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ABSTRACT

We present an analysis of star formation and quenching in the SDSS-IV MaNGA-DR15,
utilizing over 5 million spaxels from ~3500 local galaxies. We estimate star formation rate
surface densities (Xgspr) via dust corrected Ho flux where possible, and via an empirical
relationship between specific star formation rate (sSFR) and the strength of the 4000 A break
(D4000) in all other cases. We train a multilayered artificial neural network (ANN) and a
random forest (RF) to classify spaxels into ‘star-forming’ and ‘quenched’ categories given
various individual (and groups of) parameters. We find that global parameters (pertaining to the
galaxy as a whole) perform collectively the best at predicting when spaxels will be quenched,
and are substantially superior to local/spatially resolved and environmental parameters. Central
velocity dispersion is the best single parameter for predicting quenching in central galaxies.
We interpret this observational fact as a probable consequence of the total integrated energy
from active galactic neucleus (AGN) feedback being traced by the mass of the black hole,
which is well known to correlate strongly with central velocity dispersion. Additionally, we
train both an ANN and RF to estimate Xgpr values directly via regression in star-forming
regions. Local/spatially resolved parameters are collectively the most predictive at estimating
Yspr in these analyses, with stellar mass surface density at the spaxel location (X,) being
by far the best single parameter. Thus, quenching is fundamentally a global process but star
formation is governed locally by processes within each spaxel.

Key words: galaxies: evolution—galaxies: formation— galaxies: star formation— galaxies:
statistics — galaxies: structure.

1 INTRODUCTION

Understanding the formation of stars within galaxies and the
subsequent end of star formation via the ‘quenching’ process remain
two of the most important unresolved problems in extragalactic
astrophysics. Only ~10 per cent of baryonic matter is currently in
stars (Fukugita & Peebles 2004; Shull, Smith & Danforth 2012),
and hence the vast majority of baryons are in principle available
as an abundant resource for future star formation. Moreover, the
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vast majority of baryons in high-mass galaxies reside in a hot gas
halo surrounding the galaxy (e.g. Forman, Jones & Tucker 1985;
Paolillo et al. 2002; Xia et al. 2002; Fabian et al. 2006), from which
gas cooling and subsequent accretion on to the galaxy is naturally
expected.

Since the virial temperature of high-mass haloes is >>10° K (e.g.
Sarazin 1986; Tozzi & Norman 2001; Majerowicz, Neumann &
Reiprich 2002; Muanwong et al. 2002), the baryons in the hot
gas halo must be in a predominantly ionized form, and hence
the dominant cooling mechanisms will be through collisionally
de-excited metal-line emission (at TS2 X 107 K) and thermal
bremsstrahlung (at 72,2 x 107 K). The rate of cooling from both
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of these processes is proportional to the square of the density (or,
more precisely, ['coo X nenp ~ 02, e.g. Fabian 1994; Voigt et al.
2002; McNamara & Nulsen 2007). Additionally, the density of
plasma must increase with increasing mass of dark matter halo.
Thus, naively one would expect higher cooling rates and hence
higher rates of gas accretion and star formation in more massive
galaxies (Fabian 1994, 1999, 2012). This is not observed, and in
fact the opposite is found to be true: high-mass galaxies are more
frequently quenched (non-star-forming) than lower mass galaxies
(e.g. Baldry et al. 2006; Peng et al. 2010, 2012). Furthermore,
typical cooling times for high-mass clusters are predicted to be
~1 Gyr, which is far less than that observed (e.g. McNamara &
Nulsen 2007). These serious inconsistencies between fundamental
theoretical predictions and observations have been dubbed the
‘cooling problem’, or more flamboyantly the ‘cooling catastrophe’
(e.g. Ruszkowski & Begelman 2002).

The obvious solution to the cooling problem is through heating
(although see Martig et al. 2009 for an alternative quenching
mechanism). That is, the increased cooling rate of higher mass
haloes must be offset by an (even greater) increased source of heat
in those systems (e.g. Springel et al. 2005; Bower et al. 2006;
Croton et al. 2006; Bower, McCarthy & Benson 2008). Much
of the modern history of the field of galactic star formation and
quenching has been focused on answering precisely which heating
mechanism(s) are feasible, given modern observations of galaxy
properties (e.g. Bell et al. 2012; Cheung et al. 2012; Wake, van
Dokkum & Franx 2012; Fang et al. 2013 Woo etal. 2013; Bluck et al.
2014; Lang et al. 2014; Omand, Balogh & Poggianti 2014; Bluck
et al. 2016; Teimoorinia, Bluck & Ellison 2016; Bluck et al. 2019)
and sophisticated simulations of the physics of galaxy evolution
(e.g. Vogelsberger et al. 2014a,b; Henriques et al. 2015, 2017, 2019;
Schaye et al. 2015; Somerville & Dave 2015; Brennan et al. 2017).

Initially it was speculated that the star formation process might
be self-quenching in the sense that star formation itself provides
the heat needed to offset cooling in massive systems, most prob-
ably through supernova explosions. However, this idea has been
widely rejected for two reasons. First, the total energy available
from supernovae in massive galaxies is far too low to offset the
expected cooling rate (e.g. Croton et al. 2006; Bower et al. 20006,
2008), and furthermore individual supernova explosions have far
too little power to expel gas fully from high-mass galaxy haloes
(e.g. Henriques et al. 2019). Secondly, since star formation rates
substantially decrease in high-mass galaxies, it has never been
clear how an offset heating from supernova Type-II feedback can
persist after quenching. If supernova Type-II regulate star formation,
eventually giant ellipticals ought to accrete vast amounts of gas
and rejuvenate in a spectacular manner, which is, of course, not
observed. However, it remains possible that supernova Type-la can
impact the haloes of quenched galaxies (e.g. Matteucci et al. 1986,
2006), although simple energetics arguments suggest this cannot be
the sole mechanism (e.g. Croton et al. 2006; Bower et al. 2008).

Dekel & Birnboim (2006) proposed an alternative mechanism
for late-time heating in massive galaxies, via the shock heating
of cold gas flows into massive haloes above a critical mass of
Myaio g 10'2 Mg . Observational support for this theoretical process
was found in Woo et al. (2013), whereby the quenched fraction of
central galaxies was found to scale more tightly with halo mass
than stellar mass. However, both Bluck et al. (2014) and Woo
et al. (2015) agree that measurements of the central density of
galaxies is far superior to halo mass in parametrizing central galaxy
quenching. Furthermore, in Bluck et al. (2016) we find that varying
halo mass at a fixed central velocity dispersion (by up to three orders
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of magnitude) engenders no significant variation in the quenched
fraction at all, even around the expected threshold of halo mass
quenching. These studies provide strong observational reasons to
explore alternatives to halo mass quenching. Additionally, cosmo-
logical hydrodynamical simulations find that shock heating by itself
is insufficient to quench massive galaxies early enough, in order
to obtain agreement with the observed stellar mass function (e.g.
Vogelsberger et al. 2014a,b; Schaye et al. 2015).

Finally, heating from active galactic nuclei (AGNs) has been
proposed as a possible solution to the problem of why massive
galaxies stop forming stars (e.g. Bower et al. 2006, 2008; Croton
et al. 2006; Sijacki et al. 2007; Henriques et al. 2015, 2019). The
distinct advantage of AGNss is that they provide more than enough
energy over the lifetime of a galaxy to fully offset cooling in even
the most massive haloes by ~50-100 times over (as determined in
Silk & Rees 1998 via theoretical considerations, and in Bluck et al.
2011 via a statistical analysis of deep X-ray data). Additionally,
early studies have identified an overabundance of AGNs in galaxies
with intermediate levels of star formation, indicating a possible link
between presence of AGNs and a decline in star formation (e.g.
Kauffmann et al. 2003; Sanchez et al. 2004; Nandra et al. 2007).
However, understanding the impact of AGN lifetime and duty cycle
on these results has proved problematic to their interpretation (e.g.
Hickox et al. 2009, 2014). Ultimately, the main issue with AGN
feedback is precisely how will the energy couple to the hot gas
halo, i.e. by what mechanism(s) will AGNs convert some fraction
of their vast energy into heating the hot gas halo, leading to an offset
of cooling and eventual quenching of the galaxy?

