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ABSTRACT

We investigate how star formation quenching proceeds within central and satellite galaxies
using spatially resolved spectroscopy from the SDSS-IV MaNGA DRI15. We adopt a com-
plete sample of star formation rate surface densities (Xsrr), derived in Bluck et al. (2020),
to compute the distance at which each spaxel resides from the resolved star forming main
sequence (Xgpr — 2« relation): AXgpr. We study galaxy radial profiles in AYXgpr, and
luminosity weighted stellar age (Agey,), split by a variety of intrinsic and environmental pa-
rameters. Via several statistical analyses, we establish that the quenching of central galaxies
is governed by intrinsic parameters, with central velocity dispersion (o) being the most im-
portant single parameter. High mass satellites quench in a very similar manner to centrals.
Conversely, low mass satellite quenching is governed primarily by environmental parameters,
with local galaxy over-density (d5) being the most important single parameter. Utilising the
empirical Mpp - 0. relation, we estimate that quenching via AGN feedback must occur at
Mpy > 1055-75 M, and is marked by steeply rising AY.spr radial profiles in the green
valley, indicating ‘inside-out’ quenching. On the other hand, environmental quenching oc-
curs at over-densities of 10 - 30 times the average galaxy density at z~0.1, and is marked
by steeply declining AX.gpgr profiles, indicating ‘outside-in’ quenching. Finally, through an
analysis of stellar metallicities, we conclude that both intrinsic and environmental quenching
must incorporate significant starvation of gas supply.

Key words: Galaxies: formation, evolution, environment, structures, bulge, disk; star forma-

tion; observational cosmology

1 INTRODUCTION

The simplest viable models of galaxy formation incorporate cos-
mological expansion, gravitational collapse of dark matter and
baryons, gas cooling within haloes, and a semi-empirical prescrip-
tion for gas collapse into stars (e.g., White & Rees 1978, White &
Frenk 1991, Cole et al. 2000, Abadi et al. 2003). A characteristic
prediction of such models is that the majority of baryons will be in-
corporated into stars by the present era, with €. = M. /M > 0.5
(even after accounting for the return fraction due to stellar evolu-
tion; see Henriques et al. 2019 for a contemporary example). How-
ever, observations find that e, < 0.1 (e.g., Fukugita & Peebles
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2004, Shull et al. 2012), in stark contradiction to early theoretical
predictions. Furthermore, it is now well established that, contrary to
simple gravitational collapse models, there is a preferred halo mass
scale for baryon-to-star conversion at M1, ~ 101572 Mo cor-
responding to a stellar mass peak threshold of M, ~ 10157 Ay
(e.g., Guo et al. 2010, Moster et al. 2010, 2013). At both higher
and lower masses, the efficiency of baryon conversion into stars is
suppressed. Given that the gravitational interaction may be solved
to arbitrary precision with modern N-body numerical techniques
(e.g., Springel et al. 2005a), the suppression in star formation must
be attributable to non-gravitational baryonic processes.
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The great theoretical challenge in extragalactic astrophysics in
the past two decades has been to explain, in a self-consistent man-
ner, the low cosmological efficiency in star formation. Feedback
has emerged from this process as the dominant solution to this the-
oretical problem. Broadly speaking, feedback can be used to indi-
cate any complex baryonic process which may impact star forma-
tion, and cannot be modelled simply via gravitational physics. Ob-
viously, this incorporates a very broad range of phenomena. More
specifically, feedback in modern simulations is usually restricted to
two general classes: a) stellar and supernova feedback (e.g., Cole et
al. 2000); and b) feedback from supermassive black hole accretion
in active galactic nuclei (AGN; see Somerville & Dave 2015 for a
recent review). Typically, semi-analytic models (and now cosmo-
logical hydrodynamical simulations) utilise feedback from super-
novae to regulate star formation in low mass (M. < 101%° M)
galaxies; and AGN feedback to completely shut down star forma-
tion in high mass (M., 10*%-° M) galaxies (see, e.g., Croton et
al. 2006, Bower et al. 2006, 2008, Sijacki et al. 2007, Vogelsberger
et al. 2014a,b, Schaye et al. 2015, Henriques et al. 2015, 2019).
In addition to stellar/ supernova and AGN feedback, environmen-
tal effects are also incorporated into some theoretical models, often
in the form of ram pressure stripping of gas from satellite galaxies
in clusters and ‘strangulation’ of gas supply (e.g., Henriques et al.
2015, Vogelsberger et al. 2014b).

In parallel to the theoretical progress outlined above, obser-
vational studies utilising wide-field galaxy surveys have revealed
that galaxy optical colours, star formation rates (SFR), and specific
SFR (sSFR) exhibit strong bimodality in their distributions (e.g.,
Strateva et al. 2001, Brinchmann et al. 2004). Thus, galaxies nat-
urally separate out into star forming and non-star forming classes,
the latter being often described as ‘quenched’. Interestingly, even
in quenched galaxies, the vast majority of baryons do not reside
in stars (e.g., Forman & Jones 1985, Fabian et al. 2006), and in-
stead typically reside in a hot gas halo surrounding the galaxy (e.g.,
Fabian 1994, Voigt et al. 2002, McNamara & Nulsen 2007). Thus,
quenching is not a result of galaxies running out of fuel for conver-
sion into stars (at least within their haloes). Consequently, a closely
related problem to the cosmological low efficiency in star formation
is the ‘cooling problem’: why does the hot gas halo not cool and
condense into galaxies, yielding greater levels of star formation?
(e.g., Fabian 1994, 1999, 2012). Understanding empirically which
observables are connected with the transition from a star forming
to quenched state has become a major industry in extragalactic as-
trophysics, with hundreds of papers dedicated to this topic.

A useful statistic to investigate the quenching process obser-
vationally is the fraction of quenched galaxies to the total number
of galaxies in a given population (fg). There is a strong positive
relationship between fg and stellar mass (Baldry et al. 2006, Peng
et al. 2010), which was historically interpreted as qualitative sup-
port for stellar/ supernova feedback. Additionally, there is a strong
positive relationship between fg and the density of galaxies within
a given cosmic environment, often measured to the Nth nearest
neighbour: 6 (Baldry et al. 2006, Peng et al. 2010). The depen-
dence of quenching on stellar mass and local galaxy density are
separable, i.e. they both operate at fixed values of the other pa-
rameter; yet ‘mass quenching’ is most important for centrals and
‘environment quenching’ is most important for satellites* (Peng et
al. 2012).

L Throughout this paper (and in line with Yang et al. 2007, 2009) we define
centrals to be the most massive galaxy within a given dark matter halo; and

The structure and kinematics of galaxies have also been found
to correlate strongly with fg, even at fixed stellar mass and galaxy
density (e.g., Cameron et al. 2009, Wuyts et al. 2011, Wake et al.
2012, Cheung et al. 2012, Bell et al. 2012, Fang et al. 2013, Omand
etal. 2014, Lang et al. 2014, Bluck et al. 2014, 2016). More specif-
ically, the central density (and velocity dispersion, o.) of galaxies
has been shown to exhibit stronger correlations with fg than either
stellar or dark matter halo mass (see Bluck et al. 2014, 2016, Woo et
al. 2015). The critical importance of the central-most regions within
galaxies for predicting the level of ongoing star formation has been
interpreted as a possible consequence of quenching operating via
AGN feedback (e.g., Bluck et al. 2014, 2016, 2020, Teimoorinia et
al. 2016). This interpretation is further supported by the observa-
tion that the dynamically measured black hole masses of quenched
galaxies are higher than star forming galaxies, at a fixed stellar mass
(see Terrazas et al. 2016, 2017).

Utilising the M — o relation (e.g., Ferrarese & Merritt
2000) as a proxy for black hole mass (which is measured dynam-
ically in only ~100 systems, e.g. Saglia et al. 2016), we have es-
tablished that the fraction of quenched centrals is much more de-
pendent on Mpp(o.) (at a fixed M, or Mualo) than on either M,
or Mual, (at a fixed Mpu(o.)), by over a factor of 3.5 (see Bluck
et al. 2016, 2020). These results are highly consistent with con-
temporary theoretical predictions, which identify Mgy as the key
observable in AGN feedback driven quenching (see Bluck et al.
2016, 2020, Davies et al. 2019, Terrazas et al. 2020, Zinger et al.
2020). Additionally, there is substantial direct evidence for AGN
feedback impacting galaxies via high Eddington ratio accretion-
driven galactic winds: the ‘quasar mode’ (e.g., Nesvadba et al.
2008, Feruglio et al. 2010, Maiolino et al. 2012, Cicone et al. 2012,
2014, 2015, Fluetsch et al. 2019); and via low Eddington ratio
accretion-triggered radio jets: the ‘radio mode’ (e.g., McNamara
et al. 2000, Fabian et al. 2006, McNamara & Nulsen 2007, Fabian
2012, Hlavacek-Larrondo et al. 2012, 2015, 2018). Hence, the use
of AGN feedback in models is now reasonably well supported by
observations.

Over the past decade optical astronomy has undergone a revo-
lution, in which the two principle modes of astronomical observa-
tion (spectroscopy and imaging/photometry) have been combined
in a spectacular synthesis into integral field spectroscopy (IFS; see
Sanchez 2020 for a review). In IFS, galaxies are observed with spa-
tially resolved spectroscopy transforming each pixel in a conven-
tional image to a spectral pixel (dubbed a ‘spaxel’). IFS observa-
tions reveal the complexity of baryonic processes within a given
galaxy (e.g., Cappellari et al. 2011, Sanchez et al. 2012, Bryant et
al. 2015, Bundy et al. 2015). By far the largest of the current gen-
eration of IFS surveys is the Mapping Nearby Galaxies at Apache
Point Observatory (MaNGA) survey, Bundy et al. (2015). This is
the primary data source for this paper. Utilising IFS, the kinemat-
ics (line of sight velocity and velocity dispersion), optical emission
and absorption lines, and stellar continuum may be measured at
(typically) hundreds to thousands of spatial locations within a sin-
gle galaxy, enabling a radical extension of our understanding of the
physics operating within external galaxies.

One of the earliest, and most fundamental, results from IFS
studies of galaxies is that spaxels follow a resolved star forming
main sequence, in analogy to the SFR - M, global main sequence
of Brinchmann et al. (2004), see, e.g., Sdnchez et al. (2013), Wuyts

satellites to be any other group/ cluster member. Note that an isolated galaxy
is taken to be the central of its group of one.
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et al. (2013), Cano-Diaz et al. (2016), Gonzalez-Delgado et al.
(2016), Hsieh et al. (2017), Ellison et al. (2018), Bluck et al. (2020).
However, as with galaxies as a whole, not all spaxels are star form-
ing. In fact, star forming regions with strong emission lines are a
relatively small sub-set of the full spaxel population. Of course, the
absence of emission lines may be attributed to different underly-
ing causes, including extensive dust obscuration or a genuine lack
of star formation within the region. Most prior studies of star for-
mation within IFS observations have focused on the emission line
sub-sample (e.g., Tacchella et al. 2015, 2016, Schaefer et al. 2017,
Belfiore et al. 2017, 2018, Ellison et al. 2018, Medling et al. 2018,
Quai et al. 2019). The reason for this selection is to restrict to a class
of spaxels for which star formation rate surface densities (Xsrr)
can be reliably inferred. However, an unintended consequence of
this approach is to bias the sample to star forming systems, leading
to a systematic under-representation of high mass, spheroidal and
quenched galaxies (as well as bulge regions).

Using the sub-sample of strong emission line/ star forming re-
gions, numerous prior studies have found that green valley (and
high mass) galaxies exhibit rising? radial profiles in sSFR and/or
AXYsrr (see Tacchella et al. 2015, 2016, Gonzalez-Delgado et al.
2016, Belfiore et al. 2017, 2018, Ellison et al. 2018, Sanchez et
al. 2018, Medling et al. 2018). Thus, galaxies in transition from
star formation to quiescence tend to show more quiescent cores
and more star forming outskirts, so called ‘inside-out’ quenching.
This conclusion is also supported by resolved studies of luminos-
ity and mass weighted stellar age and SFR estimates from model
SED fitting, which are not limited to emission line regions (e.g.,
Gonzalez-Delgado et al. 2016, Woo & Ellison 2018, Bluck et al.
2020). Additionally, Ellison et al. (2018) have found that galaxies
residing above the global main sequence (star bursts) tend to have
enhanced star formation in their cores, with more normal levels of
star formation in their outskirts, which is indicative of inside-out
fuelling (possibly driven by tidal torques). These observations led
Ellison et al. (2018) to conclude that star formation in galaxies is
both boosted and suppressed from the inside-out.

In order to derive star formation rates from Ha (e.g., via Ken-
nicutt 1998), it is essential to dust correct the line flux first. The best
way to achieve this in optical spectroscopy is via measurement of
the Hp line, and the assumption of an intrinsic Balmer ratio (e.g.,
Cardelli et al. 1989). The problem arises because the HJ line is
much fainter than the Ho line (with frg/fra < 0.34; where the
limit is set in the absence of dust obscuration, which impacts the
bluer line more severely than the redder line). Thus, efforts to ob-
tain a complete star forming sample of spaxels is severely ham-
pered by both the intrinsic faintness of the Hf line relative to the
Ha line, and the potential for (perhaps extensive) dust obscuration
in star forming regions. Consequently, one cannot simply ascribe
the absence of strong emission lines to an absence of star formation,
although there are various techniques available to approximately
address this issue (see Sanchez et al. 2020).

Another important issue with utilising emission lines to infer
Ygrr is that AGN contamination of Ha flux may lead to overesti-
mates in Xsrr, for regions affected by AGN emission. Hence, one
must also discard regions suspected of AGN contamination, typi-
cally via a cut made to the Baldwin, Phillips & Terlevich (1981,
BPT) emission line diagnostic diagram. The combination of these
two effects (dust extinction and AGN contamination) leads to the

2 Note that throughout this paper we take ‘rising” and ‘declining’ to mean
rising or declining with increasing radius.
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emission line samples of prior studies being highly incomplete, and
severely biased. In Bluck et al. (2020) we conclude that ~80% of
the galaxy spaxel data ought to be disqualified from an emission
line approach. The most common reason for exclusion is a lack of
detection in HS (used for dust correction and AGN determination),
or [NII] and [OIII] (used in AGN determination). Nonetheless, a
lack of detection in He itself removes ~40% of the spaxel sample.
Thus, it is clear an alternative approach is required.

To combat the Ysrr incompleteness problem, in Bluck et al.
(2020) we have derived an estimate of Xsrr for all spaxels within
the MaNGA DRI15 via a two-stage approach: inferring ¥spr via
dust corrected Ha luminosity where possible (i.e. in strong emis-
sion line regions uncontaminated by AGN); or else via an empirical
calibration between resolved sSFR and the strength of the 4000
A break (D4000). The latter method is applied to both lineless
and AGN contaminated spaxels. This approach is qualitatively very
similar to that of Brinchmann et al. (2004) for global measurements
of SFR in the SDSS. Additionally, a qualitatively similar approach
has been utilised in Spindler et al. (2018) and Wang et al. (2019),
but in the latter it is applied only to star forming regions, primar-
ily to estimate Xgrr in spaxels with suspected contamination from
AGN. We have thoroughly tested our hybrid ¥srpr measurements
against a variety of complementary approaches in Appendix A of
Bluck et al. (2020), including against multi single stellar population
(SSP) model fitting, and via comparison to measurements of stellar
age.

Utilising our complete ¥srr sample, in Bluck et al. (2020) we
established that whilst star formation is fundamentally a local phe-
nomenon (varying substantially within any given galaxy), quench-
ing is irreducibly a global phenomenon (depending primarily only
on the central kinematics for central galaxies). The goal of this pa-
per is to expand on our prior publication, using the same complete
sample of Yspr values to investigate star formation and quench-
ing on kpc-scales. Specifically, we analyse radial profiles of the
distance to the resolved main sequence (AX.srr) and of luminos-
ity weighted stellar age (Ager,) to answer: 1) How does quenching
proceed within central and satellite galaxies?; 2) How is the spa-
tial distribution of star forming and quenched regions dependant
on the global star forming state of the galaxy?; and 3) Which pa-
rameters are most predictive of quenching in different galaxy pop-
ulations? To answer the last question we adopt a sophisticated ma-
chine learning approach, incorporating a variety of random forest
analyses, along with additional statistical tests. Finally, we provide
a detailed discussion in which we link our observational findings to
the latest theoretical models; and utilise a stellar metallicity test to
demonstrate the importance of preventative/ delayed feedback on
kpc scales.

The paper is structured as follows. In Section 2 we describe
our data sources. In Section 3 we describe the methods used in this
paper for defining the distance to the star forming main sequence,
and for radial profiling. In Section 4 we present our results for pop-
ulation averaged radial profiles in a variety of spatially resolved
star formation indicators; additionally we show radial profiles for
individual galaxies demonstrating the consistency of the two ap-
proaches. In Section 5 we present our machine learning analysis
of which parameters impact the quenching of central and satellite
galaxies. In Section 6 we discuss our results in light of numerous
theoretical paradigms, and present an analysis of stellar metallic-
ity which indicates that quenching must operate primarily via the
prevention of gas inflow. We summarise the major contributions of
this paper in Section 7. In an appendix we show examples of indi-
vidual galaxy maps, and present detailed tests on the random forest



4  Asa F L. Bluck et al.

results. Throughout the paper, we adopt a spatially flat ACDM cos-
mology with the following parameters: a7 = 0.3, Qa =0.7, Ho =
70 km/s Mpc L.

2 DATA SOURCES
2.1 MaNGA & Pipe3D

Our primary data source is the Sloan Digital Sky Survey Data Re-
lease 15 (SDSS DR15, Aguado et al. 2019). More specifically, we
analyse in this paper data from the Mapping Nearby Galaxies at
Apache Point Observatory survey (MaNGA, Bundy et al. 2015).
These data are publicly available®. Although there is a newer data
release (DR16), it does not yet contain all of the measurements we
require for the analyses in this paper. Full details on the survey and
the observation strategy are given in Bundy et al. (2015) and Law
et al. (2015), respectively. Our group has analysed the MaNGA
spectroscopic data cubes with the Pipe3D pipeline (Sanchez et al.
2016a,b). The outputs from this analysis are also publicly avail-
able*. This is the exact same sample and data products as used in
Bluck et al. (2020). As such, we direct the reader to Section 2.1
of Bluck et al. (2020) for full details on the MaNGA data, Pipe3D
analysis, survey design and sample selection. Here we give only a
very brief overview of the most salient features.

MaNGA is providing spatially resolved spectroscopy for a
sample of ~10,000 local galaxies (z<0.1), across a wide range
of stellar masses, morphologies and environments. The MaNGA
spectroscopic data cubes may be used to derive parameter maps
of galaxies, including information on kinematics, emission and ab-
sorption lines, as well as higher-level products, including mass and
star formation rate surface densities, stellar ages and metallicities,
and gas phase metallicities. Pipe3D is one of two primary analysis
pipelines for the MaNGA data, the other being the Data Analy-
sis Pipeline (DAP, Law et al. 2016, Yan et al. 2016, Westfall et al.
2019). We have extensively cross-tested the Pipe3D data against
the DAP data, and we find a very close agreement in parameters
which are measured in both (see also Belfiore et al. 2019). As such,
we confirm that our results are largely independent of the analysis
method. However, we prefer to use Pipe3D because a) our group
has extensive experience with these data products (e.g. Sdnchez
et al. 2016a,b, Ellison et al. 2018, Thorp et al. 2019, Bluck et al.
2020); b) this pipeline has been exhaustively tested in other spec-
troscopic surveys (e.g., Perez et al. 2013, Marino et al. 2013, Haines
etal. 2015, Ibarra-Medel et al. 2016a,b, Sdnchez-Menguiano 2018,
Sanchez et al. 2016a, 2019a,b, Lopez-Coba et al. 2017, 2019); and
c) Pipe3D provides accurate stellar mass surface density maps,
which are crucial for our analysis, but not contained in the origi-
nal DAP measurements.

From the value added Pipe3D MaNGA outputs, we take
the following spaxel data products (all of which are publicly
available*): emission and absorption line fluxes, spectral indices
(especially D4000), stellar mass surface densities (), stellar ages
(mass and luminosity weighted), stellar metallicities (mass and lu-
minosity weighted), and kinematic measurements (including veloc-
ity dispersion, o). In Bluck et al. (2020) we derive star formation
rate surface densities (Xsrr) for all spaxels within the MaNGA
DRI15. We adopt a two stage approach, computing Y srr from dust

3 Website: www.sdss.org/dr15/manga/
4 Website: www.sdss.org/dr15/manga/manga-data/manga-pipe3d-value-
added-catalog/

corrected Ha flux where possible (i.e. for the strong emission line
sub-sample, which is additionally identified as ‘star forming’ by
the Kauffmann et al. 2003 cut on the BPT emission line diagnos-
tic diagram); or else via an empirical calibration between resolved
sSFR and the strength of the 4000 A break (D4000). We have ex-
tensively tested these Ysrr measurements against alternative pre-
scriptions in the Appendices of Bluck et al. (2020), including with
multi single stellar population (SSP) synthesis models and stellar
age (following Gonzales-Delgado et al. 2016). We find a very high
correlation between integrated SFR (evaluated within 1R.) mea-
sured through summing over spaxel Xsrr values computed via our
technique and the published total SFR values for these galaxies in
the SDSS, of p = 0.75 (which is comparable, or superior, to all of
the other techniques we have considered).

2.2 SDSS Ancillary Data & Sample Selection

The MaNGA galaxy sample is a sub-set of the SDSS DR7 legacy
survey (Abazajian et al. 2009). As such, there is a wealth of infor-
mation on the MaNGA galaxies from single aperture spectroscopy
and multi-waveband photometry and imaging. From the MaNGA
DR15, we find ~4200 secure matches with the SDSS catalogues
(centres within 1 arcsec). We then require that each galaxy has
a valid entry in the following SDSS public catalogues: the MPA
value added catalogue of Brinchmann et al. 2004; the NSA value
added catalogue of Blanton et al. 2011; the SDSS group catalogues
of Yang et al. (2007, 2008, 2009); the bulge - disk stellar mass
catalogue of Mendel et al. (2014); the morphological catalogues
of Simard et al. (2011); and the MaNGA Data Reduction Pipeline
(DRP) catalogue of Law et al. (2016). We also require that the en-
tries in each of these catalogues are not flagged with a warning,
and are a valid value (e.g. not null, non-NaN, not infinite), and
lie within the reasonable distribution of the parameter population.
The application of all of these cuts yields a sample of 3523 galax-
ies (2550 centrals and 973 satellites), representing over 5 million
galaxy spaxels. The distribution in a number of global and environ-
mental parameters for these galaxies is shown in Fig. 1 of Bluck et
al. (2020).

