
MNRAS 516, 3411–3430 (2022) https://doi.org/10.1093/mnras/stac2428 
Advance Access publication 2022 August 29 

The SAMI Galaxy Sur v ey: Using concentrated star formation and stellar 

population ages to understand environmental quenching 

Di Wang( ��) , 1 , 2 ‹ Scott M. Croom , 1 , 2 Julia J. Bryant, 1 , 2 , 3 Sam P. Vaughan , 1 , 2 Adam L. Schaefer, 4 

Francesco D’Eugenio, 5 Stefania Barsanti , 2 , 6 Sarah Brough , 2 , 7 Claudia del P. Lagos, 2 , 8 Anne 

M. Medling, 2 , 9 Sree Oh , 2 , 6 Jesse van de Sande, 1 , 2 Giulia Santucci, 2 , 7 Joss Bland-Hawthorn, 1 , 2 

Michael Goodwin, 10 Brent Gro v es , 2 , 8 Jon La wrence, 10 Matt S. Owers 2 , 11 , 12 and Samuel Richards 1 
1 Sydney Institute for Astronomy (SIfA), School of Physics, The University of Sydney, NSW, 2006, Sydney, Australia 
2 ARC Centre of Excellence for All Sky Astrophysics in 3 Dimensions (ASTRO 3D) 
3 Australian Astronomical Optics, Astralis-USydney, School of Physics, University of Sydney, Camperdown, NSW 2006, Australia 
4 Max-Planck-Institut f ̈ur Astrophysik, Karl-Sc hwarzsc hild-Str. 1, D-85748 Garching, Germany 
5 Sterrenkundig Observatorium, Universiteit Gent, Krijgslaan 281 S9, B-9000 Gent, Belgium 

6 Researc h Sc hool of Astr onomy and Astr ophysics, Austr alian National University, Canberr a, ACT 2611, Austr alia 
7 School of Physics, University of New South Wales, Kensington, NSW 2052, Australia 
8 ICRAR, The University of Western Australia, Crawley, WA 6009, Australia 
9 Ritter Astrophysical Research Center University of Toledo, Toledo, OH 43606, USA 

10 Australian Astronomical Optics - Macquarie, Macquarie University, North Ryde, NSW 2109, Australia 
11 Department of Physics and Astronomy, Macquarie University, NSW 2109, Australia 
12 Astr onomy, Astr ophysics and Astr ophotonics Resear ch Centr e , Macquarie Univer sity, Sydney, NSW 2109, Australia 

Accepted 2022 August 25. Received 2022 August 25; in original form 2022 May 12 

A B S T R A C T 

We study environmental quenching using the spatial distribution of current star formation and stellar population ages with the 
full SAMI Galaxy Surv e y. By using a star formation concentration index [ C -index, defined as log 10 ( r 50, H α/ r 50, cont )], we 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 co v er ungrouped galaxies, low-mass groups ( M 200 ≤ 10 

12.5 M �), high-mass groups ( M 200 in the range 10 

12.5–14 M �) 
and clusters ( M 200 > 10 

14 M �). We find the fraction of SF-concentrated galaxies increases as halo mass increases by 9 ± 2 per 
cent, 8 ± 3 per cent, 19 ± 4 per cent, 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 L ) and mass-weighted age ( Age M 

) using 

full spectral fitting, as well as the D n 4000 and H δA 

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 e ), 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 L and 1.34 ± 0.56 Gyr 
for Age M 

. This suggests that while ‘outside-in’ quenching can be ef fecti ve in groups, the process will not quickly quench the 
entire galaxy. In contrast, the ages at 1–2 R e of cluster SF-concentrated galaxies and ungrouped regular galaxies are consistent 
(difference of 0.19 ± 0.21 Gyr for Age L , 0.40 ± 0.61 Gyr for Age M 

), suggesting the quenching process must be rapid. 

Key words: galaxies: clusters: general – galaxies: evolution – galaxies: star formation. 
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 I N T RO D U C T I O N  

an y studies hav e shown that both galaxy stellar mass and the
ocal environmental density in which a galaxy resides affect its 
rowth, star formation quenching, and morphology (e.g. Peng et al. 
010 , 2012 ). Environment influences gas accretion, gas removal, 
nd galaxy interactions, which then affect galaxy morphology (e.g. 
ressler 1980 ), current star formation (e.g. Lewis et al. 2002 ), and
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tar formation history (SFH; e.g. Aird et al. 2012 ). In particular,
e see that star formation is significantly suppressed in higher 

nvironmental densities (groups and clusters; e.g. Davies et al. 2019 )
ompared to galaxies in ungrouped regions. Ho we ver, the detailed
hysical mechanisms responsible for the environmental suppression 
f star formation remain unclear. 
Ram-pressure stripping (RPS) is a quenching process in which the 

nterstellar medium (ISM) of a galaxy has a kinetic interaction with
he intra-cluster medium (ICM) and forces the gas out of the galaxy
e.g. Gunn & Gott 1972 ). Studies of the impact of the environment
n star formation often focus on galaxy clusters where RPS is more
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learly seen. For example, some Virgo cluster studies (e.g. Koopmann
 Kenney 2004 ; Koopmann, Haynes & Catinella 2006 ) have shown

hat the reduction of total star formation in galaxies is caused by gas
n discs stripped by the ICM. More recently, Chung et al. ( 2017 )
howed Virgo cluster star-forming (SF) galaxies being depleted of
old gas by RPS. Additionally, large-scale single-fibre spectroscopic
alaxy surv e ys (e.g. the Sloan Digital Sk y Surv e y; SDSS; York et al.
000 ; Abazajian et al. 2009 ) point to environmental quenching being
riven by processes that primarily act on satellite galaxies in haloes
e.g. Balogh, Navarro & Morris 2000 ; Ellingson et al. 2001 ; Peng
t al. 2012 ; Wetzel et al. 2013 ). 

While the influence of the environment has been demonstrated in
alaxy clusters, environmentally driven star formation quenching
lso occurs in less dense groups and pairs (e.g. Barsanti et al.
018 ; Davies et al. 2019 ; D ̌zud ̌zar et al. 2021 ). For example, Lewis
t al. ( 2002 ) with the 2dF Galaxy Redshift Surv e y showed that
nvironmental influences on galaxy properties are not restricted to
luster cores, but are ef fecti ve in all groups where the projected
ensities exceed ∼1 galaxy Mpc −2 . Barsanti et al. ( 2018 ) observed
hat SF galaxies in groups have a smaller specific star formation rate
sSFR) than ungrouped galaxies. V ́azquez-Mata et al. ( 2020 ) found
hat star formation quenching is a significant and ongoing process as
alaxies fall into galaxy groups. Oh et al. ( 2018 ) found that early-
ype galaxies, which form the majority population in galaxy clusters,
ave started or even finished star formation quenching before they
all into clusters, implying there is preprocessing star formation
uenching happened in less dense environments before galaxies fall
nto clusters. For pairs, star formation can be enhanced through close
nteractions (e.g. Li et al. 2008 ; Woods et al. 2010 ; Patton et al. 2013 ;
avies et al. 2016 ). Scudder et al. ( 2012 ) used SDSS pairs of galaxies

o find that star formation is enhanced in major merger systems,
inting that the pair mass ratio is significant in the modification of
FH through galaxy interactions. 
Optical integral field spectroscopy (IFS) is a crucial tool in

nderstanding spatially resolved star formation. Early work by
rough et al. ( 2013 ) used 18 galaxies in the Galaxy And Mass
ssembly (GAMA; Driver et al. 2011 ) regions observed by the
PIRAL integral field unit (IFU) on the Anglo-Australian Telescope
AAT) without finding a relationship between the total star formation
ate (SFR) and environment. This observation would imply that
ny mechanism that transforms galaxies in dense environments
ust be rapid or have happened a long time ago in the local

ni verse. Ho we ver, using larger samples from the Sydney-Australian
stronomical Observatory Multi-object Integral Field Spectrograph

SAMI) Galaxy Surv e y, Medling et al. ( 2018 ) found that galaxies in
enser environments show decreased sSFR in their outer regions,
onsistent with environmental quenching. Schaefer et al. ( 2019 )
xplored the connection between star formation and environment by
sing a larger sample of SAMI group galaxies in the GAMA regions.
hey found that in high-mass groups, SF galaxies with stellar mass
 � ∼ 10 10 M � have centrally concentrated star formation which

uggests that they may be undergoing environmental quenching.
wers et al. ( 2019 ) showed that cluster galaxies have indications
f ‘outside-in’ quenching by RPS within 8 SAMI clusters. The
DSS-IV Mapping Nearby Galaxies at Apache Point Observatory
MaNGA) surv e y has also been used to investigate star formation
uenching (e.g. Goddard et al. 2017 ; Ellison et al. 2018 ). Bluck et al.
 2020 ) concluded that both intrinsic and environmental quenching
ust incorporate significant starvation of the gas supply. 
Apart from SF, many galaxies hav e activ e galactic nuclei (AGN)

r low ionization nuclear emission-line regions (LINERs). This is
mportant for the analysis of star formation, as AGN in massive
NRAS 516, 3411–3430 (2022) 
alaxies have been proposed as quenching agents by either expelling
r heating the gas. The central AGN emission can also mask the flux
rom star formation, or there may be no central star formation, just
GN. In many cases, several sources of ionization will contribute

o a single spectrum. If we simply exclude spaxels with AGN-like
mission, the star formation will be underestimated. Therefore, it
s important to correct the flux due to AGN to capture the correct
tar formation distribution. SF galaxies, AGNs and LINERs form
eparate branches on the Baldwin, Phillips and Terlevich (BPT) dia-
ram (ionization diagnostic diagram; Baldwin, Phillips & Terlevich
981 ; K e wley et al. 2001 ; Kauf fmann et al. 2003 ). Recent studies
ave decomposed the emission lines in galaxies hosting AGNs to
stimate the fraction of flux from SF and AGN-excited components
n each spectrum (e.g. Davies et al. 2016 ). Belfiore et al. ( 2016 ) used
he [S II ]/H α ratio to quantify the residual star formation in LINER-
ike re gions. The y define the typical line ratios for SF and LINER
mission and compare these to the measured line ratios to estimate
he fraction of star formation in each spectrum. In this paper, we will
se similar approaches to correct for LINER or AGN-like emissions.
Ho we ver, past IFS studies have focused on either field/groups or

eld versus cluster environments: until now, there is no consistent
tudy of resolved star formation across all environments (from field,
roups to clusters). We aim to address this problem by leveraging the
omprehensive environmental coverage of the SAMI Galaxy Survey.
n addition, we will combine SFRs with stellar-population properties,
hus combining the ‘instantaneous’ approach to quenching with a
ime-integrated analysis. 

