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ABSTRACT

We study environmental quenching using the spatial distribution of current star formation and stellar population ages with the
full SAMI Galaxy Survey. By using a star formation concentration index [C-index, defined as 10go(7so, 1 /750, cont)], W€ separate
our sample into regular galaxies (C-index >—0.2) and galaxies with centrally concentrated star formation (SF-concentrated; C-
index <—0.2). Concentrated star formation is a potential indicator of galaxies currently undergoing ‘outside-in’ quenching. Our
environments cover ungrouped galaxies, low-mass groups (Magy < 10'>3Mg), high-mass groups (Mg in the range 1012314 M)
and clusters (Mo > 10"Mg). We find the fraction of SF-concentrated galaxies increases as halo mass increases by 9 + 2 per
cent, 8 & 3 per cent, 19 £ 4 percent, and 29 £ 4 per cent for ungrouped galaxies, low-mass groups, high-mass groups, and
clusters, respectively. We interpret these results as evidence for ‘outside-in” quenching in groups and clusters. To investigate the
quenching time-scale in SF-concentrated galaxies, we calculate light-weighted age (Age;,) and mass-weighted age (Ageym) using
full spectral fitting, as well as the D,4000 and H§ indices. We assume that the average galaxy age radial profile before entering
a group or cluster is similar to ungrouped regular galaxies. At large radius (1-2 R.), SF-concentrated galaxies in high-mass
groups have older ages than ungrouped regular galaxies with an age difference of 1.83 £ 0.38 Gyr for Age, and 1.34 £ 0.56 Gyr
for Agey. This suggests that while ‘outside-in’ quenching can be effective in groups, the process will not quickly quench the
entire galaxy. In contrast, the ages at 1-2 R, of cluster SF-concentrated galaxies and ungrouped regular galaxies are consistent
(difference of 0.19 £ 0.21 Gyr for Ager, 0.40 & 0.61 Gyr for Agen ), suggesting the quenching process must be rapid.

Key words: galaxies: clusters: general — galaxies: evolution — galaxies: star formation.

star formation history (SFH; e.g. Aird et al. 2012). In particular,

1 INTRODUCTION we see that star formation is significantly suppressed in higher

Many studies have shown that both galaxy stellar mass and the
local environmental density in which a galaxy resides affect its
growth, star formation quenching, and morphology (e.g. Peng et al.
2010, 2012). Environment influences gas accretion, gas removal,
and galaxy interactions, which then affect galaxy morphology (e.g.
Dressler 1980), current star formation (e.g. Lewis et al. 2002), and
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environmental densities (groups and clusters; e.g. Davies et al. 2019)
compared to galaxies in ungrouped regions. However, the detailed
physical mechanisms responsible for the environmental suppression
of star formation remain unclear.

Ram-pressure stripping (RPS) is a quenching process in which the
interstellar medium (ISM) of a galaxy has a kinetic interaction with
the intra-cluster medium (ICM) and forces the gas out of the galaxy
(e.g. Gunn & Gott 1972). Studies of the impact of the environment
on star formation often focus on galaxy clusters where RPS is more
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clearly seen. For example, some Virgo cluster studies (e.g. Koopmann
& Kenney 2004; Koopmann, Haynes & Catinella 2006) have shown
that the reduction of total star formation in galaxies is caused by gas
in discs stripped by the ICM. More recently, Chung et al. (2017)
showed Virgo cluster star-forming (SF) galaxies being depleted of
cold gas by RPS. Additionally, large-scale single-fibre spectroscopic
galaxy surveys (e.g. the Sloan Digital Sky Survey; SDSS; York et al.
2000; Abazajian et al. 2009) point to environmental quenching being
driven by processes that primarily act on satellite galaxies in haloes
(e.g. Balogh, Navarro & Morris 2000; Ellingson et al. 2001; Peng
et al. 2012; Wetzel et al. 2013).

While the influence of the environment has been demonstrated in
galaxy clusters, environmentally driven star formation quenching
also occurs in less dense groups and pairs (e.g. Barsanti et al.
2018; Davies et al. 2019; DZudZar et al. 2021). For example, Lewis
et al. (2002) with the 2dF Galaxy Redshift Survey showed that
environmental influences on galaxy properties are not restricted to
cluster cores, but are effective in all groups where the projected
densities exceed ~1 galaxy Mpc~2. Barsanti et al. (2018) observed
that SF galaxies in groups have a smaller specific star formation rate
(sSFR) than ungrouped galaxies. Vazquez-Mata et al. (2020) found
that star formation quenching is a significant and ongoing process as
galaxies fall into galaxy groups. Oh et al. (2018) found that early-
type galaxies, which form the majority population in galaxy clusters,
have started or even finished star formation quenching before they
fall into clusters, implying there is preprocessing star formation
quenching happened in less dense environments before galaxies fall
into clusters. For pairs, star formation can be enhanced through close
interactions (e.g. Li et al. 2008; Woods et al. 2010; Patton et al. 2013;
Davies et al. 2016). Scudder et al. (2012) used SDSS pairs of galaxies
to find that star formation is enhanced in major merger systems,
hinting that the pair mass ratio is significant in the modification of
SFH through galaxy interactions.

Optical integral field spectroscopy (IFS) is a crucial tool in
understanding spatially resolved star formation. Early work by
Brough et al. (2013) used 18 galaxies in the Galaxy And Mass
Assembly (GAMA; Driver et al. 2011) regions observed by the
SPIRAL integral field unit (IFU) on the Anglo-Australian Telescope
(AAT) without finding a relationship between the total star formation
rate (SFR) and environment. This observation would imply that
any mechanism that transforms galaxies in dense environments
must be rapid or have happened a long time ago in the local
universe. However, using larger samples from the Sydney-Australian
Astronomical Observatory Multi-object Integral Field Spectrograph
(SAMI) Galaxy Survey, Medling et al. (2018) found that galaxies in
denser environments show decreased sSFR in their outer regions,
consistent with environmental quenching. Schaefer et al. (2019)
explored the connection between star formation and environment by
using a larger sample of SAMI group galaxies in the GAMA regions.
They found that in high-mass groups, SF galaxies with stellar mass
M, ~ 10'°My, have centrally concentrated star formation which
suggests that they may be undergoing environmental quenching.
Owers et al. (2019) showed that cluster galaxies have indications
of ‘outside-in’ quenching by RPS within 8 SAMI clusters. The
SDSS-IV Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA) survey has also been used to investigate star formation
quenching (e.g. Goddard et al. 2017; Ellison et al. 2018). Bluck et al.
(2020) concluded that both intrinsic and environmental quenching
must incorporate significant starvation of the gas supply.

Apart from SF, many galaxies have active galactic nuclei (AGN)
or low ionization nuclear emission-line regions (LINERs). This is
important for the analysis of star formation, as AGN in massive
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galaxies have been proposed as quenching agents by either expelling
or heating the gas. The central AGN emission can also mask the flux
from star formation, or there may be no central star formation, just
AGN. In many cases, several sources of ionization will contribute
to a single spectrum. If we simply exclude spaxels with AGN-like
emission, the star formation will be underestimated. Therefore, it
is important to correct the flux due to AGN to capture the correct
star formation distribution. SF galaxies, AGNs and LINERs form
separate branches on the Baldwin, Phillips and Terlevich (BPT) dia-
gram (ionization diagnostic diagram; Baldwin, Phillips & Terlevich
1981; Kewley et al. 2001; Kauffmann et al. 2003). Recent studies
have decomposed the emission lines in galaxies hosting AGNs to
estimate the fraction of flux from SF and AGN-excited components
in each spectrum (e.g. Davies et al. 2016). Belfiore et al. (2016) used
the [S II]/H « ratio to quantify the residual star formation in LINER-
like regions. They define the typical line ratios for SF and LINER
emission and compare these to the measured line ratios to estimate
the fraction of star formation in each spectrum. In this paper, we will
use similar approaches to correct for LINER or AGN-like emissions.

However, past IFS studies have focused on either field/groups or
field versus cluster environments: until now, there is no consistent
study of resolved star formation across all environments (from field,
groups to clusters). We aim to address this problem by leveraging the
comprehensive environmental coverage of the SAMI Galaxy Survey.
In addition, we will combine SFRs with stellar-population properties,
thus combining the ‘instantaneous’ approach to quenching with a
time-integrated analysis.

In this work, we study how spatially resolved star formation
quenching depends on the environment by using a star formation
concentration index as a function of environment (including cluster,
group and ungrouped) using SAMI IFU data. The primary goal is to
use spatially resolved H o emission as a star formation distribution
indicator to probe the star formation quenching relationship with
different environmental densities (including halo masses and the
fifth-nearest-neighbour surface densities). Our second goal is to use
stellar population measurement (ages from full spectral fitting and
D,4000, HS» indices) radial profiles to find quenching time-scales
in different halo mass intervals. The paper is arranged as follows: we
describe SAMI data and sample selection in Section 2, SF properties
and stellar population measurements in Section 3. In Sections 4 and
5, we discuss the main outcomes of our research. In Section 6, we
discuss our findings. In Section 7, we summarize our conclusions.
Throughout this work we assume 2, = 0.3, 2, = 0.7, and Hy =
70kms~! Mpc~' as cosmological parameters.

2 DATA AND SAMPLE SELECTION

2.1 SAMI Galaxy survey

The SAMI Galaxy Survey is an IFS project using the 3.9-m AAT.
SAMI (Croom et al. 2012) has a 1° diameter field of view using
13 optical fibre bundles (hexabundles; Bland-Hawthorn et al. 2011;
Bryant et al. 2011; Bryant et al. 2014). Each bundle combines 61 op-
tical fibres that cover a circular field of view with a 15 arcsec diameter
on the sky. These optical fibres feed into the AAOmega spectrograph
(Sharp et al. 2006). The SAMI Galaxy Survey observations took
place between 2013 and 2018. The raw telescope data is reduced
into two cubes using the 2dfDR pipeline (AAO Software Team 2015),
together with a purposely written PYTHON pipeline (Allen et al. 2014)
for the later stages of reduction (Sharp et al. 2015). The blue cubes
cover a wavelength range of 3700-5700 A with a spectral resolution
of R=1812 (¢ = 70kms™'), and the red cubes cover a wavelength
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Table 1. The result of galaxy selection including the number of galaxies in each sub-sample. The full sample (Full_sam) is the main sample used throughout
this paper. The Full_SF sample is separated into pure SF (p_SF) and central SF (c_SF). We apply our AGN/LINER correction to all c_SF and c_L/A galaxies in

this work.

Name Abbreviation Description Numbers

Full Catalogue Full_ cat Full SAMI sample including the GAMA and Cluster regions 2988

Full sample Full_sam All galaxies with EWp o > 1 A and R. < 15 arcsec, ellipticity < 0.7, 778
seeing/R. < 0.75, seeing < 4 arcsec, log(sSFR/yr~!) > —11.25, not pure AGN

Full Star forming Full_SF SF galaxies in Full_sam (central spaxel beneath the Kauffmann line) 719

Pure Star forming p-SF Pure SF galaxies in Full_SF 653

Central Star forming c_SF Central SF with LINER/AGN on the outskirts in Full_SF 66

Central LINER/AGN cL/A Central LINER/AGN with extended star formation in Full_sam 59

range of 62507350 A with a spectral resolution of R = 4263 (o
= 30kms!) at their respective central wavelengths (van de Sande
et al. 2017). In this paper, we use the third and final data release
(DR3; Croom et al. 2021) of all SAMI observations, together with
value-added products such as emission-line fits, stellar population
measurements, and stellar kinematics.

The SAMI Galaxy Survey sample is selected from the GAMA
survey (Driver et al. 2011) regions and 8 cluster regions. The sample
input catalogue is built from the GAMA Survey in three equatorial
regions (Bryant et al. 2015). The 8 massive clusters are chosen from
the 2 Degree Field Galaxy Redshift Survey (Colless et al. 2001) as
well as the Sloan Digital Sky Survey (York et al. 2000; Abazajian
etal. 2009) and are described by Owers et al. (2017). The selection of
specific clusters increases the dynamic range of galaxy environment
probed. SAMI galaxies were targeted based on cuts in the redshift-
stellar mass plane (Bryant et al. 2015). The primary sample is limited
to redshift z < 0.095 in which observations reached high and uniform
completeness. A secondary sample included high-mass galaxies and
higher redshift (z < 0.115) in which galaxies were observed at a
lower priority. In total, the sample contains 2100 observed GAMA
galaxies (1940 primary, 160 secondary) and 888 observed cluster
galaxies (756 primary, 132 secondary). There are also 80 galaxies as
fill-in galaxies observed last that are mostly pairs. The observations
reach 80.6 per cent completeness in the GAMA region and 87 per cent
completeness in the cluster region for good galaxy targets from the
SAMI input catalogue. The observed galaxies are representative of
the input catalogue in redshift, stellar mass, effective radius (R.;
major axis in arcsec) and 5th nearest neighbour density ¥ s/Mpc? as
demonstrated by Croom et al. (2021).

