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ABSTRACT

The origin of the quenching in galaxies is still highly debated. Different scenarios and processes are proposed. We use multiband
(400-1600 nm) bulge—disc decompositions of massive galaxies in the redshift range 0 < z < 2 to explore the distribution and the
evolution of galaxies in the log SFR—log M, plane as a function of the stellar mass weighted bulge-to-total ratio (B/Ty,) and
also for internal galaxy components (bulge/disc) separately. We find evidence of a clear link between the presence of a bulge and
the flattening of the main sequence in the high-mass end. All bulgeless galaxies (B/T);, < 0.2) lie on the main sequence, and
there is little evidence of a quenching channel without bulge growth. Galaxies with a significant bulge component (B /Ty, > 0.2)
are equally distributed in number between star forming and passive regions. The vast majority of bulges in the main-sequence
galaxies are quiescent, while star formation is localized in the disc component. Our current findings underline a strong correlation
between the presence of the bulge and the star formation state of the galaxy. A bulge, if present, is often quiescent, independently
of the morphology or the star formation activity of the host galaxy. Additionally, if a galaxy is quiescent, with a large probability,
is hosting a bulge. Conversely, if the galaxy has a discy shape is highly probable to be star forming.

Key words: galaxies: evolution—galaxies: star formation— galaxies: structure—galaxies: stellar content; galaxies: disc—
galaxies: bulge — galaxies: high-redshift.

1 INTRODUCTION

The distribution of galaxies in the plane defined by the star for-
mation rate and the stellar mass (log SFR-log M,,) is a powerful
diagnostic of how stellar mass is assembled in galaxies. Deep
surveys undertaken in the last decade have allowed to extensively
investigate how galaxies populate the plane from z ~ 3. One key
result, which has deeply changed our understanding of how galaxies
form and evolve, is the presence of the so-called main-sequence of

* E-mail: padim88 @gmail.com, paola.dimauro@inaf.it (PD); edaddi@cea.fr
(ED)

star formation (e.g. Brinchmann et al. 2004; Daddi et al. 2007; Elbaz
et al. 2007; Whitaker et al. 2012). Star-forming galaxies present a
remarkable correlation between their stellar mass and the rate at
which they form stars. The slope of the main sequence is close to
unity leading to a roughly constant specific star formation rate for
all star-forming galaxies. This has been interpreted as evidence for
the self-regulation of star formation in galaxies. The rate at which
gas is converted into stars is usually interpreted in cosmological dark
matter-dominated models as a consequence of smooth mass accretion
on to the host dark matter haloes (e.g. Dekel et al. 2009; Rodriguez-
Puebla et al. 2017). Kinematic studies of the gas in galaxies lying
on the main sequence have also shown that for the vast majority
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the gas is rotating (e.g. Wisnioski et al. (2015), although this has
been challenged by some recent works (e.g. Rodriguez-Puebla et al.
2017). The main sequence of star formation has been observed at
least since z ~ 3 (Whitaker et al. 2012; Barro et al. 2017), with an
evolution with redshift consistent with a decreasing normalization
and nearly constant slope, i.e. galaxies at high redshift formed stars
at higher rates than low-redshift galaxies of the same stellar mass.
It is still unclear whether the evolution with redshift on the main-
sequence stems from more efficient conversion of gas into stars at
earlier epochs or from larger reservoirs of cold gas. Several works
have pointed out that the evolution of the normalization of the main
sequence closely tracks the increase of the gas fraction with redshift
(e.g. Genzel et al. 2012; Magdis et al. 2012). This would suggest the
existence of an universal mode of star formation, essentially driven
by the amount of available gas in a reservoir, which is regulated by
the galaxy halo which could boost the conversion of gas into stars.
A ‘gas-regulator’ approach, generally called ‘bathtub’ (Bouché et al.
2010; Feldmann 2013; Lilly et al. 2013; Dekel & Mandelker 2014;
Pipino, Lilly & Carollo 2014), proposes a simple model that links
together the mass assembly of the dark matter haloes, the evolution
of the gas content, the metal content, and the stellar population of the
galaxies through cosmic time, and successfully reproduces many of
the key galaxy scaling relations (Peng & Maiolino 2014). The SFR—
M, relation has also revealed the existence of galaxies, specially
at the high-mass end, with specific star formation several orders of
magnitude lower than main-sequence galaxies of comparable stellar
mass. Quiescent galaxies already exist since at least z ~ 3, possibly
even earlier (Wuyts et al. 2007; Whitaker et al. 2015), although their
number density increases monotonically with redshift, progressively
dominating the high-mass end of the stellar mass function at z <
1. (e.g. Bernardi et al. 2013, 2016, 2017a,b; Ilbert et al. 2013;
Muzzin et al. 2013). Understanding how galaxies move from the
main sequence to the passive cloud, i.e. how galaxies cease star
formation, has become one of the key questions in the field of galaxy
evolution. The bimodal distribution of the SFRs/colours was initially
seen as evidence that the star formation shutdown must be fast, either
through gas removal or heating (Granato et al. 2004; Hopkins et al.
2006; Shankar et al. 2006). Feedback from AGN/quasar (Silk & Rees
1998; Harrison et al. 2018) or galaxy—galaxy interactions (Toomre
1977; Hopkins et al. 2010) are commonly invoked processes to
explain quenching at the high-mass end. Recent works also pointed
out that a more gradual transition through strangulation might in fact
be a common channel for quenching. This is seen to occur in satellite
galaxies (Peng, Maiolino & Cochrane 2015), but it might also be
relevant for central galaxies. Gas entering massive haloes can indeed
be shock heated and prevented from cooling and forming new stars
(Cattaneo et al. 2006; Dekel & Birnboim 2006). In this context, the
flattening of the slope of the main sequence at the high-mass end can
be interpreted as a decrease in the star formation activity of massive
galaxies. However, it is also well known that galaxies can rebuild a
disc through the accretion of gas and eventually move back to the
main sequence. The importance of this rejuvenation process (Chauke
et al. 2019; Mancini et al. 2019; Martin-Navarro, Shankar & Mezcua
2022) is still an open issue.

Another key unsolved question is how the galaxy morphology
and its stellar populations correlate with the decline of the star
formation. Some models also suggested that the change in galaxy
morphology from discy/spirals to spheroidal/ellipticals shape could
itself be a driver for quenching (Martig et al. 2009). The advent of
large surveys has encouraged the community to develop statistical
methods to try and address this open question (Kauffmann et al. 2003;
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Baldry et al. 2004; Wuyts et al. 2011). Quantitative measurements of
galaxy morphologies are based on the idea that galaxy light profiles
are sufficiently well described by analytical formulae as the Sersic
profile (de Vaucouleurs 1953; Sersic 1968). Different codes have
been developed to allow an automatized analysis (some example
Bertin & Arnouts 1996; Peng et al. 2002; HiuBler et al. 2013;
Akhlaghi et al. 2021; Li et al. 2021). Meanwhile, as the level of
detail in observations has increased and the wavelength coverage of
data has improved, the focus of the analysis has also expanded to
resolve stellar populations. It is today well known that most of the
red and passive galaxies tend to present early-type morphologies,
while star-forming galaxies have a more disc-dominated structure
and a younger stellar population (e.g. Kauffmann et al. 2003; Franx
et al. 2008; Schawinski et al. 2009; Wuyts et al. 2011; Whitaker
et al. 2012; Huertas-Company et al. 2015, 2016; Morselli et al.
2019). A complementary measurement of this correlation is based
on the analysis of the stellar mass density. Quiescent galaxies have
been shown to have a denser core at all redshifts, which is well
captured by the stellar mass density in the central kpc (e.g. Fang
etal. 2013; Barro et al. 2017; Dimauro et al. 2019). Such phenomena
have been seen in numerical and empirical simulations (Tacchella
et al. 2015, 2016; Rodriguez-Puebla et al. 2017) and it might be
the indication of a compaction that precede the quenching (e.g.
Zolotov et al. 2015; Varma et al. 2022). In Dimauro et al. (2019), we
showed that this increase in the central stellar density is directly
correlated with the growth of the bulge component in galaxies.
Thus, following this line of thought, the presence of a prominent
bulge in galaxies should be correlated with their level of star
formation rate.