In this work, we study how spatially resolved star formation
uenching depends on the environment by using a star formation
oncentration index as a function of environment (including cluster,
roup and ungrouped) using SAMI IFU data. The primary goal is to
se spatially resolved H α emission as a star formation distribution
ndicator to probe the star formation quenching relationship with
ifferent environmental densities (including halo masses and the
fth-nearest-neighbour surface densities). Our second goal is to use
tellar population measurement (ages from full spectral fitting and
 n 4000, H δA indices) radial profiles to find quenching time-scales

n different halo mass intervals. The paper is arranged as follows: we
escribe SAMI data and sample selection in Section 2 , SF properties
nd stellar population measurements in Section 3 . In Sections 4 and
 , we discuss the main outcomes of our research. In Section 6 , we
iscuss our findings. In Section 7 , we summarize our conclusions.
hroughout this work we assume �m 

= 0.3, �� 

= 0.7, and H 0 =
0 km s −1 Mpc −1 as cosmological parameters. 

 DATA  A N D  SAMPLE  SELECTI ON  

.1 SAMI Galaxy sur v ey 

he SAMI Galaxy Surv e y is an IFS project using the 3.9-m AAT.
AMI (Croom et al. 2012 ) has a 1 ◦ diameter field of view using
3 optical fibre b undles (hexab undles; Bland-Hawthorn et al. 2011 ;
ryant et al. 2011 ; Bryant et al. 2014 ). Each bundle combines 61 op-

ical fibres that co v er a circular field of view with a 15 arcsec diameter
n the sky. These optical fibres feed into the AAOmega spectrograph
Sharp et al. 2006 ). The SAMI Galaxy Surv e y observations took
lace between 2013 and 2018. The raw telescope data is reduced
nto two cubes using the 2dfDR pipeline (AAO Software Team 2015 ),
ogether with a purposely written PYTHON pipeline (Allen et al. 2014 )
or the later stages of reduction (Sharp et al. 2015 ). The blue cubes
o v er a wavelength range of 3700–5700 Å with a spectral resolution
f R = 1812 ( σ = 70 km s −1 ), and the red cubes co v er 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 EW H α ≥ 1 Å and R e < 15 arcsec, ellipticity < 0.7, 778 

seeing/ R e < 0.75, seeing < 4 arcsec, log(sSFR/yr −1 ) > −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 c L/A Central LINER/AGN with extended star formation in Full sam 59 
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ange of 6250–7350 Å with a spectral resolution of R = 4263 ( σ
 30 km s −1 ) at their respective central wavelengths (van de Sande

t al. 2017 ). In this paper, we use the third and final data release
DR3; Croom et al. 2021 ) of all SAMI observations, together with
alue-added products such as emission-line fits, stellar population 
easurements, and stellar kinematics. 
The SAMI Galaxy Surv e y sample is selected from the GAMA

urv e y (Driv er et al. 2011 ) re gions and 8 cluster re gions. The sample
nput catalogue is built from the GAMA Surv e y in three equatorial
egions (Bryant et al. 2015 ). The 8 massive clusters are chosen from
he 2 Degree Field Galaxy Redshift Survey (Colless et al. 2001 ) as
ell as the Sloan Digital Sky Survey (York et al. 2000 ; Abazajian

t al. 2009 ) and are described by Owers et al. ( 2017 ). The selection of
pecific clusters increases the dynamic range of galaxy environment 
robed. SAMI galaxies were targeted based on cuts in the redshift-
tellar mass plane (Bryant et al. 2015 ). The primary sample is limited
o redshift z < 0.095 in which observations reached high and uniform
ompleteness. A secondary sample included high-mass galaxies and 
igher redshift ( z < 0.115) in which galaxies were observed at a
ower priority. In total, the sample contains 2100 observed GAMA 

alaxies (1940 primary, 160 secondary) and 888 observed cluster 
alaxies (756 primary, 132 secondary). There are also 80 galaxies as
ll-in galaxies observed last that are mostly pairs. The observations 
each 80.6 per cent completeness in the GAMA region and 87 per cent
ompleteness in the cluster region for good galaxy targets from the 
AMI input catalogue. The observed galaxies are representative of 

he input catalogue in redshift, stellar mass, ef fecti ve radius ( R e ;
ajor axis in arcsec) and 5th nearest neighbour density � 5 /Mpc 2 as

emonstrated by Croom et al. ( 2021 ). 

.2 Emission-line fitting 

AMI DR3 data products include cubes, binned cubes, and aperture 
pectra (Croom et al. 2021 Bsemi earlier data releases are described in 
llen et al. 2015 ,Green et al. 2018 ,Scott et al. 2018 ). To produce the
ata products, the spectral continuum is fit using the Penalized PiXel- 
itting code (pPXF; Cappellari et al. 2007 ; Cappellari 2016 ) and the
ILES single stellar population (SSP) spectral library (Vazdekis 

t al. 2010 ) on Voronoi-binned data (the algorithm VORBIN from
appellari 2016 ). Then the full-resolution cube is refitted using a 

imited set of templates with priors on the weights as described in
wers et al. ( 2019 ). The SAMI data cubes include seven strong

mission lines. By using version 1.1 of the LZIFU software package 
Ho et al. 2016 ), [O II ]3726 + 3729, H β, [O III ]5007, [O I ]6300,
 α, [N II ]6583, [S II ]6716, and [S II ]6731 are fitted in each unique

patial element with one to three Gaussian component profiles. All 
mission lines are fitted simultaneously with their relative strengths, 
onsistent velocities and velocity dispersions. A trained Neural 
etwork LZCOMP (Hampton et al. 2017 ) then determines which 
ne to three Gaussian components are necessary to describe the 
bserv ed emission-line structure. F or the H α line, which is in the
igher spectral resolution red spectrograph, SAMI DR3 provides 
ultiGaussian fits for the decomposed flux of each component. Flux 

rom multicomponent fits are not necessary contributed only by SF 

nd the components are not separately relatable to physical processes. 
herefore, we use 1-component LZIFU fits in our study to capture
ood estimates of total flux. In addition to the emission-line products,
AMI DR3 also provides extinction maps derived from the Balmer 
ecrement, classification maps and star formation maps (Medling 
t al. 2018 ). 

.3 Sample selection 

ur sample galaxies are from the full SAMI Galaxy Surv e y. These
alaxies comprise SAMI data release three (DR3) primary and 
econdary samples. There are 2100 galaxies in the GAMA region 
nd 888 galaxies in the cluster regions. The total of 2988 galaxies
omprise the full catalogue (Full cat) in Table 1 . In Fig. 1 , we show
he distribution of [O III ]/H β versus [N II ]/H α in the central spaxel
pectrum of the SAMI sample, which has all emission-line S/N 

 2. In Fig. 1 , we also plot the Kauffmann line which separates
F galaxies from AGN/LINER (the solid blue curve, Kauffmann 
t al. 2003 ), the theoretical maximal star formation line (the red
ashed curve, K e wley et al. 2001 ) and the Seyfert-LINER line which
eparates Seyferts from LINERs (the green dot-dashed line, K e wley
t al. 2006 ). Using the central spaxel itself is not sufficient to classify
hether the whole galaxy is SF or has LINER/AGN features. To
etter classify galaxies in Full cat, we use the BPT diagram for
v ery spax el in each galaxy where the emission lines hav e S/N > 2.
wo examples are shown in Fig. 2 . The top panel is an SF galaxy with
ost spaxels beneath the Kauffmann line, while the bottom panel is a

alaxy with an SF centre with LINER/shock features in the outskirts.
herefore, we apply a classification to galaxies with central spaxels 
eneath the Kauffmann line (i.e. SF): galaxies that have more than
/3 of the spaxels beneath the Kauffmann line are pure SF (p SF)
 alaxies; g alaxies that have more than 2/3 of galaxy spaxels in the
omposite/LINER region are the central SF (c SF) galaxies. With this
lassification, Fig. 2 top panel shows a p SF galaxy and the bottom
anel shows a c SF galaxy. The c SF galaxies have SF centres and
 xtended LINER/AGN features. F or galaxies with a central spectrum
bo v e the Kauffmann line: galaxies that have more than 2/3 of the
pax els abo v e the K e wley line are classified as pure AGN; the rest
re classified as central LINER/AGN (c L/A) galaxies that have 
INER/AGN centres with extended star formation discs. 
Since studying the spatially resolved star formation properties of 

alaxies requires SF galaxies, we use the sample selection criteria of
MNRAS 516, 3411–3430 (2022) 
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M

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 K e wley et al. ( 2001 ). 
The solid blue curve is from Kauffmann et al. ( 2003 ). The green dot-dashed 
line separates Seyfert galaxies from LINERs (K e wley et al. 2006 ). We use 
the selection boundaries to separate galaxies into SF (blue points), composite 
(yellow points), and LINER/AGN (red points). 
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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 [O III ]/H β versus 
[N II ]/H α emission-line ratios and the right-hand panels show [O III ]/H β

versus [S II ]/H α 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 . 
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chaefer et al. ( 2017 ) on the Full cat of 2988 galaxies. SAMI IFU
bservations have a 15 arcsec diameter field of view. To reduce the
ffect of hexabundles with a finite aperture on measuring the spatial
istribution of star formation, we remo v e galaxies with ef fecti ve
adii greater than 15 arcsec (99 galaxies excluded). Edge-on galaxies
ill hide spatial information and will increase the uncertainty when

alculating spatial star formation properties, so we reject galaxies
ith ellipticity values greater than 0.7 (another 307 galaxies are

xcluded). We select galaxies with seeing/ R e < 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
ith absorption-corrected H α equi v alent widths ( EW H α , integrated
 v er the SAMI cube) of less than 1 Å, as these are unlikely to have
ignificant star formation. 121 pure AGN galaxies are excluded as
hey do not contain any SF spaxels. For the galaxies that have
INER/AGN features and some star formation (c SF and c L/A
alaxies), we correct the H α emission to remo v e the flux that is not
ue to star formation (see Section 3 for details). Once this is done, we
emo v e 186 galaxies that have corrected log(sSFR/yr −1 ) ≤ −11.25.
fter all these exclusion, there are 778 galaxies left and form the full

ample (Full sam) of this work. The results of these selections are
hown in Table 1 . 

In the Full sam, 719 galaxies are in the SF sub-sample (Full SF).
n Full SF, 653 galaxies are in the p SF sub-sample and 66 galaxies
re in the c SF sub-sample. The remaining 59 galaxies are in the
 L/A sub-sample, which are also listed in Table 1 . In the Full sam,
49 galaxies are in the SAMI-GAMA catalogue and 129 galaxies are
n the SAMI-Cluster catalogue. With 649 GAMA region SF galaxies,
he sample size is doubled compared to Schaefer et al. ( 2019 ), which
sed 325 galaxies from SAMI data v0.9.1. A Kolmogoro v-Smirno v
K–S) test is applied to compare the Full sam with that of Schaefer
NRAS 516, 3411–3430 (2022) 
t al. ( 2019 ). The stellar mass ( M � ) distributions have a p -value =
.75, which shows no significant difference. 