2.2 Emission-line fitting

SAMI DR3 data products include cubes, binned cubes, and aperture
spectra (Croom et al. 2021 Bsemi earlier data releases are described in
Allen et al. 2015,Green et al. 2018,Scott et al. 2018). To produce the
data products, the spectral continuum is fit using the Penalized PiXel-
Fitting code (pPXF; Cappellari et al. 2007; Cappellari 2016) and the
MILES single stellar population (SSP) spectral library (Vazdekis
et al. 2010) on Voronoi-binned data (the algorithm VORBIN from
Cappellari 2016). Then the full-resolution cube is refitted using a
limited set of templates with priors on the weights as described in
Owers et al. (2019). The SAMI data cubes include seven strong
emission lines. By using version 1.1 of the LZIFU software package
(Ho et al. 2016), [O11]3726+3729, H B, [O11]5007, [O1]6300,
Ho, [N11]6583, [S11]6716, and [S11]6731 are fitted in each unique
spatial element with one to three Gaussian component profiles. All
emission lines are fitted simultaneously with their relative strengths,
consistent velocities and velocity dispersions. A trained Neural

Network LZCOMP (Hampton et al. 2017) then determines which
one to three Gaussian components are necessary to describe the
observed emission-line structure. For the Ha line, which is in the
higher spectral resolution red spectrograph, SAMI DR3 provides
multiGaussian fits for the decomposed flux of each component. Flux
from multicomponent fits are not necessary contributed only by SF
and the components are not separately relatable to physical processes.
Therefore, we use 1-component LZIFU fits in our study to capture
good estimates of total flux. In addition to the emission-line products,
SAMI DR3 also provides extinction maps derived from the Balmer
decrement, classification maps and star formation maps (Medling
et al. 2018).

2.3 Sample selection

Our sample galaxies are from the full SAMI Galaxy Survey. These
galaxies comprise SAMI data release three (DR3) primary and
secondary samples. There are 2100 galaxies in the GAMA region
and 888 galaxies in the cluster regions. The total of 2988 galaxies
comprise the full catalogue (Full_cat) in Table 1. In Fig. 1, we show
the distribution of [O111]/H B versus [N 1I]J/H « in the central spaxel
spectrum of the SAMI sample, which has all emission-line S/N
> 2. In Fig. 1, we also plot the Kauffmann line which separates
SF galaxies from AGN/LINER (the solid blue curve, Kauffmann
et al. 2003), the theoretical maximal star formation line (the red
dashed curve, Kewley et al. 2001) and the Seyfert-LINER line which
separates Seyferts from LINERS (the green dot-dashed line, Kewley
et al. 2006). Using the central spaxel itself is not sufficient to classify
whether the whole galaxy is SF or has LINER/AGN features. To
better classify galaxies in Full_cat, we use the BPT diagram for
every spaxel in each galaxy where the emission lines have S/N > 2.
Two examples are shown in Fig. 2. The top panel is an SF galaxy with
most spaxels beneath the Kauffmann line, while the bottom panel is a
galaxy with an SF centre with LINER/shock features in the outskirts.
Therefore, we apply a classification to galaxies with central spaxels
beneath the Kauffmann line (i.e. SF): galaxies that have more than
2/3 of the spaxels beneath the Kauffmann line are pure SF (p_SF)
galaxies; galaxies that have more than 2/3 of galaxy spaxels in the
composite/LINER region are the central SF (c_SF) galaxies. With this
classification, Fig. 2 top panel shows a p_SF galaxy and the bottom
panel shows a c¢_SF galaxy. The c_SF galaxies have SF centres and
extended LINER/AGN features. For galaxies with a central spectrum
above the Kauffmann line: galaxies that have more than 2/3 of the
spaxels above the Kewley line are classified as pure AGN; the rest
are classified as central LINER/AGN (c_L/A) galaxies that have
LINER/AGN centres with extended star formation discs.

Since studying the spatially resolved star formation properties of
galaxies requires SF galaxies, we use the sample selection criteria of
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Figure 1. Ionization diagnostic diagram (BPT; Baldwin et al. 1981), where
each point shows the emission-line measurements derived from the central
spaxel using a 1-component fit from the SAMI sample. We only include the
central spaxels of each galaxy which have all emission lines S/N > 2. The
red-dashed curve is the theoretical maximal SF line in Kewley et al. (2001).
The solid blue curve is from Kauffmann et al. (2003). The green dot-dashed
line separates Seyfert galaxies from LINERs (Kewley et al. 2006). We use
the selection boundaries to separate galaxies into SF (blue points), composite
(yellow points), and LINER/AGN (red points).

Schaefer et al. (2017) on the Full_cat of 2988 galaxies. SAMI IFU
observations have a 15 arcsec diameter field of view. To reduce the
effect of hexabundles with a finite aperture on measuring the spatial
distribution of star formation, we remove galaxies with effective
radii greater than 15 arcsec (99 galaxies excluded). Edge-on galaxies
will hide spatial information and will increase the uncertainty when
calculating spatial star formation properties, so we reject galaxies
with ellipticity values greater than 0.7 (another 307 galaxies are
excluded). We select galaxies with seeing/R. < 0.75 and seeing
< 4 arcsec to reduce the effect of beam smearing on small galaxies
(another 714 galaxies are excluded). Finally, we exclude 783 galaxies
with absorption-corrected H & equivalent widths (EWy,, integrated
over the SAMI cube) of less than 1 A, as these are unlikely to have
significant star formation. 121 pure AGN galaxies are excluded as
they do not contain any SF spaxels. For the galaxies that have
LINER/AGN features and some star formation (c_SF and c_L/A
galaxies), we correct the Ho emission to remove the flux that is not
due to star formation (see Section 3 for details). Once this is done, we
remove 186 galaxies that have corrected log(sSFR/yr~!) < —11.25.
After all these exclusion, there are 778 galaxies left and form the full
sample (Full_sam) of this work. The results of these selections are
shown in Table 1.

In the Full_sam, 719 galaxies are in the SF sub-sample (Full_SF).
In Full_SF, 653 galaxies are in the p_SF sub-sample and 66 galaxies
are in the c_SF sub-sample. The remaining 59 galaxies are in the
c_L/A sub-sample, which are also listed in Table 1. In the Full_sam,
649 galaxies are in the SAMI-GAMA catalogue and 129 galaxies are
in the SAMI-Cluster catalogue. With 649 GAMA region SF galaxies,
the sample size is doubled compared to Schaefer et al. (2019), which
used 325 galaxies from SAMI data v0.9.1. A Kolmogorov-Smirnov
(K-S) test is applied to compare the Full_sam with that of Schaefer
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Figure 2. Example of spatially resolved ionization diagram: Top panel:
Galaxy 751043 is in the p_SF sub-sample. Bottom panel: Galaxy 272822
is in the c_SF sub-sample. The left-hand panels show [O1I]/H B versus
[N1]/Ho emission-line ratios and the right-hand panels show [O111]/H 8
versus [SIIJ/Ha emission-line ratios in the spaxels of each galaxy which
have all emission-line S/N > 2. The points are colour-coded by radius in the
galaxy. The blue, red, and green lines are the same as in Fig. 1.

et al. (2019). The stellar mass (M,) distributions have a p-value =
0.75, which shows no significant difference.

2.4 Environmental metrics

The SAMI GAMA-region objects cover almost the entire range of
environments found in the local Universe (apart from rich clusters),
from isolated galaxies to galaxy groups. The GAMA Galaxy Group
Catalogue (Robotham et al. 2011) is built on a friends-of-friends
(FoF) algorithm and halo mass (Myy) is defined as the mass of a
spherical halo with a mean density that is 200 times the critical cosmic
density at the halo redshift (the corresponding radius is defined
as Ryy). The SAMI GAMA-region sample predominantly contains
galaxies residing in groups with halo masses My less than 10'* M.
Centrals and satellites are classified in the GAMA catalogue as well
as by the FoF algorithm. The addition of the SAMI cluster sample
extends the halo mass range to understand the suppression of star
formation in the highest-density regions. The cluster virial masses
should be multiplied by 1.25 in order to match GAMA halo masses
(Owers et al. 2017). For cluster galaxies, we are mostly considering
satellites as the centrals are already quenched.

Based on the halo masses, we divide our Full_sam into four bins:

(1) Ungrouped galaxies (not classified in a group galaxy in the
GAMA Galaxy Group Catalogue version 10)

(2) Low-mass group galaxies (Mo < 1025 M)

(3) High-mass group galaxies (M within 10>~ M)

(4) Cluster galaxies (M > 10" M)

Many of the low-mass groups have low multiplicity (i.e. pairs) and
so have large halo mass uncertainties, where log o[ Me, /(h ™' Mg)] =
1.0 — 0.43log10(Nror) (Nror 1s the number of member galaxies from
the FoF algorithm; Robotham et al. 2011). As a result, the ungrouped
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and low-mass group populations have considerable overlap. In our
analysis below, we will sometimes combine these two populations
as low-density environments, when comparing them to high-mass
groups and clusters.

Along with the global environment each galaxy resides in, we
also use the local galaxy density, which is parameterized as the fifth-
nearest-neighbour surface density (Xs/Mpc?; Brough et al. 2013,
2017). The surface density is defined using the projected comoving
distance to the fifth nearest neighbour (ds) within a velocity range
of & 500kms~! within a pseudo-volume-limited density defining
population that have been observed spectroscopically in the GAMA
(Brough et al. 2013; Gunawardhana et al. 2013) regions and clusters
(Owers et al. 2017): £5 = 5/md?. The density-defining population
has absolute SDSS Petrosian magnitude M, < M, jimix — Q, (M, 1imit
= —20.0 mag, Q, = 1.03; Loveday et al. 2015). Similarly to halo
masses, we also define four bins in local density: X5 between 0-0.1,
0.1-1, 1-10 and >10Mpc~2.

We also consider projected phase-space diagram which shows both
galaxy velocity and radius relative to group/cluster centre. Several
studies have connected the star formation of galaxy populations to
their location in phase-space diagrams (e.g. Hernandez-Fernandez
et al. 2014; Haines et al. 2015; Barsanti et al. 2018). The projected
velocity over velocity dispersion (V/o) and projected distance from
the centre of the halo normalized with halo radius Ry (1/R)
for clusters are obtained from the SAMI cluster catalogue (Croom
et al. 2021; Owers et al. 2017). We use the median redshift as
the systemic redshift in groups with redshift of individual galaxies
from GAMA catalogue to calculate V/o in groups. The r/Ryyy for
groups is calculated from the group velocity dispersion and redshift
as described in Finn et al. (2005).

3 STAR FORMATION PROPERTIES AND
STELLAR POPULATION MEASUREMENTS

We use the dust-corrected H o emission-line fits to calculate SFRs
and analyse the radial distribution of star formation in each galaxy.
The Ho flux is corrected for LINER/AGN contamination in our
sample for central SF galaxies (c_SF) and central LINER/AGN
galaxies (c_L/A). We expand on these points in detail below.

3.1 Specific SFRs for SF galaxies

The dust-corrected Ha is used to calculate sSFR to avoid dust
obscuration along the line of sight; our correction is based on
the dust extinction law of Cardelli, Clayton & Mathis (1989).
The attenuation uses the deviation of the Balmer Decrement (BD;
the ratio fuo/fup) from the theoretical value of 2.86 for case B
recombination, n. = 10?> cm? and 7' = 10* K (Groves, Brinchmann
& Walcher 2011). Because of the weak H 8 luminosity in the outskirts
of galaxies, we only apply the dust correction when the S/N of H g is
larger than 3 A~'. The SFR is calculated from the total H o luminosity
(Lyy) using the Kennicutt (1998) relation with a Chabrier (2003)
Initial Mass Function (IMF), as follows:

Ly (W) -
_Enel) o .
216 x 104 ©Y"

For pure SF (p_SF) galaxies, we use the total H o flux to calculate
SFR as we assume that all the Ho flux is directly associated
with star formation. We will discuss the Ha flux calculation for
composite/LINER/AGN spaxels in the following Section 3.2. The
sSFR is then calculated as SFR/M,.

SFR = (1
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3.2 Ha emission-line correction for LINER/AGN-like galaxies

Schaefer et al. (2019) argued that excluding LINERs/AGNs would
be unlikely to bias the relationship with the environment but could
introduce a bias as a function of M,. The majority of LINER/AGN-
like galaxies have stellar masses in the 10'°~!! M, range. However,
to fully explore the impact of AGN, we include them in our analysis
and make a correction for the H o flux due to LINER/AGN emission
(Davies et al. 2014). We generally use LINER/AGN in this paper
to mean any non-SF emission (e.g. including winds or shocks).
This correction has the advantage of allowing us to include galaxies
with SF discs, but passive centres that may have some weak central
LINER/AGN-like emission. Belfiore et al. (2016) used the [S 11]/H o
ratio to quantify the residual star formation in galaxies with quiescent
central like regions with typical line ratios of (%)SF = 0.4 and
(% )Lier = 1.0 (LIER for low-ionization emission-line region) using
the BPT diagram. We use an approach qualitatively similar to Belfiore
et al. (2016), but consider other line ratios as well.

We take the [N1J/Heo, [O1I]/H B, and [S1]/Ho emission-line
ratios to calculate how much Ha is contributed by star formation
or LINER/AGN emission for each galaxy spaxel. If a galaxy has a
LINER feature, the emission-line ratio distribution is more horizon-
tal, then the galaxy is sensitive to the [N1IJ/H o and [S 11]/H «. For a
Seyfert galaxy, the emission-line ratio distribution is more vertical,
the galaxy is sensitive to [O111]/H B. To test the three emission-line
ratios, we need to define regions in the BPT diagram corresponding to
100 per cent star formation (SF point) and 100 per cent LINER/AGN
emission (L/A point). Based on whether galaxies have more LINER
features or AGN features, the 100 per cent LINER/AGN emission can
vary. Therefore, to find the most representative ratio for all galaxies in
Fig. 1 LINER/AGN region, rather than defining a new line, we choose
to follow the Seyfert-LINER line (green) as it provides an empirical
division between Seyferts and LINERs (Kewley et al. 2006). If we
extended the Seyfert-LINER line, it intersects with the SF locus and
does a good job of following the overall locus of points as they
move from SF to composite to LINER/AGN regions. Therefore, the
following assumptions are made: 1) the SF point is on the SF galaxy
locus; 2) the L/A point is on the composite/LINER/AGN galaxy
locus; 3) both the SF point and L/A point are on the extended
Seyfert-LINER line. With these assumptions, the SAMI sample
is classified into SF galaxies (beneath the Kauffmann line) and
composite/LINER/AGN galaxies (above the Kauffmann line) using
the location of their central spaxel spectra in the BPT diagram. These
are plotted separately in Fig. 3.

