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A B S T R A C T 

This is the second paper of the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) Dynamics and stellar 
Population (DynPop) series, which analyses the global stellar population, radial gradients, and non-parametric star-formation 

history of ∼10K galaxies from the MaNGA Surv e y final data release 17 and relates them with dynamical properties of galaxies. 
We confirm the correlation between the stellar population properties and the stellar velocity dispersion σ e , but also find that 
younger galaxies are more metal-poor at fixed σ e . Stellar age, metallicity, and mass-to-light ratio (M ∗/ L ) all decrease with 

increasing galaxy rotation, while their radial gradients become more ne gativ e (i.e. lower value at the outskirts). The exception is 
the slow rotators, which also appear to have significantly ne gativ e metallicity gradients, confirming the mass–metallicity gradient 
correlation. Massive disc galaxies in the green valley, on the ( σe , age) plane, show the most ne gativ e age and metallicity gradients, 
consistent with their old central bulges surrounded by young star-forming discs and metal-poor gas accretion. Galaxies with high 

σ e , steep total mass-density slope, low dark matter fraction, high M ∗/ L , and high metallicity have the highest star-formation rate 
at earlier times, and are currently quenched. We also disco v er a population of low-mass star-forming galaxies with low rotation 

but physically distinct from the massive slow rotators. A catalogue of these stellar population properties is provided publicly. 

Key words: catalogues – galaxies: abundances – galaxies: evolution – galaxies: formation – galaxies: stellar content. 
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 I N T RO D U C T I O N  

alaxies trace the large-scale structure in the Universe. Thus, their
volution with cosmic time is a key question for the study of the
niverse. Evolution of galaxies is a complicated process, involving
ultiple components, including stars, gas, dark matter, active galactic

uclei, as well as the surrounding environments of the galaxies.
herefore, although many efforts have been made to understand the
volution of galaxies, it still remains one of the great challenges of
odern astrophysics (see Somerville & Dav ́e 2015 ; Naab & Ostriker

017 for re vie w). 
Stellar population of galaxies encodes the information of galaxy
ass assembly and chemical enrichment histories, which is thus

ssential for understanding the evolution of galaxies. Early studies
ypically made use of galaxy colour to classify different stellar
opulations and chemical compositions in galaxies (see Baade &
aposchkin 1963 ; Tinsley 1980 for re vie w), which, ho we ver, suf fers

rom the degeneracies between age and metallicity (e.g. Worthey
994 ), as well as between the star-formation history (SFH) and dust
ttenuation ef fect (e.g. Silv a et al. 1998 ; De vriendt, Guiderdoni &
adat 1999 ; Pozzetti & Mannucci 2000 ). The latter is even stronger
 E-mail: lushengdong93@icloud.com (SL); kaizhu@nao.cas.cn (KZ) 
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or late-type galaxies (LTGs), which have more dust than early-type
alaxies (ETGs). 

To break the degeneracies, people try to fit some spectral absorp-
ion features that have different sensitivities on age, metallicity, and
ust attenuation effect, e.g. the Lick system (Worthey 1994 ), using a
inear combination of single stellar population (SSP) templates. SSP

odels combine stellar evolution theory in the form of an initial
ass function (IMF; e.g. Salpeter 1955 ; Kroupa 2001 ; Chabrier

003 ), stellar tracks and/or isochrones (e.g. Bruzual & Charlot 1993 ;
azdekis et al. 1996 ; Conroy, Gunn & White 2009 ), and stellar

ibraries that are either empirical or theoretical or a combination
e.g. Maraston 1998 ; Walcher et al. 2009 ; Vazdekis et al. 2010 ,
016 ; Conroy et al. 2018 ) to predict the spectrum of a stellar
opulation with given age and metallicity. Another way to study the
tellar population of galaxies is the full-spectrum fitting, instead of
tting specific absorption features. Existing fitting methods include
enalized Pixel-Fitting method ( PPXF , Cappellari & Emsellem 2004 ;
appellari 2017 , 2023 ), STARLIGHT (Cid Fernandes et al. 2005 ),

TECMAP (Ocvirk et al. 2006a , b ), VESPA (Tojeiro et al. 2007 ),
IT3D (S ́anchez et al. 2016a , b ; Lacerda et al. 2022 ), and FIREFLY

Wilkinson et al. 2017 ). 
With the methods aforementioned, many efforts have been made

o study the stellar population and SFH of galaxies. Kauffmann et al.
 2003 ) used the 4000 Å break strength and the Balmer absorption-line
© 2023 The Author(s) 
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ndex H δA to study the SFHs, dust attenuation, and stellar masses
f ∼120 000 galaxies from the Sloan Digital Sky Survey (SDSS;
toughton et al. 2002 ). Gallazzi et al. ( 2005 ) studied the connection
mong metallicity, age, and stellar mass in nearby galaxies with 
he similar method but applies a Bayesian approach. Thomas et al. 
 2010 ) obtained luminosity-weighted ages, metallicities, and α/Fe 
atios from the Lick absorption-line indices for 3360 ETGs and 
ound that the scaling relations between galaxy stellar population 
roperties and dynamical properties (i.e. galaxy mass and velocity 
ispersion) are not sensitive to environment densities. More recently, 
cholz-D ́ıaz, Mart ́ın-Navarro & Falc ́on-Barroso ( 2023 ) made use of

he absorption feature method to study the dependence of SFHs of
alaxies on halo mass. With full-spectrum fitting, Cappellari et al. 
 2013b ) and McDermid et al. ( 2015 ) studied the correlation between
tellar population properties and dynamical properties of 260 ETGs 
n ATLAS 

3D (Cappellari et al. 2011 ) and found that stellar population
roperties show systematic variation on the mass–size plane, roughly 
long the direction of velocity dispersion of galaxies. Scott et al. 
 2017 ) extended this study to ∼1300 galaxies from the SAMI surv e y
Bryant et al. 2015 ) and Li et al. ( 2018 ) to ∼2000 galaxies with
ifferent morphologies (including both ETGs and LTGs) in Mapping 
earby Galaxies at Apache Point Observatory (MaNGA; Bundy et al. 
015 ) and also found similar trends. 
Besides, with the development of large-scale integral field unit 

IFU) surv e ys, such as SAURON (Bacon et al. 2001 ; de Zeeuw
t al. 2002 ), ATLAS3D (Cappellari et al. 2011 ), CALIFA (S ́anchez
t al. 2012 ), SAMI (Bryant et al. 2015 ), and MaNGA (Bundy et al.
015 ), one can, not only study the global stellar population properties, 
ut also analyse the spatially resolved stellar population properties, 
ith which the population profiles and gradients can be studied. 
 or e xample, K untschner et al. ( 2010 ) analysed the absorption-line
trength maps of 48 ETGs from the SAURON surv e y to study
heir stellar population gradients and found that the age gradient 
epends on dynamical mass, with the scatter being smaller at the 
ow-mass end. Garc ́ıa-Benito et al. ( 2017 ) studied the gradient of
ass-weighted age of 661 galaxies with various morphologies from 

he CALIFA surv e y and found that ne gativ e mass-weighted age
radient is seen for all the samples investigated and the gradient 
ncreases (becomes flatter) with increasing stellar mass surface 
ensity. Goddard et al. ( 2017 ) applied the stellar population analysis
o a representative sample of 721 galaxies from the MaNGA surv e y
nd concluded that galaxy mass is the main driver of the variation
f stellar population gradients among different galaxies; the galaxy 
nvironment seems to have no obvious influence on the stellar 
opulation gradients, consistent with the findings of Zheng et al. 
 2017 ) with 1105 galaxies from the MaNGA surv e y and Santucci
t al. ( 2020 ) with 96 passive central galaxies and their satellite
ounterparts from the SAMI surv e y. The mass dependence of stellar
opulation radial profiles (gradients) is also seen in Belfiore et al. 
 2018 ), in which low-mass star-forming galaxies appear to have 
early flat specific star-formation rate (sSFR) profiles, while the 
ore massive star-forming galaxies show a significant decrease in 

SFR at the galaxy centre. With a larger sample of ∼2000 galaxies
ith various morphologies from MaNGA, Li et al. ( 2018 ) studied

he distributions of stellar population gradients on the mass–size 
lane and found that the variation of stellar population gradients 
ave complicated dependence on dynamical parameters of galaxies 
nd their variation cannot be accurately captured by mass alone. 
nterested readers are referred to S ́anchez ( 2020 ) for a re vie w
n the spatially resolved spectroscopic properties of galaxies (see 
ection 4.7 for stellar population gradients). 
s  
With the end of the MaNGA surv e y, the spatially resolv ed spectra
f o v er 10 000 unique nearby galaxies have been successfully
btained (Abdurro’uf et al. 2022 ). Neumann et al. ( 2022 ) (known
s the FIREFLY catalogue) and S ́anchez et al. ( 2022 ) (known as
he PIPE3D catalogue) have provided the catalogues of both the 
lobal and spatially resolved stellar population properties for the 
ull sample of MaNGA, which have been widely used in many
tudies on the analyses of stellar content of galaxies. For example,
arrera-Ballesteros et al. ( 2022 ) studied the stellar population radial
rofiles of ∼10 000 MaNGA galaxies with the PYPIPE3D analysis 
ipeline (Lacerda et al. 2022 ). Boardman et al. ( 2022 , 2023 ) studied
he driving factors of gas metallicity gradients, combining the 
IPE3D catalogue and the gas metallicity maps derived with the 
aNGA Data Analysis Pipeline (DAP, Belfiore et al. 2019 ; Westfall

t al. 2019 ) emission line fluxes with the Marino et al. ( 2013 )
alibrator. Apart from using the existing catalogues, Bernardi et al. 
 2023a , b ) studied the influence of stellar IMF on the estimates of
tellar population properties (e.g. age, metallicity, and stellar mass- 
o-light ratio) and further the influence on estimating the half-stellar 

ass radius using the full MaNGA sample. 
With a series of papers of the MaNGA Dynamics and stellar

opulation (DynPop) project, we aim to not only provide catalogues 
f dynamical and stellar population properties for the final sample of
he MaNGA surv e y ( ∼10 000 nearby galaxies; Abdurro’uf et al.
022 ) as a le gac y product, but also to study the formation and
volution of galaxies with the combination of the dynamical and 
tellar population properties. In Paper I (Zhu et al. 2023b ), we
erformed the Jeans Anisotropic Modelling (JAM; Cappellari 2008 , 
020 ) on the full sample of MaNGA surv e y and obtained their
uality-assessed dynamical properties. This work is the second 
aper of the MaNGA DynPop series. The goal of this work is to
rovide a catalogue of stellar population properties, gradients, and 
FH properties for all the ∼10 000 MaNGA galaxies. With these
roperties, we will also make analyses of the scaling relations of
tellar populations and the correlation of population gradients and 
FH versus structural and dynamical properties of galaxies. The 
eaders are also referred to Paper III (Zhu et al. 2023a ) for a study of
ultiple dynamical scaling relations of these galaxies, and Paper IV 

Wang et al. 2023 ) for a study of the density profiles from galaxies
o clusters, combining the stellar dynamical modelling and weak 
ensing. 

The paper is organized as follows. In Section 2 , we describe
he MaNGA data used for this work (Section 2.1 ), the structural
nd dynamical properties of MaNGA galaxies (Section 2.2 ), and 
tellar population synthesis (SPS) method (Section 2.3 ). In Section 3 ,
e present the one-dimensional (1D) correlation between global 

tellar population properties and velocity dispersion of galaxies 
Section 3.1 ) and the variation of global stellar population properties
n 2D planes (Section 3.2 ). Section 4 presents the correlation between
tellar population profiles/gradients and other galaxy properties. The 
nalysis of SFHs of MaNGA galaxies is given in Section 5 . Finally,
e summarize our findings in Section 6 . Throughout the paper, we as-

ume a flat Universe with �m = 0.307 and H 0 = 67 . 7 km s −1 Mpc −1 

Planck Collaboration XIII 2016 ). 