In order to shed light on how galaxies move in the SFR-M,, plane
and how this is related to galaxy morphology, it is however required
to spatially resolve the star formation activity within galaxies. This
would allow to track the shutdown of star formation setting additional
constraints on how gas is consumed (Johnston et al. 2017). Integral
Field Unit (IFU) surveys are the optimal data set for this analysis.
However, today’s IFU surveys are limited to the local Universe
[e.g. MANGA (Bundy et al. 2015), SAMI (Croom et al. 2012),
and CALIFA (Sanchez et al. 2012)].

In a series of papers, we are investigating the structural and stellar
population properties within galaxies from z ~ 2 by decomposing
the surface brightness profiles in bulges and discs in multiple high-
resolution filters. While Dimauro et al. (2019) focused on the
analysis of the structural properties, this work aims at unveiling the
correlations between the position of a galaxy on the log SFR-log M.,
plane and its stellar properties, most notably the bulge-over-total
stellar mass ratio(B /Ty, ) and its rest-frame colour. The strength of
this work is in the use of mass-weighted quantities (as the B /T, )
instead of flux-dependent parameters. Indeed, the computation of
the B/Ty, takes advantage of the entire set of available observations
not only single bands. We will dissect where bulges and discs are
in the log SFR-log M, plane and show that there is a preference for
large B/T), to reside below the star-forming main sequence. We
will also investigate the contribution of the bulge and the disc to the
star formation activity of the hosting galaxy.

This paper is organized as follows. Section 2 provides a description
of the data as well as of the external information used in the analysis
presented in this work. The distribution of morphologies along the
main sequence is discussed in Sections 3 and 4. Section 5 gives a
quantitative notion of the results while Section 6 focuses on the rest-
frame colours of bulges and discs. Results are discussed in Section 7
and summarized in Section 8.
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Table 1. Stellar mass completeness limits of the sample used in this work.
We show the values for all galaxies, quiescent (Q), and star forming (SF).
The table is taken from DM 18 but reproduced here for clarity.

z All Q SF
0-0.5 9.0 9.16 8.98
0.5-1.0 9.75 9.91 9.79
1.0-1.4 10.3 10.38 10.28
1.4-2.0 10.7 10.72 10.69
2 DATA

The analysis presented in this paper made use of the exquisite high-
quality data from the Cosmic Assembly Near-IR Deep Extragalactic
Legacy Survey: CANDELS (Grogin et al. 2011; Koekemoer et al.
2011). Information about the structure as well as the photometry
of CANDELS galaxies are from the multiwavelength bulge/disc de-
composition catalogue presented in Dimauro et al. (2018) (hereafter
DM18). They were retrieved modelling the surface brightness profile
with the Megamorph package (i.e. Galapagos-2, GalfitM; Barden
et al. 2012; HauBler et al. 2013; Vika et al. 2014), to simultaneously
apply a 2-component model fit (Sérsic + Exponential) over the 4-7
filters (depending on the field) covering the spectral range 400-
1600 nm. The structural parameters are well recovered down to
the magnitude limit of 23 in the F160W band with a statistical
error of ~ 20 per cent. In this work, we selected galaxies within
this magnitude limit in all the 5 CANDELS fields to build a clean
and robust sample of bulges and discs models. The final sample
is mass complete down to 10'%7 My at z ~ 2. The completeness
limits are reported in Table 1. We provide a brief summary about
the modelling and the morphological classification in the next two
subsections. More details can be found DM18.

2.1 B-D catalogue and morphological classification

The DM18 catalogue contains structural and stellar properties in-
formation for ~17 600 galaxies. Each galaxy profile is fitted using
GALFITM considering two different setups: single Sérsic profile and a
2-component Sérsic + Exponential disc profile. Moreover, since this
software allows us to reconstruct galaxy models in a multiwavelength
mode, we used several configurations, in which different wavelength
dependences of the model, such as constant, linear or higher order
polynomial functions, were tested (HauBler et al. 2013).

The new feature of the DM18 catalogue is in the 1-2 component
selection algorithm. We developed a new decision criteria, based on
supervised deep learning, that estimates an a priori probability for
each galaxy to be better described by single or a multiple component
model. The probability allows us to chose the optimal solution to
reconstruct the surface brightness profile for each galaxy, reducing
systematic errors to ~ 10 per cent, which otherwise would be of the
order of ~ 50 per cent. This step is crucial to define a clean sample
of discs and bulges that will not introduce obvious systematics in the
analysis. Full details of the procedure can be found in Dimauro et al.
(2018).

The public catalogue' contains the main setup (setups 1 and 4
from table 1 in DM18) where sizes are modelled with a second-
order polynomial function over the wavelength. This is also the
main catalogue used in this work. Other setups, with more restrictive
constraints, are used to correct ambiguous cases (according to the

ILink to the catalogue.
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deep-learning classification: Setups 4 and 6) and also to estimate
random uncertainties on the structural parameters derived from the
fitting procedure (following a similar approach to van der Wel et al.
2014). The 1-2 component choice is already applied in the final
catalogue. Consequently, only the best profile is provided in the
public release and used in the analysis of this work, in accordance
with the selection algorithm.

2.2 Stellar population analysis and rest-frame colours

Given the availability of the ensemble of multiwavelength photo-
metric informations, we can perform a Spectral Energy Distribution
fit (SED) fitting with the code FAST (Kriek et al. 2009) separately
for bulges and discs. We used Bruzual & Charlot (2003) stellar
population models with Chabrier (2003) initial mass function (IMF)
and Calzetti et al. (2000) extinction law. As a direct result, we obtain
stellar masses of bulges and discs, from which we derived stellar
mass bulge-to-total ratio (B /T, ) with typical uncertainties <0.2. In
DM1, we have made an extensive effort to test the goodness and the
accuracy of the modelling process as well as of the stellar analysis
results. In detail, we have tested stellar masses estimation accounting
different number of filters and we have compared them with the ones
from the official CANDELS catalogue. Our estimates are unbiased
with a scatter that reach a maximum of ~0.3 that increases to ~0.4
if less than four filters are used (see fig. 18 from DM18 for more
details).

Additionally, we estimated U, V, J rest-frame colours using the
flux interpolation from the theoretical rest-frame SED. This method
avoids the need of applying further corrections. In order to test the
accuracy of this method, we compared our measurements with rest-
frame colours from the CANDELS catalogue and we obtain a statisti-
cal error of 10 per cent. More details are given in the Appendix E. For
each galaxy, i.e. for each set of magnitudes, a distribution of 100 mock
SEDs is generated using a MonteCarlo method within uncertainties
on each magnitude value. Rest-frame colours are interpolated for
all the mock SED. Consequently, uncertainties on the U-V and V-J
rest-frame colours are computed taking the median from the U-V,
V—J distributions for each galaxy. The choice of the quantity of mock
galaxies to be used for each object was taken as a good compromise
between computational time and accuracy of the result. Bernardi
et al. (2022) recently showed that a gradient in stellar population
can reflect a gradient in the stellar mass-to-light (M/L) ratio within
a galaxy, consequently affecting the B/T. However, since we decide
to use a constant IMF, the M/L is expected to be constant within
a galaxy. Fig. 1 shows a comparison between B/T and B/Ty,. The
mean is found to be 0.012 £ 0.2 and it confirms the absence of
strong systematics caused by the approximation adopted in the SED
analysis.