To find the 100 percent SF point, the same mathematical form
as the Kewley line is used and moved to the highest den-
sity SF galaxy locus (orange line in Fig. 3 a: log,,([O11]/HpB)
= 0.61/log,,([N1]/Ha)+0.9006; orange line in Fig. 3 b:
log,,([0O11]/HB) = 0.72/[1log,([S 1] /Ha)-0.265]+1.24). As choos-
ing 100 per cent SF points (orange points, cross points of the extended
Seyfert-LINER line) are manually selected, the 30 per cent density
contour line is chosen as an uncertainty limit (the crossing points in
magenta and cyan in panel a and b). For LINER/AGN galaxies, there
is not a well-defined locus that is 100 per cent AGN (unlike the SF
locus) and the Seyfert-LINER line does not pass most density region.
Compromising, the crossing points of the 50 per cent, 70 per cent, and
90 per cent of the contour lines are plotted to find the 100 per cent L/A
points. Although the 70 per cent contour line crossing points (orange)
are not at the highest density point for [O1I]/H B, they represent
[N1]/H o and [S 11]/H @ well and are chosen as the 100 per cent L/A
points. The 50 per cent and 90 per cent contour line crossing points
(cyan and magenta points in panels ¢ and d) are chosen to define
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Figure 3. We show our 100 per cent SF and 100 per cent LINER/AGN points on 2 types of BPT diagrams, using the central spaxels of each galaxy in the
full SAMI sample. (a) and (c) show the BPT contour diagram of [O 111]/H B versus [N 1I]J/H «. (b) and (d) show the BPT contour diagram of [O 111]/H B versus
[S11]/H «. The light green line is the extended LINER line. In the top two panels, we plot all central spaxel emission-line ratios beneath the blue (Kauffmann et al.
2003) line. The highest density (orange point) indicates 100 per cent star formation emission (SF point). The 30 per cent density cross-points (magenta and cyan)
are used for the uncertainty range. In the bottom two panels, we show all central spaxel emission-line ratios above the blue (Kauffmann et al. 2003) line as the
LINER/AGN/composite galaxies in the full SAMI sample. The contour lines are 50 per cent, 70 per cent, and 90 per cent of the sample. The 70 per cent contour
line cross-point (orange point) indicates the 100 per cent LINER/AGN-like emission (L/A point). The 50 per cent (cyan) and 90 per cent (magenta) cross-points

are for the uncertainty ranges.

the uncertainty. We check that changing these line ratios in our
uncertainty ranges does not significantly affect the conclusions of
the paper, as discussed further in Section 3.3.

The SF points and L/A points give us 3 emission-line ratio
(INuJ/Hea, [Om)/H B, and [S1]/H «) boundaries. With emission-
line ratio boundaries, we can define a linear scale from O to 1. This
scale is called LINER/AGN ratio (Ry/s). Rya = 1 represents pure
LINER/AGN, while R4 = 0 represents pure SF. To summarize,
the orange points represent the 100 per cent SF and 100 per cent L/A
points; the cyan/magenta points indicate the uncertainty. In this way,
for each spaxel, the Ha flux contributed by star formation can be
calculated as

Fre.sE = fue X (1 = Ryja), (2)

1 —log,o([N 11]/Har)

log,o([N1]/Ha)y/a — logo([N H]/Hoz)s]:'

In equation (), [NIJ/Ha can be replaced by [O1I]/HS and
[S1]/H«. The emission-line ratios of full star formation and full
LINER/AGN (L/A) are log o(\Ei)sr = —0.438, log;o(RM)r/a
= 0.103; log,o(8gs = —o0. 362, log (B x = ~0.047;
logio({se = —0.473, log,o(\35) /4 = 0.686. As we have
calculated how much Hea flux is contrlbuted by star formation, we
can use the corrected H « flux to calculate SFR.

A galaxy with central LINER/AGN-like emission is shown in
Figs 4 and 5. Fig. 4 shows the spatially resolved BPT diagrams

3

Ryja =
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Figure 4. Spatially resolved BPT diagrams of a galaxy with central
LINER/AGN components and an SF disc (c_L/A). The left-hand panel
shows the [O111]/H B versus [N 11]/H « and the right shows [O 11T]/H B versus
[Sul/Ha for the spaxels of this galaxy, which all have emission-line S/N
larger than 2, colour-coded by radius in the galaxy. The blue, red, and green
lines are the same as in Fig. 1.

for the example galaxy. The classification map (Fig. 5a) shows that
this galaxy has an SF disc at large radius. The residual Ho flux
from star formation is calculated using Ry/s. Fig. 5(b) shows the
original Ha map. Figs 5(c, e, g) show the three Rys ratios, red
for 100 per cent AGN and blue for 100 per cent star formation. This
galaxy has a LINER feature, so the emission-line is less sensitive
to the [O1I]/H B compared to [NIIJ/Ho and [SU]J/Ha. The Ry
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Figure 5. Maps of a c_L/A galaxy demonstrating classification and
AGN/LINER correction. Panel (a) shows the distribution of the galaxy spaxels
located in the BPT diagram with blue for star formation, green for composite
and red for LINER/AGN. Panel (b) shows the original H« map. Panels (c,
e, g) are LINER/AGN ratios calculated using the BPT diagram in [N 11]/H «,
[Om)/H B, and [Su]/Ha with blue colour for 100 percent LINER/AGN
emission and red colour for 100 percent star formation emission. Panels
(d, f, h) show the resulting LINER/AGN corrected H o map.

calculated by [N 11]/H « and [S 11]/H « is high in the centre. Figs 5(d,
f, h) show the residual star formation contributed H« maps. The
sSFR is then be calculated with residual H & flux for c_I/A and c_SF
galaxies.

3.3 The spatial distribution of star formation

Having removed LINER/AGN contribution to the Ha flux, we
can use our corrected Ho maps to study the spatial distribution
of star formation. Following Schaefer et al. (2017), we introduce
the ratio of rsp a/7s0, cont» Which compares the half-light radius
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Figure 6. We show differences of the C-index before and after 3 types of
AGN/LINER correction. The top panel shows uncorrected C-index(blue),
corrected by [O111]/H g ratio (red) and corrected by [S I1}/H « ratio (orange)
versus C-index corrected by [N1J/H« ratio with their uncertainties. Note,
for the uncorrected C-index, the error-bar is for [N 11]/H . The bottom panel
shows the difference between the uncorrected C-index (blue); C-index use H o
corrected by [O111]/H B (red); corrected by [S11]/H & (orange) and corrected
by [N 11]/H & versus M,. As for the top panel, the error-bars on the uncorrected
C-index are for C-index corrected by [NI]J/Ha. It shows that taking into
account the LINER/AGN-like galaxies can increase the C-index by up to a
factor of 0.25. The [N 1IJ/H « corrected C-index is used in our analysis.

of Ha (rs0,u). and half-light radius of the r-band continuum
(750, cont)- The star formation concentration index (C-index) is defined
as 10g10(7s0, Ha/Ts50, cont) and it indicates the ongoing star formation
distribution in galaxies.

To understand the systematic uncertainty of calculating the C-
index ratio for c_SF galaxies and c_L/A galaxies, the three emission-
line ratio corrected C-index measurements are compared with the
uncorrected measurements in Fig. 6. Fig. 6 a shows C-index
uncorrected (blue), corrected by [O11]/H 8 (red) and corrected by
[S1]/H « (orange) versus C-index corrected by [N 11]/H «. The error-
bars are calculated from the maximum/minimum range allowed by
the SF point and L/A point. For the uncorrected (blue), the grey bar
shows the uncertainties calculated by [N 11]/H «.

Most of the galaxies follow the one-to-one reference line, but
with some outliers. Fig. 6 shows most galaxies have small error-
bars (grey, some error-bars are too small to see). Larger error-bars
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mean LINER/AGN corrections for those galaxies may overesti-
mate/underestimate the Ho flux LINER/AGN contribution. Fig. 6
b shows the difference between the [NII|J/H« correction and no
correction (blue points); the [O11]/H 8 correction (red points); the
[S1u]/H & correction (orange points) versus M,. The uncorrected C-
index are slightly offset as expected with uncorrected H o flux. The
correction we make tends to make star formation less concentrated.
The C-index will be larger than before applying the LINER/AGN
correction. This shows that taking into account the LINER/AGN-like
galaxies can increase the C-index by up to 0.25. [N1]/H« has on
average the highest S/N, so we adopt it as the default correction. We
calculate the Spearman rank correlations between all four C-indices,
and the [N1J/H « correction has the best correlation of 0.924 with
[Su)/Ha, 0.947 with [O11]/H B and 0.763 with uncorrected. The
high Spearman correlation with the C-indices derived from [S I]/H o
and [O111]/H B confirms that we are not biasing our results by using
[N1u]/Hea. As a result, the [N1I]J/H o corrected C-index is used in
our analysis. To further investigate quenching time-scales, we will
introduce stellar population measurements in the next section.

3.4 Stellar population age measurements and D,4000, H§,
indices

We use the full-spectral fitting code pPXF, which infers the best-
fitted stellar population parameters in each spectrum to calculate
stellar ages. To increase the S/N of our age measurements, we use
SAMI sector binning data. By using the FIND_GALAXY routine
(Cappellari 2002), five ellipses are defined by collapsing the SAMI
cubes in the wavelength direction. With those ellipses, SAMI cubes
are binned into five linearly spaced elliptical annuli (e.g. Scott et al.
2018; Croom et al. 2021). Then, the SAMI sector bins azimuthally
subdivide each of the annular bins into eight equal-area regions. The
sector bins have an S/N > 10.

The [«/Fe] enhanced MILES model library (Vazdekis et al. 2015)
is used with templates that span a range of ages between 0.03 and
14 Gyr, metallicities ([M/H]) between —2.3 and +0.4 dex and -
enhancement ([a/Fe]) between 0.0 and 0.4 dex. The total number of
SSP templates used during the fitting is 288. The fit covers the full
SAMI wavelength range. To avoid masking emission-line regions,
we include templates for the ionized emission lines corresponding
to the chemical species Ho, HB, [N, [St], [O1], and [O 1m1].
The kinematics of the stellar and emission-line templates are fitted
simultaneously but are not forced to take the same values. We recover
three separate kinematic solutions; for the stellar component, the
emission-line templates corresponding to the Balmer series (H o and
H B) and the templates corresponding to the remaining emission
lines. During the fit, we correct for different continuum shapes
between model and data by fitting for a multiplicative polynomial of
order 10.

With the full spectral fits, we calculate the mass-weighted (Agey)
and light-weighted stellar ages (Ager) for our galaxies. Following
McDermid et al. (2015), the Agey; of each spectrum can be calculated
from SFH by

Zw; log(fssp,i)

Ywj ’ @

log(Agegpy) =
where w; are the best-fitting template weights derived from pPXF ith
template, which has age #ssp ; and metallicity [Z/H]ssp, ;.

Along with galaxy ages, we also derive the D,4000 and Héa
indices, which are direct measurements from the SAMI cubes, to
support our age measurements. The D,,4000 index is well known to be
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a good stellar population age indicator for intermediate to old stellar
populations (e.g. Kauffmann et al. 2003). The feature is caused by a
large number of spectral lines occurring around 4000 A, mostly due
to ionized metals. The D4000 index becomes stronger in old metal-
rich stellar populations. The narrow band D,4000 index (3850-3950
and 4000—4100 A) defined by Balogh et al. (1999) is used in this
work. The H§ absorption line equivalent width is also an indicator of
galaxy stellar population age. The Hé, index (Worthey et al. 1994)
is sensitive to younger populations compared to D,4000 since the
peak occurs in fast-terminated A stars. SAMI blue band spectra fits
are pre-fitted by pPXF to remove Balmer emission in the Hé, and
D,4000 wavelength ranges. After fitting the spectra, sector bins that
have H§ 4 error greater than 1 A and D,4000 index error larger than
0.1 are excluded. We compare the derived age measurements for
galaxies in different halo mass intervals in Section 5.1.

4 RESULTS: THE SPATIAL DISTRIBUTION OF
STAR FORMATION

Our main focus is to understand the suppression of star formation
in high-density regions. We focus on C-index to examine the extent
of star formation as a function of stellar mass, as shown in different
environments. The environments are defined primarily by the host
halo mass. Additionally, the fifth-nearest-neighbour density, which
shows the local environmental density in which each galaxy resides,
is also explored as an additional environmental metric.

4.1 The spatial star formation distribution in galaxy groups
and clusters

The ratio of C-index as a function of M, is shown in different
environments, colour-coded by sSFR in Fig. 7. We divide our galaxies
into 4 halo mass bins: ungrouped galaxies, low-mass group galaxies,
high-mass group galaxies and cluster galaxies (Section 2.4). The
top row shows galaxies in the Full_SF sample. The galaxies with
error-bars are from the central SF (c_SF) sub-sample that have been
corrected for some non-SF spaxels at large radii. The error-bars are
estimated from the correction for non-SF emission (typically shocks
for galaxies with central star formation). There are 335, 165, 107, and
112 SF galaxies in panels a-d respectively. The bottom row of Fig. 7
includes the Full_SF sample and the c_L/A galaxies (red circles) with
error-bars from the non-SF emission correction. An extra 16, 14, 12,
and 17 c_L/A galaxies are added to the previous Full_SF sample in
panel e-h of Fig. 7, respectively. These numbers are shown in Table 2.
Galaxies with a C-index less than 0 have H o emission that is more
compact than their r-band continuum. Galaxies with a C-index larger
than 0 have extended star formation. The medians in the mass bin are
shown by black lines. The uncertainties of the medians are calculated
by the standard error of the mean.

