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A B S T R A C T 

In this paper, we place the Milky Way (MW) in the context of similar-looking galaxies in terms of their star-formation and 

chemical evolution histories. We select a sample of 138 Milky Way analogues (MWAs) from the SDSS-IV/MaNGA surv e y based 

on their masses, Hubble types, and bulge-to-total ratios. To compare their chemical properties to the detailed spatially-resolved 

information available for the MW, we use a semi-analytic spectral fitting approach, which fits a self-consistent chemical-evolution 

and star-formation model directly to the MaNGA spectra. We model the galaxies’ inner and outer regions assuming that some of 
the material lost in stellar winds f alls inw ards. We also incorporate chemical enrichment from type II and Ia supernovae to follow 

the alpha-element abundance at different metallicities and locations. We find some MWAs where the stellar properties closely 

reproduce the distribution of age, metallicity, and alpha enhancement at both small and large radii in the MW. In these systems, 
the match is driven by the longer time-scale for star formation in the outer parts, and the inflow of enriched material to the central 
parts. Ho we v er, other MWAs hav e v ery dif ferent histories. These di vide into two categories: self-similar galaxies where the 
inner and outer parts evolve identically; and centrally-quenched galaxies where there is very little evidence of late-time central 
star formation driven by material accreted from the outer regions. We find that, although selected to be comparable, there are 
subtle morphological differences between galaxies in these different classes, and that the centrally-quenched galaxies formed 

their stars systematically earlier. 

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  

lthough our location within it can make the large-scale structure of
he Milky Way difficult to study, we can resolve its individual stars,
iving us access to important clues to its evolution. We would like to
lace this knowledge in the broader context of galaxy formation,
ut unfortunately external galaxies typically provide orthogonal
nformation: we can more readily study the large-scale properties of
uch systems, but their distances typically prevents us from resolving
ndividual stars. 

Ho we ver, as re vie wed by Bland-Hawthorn & Gerhard ( 2016 ),
ignificant progress has now been made in one direction to reconcile
hese differing views, with a much better understanding developing
f the large-scale physical parameters of the Milky Way. Although
ong recognized as a spiral disc galaxy, even quantities as basic as its
xponential scale-length are hard to determine, with values as varied
s 2 and 5 kpc reported (e.g. Sackett 1997 ), but recent investigations
ave determined the value to be less than 2.5 kpc (e.g. Juri ́c et al.
 E-mail: E-mail: shuang.zhou@nottingham.ac.uk 
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008 ; Bovy & Rix 2013 ; Reid et al. 2014 ). Values for other basic
arameters have also become better determined. The total stellar
ass of the Milky Way is estimated to be around 6 × 10 10 M � (e.g.
lynn et al. 2006 ; McMillan 2011 ; Licquia & Newman 2015 ), while

ts star formation rate (SFR) is pinned down to 1 –2 M � yr −1 (e.g.
mith, Biermann & Mezger 1978 ; Misiriotis et al. 2006 ; Davies
t al. 2011 ; Licquia & Newman 2015 ). 

Progress has also continued in studying the properties of the Milky
ay’s resolved stellar population, and how it varies with location.

t is generally well established that stellar metallicities decline with
alactic radius, but the quality of spectral data means that we can go
eyond crude measures of heavy element abundance to look at subtler
henomena such as the pre v alence of α elements, where it has been
stablished that, at intermediate metallicities, there seem to be two
istinct populations, indicating a complex evolutionary history. More
ecent work based on large surv e ys such as Gaia (e.g. Mikolaitis
t al. 2014 ; Recio-Blanco et al. 2014 ) and SDSS-IV/APOGEE (e.g.
nders et al. 2014 ; Nidever et al. 2014 ; Hayden et al. 2015 ) have
apped out the radial dependence of this subtlety, revealing that stars

ear the centre of the Galaxy show a strong bimodality in [ α/Fe],
hile stars in the outer disc are more dominated by the low [ α/ Fe]
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opulation (e.g. Bensby et al. 2011 ; Nidever et al. 2014 ; Hayden et al.
015 ; Queiroz et al. 2020 ; Griffith et al. 2021 ; Eilers et al. 2022 ). 
Clearly, any picture of galaxy evolution has to be able to explain

uch properties. Ho we ver, before results inferred from the Galaxy 
an be generalized, we need to have some idea of how typical a
alaxy the Milky Way is. Indeed, there is already some evidence that
t is somewhat atypical. As pointed out by Hammer et al. ( 2007 ),

ilky Way lies out of the Tullly Fisher relation and its halo is made
f very low metal abundance stars. Its small scale-length makes it
nusually compact, while its modest star-formation rate and colour 
lace it away from the blue cloud of star-forming galaxies toward 
he green valley in the colour–magnitude diagram (Schawinski et al. 
014 ), suggesting that it might be in the process of transitioning to
ecome a quiescent red-sequence galaxy. 
To ascertain how typical the Milky Way is, we really need to

efine a sample of comparable galaxies, to determine whether there 
re properties in which it is an outlier. A number of authors have
ought to identify samples of Milky Way analogues (MWAs; e.g. 
icquia, Newman & Bershady 2016 ; Fraser-McKelvie, Merrifield 
 Arag ́on-Salamanca 2019 ; Kormendy & Bender 2019 ; Boardman 

t al. 2020 ; Evans et al. 2020 ; Krishnarao et al. 2020 ; Mao et al. 2021 ;
urphy, Yates & Mohamed 2022 ). While there is no unique way to

efine such a comparison sample, attention has generally focused on 
imilarity in total stellar mass, star-formation rate, and bulge-to-total 
atio to select morphologically-similar systems. For this paper, we 
dentify 138 such MWAs in the SDSS-IV/MaNGA surv e y (Yan et al.
016 ), so that we have high-quality spectra from across the faces of
he full sample. 

Ho we ver, e ven after such a sample has been defined, detailed
omparison to the Milky Way remains challenging, because the 
esolved stellar population data are not available in these external 
ystems. A range of tools have been developed to investigate stellar
opulations using the unresolved integrated-light spectra that we 
a ve a vailable here, such as STARLIGHT (Cid Fernandes et al.
005 ), FIREFLY (Wilkinson et al. 2017 ) and pPXF (Cappellari 
 Emsellem 2004 ; Cappellari 2017 ). Ho we ver, trying to extract

oth star formation and metallicity information from spectra has 
ro v ed v ery challenging, often resulting in inconsistent results and
nphysical distributions (Ge et al. 2019 ; Greener et al. 2022 ).
he unrealistic results and limited range of abundance information 
ontained in such fits make it hard to compare them to the Milky
ay data. 
As a step toward addressing these limitations, we have de- 

 eloped an alternativ e approach, semi-analytical spectral fitting, 
hich fits in a self-consistent way a full evolutionary model that 

ncorporates both varying star-formation histories and chemical 
nrichment o v er time, allo wing for both the inflo w and outflo w of
as (Zhou, Merrifield & Arag ́on-Salamanca 2022 , hereafter Paper 
 ). In order to investigate the alpha enhancements seen in some
ilky Way stars, we have extended the methodology to incorporate 

he delay in the production of some non-alpha heavy elements 
y Type Ia supernovae (Worthey 1994 ). In addition, since we 
re interested in radial variations, we have adapted the technique 
o fit to spectra from multiple spatial zones, whose physics is
oupled by the potential transfer of chemically-enriched material 
etween them. With this new tool, we can reconstruct the star-
ormation history of different parts of a sample of MWAs in 
 manner that tracks their metallicity and alpha element abun- 
ances, to compare directly with the observed distribution of 
etallicity and alpha enhancement at different radii in the Milky 
ay, thus finally ascertaining where our galaxy fits in this bigger 

icture. 
The remainder of this paper is structured as follows. The Milky
ay data, MaNGA data and selection of the 138 MWAs are described 

n Section 2 , and the modified semi-analytic spectral fitting technique
s presented in Section 3 . The results comparing the inferred star-
ormation histories and detailed chemical enrichment of the MWAs 
o the Milky Way are presented and discussed in Section 4 , with
nal conclusions drawn in Section 5 . Throughout this work we
se a standard � CDM cosmology with �� 

= 0.7, �M 

= 0.3, and
 0 = 70 km s −1 Mpc −1 . 