2.3 Additional information

In addition to the DM18 catalogue, we used several information
from the official published CANDELS catalogue (Galametz et al.
2013; Guo et al. 2013; Stefanon et al. 2017; Barro et al. 2019).
We used the CANDELS spectroscopic redshifts, when available, but
also photometric redshifts, derived using a variety of SED fitting
codes (for more details see Dahlen et al. 2013). The measured errors
are of the order of A,/(1 + z) ~3 percent. Additionally, we used
total stellar masses and UV]J rest-frame colours from the CANDELS
collaboration catalogue, to test the correctness of our results. Stellar
masses are derived through SED fitting using the best available
redshift with SYNTHESIZER (Pérez-Gonzdlez et al. 2003). They are
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Figure 1. Comparison between B/T (F160 filter) and B/Ty,. The two
quantities are in agreement with a mean of the difference of 0.012 £ 0.2.

computed using a grid of Bruzual & Charlot (2003) model, Salpeter
(1955) IMF, solar metallicity, and a Calzetti et al. (2000) extinction
law were considered. We converted the CANDELS stellar masses
to the Chabrier (2003) IMF for consistency with the analysis of this
work but also to directly compare different values, by applying a
0.22 dex shift (Bernardi et al. 2010, 2013).

Finally, we also used integrated SFRs from the CANDELS
catalogue. They are computed by combining IR and UV rest-frame
luminosities (Kennicutt 1998; Bell et al. 2005) and adopting a
Chabrier IMF (see Barro et al. 2011 for more details). The following
relation was used: SFRyy+r = 1.09 x 107°(Lix + 3.3Lyso0).
Total IR luminosities are obtained using Chary & Elbaz (2011)
template-fitted MIPS 24 um fluxes and applying a Herschel-based
recalibration. For galaxies undetected in 24 m, SFRs are estimated
using rest-frame UV luminosities (Wuyts et al. 2011).

3 MORPHOLOGY ALONG THE MAIN
SEQUENCE: WHERE ARE THE BULGES?

It is well known today that galaxies in the log SFR-log M, plane,
are concentrated in two main regions: the main sequence and the
quenched region. The position of a galaxy in the plane is also linked
to the shape of its surface brightness profile, i.e. with the Sérsic index
and the half-light size (e.g. Kauffmann et al. 2003; Baldry et al. 2004;
Wauyts et al. 2011; Brennan et al. 2016). Passive galaxies are compact
and spheroidal, while the star forming ones have a lower stellar
density and an extended discy structure (Wuyts et al. 2011; Bernardi
et al. 2014; Whitaker et al. 2015; Dimauro et al. 2019). Similarly,
it has been shown that there exists a link between the SFR and the
bulge-over-total light ratio (e.g. Lang et al. 2014; van der Wel et al.
2014; Whitaker et al. 2015; Morselli et al. 2019). While several works
already suggested the existence of a correlation between morphology
and star formation activity (Wuyts et al. 2011; Huertas-Company
et al. 2015; Whitaker et al. 2017a), the link between the presence of
stellar bulge and the level of star formation is still not well understood.
For this reason, in this work we explore the cause—consequence
relation between the properties of galaxies and the presence of the
bulge.

We start studying the distribution of bulges and discs within
the log SFR-log M, plane. The newly added information in this
analysis is the use of the bulge-over-total stellar mass ratio (B /T, )
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as a morphological proxy instead of flux dependent parameters like
the bulge-over-total flux ratio. Indeed, the flux relevance of bulges
and discs depends on the observed band, and therefore it is not
constant over wavelength, introducing possible systematics. Differ-
ently, stellar masses are computed taking advantage of the entire
set of available observations, making the measurement more robust
(statistical uncertainties on B/T),, are of the order of ~20 per cent.
see DM 18 for more information). Given the above, using stellar mass
weighted parameters represents the best solution.

Fig. 2 shows the distribution of galaxies in the log SFR-log M,
plane (SFR values are from the CANDELS catalogue and are not
estimated within our analysis, see Section 2.3). The colour code
represents the mean B/Ty, in SFR—M bins. As expected, the main
sequence is mostly populated by discy galaxies with B/Ty, < 0.2—
0.3, while galaxies that are hosting a prominent bulge (B /Ty, > 0.5)
tend be dominant in the quiescent region. This trend is consistent with
the bimodal distribution of morphological types. Massive bulges are
more probable to be hosted in passive galaxies, while disc-dominated
structures are found more often within star-forming galaxies. The
mean scatter of the B/T), distribution for each log SFR-log M.,
bin is also computed and shown in Fig. Al. No clear features are
observed, supporting the reliability of the main result (Appendix A).
As an additional test, Fig. A2 shows the same exercise of Fig. 2, but
using the light-weighted B/T (F160 filter). The main trends are still
present independently of the different estimations of B/T used.

In order to better analyse the distribution of galaxy morphologies
inthelog SFR-log M, plane, the sample was divided in three classes:
B/Ty, < 0.2 (disc-dominated or pure disc galaxies, 41 per cent of
the sample), B/Ty, > 0.8 (bulge dominated or spheroidal galaxies,
16 percent of the sample), and 0.2 < B/Ty, < 0.8 (double-
component systems, 42 per cent of the sample). The three different
cases are shown in the sequence of plots in Fig. 3 (the complete
sequence of plots covering the entire redshift range can be found
in Figs B1, B2 in the Appendix B). Bottom panels of Fig. 3 show
that the majority of the spheroidal systems (B/Ty, > 0.8) are in
the quiescent region while almost all the disc-dominated galaxies
(B/Ty, < 0.2) lie on the main sequence. This confirms the results
from Fig. 2, and shows a lack of passive pure disc galaxies (B/Ty,
< 0.2). Besides the main trend, in both cases (B /Ty, < 0.2, B/Ty,
> 0.8) there are disc galaxies as well as spheroidal ones that
scatter towards the quiescent or star-forming regions, respectively. A
fraction of these objects reflects the non-perfect equivalence between
the morphological selection and the star formation activity. However,
to quantify this effect, a density distribution plot is shown in Fig. B3.
While the density peaks of both sub-populations fall in the MS and
quenched regions, respectively, the sequence of plots also emphasizes
the presence of outliers that will be discussed in more detail in
Section 7.3.

The removal of the two extreme classes (B/Ty, < 0.2, B/Ty, >
0.8), as it can be observed in top right panel of Fig. 3, reveals that
the intermediate population is interestingly present in both regions,
i.e. galaxies are both star forming and quiescent. This result, first,
shows that the B /T),, parameter alone cannot be used as a quenching
predictor. However, it allows to select the ideal sample for the
analysis. Indeed, having a similar structure but with a wide range of
star formation activities, places this population of galaxies as good
candidates representing the intermediate evolutionary step between
the two main populations. A detailed analysis of this sub-population,
could provide important information to the galaxy evolutionary
channels that lead to the quenching. The presence of B/Ty, >
0.2 systems already on the main sequence, suggests that the bulge
growth starts while galaxies are still actively forming stars. The
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Figure 2. Distribution of the morphology along the log SFR-log M, plane. Colours are representing the mean B/T), for each SFR-mass bin. Most of the
discy galaxies lie in the MS while galaxies with a more prominent bulge are concentrated in the quenched region.

latter, combined with the lack of passive pure disc galaxies, stresses
the relevance of the central component in the quenching process,
discarding possible quenching scenarios that do not account of a
bulge growth as main evolutionary path.

4 THE EFFECT OF BULGES ‘ON’ THE
MAIN-SEQUENCE SLOPE

Scatter plots from Fig. 4 show the distribution of star-forming galax-
ies along the main sequence, colour coded by their corresponding
B/Ty, values. They are selected using the sSFR. Black points/lines
are the mean of the SFR as a function of the stellar mass, at different
redshift. The zero-point of the main sequence increases to higher
redshift. The main sequence slope slightly changes from low to high
masses, a trend that was already noted by some groups but not yet
generally confirmed (Whitaker et al. 2014; Lee et al. 2015; Schreiber
et al. 2015; Tomczak et al. 2016; Sherman et al. 2021). Several
groups have interpreted the flattening of the log SFR-log M, relation
as a consequence of the change in morphology towards earlier type
galaxies beyond M, ~ 3 % 10! Mg (Wuyts et al. 2011; Lang et al.
2014; Morselli et al. 2017; Mancini et al. 2019), possibly related
to quenching (e.g. Tasca et al. 2015), though others do not find any
casual correlation among morphology and SFR on the main sequence
(e.g. Renzini & Peng 2015; Whitaker et al. 2015; Carollo et al. 2016).

