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A B S T R A C T 

Environment has long been known to have significant impact on the evolution of galaxies, but here we seek to quantify the subtler 
differences that might be found in disc galaxies, depending on whether they are isolated, the most massive galaxy in a group 

(centrals), or a lesser member (satellites). The MaNGA surv e y allows us to define a large mass-matched sample of 574 galaxies 
with high-quality integrated spectra in each category. Initial examination of their spectral indices indicates significant differences, 
particularly in low-mass galaxies. Semi-analytic spectral fitting of a full chemical evolution model to these spectra confirms these 
dif ferences, with lo w-mass satellites having a shorter period of star formation and chemical enrichment typical of a closed box, 
while central galaxies have more extended histories, with evidence of ongoing gas accretion o v er their lifetimes. The derived 

parameters for gas infall time-scale and wind strength suggest that low-mass satellite galaxies have their hot haloes of gas effec- 
tiv ely remo v ed, while central g alaxies retain a larger fraction of g as than isolated g alaxies due to the deeper group potential well 
in which they sit. S0 galaxies form a distinct subset within the sample, particularly at higher masses, but do not bias the inferred 

lower mass environmental impact significantly. The consistent picture that emerges underlines the wealth of archaeological 
information that can be extracted from high-quality spectral data using techniques like semi-analytic spectral fitting. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: fundamental parameters – galaxies: stellar content. 
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 I N T RO D U C T I O N  

alaxies are complex systems, and their formation and evolution 
re affected by a variety of processes. In the current paradigm, 
alaxies form at the centre of dark matter haloes whose formation and
volution are described by the Lambda cold dark matter cosmology 
White & Rees 1978 ). Baryonic matter accretes into these dark 
atter haloes, fuelling star formation. During this initial gas accretion 

nd subsequent evolution, galaxies can experience a wide range of 
nteractions with their environment, on scales ranging from mergers 
ith individual galaxies to hydrodynamic interactions with galaxy 

lusters and the cosmic web. 
It is therefore perhaps unsurprising that galaxy properties depend 

n the environment that they inhabit. Most famously, high-density 
egions such as groups and clusters contain a significantly higher 
raction of red galaxies, often associated with earlier morpholog- 
cal types (e.g. Oemler 1974 ; Dressler 1980 ; Postman & Geller
984 ). With the advent of large-scale surveys such as the Sloan
igital Sky Survey (SDSS; York et al. 2000 ), the environmental 
ependence of the galaxies’ star formation histories (SFHs) has 
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een e xtensiv ely e xplored. Such surv e ys hav e rev ealed that satellite
alaxies in groups and clusters (e.g. Pasquali et al. 2010 ; Peng
t al. 2012 ; Wetzel, Tinker & Conroy 2012 ; Wetzel et al. 2013 )
nd galaxies that live in high-density regions (e.g. Kauffmann et al.
003 ; Baldry et al. 2006 ) are more likely to have their star formation
uenched than isolated galaxies. Other properties related to the 
alaxies’ SFHs show related environmental dependence: galaxies 
re redder (Blanton et al. 2005b ; Li et al. 2006 ) and have a higher
000 Å break strength (Kauffmann et al. 2004 ; Li et al. 2006 ) in
enser environments. Further observations have shown that this 
nvironmental dependence may persist to high redshifts (e.g. Peng 
t al. 2010 ; Darvish et al. 2016 ; Kawinwanichakij et al. 2017 ).
ore recently, spatially resolved observations allow the investiga- 

ion of such environmental effects within the galaxies themselves, 
lthough several studies indicate that the environment seems to 
ork mainly globally, with very little effect on the radial profiles
f stellar population properties (e.g. Zheng et al. 2017 ; Spindler
t al. 2018 ). 

There is some evidence that, in addition to affecting the star for-
ation activity of galaxies, the environment may also impact on their

hemical evolution, although the effects seem more subtle, complex, 
nd uncertain. Early-type galaxies in low-density environments are 
ore metal rich than their counterparts in high-density environments 
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S ́anchez-Bl ́azquez et al. 2006 ). Further, Pasquali et al. ( 2010 ) found
hat satellite galaxies seem to be more enriched in metals than central
nes, especially in low-mass systems. However, the opposite trend
as found by Zheng et al. ( 2017 ): In large-scale sheets and voids,

atellite galaxies are relatively more metal poor than central ones.
heng et al. ( 2019 ) also found that the environment appears to have a
odest effect on the α-element abundances of galaxies, especially at

ow and average galaxy masses. Finally, as with stellar ages, although
he global metallicity of galaxies correlates with their environment,

etallicity gradients show weak or no environmental dependence
e.g. Goddard et al. 2017 ; Zheng et al. 2017 ). 

In trying to understand the physical drivers of these differences, it
s apparent that varying processes are at work depending on whether a
alaxy is central within a halo or a satellite system. Indeed, analysing
DSS data, Peng et al. ( 2012 ) concluded that the quenching of
atellite galaxies in galaxy groups provides the starting point of
nvironmental ef fects. Kov a ̌c et al. ( 2014 ) further confirmed the
ominant role of satellite quenching o v er time by analysing samples
rom zCOSMOS-bright data; they found little evidence that the red
raction of central galaxies depends on o v erdensity, while satellites
re commonly redder at all o v erdensities, at least back to z ∼ 0.7. 