 DATA  

.1 Milky Way data 

here is a growing wealth of observations of the stellar populations
f the Milky Way and how they vary with radius. For this analysis,
e have adopted data from the Apache Point Observatory Galactic 
volution Experiment (APOGEE) surv e y (Majewski et al. 2017 ),
hich formed part of the Fourth generation of the Sloan Digital
k y Surv e y, SDSS-IV (Blanton et al. 2017 ). APOGEE acquired
igh resolution infrared spectra for more than half a million stars
n the Milky Way. Readers are referred to Holtzman et al. ( 2018 ) and
 ̈onsson et al. ( 2020 ) for further details on the data and data-reduction
rocesses. The data were analysed using the APOGEE Stellar 
arameters and Chemical Abundances Pipeline (Garc ́ıa P ́erez et al.
016 ), which provides stellar parameters from the entire spectrum 

nd then individual chemical abundances from windows around the 
ele v ant lines. In this work we use the latest APOGEE data released
long with the SDSS-IV Data Release 17 (DR17; Abdurro’uf et al.
022 ). The ages, distances and chemical abundances that we require
or this analysis are taken from the astroNN value-added catalogue 
V AC). This V AC applies the astroNN deep-learning code to stellar
pectra from APOGEE DR17, from which it determines individual 
lement abundances (Leung & Bovy 2019a ) trained with ASPCAP 

R17, distances (Leung & Bovy 2019b ) trained with Gaia DR3
Gaia Collaboration et al. 2022 ) and ages (Mackereth et al. 2019 )
rained with APOKASC-2 (Pinsonneault et al. 2018 ) for all the Milky

ay stars in SDSS DR17. 
We want to make a comparison of the radial structure in the Milky
ay to external galaxies. Clearly, we will not have the same wealth

f data for external systems, so we look only for the simplest radial
f fects by di viding the galaxy into an inner and outer region. In an
xternal galaxy, such a division is most straightforwardly achieved 
ased on the half-light ef fecti ve radius, R e . In this case, for example,
e can conveniently consider an inner region at radii of less than
.5 R e , and an outer region between 0.5 and 1.5 R e . For the Milky
ay, our location within it means that its ef fecti ve radius is not

hat well determined, but if we adopt an exponential scale-length for
ts disc of 2.7 kpc (Licquia & Newman 2015 ), then this component
as an ef fecti ve radius of 4.5 kpc. Adding a modest bulge component
rings this figure down somewhat, so we adopt a value of 4 kpc. Note
hat, although adopting a dif ferent v alue for the ef fecti ve radius may
hange the relative proportion of high- and low-alpha populations in 
he central and outer regions of the MW, the o v erall result that the
entre contains two distinct populations (high- and low-alpha stars) 
hile the outer regions are dominated by the low-alpha population, 
oes not depend on the adopted ef fecti ve radius. In this work we
re not making a detailed quantitative comparison since the MWAs 
elected from MaNGA are not expected to evolve precisely like the

W. Therefore, the exact value adopted for the MW ef fecti ve radius
s not critical for anything that follows. On this basis, we can divide
he APOGEE data into inner and outer regions for comparison with
MNRAS 521, 5810–5825 (2023) 
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M

Figure 1. Distributions of Milky Way stars on [Fe/H] versus age (left), [O/Fe] versus age (middle), and [Fe/H] versus [O/Fe] (right) obtained from the APOGEE 

data. Red dots in the first row are stars within 2 kpc of the Galactic centre, while blue dots in the second row shows stars in between 2–6 kpc away from the 
Galactic centre. 
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he external galaxies, using the cylindrical radii listed in the astroNN
AC. Fig. 1 shows the rich structure that exists in the distribution of
ge and heavy element abundances of stars at small (upper panels)
nd large (lower panels) radii in the Milky Way. The left-hand panels
hows age versus metallicity, the middle shows alpha enhancement
ersus age, and the right-hand panels show metallicity versus alpha
nhancement. It is apparent from this figure that, after the early
ormation of alpha-enhanced stars, a metal-rich population began to
orm in both inner and outer parts of the Milky Way some 10 Gyr
go, accompanied by a decrease in the level of alpha enhancement,
roducing the bimodal structure noted in the Introduction. In the inner
arts of the Galaxy the two populations are of similar significance,
hile in the outer region the low [O/Fe] population is more prominent

nd is more extended in ages. We cannot hope to reproduce the
ealth of structure in this figure for external galaxies where our

nformation is much more limited, nor would we necessarily expect
ther galaxies to show identical features; the intention is simply
o use the o v erall appearance of this diagram as a template against
hich other galaxies can be broadly compared, to see whether similar

egions of the parameter space are populated, and hence how typical
he Milky Way might be. 

.2 External galaxy data 

 or the e xternal comparison data, we hav e dra wn on another of
he SDSS-IV projects, Mapping Nearby Galaxies at Apache Point
bservatory (MaNGA, Bundy et al. 2015 ). This surv e y has used
ntegral field units to collect high-quality spectra from across the
aces of a representative sample of 10 000 galaxies in the nearby
niverse (redshift 0.01 < z < 0.15, Yan et al. 2016 ; Wake et al.
017 ), co v ering the stellar mass range 5 × 10 8 h −2 M � ≤ M ∗ ≤
 × 10 11 h −2 M � (Wake et al. 2017 ). Target galaxies are observed
ut to at least 1.5 ef fecti v e radii (La w et al. 2015 ). The spectra are
btained using the two dual-channel BOSS spectrographs (Smee
t al. 2013 ) mounted on the 2.5-m telescope (Gunn et al. 2006 ),
NRAS 521, 5810–5825 (2023) 
o v ering 3600–10 300 Å in wavelength. The data are processed into
sable spectra with the bespoke MaNGA Data Reduction Pipeline
DRP; Law et al. 2016 ), and a further passed though the Data Analysis
ipeline (DAP;Belfiore et al. 2019 ; Westfall et al. 2019 ), which
rovides data products such as the stellar and gas kinematics, as well
s emission-line fluxes and spectral indices. 

.3 Milky Way analogue sample selection 

lthough the MaNGA surv e y pro vides us with a sample of 10 000
alaxies to choose from, selecting precise twins of the Milky Way
apidly reduces the available comparators. By placing stringent
onstraints on mass and morphology, Fraser-McKelvie et al. ( 2019 )
ound that only ∼0.01 per cent of galaxies match the assumed
roperties of the Milky Way. If one places further constraints on
tar formation rate, the fraction plummets further (Boardman et al.
020 ). Fortunately, though, the intrinsic morphological properties of
he Milky Way are not that well determined, so too tight a constraint
s not totally justified. In addition, since we are seeking to place the

ilky Way’s entire star formation history in the broader context of
imilar galaxies, we do not want to put too strong a constraint on what
 snapshot of its current star formation rate happens to be. As we
ill see below, the slightly less restrictive constraints of this project

llow us to find a reasonable sample of MWAs. 
For the structural parameters of the Milky Way that we are seeking

o match, we adopt the values from Licquia & Newman ( 2015 ), who
ound that our galaxy is a relatively massive spiral somewhere in
he approximate range 4 . 94 × 10 10 < M ∗/ M � < 7 . 22 × 10 10 , with
 small bulge that implies a bulge-to-total mass ratio in the range
 . 131 < (BTR) < 0 . 178. To identify similar systems in MaNGA,
e first use the information contained in the NASA Sloan Atlas

atalogue (NSA; Blanton et al. 2005 ) 1 to select galaxies with

art/stad853_f1.eps
http://www.nsatlas.org/
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tellar mass in the range 4 . 0 × 10 10 < M ∗/ M � < 8 × 10 10 . Since
he analysis to be undertaken here requires a clear view of any radial
ariations in the properties of these galaxies, and we need to be able
o classify their morphologies fairly unequivocally, we require the 
ystems to be relatively face on, so exclude those with a short-to-long
xis ratio b / a < 0.5 as tabulated in the NSA. 

To select spiral galaxies comparable to the Milky Way, we make 
se of the MaNGA Morphology Deep Learning DR17 Catalogue 
Dom ́ınguez S ́anchez et al. 2022 ). This catalogue provides multiple
etrics of spiral morphology: 

(i) the probability of being a late-type galaxy, P LTG , determined 
y the Deep Learning process; 
(ii) an associated estimate of the Hubble T-Type, with T ≤ 0 for

arly-type galaxies and T > 0 for late-type galaxies; 
(iii) a visual classification from inspection of the image, in which 

ate-type galaxies have VC = 3, with a quality flag VF = 0 for those
here this determination is reliable. 