To shed light on the correlation between morphology and location
on the SFR-M.,, plane, in Fig. 4 we distinguish again between galaxies

MNRAS 513, 256-281 (2022)

with distinct B /Ty, ratios, B/Ty, <0.2,0.2 < B/Ty, <0.8, B/Ty,
> (.8. The majority of galaxies that have a bulge start to dominate the
main sequence at high stellar masses. Indeed, at log M, > 10.5 Mg
beyond which a flattening in the SFR—-M, slope is observed, 60—
70 per cent of main-sequence galaxies have B/Ty, > 0.2. This result
confirms the link between the bending of the main sequence and
the morphological changes, i.e., the emergence of a bulge. It also
suggests that massive galaxies, hosting relevant bulges, have lower
star formation activities as a result.

Previous works argued that the bending of the MS is linked to
the definition of star-forming galaxies. Indeed, the selection of blue
star-forming galaxies, or galaxies with small Sérsic index, results
in a main-sequence slope value close to one (Peng et al. 2010;
Whitaker et al. 2012, 2015). Therefore, the bending is a consequence
of the mass infall into the central region of the galaxy (Abramson
et al. 2014; Schreiber et al. 2015; Fraser-McKelvie et al. 2021).
An alternative interpretation connects the bending to the presence
of rejuvenated galaxies (Mancini et al. 2019). Indeed, galaxies can
exhibit a low level of star formation because they are either quenching
or starting to form stars again, thanks to new gas accretion (e.g.
through minor/major mergers).

All the interpretations agree on the possible link of the bending
with the bulge component. The removal of the stellar mass con-
tribution of the bulge in the log SFR-log M, plane should reduce
the bending and suggests that bulges have a little role in the star
formation activity. Popesso et al. (2019) discussed the possibility
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that the growth of the bulge alone is not enough to explain the MS
bending, and therefore additional processes are required to decrease
the star formation within the disc. Indeed, Guo et al. (2015b) show
that a signature of the bending has also been observed in pure disc
galaxies populations. They argue that the decline of star formation in
the discs of massive star-forming galaxies is a natural consequence
of halo quenching, combined with the accretion of central bulges
through AGN feedback or morphological quenching.

Our preliminary results in Fig. 3 and 4 suggest that actively star-
forming galaxies move along the main sequence and then reduce
their growth rate and flatten the MS above log M, ~ 3 % 10'° M,
when they start developing a significant inner bulge. When the bulge
becomes prominent, galaxies migrate below the MS and quench.
However, this does not imply that bulges are the reason of the
bending. To further highlight the importance of the B/T), in the
quenching process, Fig. 5 plots the MS (i.e. the total SFR) for galaxies
with B/Ty, < 0.2 (left), MS in which only the disc (middle) or
bulge (left) component stellar mass is accounted for. Dotted lines
represent the MS computed accounting of the entire sample. At fixed
bulge stellar mass, the mean SFR is equal to or higher than the
corresponding SFR at fixed disc stellar mass. This is because bulges
are more often present in more massive galaxies with higher SFR
than the discs population.

The main sequence of disc-dominated galaxies (B/T), < 0.2)
shows a slope change towards high masses. If only the disc stellar
mass is accounted, the mean SFR follows an almost linear relation
(in the logarithmic space) over the whole range of mass and redshift,
while the mean SFR—M,, gyLcg relation is nearly flat. The bending
is significantly reduced if only disc stellar masses are accounted in
the analysis. Bulges have a weak contribution to the SF activity of

galaxies. The star formation is tightly linked to the stellar mass of
the disc, the main driver of the main-sequence slope. The growth of
the central component acts increasing the stellar mass of a galaxy
but does not alter its SFR. Consequently, galaxies move from the
low to the high mass region of the plane, causing the observed SFR
decrease.

5 WHICH IS THE BEST QUENCHING
PREDICTOR PARAMETER?

In the previous sections, we found evidence that a (significant)
bulge component plays a fundamental role in understanding the
quenching. In this section, we explore the contribution of other
physical parameters. Most notably, we consider the role of galaxy
stellar mass density (D ~ M. /Re?), which was several times put
forward in the literature as a possible driver for quenching from
theoretical and observational point of view (e.g. Fang et al. 2013;
Dekel & Burkert 2014; Lang et al. 2014; Barro et al. 2017; Dekel
etal. 2017; Woo et al. 2017; Whitaker et al. 2017a). We will analyse
D together with the specific star formation rate (sSFR = SFR/M.,),
stellar mass and the morphology. We here restrict the analysis to only
star-forming galaxies.

Fig. 6 presents a sequence of plots aimed at investigating possible
correlations between the sSFR and different parameters: B /Ty, , D,
Mpyige, and Mp;s.. Only one redshift bin is shown in the figure, while
the entire redshift range can be found in Appendix C. The top left
panel shows the distribution of star forming (blue) and quiescent (red)
galaxies in the sSFR-B /Ty, plane. Even though most of the star-
forming galaxies are concentrated towards low values of B/T),,, the
mean sSFR shows an almost constant distribution (for star-forming
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Table 2. Pearson correlation coefficient computed between the sSFR and the
input parameters of the table.

Z B/TM* D (M, kpcfz) MBulge M.,) Mpise (M)
0.0-0.5 0,031 —0,687 —0,127 —-0,079
0.5-1.0 —0,065 —0,637 —0,274 —0,002
1.0-1.5 —0,066 —0,746 —0,293 —-0,076
1.5-2.0 —0,089 —0,832 —0,344 -0,079

galaxies) over the entire range of B/Ty,. Indeed, a linear fit yields
to a slope of 0.06 (reported in the top-left the panel). A linear best
fit is applied to all the parameter-space analysed in Fig. 6. The larger
values are measured for D and Mpye.. Same trend is observed also
for the entire sequence plots reported in figures from the Appendix C.

To quantify these results with better statistical significance, we
computed the Pearson correlation coefficients, that are reported in
Table 2. Those values confirm the previous main conclusion. Indeed,
the strongest correlation factor is measured for stellar mass density
and Mpyyge. Interestingly, no (or weak) correlation results between
the sSFR and the B/T),, . This result is in agreement with the finding
of Sections 3 and 4 and underlines that the presence of the bulge
is relevant for the quenching but not its relevance compared to the
disc component (B/Ty,). It also confirms the not-direct effect of
the bulge growth on the star formation activity. Furthermore, the
fact that the same main conclusion is obtained using stellar mass

density, i.e. a quantity that does not require any morphological
information, indirectly supports the robustness of the morphological
classification.

6 COLOURS OF BULGES AND DISCS

Understanding the possible impact of stellar bulges in modulating
galactic star formation requires knowledge of the star formation
activity of internal components. However, a reliable SFR estimate
requires an optimal wavelength coverage from the FIR to the NUV.
To avoid possible systematics induced by the adoption of only optical
data, we analysed the UVJ rest-frame colours as a proxy of the SFR
activity of the internal components to spatially resolve the origin
of the star formation within galaxies (Labbé et al. 2005; Wuyts
et al. 2007; Williams et al. 2009). The analysis is restricted to a
sub-sample that only includes galaxies covered by 7 bands (i.e.
only GOOD-N/S fields), to minimize the increasing uncertainties
on the SED fitting that could occur when only few bands are
considered.