 DATA  A N D  M E T H O D O L O G Y  

.1 MaNGA data product 

aNGA (Bundy et al. 2015 ) is currently the largest IFU spectroscope
urv e y in the world, targeting ∼10 000 nearby galaxies in the redshift
MNRAS 526, 1022–1045 (2023) 
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ange 0.01 < z < 0.15 (Yan et al. 2016b ; Wake et al. 2017 ).
he spectra co v er a simultaneous wav elength range from 3600 to
0 300 Å, with a spectral resolution R ∼ 2000 (Drory et al. 2015 ).
hey are produced by the Data Reduction Pipeline (DRP; Law et al.
016 ), which calibrates and reduces the raw data from MaNGA
bserv ation. The observ ation co v ers a spatial range from 1.5 to 2.5 R e 

where R e is the ef fecti ve radius of galaxies) for each observed galaxy,
onducting the ‘Primary + ’ and ‘Secondary’ samples ( ∼67 per cent
nd ∼33 per cent , respectively; Bundy et al. 2015 ). Readers are
eferred to the following papers for more details on the MaNGA
nstrumentation (Drory et al. 2015 ), observing strategy (Law et al.
015 ), spectrophotometric calibration (Smee et al. 2013 ; Yan et al.
016a ), and surv e y e x ecution and initial data quality (Yan et al.
016b ). The MaNGA project is now finished and the complete data
ave been released (Abdurro’uf et al. 2022 ). 

.2 Structural and dynamical properties of galaxies 

n this work, we mainly use the structural and dynamical prop-
rties of MaNGA galaxies from the first paper of this se-
ies (Paper I; Zhu et al. 2023b ). In Paper I, we perform
he JAM (Cappellari 2008 , 2020 ) to the complete sample of

aNGA surv e y ( ∼10 000 nearby galaxies) and obtain their
uality-assessed dynamical and structural properties, using the
YTHON version of JAM, JAMPY . 1 Below, we briefly introduce the
arameters used in this work: 

(i) Ellipticity ( ε): ε is the ellipticity of the elliptical half-light
sophotes of the galaxies, obtained with FIND GALAXY routine in the
YTHON software, MGEFIT 2 by Cappellari ( 2002 ). 

(ii) Galaxy size ( R 

maj 
e and R e ): R 

maj 
e is the semimajor axis

f the elliptical half-light isophotes of the galaxies. R e satisfies
R 

2 
e = A , where A is the area of the elliptical half-light isophotes

f g alaxies. The g alaxy sizes here are derived from the Multi-
aussian Expansion (MGE) models (Emsellem, Monnet & Ba-

on 1994 ; Cappellari 2002 ) with the MGEFIT software and are
caled by a factor of 1.35 to approximately match the popular
alaxy sizes obtained from extrapolated photometry (see fig. 7 of
appellari et al. 2013b ). 
(iii) Galaxy velocity dispersion ( σ e ): σ e used here is cal-

ulated as the square-root of the luminosity-weighted average
econd moments of the velocity within the elliptical half-light
sophote, defined as 

e = 

√ ∑ 

k F k ( V 

2 
k + σ 2 

k ) ∑ 

k F k 

, (1) 

here V k and σ k are the mean line-of-sight velocity and dis-
ersion in the k th IFU spax el, respectiv ely, and F k is the flux
n the k th spaxel. The summation goes o v er all the spaxels
ithin the elliptical half-light isophote. Velocities and dispersion
ere are obtained by the MaNGA DAP (Belfiore et al. 2019 ;
estfall et al. 2019 ). 
(iv) Spin parameter of galaxies ( λR e ): λR e is calculated as

Emsellem et al. 2007 ) 

R e = 

∑ 

k F k R k | V k | ∑ 

k F k R k 

√ 

V 

2 
k + σ 2 

k 

, (2) 
NRAS 526, 1022–1045 (2023) 

 Version 6.3.3, available from ht tps://pypi.org/project /jampy/. 
 Version 5.0.14, available from ht tps://pypi.org/project /mgefit /. 

o  

d  

2  

t  

a  
here R k is the distance to the galaxy centre of k th spaxel. The other
arameters are the same as equation ( 1 ). λR e is also calculated within
he elliptical half-light isophotes of galaxies. 

(v) Galaxy r -band luminosity ( L r ): L r is the total SDSS r -band
Stoughton et al. 2002 ) luminosity, derived by analytically integrat-
ng the MGE parametrization of the galaxy SDSS r -band surface
rightness distribution. 
(vi) Galaxy mass ( M JAM 

): M JAM 

provides an approximation to
he total stellar mass of a galaxy derived from stellar dynamics.

ore specifically, M JAM 

≡ L r × ( M / L r ) e , where ( M / L r ) e is the total
including stars and dark matter) mass-to-light ratio within a sphere
f radius r = R e from JAM. Given the generally small amounts of
ark matter within R e , which is typically on the order of 10 per cent
see Paper III of this series), the total ( M / L r ) e is close to the stellar
ass-to-light ratio ( M ∗/ L r ) e for most galaxies. For this reason, M JAM 

L r × ( M ∗/ L r ) e = M ∗. When dark matter becomes important, M JAM 

ill o v erestimate M ∗, but for most galaxies one e xpects the dynamical
easurement to be more robust than the mass inferred from stellar

opulation, due to the influence of possible IMF variations among
alaxies (van Dokkum & Conroy 2010 ; Cappellari et al. 2012 ;
i et al. 2017 ), as well as due to the effect of outshining, which
akes it difficult to measure accurate masses of very young stellar

opulations (e.g. Maraston et al. 2010 ; Sorba & Sawicki 2015 ). The
eaders are referred to Smith ( 2020 ) for a re vie w on IMF v ariations.
or the reasons above, we adopt M JAM 

as the estimator of the
alaxies stellar masses. 

(vii) Galaxy total mass density slope ( γ tot ): γ tot is the mass-
eighted total density slope within a sphere of ef fecti ve radius (e.g.
utton & Treu 2014 ; Li et al. 2019 ). The total density slope of
alaxies is obtained by JAM. 

(viii) Dark matter fraction ( f DM 

): f DM 

used here is calculated as
he dark matter fraction within a sphere of radius R e . 

We note here that P aper I pro vides structural and dynamical
roperties of MaNGA galaxies from multiple JAM models with
ifferent assumptions on dark haloes and velocity ellipsoids. In this
 ork, we tak e the total mass-to-light ratio, ( M / L r ) e , from the JAM
ith a mass-follows-light model (i.e. the total galaxy mass is assumed

o be proportional to the r -band luminosity of the galaxy) and a
 ylindrical-aligned v elocity ellipsoid (Cappellari 2008 ), following
he practice of Cappellari et al. ( 2013b ). The total mass-to-light ratio
n this model is set to be constant across the whole single galaxy
nd thus does not vary with the aperture size. The other JAM-related
arameters (i.e. the total mass density slope and the dark matter
raction) are from the results of the JAM modelling with a constant
tellar mass-to-light ratio, a spherical NFW (Navarro, Frenk & White
997 ) dark halo, and a c ylindrical-aligned v elocity ellipsoid. We
ote here that the total mass-to-light ratio (or equi v alently, M JAM 

)
nd the total mass density slope of galaxies would not change
oo much under various model assumptions, while the dark matter
raction changes dramatically with model assumptions. Our readers
re referred to Paper I for more details on the discrepancies among
ifferent models. In addition, Paper I provides quality flags (Qual) of
ll the 10 000 galaxies for the users with different purposes. Galaxies
ith Qual = −1 are those with unreliable/irregular kinematic maps,

or which no kinematic properties can be trusted. Thus, in this work,
e only take the galaxies with Qual > −1 (9147 unique galaxies
ut of 10 296 observations) to make analyses, in order to balance the
ata reliability and the sample size. The readers are referred to table
 of Paper I for more details of data quality flags. We note, ho we ver,
he abo v e selection criterion is only applied when making statistical
nalyses, while the catalogue of stellar population properties and

https://pypi.org/project/jampy/
https://pypi.org/project/mgefit/
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Figure 1. Sketch map of age and metallicity grids of the FSPS (red), GALAXEV 

(blue), and Vazdekis (green) models. 
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FHs will contain all the 10 296 observations, among which 10 010
re unique galaxies. 

.3 Stellar population synthesis 

.3.1 Stellar libraries 

n this study, we make use of the PPXF 3 by Cappellari & Emsellem
 2004 ) as upgraded in Cappellari ( 2017 , 2023 ) to carry out the
pectrum fitting. For comparison, we adopt three different single 
tellar population (SSP) models in this work: 

(i) The FSPS 4 model (Conroy et al. 2009 ; Conroy & Gunn 2010 ),
hich allows one to compute SSP models for a specified set of
arameters (e.g. age, metallicity, IMF, etc.). In this work, we adopt 
3 ages linearly spaced by 0.1 dex in lg age (yr) from 6 to 10.2
i.e. from 1 Myr to 15.85 Gyr) and nine equally spaced metallicities
 Z / H ] = [ −1.75, −1.5, −1.25, −1, −0.75, −0.5, −0.25, 0, 0.25]. 

(ii) The GALAXEV 

5 model, which provides a Fortran code (version 
020) to generate SSP models under a set of parameters as FSPS . Here,
e adopt the same age grid as FSPS , while use a different metallicity
rid with [ Z / H ] = [ −2.34, −1.74, −0.73, −0.42, 0, 0.47]. 
(iii) The MILES -based (S ́anchez-Bl ́azquez et al. 2006 ) SPS models

f Vazdekis et al. ( 2010 ) 6 (hereafter, the Vazdekis model), for which
e adopt 25 linearly spaced lg age from 7.8 to 10.2, with the same step
f 0.1 dex (i.e. from 63.1 Myr to 15.85 Gyr) and seven metallicities
 Z / H ] = [-2.32, −1.71, −1.31, −0.71, −0.40, 0, 0.22]. 

For all models, we adopt the same Salpeter ( 1955 ) IMF. We
se the default P ado va (Girardi et al. 2000 ; Marigo et al. 2008 )
volutionary isochrone for the Vazdekis and GALAXEV models and 
he MIST isochrones (Choi et al. 2016 ) for the FSPS model. To better
llustrate the age and metallicity grids of each library, we present 
hem in Fig. 1 . In general, the GALAXEV and FSPS models have the
ame age and similar metallicity range, while the Vazdekis model 
acks low-age templates and has a lower metallicity boundary. In this
 ork, we tak e the FSPS model as our default setting and only make

omparisons between the models when necessary (see Section 3.1 
or explanations). 

.3.2 F itting pr ocedure 

hotons emitted by a distant galaxy will experience two dust 
xtinction processes: one from the dust of the Milky Way (MW),
nd the other from the distant galaxy itself. The second effect is
heoretically stronger for edge-on LTGs. In this work, we consider 
hese two processes separately. First, we correct the MW dust 
ttenuation effect using a Calzetti et al. ( 2000 ) reddening curve, with
he E( B − V) values of MW for the corresponding sk y re gions of
ur samples from the NASA Sloan Atlas (NSA) catalogue 7 (Blanton 
t al. 2011 ). After correcting the dust attenuation effect of MW,
he corrected spectra are taken as the input for PPXF fitting. The
ust attenuation effect from the target galaxy is then e v aluated by
etting the dust k eyw ord in the softw are, assuming a tw o-parameter
ttenuation curve, i.e. ( A , δ), where A is the attenuation of the
V V 

 Version 8.2.3, available from ht tps://pypi.org/project /ppxf/. Also see Ge et al. 
 2018 ) for the comparison between the PPXF software and the STARLIGHT 

oftware (Cid Fernandes et al. 2005 ). 
 Available from https://github.com/cconroy20/fsps . 
 Available from http://www.br uzual.or g/bc03/. 
 Available from http://miles.iac.es . 
 ht tp://nsat las.org/data 
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pectrum at λ = 5500 Å ( V band) and δ is the ultraviolet (UV) slope
f the spectrum (see Cappellari 2023 , section 3.7 for details). 
To better demonstrate this process, we present Fig. 2 , where we

how the spectra of two example galaxies (both are the stacked
pectra within half-light isophotes; a star-forming LTG and a passive 
TG) at different stages of this fitting process: The observed spectra

rom DRP data cube are shown by the black curves; after correcting
he MW dust attenuation effect, we get the blue curves, which are
hen taken as the input spectra for PPXF fitting. 