We combine these metrics to narrow the sample to late-type 
alaxies similar to the Milky Way by selecting systems with P LTG >

.5, T > 0, VC = 3 and VF = 0. 
Finally, we match the bulge-to-total ratio to the Milky Way, by 

sing the MaNGA PyMorph photometric catalogue (Dom ́ınguez 
 ́anchez et al. 2022 ), in which bulges and disks are decomposed
y fitting images of galaxies with a Sersic profile bulge component 
nd an exponential disc. Using these decompositions, we select 
alaxies in which 0.1 < BTR < 0.2. Combining this selection with
he morphological and mass cuts, we obtain a final sample of 138

WAs. 

.4 Initial processing of the MWA MaNGA data 

aNGA provides us with many spectra from across the face of
ach of the sample galaxies, but the typical signal-to-noise ratio of
ach spectrum is only SNR ∼5 Å−1 , while the detailed analysis 
f star formation and chemical evolution requires SNR ∼ 50. 
ortunately, we are only looking to model the broad properties 
f the inner and outer parts of each galaxy, which means we
an co-add spectra to increase SNR. Accordingly, we divide each 
alaxy into two regions, an inner part within 0.5 R e (where R e is
he ef fecti ve radius as contained in the NSA), and an outer part
etween 0.5 R e and 1.5 R e . We co-add the spectra in each region
sing a similar method to that adopted Paper 1 . Briefly, spectra
f individual spaxels are first shifted to the rest frame using the
elocity measurements available from MaNGA DAP. The fluxes of 
he spaxels in the two regions are then co-added to obtain their
espective stacked spectra, with errors estimated from the inverse 
ariance of the fluxes using standard error propagation. Finally, we 
orrect for inter-spaxel co-variance using the correction term given 
y Westfall et al. ( 2019 ). This process results in an inner and an outer
pectrum for each galaxy with the requisite SNR, typically around 
0 per Å. 
Our analysis technique also makes use of the current SFR and gas-

hase metallicity in the two regions of these galaxies. Current SFRs
re derived from the H α flux measurements provided by MaNGA 

AP. For each pixel, We use the Balmer decrement to correct these
uxes for dust effects, assuming a Calzetti extinction law (Calzetti 
t al. 2000 ) and an intrinsic H α/H β ratio of 2.87 (Osterbrock &
erland 2006 ). Dust-corrected fluxes from individual pixels are 
ombined to derive total H α in the inner and outer regions. These
ux es are conv erted into SFRs using the calibration of Murphy et al.
 2011 ), assuming a Chabrier initial mass function (Chabrier 2003 ): 

FR (M � yr −1 ) = 5 . 37 × 10 −42 L ( H α) . (1) 

o estimate the gas-phase metallicity, we adopt the O3N2 method 
sing the calibration of Pettini & Pagel ( 2004 ). We obtain measure-
ents of four emission lines, [O III ] λ5007, [N II ] λ6584, H α, and H β,

or individual pixels from the MaNGA DAP. The O3N2 index for
ach pixel is then calculated using 

3N2 ≡ log 
[O III ] λ5007 / H β

[N II ] λ6584 / H α
, (2) 

hich is converted to an oxygen abundance using 

2 + log ( O / H ) = 8 . 73 − 0 . 32 ∗ O3N2 . (3) 

As will discuss in Section 4.4 , many of the galaxies discussed
n this work have emission line properties similar to low-ionization 
nuclear) emission-line regions (LINERs/LIERs). Ho we ver, the work 
f Kumari et al. ( 2019 ) suggests that the O3N2 metallicity calibration
or H II regions can also be applied to LIER regions. As we don’t see
ny significant anomalies in the derived gas-phase metallicities for 
hese galaxies, we use this diagnostic throughout the paper without 
pplying any special treatment to galaxies with possible LIER-like 
missions. 

As for the SFR, individual pixels are combined in the inner and
uter regions to give an estimate of the gas-phase metallicity in each.
ollowing the approach of Paper 1 to allow a direct comparison
etween this heavy element abundance estimate, the stellar metal- 
icity obtained through population fitting and the metallicity value 
n the chemical evolution model, we reconcile the measurements by 
ssuming a solar metallicity of 0.02, and a solar oxygen abundance 
f 12 + log (O/H) = 8.83 (Anders & Grevesse 1989 ). Note that
here are more recent values of the solar metallicity (0.014) and
xygen abundance (12 + log O/H) = 8.69) from Asplund et al.
 2009 ). Ho we ver, as we use the Bruzual & Charlot ( 2003 ) SSP
odels with the ‘P ado v a1994’ stellar e volutionary tracks, which

re calibrated with the old solar values, we adopt the older value in
hat follows. This choice will not affect any global trends seen in
ur results, but appropriate caution is urged when comparing derived 
arameters such as outflow strength with those derived with different 
alibrations. 

 ANALYSI S  

.1 The chemical evolution model 

e can now turn to comparing the spectral properties of the MWAs
o the Milky Way. As noted, conventional stellar population spectral 
nalysis is not conducive to such a comparison, but the semi-analytic
pectral fitting technique does facilitate it. Ho we ver, in order to model
he more complex data available for the Milky Way, we have to extend 
he methodology somewhat to allow for radial variations in chemical 
bundances and structure in the level of α enhancement seen in stars
t different radii and metallicities. In this section, we describe the
evised chemical evolution model, and how it is fitted to the MWA
pectra. 

We first seek to reproduce the evolution of the reservoir of available
as in a galaxy. In Paper 1 , this reservoir was treated monolithically
s a single entity, with gas flows in due to infalling pristine gas and
hemically-polluted outflow in the form of a wind. Ho we ver, no w
e have divided the galaxies into their inner and outer parts, each
f which can be thought to have its own reservoir of gas, with the
ossibility of material being transferred between them. Indeed, radial 
MNRAS 521, 5810–5825 (2023) 
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nflows have previously included in many of the chemical evolution
odels that have sought to reproduce the properties of the Milky
ay (Mayor & Vigroux 1981 ; Portinari & Chiosi 2000 ; Sch ̈onrich
 Binney 2009 ; Grisoni, Spitoni & Matteucci 2018 ; Palla et al.

020 ). With this addition, the gas mass evolution of the two parts of
he galaxy can be described by 

Ṁ g , c ( t) = Ṁ in , c ( t) − ψ c ( t) + Ṁ re , c ( t) − Ṁ out, c ( t) + Ṁ r ( t); 
˙
 g , o ( t) = Ṁ in , o ( t) − ψ o ( t) + Ṁ re , o ( t) − Ṁ out, o ( t) . (4) 

he subscript ‘c’ denotes the central/inner region, while ‘o’ denotes
he outer region of the galaxy. For each region, the first term at the
ight-hand side characterizes the gas inflow into the region from
utside the galaxy, both assumed to have an exponentially decaying
orm 

Ṁ in , c ( t) = A c e 
−( t−t 0 ) /τc , t > t 0 , 

˙
 in , o ( t) = A o e 

−( t−t 0 ) /τo , t > t 0 , (5) 

here, t 0 is the time when the gas starts to infall with τ being the infall
ime-scale. As the infall of the gas in a galaxy can be expected to be
nitiated at approximately the same time across the whole galaxy, we
se one single parameter t 0 to model the infall time for both regions,
ut the time-scales o v er which it continues is allowed to differ to
odel the varying durations of infall expected in different parts of a

alaxy, with characteristic time-scales τ c and τ o . 
The second term in equation ( 4 ) represent the gas lost to star

ormation and returned by dying stars. Following Paper 1 , we adopt
 simple Schmidt law (Schmidt 1959 ), 

 ( t ) = S × M g ( t) , (6) 

o model the star formation activity, where the star-formation effi-
iency S is estimated from the extended Schmidt law (Shi et al. 2011 )
sing 

( yr −1 ) = 10 −10 . 28 ±0 . 08 

(

 ∗

M � pc −2 

)0 . 48 

. (7) 

he average surface density of stars, 
 ∗, is estimated from the stellar
ass maps provided by the Pipe3D catalogue (S ́anchez et al. 2016 ) 
For the third term in equation ( 4 ) representing the return of gas

rom stars to the interstellar medium, we assume a constant mass
eturn fraction of R = 0.441 (Spitoni, Vincenzo & Matteucci 2017 )
orresponding to a Chabrier initial mass function, so that the stars
ormed in each generation will return 44.1 per cent of their stellar
asses to the ISM. 
The fourth terms in equation ( 4 ) characterize the removal of
etal-enriched gas from the two regions. Note that although the

quations are similar, the two terms for the central and outer regions
i.e. Ṁ out, c and Ṁ out, o ) have slightly different physical natures. In
he central region, the gas removal is only caused by the gas flowing
utside the galaxy, while in the outer region the gas removal term also
ncludes the gas radially transferred into the inner region. Ho we ver,
or simplicity, we assume as is common in chemical evolution models
e.g. Arimoto & Yoshii 1987 ; Spitoni et al. 2017 ) that its strength
s proportional to the star formation activity, with a dimensionless
arameter λ quantifying its relative strength: 