Currently, it is still unclear what distinction in physical mechanism
s responsible for these differences in what is termed ‘environmental
uenching’. A range of processes have been suggested that can
ontrib ute, which all inv olve depriving a galaxy of the cold gas that it
eeds to keep forming stars. F or e xample, a galaxy may experience
am-pressure stripping when it mo v es through a hot gaseous medium,
hich can rapidly remo v e the fuel for star formation and quench the
alaxy (e.g. Gunn & Gott 1972 ; Abadi, Moore & Bower 1999 ).
lternatively, if only the gas in the outer part of the galaxy is

emo v ed, or is prev ented from falling to the galaxy through heating,
he galaxy would experience ‘strangulation’ and gradually quench
hen the existing fuel is exhausted (e.g. Larson, Tinsley & Caldwell
980 ; Balogh, Navarro & Morris 2000 ). Tidal interactions between
alaxies in a group or between galaxies and the dark matter halo
f the group or cluster can also cause stripping of the gas (e.g.
ead et al. 2006 ). In each case, the net effect is the same, so the
bservable consequences of quenching will be similar, making it
ifficult to determine which processes are important in any particular
ituation. Ho we ver, gi ven the physical differences in these processes,
e might expect to be able to distinguish between them on the basis
f subtler indicators such as the time-scale o v er which star formation
huts down, and the way that gas loss can alter a galaxy’s chemical
volution. 

Fortunately, we are now in a position to investigate these subtler
actors to distinguish between such effects. The recently completed

apping Nearby Galaxies at Apache Point Observatory (MaNGA)
urv e y (Bundy et al. 2015 ) has provided us with high-quality spectra
rom a well-defined sample of o v er 10 000 nearby galaxies, which
llows us to select a large set of galaxies in different environments,
o search for quite subtle variations. The size of the surv e y also
eans that we can focus on a homogeneous subset of galaxies,
atched in mass between environments, and chosen to have a shared

nderlying morphology – in this case, all disc galaxies – to seek
o minimize the variations that might be expected for galaxies of
ery different types in different environments. Moreo v er, we hav e
ecently shown that, by fitting relatively simple stellar and chemical
volution models directly to the high-quality spectra that MaNGA
rovides, it is possible to determine physical parameters related to
he time-scales of star formation and rates of gas accretion and loss
hat should allow us to distinguish between quenching mechanisms
Zhou, Merrifield & Arag ́on-Salamanca 2022 , hereafter Paper I). 
NRAS 517, 3723–3731 (2022) 
To this end, we have set out the analysis in this paper as follows.
he data and sample selection, and a preliminary look at the evidence

t presents for environmental influence, are described in Section 2 .
he ‘semi-analytic spectral fitting’ process, by which we fit a simple
hysically moti v ated e volutionary model directly to the spectra, is
ummarized in Section 3 . The inferred evolutionary parameters for
entral, satellite, and isolated galaxies, and their implications for
he drivers of environmental quenching, are described in Section 4 .
inally, we summarize the key findings in Section 5 . 

 DATA  

.1 The MaNGA sur v ey 

s part of the fourth generation of SDSS (SDSS-IV; Blanton
t al. 2017 ), MaNGA has completed its mission to collect spatially
esolved high-quality spectra for a well-defined sample of o v er
0 000 nearby galaxies (redshift 0.01 < z < 0.15; Yan et al. 2016b ;
ake et al. 2017 ). MaNGA targets were selected to span the stellar
ass range 5 × 10 8 ≤ M ∗ ≤ 3 × 10 11 h 

−2 M � (Wake et al. 2017 ),
sing stellar masses from the NASA Sloan Atlas (NSA) catalogue 1 

Blanton et al. 2005a ). Using two dual-channel BOSS spectrographs
Smee et al. 2013 ) mounted on the 2.5 m telescope (Gunn et al. 2006 ),
ntermediate-resolution ( R ∼ 2000; Drory et al. 2015 ) spectra that
o v er 3600–10 300 Å in wavelength were obtained out to at least
.5 ef fecti v e radii for all the target galaxies (La w et al. 2015 ). The
aw spectra were reduced and calibrated (Yan et al. 2016a ) via the
ata Reduction Pipeline (Law et al. 2016 ) to produce science-ready

pectra with flux calibrations better than 5 per cent across most of the
avelength range. The Data Analysis Pipeline (DAP; Belfiore et al.
019 ; Westfall et al. 2019 ) processed these reduced data and provided
he measurements of stellar kinematics, emission-line properties, and
pectral indices employed in this work. 