As shown in Fig. 7, ungrouped galaxies and galaxies in low
halo mass groups tend to have a C-index close to 0. More massive
environments tend to have a larger range of C-index values. The
c_L/A galaxies are located over a large range in C-index but at higher
M, , mostly > 10'° M. By definition, the c_L/A galaxies are galaxies
that have an SF disc with central LINER/AGN emission (an example
can be seen in Fig. 5), as a result, 59 per cent of these galaxies have
C-index > 0. Galaxies with a high C-index (> 0.1) either show
an SF disc with central strong LINER/AGNSs or have a broadened
star formation distribution. The uncertainties on C-index due to the
AGN correction are small in most cases, significantly smaller than
the width of the overall distribution in C-index. For the low mass
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Figure 7. C-index as a function of M, in four different halo mass intervals. From left to right panels: these are ungrouped galaxies, low-mass group galaxies,
high-mass group galaxies, and cluster galaxies, colour-coded by sSFR. The top row shows galaxies in the full SF (Full_SF) sample. The galaxies with error-bars
are the c_SF galaxies. The error-bars are based on the uncertainty in the LINER/AGN correction. The bottom row shows galaxies in the Full_sam including
c_L/A galaxies (red circles) with the error-bars showing the uncertainty due to the LINER/AGN correction. Median C-indices in different M, bins are shown by

the black line with standard error of the median as uncertainties.

Table 2. The number of galaxies in Full_sam, Full_SF, and c_L/A sub-sample

in each halo mass bin. Number of galaxies in Full_sam with M, bin of 1

0745—9.5

7.5<log(M./Mg) = 9.5

Mg and 1095115 Mg, L Ungrouped

L 01 Mago = 10725Mg

ungrouped Group(low)  Group(high) Cluster F 1 10'25Mg < M3gp < 101%M,
51012.5 M@ 1012.5—14 MO >1014 M@ 6 B

Full_sam 351 179 109 129 !
Full_SF 335 165 107 112 I I
cL/A 16 14 12 17 at -
1075795 M, 213 82 41 L I
1095115 M, 138 97 78 129 A I ol B I

- Plhin

2}k = FLag =
end (10°3-""SMg M,), we can see a lower C-index shows out in I || j--_J"_"' Ty
high-mass groups than in ungrouped and low-mass group galaxies. 0 T e A N T
Because of the sample selection of SAMI, only galaxies with M, of —-04 -0.2 0.0 0.2

10°3~115 Mg, are observed in clusters (Bryant et al. 2015). To match
M, for different halo mass intervals, our sample is separated into two
M, bins of 10°°~'5 Mg and 107775 Mg,. In the 10°°~'!> Mg mass
bin, there are 138, 97, 78, and 129 galaxies in the ungrouped region,
low-mass groups, high-mass groups, and clusters, respectively. In
the 1075793 Mg mass bin, there are 213, 82, and 41 galaxies in
the ungrouped region, low-mass groups, and high-mass groups,
respectively. The summary of these numbers is shown in Table 2.
The histogram of C-index for our Full_sam in the two M, bins
is shown in Fig. 8 (1073723 Mg M, bin) and Fig. 9 (10>~ Mg
M, bin). For the lower-M, galaxies in Fig. 8, the C-index locus in
high-mass groups is slightly lower than ungrouped and low-mass
groups. Fig. 9 shows the C-index has a wide range from around —0.5
to 0.2. Most galaxies sit in a locus around C-index = 0. There are a
fraction of low C-index galaxies that stand out with C-index ~—0.2.
This shows that when progressing to higher halo mass environments,

log10(rso, Ha/r50, cont)

Figure 8. Normalized histogram of C-index for galaxies in the Full_sam in
3 halo mass intervals with stellar mass of 1075 Mg. Ungrouped galaxies
are in yellow, low-mass groups in blue, and high-mass groups in red. For the
low M, bin, there is a shift of C-index locus to lower values in high-mass
groups compared to ungrouped galaxies and low-mass groups.

the tail of galaxies with concentrated star formation increases for
high-M, galaxies in 10°3~!" Mg M, bin.

A Kolmogorov—Smirnov (K—S) test is applied on the C-index
distribution in different environments for both the 10°3~11 Mg, mass
bin and the 107379 M, mass bin. A p-value below 0.05 allows us to
reject the null hypothesis that the two distributions are the same. For
the 10%3~!-> M mass bin, the K-S test results for the four halo mass
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Figure 9. Normalized histogram of C-index in 4 halo mass intervals for
galaxies with stellar mass of 107715 M, from the Full_sam. Ungrouped
galaxies are in yellow, low-mass groups in blue, high-mass groups in red, and
cluster galaxies in cyan. We find the tail of galaxies with concentrated star
formation increases with higher halo mass.

Table 3. Results of the K-S test of C-index in the Full_sam within four halo
mass intervals for galaxies with M, of 1095-115 Mg. The statistic value
(D) and probability (p) values are shown in the table. We mark significant
p-values in bold.

K-S test Group(low) Group(high) Cluster
§1012.5 M@ 1012.5714 M@ >1014 M@
Ungrouped D =0.115, D =0.201, D =0.278,
p=0.397 p =0.030 p = 1.025e-05
Group(low) D =0.158, D = 0.228,
(<1025 Mg) p=0.199 p =0.003
Group(high) D =0.149
(102514 M) p=0.168

intervals are shown in Table 3. The difference between ungrouped
galaxies and those in low-mass groups is not significant (p-value =
0.397), but the difference between ungrouped galaxies and galaxies
in high-mass groups or clusters is more significant (p-value = 0.030
and 1.025 x 107>, respectively). Similarly, for the low-mass groups,
the difference between low-mass groups and high-mass groups is less
significant (p-value = 0.199) than with clusters (p-value = 0.003).
These results show the C-index distribution in clusters and high-
mass groups is not the same as in low-density environments, which
supports the low C-index tail we find in clusters in Fig. 9. We also
carry out the K-S test without ¢c_L/A galaxies. This does not change
the p-value significantly, which confirms that adding c_L/A does not
bias our results.

The C-index in the 1075793 My mass bin shows a similar dis-
tribution for ungrouped galaxies and galaxies in low-mass groups
(p-value = 0.38), and comparing low-mass groups and high-mass
groups (p-value = 0.18). The ungrouped and high-mass groups have
a larger difference (p-value = 0.01). The larger p-values compared
with high M, galaxies suggest that galaxies with low M, are affected
by the environments.

To further quantify the distribution of regular galaxies and galax-
ies with concentrated star formation (SF-concentrated galaxies) in
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different halo masses, our Full_sam is separated into two intervals: C-
index > —0.2 and C-index < —0.2. We fitted a Gaussian distribution
based on the C-index of ungrouped galaxies, resulting in a mean, i
= 0.004 and a standard deviation, o = 0.065. Therefore, we choose
—0.2 as a valid cut off at 3o0. The uncertainty on the fraction of SF-
concentrated galaxies is calculated using the binomial distribution.
For galaxies in the 105115 M mass range, there are 9 4= 2 per cent
SF-concentrated galaxies in ungrouped regions, 8 + 3percent in
low halo mass groups, 19 =+ 4 per cent in high halo mass groups and
29 + 4percent in clusters. For galaxies in the 10757 Mg mass
range, the fraction of SF-concentrated galaxies is 7 £ 2 percent
for ungrouped regions, 9 + 2percent for low-mass groups and
24 + 7percent for high-mass groups. We also test the fraction of
SF-concentrated galaxies using a C-index cut on —0.1 and —0.3, the
trend remains the same that higher halo mass galaxies for both low
and high M, galaxies tend to have larger fractions of SF-concentrated
galaxies.

4.2 The spatial star formation distribution versus local surface
density

For local environmental densities, we select four intervals in X5: 0—
0.1, 0.1-1, 1-10, and >10 Mpcfz. In Fig. 10, we show C-index as a
function of M,, in our usual halo mass intervals, but colour-coded by
log(=5/Mpc?). There is a wide range of X5 in the 4 halo mass ranges.
The histograms of C-index in 10°°~!!> Mg mass bin in different X5
intervals is shown in Fig. 11. There is a clear difference between X5 <
10Mpc~2 and %5 > 10 Mpc~? galaxies with 5 > 10 Mpc~2 having
a more pronounced tail to low C-index. Concentrated SF galaxies
tend to live in higher local densities. To quantify the difference, a
K-S testis applied on the C-index in 4 X5 intervals and the results are
shown in Table 4. We find that the C-index distribution for galaxies
with 5 > 10 Mpc~2 is significantly different to that of galaxies with
lower ¥5 with p —value < 0.05. However, there is no significant
difference between the C-indices in the lower X5 intervals.

4.3 Projected phase-space for group and cluster galaxies

In the phase-space diagram, galaxies closer to the centre (within the
virial radius), are more likely to undergo RPS (Jaffé et al. 2015). The
phase-space diagram for Full_sam colour-coded by C-index (left-
hand column) and sSFR (right-hand column) for galaxies is shown
in Fig. 12. Here we only plot the satellites as we expect these to be
most influenced by environments. The passive galaxies with EWy,
< 1A are shown as grey triangles to show the complete distribution.
We do not consider low-mass groups in the phase-space diagram as
there are fewer group members, and their groups have large errors
on their velocity dispersions. To check any distribution difference
between SF-concentrated (C-index < —0.2) and regular galaxies in
the phase-space diagram, we apply a 2D K-S test. In the high-mass
groups (panels a, b), the p-value from the 2D K-S test is equal to
0.31, there is not a significant difference between SF-concentrated
galaxies and regular galaxies in the phase-space diagram. Also, the
passive galaxy distribution does not have a significant difference from
the SF galaxies. In clusters (panels c, d), only passive galaxies are
seen near the cluster centre (within 0.2 Ryg). For SF galaxies, within
0.5 Ry, 50 per cent of the galaxies have a centrally concentrated
SE. The p-value from a 2D K-S test on C-index cut (C-index =
—0.2) equals 0.03 for clusters, meaning the C-index distributions are
different. Galaxies with concentrated star formation are expected to
be located nearer the centre of the cluster as those galaxies may be
more impacted by quenching processes such as RPS.
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Figure 10. The ratio of C-index as a function of M, in four halo mass intervals: ungrouped galaxies, low-mass groups, high-mass groups and clusters colour-
coded by their surface density ¥5/Mpc?. The central—LINER/AGN galaxies with AGN correction are in red circles. Galaxies with higher ¥5/Mpc? tend to

have lower C-index.
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Figure 11. Histogram of C-index in different local environmental densities
in the 105115 Mg M, bin in the Full_sam. X 5/Mpc? between 0 and 0.1 is
shown in yellow, 0.1 and 1 in blue, 1 and 10 in red, and >10 in cyan. Galaxies
with £5 > 10 Mpc~2 have a more pronounced tail to low C-index.

Table 4. Results of the K-S test of the C-index in the Full_sam within four
local environmental density bins for galaxies with M, of 1075115 M. The
statistic value (D) and probability (p) values are shown in the table. We mark
significant p-values in bold.

K-S test ¥ 5/Mpc? ¥ 5/Mpc? 5/Mpc?
0.1-1 1-10 >10
¥ 5/Mpc? D =0.121, D =0.165, D =0.531,
<0.1 p = 0.608 p=0249 p = 7.154e-08
¥ 5/Mpc? D =0.110, D = 0441,
0.1-1 p = 0.046 p = 5.129-13
¥ 5/Mpc? D =0.397
1-10 p = 3.018e-10

The phase-space diagram indicates where the quenched galaxies
currently are, but this is not sufficient to see how fast the quenching
happened. For example, there are studies suggesting galaxies may
have already started quenching or already finished quenching before

log (sSFR/yr™1)
1
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Figure 12. Projected phase-space diagram for satellite galaxies in high-mass
groups and clusters. The passive galaxies are shown by grey triangles. The
horizontal axis is the projected distance of an individual galaxy from the
centre of the halo normalized by the radius of the halo Ryoo. The vertical axis
is the velocity of an individual galaxy relative to the systemic velocity of the
halo, normalized by the velocity dispersion of the halo. Panels a and c are
colour-coded by C-index, and panels b and d are colour-coded by sSFR. The
c_L/A galaxies are highlighted by red circles.

they fall into the current host (e.g. Mihos 2004; Oh et al. 2018).
Results from numerical simulations also show good agreements with
observations on environmental effects in the outskirts of clusters
(e.g. Ayromlou et al. 2019, 2021; Coenda et al. 2021). Along with
pre-processing, galaxy quenching in clusters is also affected by their
orbit, for example their closest pericentric approach (e.g. Arthur et al.
2019; Di Cintio et al. 2021). In the next section, we further investigate
the SF-concentrated galaxies by adding information about the stellar
population ages, derived using both indices (such as D,4000, HSA)
and full spectral fitting.
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Figure 13. Agey, as a function of galactocentric radius in four halo mass intervals colour-coded by total sSFR. The top row shows regular SF galaxies with
C-index > —0.2. The bottom row shows SF galaxies with C-index < —0.2. In each panel, we create 8 bins from 0-2.5 R, and plot the median Agey, of each
bin with bootstrapping uncertainties. The black lines are from regular galaxies and the grey lines are from the concentrated galaxies. The solid black line is
the median from the ungrouped regular galaxies, shown in panels e-h. The dashed black lines are the medians from the group/cluster regular galaxies and are
also shown in the concentrated galaxies panels in the corresponding environment. Regular galaxies in all environments show older centres with younger discs.
SF-concentrated galaxies in high-mass groups show older discs than cluster galaxies.

5 RESULTS: RADIAL AGE GRADIENTS

The light-weighted age (Agey.), mass-weighted age (Agem), D,4000,
and Hé s, are calculated from the stellar population fits (more details
in Section 3.4) and used here to better understand the quenching
time-scale. The 442 galaxies with 10°3~!" M, mass are included
in this section to match the M, range in the clusters. After we apply
D,4000 and HS 4 uncertainty limits (Hd error < 1 A and D,4000
index error < 0.1), the total number of galaxies studied here is 350
(92 galaxies removed).