All of the global and environmental measurements used in
this paper are taken from the above catalogues. More specifically,
we utilise SFRs from Brinchmann et al. (2004); stellar masses of
galaxies, bulges and disks from Mendel et al. (2014); environmen-
tal parameters (including halo masses, distances to central, and cen-
tral - satellite classification) from Yang et al. (2007, 2009); nearest
neighbour local density measurements from Mendel et al. (2013),
following the procedure of Baldry et al. (2006); geometric and mor-
phological parameters (e.g., axis ratios, position angles, half-light
radii) from Simard et al. (2011), Blanton et al. (2011) and Law et
al. (2016). A concise summary of all of these measurements is pro-
vided in Section 2 of Bluck et al. (2019). All of these catalogues
are in the public domain (see the references above for access).

3 METHODS
3.1 Global Star Formation Metrics

In this section we describe the key measurements used throughout
the paper. First, we discuss global star formation and quenching,
and then we discuss spatially resolved star formation and quench-
ing. Global SFR measurements are derived in Brinchmann et al.
(2004) for the SDSS; and spatially resolved Xsrr measurements

(© 0000 RAS, MNRAS 000, 000-000
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Figure 1. Top left panel: The global star forming main sequence (SFR — M, relation) for SDSS galaxies. The main sequence fit from Renzini & Peng (2015)
is shown as a solid magenta line, and the minimum of the bimodal density contours is shown as a dashed magenta line. The plot is colour coded by the mean
logarithmic distance to the global main sequence (ASFR). The solid black line indicates the median SFR — M, relationship, which shows a rapid transition
from the star forming to the quenched density peak at M, ~ 1019-> Mg . Top right panel: Distribution of the ASFR parameter, split into coloured regions
indicating star bursts, main sequence, green valley and quenched galaxies. The black dashed line indicates the minimum of the distribution, and is used to
classify star forming and quiescent galaxies. Bottom left panel: The resolved star forming main sequence (X gpr — 2« relation) for MaNGA galaxies. A least
squares fit to the star forming population is shown as a solid magenta line, and the minimum of the density contours is indicated by a dashed magenta line. This
plot is colour coded by the mean logarithmic distance to the resolved main sequence (AXgrRr) . Bottom right panel: Distribution of the AX.gpR parameter,
split into coloured regions indicating the resolved analogues of star bursts, main sequence, green valley and quenched galaxies. The black dashed line indicates
the minimum of the distribution, and is used to classify star forming and quiescent spaxels. In the right panels, the distributions of the star forming/ emission
line sub-samples are indicated by yellow histograms.

are derived in Bluck et al. (2020) for MaNGA (discussed in the and M, as a solid black line in Fig. 1 (top-left panel). Galaxies

next sub-section). The SDSS SFRs are computed via dust corrected
emission line luminosities for galaxies with strong emission lines
(S/N > 3), which are furthermore identified as originating from
star formation in the BPT diagram. For the remainder of the sam-
ple, SFRs are estimated from an empirical relationship between the
strength of the 4000 A break (D4000) and sSFR. For the quenched
population, a fixed upper limit of sSFR ~ 1072 yr=! is set in
Brinchmann et al. (2004), and hence low values of SFR must also
be treated as upper limits.

In Fig. 1 (top-left panel) we present the star forming main
sequence (SFR - M, relation) for SDSS galaxies, first shown in
Brinchmann et al. (2004). Galaxies separate out into star form-
ing (upper contours) and quiescent/ quenched (lower contours) sys-
tems. Additionally, we show the median relationship between SFR

© 0000 RAS, MNRAS 000, 000-000

transition from the star forming to the quenched density peak at
M. ~ 10'°5Mg. We adopt the definition of the main sequence
ridge line from Renzini & Peng (2015), explicitly computing:

log(SFRms [Me /yr]) = 0.76 x log(M. [Mg]) — 7.64 (1)

The uncertainty on the coefficients is ~ 1 — 2% according to Ren-
zini & Peng (2015). We indicate this fit by a magenta line on the
top-left panel of Fig. 1, which clearly passes through the centre of
the upper contour distribution, as intended.

Utilising the parametric fit to the main sequence relationship
in eq. 1, we compute the distance each galaxy resides at from the
star forming main sequence as:

ASFR = log(SFR) — log(SFRus) . )
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We split the SFR - M, plane in Fig. 1 (top-left panel) into small
hexagonal regions, each colour coded by the mean value of ASFR,
as indicated by the colour bar. This statistic unambiguously sep-
arates the star forming and quenched galaxy populations (as can
be seen by the upper contours being coloured blue and the lower
contours being coloured red).

In the top-right panel of Fig. 1, we show the distribution in
the global ASFR parameter. The distribution is clearly bimodal,
exhibiting a star forming peak centered at ASFR ~ 0 dex and a
quenched peak centred at ASFR ~ —1.6 dex. In both the top-right
and top-left panels of Fig. 1, we indicate the minimum of the den-
sity distribution by a dashed line (which corresponds to EW(Ha)
~ 6A, see Sanchez et al. 2018, Lacerda et al. 2020). The threshold
effectively separates the star forming and quenched galaxy popu-
lations. Essentially, the global ASFR parameter reduces the two
dimensional problem of classifying galaxies into star forming or
quenched categories, based on SFR and M., to a one dimensional
problem, based on ASFR (see also Bluck et al. 2014, 2016, 2019
for similar approaches).

We define four regions of interest within the ASFR distribu-
tion, on the basis of whether galaxies are forming stars above, on,
below, or far below the star forming main sequence ridge line (eq.
1 and Fig. 1 top-right panel). Specifically we define:

e Star Bursts (SB): ASFR > 0.5dex
e Main Sequence (MS): —0.5dex < ASFR < 0.5dex
e Green Valley (GV): —1.1dex < ASFR < —0.5dex
e Quenched (Q): ASFR < —1.1dex

The star burst region is chosen to be significantly above the star
forming main sequence. The star forming and quenched classes are
chosen to span the two peaks of the bimodal distribution, and a
substantial range in values either side. The green valley region is
chosen to be equidistant from the star forming and quenched peaks,
and to encompass the minimum of the distribution. We use these
qualitative classes extensively to bin radial profiles in the results
sections of this paper. Typically, we will show results for star bursts
in magenta, the main sequence in blue, the green valley in green,
and the quenched population in red.

It is important to note that variation in these thresholds by up
to ~0.2 dex leads to no significant impact on the results or conclu-
sions of this paper (and to vary further would jeopardize the qual-
itative definitions, indicated by their names). We have also tested
using other definitions for the star forming ridge line and hence
to define these classes, including via an sSFR and/or M. cut, and
via the construction of a stellar mass and redshift matched con-
trol sample (e.g., Bluck et al. 2014, 2016). All of these alternative
approaches lead to extremely similar mathematical fits (when ap-
plicable), and identical conclusions throughout this paper.

We show as a yellow histogram in Fig. 1 (top-right panel) the
distribution in global ASFR for the galaxy sub-sample with strong
enough emission lines to be classified via the BPT diagram as ‘star
forming’ (i.e. free of AGN contamination). Clearly, emission line
galaxies are almost exclusively found on the main sequence or
above, and hence to probe the green valley and quenched popu-
lations it is essential to use non-emission line indicators of star for-
mation. For the SDSS, this is achieved through the sSFR - D4000
relationship (as noted above). Unfortunately, a consequence of this
hybrid approach is that the low ASFR peak is really just a place-
holder for arbitrarily low values, which may in principle extend to
negative infinity on the x-axis (for SFR = 0). Nevertheless, in terms

of identifying and classifying quenched (non-star forming) galax-
ies this offers no significant problems (see, e.g., Peng et al. 2010,
2012, Woo et al. 2013, 2015, Bluck et al. 2014, 2016, 2019).

3.2 Local Star Formation Metrics

For the MaNGA sample, where galaxies are observed with integral
field unit spectroscopy, we adopt an analogous method to Brinch-
mann et al. (2004) to construct star formation rate surface densities
(2sFr)- As noted above, we derive YXgrr from dust corrected Ha
luminosities where possible, or else via the empirical (resolved)
sSFR - D4000 relationship. Our method for assigning >srr values
to all spaxel regions within galaxies is outlined in detail in Section
3 of Bluck et al. (2020). We have extensively tested this approach
against a variety of alternatives (see the appendices of Bluck et al.
2020 for full details on the testing). All of our results are highly
stable to the star formation rate method.

In the bottom-left panel of Fig. 1 we present the resolved
star forming main sequence (Xsrr — 2« relation), which was first
shown for this sample in Bluck et al. (2020). Qualitatively, there
is a striking resemblance to the global relationship (compare top
and bottom left-hand panels in Fig. 1). Motivated by this similarity,
we proceed in a similar fashion as with the global main sequence
(discussed above). Specifically, we performed a least squares linear
fit to the emission line star forming sub-population in Bluck et al.
(2020), yielding a resolved main sequence ridge line of:

log(Ssrr.ms) = 0.90(+0.22) x log(X.) — 9.57(+£1.93)  (3)

Given in units of Mg /yr kpc~2. This relationship is plotted as a
solid magenta line in Fig. 1 (bottom-left panel), and clearly goes
precisely through the centre of the upper (star forming) contours, as
intended. The gradient and offset computed here lies comfortably
within the range quoted in the literature (see, e.g., Cano-Diaz et al.
2016, 2019, Lin et al. 2019, Sanchez 2020). In direct analogy with
the global relationship, we define the distance at which each spaxel
resides from the resolved star forming main sequence ridge line as:

AXsrr = log(Xsrr) — log(Xsrr,ms) - 4)

On the bottom-left panel of Fig. 1, we split the Ysrr — X« plane
into small hexagonal regions, each colour coded by the mean of the
AXgpr parameter. The AXYgrr parameter clearly distinguishes
between star forming and quenched regions within galaxies (as can
be seen by the upper contours appearing blue and the lower con-
tours appearing red).

On the bottom-right panel of Fig. 1, we show the distribution
of the AXgpr parameter. Throughout the paper we will often con-
sider the resolved AXgpr statistic as a continuous parameter, for
example by computing radial profiles. Additionally, we will also
consider broad classes in this parameter: the resolved analogues
of star burst, main sequence, green valley and quenched galaxies.
We adopt the exact same thresholds for these spatially resolved/
local classes as for the global/ galaxy-wide data (shown above).
This is possible because the A-statistics are measured relative to
the global/ resolved main sequence in each case, and hence reflect
the relative offset from the expectation value for star forming sys-
tems/ regions. We highlight the star forming classes by the colours
of the regions in the distributions of Fig. 1 (compare top and bottom
right-hand panels).

As with the global galaxy-wide measurements, the distribu-
tion in local AXgrr is highly bimodal, indicating a clear divi-
sion between star forming and quenched regions within galaxies.
In exact analogy with the global measurements, the values of local
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AXgpr in the quenched population should be considered as upper-
limits, as a result of us employing a fixed minimum resolved sSFR
= 102 yr~! in their derivation (see Section 3.2 of Bluck et al.
2020 for full details). We take care to interpret these lower-limits
appropriately throughout the analyses presented in this paper. Once
again, we demonstrate the necessity of the use of an indirect star
formation rate indicator by plotting the AXgrr distribution for the
star forming/ strong emission line sub-sample (yellow histogram in
Fig, 1 bottom-right panel). Clearly, if our goal is to probe quench-
ing in addition to star formation, the emission line sub-sample is
inadequate since it does not extend into the quiescent region.

In summary, we construct two A-offset parameters, one which
indicates the star forming state of a galaxy (ASFR) and one which
indicates the star forming state of a spaxel (AXsrr). The global
ASFR parameter is used throughout this paper to group galaxies in
MaNGA into star burst, main sequence, green valley, and quenched
categories. The local A¥spr parameter is used as a dynamic vari-
able in radial profiles (See Sections 4.1 & 4.2), and to classify spax-
els into star forming and quenched classes in our machine learning
analysis (see Section 5).

3.3 Radial Profiles

Throughout this paper we construct radial profiles in a number of
parameters for central and satellite galaxies observed in MaNGA.
To achieve this, we first de-project each galaxy parameter map
adopting the geometric parameters from the MaNGA DRP file
(Bundy et al. 2015, Law et al. 2015). More specifically, we com-
pute the unique semi-major axis of the ellipse which passes through
the centre of each spaxel, given an input position angle (6,.,.) and
galaxy inclination (i = cos(b/a), where b/a is the axis ratio).
These parameters are measured via a 2D Sérsic fit to the SDSS
r-band image of each galaxy in our sample in the NSA SDSS cata-
logue (Blanton et al. 2011). To group galaxies together in the radial
binning (particularly in Section 4.1 where we consider population
averages), we normalise the semi-major axis by the half-light ra-
dius of the galaxy.

To illustrate this method, in Fig. 2 we show a random example
of a highly inclined galaxy (top row), a moderately inclined galaxy
(middle row), and an approximately face-on galaxy (bottom row).
In the left column of Fig. 2 we present the pseudo V-band flux map
of the galaxy (in normalised units), with the centre of the galaxy
indicated by a white star. Additionally, we overlay elliptical annuli
drawn with a constant width of 0.2R., which are used to bin the
data in parameter maps. The ellipse at 1 R, is highlighted in bold. In
the right column of Fig. 2 we select three example elliptical regions,
corresponding to R/R. = 0.2 - 0.4, 0.8 — 1.0, 1.4 — 1.6. We have
experimented with varying the radial bin size and all of our main re-
sults are stable to this meta-parameter (within reasonable bounds).
We adopt this approach as one method to group together spaxels
from galaxies (Section 4.2) and populations of galaxies (Section
4.1) to construct radial profiles in AX.gpgr and stellar age (amongst
several other parameters).

In slightly more detail, we actually adopt two radial binning
schemes in the radial profile analysis of Section 4: i) a fixed binning
approach (as illustrated in Fig. 2, discussed above) with discrete
bins from 0.1 - 1.5R, in steps of 0.2 R, with a constant bin size of
+0.1R.; and ii) a ‘smoothed binning’ approach. In the smoothed
binning approach, we move in incremental steps of 0.05R. from
0 - 1.5R., with a wider bin size of £0.2R.. The advantage of the
smoothed binning approach is that it yields smooth profiles (with-
out jagged transitions between bins, which are artificial). Thus, the
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Figure 2. Schematic representation of our elliptical aperture binning ap-
proach. The top row shows a randomly selected galaxy which is highly in-
clined (b/a < 0.3), the middle row shows a randomly selected galaxy which
is moderately inclined (0.3 < b/a < 0.7), and the bottom row shows a ran-
domly selected galaxy which is approximately face-on (b/a > 0.7). The left
column displays the pseudo V-band flux distribution of each chosen galaxy,
with the IFU centre indicated by a white star. Fluxes are given in units nor-
malised by the peak flux of each galaxy. Additionally, we overlay the ellip-
tical annuli used to construct radial bins in further analyses, with the ellipse
at 1 R, highlighted in bold. The right column shows examples of elliptical
apertures extracted, for the same galaxy. The SDSS Object ID is displayed
as a title on each panel.

smooth binned profiles are more visually pleasing and more accu-
rate at radii not selected by the fixed binning approach. The dis-
advantage of the smoothed binning approach is that the data from
neighbouring bins are not independent. In Section 4.1 we display
the results from both approaches for constructing average radial
profiles. Since they turn out to be so similar in appearance, we
will switch to only showing the smoothed binning approach in later
sections. This is particularly advantageous when comparing many
profiles in the same figure. Nonetheless, we are careful to only use
independent bins in further statistical analyses.

We have experimented with using various measurements of
the half light radius to normalise the radii of our sample of MaNGA
galaxies. For our fiducial analysis (shown throughout the results
section), we adopt the half light radius measured in r-band from a
single 2D Sérsic fit computed in Simard et al. (2011). Of the half-
light radii we have considered, this is the most stable version with
the highest fraction of representative fits. Nevertheless, we empha-
sise that we find almost indistinguishable results, and identical con-
clusions, if we adopt the NSA half light radius (Blanton et al. 2011)
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or the half light radius measured in g- or ¢-band from Simard et
al. (2011). Thus, our results are highly stable to the normalisation
technique. Ultimately, the advantage of normalising by the half-
light radius is that it enables us to consider the population average
of many galaxies, with spaxels averaged together at the same rel-
ative position within each galaxy. For galaxies at a fixed size, this
will correspond to the same distance in kpc from the centre, but for
galaxies of different sizes this will correspond to differing physical
distances (but the same relative position, as intended).

To average spaxels together for radial profiling, we first se-
lect all spaxels within all galaxies which meet the global criteria
of the particular analysis (e.g. global star forming state) and then
restrict our sample only to those spaxels within a given ellipti-
cal annulus (as indicated in Fig. 2 right column). We then adopt
the median statistic to average the spaxels within a given galaxy
(Section 4.2) or across a given population of galaxies (Section 4.1).
The median statistic is highly robust to outliers (and bad spaxels),
which makes it a suitable choice to average our data. Moreover, the
main reason we utilise the median statistic is that it is not contami-
nated by the nominal values in star formation metrics that we assign
to the quenched spaxel population. As discussed in the preceding
two sub-sections, quenched galaxies and spaxels are known to have
low star formation rates, but the exact level is unconstrained. Thus,
mean averaging (either linear or geometric) would inevitably de-
pend on the quenched star formation metric values, whereas the
median statistic will be independent of the quenched values for all
radial bins, except where the median spaxel is quenched. This oc-
curs typically only for quenched galaxies (almost by definition).
Furthermore, unlike with mean averaging, it is immediately obvi-
ous when the median value of a star forming metric (e.g. AXsrr)
has reached the upper-limit threshold of quenched regions.

Following Bluck et al. (2020), we apply an inclination correc-
tion to star formation rate surface densities (Xsrr) of +log(b/a),
which accounts for the increased area visible in each spaxel due to
the inclination of the galaxy relative to the plane of the sky (assum-
ing star formation is localised to a thin disc structure). Note that
in the case of resolved AXgpr values this has essentially no im-
pact since the correction enters both the Ysrr value of the spaxel
and the main sequence (Xsrr,ms(2Z+)), and hence cancels on av-
erage. We have tested restricting our galaxy sample to systems
which present face-on (b/a > 0.8), adopting no inclination cor-
rection and utilising the simple Euclidean distance from the centre
(re = /(Ax)? + (Ay)?) to group spaxels. All of the results and
conclusions we present in the following sections are highly sta-
ble to these restrictions. Thus, our elliptical aperture binning and
inclination correction cannot be responsible for any of the trends
witnessed in this work. Nonetheless, the advantage of adopting el-
liptical apertures is that we may leverage the statistical power of
the full MaNGA sample (which is particularly beneficial for the
statistical analyses presented in this work).

4 RESULTS FROM RADIAL PROFILES
4.1 Insights from Population Averaged Profiles

The goal of this sub-section is to explore how quenching proceeds
within galaxies, at the ~kpc-scale spatial resolution of MaNGA. To
this end, we explore the connection between the global star form-
ing state of galaxies and the spatially resolved star forming state of
spaxels. In both regimes we utilise a consistent definition of dis-
tance to the global / resolved star forming main sequence, as ex-
plained in detail in Section 3. A qualitatively similar investigation

was performed in Ellison et al. (2018) for an earlier MaNGA data
release (DR13), with extensions to other data sets in, e.g., Medling
et al. (2018) and Wang et al. (2019). However, we substantially ex-
pand on these prior works by incorporating a complete set of X.grr
values (discussed above), instead of focusing on the strong emis-
sion line/ star forming sub-sample. Additionally, we investigate the
dependence of resolved quenching on a variety of parameters, and
sub-populations, which are entirely novel, and offer significant new
insights into galaxy quenching.

In later results sections, we also compare the population av-
eraging approach to individual galaxy profiles (Section 4.2); and
adopt a sophisticated machine learning approach to rank parame-
ters in terms of how effective they are at predicting when regions
within galaxies will be star forming or quenched (Section 5). Fi-
nally, this allows us to constrain the theoretical mechanisms behind
the quenching of central and satellite galaxies, and explicitly test
how these processes operate in practice (see Section 6).

4.1.1 All Galaxies

In Fig. 3 (left panel) we show population averaged radial profiles
of AXsrr as a function of de-projected radius, normalised by the
effective radius of the galaxy in r-band (R/ R.). We use the median
statistic to average AYXsrr between spaxels from different galax-
ies, binned at the same radius. Radial profiles are shown separately
for galaxies defined globally as being star bursts (magenta), main
sequence (blue), green valley (green) and quenched (red), as classi-
fied by their global ASFR values (see Fig. 1 top panels, and associ-
ated text). A dashed black line indicates the threshold for quenching
in the resolved main sequence, located at the same position as in the
bottom panels of Fig. 1. Additionally, we show two complementary
binning schemes for the radial profiles in Fig. 3: a discrete binning
with bin size of £0.1 R, and step of 0.2 R.; and a smoothed binning
with wider bin size of +0.2R. and an incremental step of 0.05R..
The former yields independent data in each bin, which is useful
for further statistical analyses, whereas the latter yields a smooth
profile which is helpful for visualisation of the trends.

The uncertainty on the radial profiles is estimated as gerr =
1.253 X 068/ v/ Ngal (assuming a Gaussian distribution), where ogs
indicates range in the y-axis parameter from 16th to 84th percentile
within each radial bin, and N, is the number of galaxies contained
within each bin. For the smoothed binning approach, the width of
each line is equal to the 1o uncertainty, as computed above. For the
discrete binning, we show the bin size as the x-axis error bar, and
the 30 uncertainty (assuming a Gaussian distribution) as the y-axis
error bar. However, for the main sequence and quenched popula-
tions we exclude the y-axis error bars for the discrete profiles be-
cause they are typically smaller than the height of the marker star,
and hence add nothing to the figure. This is a trivial consequence
of there being far more star forming and quenched galaxies in our
sample than star burst or green valley systems. It is important to
highlight that both binning schemes yield essentially identical re-
sults and conclusions. As such, after this section, we switch to only
displaying the smoothed binning approach in all figures.