The sample is divided into star-forming and quiescent galaxies,
using the colour selection on the total U-V V-J rest-frame colours and
independently of the morphology. Rest-frame colours of bulges and
discs are estimated as explained in Section 2.2 and reported in Figs 7
and 8. Bulges and discs are represented by, respectively, red and blue
points in Figs 7 (star-forming galaxies) and 8 (quenched sample).
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estimated using the CANDELS catalogue.

In the case of quiescent galaxies both bulges and discs are passive,
there is no clear evidence of any star formation activity in either of the
two components. On the contrary, the disc component of star-forming
galaxies populate the star-forming region of the UVJ plane, following
a similar distribution as massive star-forming galaxies (Fang et al.
2018), while most of bulges are concentrated in the quenched
region.

These trends suggest that the major contribution to the SFR of
the entire galaxy comes from the disc component, while bulges are
mostly passive. However, as can be seen in Fig. 7, the distribution
of bulges has a tail of objects that scatters outside of the quiescent
region. The relevance of these detections (20 per cent of bulges within
the SF population) and the accuracy of the models for those sub-
sample of objects will be addressed in the discussion. However, it
is important to note that this fraction is not statistically relevant in
terms of the final result.

If we consider the colors of the U-V rest frame as a proxy of the
SFR, we can calculate the colour main sequence. Fig. 9 shows colours
main sequence for bulges (right-hand panel) and discs (left-hand
panel) at different redshift. Dotted lines in both cases correspond
to the colours of galaxies without taking into account the internal
decomposition. The colours of discs get redder towards high masses
with a steeper slope than bulges. Bulges, instead, follow rather flat
relationships, showing a redder colour than the one of the galaxy.
Discs drive the galaxy colours, as it can be seen in the figure. The
contribution of bulges is not relevant. In fact, the slope of the disc
colours does not show any sign of flattening at M, > 10.5 Mg where
the main sequence is dominated by galaxies hosting a relevant
bulge.

MNRAS 513, 256-281 (2022)

7 DISCUSSION

7.1 Causes and consequences of the presence of the bulge

In Dimauro et al. (2019), we started analysing the link between the
morphology and the star formation activity with the aim to investigate
possible signatures of the quenching process in the internal galaxy
structure. Although the morphological difference between star-
forming and quiescent galaxies is confirmed, our analysis shows that
the internal components structure weakly depend on the morphology
and on the star formation activity. Quenching signatures, if any, are
present only in the bulge structure (we cannot exclude signatures that
are beyound our uncertainty limits). We also found an increase of the
mean Sérsic index with cosmic time for bulge-dominated systems
(B/T > 0.8), in line with expectation from merger-driven models
(e.g. Hopkins et al. 2009; Nipoti 2012; Shankar et al. 2018). Galaxy—
galaxy mergers have been often proposed as efficient triggers of star
formation, black hole fuelling, and quenching, possibly driven by
feedback from the central supermassive black hole itself (e.g. Silk &
Rees 1998; Granato et al. 2004; Hopkins et al. 2006; Lapi et al.
2006; Shankar et al. 2006). Additional channels for quenching in
(central) galaxies could be linked to the host dark matter halo mass,
which could halt the accretion of fresh gas to the galaxy reservoir
(Shankar et al. 2006; Cattaneo et al. 2009; Dekel et al. 2009; Hopkins,
Kocevski & Bundy 2014).

Furthermore, the stabilization of the gas, due to the growth of
a massive central density, may also prevent the formation of new
star-forming regions within galaxies (‘morphological quenching’,
Martig et al. 2009). Rapid halting of the star formation can also
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occur due to fast gas consumption from a star formation burst or
violent disc instability (Granato et al. 2004; Bournaud 2016; Lapi
et al. 2018). Several works have probed the correlation between
morphology and star formation activity (Wuyts et al. 2011; Bluck
et al. 2014; Lang et al. 2014; Barro et al. 2017; Whitaker et al.
2017a; Peng & Renzini 2020). However, the causes behind quenching
remain debated. Bluck et al. (2019, 2022) showed that central stellar
velocity dispersion is the main galactic property linked to the level
of sSFR, in the local Universe. Marsden et al. (2022) also showed
that at fixed stellar mass, the stellar velocity dispersion remains
constant for B/T > 0.2. These recent results are in line with our
findings pointing to a significant role of the bulges in the quenching
process.

Fig. 2 shows that bulges are present within the galaxies along the
main sequence. The building-up of the central density already started
while the galaxy was still forming stars and it keeps growing as the
galaxy quenches and reddens. Moreover, Fig. 3 also revealed a lack
of passive pure-disc galaxies and additionally, it shows that galaxies
with 0.2 < B/Ty, < 0.8 are distributed in both the MS and the
quenched region at all redshifts.

These results show firstly that most of, if not all, galaxies
(considering the limits of the galaxy selection used in this paper)
without a bulge are star forming. A quenching channel without the
growth of a bulge does not seem to be a common path. The absence
of the bulge can assure that there is no quenching (Lang et al. 2014;
Barro et al. 2017). Besides that, the observation of main-sequence
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bulges implies that the quenching may not be a direct consequence
of the bulge formation, suggesting that the bulge is a required but not
sufficient condition to quench. In this respect, Dimauro et al. (2019)
found that the formation of a bulge component does not alter the
disc structure nor the level of quenching/sSFR in the galaxy. The two
components evolve as independent objects.

Furthermore, Fig. 5 shows that if the bulge stellar mass contribu-
tion is removed from the analysis, the SF main sequence follows a
linear relation (in logarithmic space). This suggests that the major
contribution to the star formation comes from the disc component.
The growth of the central density increases the total stellar mass
but not its SFR. Consequently, galaxies move from the low to
the high mass region of the plane, causing the observed SFR to
decrease. Complementary analysis of the Pearson coefficient points
towards the same conclusion. The highest correlation with the sSSFR
is observed for the stellar mass density and the stellar mass of the
bulge. This result confirms the presence of the bulge as one of the
main requirements for the quenching. Indeed, the absence of it can
assure that no quenching process are acting.

Many previous works also analysed the link between the quiescent
state of a galaxy and its structural properties (e.g. Franx et al. 2008;
Bell et al. 2012; Cheung et al. 2012; Wake, van Dokkum & Franx
2012) to investigate which property correlates better with the shut-
down of star formation. They exploited the structural properties of the
galaxy as a whole, to infer the presence/absence of bulges, arguing
that a prominent bulge is an important condition for quenching star
formation (Bell 2008; Bell et al. 2012). In this context, this work adds
some important pieces of information to the analysis (the B/T),, and
resolved stellar properties of bulges and discs up to z ~ 2) which lead
to and confirm the presence of prominent stellar bulges in quenched
galaxies.

The natural step forward is to look for any residual star formation in
the core of main-sequence galaxies. So far the discussion has focused
on the total SFR of a galaxy. However, a detailed analysis requires
to resolve stellar properties within galaxies and consequently, to
distinguish between the total and the local SF. In a similar manner,
quenching can be discussed considering the galaxy as whole or
distinguishing internal components. In the local Universe, it has be
shown that galaxies present radial colour gradients (e.g. Gonzalez-
Perez, Castander & Kauffmann 2010; Pérez et al. 2013; Vika et al.
2013; Kennedy et al. 2016) that reflect the distribution of the stellar
populations from the centre to the outskirts. Young stellar population
is the signature of an ongoing formation of stars which yields, as
a result, to a blue rest-frame colour. If a redder colour is observed,
it means that the stellar population is dominated by the emission
of old stars, revealing a weak/absent SF. More detailed analysis,
which aims to resolve the internal components, showed that the
bulges exhibit redder colours than the discs when hosted in late-
type galaxies, while both components exhibit a similar red colour
in the early-type ones (e.g. Lange et al. 2016; Ghosh et al. 2020).
However, the topic is still debated at high redshift. Several studies
present different results. Few works underlined the presence of a
sample of blue bulges and red discs (Dominguez-Palmero & Balcells
2009; Pan et al. 2014). The blue bulge colour can be related to the
presence of a central bar component (Gadotti 2008) or it can be
the signature of an on-going rejuvenation process (Fang et al. 2013;
Mancini et al. 2015). The central blue colour can also be related to the
presence of not-resolved young central components as star-forming
rings, bars etc. On the contrary, the red colour in the central region
may be also explained by star formation that is obscured by dust,
leading to a mis-classifications as quenched object (van Dokkum
et al. 2015; Whitaker et al. 2017b; Tadaki et al. 2020). Additionally,
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internal colour gradients link to ages gradient that also connect to
the mass assembly of galaxies. This is reflected on the colours of the
components. Bulges can be younger (bluer) or older (redder) than
discs, depending on whether they are the result of an outside-in or
inside-out assembly process (e.g. Pérez et al. 2013; Pan et al. 2015;
Tuttle & Tonnesen 2020; Costantin et al. 2021).