During the spectrum fitting, we simultaneously fit the stellar 
opulations and the kinematics of the stellar continuum and the gas
mission lines by assuming a Gaussian distribution and free velocities
nd dispersions of the stellar component and the gas emission lines.
he gas emission lines included in our fitting are listed in Belfiore
t al. ( 2019 , see their table 1), which are taken as the default setting of
he PPXF software. During the fitting, we do not fit the multiplicative
olynomials by setting mdegree = -1 in the PPXF software. We
mphasize here that in our analysis, we conducted a simultaneously 
tting of kinematics and stellar population properties, rather than 
tting them separately. We confirm that this simultaneous fitting 
rocedure had minimal impact on the stellar population properties. 
he fitting range in this work is 3550 −7400 Å. For all stellar
opulation properties, we do not adopt regularization (i.e. regul 
 0), while for SFH-related parameters, we adopt regul = 100

o obtain smoother template weight distributions (see Section 5 for 
ore details). 
As shown in Fig. 2 , the red curves are the best-fitting results of the

iven spectra, which are the linear combinations of the best-fitting 
emplates with best-fitting velocities and velocity dispersions con- 
olved and the best-fitting dust attenuation effect (of the investigated 
alaxy) considered. The green curves are the best-fitting ‘intrinsic’ 
pectra of the distant galaxies, without undergoing any dust extinction 
rocesses. As can be clearly seen, the LTG has obviously stronger gas
mission (the orange curves) and more significant dust attenuation 
ffect from its own dust than the ETG, which is consistent with
ur previous understanding that LTGs typically have more dust than 
TGs. 
MNRAS 526, 1022–1045 (2023) 
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Figure 2. Two examples (LTG: 7961–12703; ETG: 7961–1902) of spectra at different fitting stages. In each panel, the black curve is the observed spectrum 

(including stellar continuum and gas emission lines) obtained from MaNGA DRP data cube; the blue curve is the observed spectrum with the MW dust 
attenuation effect corrected, which is taken as the input of PPXF fitting (including stellar continuum and gas emission lines); the red curve is the best-fitting 
spectrum given by PPXF , with the solid curve representing the best-fitting stellar continuum and the dashed curve representing the best-fitting gas emission lines; 
the green curve is the intrinsic spectrum of the galaxy, which is derived by the combination of best-fitting templates (including stellar and gas emission line 
templates, indicating by solid and dashed curv es, respectiv ely) with velocity and dispersion convolved (no dust attenuation). The orange curve is the best-fitting 
gas-only spectrum and the cyan diamonds are the fitting residuals. The grey-shaded region is the region of sky lines, which is masked and not fitted. 
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To quantitatively evaluate the dust attenuation effect, we show, in
ig. 3 , the distribution of A V on the ( ε, λR e ) plane (see Section 2.2 for
efinitions of these two parameters). The ( ε, λR e ) plane is usually
sed to classify slow- and fast-rotators in ETGs (e.g. Emsellem
t al. 2007 , 2011 ; Fogarty et al. 2015 ; see Cappellari 2016 for a
e vie w). Here, ho we ver, we plot both ETGs and LTGs to investigate
heir dust attenuation variation on the ( ε, λR e ) plane as a continuous
ample. Before plotting, we make use of the PYTHON implementation
Cappellari et al. 2013b ) of the 2D Locally Weighted Regression
 LOESS ; 8 Cleveland & Devlin 1988 ) method to obtain a smoothed
istribution of the colour-coding values. A small smoothing parame-
er frac = 0.1 is adopted for all these kinds of figures (including
igs 6 , 7 , 8 , 9 , 12 , 13 , 14 , 15 , and 18 ) in this work. As can be
een, dust attenuation effect show obvious variation on the plane.
irst, the slow-rotating galaxies (those within the region of black

ines) appear to experience weaker dust attenuation effect (i.e. lower
 V value) than the fast-rotating galaxies. At fixed ε, A V increases

i.e. dust attenuation effect getting stronger) significantly from the
ow λR e region (most of which are quenched ellipticals) to the high
R e region (most of which are star-forming disc galaxies). Besides,
alaxies show obvious increasing trend of A V (i.e. dust attenuation
ffect getting stronger) from the face-on view to the edge-on view of
he galaxies (i.e. along the black dashed curves), especially for those
hich are intrinsically rotational-supported. All the findings abo v e

re consistent with our previous understanding of the dust content in
ifferent galaxies, confirming the robustness of PPXF in dealing with
ust attenuation effects. 
We note here that the LOESS- smoothed values will be biased

o a narrower range, and as a result, we shall not focus on the
NRAS 526, 1022–1045 (2023) 
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t  

m  
xact values of the properties, but focus on the o v erall trend of
hese quantities. The original values of all the population-related
roperties (including the dust attenuation parameters used here,
he global stellar population properties used in Section 3 , stellar
opulation gradients used in Section 4 , and SFH properties used
n Section 5 ), the stellar population profiles, and the spatially
esolved stellar population maps for all the ∼10 000 galaxies are
vailable from the website of MaNGA DynPop ( https://manga-dy
pop.github.io ). The readers are referred to Table B1 for detailed
xplanations of the quantities. A brief comparison between this
ork and the existing stellar population catalogues for the MaNGA

ull sample, namely the PIPE3D catalogue (S ́anchez et al. 2022 )
nd the FIREFLY catalogue (Neumann et al. 2022 ) is given in
ppendix A . 

.3.3 Global and spatially resolved stellar population properties 

patially resolved spectra are typically binned to a higher S / N in
rder to get more accurate estimates of stellar population properties.
n this work, we bin the spatially resolved spectra for each galaxy in
w o w ays for different purposes: 

(i) We take the luminosity-weighted stellar population within the
lliptical half-light isophote as the global stellar population properties
f galaxies. To do so, we first bin, for each galaxy, all the spectra
ithin the elliptical half-light isophote (the aperture size, ellipticity,

nd position angle of the elliptical half-light isophote can be obtained
rom Paper I) together and perform PPXF fitting on the derived spectra.
n Fig. 4 , we show the distributions of the S / N s of the stacked spectra
ithin half-light isophote and the number of stacked spaxels within

his aperture. The S / N here is calculated as the ratio between the
edian values of flux and noise of the stacked spectra within the

https://pypi.org/project/loess/
https://manga-dynpop.github.io
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Figure 3. Distribution of A V (the attenuation of the spectrum at λ = 5500 Å, 
i.e. V band) on the ( ε, λR e ) plane (see Section 2.2 for definitions of these 
two parameters). The black polygon is defined by λR hsm = ε/ 4 + 0 . 08 and 
ε = 0.4, and encloses the region of slow-rotating ETGs (Cappellari 2016 , 
equation 19). The magenta curve shows the edge-on view for axisymmetric 
galaxies following a relation between intrinsic shape and anisotropy β = 

0.7 εintr (Cappellari et al. 2007 , fig. 9), with the black dotted lines showing its 
change with different inclinations ( � i = 10 ◦). The black dashed lines show 

the theoretical distribution of galaxies v ersus inclinations, giv en different 
ε intr values ( �ε intr = 0.1). A kernel density estimation of the galaxy number 
density is indicated by the grey contours. This result comes from the PPXF 

fitting with the FSPS stellar model. 

Figure 4. Distributions of signal-to-noise ratio ( S / N ) of stacked spectra 
within half-light isophotes (left panel) and the number of spaxels within half- 
light isophotes (right panel). In each panel, the three dashed lines represent 
16 per cent, 50 per cent, and 84 per cent percentiles, respectively, from left to 
right, with the numbers indicating the corresponding values. 
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avelength range from 4730 to 4780 Å, which does not include 
bvious emission and absorption lines. As can be seen, the elliptical 
alf-light isophote typically contains a sufficiently large number 
f spaxels (with the median value being 387) and thus reaches a
ufficiently high S / N (with the median value being S / N ∼ 342),
ith which the global stellar population properties can be accurately 

stimated. 
(ii) To get the population property maps and further the population 

rofiles/gradients, we first bin the spatially resolved spectra to S / N =
0 using the 2D adaptive spatial binning method (Cappellari & 
opin 2003 ) with the VORBIN 

9 software and perform PPXF to binned
pectrum of each bin. We explain the calculation of population 
rofiles/gradients in Section 4 . 

For both the stacked spectra within half-light isophote and the 
inned, spatially resolved spectra, we apply the PPXF fitting with the
ettings and assumptions described abo v e to obtain the best-fitting
emplate weights. With the best-fitting template weights from PPXF , 
uminosity age and metallicity of the spectrum can be calculated as 

 = 

∑ 

k w k L k x k ∑ 

k w k L k 

, (3) 

here x can be lg age or [ Z / H ]; w k and L k are the best-fitting weight
nd SDSS r -band luminosity of the k th template, respectively. Stellar
ass-to-light ratio is defined as 

 ∗/L = 

∑ 

k w k M ∗,k ∑ 

k w k L k 

, (4) 

here M ∗, k is the stellar mass (including the mass of living stars and
tellar remnants, but excluding the gas lost during stellar evolution) of
 th templates. The summation goes o v er all the templates used in the
tting. The calculation of stellar mass-to-light ratio is automatically 
one by the MASS TO LIGHT routine of the PPXF software, which is
ndependent of the dust attenuation effect. Throughout this paper, we 
nly investigate luminosity-weighted stellar population properties, 
hile the mass-weighted quantities will also be provided in the full

atalogue (see Table B1 ). 
In Fig. 5 , we present the maps of stellar population properties

luminosity-weighted age, metallicity, and stellar mass-to-light ratio) 
f 30 examples (10 old galaxies, 10 galaxies with intermediate age,
nd 10 young galaxies). We note here that in principle the global
tellar population properties can also be obtained by calculating the 
uminosity-weighted values of these properties within the half-light 
sophote on the spatially resolved population maps. Although there 
re discrepancies between the global stellar population properties 
ithin the half-light isophote derived from these two different ways, 
e confirm that our main results do not change with the definition of
lobal stellar population properties. 

 G L O BA L  STELLAR  POPULATI ON  

ROPERTIES  

tellar population properties have already been found to strongly 
orrelate with structural and dynamical properties of galaxies, such 
s galaxy mass or velocity dispersion (e.g. McDermid et al. 2015 ;
cott et al. 2017 ; Li et al. 2018 ; see Cappellari 2016 , section 4.3 for
 re vie w). In this section, we will present the correlations of galaxy
global) stellar population properties, including global age ( lg age ), 
etallicity ([ Z / H ]), and stellar mass-to-light ratio ( M ∗/ L ), against

tructural and dynamical properties of galaxies for the MaNGA 

ample. 

.1 1D relation of stellar populations 

n Fig. 6 , we first present the 1D correlation between galaxy stellar
opulation properties (i.e. age and metallicity) and the velocity 
ispersion for all the three SSP models (i.e. the FSPS , the Vazdekis,
nd the GALAXEV models; see Section 2.3.1 for details of the three
odels). As shown in the figure, both age and metallicity show
MNRAS 526, 1022–1045 (2023) 
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Figure 5. Examples of stellar population maps for 10 old galaxies (the left column), 10 galaxies of intermediate age (the middle column), and 10 star-forming 
galaxies (the right column). For each galaxy, we show their maps of luminosity-weighted age, metallicity, and stellar mass-to-light ratio from left to right, with 
their global stellar population property v alues sho wn in each panel. Redder colour corresponds to older age, higher metallicity, and larger stellar mass-to-light 
ratio. The black dashed ellipse in each panel represents the elliptical half-light isophote. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/1/1022/7269214 by guest on 07 M
arch 2024



Stellar population versus kinematics in MaNGA 1029 

Figure 6. Top panel: The distribution of global metallicity [ Z / H ] on the ( σ e , age) plane for the FSPS , Vazdekis, and GALAXEV models from left to right. Bottom 

panel: The distribution of age lg age on the ( σ e , [ Z / H ]) plane for the three stellar libraries. In each panel, a kernel density estimation of the galaxy number 
density is indicated by the grey contours. 
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ncreasing trend with velocity dispersion for all the three SSP models, 
onsistent with many previous studies (e.g. Kuntschner et al. 2010 ; 
homas et al. 2010 ; McDermid et al. 2015 ; Scott et al. 2017 ; Li et al.
018 ). On the ( σ e , age) plane (top panels of Fig. 6 ), galaxies show
lear bimodal distribution for all the three SSP models, classifying 
he galaxies into the well-known ‘red sequence’ (old and massive), 
blue cloud’ (young and low-mass), and ‘green valley’ (intermediate 
ge and intermediate mass) groups (e.g. Schawinski et al. 2014 ). It
s present in all the three SSP models that the red sequence galaxies
av e relativ ely shallower σ e –age relation, while blue cloud galaxies 
ave a steeper one. This is consistent with the findings in Li et al.
 2018 ), in which ETGs are seen to have smaller slope of the relation
etween velocity dispersion and galaxy age than spiral galaxies 
see fig. 5 therein). All these confirm the robustness of our SPS
esults. 