In Fig. 3 (left panel) there is a remarkable accord between lo-
cal AXsrr values and the global ASFR values; and hence more
generally between local and global star formation. Star burst galax-
ies have resolved AXsrr values substantially higher than the main
sequence, throughout the full range in radii probed here. Green
valley galaxies have lower AXsrr values than the main sequence
throughout the entire radial range. Finally, quenched galaxies have
substantially lower AXgrr values than all other classes of galax-
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Figure 3. Left panel: Population averaged median AYXgpR radial profiles, with the galaxy population split into global star burst, main sequence, green valley
and quenched systems based on the cuts shown in Fig. 1 (top panel). Right panel: Median luminosity-weighted stellar age (Agey,) radial profiles, split by
galaxy star forming state (as above, and indicated on the legend). In both panels we display two binning approaches: smoothed profiles shown as coloured
lines with a thickness equal to the 1o uncertainty on the population average; and discrete bins (shown as coloured stars), with error bars indicating the radial
bin size and the 30 uncertainty of the population average. Note that we exclude the y-axis errors from the main sequence and quenched populations because
they typically reach lower than the height of the marker star. In both methods, the y-axis parameter is binned by elliptical apertures normalised by the effective
radius of each galaxy. Both binning schemes lead to essentially identical results and conclusions. The gradients out to 1R, for each profile are indicated on

the legends.

ies. Note that the quenched population saturates at a value of
AYsrr ~ —1.5 dex, which is the median of the distribution in
AXYsrr for quenched spaxels (shown in Fig.1). Quenched AYsrr
values should be treated as effective upper limits, and nothing con-
crete may be inferred about this population, except that they are
clearly forming stars at a rate much lower than the other popu-
lations, and this does not change across the radius range probed
here. These very general results indicate an extremely high level
of consistency between the global and local measurements of star
formation used throughout this paper (which acts as an important
consistency check).

We compute the gradient in AXgrr out to 1R, in Fig. 3 (left
panel), and display these values on the legend. We limit the gradi-
ent calculation to 1R, for two reasons. First, all MaNGA galaxies
have good observations out to 1R, in AXsrr, but there is sys-
tematic incompleteness beyond this limit. Second, we observe that
AXsrr profiles often exhibit different slopes beyond ~ 1R., and
hence it would be misleading to represent this by a single number.
Specifically, we calculate:

AXYsrr|iR, — AXsrFr]|o

VlR — 5
e R, ©)
and we take the error on this measurement to be:

_ 2 2
OVire = \/UAESFRHRe + IASsrrlo ©)

where, e.g., 0Axgpr |1Re is the uncertainty in the AXgrr popu-
lation average at r = 1R.. Gradients for other spatially resolved
parameters are computed in an analogous manner. We have also
explored fitting a linear function to the full set of radial parameter
bins out to 1 R.. Results from the two approaches are highly con-
sistent. We adopt the first approach here, but will utilise the second
when averaging over individual profiles in the next sub-section be-
cause for individual galaxy profiles the data is much noisier than in
the population averages (and hence it it beneficial to harness more
data points in the calculation). Nonetheless, all of the conclusions
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Figure 4. Reproduction of Fig. 3 (left panel) for the sub-sample of spax-
els where XgpR, and hence AXgpR, are computed exclusively via dust
corrected Ha luminosity. The star burst and main sequence profiles are
very similar to the full spaxel case, but the green valley is biased here to
much higher values, and a shallower gradient. This highlights the critical
importance of complete spaxel, and galaxy, samples in order to investigate
quenching on spatially resolved scales.

are identical in both population and galaxy averaging. Typical un-
certainties on these population averaged gradients are ~0.02-0.1
dex/R. (depending on the population)®.

In Fig. 3 (left panel), we see that the star burst population has a

5 The low errors on the population gradients are a result of using large
samples of galaxies, and the corresponding 1//Nga1 improvement on the
error of the population average. For individual galaxy gradients, the errors
are typically much higher at ~0.15-0.35 dex/R. (see Section 4.2).
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weakly declining radial profile in AXsrr (as seen previously in El-
lison et al. 2018). The main sequence radial profile in AXsrgr has
a gently rising slope, indicating slightly less star forming cores and
slightly more star forming outskirts, on average (consistent with
the presence of a classical bulge, e.g. Wang et al. 2019). The green
valley population shows by far the steepest gradient in AXgpg, ris-
ing significantly out to 1R, (with Vire = 0.65 £ 0.06 dex/R.),
followed by a levelling off and eventual hint of a turn-around at
large radii. Rising sSFR and/or AXspg profiles in the green valley
have been seen in numerous other works (including, Tacchella et
al. 2015, 2016, Gonzalez Delgado et al. 2016, Ellison et al. 2018,
Belfiore et al. 2017, 2018, Medling et al. 2018, Sanchez et al. 2018,
Spindler et al. 2018, Wang et al. 2019). However, this is the first
time the green valley has been probed with a complete set of spa-
tially resolved star formation measurements. Furthermore, the fact
that the green valley never meets the quenched limit indicates that,
for the median averaging used here, the green valley profile is com-
pletely independent of the location of the quenched upper limits,
and hence is highly robust.

In the right-panel of Fig. 3 we show population averaged me-
dian luminosity weighted stellar age (Ager,) profiles, for the same
global star formation categories - star burst, main sequence, green
valley and quenched. There is a high level of consistency between
both the global and local star formation measurements and the val-
ues of luminosity weighted stellar age. Quenched galaxies have the
oldest stellar ages followed by green valley, main sequence and
then star burst systems. These differences in Ager, are clearly visi-
ble throughout the full range in radii probed here. As expected, pos-
itive AXY.gpgr gradients correspond to negative Ager, gradients, for
each population, and vice versa. The green valley population has
the steepest negative gradient in Ager,, consistent with the steep
positive gradient in AXsrr (as also seen in Woo & Ellison 2019
explicitly, and in Gonzalez Delgado et al. 2014, 2016 via SED in-
ferred Xspr measurements).

To summarise, star forming galaxies are on average star form-
ing everywhere, and quenched galaxies are on average quenched
everywhere (with upper limits in AXsrr below the quenched
threshold), out to the maximum radii probed with MaNGA (r ~
1.5R.). Complementary to this, quenched galaxies have the oldest
stellar ages, and star forming galaxies have much younger stellar
ages. In this sense we rediscover that quenching must be a global
process, i.e. that entire galaxies are either star forming or quenched
(see Bluck et al. 2020). However, green valley galaxies exhibit
quenched cores but more star forming outskirts, corresponding
to older stellar cores and younger stellar outskirts. Nonetheless,
AX.gpr values in the green valley are lower than the main sequence
across the whole radial range probed here. This indicates that, al-
though a truly quenched galaxy is quenched everywhere, quenching
progresses ‘inside-out’ (see also Tacchella et al. 2015, 2016, Gon-
zalez Delgado et al. 2014, 2016, Belfiore et al. 2017, Ellison et al.
2018, Sénchez et al. 2018, Medling et al. 2018, Wang et al. 2019
for similar conclusions).

In Fig. 4 we reproduce the results for Fig. 3 (left panel)
using the BPT star forming sub-sample of spaxels only (i.e. a
similar selection criteria to Ellison et al. 2018, and many other
prior resolved studies of star formation). Here we exclude the
quenched population because < 1% of quenched spaxels meet
the minimum S/N threshold on emission lines. For star bursts
and the main sequence, the results are very similar to the full
spaxel population in Fig. 3. However, for the green valley, AXsrr
values are significantly biased to higher values, which is a direct
consequence of excluding low Ysrr spaxels which do not meet

the S/N threshold on emission lines. Nonetheless, the general
trends are similar at a qualitative level: star bursts have declining
AX.gpr profiles, but both main sequence and green valley galaxies
have on average rising AX.grr profiles. As before, the green
valley has a steeper rising profile than the main sequence. Hence,
our main conclusion so far (that green valley galaxies have star
forming outskirts but more quiescent cores) is clearly seen in
both a complete sample of spaxels (using an indirect Xspr tracer
where necessary), and in the incomplete sub-sample for which
we may determine Xgrr exclusively through dust corrected Ho
luminosity. Yet, this feature is much clearer in the complete data
set, indicating the value of our current approach.

4.1.2 Centrals vs. Satellites

Central and satellite galaxies are thought to quench via different
mechanisms (see, e.g., Baldry et al. 2006, Peng et al. 2010, 2012,
Woo et al. 2013, 2015, Bluck et al. 2014, 2016, Lin et al. 2019).
As such, in Fig. 5 we reproduce the AXsrr and Ager, profiles
from Fig. 3, split between central galaxies (defined as the most
massive galaxy in the dark matter halo; top panels) and satellite
galaxies (defined as any other group member; bottom panels). Note
that from this point on in the paper we display only the smoothed
radial bins, but still use the discrete bins for further statistical anal-
ysis.

The most obvious difference between central and satellite
galaxies in terms of AXgpr profiles is seen in the green valley.
Centrals have steeply rising AX.srr profiles (Vige = 0.76 £0.07
dex/R.); whereas satellites have much flatter AXgspr profiles
(Vire = 0.24 + 0.09 dex/R.). This manifests in such a way that
centrals have on average star forming outskirts but satellites have
much more quiescent outskirts, with both populations having qui-
escent cores.

In a similar manner to with AXsrr, the gradient in Agey, for
green valley centrals is significantly steeper (Vigre = —0.33 +
0.04 dex/R.) than for green valley satellites (Vigre = —0.15 +
0.04 dex/R.). Thus, ‘inside-out’ quenching (as frequently referred
to in the literature), is primarily an attribute of central galaxies,
with satellite galaxies quenching on average much more evenly out
to 1.5R.. Additionally, we note that the main sequence is flatter
in both AXsrr and Agey, for satellites than for centrals, but this
effect is smaller than for the green valley.

Ultimately, there are two independent ways in which resolved
AXY.grr values may change - variation in Ygpr or in X, - plus
any linear combination of the two. To test these scenarios, in Fig.
6 we present the median averaged radial profiles for Xsrr (top
panels) and X, (bottom panels). Fig. 6 shows the results for all
galaxies (left panels), central galaxies (middle panels) and satellite
galaxies (right panels). As before, we split into star burst, main se-
quence, green valley, and quenched populations within each panel.
The fixed upper-limit for quenched spaxels in AXgpgr corresponds
to a varying threshold in Xgrr throughout the radial range probed
(given the variation in ). As such, we shade out the ‘quenched’
region in red in the top panels of Fig. 6., highlighting the region
within which we cannot trace ¥srr accurately via our method.

As with AXgpg in Figs. 3 - 5, there is a clear segregation in
Ygrr at all radii from star bursts to quenched populations. It is
important to highlight that green valley galaxies have lower Xsrr
values than the main sequence, not just lower AXgrgr values. The
green valley’s departure from the main sequence in Xsrr is largest
at the centre of galaxies for centrals, but is more evenly separated
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Figure 5. Top Panels: Reproduction of Fig. 3 (left-panel) showing median AXgpR radial profiles, split here into central galaxies (left) and satellite galaxies
(right). Bottom panels: Reproduction of Fig. 3 (right-panel) showing median Agey, radial profiles, split here into central galaxies (left) and satellite galaxies
(right). Note that in this figure (and all which follow) we restrict to only showing smoothed radial profiles. Central galaxies exhibit steeply rising green valley
radial profiles in AXgpr (indicating inside-out quenching), whereas satellites exhibit much flatter green valley profiles. Similarly, central galaxies exhibit
strongly declining radial profiles in stellar age in the green valley, but satellites have much flatter stellar age gradients in the green valley.

for satellites. This notwithstanding, in general the highest Xsrr
values are found at the centre of all populations of galaxies, ex-
cept for quenched systems where the detection limit is reached. On
the other hand, the 3. values of green valley galaxies are slightly
higher on average than the ¥, values of main sequence galaxies,
also contributing to the offset in AXsrr (see also Wang et al. 2019
who make a similar point). However, by visual inspection we see
that it is variation in Xgrr, not ., which dominates the changes
in AX¥gpr for the green valley.

In the bottom panels of Fig. 6, we see that quenched galax-
ies have higher ¥, values compared to the main sequence and
green valley, throughout all radii probed, and for all types of galax-
ies. However, the offset is significantly greater for centrals than
for satellites (AX. = 0.69 £ 0.03 dex vs. 0.52 & 0.05 dex/R.,
at R/R. = 0). Additionally, the average X, profile gradient of
quenched centrals is a little steeper than for quenched satellites
(Vire = —0.94 + 0.03 dex vs. —0.82 £ 0.04 dex/R.). Thus,
quenched centrals have higher masses, mass densities, and steeper
mass profiles than quenched satellites. Equivalently, we conclude
that satellites quench at lower masses and with lower central mass
densities than centrals (as also seen in Bluck et al. 2016).

© 0000 RAS, MNRAS 000, 000-000

It is also interesting to note that star burst galaxies lie at inter-
mediate X values, but at extremely high ¥srr values. Unlike main
sequence, green valley and quenched galaxies, there is no simple
separation in X, across the radial range probed. This implies that
star bursts may occur in a wide variety of galaxies (see also Ellison
et al. 2018), but that other star forming populations have charac-
teristic masses (albeit with large dispersions). We omit the errors
for the star burst population in Fig. 6 (bottom row), because they
would visually obscure the more relevant (for this paper) results for
star forming, green valley and quenched galaxies. Typical errors on
the radial bins in median X, for the star burst population are ~
0.15 dex.

Given that star bursts are often thought to be associated with
mergers, it is possible that the intrinsic X, profiles are disrupted
for this population (possibly leading to a flattening initially), which
may contribute to the location of the star burst profiles. That said,
it is absolutely clear that star bursts have very steeply declining
SFR profiles, much more so than the main sequence. Ultimately, a
higher merger fraction among star bursts may contribute to a large
scatter in X, at a fixed radius, as observed in this population. Due
to our current focus of star formation quenching, we defer to future



12 Asa F. L. Bluck et al.

0o All Galaxies 0o Centrals 0o Satellites
Star Burst (V,, = —0.86 £ 0. 11dex/R,) Star Burst (V. = — 0.80 £ 0. 12dex/R.) Star Burst (V,y, = — 1.06.+0.23dex/R,)
~05 mmm Main Sequence (V5. = —0.41%0.03dex/R,) -05 mmm Main Sequence (V5. = —0.38%0.03dex/R,) -05 s Main Sequence (Vyz, = —0.65%0.06dex/R,)
. mmm Green Valley (Vg = —0.28+0.04dex/R,) . mm Green Valley (Vg = —0.24+0.05dex/R,) s mmm Green Valley (Vg = —0.43:£0.09dex/R,)
& -10 Quenched Limit &7 -10 Quenched Limit &7 -10 Quenched Limit
% [— & N — a _—
> — &2 — 2
-1 S— =15 — =15 NG
& ~~ & ~ & ™~
& 20 9 -20 D 2.0 [ —
= —— — (=N —— = — —
£ 25 £ 25 £ 25 =
& -2 & -2 — & -2
e — 5 T — A —
W -30 —— W -3.0 — B -30
N T -l 2 ——
-35 -35 -35 —~
-4 -4 -4
*%0 0.2 0.4 06 0.8 1.0 12 14 %0 02 0.4 0.6 10 12 14 %0 02 04 0.6 08 1.0 12 14
R/R, R/R,
All Galaxies Centrals Satellites
100 == Star Burst (Vyz, = —0.68%0.10dex/R,) 100 == StarBurst (Vyz, = —0.66%0. 12dex/R,) 10.0 == Star Burst (V,5, = —0.70£0.17dex/R,)
mmm Main Sequence (Vg = —0.75 % 0. 03 dex/. mmm Main Sequence (V5. = —0.75%0.03dex/R,) mmm Main Sequence (Vyy, = —0.74%0.05dex/R,)
os mmm Green Valley (Vi = —0.82:+0.04dex/R,) os mm Green Valley (Vg = —0.89+0.06dex/R,) os mm Green Valley (Vg = —0.66:£0.07dex/R,)
) \ B Quenched (Vg = —0.91+0.02dex/R,) \ W Quenched (Vg = —0.94%0.03dex/R.) ) B Quenched (Vg = —0.82+0.04dex/R,)
& &) & \\
2 9.0 2. 90 2 90 N
< ...._\ ~— < -..._\ ~— =) N\\
5 " 5 5 ey
= ss\& — < = 3.5\\ Y \\ 2 85 e TR R
Py > * — —
N > “HQ,‘I ~ .
2 Q\ — n \\""‘-l. — 2 \%.\ —
) — = T = — '\
2 go 0 go %0 g0 -
k) r— 2 e — T 2 T
o ~—" Q
Aspiq[R=0] = 0.650.03dex — Aspiq[R=0]:=0.690.03dex — Agpig[R=0] =0.52:0.05 dex t—
75 7.5 7.5
7.4 . .
90 0.2 0.4 0.6 08 10 12 14 %% 0.2 0.4 06 10 12 14 %% 02 04 06 08 10 12 14
R/R, R/R,

Figure 6. Top Panels: Median star formation rate surface density (¥ grR ) radial profiles for all galaxies (left), centrals (middle) and satellites (right). Bottom
Panels: Median stellar mass surface density (3.) radial profiles, also shown for all galaxies (left), centrals (middle) and satellites (right). On each panel, radial
profiles are separated into star burst, main sequence, green valley and quenched galaxy populations. The width of each colour line indicates the 1o error on
the population average (as defined in Fig. 3). In the top row, the completeness threshold set by a fixed minimum AXgpR (= -1.5 dex) is shown as a red shaded
region. Note that the green valley has lower YgpR values (as well as lower AXgpR values) than the main sequence throughout the full radial range probed
here, for all galaxy types. Also note that 3 is typically higher in quenched galaxies than in star forming galaxies, and has a significantly steeper gradient than

the main sequence, especially for centrals.

work a more thorough examination of star burst systems.

4.1.3  Stellar Mass Dependence

In this sub-section we explore the role of galaxy stellar mass on
the resolved AX¥gpr profiles, split by galaxy star forming type. In
Fig. 7 we show a reproduction of Fig. 3 split into ranges of stellar
mass (as indicated by the title of each panel). Additionally, we show
the result for all galaxy masses again here as a useful comparison.
At relatively high masses of M, > 10'°M (bottom row of Fig.
7), we see a clear signature of inside-out quenching: steeply rising
AX.gpg profiles in the green valley. This is the regime in which we
might expect ‘mass quenching’ to dominate (e.g. Peng et al. 2010,
2012).

More quantitatively, we find green valley gradients of Vire =
0.60£0.11 dex/R., Vire = 0.89£0.10 dex/R. & Vire = 0.64+
0.11 dex/R. for galaxies with stellar masses of log(M./Mg) =
10.0-10.5, 10.5-11.0 & 11.0-12.0, respectively. At these high
masses, green valley galaxies have on average more quiescent
cores and more star forming outskirts. Interestingly, the cross-
over radius at which spaxels shift from a quiescent to star form-
ing state in these high mass systems progresses systematically to
larger values as mass increases. At 10 < log(M./My) < 10.5
: Roross = 0.20 £ 0.10 Re, whereas at 10.5 < log(M./Mg) <
11.0 : Reross = 0.55 &+ 0.10 R, and at log(M. /M) > 11.0:
Reross = 0.95 £ 0.10 R.. Thus, there is a clear systematic shift to
larger quenched cores in the green valley for higher mass systems.

The main sequence relation for high mass galaxies also experi-
ences a systematic shift with increasing mass. At log(M./Mg) <

11, the main sequence AXgrr profiles are largely flat (with
Vire < 0.2£0.1 dex/R.). Conversely, at log( M. /Mg) > 11, the
average main sequence AX.grg profile is extremely steeply rising
(with Vige = 1.10 £ 0.16 dex/R.). As such, the inner regions of
main sequence galaxies at very high masses tend to be quenched.
Given the results for the green valley, this suggests that quench-
ing takes hold by spreading outwards from the centre (during the
green valley stage), eventually encompassing the entire galaxy (as
evidenced by quenched galaxies being quenched throughout the en-
tire radial range probed). However, we note that AXspr values in
the green valley are suppressed everywhere out to 1.5R, (relative
to the main sequence), indicating that star formation in the disk is
also suppressed during the green valley stage, it is just that the most
severe reduction is seen near the centre of galaxies (i.e. predomi-
nantly in bulge regions).

Intriguing as this scenario may be, it is important to stress here
that the main sequence at z~0 is not the main sequence from which
quenched galaxies departed. Given the redshift evolution in the star
forming main sequence (e.g. Bauer et al. 2011, Madau & Dickin-
son 2014, Sénchez et al. 2019), the star formation rates of the pro-
genitors of the quenched population must have been higher than
the star formation rates of the star forming galaxies observed at
z~0 (at the same stellar mass). Thus, the differences in Xsrr and
AXgrr between star forming and quenched galaxies must be con-
sidered a lower limit on the true evolutionary track. On the other
hand, the green valley population may be thought to be approxi-
mately quenching now (e.g. Schawinski et al. 2014, Bluck et al.
2016). Hence, the star forming galaxies in our sample are likely
to be representative of the progenitor population of green valley
galaxies (modulo a Gyr or so, in which time little cosmological
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Figure 7. Reproduction of Fig. 3 (left panel) showing median AXgpg radial profiles for various states of global star formation, split here into ranges of galaxy
stellar mass, as indicated by the title of each panel. High mass galaxies exhibit the signature of inside-out quenching (rising green valley profiles with radius).
Conversely, low mass galaxies have much flatter green valley profiles, with evidence of outside-in quenching at the lowest masses (declining quenched profiles
at high radii). At high masses, the centres of main sequence galaxies are typically quenched. Note that we require a minimum of 20 galaxies per mass and star

formation bin in this figure.

evolution is experienced). Consequently, the deviation in AXsrr
from the main sequence to the green valley may be taken as ap-
proximately revealing evolution in action. Nonetheless, some care
must be applied in interpreting these results into an evolutionary
narrative.

At low masses (M. < 10'° M), mass quenching cannot op-
erate (see, e.g., Fig. 1 and associated text). As such, in this regime
the primary quenching mechanisms available to galaxies will be en-
vironmental in nature (e.g., van den Bosch et al. 2007, Peng et al.
2012, Bluck et al. 2016). At these low masses, the average AYXsrr
profiles in the green valley are much flatter than at higher masses
(just as we saw previously for satellites compared to centrals). Fur-
thermore, at log(M.. /M) = 9.5-10.0 we also see a hint of declin-
ing AX.gpr at large radii. Taken together, these results suggest that
mass quenching operates inside-out, but environmental quenching
does not.