Ṁ out, c ( t) = λc ψ c ( t) , 
˙
 out, o ( t) = λo ψ o ( t) . (8) 

The final term in the upper equation of equations ( 4 ) characterizes
he mass growth of the inner region due to the radial flow of processed
as discussed abo v e. In the interests of capturing the essence of
he physics without o v ercomplicating the model, we here make the
NRAS 521, 5810–5825 (2023) 
imple assumption that some fixed fraction f r of the outflowing gas
rom the outer region ends up falling into the inner region, so 

˙
 r ( t) = f r λo ψ o ( t) . (9) 

Adopting this parametrization, the equations of gas mass evolution
an be written as: 

Ṁ g , c ( t) = A c e 
−( t−t 0 ) /τc − S c (1 − R + λc ) M g , c ( t) + f r λo S o M g , o ( t); 

˙
 g , o ( t) = A o e 

−( t−t 0 ) /τo − S o (1 − R + λo ) M g , o ( t) . (10) 

To follow the chemical evolution of the galaxy, we adopt the usual
nstantaneous mixing approximation, whereby once metal enriched
as is released by dying stars, it is al w ays well mixed with the ISM.
nflowing gas is assumed to be pristine ( Z = 0), while the outflow
ill remo v e metal-enriched gas from the system. Since much of the
as flowing radially to the inner part comes from the mass lost in
tellar winds from the outer part, it carries its metallicity with it.
hus, the equation of chemical evolution can be written as 

˙
 Z , c ( t) = −Z g , c ( t)(1 − R) S c M g , c ( t) + y Z (1 − R) S c M g , c ( t) 

−Z g , c ( t) λc S c M g , c ( t) + f r λo S o M g , o ( t) Z g , o ( t) (11) 

nd 

˙
 Z , o ( t) = −Z g , o ( t)(1 − R) S o M g , o ( t) + y Z (1 − R) S o M g , o ( t) 

−Z g , o ( t) λo S o M g , o ( t) . (12) 

n this equation, Z g, c ( t ) and Z g, o ( t ) are gas-phase metallicities in
entral and outer re gions, respectiv ely, and M Z ( t ) ≡ M g × Z g . The first
erm characterizes the star formation activity and the heavy elements
ocked up in long-lived stars, while the second term represents the

etal-enriched gas returned by dying stars. The third term describes
ow the outflow blows away metal-enriched gas, while the final term
n equation ( 11 ) represents the metal enrichment arising from radial
nflow. 

In a comparison to the detailed data from the Milky Way, we
eed to go beyond considering a single metallicity to look at the
bundances of individual elements. However, there is nothing in the
bo v e modelling that does not translate directly into tracing individ-
al elements, as long as they meet the requirement of being returned
nstantaneously to the interstellar medium. Thus, for example, we
an write equations that dictate the abundances of an α element
ike oxygen, produced almost entirely in core-collapse supernovae
CCSN), which occur very rapidly, as 

˙
 O , c ( t) = −O g , c ( t)(1 − R) S c M g , c ( t) + y O (1 − R) S c M g , c ( t) 

−O g , c ( t) λc S c M g , c ( t) + f r λo S o M g , o ( t) O g , o ( t) (13) 

nd 

˙
 O , o ( t) = −O g , o ( t)(1 − R) S o M g , o ( t) + y O (1 − R) S o M g , o ( t) 

−O g , o ( t) λo S o M g , o ( t) , (14) 

here O g, c ( t ) and O g, o ( t ) are gas-phase oxygen mass fraction in
entral and outer re gions, respectiv ely, and M O ( t ) ≡ M g × O g , directly
nalogous to equations ( 11 ) and ( 12 ). 

For other elements such as iron, a significant contribution comes
rom type Ia supernova (SNIa) (e.g. Nomoto, Thielemann & Yokoi
984 ; Matteucci 2012 ), which introduces a delay in the release back
nto the gas reservoir. Indeed, this difference from the α elements
as pro v ed a ke y diagnostic in studying the time-scales of galaxy
ormation (e.g. Worthey 1994 ). SNIa events are thought to arise
rom the thermonuclear explosions of white dwarfs in binary stellar
ystems. Ho we ver, the details governing physical processes, as well
s the progenitors of the SNIa, are still under debate (see re vie ws
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y Hillebrandt & Niemeyer 2000 and Maoz, Mannucci & Nelemans 
014 ). For chemical evolution models, especially in modelling the 
hemical evolution of the Milky Way, the SNIa rates are often 
odelled by assuming a distribution of time delays before each 
 xplosion, but the e xact functional form v aries in dif ferent works
e.g. Kobayashi et al. 1998 ; Greggio 2005 ; Matteucci et al. 2009 ;
naith et al. 2015 ; Spitoni et al. 2019 ). A more recent investigation
y Gandhi et al. ( 2022 ) indicates that the SNIa rates can also
epend on the metallicity of the stellar populations, which affects the 
tellar mass-metallicity relations in low-mass galaxies. The complex 
hysics of SNIa also introduces uncertainties in determining the 
ields of different elements (Palla 2021 ). Fortunately, here we are 
nly interested in a broad view of the difference between α and non- α
lements, so we can adopt a, relatively, simple empirical approach. 
e consider the evolution of iron in the galaxy to be described by

wo parameters y Fe I and y Fe II . Similar to the total yield of metallicity
 Z , y Fe I , and y Fe II specify the iron generated in one generation of stars
hat released by SNIa and CCSN, respectively. The work of Weinberg 
t al. ( 2019 ) found that, to match with the APOGEE observation of the
istribution of stars in the [O/Fe]–[Fe/H] plane, the iron yields from
NIa and CCSN need to be approximately the same. We thus assume
 Fe I ∼ y Fe II . To model the delayed release of half of the iron, we follow
ch ̈onrich & Binney ( 2009 ) by assuming that SNIa are produced in a
istribution that begins 0.15 Gyr after a generation of stars is formed,
nd their frequency then decays exponentially with an e-folding time- 
cale of 1.5 Gyr (Forster et al. 2006 ). Although these assumptions
re somewhat arbitrary, we have found through extensive testing that 
one of the results depend on them at all sensitively. Under these
ssumptions, the equations that go v ern the generation of iron can be
ritten 

˙
 Fe , c ( t) = −Fe g , c ( t)(1 − R) S c M g , c ( t) + y Fe II (1 − R) SM g ( t) 

+ y Fe II (1 − R) S 
∫ t−0 . 15 

t 0 

M g ( t f ) ∗ 1 . 5 ∗ e −
t−( t f + 0 . 15) 

1 . 5 d t f 

− Fe g , c ( t) λc S c M Fe , c ( t) + f r λo S o M Fe , o ( t) Fe g , o ( t) (15) 

nd 

˙
 Fe , o ( t) = −Fe g , o ( t)(1 − R) S o M g , o ( t) + y Fe II (1 − R) SM g , o ( t) 

+ y Fe II (1 − R) S 
∫ t−0 . 15 

t 0 

M g , o ( t f ) ∗ 1 . 5 ∗ e −
t−( t f + 0 . 15) 

1 . 5 d t f 

− Fe g , o ( t) λo S o M g , o ( t) , (16) 

here Fe g, c ( t ) and Fe g, o ( t ) are the gas-phase iron mass fraction in
entral and outer regions, respectively, and M Fe ( t ) ≡ M g × Fe g . 