Two modes of AGN feedback have been proposed, a high-
luminosity/high Eddington ratio ‘quasar-mode’ (e.g. Hopkins et al.
2008, 2010; Nesvadba et al. 2008; Feruglio et al. 2010; Maiolino
etal. 2012) and a low-luminosity/ low Eddington ratio ‘radio-mode’
(e.g. Bower et al. 2006, 2008; Croton et al. 2006; Fabian 2012).
The former arises from powerful winds driven by the most X-ray
luminous AGNs in the Universe, which can potentially blow out
large quantities of gas from the galaxy (e.g. Feruglio et al. 2010;
Tombesi et al. 2010; Cicone et al. 2012, 2014, 2015; Heckman
et al. 2014). The latter arise from late-time low-luminosity radio
heating, most probably via jets (e.g. Di Matteo et al. 2000; Fabian
et al. 2006; McNamara & Nulsen 2007; Fabian 2012). Modern
observations of quasar-driven outflows find a substantial mass of
gas is expelled from the galaxy, but in general it does not achieve
high enough kinetic energies to escape the dark matter halo potential
(e.g. Nesvadba et al. 2008; Veilleux et al. 2013; Cicone et al. 2014,
2015). None the less, even if bound, the circulation of gas through
the circumgalactic medium can still input a significant amount of
energy in the form of heat (e.g. Fluetsch et al. 2019). However,
although the quasar mode is powerful (high luminosity) it is also
a rare event, most probably a one-time process in the lifetime of a
galaxy (and certainly does not extend into the quenched phase of
galaxy evolution). Thus, it is hard to envisage how AGN feedback
through the quasar-mode can quench star formation in galaxies in
the long term, since cooling and accretion from the hot gas halo can
resume again after the quasar episode.

Radio-mode AGN feedback, on the other hand, provides episodic
heating throughout the lifetime of a high-mass galaxy, and hence
can potentially explain a lack of late-time cooling. Observational
support of this picture is quite sparse, possibly due to radio mode
feedback being a low-luminosity process (and hence intrinsically
hard to observe). Nevertheless, a significantly higher fraction of
low-luminosity radio emitters is found in high-mass galaxies (e.g.
Di Matteo et al. 2000, 2003; Hickox et al. 2009, 2014), and there
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is substantial observational evidence for radio bubbles and X-
ray cavities in high-mass gaseous haloes (e.g. McNamara et al.
2000; Fabian et al. 2006; McNamara & Nulsen 2007; Fabian 2012;
Hlavacek-Larrondo et al. 2012, 2015, 2018). Despite the relative
lack of direct observational confirmation (especially in intermediate
mass haloes), radio-mode AGN heating has become a ubiquitous
ingredient in modern cosmological hydrodynamical simulations
(e.g. Vogelsberger et al. 2014a,b, Schaye et al. 2015; Nelson et al.
2018) and in modern semi-analytic models (e.g. Somerville & Dave
2015; Henriques et al. 2015, 2019). Without AGN feedback in the
radio-mode, the number of high stellar mass galaxies is severely
overpredicted in models, compared to observations from wide-field
galaxy surveys.

To combat the issue of radio mode AGN feedback being a low-
luminosity process with a very long duty cycle (i.e. not amenable to
being ‘caught in the act’), we developed an approach to investigate
the total integrated impact of AGN feedback on galaxy quenching
(see Bluck et al. 2014, 2016). Specifically, we utilize the mass of
the supermassive black hole as a fossil record of the total integrated
energy released from the black hole (following highly general
theoretical arguments from Soltan 1982; Silk & Rees 1998). Since
dynamical measurements of supermassive black hole masses are
difficult to acquire, and are only measured in ~100 systems (e.g.
Saglia et al. 2016), we utilize the empirical Mpy—o relationship
(Ferrarese & Merritt 2000; McConnell & Ma 2013; Saglia et al.
2016) to estimate black hole masses in large samples of galaxies.
The most important result from these studies is that black hole
mass is the tightest correlator to quenching in central galaxies,
and is substantially superior to both stellar and halo mass, and
to morphology and environment. In Teimoorinia et al. (2016) we
develop a machine learning approach to rank parameters in terms
of their importance to quenching. Again, we find central velocity
dispersion (and hence estimated black hole mass) to be the most
successful parameter for predicting quenching in central galaxies.
Using a much smaller sample of dynamically measured black hole
masses, Terrazas et al. (2016, 2017) find that black hole mass
traces quenching more closely than stellar mass, in line with our
findings.

In addition to the fraction of quenched galaxies depending on
mass (so-called ‘mass quenching’, Peng et al. 2010), environment
has also been shown to be a significant correlator to quenching,
particularly for satellite galaxies (e.g. Peng et al. 2010, 2012; Woo
et al. 2013, 2015, 2017; Bluck et al. 2014, 2016). Satellites can
experience a wide variety of physical processes that may in principle
remove gas and engender quenching. These include, ram pressure
stripping of the hot gas halo, ram pressure stripping of cold gas
within the galaxy, galaxy—galaxy and host halo tidal stripping of
gas, and the removal of satellite galaxies from nodes in the cosmic
web (e.g. Balogh et al. 2004; Cortese et al. 2006, van den Bosch
et al. 2007, 2008; Tasca et al. 2009; Wetzel et al. 2013; Henriques
et al. 2015). These environmental processes are expected to act
in addition to the intrinsic processes discussed at length throughout
this introduction. Thus, satellites may be both mass and environment
quenched (in the parlance of Peng et al. 2010), but central galaxies
are primarily affected by mass quenching.

Currently, a revolution is underway in extragalactic astronomy,
whereby integral field units (IFUs) are being utilized to yield
spatially resolved spectroscopy of local and high-redshift galaxies
in substantial numbers for the first time (e.g. Cappellari et al. 2011;
Sanchez et al. 2012; Bryant et al. 2015; Bundy et al. 2015). By
far the largest of the new generation of wide-field IFU surveys is
the Mapping Nearby Galaxies at Apache Point Observatory survey
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(MaNGA; Bundy et al. 2015), which is the primary data source
of this paper. IFU spectroscopy allows a spatially resolved view
of galaxies, including (importantly for this work) star formation
and quenching. Potentially, resolved spectroscopy of star-forming
and quenched galaxies can lead to powerful new constraints on
quenching models, as well as new insights into the processes of
star formation on kpc-scales. Indeed, these goals were amongst the
primary justifications for these surveys to be carried out (e.g. Bryant
etal. 2015; Bundy et al. 2015).

Recent studies utilizing resolved spectroscopy have shown that
massive star-forming and green valley galaxies have increasing
sSFR (=SFR/M,) and/or ASFR radial profiles, which has been
widely interpreted as a possible signature of inside-out quenching
(e.g. Tacchella et al. 2015; Gonzalez Delgado et al. 2016; Belfiore
etal. 2017, 2018; Ellison et al. 2018; Sdnchez et al. 2018; Spindler
et al. 2018; Woo & Ellison 2019). However, Sanchez et al. (2018)
and Wang et al. (2019) have pointed out that in most cases galaxies
withrising sSFR profiles still have declining SFR profiles, and hence
the reason for the increasing sSFR profiles is not due to quenching
per se but rather due to steep (above exponential) declines in mass
density within galaxies. That is, rising sSFR profiles may be largely
attributable to the presence of a bulge structure (although the control
sample of Ellison et al. 2018 is largely immune to this issue).