Importantly, we find that metallicity shows obvious variation on 
he ( σ e , age) plane but it is not only driven by σ e . At fixed σ e ,

etallicity still increases with increasing age, especially for galaxies 
ith lg ( σe / km s −1 ) � 2 . 3. This strong decrease in metallicity with
ecreasing ages at fixed σ e was also seen in a study at redshift z ≈
.8 by Cappellari ( 2020 , fig. 6), which included both photometry and
pectroscopy. The generality of this result, with completely different 
ata and samples, confirms its robustness. The FSPS and Vazdekis 
odels show similar patterns of metallicity on the ( σ e , age) plane,
ith the FSPS model showing more galaxies with younger age than the 
azdekis model. This is because that the age of the youngest stellar

emplate in FSPS is lg age / yr = 6, significantly younger than that of
he Vazdekis model (with the youngest age being lg age / yr = 7 . 8).
esides, the Vazdekis model seems to provide too low metallicities 
ue to the age–metallicity de generac y (Worthe y 1994 ): The fit tries to
ompensate for the lack of sufficiently young models by lowering the
etallicity, which produces, to first order, a similar ef fect as lo wering

he age. The GALAXEV model, ho we ver, seems to be problematic and
oes not show similar metallicity pattern on the ( σ e , age) plane as
he FSPS and Vazdekis models do: Galaxies with intermediate age 
 lg age / yr ∼ 9 . 5) with GALAXEV model appear to have the highest
etallicity, while for the FSPS and Vazdekis models, galaxies in 

he red sequence have the highest metallicity. This inconsistency 
s also seen in the bottom panels of Fig. 6 , where we show the
orrelation between [ Z / H ] and lg σe , colour-coded by galaxy age.
s can be seen, the FSPS and Vazdekis models show similar age
istribution on the ( σ e , [ Z / H ]) plane, with the Vazdekis model having
ore galaxies with lower metallicity, due to the lower metallicity 

oundary of the Vazdekis model (see Fig. 1 ). Besides, galaxy age
how stronger correlation with metallicity than with σ e as we can 
ee that the age varies roughly along the direction of metallicity on
he ( σ e , [ Z / H ]) plane. The GALAXEV model again shows difference
ith the FSPS and Vazdekis models with metallicity being more 

trongly correlated with σ e . The reason for the significantly different 
ehaviour of the GALAXEV model would require further studies, but 
ighlights the importance on not relying on a single set of modelling
ssumptions. Considering the problematic results of the GALAXEV 

odel and the lack of youngest templates of the Vazdekis model,
e take the FSPS model as our default stellar library in the following
MNRAS 526, 1022–1045 (2023) 
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Figure 7. Distribution of the dynamically determined total density slope on 
( σ e , age; top panel) and ( σ e , [ Z / H ]; bottom panel) planes. Age and metallicity 
used here are derived with FSPS models (see Section 2.3.1 for details of stellar 
models). In each panel, a kernel density estimation of the galaxy number 
density is indicated by the grey contours. 
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ections. We note here that to fully understand the main driving
actor of the stellar population variations as shown in Fig. 6 , as well
s the difference between the stellar libraries, a principal component
nalysis or a partial correlation analysis may be helpful, which is,
o we v er, be yond the scope of this paper. We encourage the interested
eaders to perform those analyses if necessary. 

In Fig. 7 , we present the distribution of total density slope of
alaxies (see Section 2.2 for definition) on both the ( σ e , age) and the
 σ e , [ Z / H ]) planes. As can be seen, despite some subtle discrepancies,
he total density slope shows an o v erall similar distribution as
alaxy age (metallicity) on the two planes: Galaxies with higher
e , older age, and higher metallicity typically have larger total
ensity slopes (i.e. steeper total mass profiles). The similar pattern
n the two planes indicates a strong correlation between galaxy
ass density slopes and stellar population properties, consistent
ith Cappellari ( 2016 , fig. 22), where the total density slope of
alaxies shows similar trend as stellar population properties on
he mass–size plane. Interestingly, the total density slope is still
een to vary with age and metallicity at fixed σ e , indicating that
he correlation between stellar population and density slope is not
olely driven by σ e , consistent with the findings in Lu et al. 
 2020 ). 
NRAS 526, 1022–1045 (2023) 
.2 Stellar population on 2D planes 

part from the 1D correlation between galaxy stellar population
roperties and galaxy velocity dispersion, we also show the distri-
utions of stellar population properties on 2D dynamical/structural
hase spaces. 
In Fig. 8 , we show the distributions of galaxy age, metallicity,

nd stellar mass-to-light ratio on the mass–size plane, ( M JAM 

, R 

maj 
e )

see Section 2.2 for definitions of the two parameters). As shown in
he figure, age, metallicity, and stellar mass-to-light ratio of galaxies
ll show systematic variations on the mass–size plane, ‘roughly’
long the direction of the virial estimate of the velocity dispersion
e , which accurately follows lines of R 

maj 
e ∝ M JAM 

(Cappellari et al.
013a ). This is consistent with the positive correlation between stellar
opulation properties and σ e seen from Fig. 6 . 
In previous studies, the stellar velocity dispersion σ was found to

e a better predictor of the galaxies M / L , which traces their stellar
opulation, than stellar mass (Cappellari et al. 2006 ). Later, it was
ound to better predict galaxy colours (Franx et al. 2008 ) and stellar
opulation from single fibres (Grav es, F aber & Schia v on 2009 ).
hese early results were significantly strengthened by numerous
tudies using dynamical masses from integral field spectroscopy
IFS), all confirming that stellar population is better predicted by

than M ∗. This was pointed out with ATLAS 

3D (McDermid et al.
015 ; Cappellari 2016 ), SAMI (Scott et al. 2017 ; Barone et al. 2018 ,
020 ), and MaNGA (Li et al. 2018 ), and even at significant redshift
 ≈ 0.8 (Cappellari 2023 ). 

Here we confirm again the general result, but we also find that the
ariation of stellar population properties is not strictly parallel with
he constant- σ e lines. At fixed σ e , more massive galaxies appear to
e slightly younger, more metal-poor, and have lower stellar mass-
o-light ratio than the less massive galaxies. This is consistent with
he findings of Lu et al. ( 2020 ), where the correlations between stellar
opulation properties and other dynamical properties (i.e. the slope of
alaxy velocity dispersion) at fixed σ e are firmly observed. It means
hat mass density gradients (indicated by the velocity dispersion
radients) contain information of the stellar population which is not
ully accounted for by σ e . In addition, metallicity appear to have
 better parallel correlation between constant-metallicity lines and
onstant- σ e lines than age, also consistent with the smaller scatter of
e –[ Z / H ] relation than that of the σ e –age relation in Fig. 6 . It is worth
ointing out, ho we ver, that the detailed location of galaxies on the
ass–size diagram depends on how these quantities are measured,

nd one should be careful with interpreting subtle differences. 
In Fig. 9 , we show the distribution of stellar population properties

n the ( ε, λR e ) plane. As can be seen, slow-rotating galaxies (within
he region of black lines) tend to be the oldest among all the galaxies
nd galaxy age show obvious decreasing trend with increasing λR e 

i.e. become younger), consistent with van de Sande et al. ( 2018 ), in
hich the age distribution of 843 galaxies from the SAMI Galaxy
urv e y on the ( ε, ( V / σ ) e ) plane is studied. 10 That is because rotation-
ominated galaxies are more likely to be disc galaxies on the star-
ormation main sequence, as shown by Wang et al. ( 2020 , fig. 2) for

aNGA galaxies (see also Fischer, Dom ́ınguez S ́anchez & Bernardi
019 , fig. 27). 
We also investigate the distributions of stellar metallicity and
 ∗/ L of galaxies on the ( ε, λR e ) plane (the middle and right panels

f Fig. 9 ), where we also see their systematic variations on the



Stellar population versus kinematics in MaNGA 1031 

Figure 8. Distributions of age (left panel), metallicity (right panel), and stellar mass-to-light ratio (right panel) on the mass–size plane ( lg R 

maj 
e versus lg M JAM 

; 
see Section 2.2 for definitions of the two parameters). In each panel, the black dashed lines indicate the lines of constant σ e : 50, 100, 200, 300, 400, and 500 
km s −1 . The magenta curve is the zone of exclusion defined in Cappellari et al. ( 2013b ). The galaxy number density is indicated by the grey contours. 

Figure 9. Distributions of age (left panel), metallicity (right panel), and stellar mass-to-light ratio (right panel) on the ( ε, λR e ) plane (see Section 2.2 for 
definitions of the two parameters). The symbols are the same as Fig. 3 . 
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lane, which has never been seen before. We find that faster rotating
alaxies tend to be more metal-poor and have lower M ∗/ L . This is
onsistent with the trends we see on the ( M JAM 

, R 

maj 
e ) plane in Fig. 8 ,

iven that fast-rotating galaxies are those with smaller bulges and 
ower σ e . To first order, the contours of constant ages or metallicity
r M ∗/ L follow the lines at which the galaxies of given flattening
roject for different inclination (the black dashed curves). This makes 
ense as one does not expect inclination to change the properties 
f the stellar population. Ho we ver, the diagram also re veals some
ignificant variations along the lines of constant intrinsic flattening. 
his is likely an effect due to dust and field co v erage: F or an edge-
n view of galaxies, the observed population is dominated by the 
isc, which is typically more star-forming and thus is younger, more 
etal-poor, and has lower M ∗/ L . The effect of inclination on the

tellar population is generally ignored, because it is difficult to correct
or it, but we show here how one can reveal its importance with the
 λR e , ε) diagram. 
 POPULATI ON  PROPERTY  G R A D I E N T S  

part from the scaling relation of global stellar population properties, 
e also study the scaling relations for stellar population gradients in

his section. As mentioned in Section 2.3 , the population profiles and
radients are derived from the spatially resolved stellar population 
aps, which are first Voronoi binned to S / N ∼ 30 before PPXF fitting.
ixels that are associated to the same Voronoi bin share the same age,
etallicity, and stellar mass-to-light ratio. To calculate the stellar 

opulation profiles and gradients, we first divide the galaxies into 
ifferent elliptical annuli with the radial step of each annulus being
 . 25 R 

maj 
e along the major axis. The position angle and ellipticity of

ach annulus are set to be the same as the elliptical half-light isophote
f the galaxy. For each annulus, we take the average luminosity-
eighted stellar population properties as the value at this radius and

hen perform a linear fit to the radius–population relation. For age and
tellar mass-to-light ratio, we take their values in logarithmic space 
MNRAS 526, 1022–1045 (2023) 
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Figure 10. Examples of stellar population profiles for four galaxies with significant positive age gradient ( γ age > 0.5, i.e. increasing age profile within half-light 
isophote; the left column), four with age gradient close to 0 ( | γ age | < 0.05, i.e. flat age profile within half-light isophote; the middle column), and four with 
significant ne gativ e age gradient ( γ age < −0.5, i.e. decreasing age profile within half-light isophote; the right column). For each galaxy, we show their age, 
metallicity, and stellar mass-to-light ratio maps (from left to right) in the top of each sub-figure, with thin dashed grey ellipses indicating the elliptical annuli 
within which the stellar population profiles are calculated, and the thick dashed black ellipse indicating the elliptical half-light isophote, within which the 
population gradients are calculated (see Section 4 for details). In the bottom panel of each sub-figure, the age, metallicity, and stellar mass-to-light ratio profiles 
are shown with blue, red, and green curv es, respectiv ely. Before plotting, the three profiles are shifted to have the same value in the innermost bin (0 < R < 

0.25 R e ), so that the three profiles of different magnitudes can be plotted together. X in Y -axis of the panel can be lg age , [ Z / H ], and lg M ∗/L . The black dashed 
lines in the bottom panel of each sub-figure indicate the boundaries of each radial bin. The grey-shaded region indicates r < R e , within which the gradients of 
stellar population properties are calculated by performing a linear fitting to the profiles. Galaxy ID and the gradients of age, metallicity, and stellar mass-to-light 
ratio of each galaxy are shown on the top of each sub-figure. 
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Stellar population versus kinematics in MaNGA 1033 

Figure 11. Radial profiles of age (top panel), metallicity (middle panel), 
and stellar mass-to-light ratio (bottom panel) of galaxies. In each panel, the 
median values of population radial profiles for galaxies with different masses 
are indicated by curves of different colours, with the error bars indicating the 
range from the 16th to the 84th percentiles ( ±1 σ ). 
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nto account (i.e. we fit the lg age − R/R e and lg M ∗/L − R/R e 

elations), while for metallicity, we fit the [ Z / H ]–R / R e correlation.
e note here that due to the different observation ranges for different

alaxies in MaNGA, the elliptical annuli are divided out the 2 R 

maj 
e 

long the major axis if applicable, while the stellar population 
radients are only calculated within the elliptical half-light isophotes. 
or simplicity, we adopt the expression of ‘stellar population property 
t nR e ’, instead of ‘stellar population within the elliptical annulus 
ith semimajor axis being nR 

maj 
e ’. 