Quantitatively, we find green valley gradients of Vire =
0.26 +0.11 dex at log(M./Mp) < 9.5, and Vige = 0.17£0.11
dex at 9.5 < log(M./Mg) < 10.0. These are much flatter pro-
files than at high masses (see above). Strikingly, at the very lowest
masses probed with MaNGA, we see that quenched galaxies have
star forming centres, with a rapid decline to quiescence at large
radii (which must presumably remain quenched out to very high
radii in order for the galaxy as a whole to be defined as quenched).
Thus, there is strong evidence at low masses against inside-out
quenching (and even evidence of outside-in quenching), in stark
contrast to high mass systems, where quenching clearly proceeds
inside-out.

It is particularly instructive to compare the quenched popu-
lation at log(M./Mg) < 9.5 to the main sequence population
at log(M./Mg) > 11 (i.e. the extremes in stellar mass and star
forming state). At low stellar masses, quenched galaxies exhibit
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star forming cores, with quenched outskirts (up to our radial limit
of ~1.5R.). Conversely, at high stellar masses, star forming galax-
ies exhibit quenched cores, with star forming outskirts. Thus, mass
quenching (operating at high masses) must operate inside-out; yet
environmental quenching (operating at low masses) must operate
outside-in. We provide further evidence for this general picture in
Section 6, as well as a substantial discussion of the possible theo-
retical mechanisms responsible for these observations.

4.2 Insights from Individual Galaxy Profiles

So far in the results section we have focused on population av-
eraged radial profiles in AXspr and Ager,, alongside compar-
isons to Xgrr and X.. This approach has a number of advantages.
First, it enables us to leverage the statistical power of hundreds-to-
thousands of galaxies per radial bin to enable results of, e.g., av-
erage gradients with small statistical errors. Second, this approach
condenses a large amount of information to a simple line or shaded
region, and even a single number. Finally, the average profiles give
a sense of the population, literally averaging out pathological cases
to reveal the ‘norm’. On the other hand, the average of a given pop-
ulation’s radial profile in a given metric may not correspond to any
individual galaxy’s profile. Moreover, the diversity in the popula-
tion is largely ignored (except in the weak sense that the disper-
sion enters into the error calculation). In this sub-section, we turn
to analysing individual galaxy profiles, to look for further insights
which may have been missed in the population averaging above.
In Fig. 8 we show a collection of 50 randomly chosen galaxy
profiles in AXsrr (top panels) and Ager, (bottom panels) for each
population - star burst, main sequence, green valley and quenched
(separated into two plots for each parameter for clarity). Addi-
tionally, we overlay the population median relationships (solid
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Figure 8. Top panels: AYgpg radial profiles for individual galaxies (shown as faint solid lines), coloured by the star forming state of each galaxy (as indicated
by the legends). A maximum of 50 galaxy profiles are randomly chosen for each subset. Additionally, the population median relationship is shown as a thick
solid coloured line, and the 1o dispersion is shown by dashed coloured lines. Bottom panels: Agey, radial profiles for individual galaxies (shown as faint solid
lines), coloured by the star forming state of each galaxy (as indicated by the legends). A maximum of 50 galaxy profiles are randomly chosen for each subset.
Additionally, the population median relationship is shown as a thick solid coloured line, and the 1o dispersion is shown by dashed coloured lines. Note that
whilst the median relationships, and dispersions, are clearly characteristic of the population as a whole, individual galaxies may have substantially different

profiles to the population averages.

coloured lines) and show the 1o dispersion across the population
(shown as dashed coloured lines). Clearly, the median relation-
ships and dispersions are representative of each population as a
whole. However, individual galaxy profiles may exhibit very differ-
ent shapes than the median, with variously rising and falling pro-
files within each group. Thus, there is far more complexity in the
radial profiles of AXsrr (top panels) and Ager, (bottom panels)
than the population averages alone would suggest.

Although Fig. 8 is helpful to visualise both the basic consis-
tency of the averaging approach and also the complexity suppressed
by averaging, it is difficult to extract any deep insights from it. Note
also that only a small fraction of galaxy profiles are actually shown
here, since to show more would lead to a complete lack of clar-
ity. To proceed further, we fit a linear function to each individual
galaxy radial profile in AX.grr, out to 1R.. The errors on these
individual gradients are much higher than for the population av-
erages, with typical uncertainties of +0.15-0.35 dex. Nonetheless,
there are ~3500 galaxies in our sample, hence the distribution of
the gradients of individual profiles are potentially highly revealing

of what is occurring in the population. Additionally, we construct a
simple gradient, defined as for the population averages, and note an
extremely high level of consistency between these two approaches.

In Fig. 9 we show the distribution in the gradients of AXgsrr
for all galaxies (top row), central galaxies (middle row) and satellite
galaxies (bottom row). As a black line, with shaded grey area, we
show the distribution for all star forming populations together, for
each class of galaxy. Additionally, we show as brightly coloured
histograms the distribution for each star forming class - i.e., star
bursts (magenta), main sequence (blue), green valley (green) and
quenched (red). For all galaxies (top row) we find a broad distribu-
tion in AXgrr gradients, spanning from Vige(AXgsrr) = —2.0
—+2.0 dex/R.. The mean gradient of the full population is slightly
positive at parr, = 0.08 0.01 dex/R. (with the error given as the
standard error on the mean), but with a large standard deviation of
oarL = 0.52 dex/R.. Hence, galaxies have a wide variety of gradi-
ents in AXY.gpR, but the total distribution peaks as being nearly flat,
with a slight skew to weakly rising profiles.

Looking at the top panel of Fig. 9, we note a systematic
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Figure 9. Distributions of individual galaxy radial profile gradients in AXgpR, evaluated within 1R., for all galaxies (top row), central galaxies (middle
row), and satellite galaxies (bottom row). In each panel the distribution for the full population is shown in grey. Additionally, from left to right (along each
row) the distributions for star burst, main sequence, green valley, and quenched galaxies are shown as brightly coloured filled histograms. The mean value
of AXgpg gradient for each sub-set is shown as a solid coloured line, as labelled by the legends, with a dashed black line indicating V1 g (AXgrr) = 0.
On each panel several statistics are displayed, including the mean and standard deviation of each population’s distribution in V1 g (AXsrR ), and the result
from a K-S test to ascertain whether each distribution is consistent with the main sequence distribution or not. For all populations, star bursts have on average
weakly declining radial profiles in AXgpR . For central galaxies, the green valley population exhibits a significant fraction of steeply increasing radial profiles

in AXgpR, which is largely absent for satellite galaxies.

shift in the distribution of Vire(AXsrr) from star bursts (with
mean pusg = —0.23 & 0.07 dex/R.) to main sequence (with
mean pms = +0.11 £ 0.01 dex/R.) to green valley (with mean
pev = +0.23 4+ 0.02 dex/R.). These results are qualitatively
in line with the spaxel averaging approach of the preceding sub-
section, where we find that star bursts have on average weakly
declining radial profiles in A¥gpr, main sequence galaxies have
weakly increasing radial profiles, and green valley galaxies have
more steeply rising radial profiles than the main sequence. This
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systematic shift is highlighted on the top panels of Fig. 9 by ver-
tical solid coloured lines at the mean location of each star form-
ing sub-population. Additionally, we see that there are large disper-
sions around the mean value (which are largest in the green valley:
oav = 0.61 dex/R.). In fact, for the green valley, the distribution
in Vire(AXsrr) is weakly bimodal, with a large peak centred on
zero and a much smaller peak centred around one. For quenched
galaxies, the distribution in Vire(AXsrr) is centred almost per-
fectly at zero, with a smaller scatter than for the other populations.
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This is a direct consequence of the quenched population reaching
our quenched upper limit (see Section 3, and Bluck et al. 2020).

We perform a Kolmagorov-Smirnov (KS) test, to ascertain
how probable it is that any given star forming population’s distri-
bution in Vire(AXsrr) could have been drawn randomly from
the main sequence distribution. Essentially, for our purposes, this
tests the significance of observed variation between the star form-
ing populations. For the main sequence, this yields a probability
of one, as expected. For all other populations the probability of
being drawn randomly from the main sequence is extremely low:
Pgs < 1/10? for the green valley and Pxs < 1/10° for star
bursts. This highlights that the distributions in AXspr gradients
of both green valley and star burst galaxies are highly distinct from
that of the main sequence, at a very high level of confidence. For the
quenched population, the probability of V1 ge(AXsrr) values be-
ing drawn randomly from the main sequence is essentially identical
to zero. However, this is a trivial result of that population hitting an
effective upper limit in AXgpg, resulting in a very distinctive dis-
tribution to the other star forming classes.

In the middle and bottom rows of Fig. 9 we compare the distri-
butions in Vire(AXsrr) for centrals and satellites, respectively.
The most important difference between centrals and satellites is
seen in the green valley. For centrals, the green valley is signif-
icantly shifted towards rising AXsrr profiles (with pgv,cen =
+0.33 + 0.03 dex/R.). Moreover, there is also a clear sign of a
second peak at Vire(AXsrr) ~ 1 dex/R.. On the other hand, for
satellites, gradients in AXgpr are typically flat (with pgv,sat =
+0.05 £ 0.04 dex/R.), and there is no sign of bimodality in the
distribution. The KS test for centrals indicates that the distribution
in green valley gradients is highly unlikely to have been drawn
randomly from the main sequence distribution (Pxs ~ 1/3000),
yet for satellites the distributions are much more similar (Pks ~
1/200). Again, the insights from population averaging over the
spaxels (Section 4.1) and over galaxies (this sub-section) yield con-
sistent results. Central galaxies exhibit, on average, the signature
of inside-out quenching, but satellite galaxies do not. However, by
looking at the distributions of individual galaxy profiles we have
additionally revealed that the reason behind the average green val-
ley profiles in centrals rising is due largely to a relatively small
population of galaxies with extremely steeply rising profiles.

The reason for the bimodality in AXgpr gradients of
green valley galaxies can be ascertained in part by reconsider-
ing Fig. 7. At low masses, green valley profiles are largely flat,
whereas at higher masses they rise steeply with radius (peaking
at log(M./Mg) = 10.5 — 11). Yet, green valley galaxies with
very high masses (log(M./Mg) > 11) have flat gradients again
due to the entire central 1R, of the galaxy being quenched. At in-
termediate masses, green valley gradients are seen to be steeply
rising with radius due to us probing the range between bulge and
disk dominance. For low mass systems, there is no significant bulge
(and hence we probe only the disk); whereas at very high masses
the bulge is dominant and the centrally focused IFU field of view
in MaNGA allows us only to probe the bulge region. In terms of
quenching, there is strong evidence of inside-out suppression in star
formation in high mass systems, but no such evidence of inside-out
quenching in low mass systems. This result underscores the need
for distinct mechanisms for high and low mass galaxy quenching
(which we explore in more detail in Sections 5 & 6). Additionally,
we will analyse the quenching process in bulge and disk regions
separately for this data in an upcoming paper (Bluck et al. in prep.).

We have repeated the analysis of individual galaxy profiles in
AXgrr for Ager, as well. These distributions also lead to very sim-

ilar conclusions as for the population averaging in Section 4.1, and
so we do not show them here for the sake of brevity. However, we
do compare a selection of randomly chosen galaxies with different
gradients in AXsrr to Ager,, to demonstrate consistency, and to
allow the reader to see some examples of individual galaxies. To
this end, in Appendix A we show maps of AXYsrr and Ager, for
randomly selected galaxies with a) steeply rising, b) steeply declin-
ing, and c) flat gradients in AXgrr. There is a very good consis-
tency between these measurements at the galaxy level, as well as in
the population averages of Section 4.1.

5 RANDOM FOREST ANALYSIS - WHICH
PARAMETERS MATTER FOR QUENCHING
CENTRALS AND SATELLITES?

The goal of this section is to determine which parameters impact
star formation quenching in central and satellite galaxies. In the
following discussion (Section 6) we will utilise these results along-
side the radial profile results (of Section 4) to determine precisely
how different populations of galaxies quench.

Specifically, in this section we utilise a random forest clas-
sifier to infer the relative importance of a variety of intrinsic and
environmental parameters for predicting quenching in central and
satellite galaxies. We consider parameters chosen on the basis of
two criteria: 1) that they may be reliably measured in our data; and
2) that they are reflective of potential physical processes driving
quenching. The parameters we have chosen are: central velocity
dispersion, measured within the central 1kpc of each galaxy (o.);
total stellar mass of the galaxy (M., ); bulge-to-total stellar mass
ratio ((B/T)+); group dark matter halo mass (Maio), evaluated
from an abundance matching technique applied to the total stellar
mass of each group or cluster; local galaxy over-density evaluated
at the 5th nearest neighbour (J5); and the distance in units of the
virial radius to each central galaxy (DC)G. Note that D. = 0 for
central galaxies, by definition.

Central velocity dispersion is measured at the very centre of
each galaxy where it usually dominates over rotational velocity,
and hence is a good tracer of central galaxy density. Moreover,
o is well known to correlate strongly with dynamically measured
mass of the central supermassive black hole (e.g., Ferrarese & Mer-
ritt 2000; McConnell & Ma 2013, Saglia et al. 2016). In previ-
ous studies, o has been found to be the most predictive parameter
of quenching in central galaxies (Bluck et al. 2016, Teimoorinia,
Bluck & Ellison 2016) and in resolved studies of spaxels within
central galaxies (Bluck et al. 2020). A natural interpretation may
be formulated from noting that the total integrated energy released
from supermassive black hole accretion is directly proportional to
the mass of the black hole (e.g., Soltan 1984, Silk & Rees 1998,
Bluck et al. 2011, 2020). Thus, the fundamental prediction of AGN
feedback quenching models is that the probability of a galaxy being
quenched scales primarily with the mass of the central black hole,
and hence indirectly with o. (see Terrazas et al. 2016, 2017, 2020;

6 There are, of course, many other parameters of potential interest. For ex-
ample, additional kinematic parameters to o, e.g. the dimensionless spin
parameter and Vinax (see Brownson et al. in prep.); and gas-phase parame-
ters, e.g. local gas fraction and star forming efficiency (see, e.g., Piotrowska
et al. 2020, Piotrowska et al. in prep.). However, measuring these parame-
ters is challenging in this data and hence requires separate publications to
adequately address the complexities involved.
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Bluck et al. 2016, 2020, Davies et al. 2019, Zinger et al. 2020, Pi-
otrowska et al. in prep.).

A similar line of reasoning for black hole mass may be applied
to stellar mass, revealing that the total energy released by supernova
and stellar feedback is directly proportional to the mass in stars (see
Bluck et al. 2020). Additionally, we find in Bluck et al. (2020) that
the energy released via virial shocks is logarithmically proportional
to halo mass, consistent with Dekel & Birnboim (2006) and Dekel
et al. (2014, 2019). The bulge-to-total stellar mass ratio indicates
both the morphology of the galaxy (probing the often quoted ‘disks
are blue and spheroids are red” scenario of quenching, possibly ex-
plainable via merging, e.g. Hopkins et al. 2008, Moreno et al. 2015,
2019), and the potential for a bulge structure to stabilize the gravi-
tational collapse of gas in a disk (e.g. Martig et al. 2009).

On the environmental side, halo mass and distance to the cen-
tral galaxy together may be interpreted as reflecting the average
density of the environment in which satellites reside. We also ex-
plicitly probe the average over-density at the 5th nearest neigh-
bour (d5) as well. Processes such as galaxy-galaxy harassment are
known to scale closely with galaxy over-density (e.g. Cortese et al.
2006, Bower et al. 2008, van den Bosch et al. 2007, 2008). Ad-
ditionally, interactions with the hot gas halo (e.g. via ram pressure
stripping) and with the host halo potential (e.g. via dynamical strip-
ping) will both correlate primarily with halo mass (Mpalo), and
secondarily with location within the halo (i.e. D.), e.g. van den
Bosch et al. (2007), Woo et al. (2013, 2015), Bluck et al. (2016).
These environmental processes can quench galaxies by removing
extant cool gas within the galaxy, and by removing the hot gas halo
preventing further gas accretion leading to ‘strangulation’ of the
system.

As a result of the above arguments, the parameters we have
chosen are expected to be closely connected with various phys-
ically motivated quenching scenarios. Although correlation (and
even predictive power) does not imply causation, there is little
doubt that, should the processes outlined above be important in
galaxy quenching, these parameters ought to be found to be highly
predictive of quenching in our random forest classification analysis.
Indeed, this is precisely what the models predict (see, e.g., Bluck et
al. 2016, 2020).

In the remainder of this section we outline our random forest
method, and then present our results on which parameters are most
predictive of quenching in central and satellite galaxies. Further, we
also subdivide the satellite population into high and low mass sys-
tems, revealing substantial differences in the quenching of different
mass satellites. Additionally, in Appendix B1 we show a simple vi-
sual representation of the key insights from the random forest anal-
ysis, which helps to demystify the machine learning results; and in
Appendix B2 we present an alternative (partial) correlation strength
analysis with the SDSS. The results from these two alternative ap-
proaches are highly consistent with the results we present here.

5.1 Random Forest Method

We adopt an almost identical methodology for our random forest
analysis as presented in Bluck et al. (2020) Section 4.2.1. As such,
we describe only the most important details of the implementation
here.

In Bluck et al. (2020) we concentrated on central galaxies,
and found a lack of convergence in our Random Forest analysis
for satellites. The reason for the lack of convergence in the satel-
lite population was due to the smaller number of satellites in the
MaNGA sample relative to centrals (~1/3). To combat this prob-
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lem, we have reduced the number of parameters simultaneously
used in the fitting procedure, using the full results for centrals as a
guide. Here we concentrate only on intrinsic/ global parameters and
environmental parameters, ignoring spatially resolved parameters.
For centrals in Bluck et al. (2020), and in our preliminary analy-
sis of satellites, we find that local spatially resolved parameters are
collectively of very low importance for quenching, unlike for pre-
dicting the ongoing rate of star formation in star forming systems
(see Section 4.3 in Bluck et al. 2020). The only spatially resolved
parameter which has a high predictive power for quenching is local
central velocity dispersion (measured within each spaxel). How-
ever, we explained this parameter’s relative success as originating
from a strong correlation with the central velocity dispersion, which
is ultimately found to be more predictive of quenching than the lo-
cal value (see Section 4.4 in Bluck et al. 2020). We also exclude the
stellar mass surface density within 1kpc, because this parameter is
very closely connected to o.

We train the random forest to predict whether spaxels are star
forming or quenched based on a variety of galaxy and environmen-
tal properties, utilising over 3.5 million galaxy spaxels. We conduct
supervised learning utilising the categories defined by our mea-
sured (resolved) AX.gpr parameter (see Section 3). First, we re-
move the ~10% of spaxels in the green valley region, because these
have ambiguous levels of star formation (either due to being gen-
uinely transitioning, or residing in the tails of either the star form-
ing or quenched distributions). Note that this cut does not impact
the rankings of parameters, but it does yield more accurate results.
We then adopt the minimum of the distribution in AXgrr (which
is shown as a dashed black line in the bottom-right panel of Fig.
1) to separate spaxels into two classes: star forming & quenched.
These input classifications are used to train the random forest; and
to validate the trained classifier in application to novel data (unseen
by the random forest in the training stage). Via this process, we will
reveal how connected each of the parameters used to train the ran-
dom forest are to the processes of resolved galaxy quenching (as
explained below).

We normalise all training parameters by consistently utilis-
ing logarithmic units, median subtracting, and dividing by the in-
terquartile range (as in Bluck et al. 2019, 2020). We have also tested
mean subtraction and standard deviation normalisation, as well as
utilising linear parameters, which leads to identical results and con-
clusions. Consequently, all input parameters are expressed in a unit-
less form, with a median value of zero and an interquartile range
equal to unity.

As in Bluck et al. (2020), we employ RANDOMFOREST-
CLASSIFIER from the SCIKIT-LEARN” PYTHON package as our
primary random forest classification tool. We utilise 250 estima-
tors (independent decision trees per run), each allowed to reach a
maximum depth of 250 forks (rarely needed). We control for over-
fitting by adjusting the minimum leaf node sample from 50 000 to
75000 spaxels (depending on the population under investigation).
Note that we analyse a sample of over 3.5 million galaxy spaxels in
this analysis. These thresholds were deduced by randomly varying
the parameter under the dual optimisation prescription of: a) max-
imising the performance of the training run (taken as the AUC: the
area under the true positive - false positive receiver operator curve,
see Teimoorinia et al. 2016, Bluck et al. 2019); and b) simultane-
ously minimising the difference in AUC between training and test-
ing samples. We impose a tolerance for the maximum difference

7 Website: scikit-learn.org
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between training and testing of AAUC = 0.02, slightly higher than
needed for centrals in Bluck et al. (2020).

For each population of galaxies, we run ten completely inde-
pendent random forest classifications, randomly separating the full
spaxel data into a training and testing subset (each containing 50%
of the full data set). Note that, as in Bluck et al. (2020), we split the
spaxel data on the galaxy level, i.e. we do not allow spaxels from
the same galaxy to enter into both the training and testing samples
for any given run. Additionally, we select an even sample of star
forming and quenched spaxels to avoid biasing the final result (see
Bluck et al. 2019 for a more detailed discussion on this point).

The random forest classifier selects the most effective param-
eter (and threshold) from the list available to minimise the Gini
impurity at each fork in the decision tree. The Gini impurity (Ic)
at a given node (n) is given simply by:

c=2

Io(m) =13 (ni(n)?) )

=1

where p; is the probability of randomly selecting spaxels of a given
class from the sample arriving at each node. The summation is
applied over all classes in the classification, here ¢ = 2 (for star
forming & quenched). The performance of each parameter within a
given decision tree is computed by the sum over the improvements
in the Gini impurity (Alg|. = Ig(n — 1) — Ig(n), where n =
the node number), weighted by the number of spaxels which reach
each node (Nspax(n)), for each parameter considered individually.
The result for an entire random forest analysis is given as the aver-
age performance across all 250 decision trees, for each parameter
used in training. Differences between the trees is ensured by boot-
strapped random sampling, with return (see Bluck et al. 2020 for
further details).