.2 Sample selection and data reduction 

he intent of this paper is to investigate how the stellar population
roperties in galaxies depend on the environment that they inhabit,
pecifically whether they are central or satellite galaxies in groups,
r are isolated objects. To identify such systems, we make use of
he 11th MaNGA Product Launch (MPL11) data, which comprise
he full 10 010 unique galaxies observed, and were released with the
DSS-IV Data Release 17 (DR17; Abdurro’uf et al. 2022 ). We are
lso looking to select a sample in which mergers are unlikely to have
onfused the evolutionary picture significantly, so we focus on disc-
ike systems (Mo, Mao & White 1998 ). To this end, we make use
f the value-added catalogue (VAC), the MaNGA Morphology Deep
earning DR17 Catalogue (Dom ́ınguez S ́anchez et al. 2022 ), which
rovides classifications for all the MaNGA MPL11 galaxies. In this
atalogue, several indicators are provided to describe the morphology
f the galaxy. P LTG is the probability of being late-type galaxies from
he deep-learning approach. T-Type is another indicator with T-type

0 for early-type galaxies, T-type > 0 for late-type galaxies, and T-
ype = 0 for S0s. Visual class (VC) comes from visual inspection of
he image of the galaxy, in which late-type galaxies are marked with
C = 3 and S0 with VC = 2. In addition, a visual classification flag

VF) is used to indicate the robustness of the visual classification,
n which certain visual classification results have VF = 0. There are

ultiple ways in which these indicators can be combined to create a

http://www.nsatlas.org/
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Figure 1. The SFR as a function of stellar mass for our sample galaxies. 
Isolated, central, and satellite galaxies are shown in green, red, and blue, 
respectively. The black dashed line shows the star-forming main sequence 
obtained by Renzini & Peng ( 2015 ) as reference. 
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ingle measure of morphology; here, we follow the criteria suggested 
n Dom ́ınguez S ́anchez et al. ( 2022 ) to select disc galaxies as those
n the VAC labelled with 

(i) spiral: ( P LTG > 0.5) and (T-Type > 0) and (VC = 3) and
VF = 0), 

(ii) S0: ( P LTG < 0.5) and (T-Type < 0) and (PS0 > 0.5) and (VC
 2) and (VF = 0), 

which yields 5125 spirals and 891 S0s. To ensure the robustness
f morphological classifications and to minimize dust attenuation 
ffects, we also require the sample galaxies to be reasonably face- 
n; after applying an axial ratio cut of b / a > 0.5, we obtain a sample
f 4416 reasonably face-on disc galaxies. 
To obtain the requisite environment information, we make use of 

nother VAC, the Galaxy Environment for MaNGA Value Added 
atalog (GEMA-VAC). In this VAC, the environment information of 
aNGA galaxies is derived using the methods described in Argudo- 

ern ́andez et al. ( 2015 ), Etherington & Thomas ( 2015 ), and Wang
t al. ( 2016 ). The final catalogue will be described in more detail
n Argudo-Fern ́adez et al. (in preparation), but the VAC itself has
een released with SDSS DR17. We use the group environment 
f MaNGA galaxies provided in the VAC, in which galaxies are 
llocated to groups using the catalogue of Yang et al. ( 2007 ). Using
his information, we divide the sample into three classes: 

(i) isolated: number of galaxies NG = 1 in the group; 
(ii) central: the most massive galaxy in a group with NG > 1; and
(iii) satellite: not the most massive galaxy in a group with NG > 1.

One further issue is that galaxies selected in different environments 
ould have systematically different properties. In particular, their 
ass distributions are likely different, with more massive systems 

ound in higher density regions. Since mass is likely the biggest single
ntrinsic driver of evolutionary differences, this effect would mask the 
xtrinsic environmental effects that we are looking for. To mitigate 
his issue, we have mass-matched the subsamples of galaxies in each 
nvironmental category in the stellar mass range 9.5 < log ( M ∗/M �)
 11.5. This range is divided into bins of width log ( M ∗/M �) =

.1, which is approximately equal to the uncertainty in the mass
easurement, and within each bin, we select all N galaxies from the

east popular category, and a random subsample of N galaxies from
he other two categories. In this way, we construct a mass-matched 
ample in the three categories, which ends up with 574 galaxies in
ach environmental class. 

In this sample, most of the central galaxies come from relatively 
mall groups, with a median number of group members NG = 3, and
0 per cent of the groups have NG < 10. Satellite galaxies come from
igger groups with a median NG = 16. In addition, the GEMA-VAC
rovides halo mass estimations for MaNGA galaxies obtained from 

ang et al. ( 2007 ). We use these halo masses to characterize in more
etail the dark matter halo properties of the sample galaxies. Isolated 
alaxies have halo masses in the range 10 11.5 < M h /M � < 10 13 with
 median of 10 12.4 M �. Central galaxies generally reside in relatively
arger dark matter haloes with halo masses in the range 10 11.5 <

 h /M � < 10 14 and a median of 10 12.6 M �. As might be expected for
atellite galaxies that do not define the mass of the halo in which they
eside, the range for these systems is much larger, spanning from 10 12 

o 10 14.5 M � with a median of 10 13.7 M �. In what follows, we will
xplore how this range of environments has affected the evolution of
he galaxies they host. 
.3 Environmental dependence of the galaxies’ empirical 
roperties 

efore getting into the detailed modelling that will tell us about the
hysical processes involved in environmental quenching, it is helpful 
o look for clues in the simpler empirical data available directly
rom the MaNGA DAP. In Fig. 1 , we present the star formation
ctivity of the sample galaxies as a function of their masses. For
his analysis, we use H α flux measurements provided by MaNGA 