The analysis from this work shows that for most of the galaxies, the
internal components (bulge and disc) show a clear colour difference
in the UV/J rest-frame colours, at all redshifts. A summary of median
values at each redshift bin is shown in Fig. 10. The analysis is
focused on a subsample of galaxies with intermediate B /Ty, values
(0.2 < B/Ty, < 0.8). These galaxies have a similar morphology
and are either star forming or quiescent. Therefore, they are the ideal
sample to investigate the effect of the quenching process. We find
that discs are always bluer than bulges in star-forming galaxies, while
both components lie in the quiescent region when hosted in passive
galaxies.

To verify the impact of mass selection on these results, the same
analysis is performed on the entire sample of galaxies considered
in this work (bottom plot in Fig. 10). The two sequences of plots
present results that are in agreement with each other. Mean colours
of bulges and ellipticals are concentrated in the quiescent regions
of the UVJ plane while discs and discy galaxies have a blue or
red mean colour when hosted by star-forming or quiescent galaxies.
A complementary analysis, shown in Fig. 11, further supports this
result. The average colour of bulges is constantly red over the entire
redshift range, while discs exhibit different behaviours depending
on whether they are hosted by star-forming or passive galaxies. It is
interesting to note that in the latter case the U-V colour is almost
constant, while, in star-forming galaxies, it shows an increase (i.e.
a decrease of SF) from high to low redshift, in agreement with the
statistical decrease of the SFR with redshift.

Considering the U-V rest-frame colour as a proxy of the SFR, a
colour main sequence can be built and analysed (see Fig. 9). Colours
of discs get redder towards high masses with a steeper slope than
bulges. Bulges, instead, follow rather flat relationships, showing a
redder colour than the one of the galaxy. Discs are statistically driving
the galaxy colours, as it can be seen in Fig. 9. Moreover, the slope
of the disc colours do not show any changes at log M, > 10.5 Mg
where the main sequence is dominated by galaxies hosting a relevant
bulge. This result supports the weak contribution of bulges to the star
formation activity of galaxies, but also that their presence does not
affect the star formation activity of the disc component.

The ensemble of the results listed above confirms that most of the
star formation activity is taking place within the disc component. The
bulge component does not show signatures of residual star formation
(within the limit of the present analysis). Such result is in agreement
with Fig. 5 but also with the main findings of Dimauro et al. (2019).
Bulges and discs evolve as independent components. The presence
of the bulge does not strongly affect the structure or the SF of the
disc. Despite that, the lack of bulgeless passive galaxies suggests that
the morphological transformation is a common evolutionary channel
that may precede the quenching.

Recent high-resolution cosmological simulations have shown that
galaxies, during their time on the main sequence, pass through
multiple gas-compaction events that create an overdensity of stars
and provoke a loss of angular momentum (Dekel & Burkert 2014;
Zolotov et al. 2015). These compaction phases can lead to quenching
if the halo reaches a critical mass that prevents accretion from the
outer regions. Observations that support this scenario (Barro et al.
2017; Tacchella et al. 2018) propose an evolutionary path, typically
referred as inside-out quenching, in which galaxies start to quench
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Figure 11. Colour of bulges and discs in SF (dotted lines) and quiescent
galaxies at different redshift bins.

first in the central core and then later in the outskirts. Such process
results in a gradient colour signature. In this work, we moved a step
forward, estimating the colours (i.e. the star formation activity) of
the internal component individually.

From the data we can picture the SFR state of the galaxy in order to
understand where the majority of SFR is localized. However this does
not give us notions about the timeline of the events. In this context,
it can only be stated that bulges are formed before the host galaxy
quenches in most of the cases. Discs may have survived the quenching
or re-accreted at a later time. Both cases would be compatible with
the results observed. Consequently, inference of potential inside-out
quenching have to be carefully verified. Furthermore, since bulges
are almost all passive, they cannot be quenched further. Therefore,

the quenching process affects the discs. The presence of the bulge
is a required condition for the quenching but it is not the direct
cause of the SF decrease. Consequently, there is room for additional
processes, acting in decreasing the star formation rate within discs.
Moreover, the analysis of this work does not completely rule out
the progenitor bias effect. In fact, galaxies, now quenched, were
formed in the past, when the Universe was denser, i.e. they are
more compact and dense than MS galaxies. The latter ones are
consequently less dense and discy. This does not necessarily imply
a morphological transformation. The presence of bulges and discs in
MS galaxies can be explained by a later disc accretion (e.g. Costantin
et al. 2021; Méndez-Abreu, de Lorenzo-Caceres & Sanchez 2021).

7.2 Coincidence between morphology and star-formation
activity

In this work, we showed that bulges are already present in star-
forming galaxies, suggesting that they are formed during the lifetime
of a galaxy along the main sequence. This finding could suggest a late
formation of this component compared to the galaxy as a whole, and
consequently points towards the idea of a young central component.
However, we do not observe bulge in formation. Indeed, Section 6
shows that bulges are more passive (and presumably older) than the
discs, i.e. bulges are already formed and almost all already quenched
at the time of the observation. This may involve a mass assembly
which is growing inside-out. These two interpretations are, at first
glance, contradictory. Discs may only look younger because they
keep forming stars, whereas younger bulges do not. This scenario
could partially explain the results and solve the contradiction. A
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detailed investigation requires a spectroscopical analysis in order
to resolve the SFH. An example of work done in this direction
is presented by Mancini et al. (2019). Through the study of the
SFH of green valley galaxies, they conclude that the bulge mass
is fully assembled already at z > 2. Thereafter, the galaxy/bulge,
already passive, passes through a process, called rejuvenation, that
will accrete a star forming disc. However, while this explanation
is a possible reconciliation between the presence of an old-looking
bulge, in almost all galaxies, with the picture of a bulge emergence
in pre-existing MS galaxies, it does not completely answer the main
question. Indeed, if a component of a galaxy, such as a bulge or a
disc, appears with an evolved stellar population, it does not directly
imply that it is old. Conversely, a young stellar population does not
strictly reflect its late formation time.