The yields per generation of stars for total metallicity, iron, and 
xygen can be calculated from individual stellar yields weighted by 
he initial mass function. There are also plenty of available options in
he literature for both CCSN (e.g. Chieffi & Limongi 2004 ; Nomoto, 
obayashi & Tominaga 2013 ) and SNIa (e.g. Iwamoto et al. 1999 ;
hielemann et al. 2003 ; Seitenzahl et al. 2013 ). Weinberg et al. ( 2019 )

nv estigated man y of the yield sets to see whether their predictions
an match observations of the Milky Way. Following their work, 
hich matches to the APOGEE data in terms of the evolution of
xygen and iron, we adopt the CCSN yields from Chieffi & Limongi 
 2004 ) and SNIa yields from Iwamoto et al. ( 1999 ). We then calculate
ields by assuming a Chabrier initial mass function Chabrier ( 2003 )
nd average over the different metallicities of the progenitors. The 
esulting mass fractions of oxygen and iron are then converted to 
O/Fe] and [Fe/H] using solar values from Anders & Grevesse ( 1989 ).
.2 Fitting the model to MaNGA data 

ith the model now established, we can turn to how it is fitted to
he MaNGA spectroscopic data for the MWAs for comparison with 
he Milky Way. The fit is performed using an updated version of
he Bayesian Inference of Galaxy Spectra ( BIGS ), which combine
he chemical evolution modelling and sceptical fitting in a Bayesian 
onte xt. P aper 1 has a detailed description of how the approach
orks and e xtensiv e tests of the method; here we summarize the
tting approach, and highlight the refinements needed for this new 

pplication. 
Initially, we generate a set of model parameters from a proper prior

istribution (listed in Table 1 ) to calculate the SFHs and ChEHs for
oth the inner and outer region of the galaxy using equations ( 4 ),
 11 ), and ( 12 ), from which we also obtain the current gas-phase
etallicities and SFRs for the two regions. We then model the spectra

f the two regions assuming these parameter values using the Bruzual
 Charlot ( 2003 ) stellar population models. Models constructed with

he ‘P ado va1994’ isochrones, the Chabrier (Chabrier 2003 ) IMF, and
he STILIB (Le Borgne et al. 2003 ) stellar templates are used in the
nalysis. These models co v er metallicities from Z = 0.0001 to 0.05,
nd ages from 0.0001 to 20 Gyr, and have spectral resolutions of
 Å FWHM in the wavelength range 3200–9500 Å, which is well
atched to the spectral range of the MaNGA data, 3600–10000 Å,

iven the median redshift of z ∼ 0.03 of the target galaxies (Wake
t al. 2017 ). To account for the broadening of the observed spectra
ue to stellar velocity dispersion and instrumental effects, we fit the
tacked spectra with the software pPXF (Cappellari 2017 ) to obtain
n ef fecti v e v elocity dispersion, which is then used to broaden the
SP models and match the spectral resolution. We then compare 

he spectra, gas-phase metallicities, and SFRs for both the inner and
uter regions of this model with the observed data using a χ2 -like
ikelihood function, 

ln L ( θ ) ∝ −
N ∑ 

i 

( f θ, c ,i − f D , c ,i ) 2 

2 f 2 err, c ,i 

− ( Z g , c ,θ − Z g , c , D ) 2 

2 σ 2 
Z 

− ( ψ c ,θ − ψ c , D ) 2 

2 σ 2 
ψ, c 

−
N ∑ 

i 

( f θ, o ,i − f D , o ,i ) 2 

2 f 2 err, o ,i 

− ( Z g , o ,θ − Z g , o , D ) 2 

2 σ 2 
Z 

− ( ψ o ,θ − ψ o , D ) 2 

2 σ 2 
ψ, o 

, (17) 

here the quantity with subscript ‘c’ and ‘o’ are for the central
nd outer re gions, respectiv ely. Quantities with subscript θ denote 
odel predictions from the parameter set θ , while the subscript D

tands for observed data. f i is the flux of each spectrum at the i -th
avelength point, which are compared over al N wavelength points. 
 g is the current gas-phase metallicity, while ψ 0 is the current SFR
f the region, whose observed values, estimated in Section 2.4 , are
ompared to those of the model in each region. 

The parameters are then varied, as described in Paper 1 , to obtain
he best-fit model parameters. From this model, we can extract the
ull SFHs and ChEHs, but also we can obtain the evolution of iron
nd oxygen separately, as described abo v e. This information allows
s to see for each MWA how the best-fit model predicts that the
ge – [Fe/H]–[O/Fe] space should be populated by stars, for direct 
omparison with the APOGEE data from the Milky Way, to finally
scertain how typical our galaxy is. 
MNRAS 521, 5810–5825 (2023) 
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Table 1. Priors of model parameters used to fit galaxy spectra. 

Parameter Description Prior range 

τ c Gas infall time-scale in the central region [0.0, 14.0] Gyr 
τ o Gas infall time-scale in the outer region [0.0, 14.0] Gyr 
t 0 Start time of gas infall of the galaxy [0.0, 14.0] Gyr 
λc The wind parameter in the central region [0.0, 10.0] 
λo The wind parameter in the outer region [0.0, 10.0] 
A c / A o Mass gas ratio of gas falling into central and outer regions [0.0, 10.0] 
f r The radial flow strength [0.0, 1.0] 
E ( B − V ) c Dust attenuation parameter in the central region [0.0, 0.5] 
E ( B − V ) o Dust attenuation parameter in the outer region [0.0, 0.5] 
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 RESU LTS  A N D  DISCUSSION  

e applied the semi-analytic spectral fitting approach described
bo v e the sample of 138 MWAs selected from MaNGA. As we
ill see below, a good fraction have properties that are similar to the
ilky Way, but there are some where the detailed chemical properties

redicted by the best fit are starkly different. We will address the
ossible origins of those differences in Section 4.4 . 

.1 Milky-Way-like MWAs 

n Fig. 2 , we present the fits to one of the MWAs, MCG + 05-32-
62 (or 8983–3703 in its MaNGA designation), superimposed on
he equi v alent APOGEE data for the Milky Way. In the first row
f Fig. 2 we show the SFH and ChEH of the galaxy derived from
he best-fit model, from which we see clearly dif ferent e volution
etween the central and outer regions. The central part of the
alaxy (red line), which contains the bulge, formed a significant
raction of its stellar mass in a strong burst of star formation around
0 Gyr ago, but then continues at a low level to the present day. In
ontrast, the outer part of the galaxy has a much more extended star
ormation history. The metallicities in both regions grow quickly
n the first few billion years of star formation, but then asymptote
o their current values. Looking at the physical parameters in the
odel that dro v e this evolution, we find that the inner region has
 short gas infall time-scale ( τ c ∼ 0.5 Gyr), which triggers the
trong initial burst of star formation. In contrast, the outer region
as a much longer gas infall time-scale ( τ c ∼ 3 Gyr), leading to the
ore extended SFH. In addition, there is a significant radial inflow

n the galaxy, which provide the material for the modest ongoing
tar formation in the central region. We model the radial flow as
 constant mass fraction relative to the strength of the outflow,
hile the outflow itself is proportional to the star formation rate

see equations in Section 3 ). Consequently, the radial flow takes
 constant fraction of the gas from the outer region into the inner
egion in a given time period. For this specific galaxy, the best-fit
arameters imply that the radial flow mo v es materials at a rate of
pproximately 0.2 M o /Gyr, i.e. around 20 per cent of the gas in the
uter region will flow into the inner region in 1 Gyr. If we simply
ssume that the gas surface density within 1.5 R e of the galaxy is
pproximately constant, we estimate that for a galaxy with R e =
 kpc, this radial flow would have an average velocity of 1.2 km s −1 

t the boundary between the two regions (2 kpc radius). This value,
lbeit rather rough, is consistent with commonly adopted values in
hemical evolution models (e.g. Lacey & Fall 1985 ; Portinari &
hiosi 2000 ; Spitoni, Matteucci & Marcon-Uchida 2013 ), and in a

ecent hydro simulation of a MWA (Vincenzo & Kobayashi 2020 ).
oreo v er, the metal-enriched gas inflow results in the relatively high
NRAS 521, 5810–5825 (2023) 
etallicity in the centre and builds up the metallicity gradient in the
alaxy. 

The lower two rows show the comparison to the inner and
uter parts of the Milky Way, with the tracks in this parameter
pace as predicted by the best-fit chemical model from Section 3.1
uperimposed on the APOGEE data from Section 2.1 . The size of
he points in the external galaxy model is mapped from the SFR
o give an indication of how well populated each part of the tracks
hould be. Bear in mind that this is not a fit to the Milky Way, but
imply our chemical evolution model fitted to the spectra of a galaxy
hosen just because it looks superficially rather like the Milky Way.
s such, although not reproducing the wealth of detail in the Milky
ay data, it is surprising how well the two trace each other across

his range of parameters, even down to details such as the bimodality
n the [O/Fe]–[Fe/H] plane at small radii and its diminution at large
adii. It is clear that there are other galaxies with similar properties to
he Milky Way, which can be broadly reproduced by a fairly simple
hemical evolution model. 