.4 Environmental metrics 

he SAMI GAMA-region objects cover almost the entire range of
nvironments found in the local Universe (apart from rich clusters),
rom isolated galaxies to galaxy groups. The GAMA Galaxy Group
atalogue (Robotham et al. 2011 ) is built on a friends-of-friends

FoF) algorithm and halo mass ( M 200 ) is defined as the mass of a
pherical halo with a mean density that is 200 times the critical cosmic
ensity at the halo redshift (the corresponding radius is defined
s R 200 ). The SAMI GAMA-region sample predominantly contains
alaxies residing in groups with halo masses M 200 less than 10 14 M �.
entrals and satellites are classified in the GAMA catalogue as well
s by the FoF algorithm. The addition of the SAMI cluster sample
xtends the halo mass range to understand the suppression of star
ormation in the highest-density regions. The cluster virial masses
hould be multiplied by 1.25 in order to match GAMA halo masses
Owers et al. 2017 ). For cluster galaxies, we are mostly considering
atellites 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
AMA Galaxy Group Catalogue version 10) 
(2) Low-mass group galaxies ( M 200 ≤ 10 12 . 5 M �) 
(3) High-mass group galaxies ( M 200 within 10 12 . 5 −14 M �) 
(4) Cluster galaxies ( M 200 > 10 14 M �) 

Many of the low-mass groups have low multiplicity (i.e. pairs) and
o have large halo mass uncertainties, where log 10 [ M err / ( h 

−1 M �)] =
.0 − 0.43log 10 ( N FoF ) ( N FoF is the number of member galaxies from
he FoF algorithm; Robotham et al. 2011 ). As a result, the ungrouped
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nd low-mass group populations have considerable o v erlap. In our 
nalysis below, we will sometimes combine these two populations 
s low-density environments, when comparing them to high-mass 
roups and clusters. 
Along with the global environment each galaxy resides in, we 

lso use the local galaxy density, which is parameterized as the fifth-
earest-neighbour surface density ( � 5 /Mpc 2 ; Brough et al. 2013 ,
017 ). The surface density is defined using the projected comoving 
istance to the fifth nearest neighbour (d 5 ) within a velocity range
f ± 500 km s −1 within a pseudo-volume-limited density defining 
opulation 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/ πd 2 5 . The density-defining population
as absolute SDSS Petrosian magnitude M r < M r, limit − Q z ( M r, limit 

 −20.0 mag, Q z = 1.03; Lo v eday et al. 2015 ). Similarly to halo
asses, we also define four bins in local density: � 5 between 0-0.1,

.1-1, 1-10 and > 10 Mpc −2 . 
We also consider projected phase-space diagram which shows both 

alaxy velocity and radius relative to group/cluster centre. Several 
tudies have connected the star formation of galaxy populations to 
heir location in phase-space diagrams (e.g. Hern ́andez-Fern ́andez 
t al. 2014 ; Haines et al. 2015 ; Barsanti et al. 2018 ). The projected
 elocity o v er v elocity dispersion ( V / σ ) and projected distance from
he centre of the halo normalized with halo radius R 200 (r/ R 200 )
or clusters are obtained from the SAMI cluster catalogue (Croom 

t al. 2021 ; Owers et al. 2017 ). We use the median redshift as
he systemic redshift in groups with redshift of individual galaxies 
rom GAMA catalogue to calculate V / σ in groups. The r / R 200 for
roups is calculated from the group velocity dispersion and redshift 
s described in Finn et al. ( 2005 ). 

 STAR  F O R M AT I O N  PROPERTIES  A N D  

TELLAR  POP ULATION  MEASUREMENT S  

e use the dust-corrected H α emission-line fits to calculate SFRs 
nd analyse the radial distribution of star formation in each galaxy. 
he H α flux is corrected for LINER/AGN contamination in our 
ample for central SF galaxies (c SF) and central LINER/AGN 

alaxies (c L/A). We expand on these points in detail below. 

.1 Specific SFRs for SF galaxies 

he dust-corrected H α is used to calculate sSFR to a v oid dust
bscuration along the line of sight; our correction is based on 
he dust extinction law of Cardelli, Clayton & Mathis ( 1989 ).
he attenuation uses the deviation of the Balmer Decrement ( BD ;

he ratio f H α/ f H β ) from the theoretical value of 2.86 for case B
ecombination, n e = 10 2 cm 

2 and T = 10 4 K (Gro v es, Brinchmann
 Walcher 2011 ). Because of the weak H β luminosity in the outskirts

f galaxies, we only apply the dust correction when the S/N of H β is
arger than 3 Å−1 . The SFR is calculated from the total H α luminosity
L H α) using the Kennicutt ( 1998 ) relation with a Chabrier ( 2003 )
nitial Mass Function (IMF), as follows: 

FR = 

L H α( W ) 

2 . 16 × 10 34 
M � yr −1 . (1) 

For pure SF (p SF) galaxies, we use the total H α flux to calculate
FR as we assume that all the H α flux is directly associated
ith star formation. We will discuss the H α flux calculation for

omposite/LINER/AGN spaxels in the following Section 3.2 . The 
SFR is then calculated as SFR/ M � . 
.2 H α emission-line correction for LINER/AGN-like galaxies 

chaefer et al. ( 2019 ) argued that excluding LINERs/AGNs would
e unlikely to bias the relationship with the environment but could
ntroduce a bias as a function of M � . The majority of LINER/AGN-
ike galaxies have stellar masses in the 10 10 −11 M � range. Ho we ver,
o fully explore the impact of AGN, we include them in our analysis
nd make a correction for the H α flux due to LINER/AGN emission
Davies et al. 2014 ). We generally use LINER/AGN in this paper
o mean any non-SF emission (e.g. including winds or shocks). 
his correction has the advantage of allowing us to include galaxies
ith SF discs, but passive centres that may have some weak central
INER/AGN-like emission. Belfiore et al. ( 2016 ) used the [S II ]/H α

atio to quantify the residual star formation in galaxies with quiescent
entral like regions with typical line ratios of ( [ S II ] H α ) SF = 0.4 and
 

[ S II ] 
H α ) LIER = 1.0 (LIER for low-ionization emission-line region) using 

he BPT diagram. We use an approach qualitatively similar to Belfiore 
t al. ( 2016 ), but consider other line ratios as well. 

We take the [N II ]/H α, [O III ]/H β, and [S II ]/H α emission-line
atios to calculate how much H α is contributed by star formation
r LINER/AGN emission for each galaxy spaxel. If a galaxy has a
INER feature, the emission-line ratio distribution is more horizon- 

al, then the galaxy is sensitive to the [N II ]/H α and [S II ]/H α. For a
eyfert galaxy, the emission-line ratio distribution is more vertical, 

he galaxy is sensitive to [O III ]/H β. To test the three emission-line
atios, we need to define regions in the BPT diagram corresponding to 
00 per cent star formation (SF point) and 100 per cent LINER/AGN
mission (L/A point). Based on whether galaxies have more LINER 

eatures or AGN features, the 100 per cent LINER/AGN emission can
ary. Therefore, to find the most representative ratio for all galaxies in
ig. 1 LINER/AGN region, rather than defining a new line, we choose 

o follow the Seyfert-LINER line (green) as it provides an empirical
ivision between Seyferts and LINERs (K e wley et al. 2006 ). If we
 xtended the Se yfert-LINER line, it intersects with the SF locus and
oes a good job of following the o v erall locus of points as they
o v e from SF to composite to LINER/AGN regions. Therefore, the

ollowing assumptions are made: 1) the SF point is on the SF galaxy
ocus; 2) the L/A point is on the composite/LINER/AGN galaxy 
ocus; 3) both the SF point and L/A point are on the extended
eyfert-LINER line. With these assumptions, the SAMI sample 

s classified into SF galaxies (beneath the Kauffmann line) and 
omposite/LINER/AGN galaxies (abo v e the Kauffmann line) using 
he location of their central spaxel spectra in the BPT diagram. These
re plotted separately in Fig. 3 . 

To find the 100 per cent SF point, the same mathematical form
s the K e wley line is used and mo v ed to the highest den-
ity SF galaxy locus (orange line in Fig. 3 a: log 10 ( [O III ] / H β)
 0.61/ log 10 ( [N II ] / H α) + 0.9006; orange line in Fig. 3 b:

og 10 ( [O III ] / H β) = 0.72/[ log 10 ( [S II ] / H α)-0.265] + 1.24). As choos-
ng 100 per cent SF points (orange points, cross points of the extended
eyfert-LINER line) are manually selected, the 30 per cent density 
ontour line is chosen as an uncertainty limit (the crossing points in
agenta and cyan in panel a and b). For LINER/AGN galaxies, there

s not a well-defined locus that is 100 per cent AGN (unlike the SF
ocus) and the Seyfert-LINER line does not pass most density region.
ompromising, the crossing points of the 50 per cent, 70 per cent, and
0 per cent of the contour lines are plotted to find the 100 per cent L/A
oints. Although the 70 per cent contour line crossing points (orange)
re not at the highest density point for [O III ]/H β, they represent
N II ]/H α and [S II ]/H α well and are chosen as the 100 per cent L/A
oints. The 50 per cent and 90 per cent contour line crossing points
cyan and magenta points in panels c and d) are chosen to define
MNRAS 516, 3411–3430 (2022) 
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M

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 III ]/H β versus [N II ]/H α. (b) and (d) show the BPT contour diagram of [O III ]/H β versus 
[S II ]/H α. 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. 
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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 [O III ]/H β versus [N II ]/H α and the right shows [O III ]/H β versus 
[S II ]/H α 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 . 
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he uncertainty. We check that changing these line ratios in our
ncertainty ranges does not significantly affect the conclusions of
he paper, as discussed further in Section 3.3 . 

The SF points and L/A points give us 3 emission-line ratio
[N II ]/H α, [O III ]/H β, and [S II ]/H α) boundaries. With emission-
ine ratio boundaries, we can define a linear scale from 0 to 1. This
cale is called LINER/AGN ratio ( R L/A ). R L/A = 1 represents pure
INER/AGN, while R L/A = 0 represents pure SF. To summarize,

he orange points represent the 100 per cent SF and 100 per cent L/A
oints; the cyan/magenta points indicate the uncertainty. In this way,
or each spaxel, the H α flux contributed by star formation can be
alculated as 

 H α, SF = f H α × (1 − R L / A ) , (2) 

 L / A = 

1 − log 10 ([ N II ] /H α) 

log 10 ([ N II ] /H α) L / A − log 10 ([ N II ] /H α) SF 
. (3) 

In equation (), [N II ]/H α can be replaced by [O III ]/H β and
S II ]/H α. The emission-line ratios of full star formation and full
INER/AGN (L/A) are log 10 ( 

[N II ] 
H α ) SF = −0.438, log 10 ( 

[N II ] 
H α ) L / A 

 0.103; log 10 ( 
[S II ] 
H α ) SF = −0.362, log 10 ( 

[S II ] 
H α ) L / A = −0.047;

og 10 ( 
[O III ] 
H β ) SF = −0.473, log 10 ( 

[O III ] 
H β ) L / A = 0.686. As we have

alculated how much H α flux is contributed by star formation, we
an use the corrected H α flux to calculate SFR. 