AP (where detected) to estimate the star formation rate (SFR). 
sing the Calzetti e xtinction la w (Calzetti et al. 2000 ) and assuming

n intrinsic H α/H β ratio of 2.87 (Osterbrock & Ferland 2006 ), we
orrect the H α flux for dust attenuation. A conversion factor from
urphy et al. ( 2011 ) calibrated with a Chabrier (Chabrier 2003 )

nitial mass function (IMF), 

SFR 

M � yr −1 
= 5 . 37 × 10 −42 L (H α) 

erg s −1 
, (1) 

s then applied to calculate the SFR, which is shown as a function
f the stellar mass from the NSA. From the plot, we see that most
f the sample galaxies lie close to the star-forming main sequence.
o we ver, significant de viations from the main sequence towards

ower SFRs are also seen in many galaxies, particularly the satellite
ystems. Clearly, this of fers e vidence that the present-day SFRs in
isc galaxies are significantly affected by environment. 
To probe further back into the SFHs of galaxies of different types,

e can look for empirical evidence in various absorption-line indices 
hat have been measured for these galaxies. In particular, the Dn4000
ndex is often used as an indicator of the stellar population, and
pecifically a value of Dn4000 < 1.6 will be an indicator of star
ormation within the past 1–2 Gyr (e.g. Kauffmann et al. 2003 ).
n addition, the Mg b/ 〈 Fe 〉 ≡ Mg b/ (0 . 5 ∗ Fe 5270 + 0 . 5 ∗ Fe 5335)
ndex is a proxy for the relative abundance of α elements, for which
igher values are found in galaxies whose stars formed on a shorter
ime-scale (e.g. Worthey 1994 ; Thomas et al. 2005 ; Zheng et al.
019 ). Fig. 2 shows the average values for these indices, integrated
ut to the ef fecti ve radius of all the sample galaxies, as a function
f their stellar masses. Although there is a good deal of scatter,
he average lines on these plots show clear systematic differences 
etween galaxies in different environments. The satellite galaxies 
how stronger values of both indices, indicating relatively little recent 
tar formation, consistent with what we have learned from H α, and
 shorter time-scale for their formation. Interestingly, though, we 
MNRAS 517, 3723–3731 (2022) 
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M

Figure 2. Dn4000 (top panel) and Mg b/ 〈 Fe 〉 (bottom panel) as functions of 
stellar mass for our sample galaxies. Isolated, central, and satellite galaxies 
are shown in green, red, and blue, respectively. Triangles linked by lines are 
mean results in different stellar mass bins, with error bar showing the error 
estimated from the jackknife resampling method. 
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lso see consistent, if subtle, differences between central and isolated
alaxies, even in these relatively crude measures of galaxy evolution,
hich moti v ates a more thorough investigation of its causes. 

 ANALYSIS  

.1 The chemical evolution model 

n order to investigate the physical processes that underlie the
pectral differences between galaxies in different environment, we
t a chemical evolution model directly to the spectra. The model

s designed to be sufficiently general to capture the main physical
rocesses in a wide variety of formation scenarios, but simple enough
o produce robust fits to the spectra. This semi-analytic spectral fitting
pproach is described in detail in Paper I, but we summarize the main
teps in the approach here. 

To construct a sufficiently general picture of the star formation
nd chemical evolution of a galaxy, we have to take into account gas
nflow and outflow processes as well as the star formation triggered
y the resulting gas reservoir. We therefore consider a model in which
he gas mass evolution of the galaxy can be described by 

˙
 g ( t) = Ṁ in ( t) − ψ( t) + Ṁ re ( t) − Ṁ out ( t) . (2) 
NRAS 517, 3723–3731 (2022) 
he first term characterizes the gas inflow, which is assumed to have
n exponentially decaying form 

˙
 in ( t) = A e −( t−t 0 ) /τ , t > t 0 . (3) 

he second term represents the gas lost to star formation, with the
hird term accounting for the mass ejection from dying stars, and the
nal term describing mass lost from the system. We assume a linear
chmidt law (Schmidt 1959 ) to model the star formation activity, so 

 ( t ) = S × M g ( t) , (4) 

here S is the star formation efficiency. We assume this efficiency to
e constant throughout the evolution and estimate it with the extended
chmidt law proposed by Shi et al. ( 2011 ), 

( yr −1 ) = 10 −10 . 28 ±0 . 08 

(
� ∗

M � pc −2 

)0 . 48 

, (5) 

here � ∗ is the stellar mass surface density of the galaxy. We obtain
n approximate average value for � ∗ from the current stellar mass
nd ef fecti ve radius in the NSA, � ∗ = 0 . 5 × M ∗/ ( πR 

2 
e ). 