To better demonstrate this process, we present Fig. 10 , where we
how 12 examples of stellar population profile/gradient calculation, 
mong which four galaxies have strong increasing age profiles within 
alf-light isophote (i.e. significantly positive age gradient), four have 
early flat age profiles within half-light isophote (i.e. age gradient 
lose to 0), and four have strong decreasing age profiles within half-
ight isophote (i.e. significantly ne gativ e age gradient). The thin grey
ashed ellipses in each map are the boundaries of the radial bins
nd the thick black dashed ellipse is the elliptical half-light isophote, 
ithin which the stellar population gradients are calculated. 
Interestingly, galaxies can have distinct profiles of different stellar 

opulation properties. For example, Galaxy 8459 −1902 and Galaxy 
249 −3703 (the middle two galaxies in the left column of Fig. 10 )
ave significantly increasing age profiles from the galaxy centre 
owards the outskirts of the galaxies, while their metallicity profiles 
ppear to be flat or even mildly decreasing. On the contrary, Galaxy
443 −12704 and Galaxy 7443 −3701 (the first and third galaxies 
n the middle column of Fig. 10 ) have flat age profiles, but show
ignificantly decreasing metallicity profiles from inner part to the 
uter part of the galaxies. In addition, the steepness of the stellar
opulation profiles can change dramatically at different radii. For 
xample, the luminosity-weighted age of Galaxy 7443 −12703 (the 
rst galaxy in the left column of Fig. 10 ) increases rapidly at small
adii, but is nearly constant at R > R e . Galaxy 7443 −6102 (the second
alaxy in the middle column of Fig. 10 ) has an even more complicated
ge profile. This results in the fact that the stellar population gradients
an be sensitive to the radial range they are estimated. Thus, the
eaders should be careful when comparing the results from different 
tudies. 

In Fig. 11 , we present the radial profiles of age, metallicity,
nd stellar mass-to-light ratio for galaxies in different mass bins 
 lg M JAM 

< 10 . 5, 10 . 5 < lg M JAM 

< 11 . 5, and lg M JAM 

>

1 . 5). As shown in the figure, galaxies with the lowest mass
 lg M JAM 

< 10 . 5) tend to have the youngest centre and a nearly
at age profile. It means that the galaxies with the lowest mass
av e activ e/recent star formation at all radii. The intermediate-mass
alaxies (10 . 5 < lg M JAM 

< 11 . 5) appear to have a gradually
ecreasing age profile from galaxy centre to the outskirts. Interest- 
ngly, the most massive galaxies ( lg M JAM 

> 11 . 5) appear to have
he oldest centre with the age profile being nearly flat within R � R e ,
hile show obviously decreasing age profiles towards larger radii 

t R � R e with a large scatter. This again raises the importance
f clarifying the radial range of gradient calculation. For metallicity, 
early all the galaxies in different mass bins show similar, decreasing
etallicity profiles from the central region to the outer part of the

alaxies, with the most massive galaxies ( lg M JAM 

> 11 . 5) having
he highest metallicity at all radii. This is consistent with the findings
f previous studies (e.g. Kuntschner et al. 2010 ; Goddard et al. 2017 ;
heng et al. 2017 ; Li et al. 2018 ; Santucci et al. 2020 ), where galaxies
re found more likely to hav e ne gativ e metallicity gradients (higher
etallicity at galaxy centre). Besides, galaxies with the lowest mass 

ave a mildly increasing M ∗/ L profile, with the outer part of the
alaxies having slightly higher M ∗/ L . It means that on average, star
ormation is slightly more active at the outskirts of these galaxies.
he intermediate-mass galaxies again show a gradually decreasing 
 ∗/ L profile and the most massive galaxies again have gradually

ecreasing M ∗/ L profile at small radii ( R � 1.5 R e ), which becomes
teeper at larger radii ( R � 1.5 R e ) with large scatters. This result
hows remarkable agreement with the study of Ge et al. ( 2021 ,
g. 4), where M ∗/ L profile is also seen to be mass-dependent, and the
teepness of M ∗/ L profile varies with radius for galaxies in the most
assive bin, confirming the robustness of our work. 
The young and low- M ∗/ L outer region of massive galaxies and

heir large scatters at large radii ( R ∼ 2 R e ) indicate that galaxies
n this mass bin (i.e. lg M JAM 

> 11 . 5) does not only consist of
otally quenched galaxies but also contains massive disc galaxies. 
hese disc galaxies typically have large, old, and quenched bulges at

he galaxy centre, and gas-rich discs at the outskirts, which are still
ctively forming stars, making the outer part younger and to have
ower stellar mass-to-light ratio (e.g. Lu et al. 2022a in simulations
nd Zhang et al. 2019 in observations). 

This interpretation can be confirmed by Fig. 12 , where we show
he distributions of the gradients of age, metallicity, and stellar mass-
o-light ratio ( γ age , γ [ Z / H ] , and γM ∗/L ) on the mass–size plane. Unlike
lobal stellar population properties (see Fig. 8 ), stellar population 
radients show more complicated distributions on the mass–size 
lane. At the low-mass end ( lg M JAM 

∼ 9 . 6 −9 . 8), galaxies with
maller sizes are more likely to have positive γ age (younger centres 
nd older outer parts), compared with those with the same mass
ut larger sizes. This is consistent with Lu et al. ( 2021 ), where part
MNRAS 526, 1022–1045 (2023) 
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Figure 12. Distribution of age gradient ( γ age ; left panel), metallicity gradient ( γ [ Z / H ] ; middle panel), and stellar mass-to-light gradient ( γM ∗/L ; right panel) on 

the mass–size plane ( lg R 

maj 
e versus lg M JAM 

, see Section 2.2 for definitions of the two parameters). The symbols are the same as Fig. 8 . 

Figure 13. Distribution of age gradient ( γ age ; left panel), metallicity gradient ( γ [ Z / H ] ; middle panel), and stellar mass-to-light gradient ( γM ∗/L ; right panel) on 
the ( σ e , age) plane. The galaxy number density is indicated by the grey contours. 
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f low-mass disc galaxies have experienced more retrograde (with
espect to their stellar spin) mergers and thus have counter-rotating
as discs and a high fraction of counter-rotating stars (with respect
o the bulk of stellar rotation), making the galaxies to have smaller
izes and more centrally concentrated star formation, i.e. younger
entre than outer part. Besides, galaxies with ( lg M JAM 

∼ 11 −12)
nd lg R 

maj 
e � 1 . 2 have the lowest γ age (the steepest decreasing age

rofile from centre to the outskirts), consistent with the cartoon by
appellari ( 2016 , fig. 23), in which we can see that galaxies in

his region are mainly massive disc galaxies with large, old, and
uenched bulges at galaxy centre and star-forming discs at the
utskirts of the galaxies. According to Cappellari ( 2016 , fig. 23),
assive galaxies contain both quenched elliptical galaxies, as well

s the massive disc galaxies, consistent with our guess for the origin
f the young outskirts and large scatters in age and stellar mass-to-
ight ratio of massive galaxies ( lg M JAM 

> 11 . 5) in Fig. 11 . The
radients of metallicity and stellar mass-to-light ratio show similar
NRAS 526, 1022–1045 (2023) 
istributions as the age gradient on the mass–size plane, with a subtle
ifference in metallicity gradient, where the galaxies with the flattest
etallicity profiles locate in the region with intermediate mass and

ntermediate size ( lg R 

maj 
e ∼ 0 . 6 −1 and lg M JAM 

∼ 10 −11). All the
etailed features of the variation of galaxy gradients in this diagram
gree remarkably well with the independent study by Li et al. ( 2018 ,
g.7), confirming the robustness of the trends. 
The mass–size plane does not capture the main features of

opulation gradients in galaxies. In fact, we find that there are major
ystematic trends in the gradients at fixed σ e , namely at fixed location
n the mass–size plane, as a function of galaxy age. In Fig. 13 ,
e present the stellar population gradients on the ( σ e , age) plane,
here lg age is the global luminosity-weighted age of galaxies (see
ection 2.3.3 for the definition of global population properties). As
an be seen, older galaxies with lg σe � 2 . 0 tend to have less-negative
ge gradients (closer to 0, indicating a flat age profile). This indicates
hat old galaxies are almost equally old at different radii. It may be



Stellar population versus kinematics in MaNGA 1035 

Figure 14. Distribution of age gradient ( γ age ; left panel), metallicity gradient ( γ [ Z / H ] ; middle panel), and stellar mass-to-light gradient ( γM ∗/L ; right panel) on 
the ( ε, λR e ) plane (see Section 2.2 for definitions of the two parameters). The symbols are the same as Fig. 3 . 
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aused by both a physical origin, where old and quenched galaxies 
ave longer time to radially mix their stellar content, and a technical
rigin, where age differences are difficult to measure at the age 
lder than 8 Gyr. Interestingly, galaxies in the green valley, namely 
etween the two peaks in the galaxy number density, appear to have
he lowest γ age (the most ne gativ e, indicating the steepest decreasing 
ge profile from centre to the outer part of galaxies). This shows that
hat green valley galaxies are typically massive disc galaxies, which 
ave quenched centres (bulges) and maintain star-forming discs at 
he outskirts. These results are consistent with Lah et al. ( 2023 ),
hich studied the differences of stellar population of bulges and 
iscs in MaNGA and found that ETGs tend to have bulges and discs
ith similar age (i.e. flat age profiles), while LTGs have discs much
ounger than bulges (i.e. the steepest decreasing age profiles from 

alaxy centre to the outside). 
Metallicity gradient appears to have a stronger correlation with σ e 

ather than with galaxy age, although strong variations exist at fixed 
e and varying age. The most ne gativ e metallicity gradient is also

een for galaxies in the green valley (but have larger σ e than those
ith the lowest age gradients), which may be because of the low-
etallicity gas accretion of these galaxies diluting the metallicity. 
iven that the stellar mass-to-light ratio ( M ∗/ L ) depends on both age

nd metallicity (e.g. fig. 2 of Ge et al. 2019 ), it makes sense that the
istribution of gradient of M ∗/ L on the ( σ e , age) plane is intermediate
etween the distributions of γ age and γ [ Z / H ] on this plane. 

In Fig. 14 , we present the distributions of the three stellar popula-
ion gradients on the ( ε, λR e ) plane (see Section 2.2 for definitions of
he two parameters). As can be seen, the most rotational galaxies have
he lowest γ age (the most ne gativ e, indicating the steepest decreasing 
ge trend from centre to the outer part of g alaxies), ag ain consistent
ith the results seen from Figs 12 and 13 . We note that galaxies
ith high λR e and large ε (i.e. edge-on), ho we v er, hav e flatter age
rofiles (less ne gativ e γ age ), compared with those with similar λR e but
maller ε (i.e. more face-on). That is because more disc component 
s observed for edge-on galaxies, making the averaged age younger 
t the centre (compared with the face-on view of the galaxy) and
esulting in the flatter age profiles in these galaxies. In addition, 
he dust attenuation effect is also significantly stronger from the 
dge-on view of the galaxies, and its de generac y with stellar age
lso potentially contributes to the flattening of stellar population 
radients. 
The distribution of metallicity gradient on the ( ε, λR e ) plane is
ore complicated. First, galaxies with the highest λR e ( λR e ∼ 0 . 8)

nd relati vely lo w ε ( ε � 0.6) hav e the most ne gativ e γ [ Z / H ] (i.e.
he steepest decreasing metallicity profiles from galaxy centre to 
he outskirts), same as the age gradient. Secondly, the most edge-
n galaxies with intermediate/large λR e (0 . 3 � λR e � 0 . 7) have the
argest metallicity gradient (close to 0, i.e. flat metallicity profiles), 
ifferent from the age gradients. Thirdly, the slow-rotating galaxies 
within the region of black lines) appear to have intermediate γ [ Z / H ] ,
ndicating relatively obvious decreasing metallicity profiles of these 
alaxies. The distribution of gradient of stellar mass-to-light ratio 
gain appears to be the combination of age gradient and metallicity
radient on the ( ε, λR e ) plane, where galaxies with the highest
R e ( λR e ∼ 0 . 8) and relatively low ε ( ε � 0.6) have the steepest
ecreasing stellar mass-to-light ratio profiles and the most edge-on 
alaxies with intermediate λR e (0 . 1 � λR e � 0 . 6) have the flattest
tellar mass-to-light ratio profiles. 