5.1 Age radial profile

The stellar population age calculated by full spectral fitting is
described in Section 3.4. Age;. and Agey for galaxies with M, of
10%3-115 M, as a function of galactocentric radius in different C-
index bins are shown in Figs 13 and 14. The x-axis is the elliptical
radius in units of R.. From left to right, the panels show our four
bins in halo mass. Each dot represents an individual sector bin in a
SAMI galaxy, colour-coded by the integrated sSFR for each galaxy.
The sample is separated at C-index = —0.2 (regular galaxies with C-
index > —0.2 and SF-concentrated galaxies with C-index < —0.2) to
see the difference as a function of star formation concentration. The
medians in 8 bins between 0 and 2.5 R, are shown by the lines with
error-bars. The uncertainties on the medians are calculated using
bootstrapping statistics by galaxies to better capture the intrinsic
variation between galaxies rather than just per radius bin/sector.
The solid black line is for regular ungrouped galaxies (in panel
a) and it is plotted as a reference line in panels e-h. The dashed
black lines are the medians for group/cluster regular galaxies. To
see the difference between regular and concentrated galaxies, the
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dashed black lines are plotted in the corresponding environment in
panels f-h. The grey lines are for the SF-concentrated galaxies in
panels e-h.

For both Agep and Agey;, age is decreasing with an increasing
radius for regular galaxies (panels a—d) which is consistent with
the well-known ‘inside-out’ galaxy growth (e.g. Pérez et al. 2013;
Gonzalez Delgado et al. 2015). Ager is weighted more towards the
most recent starbursts, while Agey provides a range averaged across
the entire stellar population. So we also find the age radial profiles
are steeper in Agey than in Ager. We also see sSFR is higher for
younger Age; ; in Agey;, sSSFR is more mixed. The ‘inside-out’ growth
can happen when gas in the centre with low angular momentum
cools down and forms stars on shorter time-scales than gas of
high angular momentum in the disc (e.g. Larson & Tinsley 1978;
Gogarten et al. 2010; Frankel et al. 2019; Sacchi et al. 2019). Along
with observational results, the ‘inside-out’ growth is also supported
by hydrodynamical simulations (e.g. Somerville et al. 2008; Avila-
Reese et al. 2018).

For SF-concentrated galaxies in ungrouped and low-mass groups
(Figs 13 e, f and 14), the inner regions have lower values than
ungrouped regular galaxies and they have similar ages in the out-
skirts. As we are selecting SF-concentrated galaxies by C-index, the
younger ages may be caused by central star formation enhancements.
For SF-concentrated galaxies in high-mass groups (Figs 14 and 13g),
we find a distinct signature that although the inner centre (~0.2
R.) is lower than ungrouped regular galaxies, the ages in the outer
region is significantly older. We also notice the SF-concentrated
galaxies in high-mass groups show greater Age; difference in the
outer region than Agey. The older ages at large radii, pointing to
older discs (relative to ungrouped regular galaxies). Interestingly,
this older discs signature does not show up in clusters (Figs 14 and
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Figure 14. Agey as a function of galactocentric radius in four halo mass intervals colour-coded by total sSFR. In each panel, we create 8 bins from 0 - 2.5 R,
and plot the median Agey of each bin with bootstrapping uncertainties. The lines and error-bars are in the same formats as Fig. 13. The Agen radial profile is
broadly consistent with Agey, radial profile. High-mass group SF-concentrated galaxies have older discs than ungrouped regular galaxies. This age difference

disappears in clusters.

13h). SF-concentrated galaxies in clusters show declining age radial
profiles with the same radius as regular galaxies. And there is no
age difference for both Age; and Agey at a large radius compared to
ungrouped regular galaxies.

To quantity the difference between the age measurements for
galaxy centres and outskirts, we calculate the median value for the
radial intervals O—1 R, and 1-2 R, for each panel and we present them
in Table 5. We find a median outer Age;, (Agen) of 3.35 + 0.37 Gyr
(8.26 £ 0.35 Gyr) for SF-concentrated galaxies in high-mass groups,
1.61 £ 0.17 Gyr (7.33 £ 0.41 Gyr) for SF-concentrated galaxies in
clusters and 1.61 £ 0.10 Gyr (6.93 % 0.43 Gyr) for ungrouped regular
galaxies. Assuming that prior to entering a group/cluster, the average
age profile is similar to that of the ungrouped galaxies, the regular
ungrouped galaxy profiles can be compared to the SF-concentrated
galaxies. Compared with ungrouped regular galaxies, the age dif-
ferences with SF-concentrated galaxies are given in Table 6. The
age difference is greatest for high-mass groups (1.83 £ 0.38 Gyr
for Ager; 1.34 £ 0.56 Gyr for Agem). The age difference in clusters
is not significant (0.19 £ 0.21 Gyr for Ager; 0.40 £ 0.61 Gyr for
Agen). We find that SF-concentrated galaxies in high-mass groups
have relatively older discs than those in clusters.

5.2 D,4000 index radial profile

To further examine the age trends, we repeat the analysis with D,4000
index and Hé 4 index. These spectral features are direct measurements
from SAMI cubes and are age sensitive, so those indices can be
used to test whether we have the same qualitative trends as the age
estimates from full spectral fitting. We show the D,4000 index versus
radius for galaxies of M, of 10%311> M, for two bins in C-index in
Fig. 15. The plot is similar to Fig. 13. The medians in each panel with
bootstrapping uncertainties are shown by the lines with error-bars.

The bootstrapping uncertainty is relatively large in Figs 15f and 16f
because there are only 8 galaxies in those subplots.

When comparing the medians in the D,4000 profiles of regular
galaxies in different environments, they are similar with the standard
deviations of around 0.03. Regular galaxies (Fig. 15 a—d) all show
a general decreasing D,4000 with increasing radius. The D,4000
gradient for regular galaxies is consistent with the age radial profiles,
where central stellar populations are older. In panels e and f (un-
grouped and low-mass groups), the SF-concentrated galaxies appear
to have lower D,4000 at a small radius than regular galaxies, as might
be expected given they have concentrated star formation. However,
they appear to have D,4000 consistent with regular galaxies at a
larger radius. This may point toward these galaxies being dominated
by central star formation enhancements, but we caution that the
number of galaxies in these samples is small (8 galaxies in both
panels e and f). Both high-mass groups and clusters (Figs 15g, h)
show slightly lower D,4000 in the centres, but higher D,4000 at
large radius, pointing to older discs (relative to regular galaxies). For
high-mass group environments (panel g), in the centre, D,4000 is
slightly below the regular galaxies but at a larger radius, D,4000 is
considerably higher.

To quantify the difference of D,4000 index for the inner and
outer parts of galaxies, the median values of O-1 R, and 1-2 R,
for each panel are calculated in Table 5. The D,4000 index for
the outer regions is 1.41 £ 0.05 for SF-concentrated galaxies in
the high-mass groups, 1.39 £ 0.02 for SF-concentrated galaxies
in cluster, and 1.28 + 0.02 for ungrouped regular galaxies. The
differences compared with ungrouped regular galaxy are in Table 6.
The D,4000 difference in high-mass groups at 1-2 R, is 0.13 £ 0.05
while in clusters it is 0.11 & 0.03. Galaxies in high-mass groups
and clusters both show older discs than ungrouped regular galaxies.
At large radius, although D,4000 indices seem to be larger for SF-
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Table 5. Median Agey, Agem, D,4000, and Héameasurements with uncertainty for 0-1 R and 1-2 R, for galaxies with M, larger than 1095 Mg . Regular
galaxies show older ages in centres with younger populations in the outer region. SF-concentrated galaxies in ungrouped regions and low-mass groups show
younger centres than the outer regions. SF-concentrated galaxies in high-mass groups show significant older discs, while this signature disappears in clusters.

Stellar index

Ungrouped galaxies

Group galaxies

(Halo mass<10'2- Mo)

Group galaxies
(Halo mass in
101245714 MO)

Cluster galaxies

(Halo mass >10'* Mp)

Ager /Gyr (Reg)
(Concentrated)
Agem/Gyr (Reg)
(Concentrated)
D,4000(Reg)
(Concentrated)
HS A(Reg)
(Concentrated)

0-1R. 1-2R.
2.09£0.181.42 +0.11
1.20 £0.07 1.61 £ 0.10
8.19+£0.206.93 +0.43
4.49 £0.215.45+0.19
1.36 £ 0.01 1.28 £ 0.01
1.28 £0.03 1.25 £ 0.03
3.89+£0.145.04 £ 0.11
4.87 £0.254.58 £ 0.15

0-1R. 1-2R.
1.74 £0.27 1.57 £ 0.22
1.12 +0.14 1.06 + 0.03
8.33 £0.21 7.69 £ 0.26
6.50 4+ 0.62 6.58 = 0.18
1.29 £0.02 1.25 £ 0.01
1.27 £0.03 1.28 £ 0.01
442 £0.195.14 £ 0.20
4.76 £0.28 4.95 4 0.24

0-1R. 1-2R.
1.86 £ 0.10 1.30 £ 0.10
1.95£0.18 3.25 £ 0.37
8.76 £0.127.72 £ 0.12
7.65 +0.53 8.26 + 0.35
1.35£0.02 1.28 +0.02
1.38 £0.04 1.41 £ 0.05
4.11 +£0.26 4.99 + 0.35
3.07 £0.58 2.91 £ 0.62

0-1R. 1-2R.
1.93 £0.14 1.15 £ 0.06
1.66 +0.75 1.61 £ 0.17
8.00 £0.26 6.42 +0.23
8.13 £0.62 7.33 £ 0.42
1.33 £0.02 1.25 +0.02
1.36 4+ 0.03 1.39 + 0.02
4.09 £ 0.21 5.07 £ 0.25
4.15 £0.334.01 £ 0.50

Table 6. Assuming that prior to entering a group/cluster the average age profile is similar to that of the ungrouped galaxies, the regular ungrouped galaxy
profiles can be compared to the SF-concentrated galaxies. We list the Ager, Agem, Dy4000, and HS 4 indices for 0-1 R, and 1-2 R, subtracting the values of
ungrouped regular galaxies (panel a in Figs 13—16) for galaxies with M, larger than 10°> Mg. We mark the indices > 2¢ in bold. The index differences are the

greatest in high-mass groups for SF-concentrated galaxies.

Stellar index

Ungrouped galaxies

Group galaxies

Group galaxies
(Halo mass in

Cluster galaxies

difference (Halo mass<10'>% M) 10125-14 M) (Halo mass >10'* M)
0-1R. 1-2R. 0-1R. 1-2R. 0-1R. 1-2R. 0-1R. 1-2R.
Ager/Gyr (Reg) —0.35£0.320.15 £ 0.25 —0.23 £0.20 —-0.12 £ 0.15 —0.16 £0.22 —0.26 £ 0.13
(Concentrated) —0.89 £0.190.19 £ 0.15 —0.97 £ 0.23 —0.36 £+ 0.12 —0.14 £0.25 1.83 £ 0.38 —0.43 £0.77 0.19 £ 0.21
Agem/Gyr (Reg) 0.14 +0.29 0.76 + 0.50 0.57 £ 0.23 0.79 + 0.45 —0.19 £ 0.33 —0.50 £ 0.49
(Concentrated) —3.70 £ 0.29 —1.48 £+ 0.48 —1.69 £ 0.65 —0.34 + 0.47 —0.53 £0.57 1.34 £ 0.56 —0.06 £ 0.65 0.40 £ 0.61
D,4000(Reg) —0.07 £0.02 —0.03 £ 0.02 —0.01 £ 0.03 0.00 £+ 0.02 —0.03 £ 0.02 —0.03 £ 0.02
(Concentrated) —0.08 £ 0.03 —0.03 £ 0.03 —0.09 £ 0.03 0.00 £ 0.02 0.02 £ 0.04 0.13 £ 0.05 0.00 £ 0.03 0.11 &+ 0.03
Hia(Reg) 0.53 £0.230.10 + 0.23 0.22 +0.30 —0.06 £ 0.36 0.20 +0.26 0.03 + 0.27
(Concentrated) 0.98 + 0.29 —0.46 + 0.18 0.87 £ 0.32 —0.10 + 0.26 —0.83 £0.60 —2.14 £ 0.63 0.25 +0.36 —1.03 + 0.52
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Figure 15. D,4000 as a function of galactocentric radius in four halo mass intervals colour-coded by Hd A. In each panel, we create 6 bins from 0-2 R, and plot
the median D,4000 value of each bin with bootstrapping uncertainties. The lines and error-bars are in the same formats as Fig. 13. SF-concentrated galaxies in
high-mass groups and clusters have higher D,4000 indices than regular galaxies.
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Figure 16. HSa as a function of galactocentric radius in four halo mass intervals colour-coded by D,4000. The top row shows regular galaxies, while the
bottom row shows concentrated galaxies. The lines and error-bars are in the same formats as Fig. 13. SF-concentrated galaxies in high-mass groups and clusters

have lower H§ o indices than regular galaxies.

concentrated galaxies in clusters, they are corresponding to ages
considering uncertainties.

5.3 H§, index radial profile

Along with D,4000, we also show H§, measurements that corre-
spond to more recent star formation. The H§, radial profiles in
Fig. 16 for regular galaxies (panels a-d) all show an increasing
Hé o with increasing radius. This is consistent scenario as the age
radial profiles that shows an ‘inside-out’ quenching process. Regular
galaxies in different halo mass intervals (black solid lines and black
dashed lines) do not have significant differences as the standard
deviations of median values are around 0.25 A. In ungrouped and
low-mass groups (panels e and f), the SF-concentrated galaxies tend
to have higher Hd at small radius than regular galaxies, as might
be expected given they are concentrated and may have recent star
formation. They tend to have slightly smaller Hé4 at large radius
compared to regular galaxies, which may be because these galaxies
are dominated by central star formation enhancements. There is a
larger difference between concentrated and regular galaxies in high-
mass groups and clusters than in low-density environments. For SF-
concentrated galaxies at large radius, Hd, is considerably lower in
high-mass groups.