The present work underlines a strong correlation (even considering
the presence of outliers) between the presence of the bulge and the
star formation state of the galaxy. If there is a bulge, independently
of the morphology or the star formation activity of the host galaxy, it
is quiescent. Or, if a galaxy is quiescent, with a large probability, is
hosts a significant bulge. Conversely, if the galaxy has a discy shape is
highly probable to be star forming. This suggests that the quenching
process is bounded to the morphological transformations (D’Eugenio
et al. 2021), highlighting a strong evidence of the presence of the
bulge being a necessary and sufficient condition for quiescence. This
result puts constraints on our understanding of galaxy evolution.
Often in the literature, when discussing about quiescence phase and
quenching process, one usually refers to the galaxy as a whole while
a peculiar analysis should be done on components independently.
How do bulges quench? There are no direct observations of bulges
in the transition phase. This may be explained by a fast evolution and
quenching due to quasar feedback or mergers (Toft et al. 2014). They
may be formed in a galaxy that already lost most of its gas content, i.e.
already quenching. As an alternative explanation, the star formation
signature may be obscured by an high dust content in the central
compact region of massive main-sequence galaxies. Consequently,
bulge formation might be dust-enshrouded, and only once the galaxy
clean up of thick dust, an already quenched structure emerges (e.g.
for SMG galaxies Cimatti et al. 2008 and ALMA compact galaxies
Puglisi et al. 2019, 2021). Tadaki et al. (2020) showed that in massive
galaxies (M, > 11 Mg) at z > 2, most of the star formation is
concentrated in the central region, but obscured by dust, suggesting
the presence of blue bulges for this sample of galaxies. The finding
of extended massive discs with a very dense and high star formation
in the central region (~1 Kpc), may be the first step to understand
bulge formation (Kalita et al., in preparation). Their existence can be
explained by the occurrence of many processes, as mergers, thanks to
which the disc can be destroyed and re-accreted. All of this combined
with this work, it might suggest an evolutionary path for bulges from
being blue at high-z and quench later on. However, the present work
is not in the position to either confirm or deny this conclusion since
the sample analysed contains few very massive galaxies at high-
z, observed in the optical. Recent analysis of the TNG Simulation
link the AGN activity to the decrease of SF, proposing the AGN
feedback as the main quenching driver. The AGN warms up the
intergalactic medium on a long time-scale altering the accretion
of cold gas (strangulation). The galaxy will actively forms stars
consuming its gas reservoir until exhaustion. This would lead to a
slowly decrease of SFR without altering the morphology (Pillepich
et al. 2017; Weinberger et al. 2017; Donnari et al. 2021). While
this work does not discard this mechanism as one of the processes
affecting the SF, it does not support it as the main quenching
path.
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7.3 Peculiar populations of red discs and blue bulges

The bimodal distribution of galaxy properties points towards an
exemplified galaxy classification in two main categories: red ellip-
ticals and blue spirals (from the local Universe to high-z, Baldry
et al. 2004; Whitaker et al. 2014). As a consequence, bulges and
discs are expected to be red and blue, respectively. While from a
statistical perspective both assumptions are confirmed by the results
presented in this work and also previous works from the literature, the
existence of blue ellipticals and red spirals is not excluded (e.g. Wuyts
et al. 2011). Similarly, but at a smaller scale, i.e. internal structure
of galaxies, the morphological mix is also present. Indeed, from
Figs 3 and 10, two peculiar sub-populations of blue bulges and red
discs are observed. Blue spheroids and red discs have already been
observed in the local Universe (e.g. Kannappan, Guie & Baker 2009;
Schawinski et al. 2009; Rowlands et al. 2012). From a theoretical
perspective, numerical simulations introduced the existence of blue
compact galaxies, called ‘blue nuggets’ (i.e. blue spheroid or galaxies
with a compact blue central density, Dekel & Burkert 2013; Zolotov
et al. 2015), as probable progenitors of red, compact galaxies
observed at high redshift (Zolotov et al. 2015; Barro et al. 2017).
Moreover, they may be the final result of alternative evolutionary
paths as rejuvenation or disc re-accretion (e.g. Kannappan et al.
2009; Fang et al. 2013; Rowlands et al. 2018; Mancini et al. 2019).
Consequently, the analysis of their properties is important to improve
our understanding of the galaxy evolution scenario. The next sub-
sections are focused on the investigations of the nature of those
outliers. However, it is worth noticing that, quantitatively, blue
bulges and red discs represent a small fraction compared to the
entire sample as it can also be seen in Fig. 2, and thus they are
not statistically relevant for the analysis and do not affect the main
results.

7.4 Red discs

Fig. 3 shows the presence of a tail of objects with B/T),, < 0.2
extending below the main sequence. Those galaxies represent the
2-3 per cent of the entire galaxy sample with B/T);, < 0.2. After
proceeding to a visual inspection, we classify half of the sample as
double-component systems, with a bulge fraction < 20 per cent. Most
of them have a star-forming disc and a red bulge. Consequently, they
may be galaxies passing through the green valley before entering in
the quenching region. The remaining 30 per cent of the sub-sample,
(i.e. 1 per cent of pure disc galaxy sample) are red discy galaxies. The
machine learning classification discards the presence of a bulge for
them. As an additional test, we verified that the single model fit has
actually a discy shape. Properties of the selected sub-sample of red
discs are shown in Fig. D1. The top right panel compares the U-V
rest-frame colour distribution of star-forming and quenched galaxies
with red discs. It shows that the distribution of the latter ones peaks
towards red colours in a similar manner than the one of red galaxies.
The bottom panel shows the distribution of the Sérsic index values.
The whole sub-sample has a range of values <2, showing that total
best fits for this population are in agreement with the definition of
a disc profile. An example of a red disc is reported in Fig. D2. The
main plot shows the Spectral Energy distribution, while the right
corner panel shows the position of the galaxy in the UVJ rest-frame
colour plane. Both the UVJ rest-frame colours and the overall shape
of the SED, confirm that this galaxy, and the selected sub-sample,
are passive but with a discy surface brightness profile. The remaining
galaxies of the outlier sample are mostly irregular objects that lead
to mainly wrong fits.
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The existence of red discs was already proposed by previous
works (Toft et al. 2017). Their observations suggest an alternative
quenching path where galaxies, during the quenching process, must
pass through major changes, not only on their structure, but also
on their kinematics (Peng et al. 2015; Toft et al. 2017) with the
result of halting/stopping the gas accretion and therefore reducing
the star formation activity without altering their structure (Dekel &
Birnboim 2006). High-density environments, as galaxy groups or
clusters, can also alter the structure and the stellar populations of
galaxies (Masters et al. 2010; Vulcani et al. 2014; Lopes et al. 2016;
Barsanti et al. 2021).

7.5 Blue bulges

Fig. 7 shows a sub-population of bulges scattered towards the blue
main sequence. The fraction (20 percent of bulges hosted by SF
galaxies) of those bulges increases towards high redshift. In a similar
manner as for red discs, we proceeded to a visual inspection to verify
the morphology and the goodness of the fit but also to quantify how
many within them are blue bulges or blue ellipticals. A fraction of
these outliers is composed by irregular or clumpy galaxies that cause
awrong detection of the two components that result in wrong models.
This is more likely to happen at high redshift since the amount of
clumpy galaxies is higher (Guo et al. 2015a; Huertas-Company et al.
2020). Besides that, a large fraction of those outliers are bulge + disc
galaxies. Many of them are hosting a blue bulge and a red disc. The
visual inspection of their morphology as well as their Sérsic profile
(np, ny < 2) suggest for a fraction of them, the presence of a bar that
could explain the blue colour observed in the center (Gadotti 2009;
Coelho & Gadotti 2011). These cases are at the limit of our method.
Indeed, due to their peculiar structure, they may need a specific fitting
configuration. Due to the variety of galaxy morphologies, we had to
make a choice that suits most of the sample. The remaining fraction is
composed by blue spheroidal galaxies (np > 2). Structural properties
are shown in Fig. D1. While the top left panel shows a typical Sérsic
index distribution of a spheroidal population (they peak at n = 2), the
rest-frame colour histogram shows a population that is in the middle
between star-forming and quiescent galaxies. An example of a blue
spheroid is shown in Fig. D2.

8§ SUMMARY AND CONCLUSIONS

Using the multiwavelength bulge—disc decomposition models from
Dimauro et al. (2018), we have analysed the location of galaxies in
the SFR—M,, plane as a function of the bulge-to-total ratio and how
the internal components of galaxies (bulge and disc) populate such
plane. In addition to that, we have analysed the rest-frame colour
distribution of the components. The sample of galaxies covers the
redshift range [0,2].
The main results of this work are as follows:

(i) The bending of the main sequence at the high-mass end is
directly linked to the population of galaxies with bulges (B/Ty;, >
0.2)

(ii) All the galaxies with no bulge (B/Ty, < 0.2) are on the
main sequence of star formation at all redshifts, which suggests that
the growth of a bulge is a necessary condition for quenching. A
quenching channel without bulge growth seems very rare, at least in
the general field environment probed by our sample.