A galaxy with central LINER/AGN-like emission is shown in
igs 4 and 5 . Fig. 4 shows the spatially resolved BPT diagrams
NRAS 516, 3411–3430 (2022) 
or the example galaxy. The classification map (Fig. 5 a) shows that
his galaxy has an SF disc at large radius. The residual H α flux
rom star formation is calculated using R L/A . Fig. 5 (b) shows the
riginal H α map. Figs 5 (c, e, g) show the three R L/A ratios, red
or 100 per cent AGN and blue for 100 per cent star formation. This
alaxy has a LINER feature, so the emission-line is less sensitive
o the [O III ]/H β compared to [N II ]/H α and [S II ]/H α. The R L/A 
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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 α map. Panels (c, 
e, g) are LINER/AGN ratios calculated using the BPT diagram in [N II ]/H α, 
[O III ]/H β, and [S II ]/H α with blue colour for 100 per cent LINER/AGN 

emission and red colour for 100 per cent star formation emission. Panels 
(d, f, h) show the resulting LINER/AGN corrected H α map. 
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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 [O III ]/H β ratio (red) and corrected by [S II ]/H α ratio (orange) 
v ersus C -inde x corrected by [N II ]/H α ratio with their uncertainties. Note, 
for the uncorrected C -index, the error-bar is for [N II ]/H α. The bottom panel 
shows the difference between the uncorrected C -inde x (blue); C -inde x use H α

corrected by [O III ]/H β (red); corrected by [S II ]/H α (orange) and corrected 
by [N II ]/H α versus M � . As for the top panel, the error-bars on the uncorrected 
C -index are for C -index corrected by [N II ]/H α. 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 II ]/H α corrected C -index is used in our analysis. 
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alculated by [N II ]/H α and [S II ]/H α is high in the centre. Figs 5 (d,
, h) show the residual star formation contributed H α maps. The 
SFR is then be calculated with residual H α flux for c L/A and c SF
alaxies. 

.3 The spatial distribution of star formation 

aving remo v ed LINER/AGN contribution to the H α flux, we 
an use our corrected H α maps to study the spatial distribution
f star formation. Following Schaefer et al. ( 2017 ), we introduce
he ratio of r 50, H α/ r 50, cont , which compares the half-light radius
f H α ( r 50, H α), and half-light radius of the r -band continuum
 r 50, cont ). The star formation concentration inde x ( C -inde x) is defined
s log 10 ( r 50, H α/ r 50, cont ) and it indicates the ongoing star formation
istribution in galaxies. 
To understand the systematic uncertainty of calculating the C - 

ndex ratio for c SF galaxies and c L/A galaxies, the three emission-
ine ratio corrected C -index measurements are compared with the 
ncorrected measurements in Fig. 6 . Fig. 6 a shows C -index
ncorrected (blue), corrected by [O III ]/H β (red) and corrected by
S II ]/H α (orange) v ersus C -inde x corrected by [N II ]/H α. The error-
ars are calculated from the maximum/minimum range allowed by 
he SF point and L/A point. For the uncorrected (blue), the grey bar
hows the uncertainties calculated by [N II ]/H α. 

Most of the galaxies follow the one-to-one reference line, but 
ith some outliers. Fig. 6 shows most galaxies have small error-
ars (grey, some error-bars are too small to see). Larger error-bars
MNRAS 516, 3411–3430 (2022) 
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ean LINER/AGN corrections for those galaxies may o v eresti-
ate/underestimate the H α flux LINER/AGN contribution. Fig. 6
 shows the difference between the [N II ]/H α correction and no
orrection (blue points); the [O III ]/H β correction (red points); the
S II ]/H α correction (orange points) versus M � . The uncorrected C -
ndex are slightly offset as expected with uncorrected H α flux. The
orrection we make tends to make star formation less concentrated.
he C -index will be larger than before applying the LINER/AGN
orrection. This shows that taking into account the LINER/AGN-like
alaxies can increase the C -index by up to 0.25. [N II ]/H α has on
verage the highest S/N, so we adopt it as the default correction. We
alculate the Spearman rank correlations between all four C -indices,
nd the [N II ]/H α correction has the best correlation of 0.924 with
S II ]/H α, 0.947 with [O III ]/H β and 0.763 with uncorrected. The
igh Spearman correlation with the C -indices derived from [S II ]/H α

nd [O III ]/H β confirms that we are not biasing our results by using
N II ]/H α. As a result, the [N II ]/H α corrected C -index is used in
ur analysis. To further investigate quenching time-scales, we will
ntroduce stellar population measurements in the next section. 

.4 Stellar population age measurements and D n 4000, H δA 

ndices 

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

The [ α/Fe] enhanced MILES model library (Vazdekis et al. 2015 )
s used with templates that span a range of ages between 0.03 and
4 Gyr, metallicities ([M/H]) between −2.3 and + 0.4 dex and α-
nhancement ([ α/Fe]) between 0.0 and 0.4 dex. The total number of
SP templates used during the fitting is 288. The fit co v ers the full
AMI wa velength range. To a v oid masking emission-line regions,
e include templates for the ionized emission lines corresponding

o the chemical species H α, H β, [N II ], [S II ], [O I ], and [O III ].
he kinematics of the stellar and emission-line templates are fitted
imultaneously but are not forced to take the same values. We reco v er
hree separate kinematic solutions; for the stellar component, the
mission-line templates corresponding to the Balmer series (H α and
 β) and the templates corresponding to the remaining emission

ines. During the fit, we correct for different continuum shapes
etween model and data by fitting for a multiplicative polynomial of
rder 10. 
With the full spectral fits, we calculate the mass-weighted ( Age M 

)
nd light-weighted stellar ages ( Age L ) for our galaxies. Following
cDermid et al. ( 2015 ), the Age M 

of each spectrum can be calculated
rom SFH by 

log ( Age SFH ) = 

�w i log ( t SSP , i ) 

�w i 
, (4) 

here w i are the best-fitting template weights derived from pPXF i th
emplate, which has age t SSP, i and metallicity [ Z / H ] SSP, i . 

Along with galaxy ages, we also derive the D n 4000 and H δA 

ndices, which are direct measurements from the SAMI cubes, to
upport our age measurements. The D n 4000 index is well known to be
NRAS 516, 3411–3430 (2022) 

t  
 good stellar population age indicator for intermediate to old stellar
opulations (e.g. Kauffmann et al. 2003 ). The feature is caused by a
arge number of spectral lines occurring around 4000 Å, mostly due
o ionized metals. The D 4000 index becomes stronger in old metal-
ich stellar populations. The narrow band D n 4000 index (3850–3950
nd 4000–4100 Å) defined by Balogh et al. ( 1999 ) is used in this
ork. The H δ absorption line equi v alent width is also an indicator of
alaxy stellar population age. The H δA index (Worthey et al. 1994 )
s sensitive to younger populations compared to D n 4000 since the
eak occurs in fast-terminated A stars. SAMI blue band spectra fits
re pre-fitted by pPXF to remo v e Balmer emission in the H δA and
 n 4000 wavelength ranges. After fitting the spectra, sector bins that
ave H δA error greater than 1 Å and D n 4000 index error larger than
.1 are excluded. We compare the derived age measurements for
alaxies in different halo mass intervals in Section 5.1 . 

 RESULTS:  T H E  SPATIAL  DI STRI BU TI O N  O F  

TAR  F O R M AT I O N  

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

.1 The spatial star formation distribution in galaxy groups 
nd clusters 

he ratio of C -index as a function of M � is shown in different
nvironments, colour-coded by sSFR in Fig. 7 . We divide our galaxies
nto 4 halo mass bins: ungrouped galaxies, low-mass group galaxies,
igh-mass group galaxies and cluster galaxies (Section 2.4 ). The
op ro w sho ws galaxies in the Full SF sample. The galaxies with
rror-bars are from the central SF (c SF) sub-sample that have been
orrected for some non-SF spaxels at large radii. The error-bars are
stimated from the correction for non-SF emission (typically shocks
or galaxies with central star formation). There are 335, 165, 107, and
12 SF galaxies in panels a-d respectively. The bottom row of Fig. 7
ncludes the Full SF sample and the c L/A galaxies (red circles) with
rror-bars from the non-SF emission correction. An extra 16, 14, 12,
nd 17 c L/A galaxies are added to the previous Full SF sample in
anel e–h of Fig. 7, respectively. These numbers are shown in Table 2 .
alaxies with a C -index less than 0 have H α emission that is more

ompact than their r-band continuum. Galaxies with a C -index larger
han 0 hav e e xtended star formation. The medians in the mass bin are
hown by black lines. The uncertainties of the medians are calculated
y the standard error of the mean. 
As shown in Fig. 7 , ungrouped galaxies and galaxies in low

alo mass groups tend to have a C -index close to 0. More massive
nvironments tend to have a larger range of C -index values. The
 L/A galaxies are located o v er a large range in C -index but at higher
 � , mostly > 10 10 M �. By definition, the c L/A galaxies are galaxies

hat have an SF disc with central LINER/AGN emission (an example
an be seen in Fig. 5 ), as a result, 59 per cent of these galaxies have
 -index > 0. Galaxies with a high C -index ( > 0.1) either show
n SF disc with central strong LINER/AGNs or have a broadened
tar formation distribution. The uncertainties on C -index due to the
GN correction are small in most cases, significantly smaller than

he width of the o v erall distribution in C -inde x. F or 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 10 7.5–9.5 

M � and 10 9.5–11.5 M �. 

ungrouped Group(low) Group(high) Cluster 
≤10 12 . 5 M � 10 12 . 5 −14 M � > 10 14 M �

Full sam 351 179 109 129 
Full SF 335 165 107 112 
c L/A 16 14 12 17 
10 7 . 5 −9 . 5 M � 213 82 41 
10 9 . 5 −11 . 5 M � 138 97 78 129 
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Figure 8. Normalized histogram of C -index for galaxies in the Full sam in 
3 halo mass intervals with stellar mass of 10 7.5–9.5 M �. Ungrouped galaxies 
are in yello w, lo w-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. 
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nd (10 9 . 5 −11 . 5 M � M � ), we can see a lower C -index shows out in
igh-mass groups than in ungrouped and low-mass group galaxies. 
Because of the sample selection of SAMI, only galaxies with M � of

0 9 . 5 −11 . 5 M � are observed in clusters (Bryant et al. 2015 ). To match
 � for different halo mass intervals, our sample is separated into two
 � bins of 10 9 . 5 −11 . 5 M � and 10 7 . 5 −9 . 5 M �. In the 10 9 . 5 −11 . 5 M � mass

in, there are 138, 97, 78, and 129 galaxies in the ungrouped region,
ow-mass groups, high-mass groups, and clusters, respectively. In 
he 10 7 . 5 −9 . 5 M � mass bin, there are 213, 82, and 41 galaxies in
he ungrouped region, low-mass groups, and high-mass groups, 
espectively. The summary of these numbers is shown in Table 2 . 