To further explore the interesting distribution of metallicity on the 
 ε, λR e ) plane, we present Fig. 15 , where we show the distributions
f galaxy mass and r -band luminosity (see Section 2.2 for the
efinitions of the two parameters) on this plane. As can be seen,
alaxy mass and r -band luminosity show remarkably similar trends 
s metallicity gradient (see the middle panel of Fig. 14 ) on the
 ε, λR e ) plane: The slow-rotating galaxies and the most rotation-
upported galaxies appear to have the highest mass and luminosity 
and the lowest metallicity gradients in the middle panel of Fig. 14 ),
hile the galaxies below the magenta curve (i.e. the ones being

dge-on but having low λR e ) appear to have the lowest mass and
uminosity (and the flattest metallicity gradients in the middle 
anel of Fig. 14 ). Previously, many studies have pointed out the
ass-dependence of metallicity gradient of galaxies (e.g. Carollo, 
anziger & Buson 1993 ; Kuntschner et al. 2010 ; S ́anchez-Bl ́azquez

t al. 2014 ; Gonz ́alez Delgado et al. 2015 ; Ho et al. 2015 ; Goddard
t al. 2017 ; Zheng et al. 2017 ; Santucci et al. 2020 ), but it is the first
ime to see their tight correlation on a 2D plane. We note that the

ass distribution on the ( ε, λR e ) plane is not consistent with that in
raham et al. ( 2018 , fig. 9), especially for the most rotation-supported
MNRAS 526, 1022–1045 (2023) 
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Figure 15. Distributions of galaxy mass ( lg M JAM 

; left panel) and r -band luminosity ( lg L r ; right panel) on the ( ε, λR e ) plane (see Section 2.2 for definitions 
of the two parameters). The symbols are the same as Fig. 3 . 
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alaxies. The possible reason may be the different calculations of
 alaxy mass. The g alaxy mass used in this work is totally based on
ynamical modelling (see Section 2.2 and Paper I for details), while
hat used in Graham et al. ( 2018 ) is from the empirical correlation
etween dynamical mass and K S band magnitude, which is calibrated
o ATLAS 

3D dynamical models for ETGs only (Cappellari 2013 ). The
rigin of the interesting distribution of metallicity gradient on the
 ε, λR e ) plane and its tight correlation with galaxy mass (luminosity)
ay rely on the mass assembly histories of the galaxies, and is worth

nvestigating with cosmological simulations. We plan to carry out
his study in the following papers of this MaNGA DynPop series. 

 STAR-FOR M ATION  HISTORY  

FH of galaxies is one of key things to analyse in studying the
volution of galaxies. In practice, one can obtain SFH of galaxies
rom their spectra using either parametric methods (by assuming the
pecific formula of SFH; e.g. Carnall et al. 2018 ; McLure et al. 2018 ;
hou et al. 2020 , 2021 ; see Carnall et al. 2019 for the comparison
etween different parametrizations), or non-parametric methods (by
alculating the SFR from SSPs in each time bin; e.g. Cid Fernandes
t al. 2005 ; McDermid et al. 2015 ; Cappellari 2017 , 2023 ; Leja
t al. 2019 ). In this work, we adopted the non-parametric method to
tudy the SFH of MaNGA galaxies, using the PPXF software. PPXF

ombines the linear regularization method (e.g. Press et al. 2007 ),
hich enables the users to obtain a smoother SFH while keep the
est-fitting spectrum nearly unchanged within the given uncertainty
see section 3.5 of Cappellari 2017 for details of regularization). 

Before applying the regularization to the whole sample, we first
nvestigate the effect of different regularization levels on the SFH
ith a random sub-sample of MaNGA by setting the regul k eyw ord

o be 0, 50, 100, and 300 ( regul = 0 represents the non-regularized
tting which is used to derive stellar population properties and their
radients in the previous sections). In Fig. 16 , we present several
xamples of PPXF fitting with different regul values. We note here
hat all the analyses of SFH in this work are based on the stacked
pectrum within half-light isophotes of galaxies. As can be seen, with
ncreasing regul value, the distribution of SSP template weight
ecomes more smoothed, while the fittings roughly maintain the
tar-formation epochs of the galaxies, although short star-forming
NRAS 526, 1022–1045 (2023) 
pisodes may be hidden. We confirm that fitting with different regul
alues provides nearly the same fitting goodness of the spectrum. In
his work, we apply regul = 100 on the complete MaNGA sample
o derive their SFHs and confirm that the choice of regul will not
ualitatively change our results presented blow. We note here that
ue to the lack of near ultraviolet (NUV) and infrared (IR) spectrum
n MaNGA surv e y, the SFH of individual galaxies may not be able
o be well constrained. In particular, we are not very sensitive to
mall contributions of very recent star formation, which produce a
lackbody peak in the UV due to the massive and hot stars and another
lackbody distribution in the IR, due to the photons re-radiated by
ust. Ho we ver, by combining the large sample of MaNGA, we are
till able to spot clues of the correlation between SFH and galaxy
roperties. 
In Fig. 17 , we present the correlation between SFHs and galaxy

roperties (see the caption of the figure). Here, we take the evolution
f SFR and sSFR with cosmic time as the SFH of the galaxies.
o calculate SFR at a given time, we first add up the initial stellar
asses (set to be 1 M � for each template) of all the templates with the

ame age (see Section 2.3.1 and Fig. 1 for age grids of the templates
sed in this work) and then re-bin the logarithmically spaced SFR
n to a linear time axis (the time step is set to be 1Gyr), keeping
he total newly formed stellar mass in each time step unchanged,
imilar to the practice of McDermid et al. ( 2015 ). sSFR is calculated
s the instantaneous SFR divided by the existing stellar mass at that
ime. In each panel of Fig. 17 , galaxies are first divided into 15 bins
ccording to their properties (see the X -axes in Fig. 17 ), resulting in
400 galaxies in each bin. For each bin, we calculate the averaged
FR and sSFR at each time step. Below, we summarize the main
onclusions shown in Fig. 17 . 

As show in the top panels of Fig. 17 , SFR evolution tracks vary
ith all the five parameters. Specifically, 

(i) Galaxies with high lg σe ( � 2.3) are found to have high SFR
t high redshift and show obvious decreasing trend towards lower
edshift. Below t lb � 2 . 4 Gyr , these galaxies become quenched and
ever form stars again, which presents a clear and sharp quenching
oundary. The sharp boundary from star formation to quenching in
his work is well consistent with the finding of Cappellari ( 2023 ),
here a clear quenching boundary at lg σe ∼ 2 . 3 is also seen (see



Stellar population versus kinematics in MaNGA 1037 

Figure 16. Examples of PPXF fitting results with different regul values. The top two rows are the galaxies whose SFH can be roughly approximated by a 
single star-formation burst. The bottom two ro ws sho w the galaxies with multiple star-formation bursts. For each galaxy, the fitted spectrum is the stacked 
spectrum within half-light isophote (see Section 2.3.3 for details). In each sub-figure, the observed and best-fitting spectra (without regularization, i.e. regul 
= 0) are shown in the top panel with black and red curv es, respectiv ely. The c yan diamonds denote the fitting residuals and the orange curv e represent the 
gas-only best-fitting spectrum (see Section 2.3 and Fig. 2 for more details of spectrum fitting). Template weight distributions with different regul values 
( regul = 0 , 50 , 100 , 300) are shown in the panels from top to bottom. All these fittings are based on the FSPS SSP model (see Section 2.3.1 ). Galaxy ID, 
velocity dispersion, and S ́e rsic index are shown in the top of each sub-figure. The S ́e rsic index used here is from the NSA catalogue (Blanton et al. 2011 ). 
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Figure 17. SFH [represented by star-formation rate (SFR) in top panels and sSFR in bottom panels as a function of lookback time, t lb ] versus galaxy properties: 
Velocity dispersion within R e ( lg σe ), total density slope ( γ tot ), dark matter fraction within R e ( f DM 

), stellar mass-to-light ratio from SPS non-regularized fitting 
( M ∗/ L ), and global metallicity ([ Z / H ]) from left to right. In each panel, galaxies are equally divided into 15 bins according to their properties ( X -axis; about 400 
galaxies in each bin). For galaxies in each bin, we re-bin their logarithmically spaced weights from PPXF ( regul=100 ) onto a linear time axis with the time 
step being 1 Gyr. SFR and sSFR are then calculated as the averaged values of all the galaxies in each bin at each time step. 
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g. 8 of Cappellari 2023 ). Ho we ver, Cappellari ( 2023 ) also find a
ecreasing trend of the time when star formation of galaxies becomes
he most active with the decreasing σ e (i.e. galaxies with lower σ e 

ppear to show star-formation peak more recently), which is not seen
n our results. Besides, in Cappellari ( 2023 ), galaxies with lg σe �
 . 3 are found to get quenched at least 6.8 Gyr ago (the corresponding
ookback time of the median redshift of LEGA-C galaxies, i.e. z ∼
.76), significantly earlier than 2 . 4 Gyr in this work. To the contrary,
alaxies with low lg σe ( � 2.0) never have SFR as high as the galaxies
ith high σ e , while maintain the active star formation across their
hole history, consistent with Cappellari ( 2023 ). The results abo v e

re also consistent with the findings of previous studies (e.g. Heavens
t al. 2004 ; Thomas et al. 2005 ; Panter et al. 2007 ; Guglielmo et al.
015 ; McDermid et al. 2015 ), where massive galaxies are found
o have decreasing star-formation activities with cosmic time and
ecome quenched earlier (resulting in the earlier mass assembly),
hile the low-mass galaxies keep the star-forming status across the
hole time range. 
(ii) A similar sharp quenching boundary is also seen in the

orrelation between SFR evolution and the galaxy total density slope
 γ tot ; see Section 2.2 for definition). Galaxies with the steepest total
ass profile ( γ tot � 2.1) show similar trend as the galaxies with

g σe � 2 . 3, where they are also seen to have high SFR at high
edshifts, while becomes quenched below t lb � 2 . 4 Gyr . Galaxies
ith flatter total density slope have continuous SFR until the present.
hese results indicate that galaxies with higher σ e typically have
teeper total density profiles, consistent with previous studies (e.g.
appellari 2016 , fig. 22c; Li et al. 2019 , and Paper III of this

eries). 
(iii) Galaxies with low dark matter fraction ( f DM 

; see Section 2.2
or definition) appear to have similar SFR evolution trend as galaxies
ith high σ e or steep total density slope (i.e. high γ tot ), where they
ave high SFR at the early universe and become quenched around
.4 Gyr ago. Ho we ver, f DM 

does not show clear quenching boundary
s σ e and γ tot do, indicating that f DM 

is not tightly correlated with the
ther two parameters (i.e. σ e and γ tot ; this will be studied in Paper
II of this series). 
NRAS 526, 1022–1045 (2023) 

t

(iv) Stellar mass-to-light ratio ( M ∗/ L ) and metallicity of galaxies
how similar correlation of SFR evolution history with σ e , because
hey tightly correlate with σ e (see Fig. 8 ; also see McDermid et al.
015 ; Cappellari 2016 ; Scott et al. 2017 ; Li et al. 2018 ). A clear
uenching boundary is seen at M ∗/ L � 5 and [ Z / H ] � 0, respectively.

We note here that our result (i.e. SFR decreases with cosmic time)
lso disagrees with the findings of Madau & Dickinson ( 2014 ), where
he cosmic star-formation density peaks at z ∼ 2 (see fig. 9 therein).
t may be due to the lack of low-mass galaxies in our sample, which
ontributes to the star-formation activities at lower redshifts. Also,
he lack of near-infrared (NIR)/UV constraints in our study may
e another cause of the discrepancy. We will combine the NIR/UV
onstraints and the optical spectra to study the SFHs of MaNGA
alaxies in a forthcoming paper. 