The medians of 0-1 R. and 1-2 R. in each panel in Fig. 16 are
given in Table 5. The outer H8, index is 2.91 & 0.62 A for SF-
concentrated galaxies in the high-mass groups, 4.01 + 0.33 A for
cluster SF-concentrated galaxies, and 3.89 + 0.14 A for ungrouped
regular galaxies. As Hd, is low at a large radius in high-mass
groups, there is little evidence of a recently quenched population.
The clusters have slightly higher H5, than high-mass groups but less
than regular galaxies, which suggests that those populations have
aged less. The median HS, values are relatively low, suggesting
recent star formation. The index differences between the various

populations and the ungrouped regular galaxies are given in Table 6.
There is a clear difference between clusters and high-mass groups
and the indices suggest relatively old populations in the outer discs
for high-mass groups, meaning they quench the outer regions earlier,
which supports our age measurements.

6 DISCUSSION

We aim to better understand the spatially resolved environmental
star formation quenching processes by leveraging the comprehensive
environmental coverage of the SAMI Galaxy Survey. We combine
spatial star formation analysis with stellar-population properties,
thus combining the ‘instantaneous’ approach to quenching to a
time-integrated analysis. With the final SAMI data release 3, the
concentration index [C-indexX, log(rso. 1a/7s0, cont)] and SFR are used
to test how spatial star formation depends on environment. With
these parameters, we are mainly selecting galaxies that currently
show evidence of quenching. The stellar population radial profiles
are used to understand the relative rapidity of quenching in different
environments.

We find higher halo masses tend to have larger fractions of SF-
concentrated galaxies than low halo masses. In some cases, we
find that SF-concentrated galaxies have older outskirts. Specif-
ically, the age difference for the outer regions between SF-
concentrated galaxies and regular galaxies is larger in high-mass
groups (1.83 £ 0.38 Gyr for Age;, 1.34 = 0.56 Gyr for Agey) than
in clusters (0.19 £ 0.21 Gyr for Age;, 0.40 £ 0.61 Gyr for Agen).
The spatial extent of star formation of low M, galaxies (107795 M)
also appears to be affected by the environments.

Some papers, that did not find that the SF population depends on
the environment, suggested the environmentally triggered transfor-
mations must occur either on a short time-scale or preferentially at
high redshift (e.g. Balogh et al. 2004; Wijesinghe et al. 2012). While
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there are other works that show environmental impact on the SF
population (e.g. von der Linden et al. 2010). There are studies in the
Virgo cluster (e.g. Koopmann & Kenney 2004; Boselli et al. 2016)
that show the SF population changes with increasing environmental
density, likely reflecting the increasing impact of ram pressure. With
integral field data, we can see that although the passive fraction
does change strongly with environment, there is a change in the SF
population as well. The possible physical quenching processes in
different halo mass intervals are discussed in the following sections.

6.1 Quenching in clusters

In the SAMI clusters, we find 29 + 4percent of SF galaxies
have concentrated star formation (defined by C-index < —0.2).
This number is significantly higher than the fraction observed
in the ungrouped sample (9 + 2percent). The different C-index
distributions between clusters and lower halo-mass environments
are confirmed by a K-S test; in particular, there is a tail of galaxies
towards low C-index in clusters that is not visible in ungrouped
environments. These observations match the likely effect of the
well-accepted environmental quenching mechanism in clusters, RPS
(Gunn & Gott 1972). This can expel the gas from the disc resulting
in low or no star formation in the outskirts of galaxies (e.g. Bekki
2013). For SF-concentrated galaxies, quenching happened earlier in
the outskirts than in the centres.

Furthermore, we compare the radial age profiles of SF-
concentrated galaxies in clusters to those of ungrouped regular
galaxies. The underlying assumption is that, before entering a
group/cluster, the progenitors of SF-concentrated galaxies had on
average the same radial age profiles as ungrouped regular galaxies.
The SF-concentrated galaxies show no significant age difference
compared to ungrouped regular galaxies. The inner regions of the
SF-concentrated cluster galaxies are similar to those of ungrouped
regular galaxies in Figs 13 and 14 (age difference is —0.43 +0.77 Gyr
forAger, —0.06 = 0.65 Gyr for Agem). The age difference of the outer
regions between the ungrouped regular galaxies and concentrated
cluster galaxies is 0.19 % 0.21 Gyr for Age;, and 0.40 + 0.61 Gyr
for Agem (1-2 R.), which is not significant. The D,4000 index and
H§, index radial profiles also support our age measurements. In
summary, SF-concentrated galaxies have lower outer star formation
and maybe undergoing ‘outside-in’ quenching. Since the galaxies
with concentrated star formation show no significant age difference,
this implies that quenching in the centre follows quickly after the
outskirts are quenched.

Regular galaxies in clusters do not have centrally concentrated
SF, rather they have older centres with younger outskirts. They do
not show evidence of environmental quenching. The phase-space
diagram (Fig. 12) indicates that regular galaxies are less likely to be
near the centre of the clusters.

To further investigate the role of environment on SF-concentrated
galaxies, in Fig. 17, we consider two related but different environment
measurements: the fifth-nearest-neighbour surface density (labelled
Ys; Secion. 2.4; left-hand panel) and time since galaxies fall into
clusters (labelled Time-infall, right-hand panel). Time-infall has been
estimated from the location of individual galaxies within the clusters’
projected phase-space diagram (Rhee et al. 2020). The time was
obtained from numerical simulations, for which true Time-infall
values are known, and defined as the time since the galaxy first
crossed 1.5 virial radii. They divided the phase-space diagram in 32
bins, then assigned each galaxy the median Time-infall of the bin it
belongs to. Rhee et al. (2020) estimated Time-infall values, which are
based on the full population of galaxies in a cluster (including passive
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Figure 17. The left-hand panel shows C-index versus X5 for cluster galaxies
colour-coded by projected distance from the centre of the cluster. The right-
hand panel shows C-index versus Time-infall (the time since galaxies fall
into clusters) for the same galaxies. The medians are shown in black lines
with uncertainties. We find the C-index decreases with increasing infall time-
scales.

galaxies). We only select SF galaxies that currently show evidence of
quenching, so the true Time-infall will be lower than shown in Fig. 17,
and the trends we see should largely be considered qualitatively. We
estimate a typical uncertainty of 2 Gyr as the 1o range of the Time-
infall distribution within a bin. Uncertainties on assigning time-scale
to galaxies based on their position in the phase-space diagram is
well discussed in Cortese, Catinella & Smith (2021). Therefore, we
do not put much emphasis on the actual value of Time-infall, but
instead assume that the relative difference in Time-infall between
different galaxies is the most meaningful. Intuitively, ¥s is more
related to local environment, whereas Time-infall is more related
to global environment (i.e. interactions between the galaxy and the
cluster). Considering each panel separately, we find a Spearman
rank correlation coefficient of r = —0.29 (P-value = 0.01) for the
anticorrelation between C-index and X5, and r = —0.39 (P-value
= 0.0006) for the anticorrelation between C-index and Time-infall.
Both correlations are statistically significant.

Clearly, Time-infall and X5 are strongly correlated themselves (r =
0.53, P-value = 8.6 x 1077); to disentangle the relative importance of
Time-infall and X5, we use partial correlation coefficients (PCC; see
e.g. Bait, Barway & Wadadekar 2017; Bluck et al. 2020; Baker et al.
2022). The PCC r(x, z|y) measures the correlation coefficient of the
two random variables x and z while controlling for the third variable y.
The results show that after removing the correlation between C-index
and time-since infall, there is no correlation between C-index and X5
[r(C — index, ¥ 5|Time-infall) = —0.03, P = 0.8]. In contrast, after
removing the correlation between C-index and X, there is still some
evidence (20') for an anticorrelation between C-index and Time-infall
[r(C-index, Time-infall|X5) = —0.28, P = 0.02]. This result is all
the more striking if we consider that measurements of Time-infall
are much more uncertain than measurements of Xs.

So the PCCs suggest that C-index decreases with increasing
Time-infall, with no independent correlation with local environment
density. This implies that variations to the C-index with respect
to ordinary, regular galaxies are likely due to the global cluster
environment, not to interactions with nearby galaxies. The large
scatter in the C-index versus Time-infall diagram could be due
to either the large measurement uncertainties on Time-infall, or,
alternatively, to other physical properties other than Time-infall
contributing to determine C-index. For example, regular galaxies
with a long Time-infall could be due to quenching depending on the
detailed orbit within the halo. This scenario is broadly consistent
with a ‘delayed-then-rapid’ model, when these galaxies most recent
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fall into a current host halo: the first 2—4 Gyr after infall being
unaffected, then star formation quenches rapidly with an e-folding
time of < 0.8 Gyr (Wetzel et al. 2013). Wetzel et al. (2013) argued the
unaffected 2—4 Gyr is related to group preprocessing, where galaxies
have not fallen into a dense enough environment like the cluster
centre.

Owers et al. (2019) used a small sample (25) of SF galaxies with
strong Balmer absorption in the SAMI survey to study environmental
quenching. They found that the majority (53 per cent) of cluster Hé
strong galaxies (HDSG) show star formation in the centres, while the
HDS regions in the outskirts, which is consistent with ‘outside-in’
quenching. Along with the projected phase-space diagram, they also
found that cluster HDSGs are consistent with an infalling population
that has entered the central 0.5ry within the last ~1 Gyr, which
shows evidence of recent quenching of star formation. If the SF-
concentrated galaxies in the cluster we discuss are the same as in
Owers et al. (2019), they may also have just passed within 0.5 virial
radii of the cluster within the last ~1 Gyr. The age difference in
the outer region for cluster SF-concentrated galaxies compared to
regular ungrouped galaxies is 0.23 £ 0.33 Gyr for Agey, suggesting
that once quenching started, it happened on a short time-scale.

6.2 Quenching in high-mass groups

There is a slightly lower fraction (19 = 4 per cent) of SF-concentrated
galaxies in high-mass groups compared to clusters but more than in
the ungrouped environment (9 £ 2 percent) and low-mass groups
(8 = 3percent). The K-S test on the C-index distribution shows
the C-index distribution is not the same as the ungrouped and
low-mass group galaxies. The stellar population radial profiles also
show a distinctive signature of a young centre and older outskirts
for galaxies with 10°°~'' Mgy M,. The observations suggest that
star formation quenching happened in the outskirts first for SF-
concentrated galaxies.

Similar to clusters, we assume that before entering a group/cluster,
the average age profile is like the ungrouped galaxies. This as-
sumption means that we are looking at the integrated impact of
environments, including possible pre-processing prior to entering the
current group. We look into the integrated environmental quenching
processes because with the SAMI data, it is impossible to rule out
whether galaxies have been affected by previous haloes. However,
compared with ungrouped galaxies, regular high-mass group galaxies
have the same age radial profile, therefore, there is little evidence of
pre-processing in high-mass groups. This is consistent with other
research that shows pre-processing is mild prior to entering groups
(e.g. Vijayaraghavan & Ricker 2013; Hou, Parker & Harris 2014).
Therefore, we do not further discuss the effect of pre-processing
here.

The age difference of the outer region between the ungrouped
regular galaxies and high-mass group SF-concentrated galaxies is
1.83 £ 0.38 Gyr for Ager, 1.34 + 0.56 Gyr for Agey. The great
difference suggests that not only has quenching happened first in
the outskirts of these galaxies, but that there is also a significant
delay between the quenching of the outer disc in groups and the
total quenching of a galaxy (including the central regions). We do
find the D,4000 difference at large radius between high-mass groups
and ungrouped regular galaxies, which is consistent with Spindler
et al. (2018), who used D,4000 as SFR proxies in MaNGA group
that showed evidence for an ‘outside-in’ environment quenching.
We also observe that the regular SF galaxies in groups, without
concentrated SF, have the same age profile as ungrouped regular
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galaxies (Fig. 13). Therefore, there are a large fraction of galaxies
that are not yet impacted significantly by this environment.

One possible mechanism is that galaxies are partially stripped of
gas by ram-pressure in high-mass groups, suppressing star formation
in the outer disc (e.g. Schaefer et al. 2019; Vaughan et al. 2020),
while central star formation remains. Partial RPS is also studied
by hydrodynamical simulation models, for example, Steinhauser,
Schindler & Springel (2016) found that complete gas stripping in
discs only happens in extreme cases and partial RPS can lead a
star formation enhancement in the galaxy centre. Later, Stevens
& Brown (2017) found that stripping of hot gas from around the
satellites depends on orbit and environments. When comparing the
Agey, which is weighted towards the most recent star formation,
the age difference of high-mass group SF-concentrated galaxies
(1.83 £ 0.38 Gyr) is larger than that of clusters (0.19 &+ 0.21 Gyr)
suggesting that clusters are more efficient at removing cold gas
from infalling galaxies. This is consistent with Foltz et al. (2018),
who found quenching time-scales to be faster in clusters relative to
groups, suggesting that properties of the host halo are responsible
for quenching high-mass galaxies. For galaxies in 10737° Mg M,
bin, we also find there are a greater fraction of SF-concentrated
galaxies in high-mass groups (24 =+ 7 per cent) compared to low-
mass groups (9 & 2 per cent) and ungrouped regions (7 = 2 per cent).
Environmental effects on low M, galaxies are also supported by
simulation results (e.g. Cora et al. 2019).

