10.96 + 0.06 10.83 £ 0.03 10.76 £ 0.06 10.79 £ 0.05 10.66 £+ 0.04

a —0.04 £ 0.22 —1.08 £+ 0.08 —0.79 £ 0.09 —0.32 £ 0.30 —022 £ 0.33 0.15 £ 0.20

log,, @3 —3.11 £ 0.21 —8.90 + 4.85 —4.76 £ 0.55 —3.11 £ 0.23 —3.14 £ 0.26 —3.26 £ 0.14

s —1.56 £ 0.16 —5.06 £ 3.27 —2.62 £ 0.36 —1.48 £ 0.15 —1.36 £ 0.17 —1.61 £ 0.11

Total (Single Schechter)

logjo®* —2.60 £ 0.03 —2.74 £ 0.06 —2.77 £ 0.03 —2.77 £ 0.03 —2.78 £ 0.03 —2.85 £ 0.03

logioM* 10.93 £ 0.03 11.01 £ 0.05 11.00 £+ 0.03 10.98 £ 0.03 10.99 £ 0.02 11.03 £+ 0.02

@ —1.04 £ 0.03 —1.15 £ 0.05 —1.16 £ 0.02 —1.17 £ 0.03 —1.05 £ 0.02 —1.12 £ 0.02
Double

logjo®* —2.60 £ 0.03 —2.61 £ 0.06 —2.68 £ 0.03 —2.73 £ 0.03 —2.75 £ 0.02 —2.82 £ 0.02

logoM* 10.75 £+ 0.03 10.71 £+ 0.05 10.78 £+ 0.03 10.78 £+ 0.03 10.77 £+ 0.02 10.82 £+ 0.02

« —0.87 £ 0.04 —0.95 £ 0.07 —0.90 £ 0.03 —0.80 £ 0.04 —0.55 £ 0.04 —0.59 £ 0.04
Pure-Disc

log o ®@* —4.32 £ 0.38 —3.12 £ 0.23 —4.09 £ 0.23 —3.55 £ 0.12 —3.52 £ 0.09 —3.45 £ 0.08

logjoM* 10.82 + 0.22 10.00 £ 0.18 10.76 £ 0.14 10.74 £ 0.08 10.78 £ 0.06 10.79 £ 0.06

@ —2.12 £ 0.13 —1.04 £ 046 —1.96 £ 0.09 —1.68 £+ 0.07 —1.54 £ 0.05 —1.52 £ 0.05
Elliptical

logjo®* —2.99 £ 0.03 —3.23 £ 0.08 —3.20 £ 0.04 —3.24 £ 0.04 —3.23 £ 0.03 —3.26 £ 0.02

logioM* 10.87 £ 0.04 11.14 £ 0.09 11.00 £ 0.04 10.89 £ 0.05 10.88 + 0.04 10.78 £+ 0.04

« —0.37 £ 0.07 —0.71 £ 0.10 —0.61 £ 0.05 —0.40 £ 0.08 —0.25 £ 0.07 0.09 £+ 0.09
Compact

logjo®* - —19.91 £ 45.11 —4.01 £ 1.14 —9.70 £ 62.46 —4.76 £ 0.89 —3.31 £ 0.20

logoM* - 8.37 + 0.74 9.79 £ 0.51 12.71 £ 32.57 10.37 £ 0.41 9.67 £ 0.17

« - 17.85 £ 35.50 —2.09 £ 1.37 —290 £ 0.28 —2.29 £ 042 —1.16 £ 0.62

Hard

logo®@* —5.34 £ 094 —5.42 £ 250 —6.72 £ 1.60 —5.06 £ 0.40 —5.36 £ 0.37 —4.73 £ 0.24

logjoM* 11.06 £ 0.70 11.00 £ 1.56 1234 £ 143 11.40 £ 0.33 11.74 £ 0.33 11.22 £ 0.19

« —1.35 £ 0.69 —2.01 £ 0.75. —1.97 £ 0.14 —1.67 £ 0.13 —1.64 £ 0.10 —1.55 £ 0.10

—2.73 £ 0.04 —2.81 £ 0.04
10.76 £ 0.04 10.84 £ 0.04
—0.02 £ 0.21 —0.23 £ 0.20
—3.22 £ 0.15 —3.32 £ 0.16
—1.36 £ 0.11 —1.43 £ 0.10
—2.83 £ 0.02 —294 £ 02
11.02 £ 0.02 11.08 £ 0.02
—1.00 £ 0.02 —1.10 £ 0.02
—2.90 £ 0.02 —3.05 £ 0.02
10.83 £ 0.02 10.90 £+ 0.02
—0.42 £ 0.03 —0.55 £ 0.03
—3.23 £ 0.04 —3.21 £ 0.04
10.71 £ 0.03 10.75 £ 0.03
—1.24 £ 0.04 —1.24 £ 0.03
—3.35 £ 0.02 —3.45 £ 0.02
10.87 £ 0.03 10.93 £ 0.03
—0.07 £ 0.07 —0.03 £ 0.07
—4.72 £ 0.32 —4.69 £ 0.24
10.73 £ 0.20 10.86 £+ 0.16
—1.79 £ 0.15 —1.75 £ 0.11
—4.42 £ 0.12 —4.29 £ 0.10
11.21 £ 0.11 11.16 £ 0.09
—1.27 £ 0.07 —1.29 £ 0.06
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APPENDIX C: THE NON-LSS-CORRECTED EVOLUTION OF THE SMD

Fig. C1 shows the evolution of the integrated SMD, p.. before we apply our LSS corrections (reported in Table 4 and shown in Fig. 11). This
is to further confirm that the corrections do not derive the overall trends that we find in Fig. 15 as explained in Section 4.
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Figure C1. The evolution of the stellar mass density (SMD) of total and morphological types before applying the LSS corrections. Highlighted region shows
the epoch covered by the GAMA data.
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