The histogram of C -index for our Full sam in the two M � bins
s shown in Fig. 8 (10 7 . 5 −9 . 5 M � M � bin) and Fig. 9 (10 9 . 5 −11 . 5 M �
 � bin). For the lower- M � galaxies in Fig. 8 , the C -index locus in

igh-mass groups is slightly lower than ungrouped and low-mass 
roups. Fig. 9 shows the C -index has a wide range from around −0.5
o 0.2. Most galaxies sit in a locus around C -index = 0. There are a
raction of low C -index galaxies that stand out with C -index ∼−0.2.
his shows that when progressing to higher halo mass environments, 
he tail of galaxies with concentrated star formation increases for 
igh- M � galaxies in 10 9 . 5 −11 . 5 M � M � bin. 
A Kolmogoro v −Smirno v (K −S) test is applied on the C -index

istribution in different environments for both the 10 9 . 5 −11 . 5 M � mass 
in and the 10 7 . 5 −9 . 5 M � mass bin. A p -value below 0.05 allows us to
eject the null hypothesis that the two distributions are the same. For
he 10 9 . 5 −11 . 5 M � mass bin, the K–S test results for the four halo mass
MNRAS 516, 3411–3430 (2022) 
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M

Figure 9. Normalized histogram of C -index in 4 halo mass intervals for 
galaxies with stellar mass of 10 9.5–11.5 M � from the Full sam. Ungrouped 
galaxies are in yello w, lo w-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 10 9.5–11.5 M �. 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 
≤10 12 . 5 M � 10 12 . 5 −14 M � > 10 14 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, 
( ≤10 12 . 5 M �) p = 0.199 p = 0.003 
Group(high) D = 0.149 
(10 12 . 5 −14 M �) p = 0.168 
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ntervals are shown in Table 3 . The difference between ungrouped
alaxies and those in low-mass groups is not significant ( p -value =
.397), but the difference between ungrouped galaxies and galaxies
n high-mass groups or clusters is more significant ( p -value = 0.030
nd 1.025 × 10 −5 , respectively). Similarly, for the low-mass groups,
he difference between low-mass groups and high-mass groups is less
ignificant ( p -value = 0.199) than with clusters ( p -value = 0.003).
hese results show the C -index distribution in clusters and high-
ass groups is not the same as in low-density environments, which

upports the low C -index tail we find in clusters in Fig. 9 . We also
arry out the K–S test without c L/A galaxies. This does not change
he p -value significantly, which confirms that adding c L/A does not
ias our results. 
The C -index in the 10 7 . 5 −9 . 5 M � mass bin shows a similar dis-

ribution for ungrouped galaxies and galaxies in low-mass groups
 p -value = 0.38), and comparing low-mass groups and high-mass
roups ( p -value = 0.18). The ungrouped and high-mass groups have
 larger difference ( p -value = 0.01). The larger p -values compared
ith high M � galaxies suggest that galaxies with low M � are affected
y the environments. 
To further quantify the distribution of regular galaxies and galax-

es with concentrated star formation (SF-concentrated galaxies) in
NRAS 516, 3411–3430 (2022) 
ifferent halo masses, our Full sam is separated into two intervals: C -
ndex ≥ −0.2 and C -index < −0.2. We fitted a Gaussian distribution
ased on the C -index of ungrouped galaxies, resulting in a mean, μ
 0.004 and a standard deviation, σ = 0.065. Therefore, we choose
0.2 as a valid cut off at 3 σ . The uncertainty on the fraction of SF-

oncentrated galaxies is calculated using the binomial distribution.
or galaxies in the 10 9 . 5 −11 . 5 M � mass range, there are 9 ± 2 per cent
F-concentrated galaxies in ungrouped regions, 8 ± 3 per cent in

ow halo mass groups, 19 ± 4 per cent in high halo mass groups and
9 ± 4 per cent in clusters. For galaxies in the 10 7 . 5 −9 . 5 M � mass
ange, the fraction of SF-concentrated galaxies is 7 ± 2 per cent
or ungrouped regions, 9 ± 2 per cent for low-mass groups and
4 ± 7 per cent for high-mass groups. We also test the fraction of
F-concentrated galaxies using a C -index cut on −0.1 and −0.3, the

rend remains the same that higher halo mass galaxies for both low
nd high M � galaxies tend to have larger fractions of SF-concentrated
alaxies. 

.2 The spatial star formation distribution versus local surface 
ensity 

or local environmental densities, we select four intervals in � 5 : 0–
.1, 0.1–1, 1–10, and > 10 Mpc −2 . In Fig. 10 , we show C -index as a
unction of M � , in our usual halo mass intervals, but colour-coded by
og( � 5 /Mpc 2 ). There is a wide range of � 5 in the 4 halo mass ranges.
he histograms of C -index in 10 9 . 5 −11 . 5 M � mass bin in different � 5 

nterv als is sho wn in Fig. 11 . There is a clear difference between � 5 <

0 Mpc −2 and � 5 > 10 Mpc −2 galaxies with � 5 > 10 Mpc −2 having
 more pronounced tail to low C -index. Concentrated SF galaxies
end to live in higher local densities. To quantify the difference, a
–S test is applied on the C -index in 4 � 5 intervals and the results are

hown in Table 4 . We find that the C -index distribution for galaxies
ith � 5 > 10 Mpc −2 is significantly different to that of galaxies with

ower � 5 with p −value < 0.05. However, there is no significant
ifference between the C -indices in the lower � 5 intervals. 

.3 Projected phase-space for group and cluster galaxies 

n the phase-space diagram, galaxies closer to the centre (within the
irial radius), are more likely to undergo RPS (Jaff ́e et al. 2015 ). The
hase-space diagram for Full sam colour-coded by C -index (left-
and column) and sSFR (right-hand column) for galaxies is shown
n Fig. 12 . Here we only plot the satellites as we expect these to be

ost influenced by environments. The passive galaxies with EW H α

1 Å are shown as grey triangles to show the complete distribution.
e do not consider low-mass groups in the phase-space diagram as

here are fewer group members, and their groups have large errors
n their velocity dispersions. To check any distribution difference
etween SF-concentrated ( C -index < −0.2) and regular galaxies in
he phase-space diagram, we apply a 2D K–S test. In the high-mass
roups (panels a, b), the p -value from the 2D K–S test is equal to
.31, there is not a significant difference between SF-concentrated
alaxies and regular galaxies in the phase-space diagram. Also, the
assive galaxy distribution does not have a significant difference from
he SF galaxies. In clusters (panels c, d), only passive galaxies are
een near the cluster centre (within 0.2 R 200 ). For SF galaxies, within
.5 R 200 , 50 per cent of the galaxies have a centrally concentrated
F. 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

ifferent. Galaxies with concentrated star formation are expected to
e located nearer the centre of the cluster as those galaxies may be
ore impacted by quenching processes such as RPS. 

art/stac2428_f9.eps


Spatially resolved environmental quenching 3421 

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 2 . The central −LINER/AGN galaxies with AGN correction are in red circles. Galaxies with higher � 5 /Mpc 2 tend to 
have lower C -index. 

Figure 11. Histogram of C -index in different local environmental densities 
in the 10 9.5–11.5 M � M � bin in the Full sam. � 5 /Mpc 2 between 0 and 0.1 is 
sho wn in yello w, 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 10 7.5–11.5 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 2 � 5 /Mpc 2 � 5 /Mpc 2 

0.1–1 1–10 > 10 

� 5 /Mpc 2 D = 0.121, D = 0.165, D = 0.531, 
< 0.1 p = 0.608 p = 0.249 p = 7.154e-08 
� 5 /Mpc 2 D = 0.110, D = 0.441, 
0.1–1 p = 0.046 p = 5.129e-13 
� 5 /Mpc 2 D = 0.397 
1–10 p = 3.018e-10 

c  

h
h

Figure 12. Projected phase-space diagram for satellite galaxies in high-mass 
groups and clusters. The passi ve galaxies are sho wn 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 R 200 . 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. 
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The phase-space diagram indicates where the quenched galaxies 
urrently are, but this is not sufficient to see how fast the quenching
appened. F or e xample, there are studies suggesting galaxies may 
ave already started quenching or already finished quenching before 
hey fall into the current host (e.g. Mihos 2004 ; Oh et al. 2018 ).
esults from numerical simulations also show good agreements with 
bservations on environmental effects in the outskirts of clusters 
e.g. Ayromlou et al. 2019 , 2021 ; Coenda et al. 2021 ). Along with
re-processing, galaxy quenching in clusters is also affected by their 
rbit, for example their closest pericentric approach (e.g. Arthur et al.
019 ; Di Cintio et al. 2021 ). In the next section, we further investigate
he SF-concentrated galaxies by adding information about the stellar 
opulation ages, derived using both indices (such as D n 4000, H δA )
nd full spectral fitting. 
MNRAS 516, 3411–3430 (2022) 
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M

Figure 13. Age L 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 e and plot the median Age L 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. 
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 RESULTS:  R A D I A L  AG E  G R A D I E N T S  

he light-weighted age ( Age L ), mass-weighted age ( Age M 

), D n 4000,
nd H δA , are calculated from the stellar population fits (more details
n Section 3.4 ) and used here to better understand the quenching
ime-scale. The 442 galaxies with 10 9 . 5 −11 . 5 M � mass are included
n this section to match the M � range in the clusters. After we apply
 n 4000 and H δA uncertainty limits ( H δA error < 1 Å and D n 4000

ndex error < 0.1), the total number of galaxies studied here is 350
92 galaxies remo v ed). 