Because the stellar populations are derived from a full chemical
volution model, we can interpret their distribution in MCG + 05-32-
62, and by association those in the Milky Way, in physical terms.
he significant old, metal-poor but α enhanced population in the
entre mainly formed in a strong initial burst triggered by the short
ime-scale gas infall there. These old stars generally have enhanced
O/Fe], as SNIa have not been able to eject much iron for recycling
hrough the ISM on such a short time-scale. After this short period,
he gas infall to the centre declines and central star formation starts to
e fuelled by the radial inflow of gas from the outer part. This radial
ow is metal enriched but not enhanced in α elements, producing the
ounger population with solar chemical compositions in the centre.
or the outer region, only a small fraction of stars formed early in

he galaxy’s formation are α-enhanced. The majority of stars here
ormed at a more leisurely rate during the longer-time-scale gas
nfall, during which the ISM has been polluted by SNIa explosions,
o that the α abundance is also close to the solar value. 

While we have picked out the example of MCG + 05-32-062 for
ts similarity to the Milky Way, it is far from unique. 56 of the
38 MWAs show a similar pattern of a shorter time-scale for star
ormation at small radii compared to large, followed by lower-level
ngoing central star formation fuelled by recycled gas from the
uter parts. The inflow velocities span a wide range from 0.3 to
 km s −1 with a median of 0.8 km s −1 . It is therefore clear that the
ilky Way’s chemical properties and implied formation history are

ot that unusual. Ho we ver, there are other galaxies that meet the
orphological criteria to be MWAs, where the stellar properties

nferred from their spectra, and hence the implied evolutionary
istories are rather different. We turn now to look at these 
ases. 
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Figure 2. Comparison between our best-fit model of MWA galaxies and APOGEE observation of the Milky Way. In the first row, the first panel shows the 
optical image of the example galaxy, with the MaNGA footprint shown in magenta. The two ellipses mark the positions of 0.5 R e (red) and 1.5 R e (blue) of the 
galaxy. The second panel shows the normalized SFH obtained from our best-fit models to the data stacked within 0.0–0.5 R e (red solid) and 0.5–1.5 R e (blue 
dash), respectively, while the third panel shows the corresponding ChEHs. The second row compares our model predictions of the evolution in 0.0–0.5 R e with 
the APOGEE measurements of stars within 2 kpc of the Galactic Centre. The first and second panel compare the time evolution of iron and oxygen, respectively, 
while the third panel plot the [O/Fe] versus [FeH]. In each panel, small dots correspond to individual APOGEE stars, while circles are predictions of our model 
with their sizes indicating the relative fraction of the corresponding stars in the model stellar populations. In the right-hand panel, the colour of the circles marks 
the ages of the stellar populations. The third row is similar to the second ro w, but sho ws the comparison between our model predictions in the outer region 
(0.5–1.5 R e ) and APOGEE stars 2–6 kpc away from the Galactic Centre. 
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.2 MWAs unlike the Milky Way 

nalysis of the spectral properties of the full sample of MWAs reveals
wo distinct classes of object with histories unlike the Milky Way. 
ypical examples of Figs 3 and 4 . 
Fig. 3 shows an object in which star formation in the inner and outer

arts of the galaxy are both extended, leading to a similar chemical
nhancement at all radii. Given this similarity, it is unsurprising 
hat the inferred distribution of stars in the age–metallicity–alpha 
nhancement space is very similar at small and large radii, and very
nlike the Milky Way. The inferred time-scales for gas infall in these
self similar’ galaxies are comparable to the Milky Way’s at a few
illion years; the difference arises because there is no variation in 
ime-scale with radius. These objects make up 55 out of 138 MWAs, a
ery similar fraction to those that follow a Milky-Way-like evolution. 

The second class of non-Milky-Way-like system is illustrated by 
ig. 4 . In this kind of centrally-quenched galaxy, star formation 
ontinues for an extended period in the outer parts much like the
ilky Way, but there is no indication in the spectra of recent metal-
nriched star formation in the inner parts. From the model, it is
pparent that this phenomenon is driven by an absence of radial gas
nflow, with the fitting process strongly preferring to set the associated 
arameter, f r , at its lower bound of zero. One concern with such a
iling up of parameters at the lowest allowed value is that it might
ndicate that the model does not explore the parameters sufficiently 
ully. Ho we v er, we hav e refitted these spectra with a model that
onsidered the opposite possibility of a net flow of processed gas
rom the inner parts of the galaxy to the outer parts, but in almost no
ases did this result in a significantly non-zero value either. It would
ppear that for the 27 MWAs in this class, there is no indication in
he spectra of any coupling between the evolution of the inner and
uter parts of the system driven by wind effects. 
These three separate classes – Milky-Way-like, self-similar, and 

entrally quenched galaxies – not only have best-fit models with very 
ifferent properties, but also exhibit significant variations in their 
MNRAS 521, 5810–5825 (2023) 
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Figure 3. As for Fig. 2 but for a self-similar galaxy. Note the difference in inferred stellar properties from the Milky Way. 

Figure 4. As for Fig. 2 but for a centrally-quenched galaxy. Note the difference in inferred stellar properties from the Milky Way. 
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Figure 5. Stacked spectra for Milky-Way-like (top), self-similar (middle), 
and centrally quenched (bottom) galaxies. The left-hand panels zoom-in on 
the spectral features around 4000 Å, while the right-hand panels focus on the 
H α emission line. In each panel, the blue line shows the average spectra of 
the outer regions, while the red line corresponds to the inner regions. The 
green lines display the difference between the spectra of the inner and outer 
regions. 
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Figure 6. Distributions of difference of the gas infall time between the outer 
and inner region of the galaxy against the strength of the radial inflow for 
our sample galaxies. MWAs behave like Milky Way are shown with blue 
dots, while the self-similar galaxies are shown in red triangles and centrally 
quenched galaxies in green stars. The larger symbols correspond to the three 
example galaxies with different types shown in Figs 2 , 3 , and 4 . 
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pectra. In Fig. 5 , we show the average spectra for the three galaxy
lasses (Milky-Way-like, top panel; self similar, middle panel; and 
entrally quenched, bottom panel). Milk e-Way-lik e galaxies show 

trong emission lines throughout, with relatively small but significant 
ifferences between the spectra of their central (red) and outer (blue) 
egions. In contrast, self-similar galaxies have very similar spectra 
t all radii consistent with the self-similar e volution sho wn by the
odels in Fig. 3 . The inner regions of the centrally quenched galaxies

ho w very lo w star formation, as indicated by the weak emission
ines, and exhibit the largest spectral differences from the centre to 
he outer regions. This is particularly evident in the spectral features 
round 4000 Å and the Balmer series. These spectra difference give 
s confidence that our model are able to identify real intrinsic
ariations in the evolution of these galaxies. 

In order to quantify this qualitative classification in Fig. 6, we plot
he value of the best fit mass inflow parameter as a function of the
ifference in time-scales for star formation between the inner and 
uter parts of each galaxy. As discussed abo v e, the systems we have
dentified as self-similar display little by way of gradient in their gas
nfall time-scales, while the centrally-quenched galaxies have very 
ow wind parameters. It is notable that MCG + 05-32-062, and, by
ssociation, the Milky Way is not an exceptional galaxy. It displays
 fairly strong wind-parameter coupling between its inner and outer 
arts, but one that is common to quite a few of the MWAs, and a
ifference in time-scale for star formation between inner and outer 
arts that is about av erage. Milk y-Way-like galaxies really are quite
ike the Milky Way, albeit within a fairly wide variety of inferred
volutionary histories. 

.3 Differences between the three types of MWAs 

aving identified this diversity, a natural question is whether these 
ifferences manifest in any of the galaxies’ other properties. In Fig. 7 ,
e present the distribution of various properties of the MWAs, 
ivided into the three classes introduced abo v e. Although these
alaxies were chosen to be a fairly homogeneous class of Milky-Way-
ike galaxies, it is clear that there are residual systematic differences
n their properties that depend on their inferred evolutionary histories. 