Finally, we take the median value from the set of ten indepen-
dent random forest classification runs as our primary performance
indicator, with the error on this statistic given by the 1o disper-
sion across the ten independent runs. We have checked that alterna-
tive performance regulators (e.g. the log entropy function), as well
as variation in the number of estimators and maximum depth of
the decision trees, yield essentially identical results to our fiducial
analysis (presented in the following sub-section). Additionally, we
have performed extensive testing of the random forest with differ-
ent datasets, and different groupings of spaxels (see Bluck et al.
2020). Briefly, we have considered galaxy averages, voxels instead
of spaxels (to ensure uniqueness), coarse grained spaxel binning (to
mimic the PSF), and calibration tests against the global parameters
in the SDSS (to test the fidelity of our conclusions in other galaxy
samples). See Appendix B for a brief description of some of these
tests. Additionally, we have tested using AXsrr values computed
from EW(Ha), model SED fitting, and luminosity weighted stel-
lar age, in addition to our fiducial hybrid approach (see Section 3).
The results presented in this section are highly stable to all of these
possible variations in the analysis, as in Bluck et al. (2020).

In a variety of tests, we have further established that our
random forest analysis identifies the most important variable from
a list of (even highly) correlated variables (see Bluck et al. 2020,
Piotrowska et al. in prep.). In fact, the random forest can ascertain
which is the most predictive parameter out of extremely strongly
correlated variables, up to p ~ 0.98. None of the parameters
in our dataset are that strongly inter-correlated, with the highest
correlations being p ~ 0.80. Nonetheless, even though the most
important variable is still reliably identified by the random forest
in highly correlated data, the feature importance of correlated

variables is impacted. This manifests by the feature importance
of the most important variable being lowered, and the feature
importance of all other correlated variables being increased. Thus,
in order to be robust, one must interpret the feature importance
of the highest ranked parameter as a lower limit, and the feature
importance of all other (correlated) parameters as likely upper
limits, with a severity set by the strength of correlation with
the most important variable. To emphasise this point we label
our feature importances as ‘relative importances’, and take this
limitation into account when interpreting the results. Fortunately,
for all of the main conclusions we will draw from these analyses,
the limitations discussed here are not seriously problematic.

5.2 Random Forest Results
5.2.1 Central Galaxies

In Fig. 10 (top left panel) we show the results of a random forest
classification analysis to predict whether spaxels will be star form-
ing or quenched in central galaxies. The random forest is trained
with the following parameters: o., Mg, M., (B/T)«, 95, D,
(which are defined and motivated in the preceding sub-section).
The height of each bar represents the relative importance (R. I.) of
each parameter in terms of its predictive power for classifying spax-
els into star forming and quenched categories. The error on each bar
is given as the variance across ten independent training and testing
runs, randomly sampling 50% of the data, separated on the galaxy
level. The x-axis lists the parameters under investigation, and is or-
dered from most-to-least important. Additionally, we colour code
the bars by whether the parameters are intrinsic (pertaining to the
galaxy; shown in purple) or environmental (pertaining to the cos-
mic environment in which the galaxy is located; shown in green).
The collective importance of each class of parameters (intrinsic and
environmental) is displayed by a pie plot inset in the main figure.
The most predictive variable for centrals is o. (with R.I. =
0.4340.02), followed by My (with R.I. = 0.2440.02), M. (with
R.IL = 0.1940.01), and (B/T). (with R.I1. = 0.1140.02)%. In the
combined random forest analysis, 5 is of very little importance,
and D. is of precisely zero importance (which is expected for cen-
trals because this variable is identically equal to zero). These rank-
ings are in precise agreement with the results shown in Fig. 9 of
Bluck et al. (2020), where a larger variety of parameters were ex-
plored. Collectively, intrinsic parameters account for 7242% of the
improvement in impurity for centrals, with environmental param-
eters accounting for just 2842% of the improvement in impurity.
Thus, we conclude that, for central galaxies, intrinsic parameters
matter much more than environmental parameters for predicting
quenching (in agreement with Bluck et al. 2016, 2020; and con-
sistent with, e.g., Baldry et al. 2006, Peng et al. 2012, Woo et al.
2015). Individually, central velocity dispersion is by far the most
predictive single variable, with a relative importance much higher

8 It is important to emphasize that the relative importance from a random
forest does not reflect the absolute predictive power of a given variable,
i.e. the number of correct classifications each parameter would achieve in
isolation. To view how these parameters perform in absolute terms, see the
artificial neural network analysis shown in Fig. 8 of Bluck et al. (2020).
Instead, the random forest rankings ascertain which parameters are truly
important out of a correlated set by picking the most informative parameter
at each node in each decision tree. In this manner, subtle differences are
clearly revealed. See Appendix B for additional tests on this method.

© 0000 RAS, MNRAS 000, 000-000



RF Quenching Classification - All Centrals

. AUC (Training) = 0.86
0.4l B Intrinsic AUC (Testing) = 0.85
’ IS Environmental
[}
2
S 0.3t
£ po, =0.80
o
Q
E
02
=
+J
£
[7}
©0.1
ps, =0.35
0.0t
T¢ MH M, B/T 55 DC

RF Quenching Classification - High Mass Satellites

L AUC (Training) = 0.69
0.4 B Intrinsic AUC (Testing) = 0.68

I Environmental

(0]

2

€ o03|

£

(o]

o

£

3 02

=

3

©

[0}

€01

0.0% -
o, My M, B/T 0 D,

How do central and satellite galaxies quench? 19

RF Quenching Classification - All Satellites

— AUC (Training) = 0.76
I Intrinsic AUC (Testing) = 0.74
I Environmental

0.4

53

po, =0.
o, =0.68
po, =0.11
I o, = —0.04
B/T M, 05

=0
Oc My /

RF Quenching Classification - Low Mass Satellites

. AUC (Training) = 0.74
04 B Intrinsic AUC (Testing) = 0.72

I Environmental

Relative Importance
° o o
- N w
.?
I
(=]
[ )
0

0.0t

c

o
=

o
g
So03
h=
o
o
E
2
=}
©
E I
I AR
0.0k . i
ds M, My B/T o, D.

5

Figure 10. Random forest classification analysis to predict star forming and quenched regions within central and satellite galaxies. Results are shown for central
galaxies (top left panel), satellite galaxies (top right panel), high mass satellites (bottom left panel, defined as satellites with M, > 1019 M), and low mass
satellites (bottom right panel, defined as satellites with M, < 100 M,). The parameters used to train the random forest are displayed on the x-axis, arranged
from most to least predictive of quenching. The y-axis displays the relative importance of each parameter in predicting spatially resolved quenching in MaNGA.
Additionally, parameter bars are colour coded by whether they depict intrinsic parameters (shown in purple) or environmental parameters (shown in green).
The pie plots on each panel show the relative importance of each type of parameter. We display the area under the true positive - false positive curve (AUC) for
both training and testing on each panel, requiring an agreement within 0.02 to avoid over-fitting. The error bars indicate the dispersion in performance results
from 10 independent training and validation runs, each randomly sampling 50% of the available data. Finally, we also show the correlation strength between
each parameter and the most predictive parameter (o) for central and satellite galaxies to gain further insight into the parameter performances.

than any other parameter under investigation here. This result is
consistent with Wake et al. (2012), Teimoorinia et al. (2016), and
Bluck et al. (2016, 2020).

As is almost invariably the case with extragalactic data sets,
the variables considered in our random forest classification are
inter-correlated with each other. One approach to deal with this is
to form orthogonal hyper-parameters from a principal component
analysis (PCA), see Bluck et al. (2020) for an analysis of this data
via that approach (which leads to highly consistent results to those
shown here). Unfortunately, orthoganalized hyper-parameters in-
evitably obscure physical meaning, and our intent in selecting these
parameters is precisely because of their deep connection to theoret-
ically motivated quenching mechanisms. As an alternative, one can
simply test the impact on feature importance extraction from a ran-
dom forest for correlated variables.

As noted above, in Bluck et al. (2020) and (in more detail) in
Piotrowska et al. (in prep.), we find that our random forest clas-
sifier is capable of identifying the most important variable from a
set of highly inter-correlated variables, up to extremely high lev-
els of correlation (p ~ 0.98). This is excellent for identifying the
most important variable, which is one of our key goals. Nonethe-
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less, we find that in the case of highly correlated parameters, feature
importance is systematically shifted from the most important vari-
able to other variables which are strongly correlated with it. Thus,
the measured relative importance of the most important variable is
likely a lower limit, with the true feature importance for that vari-
able likely being higher. Conversely, for all other parameters, the
measured relative importance is likely an upper limit, with the true
feature importance for that variable most probably being lower in
value (see the previous sub-section).

To ascertain how much of an offset is likely induced due to
inter-correlation of variables, in Fig. 10 (top left panel) we show
above each of the lesser important variables the strength of cor-
relation (via the Spearman rank statistic) with the most important
variable (here o.). It is striking how the ordering of relative impor-
tance for quenching is identical to the ordering in terms of strength
of correlation with the primary variable. This is highly suggestive
that the lower ranked parameter importances are over-estimates and
the relative importance of o. is an underestimate. More colloqui-
ally, one could say that the lower ranked parameters show ‘reflected
glory’ in terms of their importance for predicting quenching, due
primarily to their strong correlation with o.. Similarly, the correla-
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tion results suggest that the performance of intrinsic parameters as
a whole will be underestimated, with the performance of environ-
mental parameters being overestimated. It is crucial to emphasize
that these limitations can only make our primary conclusions for
centrals stronger: i.e., that quenching in centrals is governed by in-
trinsic parameters, particularly o..

In Bluck et al. (2016), for global measurements of SDSS
galaxies, and in Bluck et al. (2020), for global and spatially re-
solved measurements of MaNGA galaxies, we test in detail the de-
pendence of central galaxy quenching on o., M, and My, using
a number of additional statistical tests. Briefly, using a novel area
statistics approach and via the more standard technique of partial
correlations, we established that variation in quenching as a func-
tion of o. (at a fixed M, or My) is much more significant than
variation in quenching as a function of M, or My (at fixed o).
The difference is greater than a factor of 3.5, suggesting that it is o
which is truly connected to quenching, with these other parameters
being merely correlated without causal connection. This key insight
(that o is the most important parameter) is comfortably revealed
by our random forest approach, and hence it remains a highly useful
tool despite the inherent limitations. Additionally, in the appendices
of Bluck et al. (2020) we have tested the potential for measurement
uncertainty to impact our results. We conclude that in order for o
to be less predictive of quenching than either M. or My, the for-
mer would have to be measured fen times more accurately than the
latter (which is clearly not the case). See also Appendix B2 for an
alternative analysis with the SDSS which demonstrates the stability
and universality of the main results of this section.

5.2.2  Satellite Galaxies

In Fig. 10 (top right panel) we repeat the random forest classi-
fication analysis to predict whether spaxels will be star forming
or quenched for satellite galaxies. Here, as throughout this paper,
satellites are defined as any galaxy within a group or cluster which
is less massive than the central. Perhaps surprisingly, the order-
ing of parameters in terms of how predictive they are of quench-
ing for satellites is quite similar to centrals (top left panel of Fig.
10). However, the relative importance of o, is significantly re-
duced in satellites compared to centrals (R.I. = 0.301+0.01 vs. R.I. =
0.43+£0.02); the relative importance of J5 is significantly increased
(R.I. = 0.1040.01 for satellites, compared with R.I. = 0.0340.01
for centrals); and (B/T). and M. switch places in the ranking.
Collectively, environmental parameters increase their importance
to 33+2%, with intrinsic parameters decreasing their importance
to 67+2%. Yet, overall, the dependence of quenching on these pa-
rameters appears qualitatively very similar for satellites and cen-
trals: both have quenching governed by intrinsic parameters, and
both identify o as the most important single variable.

We present the correlation strengths of each parameter with
the most important parameter for satellites (o.), displayed above
each bar in the top-right panel of Fig. 10. There are some very
significant differences in correlation with respect to centrals. Most
strikingly, the strength of correlation between o, and Mg is drasti-
cally reduced in satellites compared to centrals (p = 0.21 vs. 0.80).
The reason for this large shift in correlation strength is simply be-
cause the halo mass is evaluated for the group, not the satellite
sub-halo. Obviously, satellites of varying mass (and central den-
sity) may exist within the same group or cluster halo, and hence the
correlation between intrinsic and environmental parameters will be
much lower for satellites than for centrals. The upshot of this is that
the importance of My for satellites (R.I. = 0.22+0.01) is not po-

tentially attributable to its connection with o, unlike for centrals.
Therefore, both o. and My are independently important for the
quenching of satellite galaxies. Ultimately, though subtle, this is the
most important difference between centrals and satellites in terms
of their quenching. The high ranking of two uncorrelated variables
for satellites reveals a key insight: satellite galaxies may quench via
intrinsic quenching mechanisms (just like with centrals), but they
may also experience additional quenching mechanisms as a result
of the environment in which they reside.

To separate out the two available quenching routes for satel-
lites, we sub-divide the satellite population into a high mass (M, >
10'°Mg) and low mass (M, < 10'°Mc) sub-sample. The mass
limit is chosen based on the median SFR - M., relationship (shown
in Fig. 1), and provides an approximate threshold at which mass
quenching (in the parlance of Peng et al. 2010, 2012) may take
effect. In high mass satellites, both environmental and intrinsic
quenching mechanisms may coexist; but for low mass satellites
mass-correlating intrinsic quenching mechanisms are removed.
This approach may reveal additional quenching mechanisms con-
nected to environment, as suggested by the 2nd place ranking of
halo mass in the full satellite population (in conjunction with the
lack of correlation between o. and My in satellites).

We show the results of a random forest classification analysis
for high mass satellites on the bottom-left panel of Fig. 10, and for
low mass satellites on the bottom-right panel of Fig. 10. For high
mass satellites, the ranking of parameters by how important they
are for predicting quenching is ordered identically as for central
galaxies (compare the top and bottom left-hand panels in Fig. 10).
This strongly suggests that high mass satellites quench in much the
same manner as central galaxies. On the other hand, for low mass
satellites, there is a striking difference in the importance of quench-
ing parameters compared to centrals, and indeed to high mass satel-
lites as well. Local galaxy over-density evaluated at the 5th nearest
neighbour (d5) is found to be by far the most important parameter
governing quenching in low mass satellites (with R.I. = 0.3310.04,
compared to R.I. = 0.0610.02 in high mass satellites). Also strik-
ingly, the importance of o. is negligible for low mass satellites
(with R.I. = 0.08+0.01, compared with R.I. = 0.334+0.02 in high
mass satellites). Collectively, we see that environmental parame-
ters are slightly more important for predicting the quenching of low
mass satellites (accounting for 55+4% vs. 45+4% for intrinsic pa-
rameters); whereas for high mass satellites, as with centrals and the
full satellite population, intrinsic parameters are clearly the most
predictive parameter class (accounting for 66+4% vs. just 34+4%
for environmental parameters).

Given the importance of these results to the narrative of this
paper, we present a side-by-side comparison between the two most
discrepant cases (centrals and low mass satellites) in Fig. 11. As
in Fig. 10, in Fig. 11 we show the results from our random forest
classification analysis, with the y-axis indicating the relative impor-
tance of each parameter to the quenching process. The results for
centrals are shown as dark shaded bars (on the left for each x-axis
variable), and the results for low mass satellites are shown as light
shaded bars (on the right for each x-axis variable). In both cases, we
colour code the bars purple for intrinsic and green for environmen-
tal. We also present a dual pie plot as an inset in Fig. 11, showing
the swing in importance from centrals (clearly intrinsically domi-
nated) to low mass satellites (environmentally dominated).

It is particularly instructive to compare the importance of o,
and J5 between centrals and low mass satellites in Fig. 11. For
centrals, o. is clearly the most important parameter, yet for low
mass satellites o, is of very low importance. Conversely, for satel-
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Figure 11. Comparison of the extremes from Fig. 10, showing the relative importance of parameters for predicting quenching in centrals (darker shades, left
bars) and low mass satellites (lighter shades, right bars). Each bar is colour coded by the type of parameter under investigation (purple for intrinsic, green
for environmental). As in Fig. 10, the errors on the relative performance are given by the dispersion across ten independent training and validation runs. A
dual pie plot compares the collective performance of intrinsic and environmental parameters, for centrals (outer ring) and low mass satellites (inner ring).
For centrals, intrinsic parameters are clearly the most important type, with o being by far the most predictive single parameter. Conversely, for satellites,
environmental parameters are more important than intrinsic parameters, and 5 is the most important single parameter. These results are indicative of vastly

different quenching mechanisms in these two populations.

lites, &5 is clearly the most important parameter, yet for centrals
it is completely negligible in its importance. Therefore, we have
demonstrated that the quenching mechanisms for central and low
mass satellite galaxies are clearly distinct, depending upon very
different parameters measured at very different physical scales. For
centrals, quenching is best predicted by the central most regions
within galaxies (at physical scales within 1kpc); whereas for low
mass satellites, quenching depends on the largest scales probed in
our analysis (~1Mpc or greater). Hence, there is over three orders
of magnitude difference in the scales of dependence of quenching
in these two populations. We discuss the theoretical implications of
this important result in Section 5.

In Appendix B we provide a visual test of the random
forest analysis, and additionally present a comparison to the full
SDSS dataset, utilising the complementary technique of partial
correlations. The key insights from this section are all recovered
in these alternative analysis. Hence, our conclusions are stable to
both the choice of statistical technique and to sample variation.

6 DISCUSSION - HOW DO CENTRAL AND SATELLITE
GALAXIES QUENCH?

6.1 Comparing Central & Satellite Galaxy Quenching

In Section 5 we establish through a random forest classification
analysis that central velocity dispersion (o) is the most important
parameter for predicting the quenching of spaxels in both central
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and satellite galaxies (considered as a whole). For central galaxies,
this result is identical to Bluck et al. (2020) and is in close accord
with galaxy-wide studies in Wake et al. (2012), Teimoorinia et al.
(2016), and Bluck et al. (2016). These prior studies use a variety
of statistical methods and data sets, incorporating a large sample
of local (z<0.2) galaxies and techniques from partial correlations
to artificial neural networks. Thus, it is now very well established
that the quenching of central galaxies depends more on o, than on
a wide variety of other galactic and environmental parameters, in-
cluding stellar mass, group halo mass, B /T morphology, and local
density®. On the other hand, for satellite galaxies, the importance
of o, is entirely novel, and highly intriguing.

It is expected (see, e.g., Peng et al. 2012, Woo et al. 2013,
Bluck et al. 2014) that the quenching of satellites might operate
in two distinct channels - intrinsic quenching (as with centrals)
and environmental quenching (not usually thought to be significant
for centrals). Given that intrinsic quenching is strongly correlated
with stellar mass, and indeed has been dubbed ‘mass quenching’
(Peng et al. 2010), one route to separate out the two quenching
channels in satellites is to split the sample by stellar mass. In Sec-
tion 5, we re-run our random forest classification analysis on high
mass (M. > 10'°Mg) and low mass (M. < 10'°My) satel-
lites separately. The results are striking (see Fig. 10 bottom panels).
High mass satellites behave identically to centrals in terms of their

9 See also Appendix B2 where we demonstrate the stability of our parame-
ter rankings for central and satellite galaxies via a (partial) correlation anal-
ysis of the SDSS parent sample.
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Figure 12. Left Panel: The fraction of quenched spaxels plot as a function of central velocity dispersion for centrals (blue), all satellites (red), and cluster
satellites (magenta, defined as satellites residing in haloes with M.y, > 10'*Mg). The width of each coloured region indicates the uncertainty on the
quenched fraction from Poisson counting errors. As an additional upper x-axis we display the supermassive black hole mass associated with each value of
oc, assuming the Mg — o. relationship for all galaxy types in Saglia et al. (2016). Right panel: The same as the left panel but restricting the satellite
populations to those residing within a third of the virial radius (Ry;ir /3), i.e. those relatively close to their centrals. Note that at low central velocity dispersion,
satellites have higher fractions of quenched spaxels than centrals, and cluster satellites have higher still fractions of quenched spaxels; whereas at high central
velocity dispersion all galaxy types have predominantly quenched spaxels. For satellites residing close to their centrals, the enhancements in quenched fraction

are amplified at low central velocity dispersions.

quenching dependence on the parameters we have investigated, and
collectively have quenching governed by intrinsic variables. Con-
versely, low mass satellites behave in a radically different way to
both centrals and high mass satellites (see Fig. 11). Low mass satel-
lite quenching depends primarily on the over-density in which the
satellite resides (J5), with collectively a greater dependence on en-
vironmental processes over intrinsic processes. Consequently, we
have established that it is true that satellite galaxies quench via dis-
tinct mechanisms, operating on very different physical scales.

In Fig. 12 (left panel), we plot the fraction of quenched spax-
els as a function of o, for centrals, (all) satellites, and cluster satel-
lites (left panel)*®. At high o, (% 100 kmy/s), all populations have
approximately the same (high) quenched fraction, and there is very
little separation evident. On the other hand, at low o (< 100 km/s),
satellite galaxies tend to have significantly higher quenched spaxel
fractions than central galaxies, strongly indicating the need for ad-
ditional quenching mechanisms to centrals. Cluster satellites have
higher still quenched spaxel fractions than the general satellite pop-
ulation, at a fixed low o, indicating an important secondary depen-
dence on halo mass (see also Fig. 10 for a similar conclusion). In
the right panel of Fig. 12, we reproduce the above analysis restrict-
ing the satellite population to those residing within a distance of
Ryir /3 from their central galaxies. The trends at low o are ampli-
fied for satellites residing close to their centrals, indicating an im-
portant secondary trend with distance to central and/or local density
at a fixed o and Mpg.

It is clear that satellite galaxies require additional quenching
mechanisms to those of central galaxies, which operate primarily at
low masses (and/or low o) and are highly correlated with environ-
ment (halo mass, local density and distance from central). Note that
in the random forest analysis of Section 5 we found the distance to

10" See Bluck et al. (2016) for the equivalent plot shown for the fraction of
quenched galaxies in the SDSS.

central (D¢ ) to be largely unimportant, but here at a fixed o. we do
see a significant impact on quenching. This apparent discrepancy is
easily resolved because in the random forest analysis the classifier
has access to all parameters simultaneously. As such, local density
emerges as the most important single variable for low mass satel-
lites, which is highly correlated with both halo mass and distance
from the central. Thus, the importance of D, (at fixed My and o.)
is ultimately a result of its correlation with Js.