.1 Age radial profile 

he stellar population age calculated by full spectral fitting is
escribed in Section 3.4 . Age L and Age M 

for galaxies with M � of
0 9.5–11.5 M � as a function of galactocentric radius in different C -
ndex bins are shown in Figs 13 and 14 . The x -axis is the elliptical
adius in units of R e . From left to right, the panels show our four
ins in halo mass. Each dot represents an individual sector bin in a
AMI galaxy, colour-coded by the integrated sSFR for each galaxy.
he sample is separated at C -index = −0.2 (regular galaxies with C -

ndex ≥ −0.2 and SF-concentrated galaxies with C -index < −0.2) to
ee the difference as a function of star formation concentration. The
edians in 8 bins between 0 and 2.5 R e are shown by the lines with

rror-bars. The uncertainties on the medians are calculated using
ootstrapping statistics by galaxies to better capture the intrinsic
ariation between galaxies rather than just per radius bin/sector.
he solid black line is for regular ungrouped galaxies (in panel
) and it is plotted as a reference line in panels e–h. The dashed
lack lines are the medians for group/cluster regular galaxies. To
ee the difference between regular and concentrated galaxies, the
NRAS 516, 3411–3430 (2022) 
ashed black lines are plotted in the corresponding environment in
anels f–h. The grey lines are for the SF-concentrated galaxies in
anels e–h. 
For both Age L and Age M 

, age is decreasing with an increasing
adius for regular galaxies (panels a–d) which is consistent with
he well-known ‘inside-out’ galaxy growth (e.g. P ́erez et al. 2013 ;
onz ́alez Delgado et al. 2015 ). Age L is weighted more towards the
ost recent starbursts, while Age M 

provides a range averaged across
he entire stellar population. So we also find the age radial profiles
re steeper in Age M 

than in Age L . We also see sSFR is higher for
ounger Age L ; in Age M 

, sSFR is more mixed. The ‘inside-out’ growth
an happen when gas in the centre with low angular momentum
ools down and forms stars on shorter time-scales than gas of
igh angular momentum in the disc (e.g. Larson & Tinsley 1978 ;
ogarten et al. 2010 ; Frankel et al. 2019 ; Sacchi et al. 2019 ). Along
ith observational results, the ‘inside-out’ growth is also supported
y hydrodynamical simulations (e.g. Somerville et al. 2008 ; Avila-
eese et al. 2018 ). 
For SF-concentrated galaxies in ungrouped and low-mass groups

Figs 13 e, f and 14 ), the inner regions have lo wer v alues than
ngrouped regular galaxies and they have similar ages in the out-
kirts. As we are selecting SF-concentrated galaxies by C -index, the
ounger ages may be caused by central star formation enhancements.
or SF-concentrated galaxies in high-mass groups (Figs 14 and 13 g),
e find a distinct signature that although the inner centre ( ∼0.2
 e ) is lower than ungrouped regular galaxies, the ages in the outer

egion is significantly older. We also notice the SF-concentrated
alaxies in high-mass groups show greater Age L difference in the
uter region than Age M 

. The older ages at large radii, pointing to
lder discs (relative to ungrouped regular galaxies). Interestingly,
his older discs signature does not show up in clusters (Figs 14 and

art/stac2428_f13.eps
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Figure 14. Age M 

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 e 

and plot the median Age M 

of each bin with bootstrapping uncertainties. The lines and error-bars are in the same formats as Fig. 13 . The Age M 

radial profile is 
broadly consistent with Age L radial profile. High-mass group SF-concentrated galaxies have older discs than ungrouped regular galaxies. This age difference 
disappears in clusters. 
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3 h). SF-concentrated galaxies in clusters show declining age radial 
rofiles with the same radius as regular galaxies. And there is no
ge difference for both Age L and Age M 

at a large radius compared to
ngrouped regular galaxies. 
To quantify the difference between the age measurements for 

alaxy centres and outskirts, we calculate the median value for the 
adial intervals 0–1 R e and 1–2 R e for each panel and we present them
n T able 5 . W e find a median outer Ag e L ( Ag e M 

) of 3.35 ± 0.37 Gyr
8.26 ± 0.35 Gyr) for SF-concentrated galaxies in high-mass groups, 
.61 ± 0.17 Gyr (7.33 ± 0.41 Gyr) for SF-concentrated galaxies in 
lusters and 1.61 ± 0.10 Gyr (6.93 ± 0.43 Gyr) for ungrouped regular 
alaxies. Assuming that prior to entering a group/cluster, the average 
ge profile is similar to that of the ungrouped galaxies, the regular
ngrouped galaxy profiles can be compared to the SF-concentrated 
alaxies. Compared with ungrouped regular galaxies, the age dif- 
erences with SF-concentrated galaxies are given in Table 6 . The 
ge difference is greatest for high-mass groups (1.83 ± 0.38 Gyr 
or Age L ; 1.34 ± 0.56 Gyr for Age M 

). The age difference in clusters
s not significant (0.19 ± 0.21 Gyr for Age L ; 0.40 ± 0.61 Gyr for
ge M 

). We find that SF-concentrated galaxies in high-mass groups 
av e relativ ely older discs than those in clusters. 

.2 D n 4000 index radial profile 

o further examine the age trends, we repeat the analysis with D n 4000
ndex and H δA index. These spectral features are direct measurements 
rom SAMI cubes and are age sensitive, so those indices can be
sed to test whether we have the same qualitative trends as the age
stimates from full spectral fitting. We show the D n 4000 index versus
adius for galaxies of M � of 10 9.5–11.5 M � for two bins in C -index in
ig. 15 . The plot is similar to Fig. 13 . The medians in each panel with
ootstrapping uncertainties are shown by the lines with error-bars. 
he bootstrapping uncertainty is relatively large in Figs 15 f and 16 f
ecause there are only 8 galaxies in those subplots. 
When comparing the medians in the D n 4000 profiles of regular

alaxies in different environments, they are similar with the standard 
eviations of around 0.03. Regular galaxies (Fig. 15 a–d) all show
 general decreasing D n 4000 with increasing radius. The D n 4000
radient for regular galaxies is consistent with the age radial profiles,
here central stellar populations are older. In panels e and f (un-
rouped and low-mass groups), the SF-concentrated galaxies appear 
o have lower D n 4000 at a small radius than regular galaxies, as might
e expected given they have concentrated star formation. Ho we ver, 
hey appear to have D n 4000 consistent with regular galaxies at a
arger radius. This may point toward these galaxies being dominated 
y central star formation enhancements, but we caution that the 
umber of galaxies in these samples is small (8 galaxies in both
anels e and f). Both high-mass groups and clusters (Figs 15 g, h)
ho w slightly lo wer D n 4000 in the centres, but higher D n 4000 at
arge radius, pointing to older discs (relative to regular galaxies). For
igh-mass group environments (panel g), in the centre, D n 4000 is
lightly below the regular galaxies but at a larger radius, D n 4000 is
onsiderably higher. 

To quantify the difference of D n 4000 index for the inner and
uter parts of galaxies, the median values of 0–1 R e and 1–2 R e 

or each panel are calculated in Table 5 . The D n 4000 index for
he outer regions is 1.41 ± 0.05 for SF-concentrated galaxies in 
he high-mass groups, 1.39 ± 0.02 for SF-concentrated galaxies 
n cluster, and 1.28 ± 0.02 for ungrouped regular galaxies. The 
ifferences compared with ungrouped regular galaxy are in Table 6 .
he D n 4000 difference in high-mass groups at 1–2 R e is 0.13 ± 0.05
hile in clusters it is 0.11 ± 0.03. Galaxies in high-mass groups

nd clusters both show older discs than ungrouped regular galaxies. 
t large radius, although D n 4000 indices seem to be larger for SF-
MNRAS 516, 3411–3430 (2022) 
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Table 5. Median Ag e L , Ag e M 

, D n 4000, and H δA measurements with uncertainty for 0–1 R e and 1–2 R e for galaxies with M � larger than 10 9.5 M �. 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 Group galaxies Cluster galaxies 

(Halo mass ≤10 12 . 5 M �) 
(Halo mass in 
10 12 . 5 −14 M �) (Halo mass > 10 14 M �) 

0–1 R e 1–2 R e 0–1 R e 1–2 R e 0–1 R e 1–2 R e 0–1 R e 1–2 R e 

Age L /Gyr (Reg) 2.09 ± 0.18 1.42 ± 0.11 1.74 ± 0.27 1.57 ± 0.22 1.86 ± 0.10 1.30 ± 0.10 1.93 ± 0.14 1.15 ± 0.06 
(Concentrated) 1.20 ± 0.07 1.61 ± 0.10 1.12 ± 0.14 1.06 ± 0.03 1.95 ± 0.18 3.25 ± 0.37 1.66 ± 0.75 1.61 ± 0.17 
Age M 

/Gyr (Reg) 8.19 ± 0.20 6.93 ± 0.43 8.33 ± 0.21 7.69 ± 0.26 8.76 ± 0.12 7.72 ± 0.12 8.00 ± 0.26 6.42 ± 0.23 
(Concentrated) 4.49 ± 0.21 5.45 ± 0.19 6.50 ± 0.62 6.58 ± 0.18 7.65 ± 0.53 8.26 ± 0.35 8.13 ± 0.62 7.33 ± 0.42 
D n 4000(Reg) 1.36 ± 0.01 1.28 ± 0.01 1.29 ± 0.02 1.25 ± 0.01 1.35 ± 0.02 1.28 ± 0.02 1.33 ± 0.02 1.25 ± 0.02 
(Concentrated) 1.28 ± 0.03 1.25 ± 0.03 1.27 ± 0.03 1.28 ± 0.01 1.38 ± 0.04 1.41 ± 0.05 1.36 ± 0.03 1.39 ± 0.02 
H δA (Reg) 3.89 ± 0.14 5.04 ± 0.11 4.42 ± 0.19 5.14 ± 0.20 4.11 ± 0.26 4.99 ± 0.35 4.09 ± 0.21 5.07 ± 0.25 
(Concentrated) 4.87 ± 0.25 4.58 ± 0.15 4.76 ± 0.28 4.95 ± 0.24 3.07 ± 0.58 2.91 ± 0.62 4.15 ± 0.33 4.01 ± 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 Ag e L , Ag e M 

, D n 4000, and H δA indices for 0–1 R e and 1–2 R e subtracting the values of 
ungrouped regular galaxies (panel a in Figs 13 –16 ) for galaxies with M � larger than 10 9.5 M �. We mark the indices > 2 σ in bold. The index differences are the 
greatest in high-mass groups for SF-concentrated galaxies. 

Stellar index Ungrouped galaxies Group galaxies Group galaxies Cluster galaxies 

difference (Halo mass ≤10 12 . 5 M �) 
(Halo mass in 
10 12 . 5 −14 M �) (Halo mass > 10 14 M �) 

0–1 R e 1–2 R e 0–1 R e 1–2 R e 0–1 R e 1–2 R e 0–1 R e 1–2 R e 

Age L /Gyr (Reg) −0.35 ± 0.32 0.15 ± 0.25 −0.23 ± 0.20 −0.12 ± 0.15 −0.16 ± 0.22 −0.26 ± 0.13 
(Concentrated) −0.89 ± 0.19 0.19 ± 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 
Age M 

/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 n 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 
H δA (Reg) 0.53 ± 0.23 0.10 ± 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 

Figure 15. D n 4000 as a function of galactocentric radius in four halo mass intervals colour-coded by H δA . In each panel, we create 6 bins from 0–2 R e and plot 
the median D n 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 n 4000 indices than regular galaxies. 
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Figure 16. H δA as a function of galactocentric radius in four halo mass intervals colour-coded by D n 4000. The top row shows regular galaxies, while the 
bottom ro w sho ws 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 δA indices than regular galaxies. 
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oncentrated galaxies in clusters, they are corresponding to ages 
onsidering uncertainties. 