In this model, a constant mass return fraction of R = 0.3 is assumed,
o that the stars formed in each generation will return 30 per cent of
heir stellar masses to the ISM. For the mass-loss term, we follow
he canonical assumption that the outflow strength is proportional to
he star formation activity: 

˙
 out ( t) = λψ( t) , (6) 

here the dimensionless quantity λ is the relative outflow strength,
ften called the ‘wind parameter’. 
In Paper I, we assumed the outflow to be constant, but with a sharp

ut-off at some time (to represent when a galaxy’s potential well
ecame too deep for the winds to escape). This assumption allows a
econdary star formation episode during the evolution of the galaxy,
ut the sudden cut-off leads to discontinuity in the chemical and star
ormation evolution. Here, we consider a somewhat gentler model for
he changes in the wind parameter, which is assumed to vary linearly
etween an initial value λb at the beginning of galaxy formation
14 Gyr ago) and a value of λe at the present day: 

( t) = λb + ( λe − λb ) t/ (14 Gyr ) . (7) 

e found that this simple refinement a v oids the likely unphysical
iscontinuity in properties, while leaving the statistical results
argely unchanged. Using all those ingredients, the equation that
haracterizes the gas mass evolution can be written as 

˙
 g ( t) = A e −( t−t 0 ) /τ − S(1 − R + λ( t)) M g ( t) . (8) 

For the chemical evolution, we adopt the usual instantaneous
ixing approximation, in which the gas in a galaxy is al w ays
ell mixed during its evolution. The equation that characterizes the

hemical evolution can then be written as 

˙
 Z ( t) = Z in A e −( t−t 0 ) /τ − Z g ( t)(1 − R) SM g ( t) 

+ y Z (1 − R) SM g ( t) − Z g ( t ) λ( t ) SM g ( t ) , (9) 

here Z g ( t ) is the gas-phase metallicity and M Z ( t ) ≡ M g × Z g . The
rst term is the inflow, which brings in gas with metallicity Z in ,
hich is simply assumed to be Z in = 0 throughout this work. The

econd term characterizes the metal locked up in long-lived stars,
hile the third term represents the metal-enriched gas returned by
ying stars. The last term characterizes how the outflo w blo ws away
etal-enriched gas, with a time-dependent outflow strength specified

y equation ( 7 ). 

art/stac2913_f2.eps
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Table 1. Priors of model parameters used to fit galaxy spectra. 

Parameter Description Prior range 

y Z Yield parameter [0.0, 0.08] 
τ Gas infall time-scale [0.0, 14.0] Gyr 
t 0 Start time of gas infall [0.0, 14.0] Gyr 
λb The wind parameter 14 Gyr ago [0.0, 10.0] 
λe The current wind parameter [0.0, 10.0] 
E ( B − V ) Dust attenuation parameter [0.0, 0.5] 
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.2 Fitting the model to obser v ed data 

ow that we have a very general model for the SFH and chemical
volution history (ChEH) of a galaxy, we are in a position to constrain
ts parameters using the spectral data from each galaxy. We do so
y adopting a Bayesian framework, using an updated version of the 
ayesian Inference of Galaxy Spectra ( BIGS ), as presented in Paper I.

n short, a set of model parameters are generated from an appropriate
rior distribution (listed in Table 1 ), which are used to calculate
he SFH and ChEH following equations ( 8 ) and ( 9 ). The present-
ay gas-phase metallicity Z g is obtained from the ChEH. Using the 
ruzual & Charlot ( 2003 ) stellar population models, we calculate a
odel spectrum corresponding to the SFH and ChEH following the 

tandard stellar population synthesis approach (see re vie w by Conroy
013 ). We use Bruzual & Charlot ( 2003 ) models constructed with
he ‘P ado va1994’ isochrones, the Chabrier (Chabrier 2003 ) IMF,
nd the STILIB (Le Borgne et al. 2003 ) stellar templates, which
o v ers metallicities from Z = 0.0001 to Z = 0.05, and ages from
 . 0001 Gyr to 20 Gyr . The library models have a full width at half-
aximum resolution of 3 Å in the wavelength range 3200–9500 Å, 
hich makes them well suited to fitting MaNGA spectra observed at 
600 –10 300 Å with low redshifts ( z ∼ 0.03; Wake et al. 2017 ), but
e must also broaden the stellar templates to match the broadening 
ue to stellar velocity dispersion and instrumental effects, which we 
nfer from an initial PPXF fit to the spectra (Cappellari 2017 ). We
an then compare the inferred model spectrum to the MaNGA data 
nd vary the parameters to find the best-fitting physically moti v ated
odel. 
This method was e xtensiv ely tested in Paper 1, in which we showed

hat, with spectral data at a sufficient signal-to-noise ratio (S/N), 
t can reliably reproduce the o v erall SFH and ChEH of galaxies
ven when the simplified model does not exactly match the detailed 
istory of a galaxy. Ho we ver, it does require quite a high S/N to fit
eliably . Fortunately , here we are interested in the global properties
f galaxies, so, as described in Paper 1, can combine all the data
ithin 1 R e of each galaxy to obtain a spectrum with an S/N of
70 per Å, which is sufficient to robustly reproduce the system’s

istory. 
In Paper I, we used emission-line diagnostics to further constrain 

he present-day SFR and gas-phase metallicity. In this work, ho we ver, 
s we no longer focus only on spiral galaxies, some objects do
ot offer these constraints. However, we can use a population-wide 
elation instead, at least for the metallicity constraint. Specifically, 
ndrews & Martini ( 2013 ) demonstrated that there is quite a tight

elationship between mass and gas-phase metallicity, so we can 
ssign an expected gas-phase oxygen abundance using 