An alternative mechanism is that galaxy—galaxy interactions in
groups, such as tidal interactions and close-pair interactions (e.g.
Hernquist 1989; For et al. 2021), could cause enhancement of central
star formation. The age difference in the inner region between high-
mass group SF-concentrated galaxies and ungrouped regular galaxy
is —0.14 4+ 0.25 for Ager and —0.53 £ 0.57 for Agey. There is
no significant difference in ages, suggesting no significant recent
central star formation burst in high-mass groups for SF-concentrated
galaxies. Thus, the fraction (19 % 4 percent) of SF-concentrated
galaxies in high-mass groups are more likely caused by quenching
in the outer disc.

6.3 Ungrouped and low-mass group environment

Ungrouped and low-mass groups overlap in halo mass ranges (<
10'>5 Mg). They both have low local densities X5 around 1 Mpc~2.
The C-index distributions for ungrouped and low-mass groups have
a majority of galaxies with C-index around O with a small tail
to low C-indices. The K-S test on C-index between ungrouped
and low-mass groups is not significantly different with p-value
= 0.397. The stellar population radial profiles show that regular
galaxies have an older centre with younger outskirts, while the
SF-concentrated galaxies have a relatively younger centre. Regular
galaxies are consistent with an ‘inside-out’ mass buildup with stars
in the centre forming early. For SF-concentrated galaxies, they
have ongoing central SF. Note that this is caused by our sample
selection with low C-indices. There is little age difference in the outer
region for concentrated and regular galaxies (—0.36 & 0.12 Gyr for
Ager, —0.34 £ 0.47 Gyr for Agey), which shows no star formation
quenching in their outskirts, which might be expected given their very
low density environments. Therefore, the SF-concentrated galaxies
in this case are not generally caused by quenching in the outer disc.
The ungrouped regular galaxies are used as the references compared
to higher halo mass environments as there is little evidence for
environmental quenching in these galaxies. For low-mass group SF-
concentrated galaxies, the age difference compared to ungrouped
regular galaxies in the inner region is —0.97 £ 0.23 Gyr for Agey,,
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—1.69 £ 0.65 Gyr for Agey. The age difference in the inner region
between ungrouped SF-concentrated galaxies and ungrouped regular
galaxies is —0.89 £ 0.19 Gyr for Ager, —3.70 £ 0.29 Gyr for
Ageyn. The younger ages for SF-concentrated galaxies compared
to regular galaxies show there is recent star formation in the centres
in ungrouped regions and low-mass groups. The low C-index is then
likely to be driven by an enhancement of central star formation in
low-mass groups where the close-pair interactions may happen (e.g.
Larson & Tinsley 1978; Ellison et al. 2008; Moreno et al. 2015).

7 CONCLUSIONS

It is important to study the star formation quenching mechanisms
acting in different environments to understand galaxy evolution. IFS
surveys have provided a crucial tool to study spatially resolved star
formation. With the SAMI Galaxy Survey DR3, we present star
formation concentration index [C-index, 1og(rso, 1 o/s0, cont)] and star
formation quenching time-scale proxies in four different environ-
ments. The four halo mass intervals are ungrouped (not classified in
a group galaxy in the GAMA catalogue), low-mass groups (Mg
< 10" Mg,), high-mass groups (M within 10'>3~4 M), and
clusters (Mg > 10'*My). Ager and Agey, which are calculated
from stellar population spectral fits, are used to estimate the quench-
ing time-scales as well as D,4000 and Hé indices. Our sample is
separated into two types of galaxy by C-index cut: regular galaxies
with C-index >—0.2 and SF-concentrated galaxies with C-index
<—0.2. Our conclusions can be summarized as follows:

(i) For galaxies with M, between 10°°7''S My, there is a
larger fraction of SF-concentrated galaxies in high-mass groups
(19 % 4 percent) and clusters (29 + 4 percent) compared to un-
grouped (9 + 2percent) and low-mass groups (8 =+ 3 percent).
The K-S test results confirm the differences between C-index
distributions are significant in different halo masses. We also compare
the fifth-nearest-neighbour surface density (Xs), and find C-index
shows a significant difference only when ¥5 > 10Mpc~2. SF-
concentrated galaxies with non-SF outskirts in high-mass groups
and clusters are consistent with ‘outside-in” quenching.

(i) For galaxies with M, between 10723 Mg, the fraction of
SF-concentrated galaxies is 7 & 2 per cent for ungrouped regions,
9 £ 2percent for low-mass groups and 24 + 7 percent for high-
mass groups (the SAMI cluster sample does not have low M,
galaxies). The K-S test results confirm that the C-index distributions
are significantly different between high-mass groups and ungrouped
galaxies. Environments affect star formation quenching for SF-
concentrated galaxies in 1073 Mg, mass bin as well.

(iii) Regular galaxy stellar population age profiles in all environ-
ments show that these galaxies have old centres with young outskirts,
which is consistent with ‘inside-out’ galaxy formation (e.g. Pérez
et al. 2013; Gonzalez Delgado et al. 2015).

(iv) We assume that prior to entering a group/cluster, the average
age profile is like the ungrouped galaxies. SF-concentrated galaxies
in high-mass groups show older outskirts compared to ungrouped
regular galaxies. The age difference in the outer 1-2R. regions
between SF-concentrated galaxies in high-mass groups and regular
ungrouped galaxies (1.83 £ 0.38 Gyr for Ager, and 1.34 £ 0.56 Gyr
for Agey) suggests that star formation quenching happened in the
outskirts first for SF-concentrated galaxies, and there is a significant
delay between the quenching of the outer disc in groups and the total
quenching of a galaxy (including the central regions). These galaxies
may be influenced by partial RPS.
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(v) In the outer regions, SF-concentrated cluster galaxies and
regular ungrouped galaxies have no significant age difference
(0.19 £ 0.21 Gyr for Age;, and 0.40 % 0.61 Gyr for Ageyr). This
implies quenching in the centre is followed quickly after the outskirts
are quenched. Combining results of high-mass groups, these findings
suggest a higher efficiency of RPS in clusters.

(vi) SF-concentrated galaxies in ungrouped and low-mass groups
show a similar age in the outskirts compared to regular ungrouped
galaxies. This implies no early quenching in the outskirts. The ages
in the inner regions for SF-concentrated galaxies in low-mass groups
and ungrouped regions are smaller than the age of ungrouped regular
galaxies. There is recent star formation in SF-concentrated galaxies
in ungrouped regions and low-mass groups, which could be driven
by close-pair interactions.

SF-concentrated galaxies in high-mass groups and clusters both
show environmental driven ‘outside-in’ quenching. Compared to
ungrouped regular galaxies, the age difference in the outer regions
of SF-concentrated galaxies is larger in high-mass groups than in
clusters, which is consistent with cluster star formation quenching
being more rapid than star formation quenching in high-mass groups
with more efficient RPS.

ACKNOWLEDGEMENTS

The SAMI Galaxy Survey is based on observations made at the
Anglo-Australian Telescope. SAMI was developed jointly by the
University of Sydney and the Australian Astronomical Observatory
(AAO). The SAMI input catalogue is based on data taken from
the Sloan Digital Sky Survey, the GAMA Survey, and the VST
ATLAS Survey. The SAMI Galaxy Survey is supported by the
Australian Research Council (ARC) Centre of Excellence ASTRO
3D (CE170100013) and CAASTRO (CE110001020), and other
participating institutions. The SAMI Galaxy Survey website is
http://sami-survey.org/.

JJB acknowledges the support of an Australian Research Council
Future Fellowship (FT180100231). FDE acknowledges funding
through the ERC Advanced grant 695671 ‘QUENCH’ and support
by the Science and Technology Facilities Council (STFC). JBH is
supported by an ARC Laureate Fellowship FL140100278. The SAMI
instrument was funded by Bland-Hawthorn’s former Federation Fel-
lowship FF0776384, an ARC LIEF grant LE130100198 (PI Bland-
Hawthorn) and funding from the Anglo-Australian Observatory.
SB acknowledges funding support from the Australian Research
Council through a Future Fellowship (FT140101166) ORCID -
0000-0002-9796-1363. M.S.O. acknowledges the funding support
from the Australian Research Council through a Future Fellowship
(FT140100255). AMM acknowledges support from the National
Science Foundation under Grant No. 2009416. JvdS acknowledges
support of an Australian Research Council Discovery Early Career
Research Award (project number DE200100461) funded by the
Australian Government.

GAMA is a joint European-Australasian project based around a
spectroscopic campaign using the Anglo-Australian Telescope. The
GAMA input catalogue is based on data taken from the SDSS and
the UKIRT Infrared Deep Sky Survey. Complementary imaging of
the GAMA regions is being obtained by a number of independent
survey programmes including GALEX MIS, VST KiDS, VISTA
VIKING, WISE, Herschel-ATLAS, GMRT ASKAP providing UV
to radio coverage. GAMA is funded by the STFC (UK), the ARC
(Australia), the AAO, and the participating institutions. The GAMA
website is http://www.gama-survey.org/.

920z Areniga 0z uo Jasn DNNY Aleiqr Aeyo 1991100-eQ Aq 2858.99/L LFE/€/91G/a101HE/SIU/WOD dNO"DIWSPESE//:SAY WOI) PIPEOjUMOQ


http://sami-survey.org/
http://www.gama-survey.org/

DATA AVAILABILITY

All observational data presented in this paper are available from
Astronomical Optics’ Data Central service at https://datacentral.org.
au/ as part of the SAMI Galaxy Survey Data Release 3.

REFERENCES

AAO Software Team, 2015, Astrophysics Source Code Library, record
ascl:1505.015

Abazajian K. N. et al., 2009, ApJS, 182, 543

Aird J. et al., 2012, AplJ, 746, 90

Allen J. T. et al., 2014, MNRAS, 446, 1567

Allen J. T. et al., 2015, MNRAS, 446, 1567

Arthur J. et al., 2019, MNRAS, 484, 3968

Avila-Reese V., Gonzdlez-Samaniego A., Colin P., Ibarra-Medel H.,
Rodriguez-Puebla A., 2018, AplJ, 854, 152

Ayromlou M., Nelson D., Yates R. M., Kauffmann G., White S. D. M., 2019,
MNRAS, 487, 4313

Ayromlou M., Nelson D., Yates R. M., Kauffmann G., Renneby M., White S.
D. M., 2021, MNRAS, 502, 1051

Bait O., Barway S., Wadadekar Y., 2017, MNRAS, 471, 2687

Baker W. M., Maiolino R., Bluck A. F. L., Lin L., Ellison S. L., Belfiore F,,
Pan H.-A., Thorp M., 2022, MNRAS, 510, 3622

Baldwin J. A., Phillips M. M., Terlevich R., 1981, PASP, 93, 5

Balogh M. L., Morris S. L., Yee H. K. C., Carlberg R. G., Ellingson E., 1999,
ApJ, 527, 54

Balogh M. L., Navarro J. F., Morris S. L., 2000, ApJ, 540, 113

Balogh M. L., Baldry I. K., Nichol R., Miller C., Bower R., Glazebrook K.,
2004, Apl, 615,L101

Barsanti S. et al., 2018, ApJ, 857,71

Bekki K., 2013, MNRAS, 438, 444

Belfiore F. et al., 2016, MNRAS, 461, 3111

Bland-Hawthorn J. et al., 2011, Optics Express, 19, 2649

Bluck A. F. L. et al., 2020, MNRAS, 499, 230

Bluck A. E. L., Maiolino R., Sanchez S. F.,, Ellison S. L., Thorp M. D.,
Piotrowska J. M., Teimoorinia H., Bundy K. A., 2020, MNRAS, 492,
96

Boselli A. et al., 2016, A&A, 596, A1l

Brough S. et al., 2013, MNRAS, 435, 2903

Brough S. et al., 2017, ApJ, 844, 59

Bryant J. J., O’Byrne J. W., Bland-Hawthorn J., Leon-Saval S. G., 2011,
MNRAS, 415, 2173

Bryant J. J., Bland-Hawthorn J., Fogarty L. M. R., Lawrence J. S., Croom S.
M., 2014, MNRAS, 438, 869

Bryant J. J. et al., 2015, MNRAS, 447, 2857

Bryant J. J. et al., 2015, MNRAS, 447, 2857

Cappellari M., 2002, MNRAS, 333, 400

Cappellari M., 2016, MNRAS, 466, 798

Cappellari M. et al., 2007, MNRAS, 379, 418

Cardelli J. A., Clayton G. C., Mathis J. S., 1989, ApJ, 345, 245

Chabrier G., 2003, PASP, 115, 763

Chung E. J., Yun M. S., Verheijen M. A. W., Chung A., 2017, ApJ, 843, 50

Coenda V., Rios M. d. 1., Muriel H., Cora S. A., Martinez H. J., Ruiz A. N.,
Vega-Martinez C. A., 2021, MNRAS, 510, 1934

Colless M. et al., 2001, MNRAS, 328, 1039

Cora S. A., Hough T., Vega-Martinez C. A., Orsi A. A., 2019, MNRAS, 483,
1686

Cortese L., Catinella B., Smith R., 2021, PASA, 38, e035

Croom S. M. et al., 2012, MNRAS, 421, 872

Croom S. M. et al., 2021, MNRAS, 505, 991

Davies R. L., Kewley L. J., Ho L.-T., Dopita M. A., 2014, MNRAS, 444, 3961

Davies R. L. et al., 2016, MNRAS, 462, 1616

Davies L. J. M. et al., 2019, MNRAS, 483, 5444

Di Cintio A., Mostoghiu R., Knebe A., Navarro J. F,, 2021, MNRAS, 506,
531

Dressler A., 1980, ApJ, 236, 351

Spatially resolved environmental quenching

3429

Driver S. P. et al., 2011, MNRAS, 413,971

Dzudzar R., Kilborn V., Sweet S. M., Meurer G., Jarrett T. H., Kleiner D.,
2021, MNRAS, 500, 3689

