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A B S T R A C T 

Using the final Mapping Nearby Galaxies at Apache Point Observatory sample of 10K g alaxies, we investig ate the dark matter 
(DM) fraction f DM 

within one half-light radius R e for about 6K galaxies with good kinematics spanning a wide range of 
morphologies and stellar velocity dispersion. We emplo y tw o techniques to estimate f DM 

: (i) Jeans anisotropic modelling (JAM), 
which performs DM decomposition based on stellar kinematics and (ii) comparing the total dynamical mass-to-light ratios 
( M / L ) JAM 

and ( M ∗/ L ) SPS from stellar population synthesis (SPS). We find that both methods consistently show a significant 
trend of increasing f DM 

with decreasing σ e and low f DM 

at larger σ e . For 235 early-type galaxies with the best models, we 
explore the variation of stellar initial mass function (IMF) by comparing the stellar mass-to-light ratios from JAM and SPS. We 
confirm that the stellar mass excess factor αIMF increases with σ e , consistent with previous studies that reported a transition from 

Chabrier-like to Salpeter IMF among galaxies. We show that the αIMF trend cannot be driven by M ∗/ L or IMF gradients as it 
persists when allowing for radial gradients in our model. We find no evidence for the total M / L increasing toward the centre. We 
detect weak positive correlations between αIMF and age, but no correlations with metallicity. We stack galaxy spectra according 

to their αIMF to search for differences in IMF-sensitive spectral features (e.g. the Na I doublet). We only find marginal evidence 
for such differences, which casts doubt on the validity of one or both methods to measure the IMF. 

Key words: galaxies: stellar content – galaxies: evolution – galaxies: formation – galaxies: fundamental parameters – galaxies: 
kinematics and dynamics. 
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 I N T RO D U C T I O N  

tellar mass of galaxies is a key property which encodes the
nformation of galaxy formation and evolution. By comparing the
tars initially formed and those present-day observed, we are able
o constrain the detailed evolution tracks of the galaxies. Thus,
he stellar initial mass function (IMF), which describes the number
istribution of newly formed stars of different masses, is a crucial
actor to reveal the stellar mass assembly history of the galaxies. The
rst attempt to describe the IMF is Salpeter ( 1955 ), which proposed
 single power law (PL) of the number distribution of newly formed
tars of different masses at birth, i.e. φ ∝ m 

−2.35 . Later on, Kroupa
 2001 ) and Chabrier ( 2003 ) reported a flatter slope at low-mass end
i.e. lower than 0 . 5 M �) of the IMF for the Milky Way (MW). 

To study the IMF of the MW, one can make use of direct stellar
ounting (e.g. Kroupa, Tout & Gilmore 1993 ; Phelps & Janes 1993 ;
eid & Gizis 1997 ; Carraro et al. 2005 ; Bonatto & Bica 2007 ).
 E-mail: lushengdong93@icloud.com 
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a  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
roupa et al. ( 1993 ) analyzed the luminosity functions of a sample of
tars within 5 . 2 pc of the sun and a magnitude-limited sample of more
istant stars and concluded that the two samples can be described
y a single broken PL IMF, which becomes the basis of the Kroupa
 2001 ) IMF. Phelps & Janes ( 1993 ) summarized the studies on MW
MF with open clusters and found that most open clusters agree with
he Salpeter IMF at the mass range of 1 −8 M �. At the sub-solar mass
ange, Moraux et al. ( 2003 ) studied the IMF slope down to 0 . 03 M �
ith the Pleaides and found that a lognormal form can well describe

he IMF o v er a broad mass range (0 . 03 −10 M �). Combining a large
umber of literature, Bastian, Co v e y & Me yer ( 2010 ) claimed in
heir re vie w that there was little compelling evidence for variations
n the IMF across different galaxies or within our own about 10
ears ago. More recently, Li et al. ( 2023 ) pointed out that the
MF inside the MW varies with metallicity and cosmic time, by
ounting 93 000 spectroscopically observed M-dwarf stars in the
olar neighbourhood. So far, whether the IMF of MW varies is still
n important question to address. 