2 + log(O / H) = 8 . 798 − log 

( 

1 + 

(
10 8 . 901 

M � / M �

)0 . 64 
) 

. (10) 

his oxygen abundance is then converted into total metallicity using 
 solar metallicity of 0.02 and oxygen abundance of 12 + log (O/H) =
.83 (Anders & Grevesse 1989 ). We note that this relation is chosen
o be consistent with the calibration of the Bruzual & Charlot ( 2003 )
ingle stellar popolation (SSP) models; alternative calibrations can 
lso be applied, but appropriate caution is urged when comparing 
ith our results. The likelihood function used in deriving a best fit

an then be written as 

ln L ( θ ) ∝ −
N ∑ 

i 

(
f θ,i − f D ,i 

)2 

2 f 2 err ,i 

− ( Z g ,θ − Z g , D ) 2 

2 σ 2 
Z 

, (11) 

here f θ , i is the flux predicted from the model with parameter set
, while f D, i is the observed flux from the stacked spectrum. f err, i 

epresents the corresponding error spectrum, and the sum is made 
 v er all N wav elength points. Z g, θ is the current gas-phase metallicity
rom the model, while Z g,D is the gas-phase metallicity estimated 
rom the empirical relation of equation ( 10 ). σ Z is the uncertainty in
he gas-phase metallicity estimates, which was set to σ Z = 0.1 Z g,D 

Paper I). 

 RESULTS  A N D  DI SCUSSI ON  

aving performed the semi-analytic spectral fitting on the full mass- 
atched sample of central, satellite, and isolated galaxies, we are now 

n a position to quantify and interpret, at least in broad terms, the
mpirical differences in their properties found in Section 2.3 in terms
f the basic physical parameters that this analysis provides. In Fig. 3 ,
e present the average derived properties and underlying physical 
arameters for the mass-matched samples of isolated, central, and 
atellite galaxies, divided into four mass bins. We present these 
roperties in cumulative form, in part because in some cases it
as a simpler physical interpretation (e.g. Greener et al. 2021 ), but
lso because it makes clearer the systematic differences between the 
ubsamples. 

In terms of SFH (top row of Fig. 3 ), it is clear that in the lowest
tellar mass bin (10 9.5 < M ∗/M � < 10 10.0 ), central galaxies accumu-
ate their stellar mass significantly later than satellite galaxies: On 
verage less than 30 per cent of the stellar mass in central galaxies
ormed earlier than 5 Gyr ago, while in the same period, satellite
alaxies had accumulated more than 60 per cent of their stellar mass.
he evolutionary history of isolated galaxies lies between these two 
xtremes. These SFHs are in line with indications from the lower
anel of Fig. 2 , in which the higher α-element abundance in low-
ass satellites flags their shorter star formation time-scales. The 

ifference between central and satellite galaxies becomes weaker 
n higher mass galaxies, and in galaxies with M ∗/M � > 10 10.5 , the
ifference is almost negligible. The different formation history of 
entral and satellite galaxies, as well as its variation with stellar
ass, is consistent with previous investigations (e.g. Pasquali et al. 

010 ; Peng et al. 2012 ; Wetzel et al. 2012 ), b ut the ev olutionary
odel fitted here means that we will be able to go on to attribute a

hysical interpretation to these differences. 
The second row of Fig. 3 shows the associated average cumulative
etallicity distribution function (CMDF) in the different mass bins. 
nce again, it is the low-mass galaxies that display the biggest
ifferences, with satellite galaxies having ∼ 80 per cent of stars with 
 < 0.005, while in central galaxies of similar stellar mass, this
raction decreases to ∼ 20 per cent . The low-metal-rich CMDF of 
ow-mass satellite galaxies is characteristic of the so-called closed- 
ox or leaky-box model, in which there is no significant gas infall to
he system (Tinsley 1974 ); in contrast, the CMDFs in central galaxies
re closer to the predictions of ‘accreting box’ models (Tinsley 1974 ,
980 ), in which a replenishing supply of new gas is provided, which
MNRAS 517, 3723–3731 (2022) 
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M

Figure 3. Environment dependence of galaxy properties derived from best-fitting models for our sample galaxies. The first row shows the cumulative SFH, 
while the second row shows the cumulative metallicity distrib ution, a veraged over galaxies in each bin and category , respectively . To interpret the derived 
mass and chemical evolution, the third and fourth panels show the cumulative distributions of the gas infall time-scale τ and mass-weighted averaged wind 
parameter λ, as indicators of gas infall and outflow properties, respectively, in our sample galaxies. In each row, from left to right, different panels show results 
from different stellar mass bins as indicated. In each panel, green, red, and blue lines show the results obtained from isolated, central, and satellite galaxies, 
respectively. 

s  

i  

t  

e
 

t  

p  

o  

f  

a  

i  

s
<  

i  

c  

g  

f  

r  

d  

s  

t  

v  

s  

a  

s  

w  

t  

p  

d  

G  

g  

F  

p  

e  

e  

(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/3/3723/6759446 by guest on 02 N
ovem

ber 2022
uppresses the relative fraction of low-metallicity stars. This effect
s still present in higher mass bins, but is much reduced, indicating
hat environment is a much less important factor in the chemical
volution of these galaxies. 