The sSFR evolution tracks, however, show different correlation
ith galaxy properties, compared with SFR evolutions. We note here

hat when calculating SFR and sSFR, we assume the SFR between
wo neighbouring age grids (see Fig. 1 for age grid design of the
SPS model) to be constant. Thus, at early times (where the time
tep between two neighbouring age grids is significantly larger than
 Gyr), the ratio between the instantaneous SFR and the existing
tellar mass (i.e. the instantaneous sSFR) is also a constant for all
alaxies (see the bottom panels of Fig. 17 ). This feature is also seen in
cDermid et al. ( 2015 , fig. 16), where galaxies in different mass bins

ave the same sSFR at early times. Despite the calculation issue here,
e are also able to see some interesting features of the correlation
etween galaxy sSFR evolution trend and galaxy properties. Galaxies
how clear quenching boundary for all the five parameters (including
 DM 

, which does not show clear quenching boundary in its correlation
ith SFR evolution tracks). However, the quenching regions are not

s regular as those for SFR. Specifically, 

(i) Galaxies with lg σe � 2 . 1 (unlike lg σe � 2 . 3 for SFR) appear
o be quenched at the present day, while galaxies with higher σ e are
ound to quench their star formation slightly earlier (3.6 Gyr ago
or galaxies with lg σe ∼ 2 . 5, relative to 2.4 Gyr ago for galaxies
ith 2 . 1 � lg σe � 2 . 5). Interestingly, galaxies with low σ e appear

o have double peaks of sSFR, both at early times and the present. 
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Figure 18. t 50 and t 90 on the mass–size plane ( lg R 

maj 
e versus lg M JAM 

, see Section 2.2 for definitions of the two parameters), where t 50 and t 90 are the time 
when galaxies reach 50 per cent and 90 per cent of their present-day stellar mass, respectively. The symbols are the same as Fig. 8 . 
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(ii) Galaxies with γ tot � 2.0 and f DM 

� 0.5 become quenched 
bout 2.4 Gyr ago, while galaxies with flat total density slope and
igh dark matter fraction appear to have double-peak sSFR evolution 
racks. 

(iii) A clear quenching boundary is also seen at M ∗/ L ∼ 4 and
alaxies with high stellar mass-to-light ratio appear to be quenched 
arlier (6 Gyr ago for galaxies with M ∗/ L ∼ 7.5, relative to 2.4 Gyr
go for those with M ∗/ L ∼ 5). A double-peak sSFR evolution track
or galaxies with low M ∗/ L is also seen. 

(iv) Unlike σ e and M ∗/ L , metallicity of galaxies has a more regular
uenching region, where galaxies with [ Z / H ] � −0.2 are quenched
.4 Gyr ago. 

With SFR evolution tracks of all the galaxies, we are also able to
redict the mass assembly histories of the galaxies. In Fig. 18 , we
resent the distribution of t 50 and t 90 on the mass–size plane, where
 50 and t 90 are the lookback times when galaxies reach 50 per cent and
0 per cent of their present-day stellar mass. As can be seen, both t 50 

nd t 90 show systematic variation on the mass–size plane, similar to 
lobal stellar population properties (see Fig. 8 ): Galaxies with large 
e tend to have larger t 50 and t 90 , indicating earlier mass assembly of

hese galaxies, consistent with previous studies (e.g. McDermid et al. 
015 ; Zhou et al. 2021 ; Lu et al. 2022b ). Besides, the constant- t 50 

or constant- t 90 ) lines are also not strictly parallel with constant- σ e 

ines, indicating that the SFH properties of galaxies are also not fully
ccounted for by σ e , similar to global stellar population properties 
see Fig. 8 ). 

 C O N C L U S I O N  

his work is the second paper of our MaNGA DynPop project, which
ims to analyse the stellar population properties and SFH of the final
aNGA sample (SDSS data release 17; Abdurro’uf et al. 2022 ). 

n this paper, we make use of the SPS method to study the stellar
opulation of the galaxies and use the non-parametric way to analyse 
heir SFH. All these are done using the PPXF (Cappellari & Emsellem
004 ; Cappellari 2017 , 2023 ) software with the FSPS stellar model.
e summarize the main contents of this paper below: 
(i) We provide a catalogue which contains the global stellar 
opulation properties, the stellar population radial profiles, gradients, 
he spatially resolved stellar population maps, as well as the SFHs
f ∼10 000 MaNGA galaxies. The catalogue is available from the
ebsite of MaNGA DynPop ( ht tps://manga-dynpop.git hub.io ). The 

xplanations of the quantities of the catalogue are presented in 
able B1 . 
(ii) With the derived global stellar population properties (i.e. age, 
etallicity, and stellar mass-to-light ratio), we revisit the scaling 

elation between stellar population properties and velocity dispersion 
f galaxies (Fig. 6 ), the distribution of total mass density slope on
he ( σ e , age) and ( σ e , [ Z / H ]) planes (Fig. 7 ), and the distribution
f stellar population on the mass–size plane (Fig. 8 ) and on the
 ε, λR e ) plane (Fig. 9 ). We confirm that the positive correlation
etween global stellar population properties and velocity dispersion, 
he systematic variation of stellar population properties on the mass–
ize plane, as well as the variation of age on the ( ε, λR e ) plane in
revious studies (e.g. Cappellari et al. 2013b ; McDermid et al. 2015 ;
appellari 2016 ; Scott et al. 2017 ; Li et al. 2018 ; van de Sande et al.
018 ) are all well reco v ered and also find some more interesting new
esults: 

(a) Variation of galaxy age and metallicity is not solely driven 
by velocity dispersion of galaxies, as we can see clear variation
trend of age (metallicity) with metallicity (age) at fixed σ e 

(Fig. 6 ). Total mass density slope show similar distributions on
the ( σ e , age) and ( σ e , [ Z / H ]) planes as stellar population prop-
erties, indicating its tight correlation with stellar populations 
(Fig. 7 ). 

(b) Metallicity and stellar mass-to-light ratio are seen to have 
similar systematic variations on the ( ε, λR e ) plane as galaxy age,
which has not been reported before, with the less rotational 
galaxies (i.e. lower λR e ) being older, more metal-rich, and 
having higher stellar mass-to-light ratio at fixed ε. The most 
edge-on galaxies have the youngest age, the lowest metallicity, 
and the lowest stellar mass-to-light ratio for the reason that more
disc components (which are young, metal-poor, and have low 

stellar mass-to-light ratio) are observed for edge-on galaxies 
(Fig. 9 ). 
MNRAS 526, 1022–1045 (2023) 
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(iii) We also study the stellar population profiles of galaxies with
ifferent mass. We find that the galaxies in the lowest mass bin tend to
ave flatter population profiles, while the ones in the highest mass bin
ave older centre with high M ∗/ L and significantly young outskirts,
ith low M ∗/ L (Fig. 11 ). This is because the highest mass bin contains
ot only the quenched elliptical galaxies, but also the massive disc
alaxies with large quenched bulge at the centre and star-forming disc
t the outer part. This is consistent with the findings in Figs 12 and 13 ,
here the galaxies with the steepest stellar population profiles (i.e.

he most ne gativ e population gradients) appear to be in the massive
isc region (Fig. 12 , see also fig. 23 of Cappellari 2016 ) or in the
reen valley (Fig. 13 ). 
(iv) Systematic variations of stellar population slopes are also

bserved on the ( ε, λR e ) plane. Galaxies that are rotational and
av e relativ ely low ε ( � 0.6) have the lowest gradients of age
nd stellar mass-to-light ratio (i.e. the steepest decreasing age and
tellar mass-to-light ratio profiles from centre to the outer part of
alaxies). Galaxies with the flattest stellar population profiles locate
n the region of largest ε (i.e. the most edge-on view of galaxies),
ecause the more disc component observed from the edge-on view
f galaxies contribute younger population to the galaxy centre,
attening the profiles (Fig. 14 ). Interestingly, metallicity gradient
hows remarkably similar distribution as mass and luminosity of
alaxies on the ( ε, λR e ) plane, confirming the mass dependence of
etallicity gradients (Figs 14 and 15 ). 
(v) Galaxies with different properties are found to have dif-

erent SFHs. The galaxies with high, steep total density slope,
ow dark matter fraction, high stellar mass-to-light ratio, and high
etallicity appear to have significantly higher SFR at early times,
hich decreases with cosmic time obviously, compared with other
alaxies. Clear and regular quenching boundary are seen for the
orrelation between SFR evolution and galaxy properties (galaxies
ith lg σe � 2 . 3, γ tot � 2.1, M ∗/ L � 5, or [ Z / H ] � 0 are found

o be quenched ∼2 . 4 Gyr ago). For sSFR e volution, ho we ver,
he quenched regions are still seen but appear to be more com-
licated than that of SFR (Fig. 17 ). The lookback times when
alaxies reach 50 per cent and 90 per cent of their present-day
tellar mass ( t 50 and t 90 ) are seen to have systematic variations
n the mass–size plane, similar as stellar population properties
Fig. 18 ). 
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11 FIREFLY also has a version based on the MASTAR stellar library (Yan et al. 
2019 ). 
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PPENDIX  A :  C O M PA R I S O N  WITH  EXISTING  

ATA L O G U E S  

n this section, we make comparisons with the existing stellar
opulation catalogues of the full MaNGA sample, namely the PIPE3D

atalogue (S ́anchez et al. 2022 ) and the FIREFLY catalogue (Neumann
t al. 2022 ). Both catalogues hav e pro vided a wealth of properties
f stellar populations, emission lines, as well as the dust attenuation,
hich contribute to the le gac y of the MaNGA project. 
In Fig. A1 , we present the comparisons of (global) luminosity-

eighted age and metallicity, as well as their radial gradients between
ur work and the two catalogues. We note that both the PIPE3D

atalogue and the FIREFLY catalogue provide the stellar population
roperties within a ring at ef fecti ve radius as the global properties
f the galaxies, while in our work, the average values within the
lliptical half-light isophotes are used. Thus, to make a more accurate
omparison, we also calculate the stellar population properties at
ffective radius by simply averaging the properties within the radial
ange of 0.75–1 R e and 1–1.25 R e (already provided in the catalogue
f this paper under ‘Part 4: Stellar Population Radial Profiles’). When
alculating the luminosity-weighted stellar populations, the PIPE3D

atalogue adopted the geometric means (i.e. < lg x > , where x can
e age and ( Z / H )/( Z �/ H �); same as this work), while the FIREFLY

atalogue adopted the arithmetic means (i.e. lg < x > ). Thus, when
aking comparison with the PIPE3D catalogue, we keep our default

etting (i.e. the geometric means) and when compared with the
IREFLY catalogue, we re-calculate the global stellar population ( at
ffective radius ) and the corresponding stellar population gradients
ith the same arithmetic means as FIREFLY for consistenc y. F or

he stellar population gradients, the two catalogues calculated them
ithin different radial ranges (0.5–2 R e for the PIPE3D catalogue and
–1.5 R e for the FIREFL Y catalogue). T o keep the consistency, we
alculate the population gradients in the same radial ranges when
omparing with the two catalogues (see Section 4 and Fig. 10 for the
ethod of gradient calculation). 
In the left sub-figure of Fig. A1 , we show the comparison between

ur catalogue and the PIPE3D catalogue. As can be seen, both global
ge and metallicity (measured at effective radius ) in our work show
ood agreement with those from the PIPE3D catalogue, with the
NRAS 526, 1022–1045 (2023) 
pearman rank-order correlation coefficient, ρ, being 0.87 and 0.81,
espectively . Specifically , our age is slightly ( ∼0 . 1 dex) higher than
IPE3D , while our metallicity is slightly lower. Our age gradient also
hows consistency with the PIPE3D catalogue ( ρ = 0.6), while the
alaxies with the most ne gativ e age gradient (the steepest decreasing
ge profiles from centre to the outer part of the galaxies) in our
atalogue show flatter age profiles (i.e. less ne gativ e age gradient)
n the PIPE3D catalogue. The metallicity gradient, ho we ver, sho w
eaker agreement between PIPE3D ( ρ = 0.39). Interestingly, we find

hat galaxies with higher S / N s show stronger agreement between the
wo catalogues than those with low S / N s. 