Of these differences, perhaps the least surprising is the dependence 
n the current star-formation rate (Fig. 7 left-hand panel). The 
election of MWAs deliberately a v oided putting strong constraints on
urrent SFR, beyond a related requirement of spiral morphology, so 
s not to select out galaxies that might be very similar to the Milky
ay apart from very recent activity . Accordingly , there is quite a

ange in SFRs in the sample, and different types of galaxies show
elati vely narro w current SFR distributions with different typical 
alues for each type: MW-like galaxies have the strongest recent 
tar formation activities with a median log ( SFR / M � yr −1 ) ∼ 0 . 5,
hile the median values for self-similar and centrally quenched 
alaxies are log ( SFR / M � yr −1 ) ∼ 0 . 0 and ∼0.2, respectively. In
elf-similar galaxies in which the evolution of inner and outer parts
re close to identical, the time-scale of star formation in the outer
arts is somewhat dragged down to match the inner parts, leading
o a systematically lo wer v alue for the current SFR. Similarly,
entrally-quenched galaxies seem to have completed more of their 
tar-formation in the past, leading to a somewhat lower current rate
han those more like the Milky Way. A similar effect is seen in
MNRAS 521, 5810–5825 (2023) 

art/stad853_f5.eps
art/stad853_f6.eps


5820 S. Zhou et al. 

M

Figure 7. Distributions of the star formation rate (left), morphology T-type (middle), and gas-phase metallicity (right) of the MWAs. Galaxies behave like the 
Milky Way are shown in blue, while the self-similar galaxies are shown in red and centrally quenched galaxies in green. 
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he T types of the galaxies (Fig. 7 centre panel): the median T-type
alues for MW-like, self-similar and centrally quenched galaxies
re 4.0, 2.8, and 3.6, respecti vely. Such dif ferences indicate that
he suppression of star formation leads to systematically earlier
ubble types in the centrally-quenched and self-similar systems.
oreo v er, the right-hand panel of Fig. 7 reveals a systematically

ower gas-phase metallicity in the centre of centrally quenched
alaxies compared to normal Milky-Way-like ones: the median gas-
hase metallicities for MW-like, self-similar and centrally quenched
alaxies are 12 + log(O/H) ∼8.74, 8.70, and 8.68, respectively. The
ower central gas-phase metallicity of centrally quenched galaxies
eflects the lack of metal-enriched gas inflow from the outer regions
f these galaxies. In contrast, although not shown in the plot, there is
o clear difference between the gas-phase metallicities in the outer
egions of different types of galaxies. 

Having found these present-day differences between different
ypes of galaxies, we now turn to quantify the statistical differences
n their inferred evolutionary histories. In Fig. 8, we investigate
o w the cumulati ve SFHs and ChEHs vary for the three different
ypes of galaxies in our sample. Concerning the galaxies’ SFHs,
he top panels show that MW-like and centrally quenched galaxies
xhibit clear differences in the mass accumulation histories between
he central and outer regions, while in self-similar galaxies the two
e gions evolv e almost identically . In addition, MW -like galaxies have
ignificant stellar mass formed in their central regions relatively late
ue to the radial flow in the recent 6 Gyrs, while the centres of almosr
ll centrally quenched galaxies finished their star formation 8 Gyrs
go. This echoes the evolution seen in the example galaxies shown
n Figs 2 , 3 , and 4 , with some scatter in the individual formation
imes and time-scales. Concerning the galaxies’ chemical evolution,
elf-similar and centrally quenched galaxies hold simple enrichment
istories, while the centres of MW-like galaxies experience two
ajor epochs of chemical enrichment. As shown previously, this
ore complex behaviour is due to the metal-enriched gas brought

n by the radial flow. This metal-enriched radial flow also makes the
entres of MW-like galaxies more metal-riched than the other types
f MWAs, which is in line with the results inferred from the emission
ines as shown in the right-hand panel of Fig. 7 . 

.4 Origin of the differences 

hese consistent differences between the three types of MWAs offer
ome assurance that our evolutionary model is capturing some real
spect of the formation and evolution of these galaxies, the remaining
NRAS 521, 5810–5825 (2023) 
ssue is to ask what might be driving such differences. Looking
hrough the best fit parameters, we find the time at which galaxy
ormation began in this model varying systematically with those that
re centrally quenched starting significantly earlier (as can be seen
rom the upper panels of Fig. 8 ). Perhaps these galaxies are the
volutionary successors of the Milky Way, which are further along
n their lives and starting to see the inside-out quenching believed to
ccur in galaxies at these masses (e.g. Lin et al. 2019 ). 

One might suspect that the environment plays a role. While in
ilky-Way mass galaxies the effect of the environment may be

elatively weak (e.g. Peng et al. 2012 ), some simulation work (e.g.
arrison-Kimmel et al. 2019 ; Santiste v an et al. 2020 ) suggests

hat Milky-Way-like galaxies in pairs – such as the MW/M31
air – typically formed their stars earlier than galaxies in isolated
nvironments. Our sample does contain eight galaxies with relatively
assive nearby companions ( M ∗ > 10 10 M �). The median gas infall

ime of these eight galaxies is 8.8 Gyrs ago, while for the rest of
he sample it is 7.4 Gyrs ago. The Milky Way itself formed most
f its stars around 10 Gyrs ago, which is 2 Gyrs earlier than the
verage value of the MW-like galaxies (see the top-left-hand panel
f Fig. 8 ). These results, notwithstanding the small sample size,
o support the simulation results. Ho we ver , since en vironmental
ffects tend to change mainly the global properties of galaxies
e.g. Zheng et al. 2019 ), we would not necessarily expect to see
ny significant environmental imprint on the radial gradients of the
tellar population properties we study. Among the eight galaxies
ith massive companions, we find four MW-like, three self-similar,

nd one centrally quenched galaxy, a distribution roughly similar
o the entire sample. We have also investigated a range of other
nvironmental indicators, such as local density and cluster/group
embership, and find no correlation with the evolutionary history

f the MWAs. We thus conclude that the environment – such as
elonging to a massive pair – may affect some the galaxies’ global
roperties such as their formation times, but it is not likely to affect
he internal secular evolution that we have studied here. 

Another candidate sometimes invoked to try to explain evolution-
ry differences is feedback from AGN activity, which might, for
xample, cause an early shut-down of star formation (see King &
ounds 2015 for a re vie w), particularly in its vicinity. To investigate
hether there is any current signature of AGN activity in the various

ypes of MWA, Fig. 9 shows the BPT diagram, of emission line
atios log ([O III ]5007/H β) versus log ([N II ]6584/H α), that is often
sed to identify AGN activity, for different radii in the galaxies in this
ample, colour coded by the evolutionary types identified abo v e. It

art/stad853_f7.eps


Milk y-Way-lik e galaxies in MaNGA 5821 

Figure 8. The mass accumulation (top) and metallicity enrichment (bottom) histories for MW-like (left), self-similar (middle), and centrally quenched (right) 
galaxies. In each panel, the evolution of the central and outer regions are shown in red and blue, respectiv ely. F or each galaxy sample the lines correspond to the 
median values, with the shaded regions indicating the 16/84 percentiles of the distributions. 
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s apparent that there are intriguing systematic differences, with the 
elf-similar galaxies tending to lie in the LINER part of the diagram
ssociated with modest AGN activity, to a lesser extent, we see the
ame thing in the centrally-quenched galaxies. Ho we ver, if we look
way from the centres of the galaxies, working toward the right in the
anels of Fig. 9 , we see that although the galaxies all tend to mo v e
oward the star-forming region in the lower left of the BPT diagram,
his effect persists, suggesting that the source of ionization is not just
n AGN. Such extended LI(N)ER-like emission has been found in 
revious studies using spatially resolved spectroscopy (e.g. Belfiore 
t al. 2016 ), but its ionizing source is still unclear. It is possible that
ot post-AGB stars may be responsible for such extended ionization 
Yan & Blanton 2012 ), but there is also evidence that the central
GN emission can affect regions significantly larger than the spatial 

esolution of MaNGA (Chen et al. 2019 ). There is therefore at least
 hint that the central quenching of some galaxies could be related to
GN activity. 