We can now quantify plausible drivers of these differences using
he physical parameters inferred in the semi-analytic spectral fitting
rocess. The third row of Fig. 3 shows one of the primary drivers
f differences between galaxies, the gas infall time-scale, as a
unction of both environment and mass. It is apparent that, at low
nd intermediate masses, central galaxies tend to have longer gas
nfall time-scales, while the gas infall occurs o v er a systematically
horter period in satellite galaxies. In the lowest-mass bin (10 9.5 

 M ∗/M � < 10 10.0 ), almost all of the satellite galaxies have gas
nfall time-scales less than ∼5 Gyr, while around 40 per cent of
entral galaxies have time-scales greater than ∼5 Gyr, with isolated
alaxies somewhere in between. The median gas infall time-scales
or satellite, isolated, and central galaxies are 2.6, 2.9, and 3.9 Gyr,
espectively. In more massive galaxies ( M ∗/M � > 10 10.5 ), these
NRAS 517, 3723–3731 (2022) 
ifferences become less systematic: The median gas infall time-
cales for all the three categories becomes shorter, and all converge
o around 2.5 Gyr in the highest-mass bin (10 11 < M ∗/M �). Such
ariations with stellar mass are in line with the down-sizing formation
cenario, with time-scales compressed for more massive objects. In
ddition, the environment effects found in low-mass galaxies fit with
uggested physical mechanisms for quenching galaxy formation, in
hich satellites falling into a larger dark matter halo can experience

he removal of their hot gaseous halo through tidal ‘strangulation’
rocesses (Balogh et al. 2000 ; Pasquali et al. 2010 ) or even the
irect ram-pressure stripping of their cold star-forming gas (Gunn &
ott 1972 ; Abadi et al. 1999 ), resulting in an early end to their
as supply. The fitted time-scales for gas depletion in satellites in
ig. 3 are relatively long ( ∼3 Gyr), which argues for the gentler
rocess of strangulation, consistent with the conclusions from
ntirely independent lines of evidence reached by van den Bosch
t al. ( 2008 ), Pasquali et al. ( 2010 ), and Peng, Maiolino & Cochrane
 2015 ). 
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One other interesting phenomenon apparent in the distribution of 
in Fig. 3 is the step in its cumulative distribution that is particularly

pparent in more massive galaxies. This feature represents a separate 
opulation of galaxies in which the gas infall time-scale is less
han ∼1 Gyr. Further investigation of these galaxies reveals that they 
re almost all classified as S0 or lenticular galaxies. These systems
ccumulated their stellar masses very early, so are barely resolved in 
he current analysis. It is none the less interesting to note that they
ake up a higher fraction of satellite than central g alaxies, ag ain

mplying that the process responsible for their creation is dependent 
n environment. 
The other major component in the semi-analytic model is outflow, 

s described by the wind parameter λ. Since this parameter is allowed
o vary o v er the lifetime of each galaxy, we quantify it in each system
sing an average value that reflects when it will have most affected
he SFH of the galaxy, 

≡
∫ t u 

0 ψ ( t ) λ( t )d t ∫ t u 
0 ψ ( t )d t 

, (12) 

here ψ( t ) is the SFR at time t and t u = 14.0 Gyr is the age of the
niverse. The bottom row of Fig. 3 shows how this average wind
arameter varies with galaxy mass and environment. Once again, it 
s only in the lowest-mass galaxies where we see a significant effect,
ith satellite galaxies showing much stronger wind parameters than 

entral ones, with isolated galaxies somewhere in between. The 
edian average wind parameters for satellite, isolated, and central 

alaxies in the lowest-mass bin (10 9.5 < M ∗/M � < 10 10.0 ) are
.5, 3.5, and 2.6, respecti vely, while in relati vely massi ve galaxies
10 10 < M ∗/M �), the median values all converge to around 4.
lthough this parameter was formulated in terms of a star formation- 
riven wind, it really just measures the effectiveness of the loss
f processed gas from the galaxy. The relatively high rate of loss
rom satellites therefore fits with a picture in which a system
alling into a more massive halo might be expected to lose its
wn extended halo of hot processed gas through interaction with 
ther group members (Gunn & Gott 1972 ; Abadi et al. 1999 ).
imilarly, the greater ability of a central galaxy to hold on to this
rocessed gas when compared to an isolated system presumably 
eflects the deeper potential well in which it sits. The disappearance 
f difference between the wind parameters in galaxies with stellar 
asses higher than 10 10 . 0 M � implies that massive satellite galaxies 

o not lose more gas than centrals. This convergence in properties 
an likely be attributed to the greater ability of massive galaxies 
o hold on to processed g as ag ainst external influences, so that their
volution is mostly determined by internal processes rather than their 
nvironment. 