For the comparison with the FIREFLY catalogue, which is shown
n the right sub-figure of Fig. A1 , we find that the agreement of
lobal age and metallicity ( at effective radius ; arithmetic means
sed) between the two catalogues is still seen, with the Spearman
ank-order correlation coefficients being 0.66 for age and 0.81
or metallicity. Global age of FIREFLY is systematically ∼0 . 3 dex
ower than our result, while the global metallicity is systematically
igher. Again, we can see that the galaxies which have the strongest
isagreement between the two catalogues are typically those with low
 / N . Wilkinson et al. ( 2017 ) pointed out the disagreement between the
IREFLY software and the STARLIGHT software (Cid Fernandes et al.
005 ), where the age of young galaxies in FIREFLY is systematically
lder than that from STARLIGHT (see fig. 25 therein). Neumann et al.
 2022 ) also pointed out the similar trend when comparing with the
IPE3D catalogue (see fig. 13 therein). We emphasize here that these
omparisons are not fair as the arithmetic means is used in FIREFLY

i.e. lg < x > ), while the geometric means is used in STARLIGHT

nd PIPE3D (i.e. < lg x > ). In Fig. A2 , we compare our results
ith geometric means (i.e. < lg x > ) to those from FIREFLY with

rithmetic means (i.e. lg < x > ). We can see that we are also able
o reco v er the similar trend as fig. 25 of Wilkinson et al. ( 2017 )
nd fig. 13 of Neumann et al. ( 2022 ) with an independent software,
PXF . Ho we ver, when we adopt the same arithmetic means (see the
ight sub-figure of Fig. A1 ), the FIREFLY shows systematic lower age,
ather than older age for young galaxies, as shown in Fig. A2 (also
ee fig. 25 of Wilkinson et al. 2017 and fig. 13 of Neumann et al.
022 ). 
For the age and metallicity gradients, neither the age gradient,

or the metallicity gradient shows obvious agreement between our
atalogue and the FIREFLY catalogue. This may be due to the fact that
he FIREFLY catalogue is obtained from the ‘VOR10’ DAP output
f MaNGA, which is Voronoi binned (Cappellari & Copin 2003 )
o S / N ∼ 10, while we bin our data to S / N ∼ 30. The low S / N
ay cause large noise at outer region of galaxies in estimating

tellar population properties, which cannot be fixed by averaging.
e also note here that the three catalogues (i.e. the PIPE3D , the

IREFLY , and the catalogue provided in this work) adopt totally
ifferent stellar libraries, which may also induce differences: The
IPE3D catalogue adopted the MASTAR SLOG library, which is based
n the MASTAR MaNGA stellar library (Yan et al. 2019 ); the FIREFLY

atalogue adopted the M11-MILES model templates from Maraston &
tr ̈omb ̈ack ( 2011 ); 11 and our results are based on the FSPS model
see Section 2.3.1 for details). Considering the difference in the stellar
ibraries (and hence the boundaries of age and metallicity of the stellar
emplates), the fitting processes, the dust attenuation correction

ethods, and the definitions of ef fecti ve radius, we actually do not
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Figure A1. Comparisons between the stellar population properties of this work and those from the PIPE3D (left sub-figure; S ́anchez et al. 2022 ) and the FIREFLY 

(right sub-figure; Neumann et al. 2022 ) catalogues. In both sub-figures, we present the comparisons of (i) luminosity-weighted age at ef fecti ve radius (top-left 
panel), (ii) luminosity-weighted metallicity at ef fecti ve radius (top-right panel), (iii) the slope of luminosity-weighted age profile (bottom-left panel; calculated 
within 0.5–2 R e for PIPE3D and 0–1.5 R e for FIREFLY ), and (iv) the slope of luminosity-weighted metallicity profile (bottom-right panel; calculated within 0.5–2 R e 

for PIPE3D and 0–1.5 R e for FIREFLY ). For the comparison with PIPE3D catalogue (left sub-figure), we adopt the geometric means (i.e. < lg x > , where x can be 
age and ( Z / H )/( Z �/ H �)) when calculating the luminosity-weighted values (which is also the default setting of this work), while we adopt the arithmetic means 
(i.e. lg < x > ) when comparing with the FIREFLY catalogue (right sub-figure) for consistency. In each panel, the colours indicate the S / N of the stacked spectrum 

within the elliptical half-light isophotes and the magenta line indicates the y = x correlation. The Spearman rank-order correlation coefficient, ρ, is shown in the 
bottom right of each panel. The galaxy number density is indicated by the grey contours. 

Figure A2. Unfair comparison of global age and metallicity (both are measured at effective radius ) between our results and FIREFLY . For our results, we adopt 
the geometric means (i.e. < lg x > ) to calculate the global stellar population properties, while FIREFLY adopted the arithmetic means (i.e. lg < x > ). The 
symbols are the same as Fig. A1 . 
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xpect all results to be consistent. We encourage the readers to make
etailed comparisons when necessary. 
PPENDI X  B:  DATA  EXPLANATI ON  
MNRAS 526, 1022–1045 (2023) 
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Table B1. Data explanations of the stellar population analysis output (based on PPXF software with FSPS stellar model; see Section 2.3 for details). 
The full catalogue of all the stellar population properties and SFH parameters used in this paper can be obtained from the website of MaNGA DynPop 
( ht tps://manga-dynpop.git hub.io ). The order of galaxies in this catalogue corresponds to their order in the JAM catalogue of Paper I. 

Parameters Dimensions Units Descriptions 

Part 1: General galaxy properties 
plateIFU (10 296,1) The plate ID + IFU design ID (e.g. 7443–12 703; unique for each galaxy) 
mangaid (10 296,1) Unique MaNGA ID (e.g. 1–114 145) 
obj ra (10 296,1) degree Right ascension of the science object in J2000 
obj dec (10 296,1) degree Declination of the science object in J2000 
ebvgal (10 296,1) E ( B − V ) value from SDSS dust routine for this IFU 

z (10 296,1) Redshift of the galaxy 
Part 2: Global stellar population properties 

SNR Re (10 296,1) The S / N of the stacked spectrum within the elliptical half-light isophote, which is calculated 
as the ratio between the median values of flux and noise of the stacked spectra within the 
wavelength range from 4730 to 4780 Å

Mstar Re (10 296,1) lg ( M �) Stellar mass enclosed within the elliptical half-light isophote, derived using PPXF with a 
Salpeter ( 1955 ) IMF 

Lr int Re (10 296,1) lg ( L �) The intrinsic r -band luminosity within the elliptical half-light isophote, derived from the 
stacked intrinsic spectrum within the same aperture (see Section 2.3.2 for details) 

Lr obs Re (10 296,1) lg ( L �) The observed r -band luminosity within the elliptical half-light isophote, derived from the 
stacked observed spectrum within the same aperture (see Section 2.3.2 for details) 

LW Age Re (10 296,1) lg ( yr ) Global r -band luminosity-weighted age, calculated by performing PPXF fitting on the stacked 
spectrum within elliptical half-light isophote 

LW Metal Re (10 296,1) Global r -band luminosity-weighted [ Z / H ] 
MW Age Re (10 296,1) lg ( yr ) Global mass-weighted age 
MW Metal Re (10 296,1) Global mass-weighted [ Z / H ] 
ML int Re (10 296,1) lg ( M �/ L �) Averaged intrinsic stellar mass-to-light ratio within the elliptical half-light isophote 

(calculated as the stellar mass enclosed within the elliptical half-light isophote and the r -band 
luminosity derived from the intrinsic spectrum within the same aperture; see Section 2.3.2 and 
Fig. 2 for definition of the intrinsic spectrum) 

ML obs Re (10 296,1) lg ( M �/ L �) Averaged observed stellar mass-to-light ratio within the elliptical half-light isophote 
(calculated as the stellar mass enclosed within the elliptical half-light isophote and the r -band 
luminosity derived from the observed spectrum within the same aperture) 

Av Re (10 296,1) Best-fitting dust attenuation at λ = 5500 Å ( V band; see Cappellari 2023 , section 3.7 for 
details) 

delta Re (10 296,1) Best-fitting UV slope of the spectrum (see Cappellari 2023 , section 3.7 for details) 
Fred tot Re (10 296,1) r -band luminosity ratio between the observed spectrum and the intrinsic spectrum 

Fred gal Re (10 296,1) r -band luminosity ratio between the observed spectrum (with the MW dust attenuation 
corrected) and the intrinsic spectrum 

Part 3: Stellar population gradients 
LW Age Slope (10 296,1) dex/ R e Gradient of r -band luminosity-weighted age within the elliptical half-light isophote (see 

Section 4 and Fig. 10 for details) 
LW Metal Slope (10 296,1) dex/ R e Gradient of r -band luminosity-weighted [ Z / H ] within the elliptical half-light isophote 
MW Age Slope (10 296,1) dex/ R e Gradient of mass-weighted age within the elliptical half-light isophote 
MW Metal Slope (10 296,1) dex/ R e Gradient of mass-weighted [ Z / H ] within the elliptical half-light isophote 
ML int Slope (10 296,1) dex/ R e Gradient of intrinsic r -band stellar mass-to-light ratio within the elliptical half-light isophote 
ML obs Slope (10 296,1) dex/ R e Gradient of observed r -band stellar mass-to-light ratio within the elliptical half-light isophote 

Part 4: Stellar population radial profiles 
LW Age Profile (10 296,8) lg ( yr ) Radial profile of r -band luminosity-weighted age from 0 to 2 R e with the radial step being 

0.25 R e (i.e. eight radial bins for each galaxy; see Section 4 and Fig. 10 for details) 
LW Metal Profile (10 296,8) Radial profile of r -band luminosity-weighted [ Z / H ] 
MW Age Profile (10 296,8) lg ( yr ) Radial profile of mass-weighted age 
MW Metal Profile (10 296,8) Radial profile of mass-weighted [ Z / H ] 
ML int Profile (10 296,8) lg ( M �/ L �) Radial profile of intrinsic r -band stellar mass-to-light ratio 
ML obs Profile (10 296,8) lg ( M �/ L �) Radial profile of observed r -band stellar mass-to-light ratio 

Part 5: Stellar population maps 
BinID Map (10 296, N 

a , N ) IDs of Voronoi bins that the spaxels are associated with. Spaxels that have the same ID belong 
to the same Voronoi bin (set as −1 if a spaxel does not belong to any bins) and share the same 
stellar population properties (i.e. luminosity-/mass-weighted age and metallicity, and stellar 
mass-to-light ratio) 

inRe Map (10 296, N , N ) 1 for spaxels within the elliptical half-light isophote and 0 for those outside the elliptical 
half-light isophote 

Mstar Map (10 296, N , N ) lg ( M �) Stellar mass maps b , derived using PPXF with a Salpeter ( 1955 ) IMF 
Lr int Map (10 296, N , N ) lg ( L �) The intrinsic SDSS r -band luminosity maps c 

Lr obs Map (10 296, N , N ) lg ( L �) The observed SDSS r -band luminosity maps d 
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Table B1 – continued 

Parameters Dimensions Units Descriptions 

LW Age Map (10 296, N , N ) lg ( yr ) Spatially resolved r -band luminosity-weighted age maps e 

LW Metal Map (10 296, N , N ) Spatially resolved r -band luminosity-weighted [ Z / H ] maps 
MW Age Map (10 296, N , N ) lg ( yr ) Spatially resolved stellar mass-weighted age maps 
MW Metal Map (10 296, N , N ) Spatially resolved stellar mass-weighted [ Z / H ] maps 
ML int Map (10 296, N , N ) lg ( M �/ L �) Spatially resolved intrinsic r -band stellar mass-to-light ratio maps 
ML obs Map (10 296, N , N ) lg ( M �/ L �) Spatially resolved observed r -band stellar mass-to-light ratio maps 
Av Map (10 296, N , N ) Maps of best-fitting dust attenuation at λ = 5500 Å ( V band; see Cappellari 2023 , section 3.7 

for details) 
delta Map (10 296, N , N ) Maps of best-fitting UV slope of the spectrum (see Cappellari 2023 , section 3.7 for details) 
Fred tot Map (10 296, N , N ) Maps of r -band luminosity ratio between the observed spectrum and the intrinsic spectrum 

Fred gal Map (10 296, N , N ) Maps of r -band luminosity ratio between the observed spectrum (with the MW dust 
attenuation corrected) and the intrinsic spectrum 

Part 6: Star-formation history 
T50 (10 296,1) Gyr The lookback time when galaxies reach 50 per cent of their present-day stellar mass 
T90 (10 296,1) Gyr The lookback time when galaxies reach 90 per cent of their present-day stellar mass 
SFR History (10 296,15) lg ( M � yr −1 ) SFR at different lookback time grids (from 0 to 14 Gyr, with a linear time step being 1 Gyr; 

see Section 5 for details) 
sSFR History (10 296,15) lg ( Gyr −1 ) SSFR at different lookback time grids (from 0 to 14 Gyr, with a linear time step being 1 Gyr; 

see Section 5 for details) 
Mass Growth CDF (10 296,15) Cumulative distribution function of stellar mass growth 

Notes. 
a N is the spaxel number along X - or Y -axis of this map. 
b For a given Voronoi bin which consists of N spaxels, the stellar mass of each spaxel is the same, given by M ∗, spx = M ∗, bin /N , where M ∗, bin is the associated 
stellar mass of this Voronoi bin. 
c For a given Voronoi bin which consists of N spaxels, the intrinsic r -band luminosity of each spaxel is the same, given by L 

int 
r, spx = L 

int 
r, bin /N , where L 

int 
r, bin is 

the intrinsic r -band luminosity of this Voronoi bin, derived from the best-fitting intrinsic spectrum of this bin (see Section 2.3.2 for details). 
d Same as intrinsic luminosity maps, but for observed r -band luminosity. 
e For a given Voronoi bin, the spaxels in this bin have the same age (and also metallicity, both luminosity- or mass-weighted), fitted from the binned spectrum. 
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