There are a wealth of environmental processes which may
be responsible for the observed correlations of low mass satel-
lite quenching with environmental parameters. These include ram
pressure stripping of the satellite hot gas halo and/or internal cold
gas content from interaction with the hot gas halo in high mass
groups and clusters; galaxy - galaxy tidal disruption or ‘harass-
ment’ events; and host halo tidal stripping (e.g., Cortese et al. 2006,
van den Bosch et al. 2007, 2008, Wetzel et al. 2013, Woo et al.
2013, 2015, Bluck et al. 2014, 2016, 2019). Additionally, by virtue
simply of no longer residing at the local gravitational minimum,
satellites may experience a reduction in gas accretion and hence
eventually star formation via ‘strangulation’ (e.g., Henriques et al.
2015, 2019). All of these environmental quenching mechanisms
correlate with the environmental parameters probed in this work,
and all of them may act in addition to the intrinsic quenching mech-
anism, which is found to be most closely connected to o in both
centrals and satellites (see Section 5). We consider environmental
quenching further in Sections 6.4 & 6.5.

For all populations and sub-populations of galaxies studied
in Fig. 12 (centrals, satellites, cluster satellites and satellites/ clus-
ter satellites close to their centrals) there is a clear strong trend in
quenched fraction with o.. This trend is strongest for centrals, but
is nonetheless evident in all populations, especially at high o val-
ues. Hence, it becomes crucial to answer: why is the quenching of
galaxies so strongly connected to o.?
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6.2 Interpretation of the Importance of o,

One clue to answering why o is so predictive of quenching in both
centrals and high mass satellites comes from considering the spa-
tial scales of the parameters studied in Section 5. Central velocity
dispersion is measured at the smallest/ most central scales within
each galaxy (< lkpc). Thus, the importance of o. indicates that it
may be something occurring at the very centre of galaxies which
drives quenching in centrals, and high mass satellites. Parameters
correlated with o, but measured on larger spatial scales (e.g. M.
and (B/T). measured on whole galaxy scales of ~10-30 kpc; or
M measured on scales of up to ~ 1Mpc), perform significantly
less well at predicting quenching in our random forest analysis.
This result is further supported for centrals via a number of other
statistical techniques, including with artificial neural networks and
area statistics (see Appendix B; and Teimoorinia et al. 2016, Bluck
et al. 2016, 2020). One particularly energetic galactic phenomenon
which operates out of the central most regions of galaxies is AGN,
powered by the accretion of gas onto supermassive black holes (e.g.
Fabian et al. 2006, Maiolino et al. 2010, Bluck et al. 2011).

Itis well established that there is a strong and tight relationship
between the mass of the central supermassive black hole (Mpw)
and the central velocity dispersion, as established via direct dy-
namical measurements of Mgy (e.g., Ferrarese & Merritt 2000,
McConnell et al. 2011, McConnell & Ma 2013, Saglia et al. 2016).
Furthermore, it is a ubiquitous prediction of AGN feedback driven
quenching models that the mass of the supermassive black hole
should be the key parameter found to govern quenching (see Bluck
et al. 2014, 2016, Terrazas et al. 2016, 2017, 2020, Davies et al.
2019, Bluck et al. 2020, Zinger et al. 2020, Piotrowska et al. in
prep.). Indeed, in Bluck et al. (2020) we derive via simple analyt-
ical arguments that Mgy must be found to be the most important
variable in any reasonable model of quenching which derives its
energy to perform work on the system via accretion onto a super-
massive black hole. It is crucial to emphasise here that it is not the
accretion rate, Mpy (and hence bolometric AGN luminosity, or
AGN luminosity in any given waveband) which is found to be most
connected to quenching in modern AGN feedback models, but in-
stead its time integral, M sy (see Bluck et al. 2020, Piotrowska et
al. in prep.).

To explore further the possibility that the excellent perfor-
mance of o. in predicting the quenching of centrals and high mass
satellites may be a result of its close connection to M, we adopt
the My — o. relationship from Saglia et al. (2016) for all galaxy

types:
log(Mpu [Mg]) = 5.25 x log(o. [km/s]) — 3.77 8)

which is derived using a sample of 96 dynamical measurements
of supermassive black holes, giving a formal scatter of 0.46 dex.
Here, as in Bluck et al. (2020), we just consider the Mpx — oc
relationship for all galaxy types, but see Bluck et al. (2016) and
Piotrowska et al. in prep. for extensive testing against different sub-
populations, including separate scaling relations for early and late
type galaxies, in addition to the use of other calibrations (e.g., with
bulge mass).

Using the above scaling relation, we construct a simple map-
ping from o. to Mpg, which we display as an upper x-axis on
Fig. 12. This allows us to quantitatively interpret quenching as a
function of supermassive black hole mass, modulo the scatter of
the Mpr — o. relationship. Given that we utilise hundreds-to-
thousands of galaxies per bin (depending on the population under
investigation), the improvement in statistical accuracy on the mean
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leads to highly accurate population average estimates of Mpgw,
provided there are not strong systematic offsets from the calibra-
tion. In principle, these diagnostic plots may be used to directly
compare to simulations and models (as is underway in Piotrowska
etal. in prep.). Since the Mgy — o relationship is only constrained
down to Mgy ~ 10°Mj, at present, we shade in grey the region
of Fig. 12 below this threshold. Nevertheless, even though the ac-
tual Mpp of galaxies in this regime is unknown, we do at least
know that the Mpy — o relationship predicts them to be low in
value (which is essentially all the information we require for our
later analyses).

There are, of course, other possibilities to explain the close de-
pendence of quenching on o in both central and high mass satel-
lite galaxies. These include progenitor bias (e.g. Lilly & Carollo
2016) and some variants of morphological quenching (e.g. Mar-
tig et al. 2009). However, both of these alternative scenarios have
serious limitations, and are not fully consistent with observations
of local galaxies (see the discussion in Bluck et al. 2020). Out of
the three leading intrinsic theoretical quenching mechanisms - (i)
AGN feedback (Croton et al. 2006, Bower et al. 2006, 2008, Si-
jacki et al. 2007), (ii) supernova feedback (Matteucci et al. 1986,
2006, Henriques et al. 2019), and (iii) virial shocks (Dekel & Birn-
boim 2006, Dekel et al. 2009, 2014, 2019) - a close dependence
of quenching on o, clearly favours the AGN model. This is the
case because virial shock related feedback must scale primarily
with My and integrated supernova feedback must scale primar-
ily with M., yet AGN feedback correlates primarily with Mpg,
which is well known to be closely connected to o. (see Bluck et al.
2020 Appendix B for a detailed derivation and discussion of these
theoretical points).

In the next sub-section of this discussion we will make
the assumption that the close dependence of central and high
mass satellite quenching on o, is likely a consequence of a
causal relationship between quenching and MpH (as expected
in contemporary AGN feedback models, e.g. Vogelsberger et al.
2014a,b, Schaye et al. 2015, Nelson et al. 2018, Zinger et al. 2020,
Piotrowska et al. in prep.). With this assumption, we will then test
how AGN feedback operates within central and satellite galaxies®®.

6.3 The Role of Black Hole Mass

To explore how black hole mass impacts star formation within
central and satellite galaxies, in Fig. 13 we show population av-
eraged median radial profiles in AXgrg for central galaxies (left)
and satellite galaxies (right), with each panel separated into 0.5 dex
ranges of M (o.). We estimate black hole mass from central ve-
locity dispersion via the scaling relation of Saglia et al. (2016), as in
the previous sub-section. Central galaxies with Mg < 1055 Mg
are typically star forming throughout the full radial range probed.
On the other hand, centrals with Mpg > 10"°Mg are typi-
cally quenched at all radii. Interestingly, at intermediate values of

11 Note that in order for this interpretation to be incorrect, it is necessary
for at least one of the following statements to be false: 1) that there exists a
strong correlation between M p g and o (see, e.g., Saglia et al. 2016); and
2) that AGN feedback must lead to a close correlation between quenching
and M (see, e.g., Bluck et al. 2020). Even in the (unlikely) case that one
or both of the preceding statements do turn out to be incorrect, the following
analyses of this discussion will remain highly interesting because they test
the logical consequences of these (reasonable) hypotheses in the MaNGA
survey.
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Figure 13. Median AXgpR radial profiles for centrals (left) and satellites (right), split into ranges of supermassive black hole mass (estimated from the
Mppg — o relationship). The width of each coloured region indicates the 1o uncertainty on the population average. The dashed black line indicates the
transition from star forming to quenched regions. The average gradient out to 1R, is displayed in the legend for each M g range in each panel (given in
units of dex/Re). Central and satellite galaxies harbouring low mass black holes are on average star forming, whereas central and satellite galaxies harbouring
high mass black holes are on average quenched, throughout the entire radial range probed here. However, centrals hosting intermediate mass black holes are
typically quenched in the centres but star forming in the outskirts; whereas satellites hosting intermediate mass black holes are typically quenched throughout

the full radial range probed here.

Mgy ~ 10%5775M, central galaxies have quenched centres
but star forming outskirts, showing the clear signature of ‘inside-
out’ quenching. These systems with intermediate mass black holes
have extremely steep positive gradients in AX.grr, compared to
systems with both low and high black hole masses (as displayed on
the legends of Fig. 13). Thus, AGN feedback must proceed by first
quenching the cores, and then the outskirts, of central galaxies.

In the right panel of Fig. 13 we show the AXsrr radial pro-
files for satellites. Like with centrals, at low black hole masses
(Mpr < 10°° M) satellites are typically star forming, although
they have systematically lower AXsrr values than centrals. Also,
at high black hole masses (Mg > 1075 M) satellites are typ-
ically quenched everywhere in radius, as with centrals. However,
at intermediate black hole masses (Mg ~ 10%°~7° M) satel-
lites are typically quenched throughout the full radial extent probed
here, with flat gradients in AXspr. This is in stark contrast to cen-
trals, which exhibit very steep positive radial gradients in AX.grg,
resulting in them having quenched cores but star forming outskirts.
Thus, the chief difference between central and satellite galaxies, at
a fixed black hole mass, is that satellites have quenched outskirts at
intermediate black hole masses but centrals have star forming out-
skirts. Consequently, we conclude that the environmental quench-
ing mechanisms in satellite galaxies preferentially operate at larger
galactic radii.

In this sub-section we have established that AGN feed-
back proceeds via ‘inside-out’ quenching; whereas environmental
quenching acts primarily on the outer regions of satellite galaxies
(and is most evident at intermediate black hole masses). We will re-
turn to the environmental quenching mechanisms in the following
two sub-sections (Sections 6.4 & 6.5), but here we consider further
the ramifications of the AGN quenching results.

AGN feedback can operate in three broad modes: 1) by pre-
venting the inflow of gas into the system (usually associated with
radio / maintenance mode feedback, e.g. Croton et al. 2006, Bower
et al. 2006, 2008, Fabian et al. 2012; although halo heating from
AGN driven winds may also contribute, e.g. Brownson et al. 2019,

Nelson et al. 2019); 2) by ejecting gas from the galaxy through
AGN-driven outflows (usually associated with quasar mode feed-
back, e.g. Hopkins et al. 2008, Maiolino et al. 2010, Feruglio et
al. 2010, Cicone et al. 2012, 2014); or 3) by preventing extant gas
from collapsing to form stars (usually associated with ionising ra-
diation fields, e.g. Sijacki et al. 2007, Vogelsberger et al. 2014a,b).
In the first two scenarios quenching occurs because of a lack of
gas in the system, either because it is used up by star formation
and not replenished, or because it is expelled from the galaxy via
AGN-driven winds. In the last scenario, gas remains in the system
but is prevented from forming stars, possibly by being kept in a low
density/ high temperature ionised form via a strong radiation field
surrounding the central black hole.

There are good reasons to expect that all of the above mech-
anisms for AGN feedback might operate preferentially from the
inside-out, in line with our observational findings. AGN ionisation
fields have a 1 /r2 fall off in flux, and hence are much stronger
closer to the black hole. AGN-driven outflows have been shown
in numerous hydrodynamical experiments to primarily remove gas
from the centre of galaxies, leaving extended gaseous disks largely
intact (e.g., Springel et al. 2005b, Di Matteo et al. 2005, Hopkins et
al. 2008, 2010, Faucher-Giguere et al. 2012, Costa et al. 2014, Ga-
bor & Bournaud 2014, Roos et al. 2015). On the other hand, radio-
mode feedback may quench galaxies by heating the hot gas halo,
preventing cooling and hence starving the galaxy of replenishment
of fuel (e.g., Croton et al. 2006, Bower et al. 2006, 2008, Vogels-
berger et al. 2014a,b). Yet, since star formation rates are highest at
the centre of even green valley galaxies (see Fig. 6, and Wang et
al. 2019), consumption of extant gas will be fastest in the centre of
galaxies, likely leading to the signature of inside-out quenching in
the case of starvation as well.

The most important version of AGN feedback in many con-
temporary models is the preventative/ delayed ‘radio’ mode (e.g.
Vogelsberger et al. 2014a,b, Schaye et al. 2015, Zinger et al. 2020).
The reason for this is that it is the only AGN feedback mechanism
which functions at low Eddington ratios (e.g. Di Matteo et al. 2000,
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Figure 14. Median averaged luminosity weighted stellar metallicity (Z) plot as a function of stellar mass surface density (2+), for three narrow stellar mass
bins (shown as separate panels from left to right). On each panel the Z, - 3, relationship is split into populations based on the level of star formation within
each spaxel - resolved star bursts (magenta), resolved main sequence (blue), resolved green valley (green) and resolved quenched (red), as defined in Fig. 1
(bottom-right panel). The width of each coloured region indicates the 1o uncertainty on the population average. The mean offset in metallicity from the main
sequence ({(Apgs)) is shown on the legend of each panel for each star forming sub-population (in units of dex).

Fabian et al. 2000, Sijacki et al. 2007), and hence can operate in the
long-term within quenched systems (e.g. Croton et al. 2006, Bower
et al. 2006, 2008). Given that high mass galaxies have the bulk
of their baryon content in a hot gas halo (~90%, Xia et al. 2002,
Fabian et al. 2006), cooling must be offset by heating to prevent re-
juvenation of star formation at late times. Thus, heating from AGN
jets in the radio mode has become a ubiquitous component of cos-
mological hydrodynamical simulations and semi-analytic models
(e.g. Somerville & Dave 2015, Henriques et al. 2015, 2019, Vo-
gelsberger et al. 2014a,b, Schaye et al. 2015, Nelson et al. 2018).

Ignoring radiation fields, because these are typically found
to be of negligible importance (e.g., Vogelsberger et al. 2014b),
it is possible to distinguish between the two remaining AGN
mechanisms - (i) ejection of gas from the system via quasar driven
winds vs. (ii) starvation from AGN heating of the hot gas halo. It
is to this we turn in the next sub-section.

6.3.1 Outflows vs. Starvation: Stellar Metallicity Test

The principal difference between the two scenarios for AGN feed-
back outlined above (ejective mode vs. halo heating) is how they
impact the extant gas within galaxies. In the case of AGN-driven
outflows, gas is driven from the central regions in galaxies, rapidly
quenching the system. On the other hand, in the case of radio/
preventative mode feedback, the hot gas halo is stabilized against
cooling and collapse by ongoing low luminosity heating, which can
happen either through radio jets or AGN-driven winds. In this mode
the extant gas within galaxies is unaffected and may continue to
form stars, until eventually it is entirely used up. As argued for in
Peng et al. (2015) and Trussler et al. (2020), these two mechanisms
for quenching may be differentiated by considering the difference
in stellar metallicity between star forming and quenched galaxies,
at a fixed stellar mass.

In the case of quenching operating solely by expulsion of gas
in a dramatic AGN-driven outflow event, all of the gas within the
galaxy (or at least the central regions) will be ‘instantaneously’ re-
moved (in a time-frame short compared to the dynamical time).
Consequently, there is no time for extant gas to form stars in this
scenario. On the other hand, in the starvation scenario, the extant
gas content of a galaxy (including its central regions) will continue
to form into stars as normal, until it is fully depleted. The key dif-
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ference is then seen in terms of the chemical abundance of stars
within quenched galaxies, compared to star forming galaxies.

In star forming galaxies, the metallicity of gas is diluted by
inflow of lower metallicity ‘pristine’ gas from the intergalactic
medium. This low metallicity gas is mixed with high metallicity
gas ejected from supernovae and stellar winds within the galaxy.
As galaxies increase in stellar mass there is a greater contribution
from the high metallicity stellar ejecta, which leads to the existence
of a positive mass - metallicity relation (see Maiolino & Mannucci
2019 for a recent review). In the case of starvation, inflowing low
metallicity gas is completely shut off. Consequently, the stars form-
ing within a galaxy during slow quenching via strangulation will
have significantly higher metallicities than stars forming in main
sequence galaxies (with substantial gas inflows). This leads to a
marked increase in the stellar metallicity of the galaxy as a whole,
especially when measured weighted by luminosity (which is more
sensitive to bright young stellar populations), compared with the
progenitor star forming population. Conversely, in the catastrophic
ejection scenario, the stellar metallicity of the quenched object will
be identical to that of the star forming progenitor since no new stars
are formed.

Thus, a positive increase in metallicity between star forming
and quenched galaxies, at a fixed stellar mass, indicates that there
must have been strangulation of gas supply in the population. More-
over, this is also clear evidence that star formation is not cut off
rapidly. Utilising this reasoning, Peng et al. (2015) and Trussler et
al. (2020) find strong evidence to favour the starvation mechanism
of quenching by noting a significant offset to higher metallicities in
quenched galaxies relative to star forming galaxies at the same stel-
lar mass. Here we are in a position to repeat this test for spatially
resolved measurements of stellar metallicity for the first time.

In Fig. 14 we show median luminosity weighted stellar metal-
licity (Z.)"? plot as a function of stellar mass surface density (2.,
for three narrow ranges in stellar mass (increasing in value from
left to right). We separate the spaxel population into resolved star
bursts (magenta), resolved main sequence (blue), resolved green
valley (green) and resolved quenched (red) sub-populations. These
classes are motivated and defined in Section 3 (see Fig. 1 bottom-
right panel, and associated text). The most important thing to note

12 Note that gas-phase metallicities cannot be measured in quenched
galaxies and quiescent regions (which are almost invariably devoid of strong
emission lines), and hence we utilise stellar metallicities here as a proxy.
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from Fig. 14 is that there is a clear offset to higher stellar metallici-
ties in quenched and green valley regions, relative to main sequence
regions, at fixed 3. and M.. Additionally, there is a marked in-
crease in the steepness of the dependence of metallicity on X, as a
function of stellar mass, whereby the Z, —3. relationship is steeply
rising at high masses, but is approximately flat at low masses.

If we were to assume that the star forming population is es-
sentially the progenitor population of the quenched population (at
a fixed stellar mass), then there is a clear implication with regards
to quenching: In order to explain the significant offsets in metallic-
ity shown in Fig. 14, undiluted high metallicity gas must have been
converted into stars during the quenching process. This is consis-
tent with the starvation hypothesis, but is inconsistent with the rapid
gas expulsion hypothesis. Therefore, under these assumptions, we
may conclude that starvation (likely as a result of periodic radio
jet, or AGN-driven wind, heating of the hot gas halo) is the primary
quenching mechanism for high mass galaxies. This conclusion is
consistent with both Peng et al. (2015) and Trussler et al. (2020) in
terms of their global galactic analyses. Of course, it remains pos-
sible that some gas expulsion does occur, but we find strong ev-
idence that this cannot be the primary mechanism by which high
mass galaxies quench. Our observational conclusion is also in line
with modern theoretical expectations from hydrodynamical simu-
lations (see, e.g., Vogelsberger et al. 2014a,b, Schaye et al. 2015,
Nelson et al. 2018, Zinger et al. 2020).

One important caveat to the above interpretation of our metal-
licity analysis is that the star forming galaxies cannot be the pro-
genitors of the quenched galaxies in our study, since they are ob-
served at the same epoch. Consequently, star forming and quenched
galaxies at the same epoch may have different star formation histo-
ries, extending in principle over the full Hubble time (e.g., Gonza-
lez Delgado et al. 2017, Lopez Fernandez et al. 2018). In this case,
the differences in metallicity may not necessarily relate directly to
quenching, but rather to galactic aging in the broader sense. Never-
theless, there are two reasons to suspect that this important subtlety
does not seriously impact our conclusion:

(i) The star forming progenitors of our local quenched galaxy
population are likely to have lower metallicities than local star
forming galaxies, for their stellar mass (see Trussler et al. 2020).
Conceptually, this is primarily a result of the early Universe being
more gas rich than the present epoch. Hence, accounting for the
redshift evolution in the mass - metallicity relation for star forming
systems would most probably increase the offsets already noted,
underscoring the differences as lying in the quenching process.

(i1) The green valley represents systems which we might expect
to be undergoing quenching contemporaneously (e.g., Schawinski
et al. 2014, Bluck et al. 2016). Hence, statistically, the star form-
ing population is essentially the progenitor population of the green
valley population, modulo ~ 1-2 Gyr (as confirmed in Sanchez et
al. 2019). In this ‘short’ time span (relative to the Hubble time)
little cosmological evolution is expected. Yet, here again, we see
clear offsets from the green valley to the main sequence in terms
of metallicity at a fixed ¥, and M., which is unlikely to be af-
fected by progenitor bias or different star formation histories prior
to quenching.

In summary, there is a significant increase in the metallicity
of stars in green valley and quenched regions, relative to star form-
ing regions, at fixed X, and M,. This is precisely as predicted for
the starvation mechanism, but is inconsistent with rapid gas ex-
pulsion as the main driver of quenching. However, there may also

be an effect from different populations of galaxies having differ-
ent star formation (and evolutionary) histories prior to quenching.
Nonetheless, this caveat is mitigated by our use of the green val-
ley population, which demonstrates that these trends must be re-
cent in origin (and hence contemporaneous to quenching). It would
be especially valuable to test whether offsets in stellar metallicity
accompany quenching at high redshifts as well as in the local Uni-
verse, for example with upcoming wide-field spectroscopic surveys
(e.g., VLT-MOONS).