(ii1) Galaxies with a significant bulge component (B/T),, > 0.2)
populate both the main sequence and the quenched region with
similar abundances. Growing a bulge is a required but not sufficient
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condition to quench or the bulge grows before the quenching
occurs.

(iv) Disc survival or re-accretion is a common process due to the
number of galaxies (= 40 per cent of the sample) we observe with
0.2 < B/Ty, <0.8.

(v) Most of the galaxies present a difference in colour. The vast
majority of bulges in star-forming galaxies lies in the quiescent region
of the UVJ plane, thus do not form stars, while discs reside in the
star-forming region. This allow us to conclude that most of the star
formation is localized in the disc component.

(vi) In the case of passive galaxies neither the disc nor the bulge
form stars. This demonstrates that passive discs do exist (as a galaxy
component) whereas star-forming bulges do not.

(vii) The morphological transformation plays a relevant role in

the quenching process. Most of the bulges do not show clear signs of
star formation activity, suggesting a scenario in which the quenching
process mostly affects the disc.
All in all, our data point to the presence of a bulge as a necessary step
towards quenching galaxies, which may be linked to the presence
of a central black hole, and/or simply to a sort of morphological
quenching.
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APPENDIX A: STANDARD DEVIATION OF B/Ty,
ON THE MAIN SEQUENCE

Fig. Al show the distribution of B /T, standard deviation per SFR—
stellar mass SFR—M bin. No clear features are present, supporting the
robustness of the result. In addition to that, and for completeness of
the analysis, Fig. A2 report the equivalent exercise of Fig. 2 but using
the bulge-total flux ratio in the F160 filter. Main-sequence galaxies
have median B/T larger then 0.3 while in the quiescent region is
mostly populated by larger values. That result confirms the main
trend observed in Fig. 2.
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Figure A2. Equivalent of Fig. 1 but colour coded with B/T in the filter F160.

The position of bulges and discs along the main sequence gives
clues on how galaxy evolve and quench. Figs B1 and B2 show the
distribution of galaxies in the log M,—SFR plane in the redshift
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range of (0,2), colour coded with B/T),. As discussed in the main
text, some general trends are observed. Galaxies wih B/Ty, < 0.2
are mostly concentrated in the main sequence, while objects with
intermediate values (0.2 < z < 0.8) are distributed between the star-
forming and the quenched region.
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Figure B1. Distribution of morphologies in the log SFR-log M, plane. Colour code, and B /T, bins are the same as 3.
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Figure B2. Distribution of morphologies in the log SFR-log M., plane. Colour code, and B/T), bins are the same as 3.
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Figure B3. Density distribution of galaxies in the log SFR-log M, plane. Top and bottom series of plots are showing the two extreme sub-sample: discy
(B/Ty, < 0.2) and bulge-dominated (B /Ty, > 0.8) galaxies. Colour code represents the number fraction of objects in the specific region of the plane. It can
be pointed out that most of the B/T), < 0.2 are concentrated in the MS with few outliers, while the density distribution of galaxies with B/Ty, > 0.8 has a

pick in the quenched region with a larger scatter.

APPENDIX C: STAR FORMATION,
MORPHOLOGY, AND QUENCHING

In this section, we aim to explore in details the correlations between
the sSFR and the structural properties of galaxies in order to
understand which parameter is the one that strongly affect the star for-
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Figure C1. Star formation morphology quenching. The sequence of the plots aims to investigate the role of the different parameters in decreasing the star
formation. To do this, each parameter is compared with the specific star formation rate (to remove the dependence on the total stellar mass from the analysis). The
upper panels are analysing the relationship between sSFR and B /T, , central density. The lower panels show the impact of the bulge (left)/disc (right) stellar mass

mation activity of galaxies. For this reason, the analysis is focused on
the star-forming population only. The ensamble of Figs C1, C2, C3,
C4 shows the distribution of the sSSFR against the B /T, , Stellar mass
density (D), Mpylge and M, at each redshift bin covered by the sam-
ple used in this work. Red numbers in each panels report the results
of the linear best fit that is done only on the star-forming population.
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on the star formation activity. The black points are the median values for which a better linear fit is applied and the final equation is shown at the top of each panel.
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Figure C2. Star formation morphology quenching. Same as the previous figure.
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Figure C3. Star formation morphology quenching. Same as the previous figure.
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Figure C4. Star formation morphology quenching. Same as the previous figure.

APPENDIX D: RED DISCS AND BLUE BULGES

In this section, we analyse in details stellar and structural properties
of the two sub-samples of galaxies that are composed by: -blue
bulges or elliptical, -red discs. Left column panels of Fig. D1 show
distribution of U=V rest-frame colours and the sersic index of blue
spheroids and blue bulges. Same analysis for red discs is reported

MNRAS 513, 256-281 (2022)

on the right columns sequence of plots. It is interesting to notice
that blue spheroids have a colour distribution that is in between
the star forming and the quiescent populations, while their structure
(sersic index) is similar to the elliptical populations. Otherwise, the
subsample of the red discs, as expected, follows the same sersic index
of spirals and pure disks, being passive and showing red rest-frame
colours as the quenched population.
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Figure D1. Properties of ‘blue’ bulges and ‘red’ discs are shown, respectively, on the left and right colum of panels. Top panels: distribution of the the U-V
rest-frame colours. Bottom panels: distribution of the Sérsic index from the single component fit. As a comparison colours and Sérsic index of the SF(blue) and
Q(red) populations are shown. In those latter cases properties of the surface brightness profile of the whole galaxy are shown.
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Figure D2. Top panel: red discy galaxy. No relevant bulge is detected
by the machine learning classification and from the single model fit. The
main plot shows the resulting behaviour of the spectral energy distribution
(theoretical behaviour retrieved with FAST). Black points are the seven bans
from CANDELS. The right corner plot shows the position of the galaxy in
the UV] rest-frame colours plane. The ensamble of information confirms the
passive nature of the galaxy. Middle panel: blue spheroid. The SED shows the
typical shape of a star-forming galaxy, in agreement with the galaxy position
in the star-forming cloud in UVJ colour plot. Bottom panel: galaxy hosting a
blue bulge. Blue and red lines/points represent, respectively, disc and bulge
photometry. The same colour legend is applied in the UV, VI rest-frame
colours plot.
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APPENDIX E: ROBUSTNESS OF THE U, V, J
REST-FRAME COLOURS ESTIMATION

To test the goodness of the colours estimation, we compare results
with the rest-frame colours from the official CANDELS catalogue,
as itis shown in Fig. E1. The label CANDELS and FAST are meant to
identify, respectively, colours taken from the CANDELS catalogue
and the one derived from the present analysis. The median scatter is
lower then <0.1 dex. However, the dispersion increases for z > 1.
The J-band rest-frame, in this redshift range, falls around 3600 nm
while the last observed filter is the H band (1600 nm). Outside
the wavelength coverage of the data set, the theoretical SED can
introduce errors cause since it is not well constrained by observations.
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Figure E1. U-V, V—J rest-frame colours comparison between CANDELS
and DM 18 catalogues. The mean bias is <0.1 dex and the scatter is (..).
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To solve this issue, we used an alternative colour, replacing the J
band with a bluer one, the / band. Wang et al. (2017), show that
the U-V, V-I plane has the same properties and presents similar
behaviour for SFR and extinction coefficient as the standard U-V,
V—J. Consequently, it can be used, at high redshift, to disentangle
star-forming and quiescent galaxies. The last plot of Fig. E1 shows

B-D 281

the comparison with the new colour combination. The dispersion
factor, in the latest redshift bin, is smaller and of the order of
0.1 dex.

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