.3 H δA index radial profile 

long with D n 4000, we also show H δA measurements that corre- 
pond to more recent star formation. The H δA radial profiles in 
ig. 16 for regular galaxies (panels a-d) all show an increasing 
 δA with increasing radius. This is consistent scenario as the age 

adial profiles that shows an ‘inside-out’ quenching process. Regular 
alaxies in different halo mass intervals (black solid lines and black 
ashed lines) do not have significant differences as the standard 
eviations of median values are around 0.25 Å. In ungrouped and 
ow-mass groups (panels e and f), the SF-concentrated galaxies tend 
o have higher H δA at small radius than regular galaxies, as might
e expected given they are concentrated and may have recent star
ormation. They tend to have slightly smaller H δA at large radius
ompared to regular galaxies, which may be because these galaxies 
re dominated by central star formation enhancements. There is a 
arger difference between concentrated and regular galaxies in high- 

ass groups and clusters than in low-density environments. For SF- 
oncentrated galaxies at large radius, H δA is considerably lower in 
igh-mass groups. 
The medians of 0–1 R e and 1–2 R e in each panel in Fig. 16 are

iven in Table 5 . The outer H δA index is 2.91 ± 0.62 Å for SF-
oncentrated galaxies in the high-mass groups, 4.01 ± 0.33 Å for 
luster SF-concentrated galaxies, and 3.89 ± 0.14 Å for ungrouped 
egular galaxies. As H δA is low at a large radius in high-mass
roups, there is little evidence of a recently quenched population. 
he clusters have slightly higher H δA than high-mass groups but less

han regular galaxies, which suggests that those populations have 
ged less. The median H δA values are relatively low, suggesting 
ecent star formation. The index differences between the various 
opulations and the ungrouped regular galaxies are given in Table 6 .
here is a clear difference between clusters and high-mass groups 
nd the indices suggest relatively old populations in the outer discs
or high-mass groups, meaning they quench the outer regions earlier, 
hich supports our age measurements. 

 DI SCUSSI ON  

e aim to better understand the spatially resolved environmental 
tar formation quenching processes by leveraging the comprehensive 
nvironmental co v erage of the SAMI Galaxy Surv e y. We combine
patial star formation analysis with stellar-population properties, 
hus combining the ‘instantaneous’ approach to quenching to a 
ime-integrated analysis. With the final SAMI data release 3, the 
oncentration index [ C -index, log( r 50, H α/ r 50, cont )] and SFR are used
o test how spatial star formation depends on en vironment. W ith
hese parameters, we are mainly selecting galaxies that currently 
ho w e vidence of quenching. The stellar population radial profiles
re used to understand the relative rapidity of quenching in different
nvironments. 

We find higher halo masses tend to have larger fractions of SF-
oncentrated galaxies than low halo masses. In some cases, we 
nd that SF-concentrated galaxies have older outskirts. Specif- 

cally, the age difference for the outer regions between SF- 
oncentrated galaxies and regular galaxies is larger in high-mass 
roups (1.83 ± 0.38 Gyr for Age L , 1.34 ± 0.56 Gyr for Age M 

) than
n clusters (0.19 ± 0.21 Gyr for Age L , 0.40 ± 0.61 Gyr for Age M 

).
he spatial extent of star formation of low M � galaxies (10 7 . 5 −9 . 5 M �)
lso appears to be affected by the environments. 

Some papers, that did not find that the SF population depends on
he environment, suggested the environmentally triggered transfor- 

ations must occur either on a short time-scale or preferentially at
igh redshift (e.g. Balogh et al. 2004 ; Wijesinghe et al. 2012 ). While
MNRAS 516, 3411–3430 (2022) 
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Figure 17. The left-hand panel shows C -index versus � 5 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. 
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here are other works that show environmental impact on the SF
opulation (e.g. von der Linden et al. 2010 ). There are studies in the
irgo cluster (e.g. Koopmann & Kenney 2004 ; Boselli et al. 2016 )

hat show the SF population changes with increasing environmental
ensity, likely reflecting the increasing impact of ram pressure. With
ntegral field data, we can see that although the passive fraction
oes change strongly with environment, there is a change in the SF
opulation as well. The possible physical quenching processes in
ifferent halo mass intervals are discussed in the following sections.

.1 Quenching in clusters 

n the SAMI clusters, we find 29 ± 4 per cent of SF galaxies
ave concentrated star formation (defined by C -index < −0.2).
his number is significantly higher than the fraction observed

n the ungrouped sample (9 ± 2 per cent). The different C -index
istributions between clusters and lower halo-mass environments
re confirmed by a K–S test; in particular, there is a tail of galaxies
o wards lo w C -index in clusters that is not visible in ungrouped
nvironments. These observations match the likely effect of the
ell-accepted environmental quenching mechanism in clusters, RPS

Gunn & Gott 1972 ). This can expel the gas from the disc resulting
n low or no star formation in the outskirts of galaxies (e.g. Bekki
013 ). For SF-concentrated galaxies, quenching happened earlier in
he outskirts than in the centres. 

Furthermore, we compare the radial age profiles of SF-
oncentrated galaxies in clusters to those of ungrouped regular
alaxies. The underlying assumption is that, before entering a
roup/cluster, the progenitors of SF-concentrated galaxies had on
verage the same radial age profiles as ungrouped regular galaxies.
he SF-concentrated galaxies show no significant age difference
ompared to ungrouped regular galaxies. The inner regions of the
F-concentrated cluster galaxies are similar to those of ungrouped
egular galaxies in Figs 13 and 14 (age difference is −0.43 ± 0.77 Gyr
or Age L , −0.06 ± 0.65 Gyr for Age M 

). The age difference of the outer
egions between the ungrouped regular galaxies and concentrated
luster galaxies is 0.19 ± 0.21 Gyr for Age L and 0.40 ± 0.61 Gyr
or Age M 

(1–2 R e ), which is not significant. The D n 4000 index and
 δA index radial profiles also support our age measurements. In

ummary, SF-concentrated galaxies have lower outer star formation
nd maybe undergoing ‘outside-in’ quenching. Since the galaxies
ith concentrated star formation show no significant age difference,

his implies that quenching in the centre follows quickly after the
utskirts are quenched. 
Regular galaxies in clusters do not have centrally concentrated

F, rather they have older centres with younger outskirts. They do
ot sho w e vidence of environmental quenching. The phase-space
iagram (Fig. 12 ) indicates that regular galaxies are less likely to be
ear the centre of the clusters. 

To further investigate the role of environment on SF-concentrated
alaxies, in Fig. 17 , we consider two related but different environment
easurements: the fifth-nearest-neighbour surface density (labelled
 5 ; Secion. 2.4 ; left-hand panel) and time since galaxies fall into

lusters (labelled Time-infall, right-hand panel). Time-infall has been
stimated from the location of individual galaxies within the clusters’
rojected phase-space diagram (Rhee et al. 2020 ). The time was
btained from numerical simulations, for which true Time-infall
 alues are kno wn, and defined as the time since the galaxy first
rossed 1.5 virial radii. They divided the phase-space diagram in 32
ins, then assigned each galaxy the median Time-infall of the bin it
elongs to. Rhee et al. ( 2020 ) estimated Time-infall values, which are
ased on the full population of galaxies in a cluster (including passive
NRAS 516, 3411–3430 (2022) 
alaxies). We only select SF galaxies that currently sho w e vidence of
uenching, so the true Time-infall will be lower than shown in Fig. 17 ,
nd the trends we see should largely be considered qualitatively. We
stimate a typical uncertainty of 2 Gyr as the 1 σ range of the Time-
nfall distribution within a bin. Uncertainties on assigning time-scale
o galaxies based on their position in the phase-space diagram is
ell discussed in Cortese, Catinella & Smith ( 2021 ). Therefore, we
o not put much emphasis on the actual value of Time-infall, but
nstead assume that the relative difference in Time-infall between
ifferent galaxies is the most meaningful. Intuitively, � 5 is more
elated to local environment, whereas Time-infall is more related
o global environment (i.e. interactions between the galaxy and the
luster). Considering each panel separately, we find a Spearman
ank correlation coefficient of r = −0.29 ( P -value = 0.01) for the
nticorrelation between C -index and � 5 , and r = −0.39 ( P -value
 0.0006) for the anticorrelation between C -index and Time-infall.
oth correlations are statistically significant. 
Clearly, Time-infall and � 5 are strongly correlated themselves ( r =

.53, P -value = 8.6 × 10 −7 ); to disentangle the relative importance of
ime-infall and � 5 , we use partial correlation coefficients (PCC; see
.g. Bait, Barway & Wadadekar 2017 ; Bluck et al. 2020 ; Baker et al.
022 ). The PCC r ( x , z| y ) measures the correlation coefficient of the
wo random variables x and z while controlling for the third variable y .
he results show that after removing the correlation between C -index
nd time-since infall, there is no correlation between C -index and � 5 

 r ( C − index, � 5 | Time-infall) = −0.03, P = 0.8]. In contrast, after
emoving the correlation between C -index and � 5 , there is still some
vidence (2 σ ) for an anticorrelation between C -index and Time-infall
 r ( C -index, Time-infall | � 5 ) = −0.28, P = 0.02]. This result is all
he more striking if we consider that measurements of Time-infall
re much more uncertain than measurements of � 5 . 

So the PCCs suggest that C -index decreases with increasing
ime-infall, with no independent correlation with local environment
ensity. This implies that variations to the C -index with respect
o ordinary, regular galaxies are likely due to the global cluster
nvironment, not to interactions with nearby galaxies. The large
catter in the C -index versus Time-infall diagram could be due
o either the large measurement uncertainties on Time-infall, or,
lternatively, to other physical properties other than Time-infall
ontributing to determine C -inde x. F or e xample, re gular galaxies
ith a long Time-infall could be due to quenching depending on the
etailed orbit within the halo. This scenario is broadly consistent
ith a ‘delayed-then-rapid’ model, when these galaxies most recent
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all into a current host halo: the first 2–4 Gyr after infall being
naffected, then star formation quenches rapidly with an e-folding 
ime of ≤ 0.8 Gyr (Wetzel et al. 2013 ). Wetzel et al. ( 2013 ) argued the
naffected 2–4 Gyr is related to group preprocessing, where galaxies 
ave not fallen into a dense enough environment like the cluster 
entre. 

Owers et al. ( 2019 ) used a small sample (25) of SF galaxies with
trong Balmer absorption in the SAMI surv e y to study environmental
uenching. They found that the majority (53 per cent) of cluster H δ

trong galaxies (HDSG) show star formation in the centres, while the 
DS regions in the outskirts, which is consistent with ‘outside-in’ 
uenching. Along with the projected phase-space diagram, they also 
ound that cluster HDSGs are consistent with an infalling population 
hat has entered the central 0.5 r 200 within the last ∼1 Gyr, which
ho ws e vidence of recent quenching of star formation. If the SF-
oncentrated galaxies in the cluster we discuss are the same as in
wers et al. ( 2019 ), they may also have just passed within 0.5 virial

adii of the cluster within the last ∼1 Gyr. The age difference in
he outer region for cluster SF-concentrated galaxies compared to 
egular ungrouped galaxies is 0.23 ± 0.33 Gyr for Age L , suggesting 
hat once quenching started, it happened on a short time-scale. 