The vast majority of resolved star formation studies from IFU
surveys restrict their analysis primarily to star-forming regions
within galaxies, and hence truly quenched systems, and quenched
regions within galaxies, are largely ignored (although see Woo &
Ellison 2019 for a notable exception). The reason behind this
omission is to restrict the analysis to reliable measurements of
star formation. However, an unintended result of this approach
is to have highly biased samples, which are systematically in-
complete in high-mass and spheroidal galaxies. In this paper we
take a different approach, classifying spaxels into star-forming and
quenched categories by their measured star formation rates from
emission lines (where possible), or else inferred indirectly via the
strength of the 4000 A break (for line-less regions and regions
with AGN contamination). Consequently, we are able to investigate
quenching for a complete sample of galaxies, and spaxels within
galaxies. We carefully validate our SFR measurements against
various alternatives, including via multiple single stellar population
(SSP) model fitting.

The primary motivation for this paper is to expand our prior
work on ranking galaxy parameters as predictors of star formation
and quenching (Bluck et al. 2014, 2016, 2019; Teimoorinia et al.
2016) to a spatially resolved view of galaxies. More specifically, we
include both spatially resolved parameters and spatially resolved
measurements of star formation and quenching within galaxies.
With this approach we answer two fundamental questions: (1) is star
formation governed by local, global or environmental processes?;
and (2) is quenching governed by local, global, or environmental
processes? Of course, the answers to these two questions may
be very different. Beyond this, we also determine which specific
observables on all scales (from local to environmental) impact star
formation and quenching, and asses the similarities and differences
between central and satellite galaxies. To answer these questions
we employ a sophisticated machine learning approach utilizing
both a multilayered artificial neural network and a random forest
to analyse over 5 million spaxels from the latest data release of
the MaNGA survey. Our approach provides robust constraints to
theoretical models of star formation and quenching, and we end this
paper with a substantial discussion of which theoretical mechanisms
remain viable in light of our analysis.
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The paper is structured as follows. In Section 2, we discuss our
data sources. In Section 3, we present our method to assign star for-
mationrates to all galaxy spaxels. In Section 4, we present our results
on star formation and quenching, including our machine learning
analysis. We present extensive testing of the stability of our main
results in Appendix A. In Section 5, we investigate quenching across
the stellar-halo-black hole mass parameter space, and interpret our
results with analytic theory (derived in Appendix B). Finally, in
Section 6 we provide a brief summary of the major contributions of
this paper. Throughout the paper, we adopt a spatially flat A cold
dark matter (ACDM) cosmology with the following parameters:
Qv =03,Q) =0.7,Hy =70 kms~! Mpc~!.

2 DATA

2.1 MaNGA DR15 and PIPE3D

We use as our primary data source the publicly available Sloan Dig-
ital Sky Survey data release 15 (SDSS DR15, Aguado et al. 2019).
Specifically, we utilize MaNGA (Bundy et al. 2015).! MaNGA is an
ongoing SDSS-IV project utilizing the Apache Point Observatory
(APO) to observe 10 000 galaxies with IFUs, drawn from the SDSS
legacy galaxy parent sample. The advantage of selecting MaNGA
galaxies from the SDSS is that we additionally have access to a
wide array of ancillary data, including stellar masses, morphologies,
and environmental measurements (see Section 2.2). The observing
strategy and survey design of MaNGA is explained in detail in
Law et al. (2015). In this sub-section we give only a very brief
overview. In the DR15, resolved spectroscopy and intermediate data
products are provided for ~4700 galaxies (almost a factor of two
increase in number over the previous data release). Consequently,
the latest MaNGA release provides the largest sample of spatially
resolved spectroscopic measurements in local (z ~ 0.1) galaxies to
date, which affords a distinct advantage to the statistical methods
employed throughout this paper.

MaNGA makes use of the twin Baryon Oscillation Spectroscopic
Survey (BOSS) spectrographs, bundling together the 2 arcsec BOSS
fibres into hexagonal IFUs used to feed the spectrographs. As such,
MaNGA provides spatially resolved spectroscopy across each of the
observed galaxies, which can be used to construct spatially resolved
maps of kinematics, emission and absorption lines as well as derived
parameters such as stellar mass surface density and star formation
rate surface density (see below). The IFUs vary in diameter from
12 to 32 arcsec, depending on the angular size of the target galaxy
(which involves a variation in the number of fibres used from 19
to 127 per IFU). MaNGA galaxies are selected with a flat mass
distribution with logo(M./Mg) > 9, and the variable IFU size is
designed to cover 1.5 effective radii for 2/3 of the target sample. For
the remaining 1/3 of the target galaxies, this criterion is expanded
to 2.5 effective radii. As such, a significant fraction of all targeted
galaxies are visible within the IFU, and furthermore a representative
sample of local (z ~ 0.1) galaxies is obtained, with a broad range
in mass, morphology, star formation and environment (see Bundy
et al. 2015 for full details).

We analyse the MaNGA datacubes using the PIPE3D pipeline
(Sanchez et al. 2016b), which is designed to fit the stellar continuum
with multiple SSP models, and to measure the nebular emission
lines of galaxies in contemporary integral field spectroscopy (IFS)
data. These data are all publicly available as part of the SDSS DR15

'Website: www.sdss.org/dr15/manga/
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MaNGA release.? This pipeline is based on the FIT3D fitting package
(Sanchez et al. 2016a). The current implementation of PIPE3D adopts
the GSD156 library of simple stellar populations (Cid-Fernandes
et al. 2013) that comprises 156 templates covering 39 stellar ages
(from 1 Myr to 14.1 Gyr), and four metallicities (Z/Zs = 0.2, 0.4,
1, and 1.5). These templates have been extensively used within the
CALIFA collaboration (e.g. Marino et al. 2013; Perez et al. 2013),
and in other surveys (e.g. Haines et al. 2015; Ibarra-Medel et al.
2016). Details of the fitting procedure, dust attenuation curve, and
uncertainties on the processing of the stellar populations are given
in Sanchez et al. (2016a,b). PIPE3D has been successfully used in
the analysis of IFS from many different surveys, including CALIFA
(e.g. Sanchez-Menguiano et al. 2016), MaNGA (Ibarra-Medel et al.
2016; Barrera-Ballesteros et al. 2018), SAMI (Sanchez et al. 2019a),
and AMUSING (Sanchez-Menguiano et al. 2018), and it has been
extensively tested against other analysis tools for both the derivation
of the stellar population properties (Sdnchez et al. 2016a,2019b) and
emission line parameters (e.g. Belfiore et al. 2019). Consequently,
in this section, we give only a brief overview of the most important
details.

Prior to any analysis a spatial binning is performed in order to
increase the S/N without altering substantially the original shape of
the galaxy. Two criteria are adopted to guide the binning process: (i)
adesired S/N for the binned spectra, and (ii) a maximum difference
in the flux intensity between adjacent spaxels. The first criterion
selects an S/N per A of 50, that corresponds to the limit above which
the recovery of the stellar population properties have uncertainties
of ~10-15 percent (Sdnchez et al. 2016a). The second criterion
selects a maximum difference in the flux intensity of 15 per cent.
This corresponds to the typical flux variation along an exponential
disc of the average size of our galaxies in a range of 1-2 kpc, and
shorter scale lengths for more early-type galaxies.