F or e xternal galaxies, ho we ver, one can hardly resolve single stars,
nd thus, cannot estimate the IMF from direct stellar counts as done
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n the MW. There are two main methods to study the IMF of external
alaxies. One is the spectroscopic approach, which makes use of the 
MF-related spectral features or the full spectrum to constrain the 
MF shape of galaxies. The other is to compare the stellar mass (or
tellar mass-to-light ratio) derived in a luminosity-independent (and 
ence, IMF-independent) way and that derived with stellar popu- 
ation synthesis (SPS), assuming a standard IMF. The luminosity- 
ndependent stellar mass (stellar mass-to-light ratio) can be obtained 
ither by stellar dynamical modelling or by gravitational lensing. 

Earlier studies used the spectral features to point out that either the
MF or the chemical abundance may be different among galaxies, 
ut they could not distinguish between the two effects (e.g. Faber &
rench 1980 ; Carter, Visvanathan & Pickles 1986 ; Cenarro et al.
003 ). Similarly, initial studies using galaxy dynamics (Cappellari 
t al. 2006 ) or gravitational lensing (Treu et al. 2010 ) noted that the
entral M / L variations among galaxies could not all be attributed
o variations of the stellar population M / L alone, but could not
istinguish between the effects of dark matter (DM) or the IMF. Two
ndependent studies first made a convincing case for a hea vier -than-

W IMF using either strong lensing (Auger et al. 2010 ) or spectral
eatures (van Dokkum & Conroy 2010 ). The latter showed the IMF,
nd not chemical abundance, was responsible for the observed spectra 
ariations. They reported that the gravity-sensitive spectral features 
i.e. the Na I doublet and the Wing–Ford molecular FeH band) can 
e detected in the spectra of the most massive elliptical galaxies, 
ndicating the high richness of dwarf stars and hence pointing out the
MF is more bottom-heavy than Salpeter in those massive elliptical 
alaxies (i.e. steeper slope at m < 0 . 3 M �). 

Using the galaxy–dynamics approach, Cappellari et al. ( 2012 ) 
ade use of the Jeans anisotropic modelling (JAM; Cappellari 

008 , 2020 ) to get the luminosity-independent stellar mass-to-light 
atio of 260 early-type galaxies (ETGs) from the ATLAS 

3D surv e y
Cappellari et al. 2011 ) and concluded that the previously reported 
alpeter-like IMF in massive galaxies was just the extreme of a 
ystematic trend with the stellar IMF being Chabrier-like for low- 
ass ETGs and becoming heavier with increasing stellar mass-to- 

ight ratio or velocity dispersion of galaxies. More details of the effort
ere given in Cappellari et al. ( 2013b ), who also showed that the

MF correlated better with velocity dispersion than with the mass or
ize of galaxies. 

Following the initial reports, several subsequent studies corrob- 
rated the findings, generally supporting the original outcomes. 
piniello et al. ( 2012 ), Spiniello, Trager & Koopmans ( 2015 ),
onroy & van Dokkum ( 2012 ), and van Dokkum & Conroy ( 2012 )

eported a trend between IMF and stellar velocity dispersion using 
he spectral features approach. La Barbera et al. ( 2013 ) used spectral
eatures to study the IMF variation against velocity dispersion of 
alaxies with 24 781 ETGs from the SPIDER sample (La Barbera 
t al. 2010 ) and found that IMF varies from a Kroupa/Chabrier case
owards a more bottom-heavy IMF with increasing central velocity 
ispersion. Zhou et al. ( 2019 ) adopted a full spectrum analysis on the
MF variation among galaxies from the Mapping Nearby Galaxies at 
pache Point Observatory (MaNGA) surv e y (Bundy et al. 2015 ) and

ound the similar IMF trend with velocity dispersion. Other IMF- 
ele v ant studies with the spectroscopic approach include Ferreras 
t al. ( 2013 ), Mart ́ın-Navarro et al. ( 2015a , b ), van Dokkum et al.
 2017 ), Parikh et al. ( 2018 ), and Gu et al. ( 2022 ). Dutton et al.
 2013 ) studied the IMF in the bulges of massive spiral galaxies by
omparing the stellar mass-to-light ratio from strong lensing and gas 
inematics, and that from SPS. Other studies on IMF variation with 
uch method include Thomas et al. ( 2011 ), Li et al. ( 2017 ), Shetty
t al. ( 2020 ), and Loubser et al. ( 2021 ). The readers are referred to
appellari ( 2016 , section 4.2.2) for a summary of the earlier IMF
esults and to Smith ( 2020 ) for a more extended re vie w of the IMF
ariation among external galaxies. 