Finally in Fig. 14, we see that star burst regions have metal-
licities offset to lower values than the main sequence, at fixed 3.
and M. (as seen in the gas-phase in Ellison et al. 2018, 2020).
This observation is consistent with the idea that star bursting
regions within galaxies have accreted low metallicity (pristine)
gas from the intergalactic medium, which drives the enhancement
in star formation. Thus, both enhancement in star formation and
quenching result in offsets from the resolved mass - metallicity
relation, at a fixed stellar mass. This finding is in qualitative
agreement with the existence of the global fundamental metallicity
relation, albeit for stellar metallicities rather than in the gas-phase
(see Ellison et al. 2008, Mannucci et al. 2010).

6.4 The Role of Halo Mass

In Section 5 we found halo mass to be the second most impor-
tant variable for predicting quenching in both central and satellite
galaxies, treated as a whole. However, for central galaxies there is
a very strong correlation between halo mass and the most impor-
tant variable, o. (p ~ 0.8). Thus, it is a reasonable hypothesis that
the importance of halo mass might simply reflect its connection to
o. in centrals. Indeed, in Bluck et al. (2016) for the whole of the
SDSS galaxy sample, and in Bluck et al. (2020) for the MaNGA
sub-sample, we found that varying halo mass at a fixed o. leads
to very little impact on the fraction of quenched galaxies or spax-
els, respectively. Furthermore, via a variety of statistical tests, we
have demonstrated that the impact of varying o. on central galaxy
quenching (at a fixed M) is over a factor of 3.5 times greater than
the importance of varying My (at a fixed o). See Bluck et al.
(2016, 2020) for the full analyses on global and resolved physical
scales. Therefore, we conclude that the strong correlation between
halo mass and central galaxy quenching is a causal, resulting solely
from the inter-correlation between My and o.. We demonstrate
this key result again in Appendix B2, where we clearly see that at
a fixed o., nether M, nor My have any positive impact on central
galaxy quenching.

On the other hand, for satellite galaxies, there is an extremely
weak correlation between My and o. (p ~ 0.2), and hence one
cannot explain the importance of halo mass to satellite quenching
in the same way as for centrals. In Bluck et al. (2016) we found that
varying halo mass does significantly impact the quenched fraction
of satellites at a fixed o, unlike for centrals. Along similar lines, in
Fig. 12 we have seen that varying halo mass (separating to cluster
satellites with Mg > 10'* M) significantly impacts the fraction
of quenched spaxels in satellites, at fixed low o, values. Thus, halo
mass may be causally connected to quenching in satellites, but is
highly unlikely to be so for centrals.

To explore how halo mass impacts star formation within cen-
tral and satellite galaxies, we present median averaged radial pro-
files in AXgpr in Fig. 15 for centrals (left panel) and satel-
lites (right panel), separated into narrow bins of halo mass. For
central galaxies, at low halo masses (My < 10'?>Mg) galax-
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Figure 15. Median AYXgpR radial profiles for centrals (left) and satellites (right), split into ranges of group halo mass (estimated from an abundance matching
technique applied to the total stellar mass of the group or cluster). The width of each coloured region indicates the 1o uncertainty on the population average.
The dashed black line indicates the transition from star forming to quenched regions. The average gradient out to 1 R, is displayed in the legend for each My
bin in each panel (errors are omitted here for clarity, but are typically <0.1 dex/R.). For centrals, there is a transition from star forming to quenched at Mg ~
1012—13 M), marked by steeply rising AXspg profiles. For satellites, the transition to quiescence occurs at a much higher halo mass of Mz ~ 10™ Mg,

and profiles are in general much flatter around the transition than for centrals.

ies are star forming, on average, across the entire radial range
probed. Conversely, at high halo masses (My > 103 M) galax-
ies are quenched everywhere in radius. At intermediate halo masses
(Mg ~ 1073 M), we see again the signature of inside-out
quenching: rising AXgpr profiles, indicating more quiescent cores
and more star forming outskirts. These transition AXgrgr profiles
are found to exhibit the steepest gradients of any halo mass range
(see the legends in Fig. 15). Our observed transition halo mass is in
close accord with previous studies (e.g., Dekel & Birnboim 2006,
Woo et al. 2013, 2015, Dekel et al. 2014, 2019). However, interest-
ingly, the gradients in AXsrr at intermediate My are notably less
steep than at intermediate M gx (compare the legends of Fig. 15 to
Fig. 13, in the left-hand panels). This may lend further evidence to
support the observational fact that it is Mpx (derived via o.) not
My (derived via abundance matching) which is most important for
driving quenching in central galaxies.

For satellite galaxies (right panel of Fig. 15) we see a marked
change in AXgpr profiles compared to centrals. At all halo masses,
AXspr profiles are systematically shifted to higher (more star
forming) values. This manifests in such a way as to leave the halo
mass threshold for satellite quenching to be at My ~ 10 Mg,
one-to-two orders of magnitude higher than for centrals. Thus,
the halo mass at which centrals quench is much lower than the
halo mass at which satellites quench. This fact may be explained
by central galaxy quenching operating as a function of black hole
mass, and hence a completely different physical process. It is also
highly interesting to note that at a fixed halo mass, satellites are less
quenched (on average) than centrals (Fig. 15); yet at a fixed black
hole mass, satellites are more quenched (on average) than centrals
(Fig. 13). These observations clearly indicate that the two popula-
tions have different underlying dependence on these two physical
parameters. Finally, we note that the AXgpr profiles for transi-
tioning satellites are much flatter than for transitioning centrals, as
seen before in Figs. 5 & 13 (at a fixed global ASFR and Mpm,
respectively).

Given the random forest results of Section 5, and our addi-
tional statistical tests in Appendix B, we conclude that the correla-
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tions between AXsrpr and My in central galaxies are unlikely to
be causal in origin. Note that this is in contrast to several prior stud-
ies where halo mass has been considered causally related to central
galaxy quenching via virial shock heating (see Dekel & Birnboim
2006, Woo et al. 2013, Dekel et al. 2019). On the other hand, the
dependence of AXspr on My in satellite galaxies is likely a re-
sult of underlying physical processes, since we have found no other
parameters which remove its observed importance to quenching.
Clearly, galaxies residing in higher mass haloes will experience a
greater impact from a variety of environmental processes which
may engender quenching. However, differentiating between the en-
vironmental quenching mechanisms is extremely difficult, and so
we will postpone further discussion until we have first considered
local galaxy over-density.

6.5 The Role of Local Galaxy Over-Density

In Section 5 we found that the parameters most predictive of
quenching in satellite galaxies vary dramatically between high and
low mass systems. At high masses (M, > 10'°M) the ranking
of parameters for satellites is identical to that of centrals (see Fig.
10); yet low mass satellites (M, < 10'°M) behave very differ-
ently to centrals in terms of their quenching (see Fig. 11). More
specifically, the quenching of high mass satellites is best predicted
by o. and intrinsic parameters collectively are the most effective
set. Conversely, for low mass satellites, local galaxy over-density
(evaluated at the Sth nearest neighbour, ds) is found to be by far
the most predictive single variable, with environmental parameters
collectively becoming more important than intrinsic parameters for
this sub-population. This important result indicates that high mass
satellites quench in a very similar manner to centrals, but low mass
satellites quench through environmental mechanisms closely con-
nected with the density of galaxies around the satellite.

To investigate precisely how environmental quenching takes
place in satellite galaxies, we present median averaged radial pro-
files in AXgpr split into narrow ranges in galaxy over-density,
shown in Fig. 16. We present the results separately for low mass
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Figure 16. Median AXgpg radial profiles for low mass (M, < 1010 M), left panel) and high mass (M. > 1010 M, right panel) satellite galaxies, split
into ranges of local galaxy over-density evaluated at the 5th nearest neighbour (d5). The width of each coloured region indicates the 1o uncertainty on the
population average. The transition of low mass satellites towards quiescence occurs in over-densities ~ 10 - 30, and is marked by declining radial profiles in
AXgpR. For high mass satellites, quenching typically occurs in much lower density environments, and is marked by increasing radial profiles in AXgpR.

satellites (left) and high mass satellites (right), for comparison. Low
mass satellites transition from a star forming to quenched state in
over-densities of ~10 times the average over-density of galaxies in
the Universe at z = 0.1. Fascinatingly, transitioning low mass satel-
lite galaxies clearly exhibit the signature of ‘outside-in’ quenching,
with a steep negative gradient in AX.grr (see the legends in Fig.
16). This is the opposite manner to how central galaxies quench
(see Figs. 5, 13, 15). This result was previously hinted at in Schae-
fer et al. (2018) who note that satellite galaxies in the green valley
have steeper Xsrr profiles than the main sequence, resulting in
lower star formation at large radii.

High mass satellites (right panel of Fig. 16) have lower
AXY.gpr values compared to low mass satellites, at essentially all
galaxy over-densities. In fact, quenching of high mass satellite
galaxies may proceed in average density environments (of d5 ~
1). This result is clearly a consequence of mass quenching, which
we have now understood to be more fundamentally coupled to o,
and hence presumably Mppy (see Sections 6.2 & 6.3). Interest-
ingly, high mass satellites exhibit rising AXspr profiles in tran-
sition, showing the signature of ‘inside-out’ quenching (as with
centrals). This is in stark contrast to low mass satellites (discussed
above). Thus, centrals and high mass satellites quench inside-out,
with quenching depending primarily on intrinsic parameters (es-
pecially o.), whereas low mass satellites quench outside-in, with
quenching depending more on environment (especially d5).

There are a number of environmental quenching mechanisms
which are consistent with our observational result that ds is the
most predictive parameter for low mass satellites. One obvious ex-
ample is galaxy - galaxy harassment, which depends explicitly on
the proximity of galaxies to each other. However, high galaxy den-
sities also correlate strongly with the gas density and temperature
of the group or cluster medium, and hence may be consistent with
ram pressure stripping as well. Furthermore, the fact that low mass
satellite galaxies quench from the outside in also gives us a clue as
to which environmental quenching mechanisms may be important.
Clearly, the quenching mechanism must be more effective at reduc-
ing star formation in the outskirts of low mass satellites than their
centres. This may be naturally explained by considering the binding
energy of gas at different radii within a galaxy. The binding energy

of gas peaks at the centre of galaxies, and decreases strongly as
a function of increasing distance from the centre. Thus, environ-
mental quenching mechanisms which strip gas from the system are
generally most effective at removing gas in the outskirts, and hence
are consistent with our findings.

Broadly speaking, there are two types of environmental
quenching - (i) removal of gas (e.g., via ram pressure or tidal strip-
ping of the cold gas within galaxies); and (ii) strangulation of the
system by removal of gas supply (e.g., by ram pressure stripping
of the hot gas halo, or by virtue of satellites no longer being fed by
cold gas streams). These scenarios are analogous to the two ways in
which AGN feedback can quench centrals and high mass satellites
(gas ejection vs. starvation). But it is crucial to emphasise that the
mechanisms must be very different, since for centrals it is the pa-
rameter measured closest to the centre of the galaxy which is most
predictive of quenching (o.), and yet for low mass satellites it is
the parameter measured furthest from the centre of the galaxy (Js)
which is most predictive of quenching. Nonetheless, we may use
the same metallicity diagnostic of Section 6.3.1 (and Fig. 14) to
differentiate these analogous (yet distinct) avenues for quenching
in satellites (although see the caveats in Section 6.3.1 which also
apply here as well).

In Fig. 17 we repeat the metallicity analysis shown originally
in Fig. 14 for high mass systems, shown now for low mass satellite
galaxies. As before, there is a clear sign of a positive offset in lumi-
nosity weighted stellar metallicity for green valley and quenched
regions, compared to the main sequence regions, at fixed ¥, &
M., This indicates that high metallicity gas must be converted into
stars during the quenching phase, which is inconsistent with rapid
removal of gas from the system but in agreement with the basic pre-
diction from strangulation models (see Peng et al. 2015, Trussler et
al. 2020 for further discussion on this test). Thus, both AGN feed-
back quenching of high mass (central and satellite) galaxies and en-
vironmental quenching of low mass satellite galaxies proceed via
prevention of gas replenishment - often dubbed ‘starvation’ for cen-
trals and ‘strangulation’ for satellites. Conversely, regions forming
stars above the resolved main sequence (the resolved star burst sub-
population) have significantly lower stellar metallicities than the
main sequence. This observation is consistent with the hypothesis
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Figure 17. Median averaged luminosity weighted stellar metallicity (Z+«)
plot as a function of stellar mass surface density (X.), for low mass
(M, < 1010 M) satellite galaxies. The Z, - . relationship is split into
separate relationships for resolved star bursts (magenta), resolved main se-
quence (blue), resolved green valley (green) and resolved quenched (red)
sub-populations, as defined in Fig. 1 (bottom-right panel). The width of
each coloured region indicates the 1o uncertainty on the population aver-
age. The mean offset in metallicity from the main sequence ({Ayg)) for
each sub-population is shown on the legend of the figure (in units of dex).

that star bursts originate from the accretion of pristine gas from the
intergalactic medium, which is then consumed into young/ bright,
and lower metallicity, stellar populations.

In summary of the discussion: For central galaxies (and high
mass satellites) quenching via AGN feedback, particularly in the
preventative/ maintenance mode, is completely consistent with our
observational results. The other principal quenching mechanisms
for centrals (e.g., supernova feedback and virial shock heating
of haloes) are inconsistent with our random forest results. Fur-
thermore, our analysis of the resolved mass - metallicity relation
disfavours quasar/ ejective mode AGN feedback as the dominant
mechanism responsible for central galaxy quenching, since a sig-
nificant conversion of gas into stars must occur throughout the
quenching phase. For satellite galaxies, the removal of the hot gas
halo (by ram pressure or tidal stripping) in combination with some
cold gas stripping from the outskirts of galaxies would be com-
pletely consistent with our observations. On the other hand, a rapid
cataclysmic removal of all gas from satellite galaxies (e.g. via ex-
tensive cold gas stripping) is inconsistent with our observational
results. It remains to be seen whether contemporary galaxy evo-
lution simulations are capable of reproducing these observational
signatures in detail.

7 SUMMARY

In this paper we investigate galactic star formation and quenching
on resolved (~kpc) scales using data from the MaNGA DRI15
& SDSS DR7. We utilise a complete sample of spaxel AXsrr
values, derived in Bluck et al. (2020). We split our analysis into
radial profiling (Section 4), a random forest classification analysis
(Section 5), and constraints on theoretical models (Section 6).
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Our principal results from radial profiles are as follows:

e We find a remarkable accord between local (spatially resolved)
measurements of AYgpr and global (galaxy-wide) measurements
of ASFR (the distance to the local/ global star forming main
sequence, respectively). Additionally, we find a high degree of
consistency between resolved AXsrr and Ager, (see Fig. 3).

e Central galaxies exhibit steeply rising (with radius) gradients
in AYspr in the green valley, indicating inside-out quenching.
Thus, central galaxies transitioning to the quenched population
have quenched cores but star forming outskirts (see Fig. 5). This
result is in agreement with observations of the full galaxy sample
in many prior studies (including Gonzalez Delgado et al. 2014,
2016, Belfiore et al. 2017, Ellison et al. 2018, Medling et al. 2018).
However, we significantly expand on this prior work by utilising a
complete set of spatially resolved AX.spr measurements (see Fig.
1), and considering centrals and satellites separately.

e Satellite galaxies exhibit much flatter AXgpr profiles in the
green valley than centrals, implying that inside-out quenching is
primarily a feature of central galaxies (see Fig. 5).

e Through an exploration of Ysrr and X, profiles, we find that
green valley centrals and satellites have lower Xspr values and
higher ¥, values than the main sequence, but that variation in
Ysrr dominates the variation in AXsrr (see Fig. 6).

e We find strong evidence for galaxies with high stellar masses
(M. > 10'Mg) quenching inside-out, with a progressively
larger inner region being quenched for more massive systems. On
the other hand, for low mass galaxies (M. < 10'°Mg), we find
no evidence of inside-out quenching, and even a hint of outside-in
quenching (see Fig. 7).

e In Section 4.2 we repeat our analysis of AXgpr for individual
galaxies (instead of the population averages discussed above).
We find highly consistent results, but do note a greater level of
variety in profile shapes for each star forming class (see Fig. 9).
Additionally, in Appendix A we show several examples of AXgrr
and Age;, maps for individual galaxies with rising, declining and
flat radial profiles.

In Section 5 we present a random forest classification anal-
ysis to predict whether spaxels will be star forming or quenched,
based on the following parameters: o¢, M, M., (B/T)«, §5 and
Dc. For central galaxies, we find that o. is by far the most im-
portant parameter for predicting quenching, with intrinsic param-
eters being the most important set (in agreement with Bluck et al.
2016, 2020, Teimoorinia et al. 2016). Satellite galaxies, treated as
a whole, have a similar distribution in parameter performance to
centrals. Yet, when we split the satellite sample by stellar mass, we
find that low mass satellites behave in a radically different manner
to centrals, and to high mass satellites. Low mass satellite galax-
ies have their quenching predicted most effectively by local galaxy
over-density (ds), with environmental parameters collectively be-
ing the most important set. It is crucial to highlight that the scales on
which the most important parameters are measured for centrals and
low mass satellites are radically different (see Figs. 10 & 11). We
provide additional tests on the random forest results in Appendix
B, including a complementary correlation analysis applied to the
SDSS parent sample.
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In the discussion (Section 6) we consider the possible physical
mechanisms behind central and satellite quenching, in light of the
results from the random forest and profile analyses. Our primary
conclusions are as follows:

o In Fig. 12 we see significant offsets in the fraction of quenched
satellite spaxels at a fixed o, relative to central galaxies. These
offsets are amplified for cluster satellites and satellites residing
close to their centrals. Thus, we conclude that, for satellite galaxies
at low o, additional quenching mechanisms from the environment
must be operating. Conversely, at high o., satellites of all types
have the same (high) quenched spaxel fractions as centrals.
This result is consistent with intrinsic quenching mechanisms
dominating for all high mass systems.

e Given that the quenching of central (and high mass satellite)
galaxies is governed by o. (which is measured on the smallest
physical scales close to the centre of the galaxy), we conclude that
the quenching mechanism is likely to originate at the centre of
galaxies. Furthermore, given the existence of a tight relationship
between o. and dynamically measured supermassive black hole
mass (Mpr), we interpret the success of o. as being potentially
attributable to a causal connection between quenching and Mpg,
as predicted in numerous contemporary cosmological models.

e Assuming the Mg - o relationship of Saglia et al. (2016),
we present AXgpgr profiles split by Mpu(o.) in Fig. 13. For
centrals, we find that quenching occurs at black hole masses of
Mgy ~ 1055775 M ; galaxies with lower black hole masses are
typically star forming and galaxies with higher black hole masses
are typically quenched. The transition in AXgpr is marked by
steeply rising profiles, indicative of inside-out quenching. For
satellites, galaxies harbouring intermediate mass black holes are
typically quenched everywhere throughout the radial extent probed.

e In Fig. 16 we show AXgspr profiles for low and high mass
satellites, separated into bins of J5 (the most important quenching
parameter for low mass satellites). Interestingly, we see a clear
signature of outside-in quenching at intermediate over-densities.
Thus, environmental quenching operates by reducing star forma-
tion in the outskirts of low mass satellites initially.

e Finally, through an analysis of the resolved stellar mass -
metallicity relationship we find evidence for central (and high
mass satellite) galaxy quenching via intrinsic processes, and low
mass satellite quenching via environmental processes, to both
operate by the prevention of the replenishment of gas supply (i.e.
via starvation and strangulation, respectively). See Figs. 14 & 17.

In conclusion, we find strong evidence for the quenching of
centrals (and high mass satellites) being governed primarily by the
physical conditions of the inner-most regions within those galax-
ies, particularly the central velocity dispersion (o.). Galaxy-wide
and environmental parameters (including stellar mass, halo mass
and morphology) are found to be largely unimportant at a fixed
o.. We interpret this observational fact as a probable signature of
AGN feedback, particularly in the radio/ maintenance mode, be-
ing responsive for the quenching of high mass galaxies. Our results
are certainly completely consistent with this scenario. On the other
hand, quenching via supernova feedback, virial shocks, or quasar/
ejective mode AGN feedback are strongly disfavoured by our re-
sults.

For satellite galaxies, we find strong evidence for the need of
environmental quenching mechanisms operating at low masses, in
addition to an intrinsic mechanism at high masses. Moreover, we
find that the most effective parameter for predicting quenching in
low mass satellites is local galaxy over-density, clearly implicating
environment as the culprit for low mass satellite galaxy quenching.

In both intrinsic (high mass) and environmental (low mass)
quenching, gas must be converted into stars during the quenching
process in order to explain quenched systems having higher stellar
metallicities than star forming systems. Therefore, the quenching of
both centrals and satellites must operate primarily by the prevention
of gas accretion into the system. This favours the starvation (or
strangulation) model of quenching, which may be achieved at high
masses by maintenance mode AGN feedback preventing cooling
of the group/ cluster hot gas halo; and at low masses by removal of
satellites’ hot gas (sub-)haloes, shutting off gas supply.

Finally, we emphasize again that the quenching of centrals,
and high mass satellites, proceeds inside-out, yet the quenching of
low mass satellites proceeds outside-in. This may be taken as fur-
ther evidence that the quenching mechanism for high mass systems
originates from the centre of galaxies; yet the quenching mecha-
nism for low mass systems originates from the outskirts of galaxies,
or beyond.
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APPENDIX A: MAPS OF GALAXY PROPERTIES

In this Appendix we show maps of AX.grg and Ager, for four ran-
domly chosen galaxies with Vire(AXsrr) > 1 dex/R. (see Fig.
AT1). We repeat this exercise for galaxies with Vire(AXsrr) <
—0.5 dex/R. (see Fig. A2). Finally, we show galaxies with rela-
tively flat ASFR gradients: —0.3dex/Re < Vire(AXgrr) <
0.3dex/R. (see Fig. A3).

In Fig. A1 we see that galaxies with steeply rising AXsrr
profiles have typically quenched cores (shown in redder colours)
with star forming outskirts (shown in bluer colours), as expected.
Additionally, the centres of these galaxies host older stellar popula-
tions, with the outskirts hosting much younger stellar populations,
demonstrating broad consistency between AXsrr and Ager,. Al-
though there is clearly complexity in the maps of these parameters
missed by radial profiling, it is also evident that the main trends are
usually radially dependent.