As a result of the binning process, the original spaxels (with
a size of 0.5 arcsec x 0.5 arcsec) are aggregated into tessellas
of variable size. The typical size of the tessellas range between
2 and 5 spaxels in most of the cases, with a few larger ones in
the outer regions of the galaxies (e.g. Ibarra-Medel et al. 2016).
Contrary to other binning schemes, the original shape of the
galaxy is better preserved by our adopted procedure, not mixing
adjacent regions corresponding to clearly different structures (e.g.
arm/inter-arms). The disadvantage is that it does not provide an
homogeneous S/N distribution across the entire FoV and the S/N
limit is not reached in all the final bins/voxels. The S/N limit of
50 was selected based on the extensive simulations described in
Sanchez et al. (2016a) in order to recover reliably the star formation
histories (SFHs) and stellar properties in general. For lower S/N
those properties are recovered in a less precise but still accurate
way. The tessellas with lower S/N are found mostly in the outer
regions, where there are still a large number of individual bins.
Therefore, averaging the stellar properties (including the SFHs)
either radially or integrated across the entirety of the field of view
(FoV) provides uncertainties similar to the ones from individual
but larger S/N bins. This has been demonstrated explicitly in
Ibarra-Medel et al. (2016). Ultimately, our adopted procedure
provides a more accurate SFH than what would be derived from
co-adding all the spectra within the FoV into a single voxel and
analysing it, according to recent results from Ibarra-Medel et al.
(2019).

2Website: www.sdss.org/dr15/manga/manga-data/manga-pipe3d-value-ad
ded-catalog/
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PIPE3D adopts a two-stage fitting procedure whereby first the
kinematic parameters are derived (stellar velocity and velocity
dispersion) along with the dust attenuation (Ay, ), and second multi-
SSP models are fitted to the stellar continuum. A Monte Carlo
iteration of the second step with varying input spectra (based on
their measured errors) is used to find the optimal coefficients for
the linear fit, and their respective errors. The stellar population
parameters (e.g. stellar metallicity and stellar mass density) are
taken as the linearly weighted sum of the best-fitting SSP models,
as normal. For example, the stellar mass of a given spatial binning
of spaxels is given by

M,=> (ci(M/L);) x L =(M/L)L, (1

where the summation is applied over the full sample of SSP models
(i) with the weighted contribution of each model given by c;. (M/L);
indicates the mass-to-light ratio of each model, and L indicates the
total optical luminosity in the spatial binning of spaxels. Similar
procedures are implemented for the metallicity and age parameters,
which are given in a luminosity-weighted and mass-weighted form,
whereby the latter is additionally weighted by the M/L ratio of each
stellar population (as above).

In addition to the PIPE3D data products for MaNGA DR15
(which we adopt as our primary resource of spatially resolved in-
formation within MaNGA galaxies), we also consider the MaNGA
Data Analysis Pipeline (DAP) parameters in order to validate both
methods. Generally speaking, there is excellent agreement between
PIPE3D and the DAP for parameters that are measured in both
pipelines. Full details on the DAP measurements are provided in
Law et al. (2016), Yan et al. (2016), and Westfall et al. (2019). The
DAP methodology is qualitatively similar to PIPE3D, but differs in
the detail of the implementation. Ultimately, the primary reason we
adopt PIPE3D as opposed to the DAP in this study is because we
have need of stellar mass surface densities in our analysis, which
are reliably provided by PIPE3D but are not available in the DAP.
Additionally, we have a preference to use the same data source
where possible (primarily for the sake of internal consistency),
hence our choice to focus exclusively on the PIPE3D outputs for
this paper. However, we have confirmed that all of our results and
conclusions would be identical if we had instead opted to use the
DAP measurements for emission line fluxes and spectral indices.

2.2 SDSS ancillary data

Our goal in this paper is to assess which parameters impact galactic
star formation and quenching, and hence we must look at a wide
variety of parameters, not restricted solely to spatially resolved
measurements (discussed above). As such, we match the MaNGA
DR15 galaxy sample to the full SDSS DR7 spectroscopic sample,
yielding ~4200 secure matches (with galaxy centre separation < 2
arcsec on sky). We additionally require that each galaxy is present in
the MPA SDSS value added catalogue (Brinchmann et al. 2004), the
Yang et al. (2007), Yang, Mo & van den Bosch (2008, 2009) group
catalogues, the Mendel et al. (2014) stellar mass and structural
catalogues, the Simard et al. (2011) morphological catalogues,
and the MaNGA Data Reduction Pipeline (DRP) file (Law et al.
2016). Finally, we require that there is a ‘good’ (i.e. non-Null, non-
NaN, and not flagged with a warning) measurement of each of the
parameters we require from these catalogues. Application of all of
these cuts yields a final sample of 3523 galaxies (2550 centrals and
973 satellites).
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All global and environmental parameters are taken from the
SDSS value added catalogues (as referenced above). Full details
on the parameters used in this study are provided in many other
publications, most recently in section 2 of Bluck et al. (2019). As
such, we will not present a detailed explanation of each parameter
here. Instead, we briefly mention the source of each parameter
below.

Global stellar masses and bulge-to-total stellar mass ratios are
taken from the structural catalogues of Mendel et al. (2014), which
are derived via spectral energy distribution (SED) fitting to mul-
tiwavelength photometric (u, g, r, i, z) bulge-disc decompositions
performed with the GIM2D package (Simard et al. 2002). Note that
these are mass-weighted structures (as opposed to light-weighted
morphologies, which are more common in the literature). Central—
satellite classification, halo masses, and distances from the central
galaxy for satellites are taken from the SDSS group catalogues
of Yang et al. (2007, 2008, 2009). Halo masses are inferred from
an abundance matching technique applied to the total stellar mass
of the group, and groups are identified via an iterative friends-of-
friends algorithm. Nearest neighbour local density measurements
are derived in Mendel et al. (2013) following the standard procedure
of Baldry et al. (2006). We adopt values set at 3rd, Sth, and 10th
nearest neighbour thresholds. Geometric parameters of galaxies
(e.g. axial ratios, position angles, and effective half-light radii)
are taken from the MaNGA DRP file and from the morphological
catalogues of Simard et al. (2011), derived with GIM2D fitting of
single Sérsic (1963) profiles and bulge-disc decompositions, where
appropriate. Global star formation rates are taken from Brinchmann
etal. (2004), which are computed via emission lines where possible,
and via the empirical sSSFR-D4000 relation for the remainder of the
sample.

We display the distributions of a number of key galactic and
environmental parameters in Fig. 1. We emphasize that we have a
very broad range in galaxy properties, with a diverse population of
galaxies spanning from pure discs to spheroids, with a fairly flat
stellar mass distribution from M, = 10°3-10"> Mg, and an ap-
proximately even sampling of star-forming and quiescent systems.
This high level of diversity in a sample with resolved spectroscopy
is truly unprecedented, and hence represents an ideal test-bed for
investigating the processes associated with galaxy transformations
(including quenching). None the less, we stress that our results are
necessarily sample dependent, and thus significant changes to the
host galaxy population may reasonably yield different results. Due
to the range in redshifts, the physical size of the region of a galaxy
observed within each spaxel (with fixed angular size of 0.5 arcsec)
is 0.46 &£ 0.26 kpc (mean =+ standard deviation).

3 SFR METHOD

Star formation rate surface densities (Xspr) are not provided in
either the MaNGA DAP or PIPE3D data products for DR15. As
such, we must compute them before analysing star formation and
quenching within MaNGA galaxies. In this section, we explain
how we compute Xgpg for all galaxy spaxels in our sample. We
adopt a two-stage approach: (1) Xgpg is derived from emission
lines, where possible (see Section 3.1); and (2) Xgspr is estimated
from the strength of the 4000 A break and the stellar mass surface
density (X,) in the spaxel in all other cases (see Section 3.2).
We explain in detail our prescription for each method below. It
is crucial for our quenching analysis that every galaxy spaxel in
MaNGA DRI15 has a ¥ggr value, and we achieve this by trading
off accuracy for completeness. For our star formation analysis, we
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Figure 1. Distributions of galaxy (shown in light blue) and environmental (shown in light green) properties, from top left to bottom right: spectroscopic
redshift (zspec), stellar mass (M), bulge-to-total stellar mass ratio (B/T), sSFR (=SFR/M,), galaxy overdensity evaluated at the fifth nearest neighbour (d5),
and group halo mass (Mmualo). Additionally, the median and interquartile range of each parameter is displayed on each panel as 1 and o, respectively. For sSSFR
(bottom left panel), we also show a crude separation into star-forming and quenched systems based on a simple cut at log (sSSFR) = —11. Our final sample
consists of 57 per cent quenched (shown in red) and 43 per cent star-forming (shown in blue) systems.

restrict the sample to robust measurements in star-forming regions,
where we trade-off completeness for accuracy (note the inversion).
Ultimately, the specific scientific goal of a given analysis will
determine which sample is appropriate to use, as explained further
throughout this section. We validate our SFR method against two
alternative approaches in Appendix A, and demonstrate that none
of our key results or conclusions are dependent on the precise
implementation of the SFR method.