Although both the spectroscopic method and the dynami- 
al/lensing method agree with each other on the IMF variation with
elocity dispersion of galaxies, there are conflicts between the two 
ethods. Conroy & van Dokkum ( 2012 ) found that the IMF becomes
ore bottom-heavy with increasing [Mg / Fe] (similar results also 

ee Gu et al. 2022 ), although La Barbera, Ferreras & Vazdekis
 2015 ) claimed that this correlation is driven by the IMF-dispersion
elation and no extra correlation between IMF and [Mg / Fe] has
een seen with the similar method. Zhou et al. ( 2019 ), with a full
pectrum analysis, also found similar trend of IMF shape against 
otal metallicity (i.e. [ Z / H ]) of galaxies. Ho we ver, with a dynamical

odelling-based method, Thomas et al. ( 2011 ) and McDermid et al.
 2014 ) found no obvious relation between IMF and metallicity of
alaxies. Smith ( 2014 ) made a detailed comparison of the IMF
hape constrained by dynamical modelling-based method and the 
pectroscopic method on the same galaxy sample. They found 
hat although both methods reco v er the IMF-v elocity dispersion
rend, there is no correlation between the stellar mass excess factor
nferred from the two approaches on a g alaxy-by-g alaxy basis. They
ommented that one (or both) of the methods may have not accounted
ully for the main confounding factors of IMF variation and suggested 
hat a comparison between the IMF constrained with the two methods
n the same aperture would be necessary to further understand the
ifference. 
With a series of papers of the MaNGA DynPop (dynamics and

tellar population) project, we aim to not only provide catalogues 
ontaining the dynamical and stellar population properties for the 
nal sample of the MaNGA surv e y ( ∼10000 nearby galaxies;
bdurro’uf et al. 2022 ) as le gac y products, but also to study the

ormation and evolution of galaxies with the combination of the 
ynamical and stellar population properties. In Paper I (Zhu et al.
023 ), we performed the JAM (Cappellari 2008 , 2020 ) on the
ull sample of MaNGA surv e y and obtained their quality-assessed
ynamical properties. In Paper II (Lu et al. 2023 ), we performed SPS
n the final MaNGA sample and obtained their global and spatially
esolved stellar population properties, as well as their star formation 
istories. 
This paper is the 5th paper of our MaNGA DynPop series. The

oal of this paper is to understand the stellar initial mass function
 ariation among galaxies. Ho we ver, one can hardly study the IMF
ithout understanding the DM content. Thus, in this work, we will

ombine the studies of the relation between the DM fraction and the
tellar velocity dispersion, as well as the stellar initial mass function
ariation among galaxies from the currently largest integral field unit 
IFU) spectroscope surv e y, MaNGA (Abdurro’uf et al. 2022 ). We
ill employ the dynamical modelling-based method to study the IMF 

ariation by combining the dynamical modelling-based stellar mass- 
o-light ratio from Paper I and the stellar population synthesis-based 
tellar mass-to-light ratio from Paper II. Further, we will investigate 
hether the IMF variation signal inferred with the dynamical method 

an be confirmed with a spectral analysis of IMF. The readers are
lso referred to Paper III (Zhu et al. 2024 ) for a study of multiple
ynamical scaling relations of these galaxies, Paper IV (Wang et al.
024 ) for a study of the density profiles of galaxy groups and clusters,
ombining the stellar dynamical modelling and weak lensing, and 
aper VI (Li et al. 2024 ) for a detailed comparison of total density
lopes of galaxies between MaNGA and cosmological simulations. 

This paper is organized as follows: In Section 2 , we introduce
he MaNGA project (Section 2.1 ), the structural and dynamical 
MNRAS 530, 4474–4492 (2024) 
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roperties (Section 2.2 ), the stellar population properties (Sec-
ion 2.3 ) used in this paper, as well as the sample selection criteria
hich generate our final sample in this work (Section 2.4 ). Results on
ark-stellar decomposition, initial mass function variation, and IMF-
ensitive spectral feature analyses are shown in Section 3 , Section 4 ,
nd Section 5 , respectively . Finally , we present our discussions and
onclusions in Sections 6 and 7 , respectively. 