Ellingson E., Lin H., Yee H. K. C., Carlberg R. G., 2001, AplJ, 547, 609

Ellison S. L., Patton D. R., Simard L., McConnachie A. W., 2008, AJ, 135,
1877

Ellison S. L., Sanchez S. F., Ibarra-Medel H., Antonio B., Mendel J. T.,
Barrera-Ballesteros J., 2018, MNRAS, 474, 2039

Finn R. A. et al., 2005, ApJ, 630, 206

Foltz R. et al., 2018, ApJ, 866, 136

For B. Q. et al., 2021, MNRAS, 507, 2300

Frankel N., Sanders J., Rix H.-W., Ting Y.-S., Ness M., 2019, ApJ, 884, 99

Goddard D. et al., 2017, MNRAS, 466, 4731

Gogarten S. M. et al., 2010, ApJ, 712, 858

Gonzdlez Delgado R. M. et al., 2015, A&A, 581, A103

Green A. W. et al., 2018, MNRAS, 475,716

Groves B., Brinchmann J., Walcher C. J., 2011, MNRAS, 419, 1402

Gunawardhana M. L. P. et al., 2013, MNRAS, 433, 2764

Gunn J. E., Gott I., Richard J., 1972, ApJ, 176, 1

Haines T., McIntosh D. H., Sanchez S. F., Tremonti C., Rudnick G., 2015,
MNRAS, 451, 433

Hampton E. J. et al., 2017, MNRAS, 470, 3395

Hernandez-Fernandez J. D., Haines C. P., Diaferio A., Iglesias-Paramo
J., Mendes de Oliveira C., Vilchez J. M., 2014, MNRAS, 438,
2186

Hernquist L., 1989, Nature, 340, 687

Ho L-T. et al., 2016, Astrophysics and Space Science, 361, 280

Hou A., Parker L. C., Harris W. E., 2014, MNRAS, 442, 406

Jaffé Y. L., Smith R., Candlish G. N., Poggianti B. M., Sheen Y.-K., Verheijen
M. A. W., 2015, MNRAS, 448, 1715

Kauffmann G. et al., 2003, MNRAS, 341, 33

Kennicutt R. C., Jr, 1998, ApJ, 498, 541

Kewley L. J., Dopita M. A., Sutherland R. S., Heisler C. A., Trevena J., 2001,
Apl, 556, 121

Kewley L. J., Groves B., Kauffmann G., Heckman T., 2006, MNRAS, 372,
961

Koopmann R. A., Kenney J. D. P, 2004, ApJ, 613, 851

Koopmann R. A., Kenney J. D. P, 2004, ApJ, 613, 866

Koopmann R. A., Haynes M. P., Catinella B., 2006, AJ, 131, 716

Larson R. B., Tinsley B. M., 1978, ApJ, 219, 46

Lewis L. et al., 2002, MNRAS, 334, 673

Li C., Kauffmann G., Heckman T. M., Jing Y. P., White S. D. M., 2008,
MNRAS, 385, 1903

Loveday J. et al., 2015, MNRAS, 451, 1540

McDermid R. M. et al., 2015, MNRAS, 448, 3484

Medling A. M. et al., 2018, MNRAS, 475, 5194

Mihos J. C., 2004, in Mulchaey J. S., Dressler A., Oemler A., eds, Clusters
of Galaxies: Probes of Cosmological Structure and Galaxy Evolution.
Cambridge University Press, Cambridge, England, p. 277

Moreno J., Torrey P, Ellison S. L., Patton D. R., Bluck A. F. L., Bansal G.,
Hernquist L., 2015, MNRAS, 448, 1107

Oh S. et al., 2018, ApJS, 237, 14

Owers M. S. et al., 2017, MNRAS, 468, 1824

Owers M. S. et al., 2019, ApJ, 873, 52

Patton D. R., Torrey P., Ellison S. L., Mendel J. T., Scudder J. M., 2013,
MNRAS: Letters, 433, L59

Peng Y. et al., 2010, ApJ, 721, 193

Peng Y., Lilly S. J., Renzini A., Carollo M., 2012, ApJ, 757, 4

Pérez E. et al., 2013, ApJ, 764, L1

Rhee J., Smith R., Choi H., Contini E., Jung S. L., Han S., Yi S. K., 2020,
ApJS, 247, 45

Robotham A. S. G. et al., 2011, MNRAS, 416, 2640

Sacchi E. et al., 2019, ApJ, 878, 1

Schaefer A. L. et al., 2017, MNRAS, 464, 121

Schaefer A. L. et al., 2019, MNRAS, 483, 2851

Scott N. et al., 2018, MNRAS, 481, 2299

Scudder J. M., Ellison S. L., Torrey P., Patton D. R., Mendel J. T., 2012,
MNRAS, 426, 549

MNRAS 516, 3411-3430 (2022)

920z Areniga 0z uo Jasn DNNY Aleiqr Aeyo 1991100-eQ Aq 2858.99/L LFE/€/91G/a101HE/SIU/WOD dNO"DIWSPESE//:SAY WOI) PIPEOjUMOQ


https://datacentral.org.au/
http://dx.doi.org/10.1088/0067-0049/182/2/543
http://dx.doi.org/10.1088/0004-637X/746/1/90
http://dx.doi.org/10.1093/mnras/stu1855
http://dx.doi.org/10.1093/mnras/stu2057
http://dx.doi.org/10.1093/mnras/stz212
http://dx.doi.org/10.3847/1538-4357/aaab69
http://dx.doi.org/10.1093/mnras/stz1549
http://dx.doi.org/10.1093/mnras/staa4011
http://dx.doi.org/10.1093/mnras/stx1688
http://dx.doi.org/10.1093/mnras/stab3672
http://dx.doi.org/10.1086/130766
http://dx.doi.org/10.1086/308056
http://dx.doi.org/10.1086/309323
http://dx.doi.org/10.1086/426079
http://dx.doi.org/10.3847/1538-4357/aab61a
http://dx.doi.org/10.1093/mnras/stt2216
http://dx.doi.org/10.1093/mnras/stw1234
http://dx.doi.org/10.1364/OE.19.002649
http://dx.doi.org/10.1093/mnras/staa2806
http://dx.doi.org/10.1093/mnras/stz3264
http://dx.doi.org/10.1051/0004-6361/201629221
http://dx.doi.org/10.1093/mnras/stt1489
http://dx.doi.org/10.3847/1538-4357/aa7a11
http://dx.doi.org/10.1093/mnras/stt2254
http://dx.doi.org/10.1093/mnras/stu2635
http://dx.doi.org/10.1093/mnras/stu2635
http://dx.doi.org/10.1046/j.1365-8711.2002.05412.x
http://dx.doi.org/10.1093/mnras/stw3020
http://dx.doi.org/10.1111/j.1365-2966.2007.11963.x
http://dx.doi.org/10.1086/167900
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.3847/1538-4357/aa756b
http://dx.doi.org/10.1093/mnras/stab3551
http://dx.doi.org/10.1046/j.1365-8711.2001.04902.x
http://dx.doi.org/10.1093/mnras/sty3214
http://dx.doi.org/10.1017/pasa.2021.18
http://dx.doi.org/10.1111/j.1365-2966.2011.20365.x
http://dx.doi.org/10.1093/mnras/stab229
http://dx.doi.org/10.1093/mnras/stu1740
http://dx.doi.org/10.1093/mnras/stw1754
http://dx.doi.org/10.1093/mnras/sty3393
http://dx.doi.org/10.1086/157753
http://dx.doi.org/10.1111/j.1365-2966.2010.18188.x
http://dx.doi.org/10.1093/mnras/staa3439
http://dx.doi.org/10.1086/318423
http://dx.doi.org/10.1088/0004-6256/135/5/1877
http://dx.doi.org/10.1093/mnras/stx2882
http://dx.doi.org/10.1086/431642
http://dx.doi.org/10.3847/1538-4357/aad80d
http://dx.doi.org/10.1093/mnras/stab2257
http://dx.doi.org/10.3847/1538-4357/ab4254
http://dx.doi.org/10.1093/mnras/stw3371
http://dx.doi.org/10.1088/0004-637X/712/2/858
http://dx.doi.org/10.1051/0004-6361/201525938
http://dx.doi.org/10.1093/mnras/stx3135
http://dx.doi.org/10.1111/j.1365-2966.2011.19796.x
http://dx.doi.org/10.1093/mnras/stt890
http://dx.doi.org/10.1086/151605
http://dx.doi.org/10.1093/mnras/stv989
http://dx.doi.org/10.1093/mnras/stx1413
http://dx.doi.org/10.1093/mnras/stt2354
http://dx.doi.org/10.1038/340687a0
http://dx.doi.org/10.1007/s10509-016-2865-2
http://dx.doi.org/10.1093/mnras/stu829
http://dx.doi.org/10.1093/mnras/stv100
http://dx.doi.org/10.1046/j.1365-8711.2003.06291.x
http://dx.doi.org/10.1086/305588
http://dx.doi.org/10.1086/321545
http://dx.doi.org/10.1111/j.1365-2966.2006.10859.x
http://dx.doi.org/10.1086/423190
http://dx.doi.org/10.1086/423191
http://dx.doi.org/10.1086/498713
http://dx.doi.org/10.1086/155753
http://dx.doi.org/10.1046/j.1365-8711.2002.05558.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13000.x
http://dx.doi.org/10.1093/mnras/stv1013
http://dx.doi.org/10.1093/mnras/stv105
http://dx.doi.org/10.1093/mnras/sty127
http://dx.doi.org/10.1093/mnras/stv094
http://dx.doi.org/10.3847/1538-4365/aacd47
http://dx.doi.org/10.1093/mnras/stx562
http://dx.doi.org/10.3847/1538-4357/ab0201
http://dx.doi.org/10.1088/0004-637X/721/1/193
http://dx.doi.org/10.1088/0004-637X/757/1/4
http://dx.doi.org/10.3847/1538-4365/ab7377
http://dx.doi.org/10.1111/j.1365-2966.2011.19217.x
http://dx.doi.org/10.3847/1538-4357/ab1de1
http://dx.doi.org/10.1093/mnras/stw2289
http://dx.doi.org/10.1093/mnras/sty3258
http://dx.doi.org/10.1093/mnras/sty2355
http://dx.doi.org/10.1111/j.1365-2966.2012.21749.x

3430 D. Wang et al.

Sharp R. et al., 2006, in McLean I. S., Iye M., eds, SPIE Conf. Ser. Vol. 6269,
Ground-based and Airborne Instrumentation for Astronomy. SPIE Press,
Bellingham, Washington, United States, p. 62690G

Sharp R. et al., 2015, MNRAS, 446, 1551

Somerville R. S. et al., 2008, ApJ, 672, 776

Spindler A. et al., 2018, MNRAS, 476, 580

Steinhauser D., Schindler S., Springel V., 2016, A&A, 591, AS51

Stevens A. R. H., Brown T., 2017, MNRAS, 471, 447

van de Sande J. et al., 2017, ApJ, 835, 104

Vaughan S. P. et al., 2020, MNRAS, 496, 3841

Vazdekis A., Sdnchez-Blazquez P., Falcon-Barroso J., Cenarro A. J., Beasley
M. A., Cardiel N., Gorgas J., Peletier R. F,, 2010, MNRAS, 404, 1639

Vazdekis A. et al., 2015, MNRAS, 449, 1177

Vazquez-Mata J. A. et al., 2020, MNRAS, 499, 631

MNRAS 516, 3411-3430 (2022)

Vijayaraghavan R., Ricker P. M., 2013, MNRAS, 435, 2713

von der Linden A., Wild V., Kauffmann G., White S. D. M., Weinmann S.,
2010, MNRAS, 404, 1231

Wetzel A. R., Tinker J. L., Conroy C., van den Bosch F. C., 2013, MNRAS,
432,336

Wijesinghe D. B. et al., 2012, MNRAS, 423, 3679

Woods D. F., Geller M. J., Kurtz M. J., Westra E., Fabricant D. G.,
Dell’ Antonio 1., 2010, AJ, 139, 1857

Worthey G., Faber S. M., Gonzalez J. J., Burstein D., 1994, ApJS, 94, 687

York D. G. et al., 2000, AJ, 120, 1579

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

920z Areniga 0z uo Jasn DNNY Aleiqr Aeyo 1991100-eQ Aq 2858.99/L LFE/€/91G/a101HE/SIU/WOD dNO"DIWSPESE//:SAY WOI) PIPEOjUMOQ


http://dx.doi.org/10.1093/mnras/stu2055
http://dx.doi.org/10.1086/523661
http://dx.doi.org/10.1093/mnras/sty247
http://dx.doi.org/10.1051/0004-6361/201527705
http://dx.doi.org/10.1093/mnras/stx1596
http://dx.doi.org/10.3847/1538-4357/835/1/104
http://dx.doi.org/10.1093/mnras/staa1837
http://dx.doi.org/10.1111/j.1365-2966.2010.16407.x
http://dx.doi.org/10.1093/mnras/stv151
http://dx.doi.org/10.1093/mnras/staa2889
http://dx.doi.org/10.1093/mnras/stt1485
http://dx.doi.org/10.1111/j.1365-2966.2010.16375.x
http://dx.doi.org/10.1093/mnras/stt469
http://dx.doi.org/10.1111/j.1365-2966.2012.21164.x
http://dx.doi.org/10.1088/0004-6256/139/5/1857
http://dx.doi.org/10.1086/192087
http://dx.doi.org/10.1086/301513

	1 INTRODUCTION
	2 DATA AND SAMPLE SELECTION
	3 STAR FORMATION PROPERTIES AND STELLAR POPULATION MEASUREMENTS
	4 RESULTS: THE SPATIAL DISTRIBUTION OF STAR FORMATION
	5 RESULTS: RADIAL AGE GRADIENTS
	6 DISCUSSION
	7 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