3.1 Xgpr from H o for high-S/N star-forming spaxels

We take the line fluxes for He, H 8, [O 111] 15007, and [N 11] 6584
from the public PIPE3D DR15 data cubes. Line fluxes are cor-
rected for Galactic extinction and the underlying stellar absorption
through simultaneous stellar continuum fitting and subtraction. The
PIPE3D line fluxes are in excellent agreement with the equivalent
measurements from the MaNGA DAP, with mean differences of
less than 0.02 dex and standard deviations between the data sets of
less than 0.05 dex, for each line. First, we compute the S/N ratio
of each line, given the errors included by the pipeline. We then
select all spaxels with S/N > 3, in each of the above-mentioned
emission lines. As expected, the S/N ratio in H g is the limiting
case for most spaxels. However, the H § line is essential to measure
accurately in our analysis for two reasons: (1) we use it in our dust
correction prescription (via the Balmer decrement); and (2) we use
it in our classification of spaxels into ‘star forming’, ‘composite’,
and ‘AGN’. We compare to an alternative method not utilizing H 8
flux in the spaxel in Appendix A.

A total of 1.07 million spaxels meet our signal-to-noise cuts, out
of a total of 5.34 million ‘galaxy’ spaxels (a fraction of 20 per cent).
We define a spaxel to belong to a galaxy if it has a non-zero

segmentation map index (i.e. PIPE3D deems the spaxel to belong
to a galaxy) and additionally the spaxel has a mass surface density
%, > 105 Mg kpe™2 (chosen to be approximately consistent with
the expected mass surface densities at ~2.5 effective radii in low-
mass galaxies). Even if we were to take an S/N threshold of one
(i.e. pushing the data to the absolute limit), only 2.09 million
spaxels would be recovered, leading to a completeness of less than
40 per cent, and extremely high errors in the low-S/N cases. We
return in Section 3.2 to the issue of estimating Xspr values for the
majority of galaxy spaxels, without sufficiently high S/N ratios to
estimate reliably through emission lines.

For the 20 per cent of spaxels with high-S/N (>3) emission line
fluxes, we dust correct each line, assuming an intrinsic Balmer
decrement of Hae/HB = 2.86. We compute the extinction at
wavelength X from the measured Balmer decrement using the
following procedure (see also Barrera-Ballesteros et al. 2018):

. K

A(X) = —2.5 x log,, <fH2/§gJ;Hﬁ> * Ky —XKHﬁ ”
where,

Ky = A(X)/A(V) *

and the dust reddening A(X) is defined such that the observed
apparent magnitude is given by

my obs = My int + A(X), 4

where my iy is the intrinsic apparent magnitude. Thus, the dust
corrected flux is given simply by

fX,corr = fX,obs X 1OA(X)/2‘5. (5)
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Figure 2. The classification of spaxels into ‘Star Forming’ (shown in
blue), ‘Composite’ (shown in green), and ‘AGN’ (shown in red), from
their location on the Baldwin, Phillips & Terlevich (1981) emission line
diagnostic diagram. The y-axis shows the ratio of the dust corrected line
fluxes of [O111] L5007 to H 8, and the x-axis shows the dust corrected line
ratio of the fluxes of [N11] 16584 to Hew. Classification of the spaxels is
made using the theoretical lines of Kewley et al. (2001) and Kauffmann
et al. (2003), as shown by the dashed and dotted lines, respectively. Only
spaxels with S/N > 3 in all BPT lines are shown in this figure.

In the above expressions, X represents the wavelength of each of
the emission lines in turn, i.e. He, HB, [O11] A5007, and [N11]
16584. The V-band normalized extinction at each wavelength (Ky)
is provided by the extinction curve of Cardelli, Clayton & Mathis
(1989), with Ry = 3.1. We have checked that our choice of extinction
curve does not significantly impact our results, and confirm that, e.g.
the use of a Calzetti et al. (2000) attenuation curve yields almost
identical results for the vast majority of spaxels, when we adopt the
same value for Ry (as also found in Sanchez et al. 2016a).

We next classify our sample of high-S/N emission line spaxels
into regions where ionizing radiation is dominated by star formation,
AGN, or a mix of both. To achieve this, we utilize the well-studied
Baldwin etal. (1981, BPT) emission line diagnostic diagram, which
plots the [O111] A5007/H B flux ratio against the [N 1] A6584/H «
flux ratio. In Fig. 2 we show the location of our emission line
spaxels on the BPT diagram. Additionally we show the theoretical
lines from Kewley et al. (2001) and Kauffmann et al. (2003), used
to classify spaxels by their ionization state. More precisely, we class
spaxels which lie above the Kewley et al. (2001) line to be ‘AGN’
(shown in red), and those which lie below the Kauffmann et al.
(2003) line to be ‘star forming’ (shown in blue). Spaxels which
lie between the two lines are defined to be ‘composite’ (shown
in green), which contain a contribution to the line strengths from
both AGN and star formation. In Appendix A we compare the
Ygrr values derived from this method to an alternate method for
classifying spaxels via EW(Hw), and the results are essentially
identical.

Emission lines may only be used to infer star formation rates
reliably for spaxels without any AGN contamination (i.e. those
classed as ‘star forming’). There are 0.93 million spaxels with S/N
> 3 which are classed as star forming in the BPT diagnostic diagram,
representing just 17 percent of galaxy spaxels from the MaNGA
DRI15. Note that even if we used an alternative approach to infer
dust content and AGN contamination (see Appendix A), a lack
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of S/N in Ha would still leave ~half of the spaxels without an
SFR surface density estimate, and the remainder would have less
accurate measurements.

For the high-S/N BPT ‘Star-Forming’ spaxels (without significant
AGN contamination to their line fluxes), we compute star formation
rates utilizing the relationship of Kennicutt (1998), assuming a
Salpeter IMF, via the following calibration:

SFR(H ) [Mg yr~ '] = 7.9 x 107 Ly, (ergss™"), (6)

where the H o luminosity is given from the dust corrected H o flux
and spectroscopic redshift (evaluating the luminosity distance for
a spatially flat ACDM cosmology). Finally, we convert the SFR
within each spaxel to Xgpr as:

SFR(H @)

P Hoe)= ——,
ser(Ha) (0.5 x D)

@)
where the MaNGA pixel scale is 0.5 arcsecpix~', and D, is
the angular diameter distance (derived from the spectroscopic
redshift, assuming our adopted cosmology). We apply an inclination
correction to this parameter by adding log (b/a) to each value, where
bla is the axial ratio of the galaxy as determined by a Sérsic fit to r-
band photometric data (taken from the DRP file). We have checked
that none of our results or conclusions are highly sensitive to the
inclination correction, and indeed we recover essentially identical
results with a face-on restricted sample.

We estimate the error on the emission line Xgpg values to be
~0.1-0.2 dex, via a standard propagation of uncertainty from the
emission line fluxes, redshifts, and the inherent uncertainty on the
Kennicutt (1998) calibration. Additional systematic uncertainty is
engendered from the choice of the IMF. However, we mitigate this
issue in the current work by using a Salpeter IMF consistently
throughout all measurements of parameters.