In summary, after controlling for mass, we find strong evidence 
or environmental influence in the ChEH and SFH of disc galaxies, 
articularly in low-mass systems. We can also quantify these differ- 
nces in terms of the underlying physical processes of pristine gas 
ccretion and processed gas loss, in the sense that low-mass satellites
ave their gas accretion shut off at an earlier stage, and are more
ikely to lose their processed gas rather than recycling it into further
enerations of stars. We also find a clear difference between central 
nd isolated galaxies, in that central galaxies continue to accrete gas 
 v er longer time-scales, and are better at holding on to that gas once
rocessed through a generation of stars. We note that these physically 
lausible differences were not at all imposed by the semi-analytic 
pectral fitting process, which had no way of knowing whether a 
articular spectrum came from a central, satellite, or isolated galaxy. 
he differences therefore seem to be astrophysical in origin, and offer
urther confirmation of the reliability of this archaeological approach 
o studying galaxy evolution. 

 C O N C L U S I O N S  

n this work, we have applied the semi-analytic spectral fitting 
pproach to a sample of disc galaxies selected from the SDSS-
V/MaNGA surv e y to inv estigate the dependence of such galaxies’
volution on their environment. The sample is comprised of three 
ass-matched sets of isolated, central, and satellite galaxies, the 

atter two categories defined by whether or not the galaxy is
he most massive member of a group. The data for each galaxy
ithin one ef fecti ve radius were combined to create a high-S/N

pectrum representing the system’s global properties. The semi- 
nalytic spectral fitting process not only reproduces the properties 
f the spectrum by fitting an SFH and a ChEH, but also determines
hysical parameters of gas accretion and outflow that generate the 
odel. From these fits, we have determined that: 

(i) The cumulative SFHs derived from the sample galaxies reveal 
n earlier cessation of star formation activities in low-mass (10 9.5 

 M ∗/M � < 10 10.0 ) satellite galaxies than their central equi v alents:
ess than 40 per cent of the stellar masses in satellite galaxies formed
ithin the most recent 5 Gyr, while central galaxies of similar mass

ccumulated more than 70 per cent of their stellar masses o v er
he same period. Isolated galaxies have intermediate properties. 
his environmental dependence becomes weaker in more massive 
alaxies, and essentially disappears for systems with M ∗/M � > 

0 10.5 . These differences also fit with a more qualitative analysis
ooking at the abundances of α elements in different galaxies, with 
ow-mass satellites showing the sort of α enhancement associated 
ith a briefer period of star formation. 
(ii) The environmental dependence of disc galaxy evolution, as 

ell as its mass dependence, is also seen in the chemical evolution of
he galaxies. Low-mass (10 9.5 < M ∗/M � < 10 10.0 ) satellite galaxies
ontain a high fraction of low-metallicity stars compared to central 
alaxies, indicating that they are more likely to be ‘closed-box’ or
leaky-box’ systems, while central galaxies of similar masses contain 
ower fractions of low-metallicity stars, suggesting that ongoing 
ccretion played a more important role in their formation. Once 
g ain, isolated g alaxies lie between central and satellite g alaxies,
nd environmental dependence becomes negligible in galaxies more 
assive than ∼10 10.5 M �. 
(iii) The gas accretion history inferred from the semi-analytic 

tting process drives the variations in time-scale: In low-mass 
entral galaxies, the average gas infall time-scale is found to be
ystematically longer than comparable satellite galaxies, leading to 
heir more extended SFHs. Again, this variation disappears in more 

assive galaxies, where we also start to see a different subpopulation
f S0 galaxies, whose gas was accreted o v er a v ery short time-scale.
o we ver, the time-scales are not that short for the low-mass satellite

ystems, suggesting the slow ‘strangulation’ of their star formation 
aused by the removal of their extended hot halo of gas rather than
ore abrupt ram-pressure stripping. 
(iv) This scenario is further supported by the inferred mass-loss 

arameters in low-mass galaxies, where satellite systems are found 
o have stronger wind parameters, indicating that their processed 
as has been ef fecti v ely remo v ed. By contrast, central galaxies have
eaker wind parameters than their isolated equi v alents, as would
e expected if the deeper potential well of a group were better at
etaining such processed material. 
MNRAS 517, 3723–3731 (2022) 
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The consistent story obtained from the semi-analytic spectral
tting process offers real confidence that even the simple chemical
volution model adopted, with its parametrization of gas accretion
nd mass-loss, provides a credible physical description of the
istories of these galaxies. This new direct model fitting approach,
ombined with the large sample size and high-quality data in the
aNGA surv e y, has rev ealed the significant impact of environment

n lower mass galaxies, and allowed us to quantify it in a way that
as not been possible previously. 
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