.5 Comparison with other studies 

ur work is the first one to explore the detailed spatially resolved
hemical evolution of galaxies beyond the local group, where 
bservations of individual stars are not available. It is therefore not 
ossible to make direct like-with-like comparisons with previous 
tudies. Nevertheless, there is some related work that is worth 
iscussing in the context of our results. 
In order to validate our modelling and fitting procedures and to 

raw physical conclusions, we select MWAs that potentially have 
imilar evolutionary histories to the Milky Way, and use the resolved 
tellar population properties of the MW itself as a reference. There 
ave been a plethora of Galatic chemical evolution models aimed at
nderstanding the chemical content and evolution of the MW. The 
alaxy’s resolved stellar populations allow very detailed chemical 

volution modelling (see reviews by Matteucci 2021 ). For example, 
he classical tw o-inf all model by Chiappini, Matteucci & Gratton
 1997 ), which assumes two distinct infall episodes, has now been
idely used in many chemical evolution studies of the Milky Way,
ith refinements on various aspects (e.g. C ̂ ot ́e et al. 2017 ; Grisoni

t al. 2017 ; Rybizki, Just & Rix 2017 ; Prantzos et al. 2018 ; Spitoni
t al. 2019 , 2021 ). Another commonly cited model (Sch ̈onrich &
inney 2009 ) includes prescriptions for the radial mixing of gas and

tars, and is expanded by a number of follow-up works (e.g. Marcon-
chida, Matteucci & Costa 2010 ; Fu et al. 2013 ; Minchev, Chiappini
 Martig 2013 ; Andrews et al. 2017 ). Compared with these studies,

ur chemical evolution model has simpler assumptions; for example, 
nly one epoch of gas infall is considered, and the radial migration of
tars has not been included. Ho we ver, as sho wn through this paper,
ur model is remarkably successful at describing simultaneously the 
ass accumulation and chemical enrichment of both the inner and 

uter regions of the Galaxy, as well as the bimodality distribution
f stars on the [O/Fe] versus [Fe/H] plane. Our predicted rate and
peed of the radial flow are also roughly consistent with published
alues (e.g. Lacey & Fall 1985 ; Portinari & Chiosi 2000 ; Spitoni
t al. 2013 ; Vincenzo & Kobayashi 2020 ). These results indicate that
ur simplified models are able to catch the main physics go v erning
he evolution of Milky-Way-like galaxies. 

A key difference between our models and those aimed at un-
erstanding the MW is that we are investigating external galaxies. 
lthough chosen to be MWAs, these galaxies are expected to 
ave follo wed some what dif ferent e volutionary paths. Even within
MNRAS 521, 5810–5825 (2023) 
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Figure 9. Distributions of our sample galaxies on the BPT diagram. From top-left to bottom-right, plots are for results from different positions of the galaxy, as 
labelled. In each plot, dashed lines are obtained from K e wley et al. ( 2001 ) and Kauffmann et al. ( 2003 ) to divide the plane into regions of star forming Seyfert 
and LI(N)ER galaxies. Galaxies that behave like the Milky Way are shown as blue stars, while self-similar galaxies are shown in red and centrally quenched 
galaxies are shown in green. 
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W-like sample that we have identified, we detect some variations
n their detailed SFHs, CheHs (Fig. 8 ), and the physical parameters
hat go v ern their evolution, such as the strength of their radial
o ws. These dif ferences pre vent us from adopting models that are

oo specific, and very detailed comparisons between the derived
hysical parameters with those obtained from the Milky Way are not
ustified. We are interested in global trends concerning the evolution
f the galaxies, rather than delving too deeply into the exact values
f the derived model parameters. We find that we have reached
easonable consistency between the results of our models and those
rom previous work. Furthermore, our current understanding of the
volution of the Milky Way can broadly apply to other Milky-Way-
ike galaxies, even though significant differences in the galaxies’
istories are found. 
There is also a number of studies of MWAs in the literature

hat focus on different aspects of their stellar populations and other
roperties. F or e xample, the work of Fraser-McKelvie et al. ( 2019 )
nvestigated the SFRs of MWAs from both SED fits and mid-infrared
alibrations. They found that the Milky Way’s SFR falls within 2 σ
f the MWA distribution, which is in line with our results for the
tar formation activity of our sample galaxies (Fig. 7 ). Boardman
NRAS 521, 5810–5825 (2023) 
t al. ( 2020 ) analysed MWAs in terms of their kinematics and
tellar populations as well as their ionized gas contents. Focusing on
he gradients of these populations, they found significant variations
mong different MWAs and the Milk Way. Our work on MWAs is
imited to comparing the inner and the outer regions, and thus doesn’t
rovide detailed gradient measurements. Nevertheless, we do find
hat the variations in the evolution of MWAs correlate deeply with
he gradients of their stellar populations – galaxies with the strongest
radient in stellar ages are generally centrally quenched, while self-
imilar galaxies have almost no radial gradient in their physical
roperties. Krishnarao et al. ( 2020 ) investigated the effect of bars
n MWAs and found that barred galaxies show stronger suppression
f star formation and an increase in LI(N)ER-like spectra in their
nner regions. We did not find that the presence of a bar affects the
robability of a galaxy being placed in any of the three categories.
o we ver, as our di vision of the inner/outer regions does not take

nto account, the possible existence of a bar and given that the size
f our sample doesn’t allow for robust statistical analysis of the bar
roperties, we cannot rule out that bars may play some role in shaping
he evolution of MWAs. We plan to explore this issue in the future
ith larger galaxy samples. 
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 SU M M A RY  

n this paper, we investigate the formation and evolution of a sample
f 138 objects selected from the SDSS-IV/MaNGA surv e y to be
nalogues of the Milky Way, in order to assess how typical our
alaxy is, and how much variety one sees in the evolutionary history
f such an apparently homogeneous group of objects. To facilitate a 
omparison between these MWAs and the Milky Way, we have fitted 
heir spectra with a simple self-consistent model that tracks the star
ormation and chemical evolution of the inner and outer parts of each
arget. The model encompasses the core physics of star formation, 
as infall and outflow, and a radial gas flow that connects the two
egions. In simultaneously fitting the spectra from the inner and outer 
egions, we use both their absorption lines and auxiliary information 
rom emission lines. The resulting best-fit model gives a picture of
he star-formation and chemical evolution in both the inner and outer 
arts of each galaxy. This information is then processed to predict 
he evolution of α element abundance in these galaxies; with this 
nalysis, we can predict how the age–metallicity–alpha enhancement 
arameter space is populated by stars in both the inner and outer parts
f each galaxy, which can be compared to the equi v alent information
btained directly from individual stars in the Milky Way. The main 
esults of this comparison are as follows: 

(i) There are good number of MWAs with star formation and 
hemical histories very similar to our Milky Way. Initial star 
ormation in the inner regions of these galaxies typically occurs 
n a shorter time-scale than in their outer parts, but lo w-le vel star
ormation continues in the inner region, driven largely by processed 
aterial that flows in from the outer parts, helping to build-up their

adial metallicity gradients. 
(ii) This process also naturally builds up a bimodality in the stellar

opulation in the parameter space of [O/Fe] versus [Fe/H], similar 
o that seen in the Milky Way: two distinct populations, one high
n [O/Fe] but low in [Fe/H] and the other with low [O/Fe] but high
Fe/H], are predicted throughout these galaxies. In addition, this 
imodality has a radial variation like that in the Milky Way, such
hat the two populations are both strongly populated in the central 
egions of galaxies, while the outer regions are dominated by the 
ow- α population. From the chemical evolution model, we learn 
hat this arrangement can arise because the outer re gions hav e a
ong time-scale of star formation, which allows SNIa explosions to 
ollute the ISM with enough iron, leading to the dominance of the
ow- α population at large radii. At small radii, the high- α population 
s formed more rapidly at the beginning of the galaxy’s evolution, 
hile the low- α population formed subsequently from processed gas 

hat flows in from the outer regions. 
(iii) While many MWAs seem to follow this Milky-Way-like 

attern, others do not. Some show a self-similar structure, with 
omparable time-scales for star formation at all radii, and accordingly 
ittle by way of gradients in their stellar properties. Others are 
entrally-quenched galaxies in which stars in the central regions 
ormed rapidly, with no significant radial inflows and hence no late- 
ime star formation in their inner regions. 

(iv) Comparing the detailed properties of these galaxies, we 
nd that, despite being selected for their homogeneity, there are 
esidual differences in the star-formation rates and Hubble types of 

WAs with these different inferred evolutionary pasts. In addition 
o providing clues as to the reasons for their differing pasts, perhaps
mplying that some are further along an evolutionary sequence than 
thers, these dif ferences gi ve some confidence that the histories
hat we have been able to derive from the spectra are based in
eality. In looking for causes of these differences, we could find no
nvironmental dependence, but intriguing clues that AGN activity 
ould have suppressed the inflow of gas in some galaxies. 

Semi-analytic spectral fitting has provided us with a powerful new 

ool for archaeologically exploring the chemical and star-formation 
volution of galaxies in a self-consistent manner. As this paper has
hown, the methodology can readily be extended to incorporate 
dditional processes, such as the coupling between different regions 
ithin a single galaxy, and extra physics like the time delay in

ecycling iron from Type Ia supernovae. With these enhancements, 
e can model quite subtle properties of a galaxy’s stellar population,

uch as their distribution in the age – metallicity – alpha enhancement 
pace, for direct comparison with detailed data from the Milky Way.
rom such a comparison, we learn that, while not all Milky-Way-like
alaxies are like the Milky Way, many are. 
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