In the left-hand panel of Fig. 3, we show the resolved main
sequence (Xgpr— X, relation) for the subset of MaNGA spaxels
with S/N > 3 emission lines, which are furthermore identified as
star forming on the BPT emission line diagnostic diagram (shown
in Fig. 2). There is a clear positive trend between Xspr and X, for
the star-forming sample (as has been seen elsewhere, e.g. Ellison
etal. 2018 and references therein). We perform a least squares linear
regression fit of the resolved star-forming main sequence, finding
the following functional form of the relationship:

log,o(Zsrr,ms) = 0.90(£0.22) x log;((2,) — 9.57(£1.93).  (8)

This best-fitting line is shown as a thick solid black line in Fig. 3, and
approximately indicates the locus of the resolved main sequence
relation. The measured gradient and offset are in good general
agreement with several values from the literature (e.g. Sdnchez et al.
2013; Cano-Diaz et al. 2016). The mean logarithmic distance from
the main sequence relation (ASFR,;) is indicated by the colour of
each hexagonal bin in the Xgpr — 2, plane, labelled by the colour
bar. The dashed black line indicates the threshold of quenched
spaxels, which is motivated and defined in the following sub-section.

It is important to note that although the Xgrr values shown in the
left-hand panel of Fig. 3 are robust and reliable they are also highly
incomplete, representing just 17 per cent of the full galaxy spaxel
data set. Furthermore, we do not recover a random subset of spaxels
with this approach, instead we are biased to high star formation
rates. Consequently, in Fig. 3 (left-hand panel) we are systematically
missing spaxels which are forming stars at rates significantly lower
than the resolved main sequence, i.e. regions which are ‘quenched’.
Additionally, we systematically miss spaxels at the low X, end
of the resolved star-forming main sequence. Both of these issues
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Figure 3. Left-hand panel: The resolved star-forming main sequence (Xspr — X« relation) for BPT classified star-forming spaxels with S/N > 3 (17 per cent
of the total galaxy spaxels). For this sample, star formation rates are determined from emission lines (see Section 3.1). Right-hand panel: The resolved
star-forming main sequence for all galaxy spaxels (>99 per cent). Star formation rate surface densities are estimated for low S/N and non-star-forming spaxels
via the empirical sSSFR-D4000 relation (see Section 3.2 and Fig. 4). Both panels are colour coded by the logarithmic distance each spaxel resides at from the
resolved main sequence (ASFRycs), and density contours are overlaid. A least squares linear fit to the star-forming spaxels is shown as a solid black line, and
the threshold of quenched spaxels (located at the minimum of the density contours) is shown as a dashed black line.

strongly motivate the need to estimate Xgpr for spaxels without
strong emission lines, and for regions with AGN contamination.

3.2 Ygpr from D4000 for all other galaxy spaxels

In this section, we construct a simple, empirically motivated method
to estimate Xgpr values in star-forming regions where Ho flux
cannot be used (e.g. due to alow S/N or AGN contamination), and to
classify spaxels broadly into star-forming and quenched categories.
We validate this approach against photometric SFR surface densities
derived from SSP model fitting in Appendix A. All of the main
results and conclusions of this work are identical whichever method
is used. However, for the main body of the text we prefer to use the
simple empirical method described here because a) it is possible to
apply direct to the spectra and hence is much easier to reproduce in
future studies; and b) it is much less model dependent than derived
photometric SFRs from SSP fitting. Additionally, we validate our
classification prescription against detections versus non-detections
in H o and luminosity-weighted stellar age (from PIPE3D). All tests
lead to essentially identical conclusions in the following results
sections, and hence our chosen method is not a source of significant
bias or error in the analyses of this paper.

In order to estimate Xgpgr in spaxels without strong emission
lines, and for emission line regions with contamination from AGN,
we must look for a non-emission line parameter which satisfies
three criteria. Specifically, our sought parameter must be:

(i) correlated with ¥ ggg in star-forming regions
(ii) effective at identifying quenched regions
(iii) measured reliably in all galaxy spaxels

The above might seem to be a tall order; however, fortunately
there exists at least one available parameter that achieves all of
these requirements. Inspired by Brinchmann et al. (2004) using
single aperture spectroscopy in the SDSS, and following more
recent spatially resolved analyses with earlier MaNGA data releases
(e.g. Spindler et al. 2018; Wang et al. 2019), we adopt the strength
of the 4000 A break (D4000) as our desired alternative to emission

lines for estimating Xspr. We define the D4000 index to be

4250(1+z) 3950(14+2z)
D4000 = / fidh / / £ da, )
4050(1+z) 3750(1+z)

where f; is the flux density at each wavelength A, and the limits
on the integrals are chosen to span a small range of wavelengths
either side of the (rest frame) 4000 A break. Note that we take the f;,
definition of flux density (as opposed to the f, definition), which is
arbitrary since it only affects the values by a constant scaling factor.
We also adopt the broad definition of the 4000 A break (D4000),
instead of the narrow definition (D,4000). The reason for this is
twofold. First, the broad definition is less sensitive to issues related
to velocity dispersion smearing than the narrow definition (see e.g.
Sanchez et al. 2016b), and, secondly, it is the sole 4000 A break
measurement provided in PIPE3D precisely because of the first
issue. The second issue is mentioned simply because we have a
nominal desire to restrict our current analysis to the PIPE3D data
products for the sake of self-consistency. Of course, we also have
access to the MaNGA DAP measurements and the raw spectra as
well. Using these, we have tested that the Xggr values computed
from the broad and the narrow 4000 A break indices (as well as the
/o andf, definitions) are consistent, and indeed there is no significant
difference between them. More specifically, we recover Xgpg values
which are bias free (b < 0.01) and with a scatter comparable to the
error on the measurement (6 < 0.5 dex). Thus, our results and
conclusions would be identical regardless of the precise definition
of the index chosen. As such, we only show results for the broad f;
definition in this paper. For completeness, we note that this particular
index is sometimes labelled B4000 to avoid confusion with other
D4000 definitions (see Gorgas et al. 1999).

To see how the D4000 index satisfies our three conditions, in the
left-hand panel of Fig. 4 we plotresolved sSFR (= Zspr(H)/X,) as
a function of D4000. For the high-S/N star-forming sub-sample (the
same sample as plot in the left-hand panel of Fig. 3) we find a strong
relationship between sSFR and D4000 (shown as blue contours
and labelled S.F.), whereby higher D4000 values yield lower sSFR
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Figure 4. Left-hand panel: The empirical relationship between sSFR [=Xgpr(H o)/ ] and the D4000 index, for all spaxels with BPT emission line S/N >
3 which are furthermore classified as star forming (shown as blue contours, labelled as ‘S.E.”). Additionally, the upper limits in sSSFR at each D4000 value are
shown for low-S/N and lineless spaxels (red contours, labelled ‘Low S/N”). Clearly, the star-forming and low-S/N spaxels are well separated in the D4000
index, as expected since the latter is a good estimator of the age of the stellar population. Additionally, the sSFR-D4000 relation is shown for composite
regions (as green contours), for comparison. Right-hand panel: Genuinely passive spaxels (defined to have Ha S/N < 1 and old stellar populations) are here
artificially relocated to a fixed value of sSSFR = 10~'2 yr=! (shown in red, and labelled ‘Pa.’). The median relation for the full (star-forming + passive) sample
is shown as a thick black line, with the dashed lines indicating the lo dispersion. At D4000 < 1.45 spaxels are invariably star forming, with sSFR given
reasonably accurately by the relation with D4000; whereas at D4000 > 1.45 spaxels are invariably passive with unknown exact sSFRs, except that they must

be (substantially) lower than the star-forming population.

values. Quantitatively, we find a moderately strong anti-correlation
between sSFR and D4000 of rpearson = —0.54 (with a scatter of o ~
0.4 dex). Thus, our first condition is met: D4000 provides a means
to estimate sSSFR (and hence Xgggr) for star-forming regions due to
the empirical correlation between these parameters.