.2 Quenching in high-mass groups 

here is a slightly lower fraction (19 ± 4 per cent) of SF-concentrated
alaxies in high-mass groups compared to clusters but more than in 
he ungrouped environment (9 ± 2 per cent) and low-mass groups 
8 ± 3 per cent). The K–S test on the C -index distribution shows
he C -index distribution is not the same as the ungrouped and
ow-mass group galaxies. The stellar population radial profiles also 
ho w a distincti ve signature of a young centre and older outskirts
or galaxies with 10 9 . 5 −11 . 5 M � M � . The observations suggest that 
tar formation quenching happened in the outskirts first for SF- 
oncentrated galaxies. 

Similar to clusters, we assume that before entering a group/cluster, 
he average age profile is like the ungrouped galaxies. This as-
umption means that we are looking at the integrated impact of
nvironments, including possible pre-processing prior to entering the 
urrent group. We look into the integrated environmental quenching 
rocesses because with the SAMI data, it is impossible to rule out
hether galaxies have been affected by previous haloes. However, 

ompared with ungrouped galaxies, regular high-mass group galaxies 
ave the same age radial profile, therefore, there is little evidence of
re-processing in high-mass groups. This is consistent with other 
esearch that shows pre-processing is mild prior to entering groups 
e.g. Vijayaraghavan & Ricker 2013 ; Hou, Parker & Harris 2014 ).
herefore, we do not further discuss the effect of pre-processing 
ere. 
The age difference of the outer region between the ungrouped 

egular galaxies and high-mass group SF-concentrated galaxies is 
.83 ± 0.38 Gyr for Age L , 1.34 ± 0.56 Gyr for Age M 

. The great
ifference suggests that not only has quenching happened first in 
he outskirts of these galaxies, but that there is also a significant
elay between the quenching of the outer disc in groups and the
otal quenching of a galaxy (including the central regions). We do 
nd the D n 4000 difference at large radius between high-mass groups
nd ungrouped regular galaxies, which is consistent with Spindler 
t al. ( 2018 ), who used D n 4000 as SFR proxies in MaNGA group
hat showed evidence for an ‘outside-in’ environment quenching. 

e also observe that the regular SF galaxies in groups, without 
oncentrated SF, have the same age profile as ungrouped regular 
alaxies (Fig. 13 ). Therefore, there are a large fraction of galaxies
hat are not yet impacted significantly by this environment. 

One possible mechanism is that galaxies are partially stripped of 
as by ram-pressure in high-mass groups, suppressing star formation 
n the outer disc (e.g. Schaefer et al. 2019 ; Vaughan et al. 2020 ),
hile central star formation remains. Partial RPS is also studied 
y hydrodynamical simulation models, for example, Steinhauser, 
chindler & Springel ( 2016 ) found that complete gas stripping in
iscs only happens in extreme cases and partial RPS can lead a
tar formation enhancement in the galaxy centre. Later, Stevens 
 Brown ( 2017 ) found that stripping of hot gas from around the

atellites depends on orbit and environments. When comparing the 
ge L , which is weighted towards the most recent star formation,

he 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)
uggesting that clusters are more efficient at removing cold gas 
rom infalling galaxies. This is consistent with Foltz et al. ( 2018 ),
ho found quenching time-scales to be faster in clusters relative to
roups, suggesting that properties of the host halo are responsible 
or quenching high-mass g alaxies. For g alaxies in 10 7 . 5 −9 . 5 M � M � 

in, we also find there are a greater fraction of SF-concentrated
alaxies in high-mass groups (24 ± 7 per cent) compared to low-
ass groups (9 ± 2 per cent) and ungrouped regions (7 ± 2 per cent).
nvironmental effects on low M � galaxies are also supported by 
imulation results (e.g. Cora et al. 2019 ). 

An alternative mechanism is that g alaxy–g alaxy interactions in 
roups, such as tidal interactions and close-pair interactions (e.g. 
ernquist 1989 ; For et al. 2021 ), could cause enhancement of central

tar formation. The age difference in the inner region between high-
ass group SF-concentrated galaxies and ungrouped regular galaxy 

s −0.14 ± 0.25 for Age L and −0.53 ± 0.57 for Age M 

. There is
o significant difference in ages, suggesting no significant recent 
entral star formation burst in high-mass groups for SF-concentrated 
alaxies. Thus, the fraction (19 ± 4 per cent) of SF-concentrated 
alaxies in high-mass groups are more likely caused by quenching 
n the outer disc. 

.3 Ungrouped and low-mass group environment 

ngrouped and low-mass groups o v erlap in halo mass ranges ( ≤
0 12 . 5 M �). The y both hav e low local densities � 5 around 1 Mpc −2 .
he C -index distributions for ungrouped and low-mass groups have 
 majority of galaxies with C -index around 0 with a small tail
o low C -indices. The K–S test on C -index between ungrouped
nd low-mass groups is not significantly different with p -value 
 0.397. The stellar population radial profiles show that regular 

alaxies have an older centre with younger outskirts, while the 
F-concentrated galaxies have a relatively younger centre. Regular 
alaxies are consistent with an ‘inside-out’ mass buildup with stars 
n the centre forming early. For SF-concentrated galaxies, they 
ave ongoing central SF. Note that this is caused by our sample
election with low C -indices. There is little age difference in the outer
egion for concentrated and regular galaxies ( −0.36 ± 0.12 Gyr for
ge L , −0.34 ± 0.47 Gyr for Age M 

), which shows no star formation
uenching in their outskirts, which might be expected given their very
ow density environments. Therefore, the SF-concentrated galaxies 
n this case are not generally caused by quenching in the outer disc.
he ungrouped regular galaxies are used as the references compared 

o higher halo mass environments as there is little evidence for
nvironmental quenching in these galaxies. For low-mass group SF- 
oncentrated galaxies, the age difference compared to ungrouped 
egular galaxies in the inner region is −0.97 ± 0.23 Gyr for Age L ,
MNRAS 516, 3411–3430 (2022) 
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1.69 ± 0.65 Gyr for Age M 

. The age difference in the inner region
etween ungrouped SF-concentrated galaxies and ungrouped regular
alaxies is −0.89 ± 0.19 Gyr for Age L , −3.70 ± 0.29 Gyr for
ge M 

. The younger ages for SF-concentrated galaxies compared
o regular galaxies show there is recent star formation in the centres
n ungrouped regions and low-mass groups. The low C -index is then
ikely to be driven by an enhancement of central star formation in
ow-mass groups where the close-pair interactions may happen (e.g.
arson & Tinsley 1978 ; Ellison et al. 2008 ; Moreno et al. 2015 ). 

 C O N C L U S I O N S  

t is important to study the star formation quenching mechanisms
cting in different environments to understand galaxy evolution. IFS
urv e ys hav e pro vided a crucial tool to study spatially resolved star
ormation. With the SAMI Galaxy Surv e y DR3, we present star
ormation concentration index [ C -index, log( r 50, H α/ r 50, cont )] and star
ormation quenching time-scale proxies in four different environ-
ents. The four halo mass intervals are ungrouped (not classified in
 group galaxy in the GAMA catalogue), low-mass groups ( M 200 

10 12 . 5 M �), high-mass groups ( M 200 within 10 12 . 5 −14 M �), and
lusters ( M 200 > 10 14 M �). Ag e L and Ag e M 

, which are calculated
rom stellar population spectral fits, are used to estimate the quench-
ng time-scales as well as D n 4000 and H δA indices. Our sample is
eparated into two types of galaxy by C -inde x cut: re gular galaxies
ith 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 9.5–11.5 M �, there is a
arger fraction of SF-concentrated galaxies in high-mass groups
19 ± 4 per cent) and clusters (29 ± 4 per cent) compared to un-
rouped (9 ± 2 per cent) and low-mass groups (8 ± 3 per cent).
he K–S test results confirm the differences between C -index
istributions are significant in different halo masses. We also compare
he fifth-nearest-neighbour surface density ( � 5 ), and find C -index
hows a significant difference only when � 5 > 10 Mpc −2 . SF-
oncentrated galaxies with non-SF outskirts in high-mass groups
nd clusters are consistent with ‘outside-in’ quenching. 

(ii) For galaxies with M � between 10 7.5–9.5 M �, the fraction of
F-concentrated galaxies is 7 ± 2 per cent for ungrouped regions,
 ± 2 per cent for low-mass groups and 24 ± 7 per cent for high-
ass groups (the SAMI cluster sample does not have low M � 

alaxies). The K–S test results confirm that the C -index distributions
re significantly different between high-mass groups and ungrouped
alaxies. Environments affect star formation quenching for SF-
oncentrated galaxies in 10 7.5–9.5 M � mass bin as well. 

(iii) Regular galaxy stellar population age profiles in all environ-
ents show that these galaxies have old centres with young outskirts,
hich is consistent with ‘inside-out’ galaxy formation (e.g. P ́erez

t al. 2013 ; Gonz ́alez Delgado et al. 2015 ). 
(iv) We assume that prior to entering a group/cluster, the average

ge profile is like the ungrouped galaxies. SF-concentrated galaxies
n high-mass groups show older outskirts compared to ungrouped
egular galaxies. The age difference in the outer 1-2 R e regions
etween SF-concentrated galaxies in high-mass groups and regular
ngrouped galaxies (1.83 ± 0.38 Gyr for Age L and 1.34 ± 0.56 Gyr
or Age M 

) suggests that star formation quenching happened in the
utskirts first for SF-concentrated galaxies, and there is a significant
elay between the quenching of the outer disc in groups and the total
uenching of a galaxy (including the central regions). These galaxies
ay be influenced by partial RPS. 
NRAS 516, 3411–3430 (2022) 
(v) In the outer regions, SF-concentrated cluster galaxies and
egular ungrouped galaxies have no significant age difference
0.19 ± 0.21 Gyr for Age L and 0.40 ± 0.61 Gyr for Age M 

). This
mplies quenching in the centre is followed quickly after the outskirts
re quenched. Combining results of high-mass groups, these findings
uggest a higher efficiency of RPS in clusters. 

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

SF-concentrated galaxies in high-mass groups and clusters both
ho w environmental dri ven ‘outside-in’ quenching. Compared to
ngrouped regular galaxies, the age difference in the outer regions
f SF-concentrated galaxies is larger in high-mass groups than in
lusters, which is consistent with cluster star formation quenching
eing more rapid than star formation quenching in high-mass groups
ith more efficient RPS. 
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