In Fig. A2 we see the opposite result. Galaxies with steeply de-
clining radial profiles in AXgrr typically exhibit more star form-
ing cores, and more quiescent outskirts, as expected. Generally, the
cores of these galaxies are younger in stellar age, with older out-
skirts, demonstrating consistency between the approaches. Finally,
in Fig. A3 we show randomly selected examples of galaxies with
flat AXsrr profiles. These galaxies also tend to have relatively flat
maps in Ager, as well. It is interesting to note that galaxies with
flat A¥spr profiles may be either star forming or quenched. This
population is by far the most common in the MaNGA dataset (see
Fig. 9), and hence gives further credence to the idea presented in
Bluck et al. (2020) that quenching must be a global process, since
the vast majority of spaxels in star forming galaxies are also star
forming; and the vast majority of spaxels in quenched galaxies are
also quenched (>85% on average). Note that this is a far higher
level of sub-galactic conformity than trivially required to class a
galaxy as either star forming or quenched (> 50%).

APPENDIX B: ADDITIONAL TESTS ON THE RANDOM
FOREST RESULTS

B1 Visualising the Random Forest

The random forest results of Section 5 are highly instructive be-
cause they reveal the most important parameter for quenching in
different galactic populations. Identifying the most important vari-
able from this approach is robust to inter-correlation, since (even in
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the worst case scenario) correlation between parameters leads to a
reduction in the relative importance of the most important variable,
and an increase in the relative importance of the lesser important
variables, up to a limit set by the performance of the most impor-
tant parameter. Thus, we may assert with complete confidence that
o. is by far the most important parameter we have considered for
quenching in centrals, and is also the most important parameter for
the quenching of high mass satellites. On the other hand, for low
mass satellites, o, is of negligible importance and J5 is found to
be by far the most important parameter governing quenching out of
those we have investigated. Nonetheless, it is also highly instructive
to visualise these results in an effort to gain more complete insight
into how quenching is connected to these physical parameters.

In Fig. B1 we present a visualisation of the importance of o,
for quenching in varying galaxy populations. More specifically, we
show the resolved star forming main sequence (Xsrr — 2 rela-
tionship) for central galaxies (top-left panel), all satellite galaxies
(top-right panel), high mass satellites (bottom-left panel), and low
mass satellites (bottom-right panel). On each panel the resolved
main sequence relationship is sub-divided into small hexagonal re-
gions colour coded by the mean value of o. within each narrow
2D bin (note that we find highly consistent results with the median
statistic as well). We choose o here because it is the most impor-
tant parameter governing quenching for both central and satellite
galaxies (see Fig. 10). Additionally, on each panel the mean value
of 0. within each class of spaxels (star forming and quenched) is
displayed for each sub-population of galaxies, along with the dif-
ference in 0. between star forming and quenched systems.

In the top-left panel of Fig. B1, we see a striking segregation in
o between star forming and quenched spaxels. That is, quenched
spaxels are drawn preferentially from central galaxies with high o;
whereas star forming spaxels are drawn preferentially from central
galaxies with low o.. There is a very large, and extremely signifi-
cant, offset in mean o. between star forming and quenched regions
of Agrjq = 89 £ 2km/s (with the error given by the standard
error on the mean). Consequently, it is clear precisely why the ran-
dom forest picks out o. as the most important variable for central
galaxy quenching: If one knows the o of a central galaxy one also
knows with a high degree of fidelity the likelihood that each spaxel
region within the galaxy is quenched. This is, of course, only possi-
ble if there is a high degree of sub-galactic conformity, i.e. that the
vast majority of spaxels within a given galaxy have the same star
forming state as the galaxy as a whole (see Bluck et al. 2020 for
much more detail, and evidence, on this important point). It is also
crucial to stress that the segregation in o between star forming and
quenched regions in central galaxies is significantly larger than for
any other parameter we have considered (see Fig. 6 in Bluck et al.
2020 for a comparison of all variables considered in this work).

In the top-right panel of Fig. B1 we repeat the above analysis
for the full satellite population. There is much less separation for
satellites in terms of o. than for centrals. However, there is still
a very significant (yet smaller) offset between star forming and
quenched systems in 0. of Agpjq = 36 £ 2km/s. This result
is fascinating because it explains both the reduction in the relative
importance of o. for quenching in satellites compared to centrals,
and also accounts for why o. is still effective in satellites (there is
a significant offset, it is just much smaller in magnitude).

Perhaps the most interesting comparison in Fig. B1 is shown
in the bottom panels, contrasting high mass and low mass satellite
galaxies. For high mass satellites, there is a clear separation be-
tween star forming and quenched spaxels in terms of the average
oc of their host galaxies (with Agrjq = 38 £ 4km/s). On the
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Figure A1l. Examples of 4 randomly selected galaxies with steeply rising AXgpR profiles. The top row shows V-band flux (in normalised units) with the
elliptical annuli used in our fitting overlaid; the middle row shows maps of AX.gpR; and the bottom row shows maps of Agey, (for the same galaxies). It is
clear that these galaxies have typically low star formation/ old cores with higher star formation/ younger outskirts. The ellipse containing one effective radius
(in which the gradient is computed) is shown as a solid black line on each panel.
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Figure A3. Examples of 4 randomly selected galaxies with relatively flat AXgpg profiles. The top row shows V-band flux (in normalised units) with the
elliptical annuli used in our fitting overlaid; the middle row shows maps of AYXgpR; and the bottom row shows maps of Agey, (for the same galaxies). In this
figure there are two star forming galaxies, which are star forming throughout their inner regions, and two quenched galaxies which are quenched throughout
their inner regions. The ellipse containing one effective radius (in which the gradient is computed) is shown as a solid black line on each panel.

other hand, for low mass satellites, there is no visual separation be-
tween star forming and quenched spaxels in o, with only a very
small difference in mean o. of Agpjq = —10 £ 2km/s. Note
also that this small offset is actually in the opposite direction to all
of the other galaxy populations. Whilst this may not be significant,
given that for this sub-population we are close to the kinematic res-
olution limit of MaNGA (~20km/s), it is nonetheless intriguing.
On the other hand, that o, is very low in value for both star form-
ing and quenched low mass satellites is absolutely clear and robust,
and in stark contrast to high mass satellites, and, of course, centrals
as well.

In Fig. B2 we reproduce the resolved star forming main se-
quence relationship for all populations of galaxies, colour coded
by the mean over-density (d5) in which the host galaxies reside.
This is the parameter we found to be most predictive of quench-
ing for the low mass satellite sub-population (in Section 5). In the
top-left panel of Fig. B2 we reproduce the resolved star forming
main sequence relationship for central galaxies, split here by ds.
For centrals, there is very little difference in the mean over-density
of galaxies between star forming and quenched regions. Moreover,
both star forming and quenched spaxels reside within galaxies lo-
cated in predominantly low density environments. Hence, knowing
the local density of a central is of little use for predicting whether
its spaxels will be star forming or quenched. This result explains
why the random forest attributes so little importance to ds. It is par-
ticularly instructive to compare the top-left panel of Fig. B1 to the
top-left panel of Fig. B2, where it is absolutely striking how differ-
ent the central velocity dispersion is in quenched and star forming
central galaxies. Thus, this visualisation exercise demonstrates pre-
cisely why the random forests picks out o over ds, the former pa-
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rameter is highly distinct between star forming and quenched sys-
tems but the latter is not.

Unlike for centrals, there is a clear visual segregation in J5
between star forming and quenched spaxels for all types of satel-
lite galaxies. The segregation in density is largest for low mass
satellites. More concretely, we find that the typical over-density
in which low mass star forming satellites reside is at pusp =
3.2(+0.5) x the average density of galaxies at z=0.1; whereas the
typical over-density in which low mass quenched satellites reside
is at uq = 10.6(%1.1)x the average density of galaxies at z=0.1.
Consequently, it is easy to intuit why the random forest identifies d5
as a useful parameter to classify low mass satellite galaxies’ spaxels
into star forming and quenched categories. For high mass satellites,
the difference in over-density between star forming and quenched
regions is less than half of the value for low mass systems (see the
bottom panels of Fig. B2). Consequently, we see precisely why lo-
cal galaxy over-density is less useful in high mass than low mass
satellites for predicting quenching in the random forest analysis.

B2 Quenching Correlation Analysis in the SDSS

In this final part of the appendix we consider an alternative ap-
proach for determining which parameters matter for central and
satellite galaxy quenching. Our intent is to provide a very different
analysis to the random forest classification of Section 5 and hence
to demonstrate the stability (or otherwise) of our main results. The
present analysis differs from the main analysis of Section 5 in the
following important ways. In this section we

(i) analyse the SDSS DR?7, as opposed to MaNGA DR15
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Figure B1. The resolved star forming main sequence (Xgpr — 2 relationship) shown for centrals (top left), all satellites (top right), high mass satellites
(bottom left) and low mass satellites (bottom right). Each panel is colour coded by the mean central velocity dispersion (o.) within each hexagonal bin.
For both centrals and satellites as a whole, o is found to be the most predictive of quenching (see Fig. 10), but for low mass satellites it is completely
uninformative. On each panel the mean value of the galaxy o. for star forming and quenched spaxels is displayed, along with the difference between them.
Note that for centrals there is a striking separation in o between star forming and quenched regions. That is, quenched spaxels reside in central host galaxies
with substantially higher o values than star forming spaxels. A weaker, but still highly significant, separation in o is seen for the general satellite population
and for high mass satellites. Conversely, low mass satellites show very little difference between star forming and quenched regions in o, and in fact exhibit a
very weak opposite trend, whereby spaxels from galaxies with lower o are slightly more likely to be quenched.

(i1) apply volume weighting, as opposed to utilising an even
sample of star forming and quenched galaxies

(iii) consider global quenching (using ASFR), as opposed to
spatially resolved quenching (using AXsrr)

(iv) include the green valley, instead of excluding it

(v) utilise standard correlation and partial correlation statistics,
as opposed to machine learning classification techniques

Consequently, there is a great deal of potential for the results from
this appendix to differ from the results presented in Section 5. Yet,
if we find stable conclusions it will clearly demonstrate that our
primary results cannot be strongly dependent upon the galaxy sam-
ple, volume completion, local vs. global star formation metrics, the
presence or absence of the green valley, or the details of the statis-
tical method and its implementation. As such, this approach tests
both the stability and universality of our quenching conclusions.
Due to the (typically) large physical region of each galaxy
contained within the Sloan spectroscopic fibre, we restrict disk
galaxies to those which present face-on (b/a > 0.9). This removes
the impact of differential disk rotation into the plane of the sky in
the measurement of stellar velocity dispersion. As in Bluck et al.
(2016), we statistically correct for this cut by weighting each disk

galaxy which remains in our sample by the inverse of the probabil-
ity of exclusion due to our axis-ratio cut. This approach assumes
isotropy in the orientation of galaxies relative to Earth, which is a
core assumption of the ACDM cosmology. Furthermore, this ap-
proach assumes that the only reason for the apparent axis ratio of
disk galaxies is orientation (see Bluck et al. 2016 for further discus-
sion and justification on this point).

We have tested incorporating all galaxies (regardless of b/a
value) and applying no statistical correction. The results that fol-
low in this appendix are extremely similar for both approaches, and
identical in terms of rankings. Additionally, we weight each galaxy
by 1/Vinax (the inverse of the maximum detection volume of each
galaxy given its absolute magnitude and the apparent magnitude
limit of the SDSS), as in Bluck et al. (2014, 2016). Again, measur-
ing the correlations on the unweighted sample leads to very similar
results, and identical conclusions.

In the following two sub-sections we utilise the Spearman
rank correlation, which is identical to the standard Pearson correla-
tion except that each parameter is first rank ordered in value. This
enables the application of the correlation statistic to data which are
non-linear in the their underlying relationships. Additionally, this
approach alleviates concerns with the low ASFR values being es-
sentially upper limits. Consideration of this issue was a primary
motivation for our choice to adopt a classification approach in Sec-
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Figure B2. Reproduction of Fig. B1 showing the resolved star forming main sequence (Xgspr — X« relationship) for centrals (top left), all satellites (top
right), high mass satellites (bottom left) and low mass satellites (bottom right). In this figure we colour code each hexagonal region within the ¥grr — 2«
plane with the mean local galaxy over-density (d5). On each panel the mean value of 5 for star forming and quenched spaxels is displayed, along with the
difference between them. It is clear that star forming and quenched spaxels from central galaxies are both drawn from galaxies in low density environments
and hence environment cannot be the primary cause of central galaxy quenching. On the other hand, for all types of satellite galaxies, there is a much more
pronounced difference in mean J5 between star forming and quenched systems. The largest difference in d5 is seen for low mass satellites, with high mass

satellites having the smallest separation.

tion 5. Nonetheless, since this same limitation is present for each
parameter, and population of galaxies, the relative rankings cannot
be attributed to this limitation*3.

In addition to the correlation of each parameter with ASFR,
we also calculate the partial correlations, evaluated at fixed values
of every other parameter. The partial correlation coefficient is de-
fined as (see Bait et al. 2017, Bluck et al. 2019):

PAB — PAC * PBC

B1)
V1= iVl = Phe

PAB:C =

13 Some readers may still feel a little uncomfortable with the use of cor-
relation statistics in data with upper limits. However, this ‘problem’ with
the ASFR values is ultimately just an artifact of using logarithmic, instead
of linear, units. In logarithmic units, a ASFR value of -2 dex (typical for
quenched objects) is infinitely far away from the ASFR value of a galaxy
with SFR = 0 Mg /yr (i.e. ASFR = -00). This looks like a massive prob-
lem. On the other hand, in linear units, an SFR of, e.g., 0.01 Mg /yr is
practically very close to a value of 0 Mg /yr. Thus, as ASFR decreases,
the accuracy with which the measurements of SFR must be made to iden-
tify differences between low star forming systems must increase. This effect
leads to a perpetual regression, and hence is a conceptual rather than a mea-
surement issue. The use of the rank-ordered Spearman statistic sidesteps
this issue by considering all quenched galaxies to be essentially forming
stars at the same (low) rate. Note that in essence this is true.
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where, for example, the correlation coefficient for A — B is defined
as:

_ Cov(A,B)
o TOAOB

PAB (B2)

where Cov(A, B) is the weighted covariance, given by:

Cov(A, B) = —— S wi(4; — E(A))(B: — E(B)).  (B3)
awi =1

where, e.g., F(A) is the weighted expectation value of the A-
variable, o4 is the weighted standard deviation of the A-variable,
and the weight (w;) is taken to be the inverse volume over which
any given galaxy would be visible in the survey (1/Vimax) multi-
plied by the probability a given galaxy type (i.e. disk or spheroid)
is removed due to its b/a value. As noted above, we have also
explored removing the weight altogether, and removing the axis-
ratio cut and correction. Our results are completely stable to these
changes.

B3 Centrals

In Fig. B3 we present the results from a correlation analysis of
central galaxies drawn from the SDSS DR7. The Spearman rank
correlation strength of o, with ASFR is presented as light shaded
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solid red bar indicates the partial correlation strength of o with ASFR (at a fixed M); and the solid blue bar next to it reverses this around, showing the
partial correlation strength of My with ASFR (at a fixed o). Each parameter in turn (shown in blue) is compared directly to o (shown in red), which was
found in Section 5 to be the best parameter for central galaxies. Errors on the correlations and partial correlations are obtained from bootstrapped random
sampling. Note that both the correlation strengths and partial correlation strengths of o with ASFR are higher than for any other parameter. However, this
trend is typically much more obvious for the partial correlations. These results are consistent with our main findings for centrals in Section 5.

red bars, plot adjacent to the Spearman rank correlation strengths
of each other parameter listed along the x-axis (shown as light
shaded blue bars). For the correlations, the repetition of o, is re-
dundant, but we will see that this is not the case for partial correla-
tions. Looking just at the light shaded bars in Fig. B3, we see that
the correlation strengths of o. with ASFR are higher than for any
other variable. This is a significant result within the errors, which
are computed by randomly sampling 50 000 central galaxies from
the SDSS 100 times and computing the variance in the distribution
of correlations. Nonetheless, for several parameters (notably M.,
Mg and (B/T).), the correlations of the lesser ranked variables
are comparable to that of o., with a reduction of only ~30%.

In many ways, partial correlations are superior to absolute
correlations for ranking the importance of parameters, because
they enable the removal of inter-correlation within the data. More
specifically, partial correlations quantify the strength of correlation
between A & B at fixed C. Thus, in order to establish which pa-
rameters are truly connected to global galaxy quenching, we are
really most interested in how well each parameter performs at fixed
values of the other parameters. Since we have already seen that the
absolute correlation of o with ASFR is stronger than for any other
parameter (and, moreover, since we find o. to be the most impor-
tant variable for centrals in the random forest analysis of Section 5)
we restrict our partial correlation analysis to comparisons with .

The solid shaded bars in Fig. B3 represent the partial correla-
tion strengths of o. with ASFR at fixed values of each other pa-

rameter (shown in red; left bars); and also the partial correlation
strengths of each other variable with ASFR, at a fixed o, (shown
in blue; right bars). Thus, Fig. B3 is organised into pairs of param-
eters, which should be compared against each other.

The strength of correlation between o, and ASFR is only
mildly reduced at a fixed My or M,. However, at a fixed o,
the correlations between My or M, and ASFR are utterly trans-
formed. First, the magnitude of the correlation is dramatically re-
duced, such that the strength of correlation with o, is over five
times greater than with My or M.,. Second, the direction of the
correlation is changed for My and M., at fixed o.. Thus, fixing the
central velocity dispersion completely removes the positive corre-
lations of ASFR with both My and M... Therefore, neither Mg or
M. can be causally connected to quenching. This is a very impor-
tant result, especially given the numerous publications which claim
the contrary (see Bluck et al. 2016, 2020 for much more discus-
sion on this result; and Piotrowska et al. in prep. for comparison to
hydrodynamical simulations).

Both the correlation strength and partial correlation strengths
of &5 are very low compared to o. for centrals, indicating little
environmental dependence on quenching for this population. On
the other hand, (B/T). performs relatively well both in terms of
absolute and partial correlation, indicating a probable secondary
dependence on morphology/ structure. Nonetheless, o. clearly out-
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performs (B/T). at a confidence level of > 55'*. For centrals, the
distance to the central galaxy (D.) is a trivial parameter, but it is
still included here for consistency with the satellite results (shown
in the next sub-section).

In summary, utilising partial correlations, we have established
that central galaxy quenching depends much more on o. than on
any other parameter considered in this work. This result is in ex-
cellent agreement with the random forest classification analysis in
MaNGA (shown in Section 5; see also Bluck et al. 2016, 2020,
Teimoorinia et al. 2016 for similar conclusions). Additionally, it is
clear that intrinsic parameters collectively dominate the quenching
of central galaxies in the SDSS, with little environmental depen-
dence. This is also in close agreement with our results for centrals
from MaNGA in Section 5.

B4 Satellites

In Fig. B4 we present the results from a correlation analysis of
satellite galaxies dawn from the SDSS DR7. We separate the satel-
lite population into high mass (M, > 10'° M, left panel) and low
mass (M. < 10'° M, right panel) systems, motivated by the re-
sults of Section 5. As in Fig. B3 for centrals, light shaded bars indi-
cate the Spearman rank correlation strength of each x-axis variable
with ASFR, and solid coloured bars indicate the partial correla-
tion strength of each x-axis parameter with ASFR (evaluated at a
fixed value of the neighbouring x-axis parameter). Hence, Fig. B4
groups parameters into pairs which can be compared in terms of
their impact on global galaxy quenching.

For high mass satellites (left panel of Fig. B4), we see that both
the correlation and partial correlation strengths of o, with ASFR
are higher than for any other parameter. This is exactly the same as
for centrals (discussed in the previous sub-section). Interestingly,
at a fixed o, the correlation between M, and ASFR is inverted,
such that increasing the stellar mass of a satellite galaxy actually
decreases the likelihood that it is quenched (at a fixed o).

For low mass satellites (right panel of Fig. B4), we see that
both the correlation and partial correlation strengths of d5 with
ASFR are higher than for any other parameter. It is particularly
instructive to compare the pair of parameters {o., d5} between
high and low mass satellites. For high mass satellites, o. is clearly
much more strongly correlated with quenching than és; yet for low
mass satellites it is the other way around with J5 being much more
strongly correlated with quenching than o.. Thus, for low mass
satellites local galaxy over-density is found to be the most impor-
tant variable in our sample governing quenching. These results are
essentially identical to our findings in Section 5 utilising a random
forest classification in MaNGA.

In summary of this appendix, we find highly consistent re-
sults and conclusions to our primary random forest classification
analysis of spatially resolved quenching in MaNGA via a correla-
tion (and partial correlation) analysis of global galaxy quenching in
the SDSS. Therefore, we find that our primary conclusions (i.e. that
central and high mass satellite quenching is governed by central ve-
locity dispersion; yet low mass satellite quenching is governed by

14 As an aside, we note that evaluating the strength of correlation between
M or M, and ASFR (at a fixed (B/T)+) still yields significant negative
values (i.e. positive impact on quenching), unlike the weakly positive val-
ues when evaluated at a fixed o (i.e. negative impact on quenching). This
strongly suggests that it is o, not (B/T)+, which is ultimately responsible
for the high absolute correlations of My and M, with ASFR.
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local density) is stable to sample variation, the scale of the quench-
ing measurement (i.e. global vs. local/ spatially resolved), volume
completeness, the presence or absence of the green valley, and the
details of the analysis technique.
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Figure B4. SDSS quenching correlation results for satellites, shown separately for high mass (M. > 10'° M), left panel) and low mass (M, < 10'9Mg,
right panel) systems. As in Fig. B3, the x-axis labels each parameter under consideration, and is grouped into pairs for comparison. The height of the light
shaded bars indicate the Spearman rank correlation strength of each parameter with ASFR. The height of the solid coloured bars indicate the partial correlation
strength of each parameter with ASFR, evaluated at a fixed value of its neighbour. In the left panel, we compare each parameter to o. (shown in magenta),
which was found in Section 5 to be the best parameter for high mass satellite galaxies. In the right panel, we compare each parameter to d5 (shown in green),
which was found in Section 5 to be the best parameter for low mass satellites. We present all other parameters in blue to mark the contrast. Errors on the
correlations and partial correlations are obtained from bootstrapped random sampling. For high mass satellites (left panel), the correlation strengths and partial
correlation strengths of o with ASFR are higher than for any other parameter. Conversely, for low mass satellites (right panel) the correlation strengths and
partial correlation strengths of d5 with ASFR are higher than for any other parameter. These results are consistent with our main findings for satellites in
Section 5.
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