Additionally, in the left-hand panel of Fig. 4 we show the
upper limits in sSFR [from the Xggr(H ) detection limits] for
all of the low-S/N spaxels. This subset will contain genuinely
quenched/passive regions as well as regions with very high dust
obstruction and/ or low X... The mean D4000 of the low-S/N spaxels
is 1.68 £ 0.01 and the mean D4000 for the high-S/N star-forming
spaxels is 1.23 £ 0.01 (where the errors are given by the standard
error on the mean). Thus, star-forming and quiescent spaxels are
generally well separated in D4000, which aids the identification
of quenched regions, satisfying our second criterion (although
see below for a more robust test). Finally, D4000 is measured in
>99 per cent of spaxel binnings (with an S/N > 5), hence our third
and final criterion is also satisfied by this approach. As a result of the
above success with our three conditions, we may use some (as yet
to be quantified) relationship between sSFR and D4000 to estimate
sSFR and hence Xgpr in all galaxy spaxels, as desired.

As a sanity check, in the left-hand panel of Fig. 4 we also show
the location of high-S/N BPT ‘composite’ spaxels. These lie at
intermediate D4000 values to star-forming and quiescent spaxels,
but lie slightly higher in sSFR than expected for their D4000 values,
compared to the star-forming sample. This is as expected, since the
sSFR values computed for spaxels with some AGN contamination
must be interpreted as effective upper limits, given the unconstrained
contribution to their line fluxes from AGN ionizing photons. We
do not use spaxels with AGN contamination in our sSFR-D4000
calibration, unlike in some other approaches (e.g. Brinchmann et al.
2004). However, we do apply the sSFR-D4000 relation to AGN-
contaminated (as well as line-less) regions for completeness. The
excellent agreement in Xggr values between SSP model fitting and
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our D4000 estimates lends further confidence to this approach (see
Appendix A).

To avoid issues of some quiescent (low-S/N) spaxels falling below
our detection threshold as a result of heavy dust obscuration or
as a result of having low X, (e.g. in the outskirts of low-mass
galaxies), we add two more constraints on the low-S/N data to
isolate genuinely quenched regions within galaxies. Specifically,
we require that Ho is non-detected at the level of S/N < 1 (i.e.
there is no measurable Ho emission), and additionally require
that the luminosity-weighted age of the stellar population is ‘old’.
The first constraint ensures that the lack of emission line flux is
specifically associated with a lack of observed star formation. The
second criterion ensures that the lack of observed star formation is
most probably a result of an old stellar population, with little-to-no
ongoing star formation, as opposed to a lack of emission lines due to
heavy dust extinction or a spaxel residing in the outskirts of a galaxy.
We take our threshold for ‘old’ to be Agej,, =3 x 10° yr. This value
is motivated because it is the minimum of the bimodal distribution
in age output by the PIPE3D pipeline. Note that the specific numeric
value is highly model dependent, but that the relative measurement
of ages between spaxels is much more robust. Thus, the separation
into old and young regions is a relative method, designed here to
avoid including genuinely star-forming regions (which must have
relatively young stellar populations as measured in light) into our
passive sample. For truly passive spaxels, the overlap in D4000 with
the star-forming sample is very small, with <10 per cent of spaxels
residing in the D4000 region corresponding to ambiguous levels of
sSFR, which may naturally be interpreted as a resolved green valley.
In most analyses, we remove this small population in any case.

In the right-hand panel of Fig. 4 we show again the density
contours for the high-S/N star-forming sample (shown in blue),
but now include only the genuinely passive spaxels (shown in
red). The sSFR values of passive spaxels, which were shown as
upper limits in the left-hand panel of Fig. 4, are here collapsed
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to a fixed value of log;o(sSFR) = —12 (as in Brinchmann et al.
2004; Spindler et al. 2018). This value is arbitrary (although it
corresponds approximately to the mean upper limit in SSFR of the
passive sample). Varying the exact value of the passive sSFR limit
has no effect on our classification of spaxels into quenched and
star-forming categories, and only a minor impact on the recovered
Ygrr values (restricted entirely to the spatially resolved green
valley region, which we usually remove from our analyses). We
introduce a small amount of random scatter (o = 0.1 dex) into the
passive spaxel sSFR values, to aid in visualizing these regions here.
Nothing quantitative can be inferred about the sSFRs of the passive
population, except that they must be substantially lower than the
star-forming population. Thus, it is highly robust to conclude that
these regions within galaxies are forming stars substantially lower
than the resolved main sequence (i.e. that they are quenched), but
it is not possible to conclude precisely how little star formation
they experience. This fact must be embraced by the scientific
methodology when utilizing these values.

In the right-hand panel of Fig. 4 we show the running median
(solid black line) and +1o range (dashed black lines) in the
sSFR-D4000 relationship, for a concatenated sample of high-S/N
star-forming spaxels and (genuinely) passive spaxels (with fixed
nominal low sSFR values). This relationship shows clearly the
D4000 threshold at which quenched spaxels dominate the sample,
which occurs at D4000 = 1.45. That is, regions within galaxies
with D4000 < 1.45 are typically star forming (and can be mod-
elled reasonably accurately through the sSSFR-D4000 correlation);
whereas regions within galaxies with D4000 > 1.45 are typically
quenched. For the quenched population we may reliably infer that
star formation is low relative to the resolved main sequence, but
the exact values of star formation (likely well below the detection
threshold) is, of course, unknown. We now have all we need to
estimate Ygpr from D4000. We assign Xgpr values from D4000 as
follows:

2srr (D4000) = sSFR(D4000) x X, (10)

where sSSFR(D4000) is taken as the median value of sSFR at D4000
from the running median (solid black line in Fig. 4), in bins of
dpaopp = 0.01. We additionally include scatter at the level of o
= 0.33 dex. This is largely an aesthetic choice, as it prevents all
quenched spaxels from occupying the same exact ridge line on the
Ysrr— 24 plane, which aids in visualization later on in the paper.
Moreover, this value of scatter is chosen to be lower than the error
on the recovery of Xggr for star-forming regions, i.e. it does not
worsen the accuracy of the fit.

We test the recovery of Xgpr from D4000 with the measured
values from Ha, for high-S/N star-forming regions. The D4000
method recovers Xgpgr With essentially no bias (b = 0.02 dex) and a
standard deviation of o = 0.43 dex. Thus, the error on X spr (D4000)
is approximately a factor of two higher than the error on X gpr(H o)
(which is a comparable result as found for the SDSS in Rosario
et al. 2016, and in IFS studies in Gonzdlez Delgado et al. 2016;
Sanchez et al. 2018). Consequently, our D4000 method to measure
star formation rate densities in all spaxels yields completeness
(~100 per cent versus 17 per cent), but comes at a price in terms of
accuracy (0.4 dex versus 0.2 dex). Hence, the sample one chooses
to work with must be motivated by the specific science goals of the
study. For example, can one accept a reduced accuracy for the sake
of completeness, or would one be better to use a highly reliable but
highly biased sub-sample? In the following results sections of this
paper we will take both approaches, where appropriate.

Star formation and quenching in MaNGA 105

Finally, we construct a master Xgpg parameter, which is taken
from the emission line method of Section 3.1 if all BPT emission
lines are found to have S/N > 3 and additionally if the spaxel lies
in the star-forming region of the BPT diagram. For all other cases
(low S/N regions, and regions with any AGN contamination) we
estimate Xgpg from the D4000 method, explained in this section.
We now have a complete sample of Xgpg with which to work
with. To illustrate the power of this sample, we show the complete
Y grr — 2, relationship for all spaxels in Fig. 3 (right-hand panel),
placed next to the same figure for the high-S/N star-forming spaxels
only (left-hand panel of Fig. 3). It is striking how different the
two figures look. Specifically, the complete sample fills in both
quenched regions (lying below the resolved main sequence) and the
low X, end of the resolved main sequence. As before, this figure
is colour coded by the logarithmic distance each spaxel resides at
from the star-forming main-sequence ridge-line (equation 8, shown
as a thick black line). Additionally, we show as a dashed black line
the minimum of the density contours, which indicates the threshold
of quenched spaxels within galaxies. It can now be clearly seen
that virtually no quenched regions within galaxies are included in
the high-S/N star-forming region (as one might have reasonably
expected). Thus, if our goal is to probe quenching, we must focus
on the complete sample.

Ultimately, the sSFR-D4000 calibration works because the
D4000 index is a sensitive tracer of the presence (or absence)
of young stars in the spectrum of a given region of a galaxy.
There are, of course, weak degeneracies with metallicity and dust
extinction inherent in the method (and indeed as used throughout
the vast number of SDSS publications, from Brinchmann et al.
2004 onwards). However, we emphasize here that an approach
utilizing photometric Xgpr values from SSP model fitting (which
explicitly fits for metallicity and extinction as well as age) leads to
essentially identical results and conclusions to our relatively simple
H «—D4000 hybrid approach (see Appendix A for full details). In
the final analysis, the metallicity and dust degeneracies are both
contained in the 0.43 dex scatter, which is more than tight enough
to be highly useful in this study.

3.3 ASFR and spaxel classification

Due to the fact that there is a positive relationship between X ggr and
2, for star-forming regions within galaxies, and furthermore, given
that the exponent on this relationship is not exactly equal to one, it is
not possible to determine whether a region is forming stars at a rate
consistent with the main sequence or not from Xggg, or even sSFR,
alone (i.e. the distributions of Xgpg and sSFR have ¥, dependent
minima). To combat this subtle issue, we adopt the approach of
Bluck et al. (2014, 2016) but here applied to spatially resolved
data. Specifically, we construct a new statistic which measures the
logarithmic distance each spaxel resides at from the resolved star-
forming main-sequence ridge line (which is qualitatively similar to
the approach of Ellison et al. 2018). This parameter is defined for
each spaxel ‘i’ as

ASFRs ; = log,, (ESFR,i) —log, [ESFR.MS(E*J’)], 11

where Xgpg; is the star formation rate surface density of each
spaxel in turn, evaluated via emission lines or through the sSFR—
D4000 relationship (as appropriate). Xsprms(X+;) indicates the
expectation value for Xgpr (given the X, value of each spaxel),
which is quantified by the main-sequence ridge line (defined in
equation 8).
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Figure 5. The distribution of the resolved ASFR parameter for all spaxels
(shown as a thick black line) and for the high S/N star-forming sub-
population (shown as a magenta line). The regions where galaxies are
forming stars on the main sequence, significantly below the main sequence,
and at an intermediate level are shown in blue, red, and green, respectively.
The dashed line at ASFR = —0.85 indicates the minimum of the distribution,
and we adopt this value for our classification threshold.

The distribution of ASFR is shown in Fig. 5 for the full sample
(thick black line) and for the high-S/N star-forming sample (light
magenta line). Regions within galaxies which are forming stars
exactly on the resolved main sequence will have ASFR,.; = 0 by
definition. As has been seen for the full galaxy distribution (e.g.
Bluck et al. 2016) the distribution in this statistic is highly bimodal
for the full sample. However, given the fixed upper limits of sSSFR
used in our definition of Xgpr for quiescent regions, the lower
ASFR,. peak should really just be considered as a place holder for
relatively low values. Given an arbitrarily high level of accuracy
in probing star formation, one would expect the quenched peak to
spread out along the x-axis of Fig. 5, extending in principle all the
way to —oo in log space. This issue must be dealt with, either by
considering the low ASFR,. values as essentially indistinguishable
(as in the analyses of this paper), or else by attempting to break
the degeneracy by some other means (e.g. via the age of the stellar
population).

The distribution in ASFRs shown in Fig. 5 clearly separates
into two regions: a star-forming peak around ASFR;, = 0 and a
quenched peak around ASFR,.; = —1.7. In this work we utilize
a simple empirically motivated method to separate star-forming
and quenched regions within galaxies by the minimum of the
ASFR, distribution (as in Bluck et al. 2014, 2016 for the galaxy-
wide SDSS sample). This minimum occurs at ASFR,; = —0.85.
Thus, values higher than this threshold are defined as star forming
(note: in a different sense to the BPT diagram), and values lower
than this threshold are defined to be quenched. However, values
very close to the threshold are somewhat ambiguous. Hence,
we additionally define a buffer-zone of ~10 percent of the
range in ASFR,. centred on the star-forming-quenched thresh-
old. Thus, the full sample of spaxels is categorized into three
classes:

(1) Star forming: ASFRs > —0.6
(ii) Green valley: —1.1 < ASFRs < —0.6
(iii) Quenched: ASFRs < —1.1
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Each of these three regions are coloured in Fig. 5 (blue, green, and
red, respectively). It is clear that for the high-S/N BPT star-forming
sample (magenta line), there are essentially no truly quenched
spaxels at all, and only a very minor population of green valley
regions. Thus, it is imperative to utilize the full/complete sample
of spaxels in order to probe quenching. We use these classes
for training and validation in the machine learning classification
analysis (presented in Section 4.2).

4 RESULTS

4.1 General trends in resolved star formation and quenching

In this section, we explore in a general way the dependence
of resolved star formation quenching on a variety of variables,
separated into the following sets: local (spatially resolved), global
(one value per galaxy, pertaining to the galaxy as a whole), and
environmental (one value per galaxy, pertaining to the environment
in which the galaxy resides). More specifically, we consider the
following parameters:

(i) Global parameters: central velocity dispersion evaluated
within 1kpc (0¢); total stellar mass (M,); central mass density
within 1 kpc (2¢); and bulge-to-total stellar mass ratio (B/T).

(i) Environmental parameters: group halo mass, evaluated
from an abundance matching technique (My); local galaxy density
evaluated at the 3rd, 5th, and 10th nearest neighbour (83, 85, and
810); and distance to the central galaxy for satellites (D.).

(iii) Local parameters: velocity dispersion of the spaxel (o);
stellar mass surface density of the spaxel (X,); stellar metallicity
of the spaxel (Z,); and location of the spaxel within the galaxy
(semimajor axis R/R.*).

All of these parameters have been chosen not to be trivially
connected to star formation in any manner, and additionally to be
reflective of interesting physical processes within galaxies. To this
end, we have avoided line fluxes and equivalent widths, colours and
magnitudes, and parametrizations of models (e.g. Sérsic indices).
Additionally, we have exclusively chosen parameters that can be
measured accurately in both star-forming and quenched spaxels, in
order to determine how each parameter impacts the probability of
a region within a galaxy being quenched. As a result of this, we
exclude gas-phase properties from our main analysis (although see
Section 4.2.3 for a brief analysis of gas-phase parameters in star-
forming, emission-line regions). Additionally, for some tests in the
machine learning section (Section 4.2), we also consider the total
star formation rate of the galaxy (SFR) and the distance each galaxy
resides at from the star-forming main sequence (AMS).

In Fig. 6 we present the resolved star-forming main-sequence
relationship for all (star forming and quenched) spaxels from central
galaxies. The X sgr — 2, plane is divided into small hexagonal bins
colour coded by the mean of each parameter under investigation.

3We also consider central parameters defined through the effective radius
(i.e. evaluating the average X, and o within R./4 and R./2). These
alternatives lead to identical rankings, and hence we do not consider them
further here.

4The semimajor axis of the unique ellipse with given axial ratio (b/a) and
position angle (6...) which passes through the centre of each spaxel is
determined via a standard de-projection technique. Note that the ranking of
the Euclidean distance (rg) and the semimajor axis are very similar in all
of our analyses, and differ only slightly in regression (where the semimajor
axis performs better than the Euclidean distance from the centre).
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