 DATA  A N D  M E T H O D  

.1 MaNGA project 

aNGA (Bundy et al. 2015 ) currently stands as the largest IFU
pectroscope surv e y in the world. MaNGA targets o v er 10 000 nearby
alaxies within the redshift range of 0.01 < z < 0.15 (Yan et al.
016b ; Wake et al. 2017 ), with the wavelength range of the spectra
panning from 3600 to 10300 Å and a spectral resolution of about
 ∼ 2000 (Drory et al. 2015 ; see Yan et al. 2016a for more details
n MaNGA spectrophotometry calibration). Data products of the
pectra are generated from the calibration and reduction on the
aw data using the data reduction pipeline (DRP; Law et al. 2016 ).
7 per cent of the galaxies are observed out to 1.5 R e (where R e is the
f fecti ve radius of galaxies) and 33 per cent are observed out to 2.5 R e ,
onducting the ‘Primary + ’ and ‘Secondary’ samples, respectively
Bundy et al. 2015 ). Readers are referred to the following papers
or more details on the MaNGA instrumentation (Drory et al. 2015 ),
bserving strate gy (La w et al. 2015 ), spectrophotometric calibration
Smee et al. 2013 ; Yan et al. 2016a ), and surv e y e x ecution and initial
ata quality (Yan et al. 2016b ). The MaNGA project is now finished
nd the complete data have been released (Abdurro’uf et al. 2022 ). 

.2 The axisymmetric Jeans anisotropic modelling 

e obtain the structural and dynamical properties of the full MaNGA
ample from the first paper of our MaNGA DynPop series (Paper I;
hu et al. 2023 ). In Paper I, the axisymmetric JAM (Cappellari
008 , 2020 ) is applied to the complete sample of MaNGA to extract
heir quality-assessed structural and dynamical properties, using the
YTHON version of JAM, JAMPY . 1 

.2.1 JAM mass models 

 aper I pro vides the properties from JAM with different assumptions
n the shape of dark haloes and velocity dispersion ellipsoids. In this
ork, we adopt the results with the cylindrically aligned velocity
ispersion ellipsoid (Cappellari 2008 ) and compare the results under
ifferent mass model assumptions. The mass models adopted in this
ork include: 

(i) The mass-follows-light model (MFL model hereafter; also
now as the self-consistent model, e.g. Cappellari et al. 2013a ;
hetty et al. 2020 ): The total mass distribution is assumed to follow

he SDSS r -band (Stoughton et al. 2002 ) luminosity distribution of
alaxies and no stellar–DM (DM) decomposition is applied. 

(ii) JAM model with an NFW dark halo (NFW model hereafter):
n this model, the total mass distribution consists with a oblate stellar
omponent (following the SDSS r -band luminosity distribution by
ssuming a constant stellar mass-to-light ratio) and a spherical NFW
ark halo (Navarro, Frenk & White 1997 ). 
NRAS 530, 4474–4492 (2024) 

 Version 6.3, available from https:// pypi.org/ project/ jampy/ 

2

3

4

(iii) JAM model with a gNFW dark halo (gNFW model hereafter):
his model is similar to the NFW model, but the dark halo is assumed

o be a spherical gNFW model (Wyithe, Turner & Spergel 2001 ),
hich allows for the variation of the inner density slope γ of the
ark halo (in NFW dark halo, it is set to be γ = −1). 

In all JAM models, the supermassive black hole (SMBH) mass
f galaxies is estimated with the M BH −σ c relation from McConnell
t al. ( 2011 ), where M BH is the mass of the SMBH and σ c is the
tellar velocity dispersion within the aperture with radius being the
ull width at half-maximum (FWHM) of the MaNGA point spread
unction (PSF). 

.2.2 Structural and dynamical properties 

elow, we briefly introduce the structural and dynamical properties
f galaxies used in this work, all of which are taken from the catalogue
f Paper I. 

(i) Half-light radii: R 

maj 
e is the semimajor axis of the elliptical

alf-light isophotes of the galaxies. R e satisfies πR 

2 
e = A , where A is

he area of the elliptical half-light isophote. The elliptical half-light
sophote (i.e. the galaxy centre, the global ellipticity, and the sizes) is
btained with the PYTHON software, MGEFIT 2 by Cappellari ( 2002 ).
he sizes are scaled by a factor of 1.35 to approximately match the
opular galaxy sizes obtained from extrapolated photometry (see fig.
 of Cappellari et al. 2013b ). 
(ii) σ e is the luminosity-weighted velocity dispersion calculated

ithin the elliptical half-light isophote. Specifically, it is calculated
s 

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 dispersion
n the k -th spax el, respectiv ely, and F k is the corresponding flux. The
ummation goes o v er all the spaxels within the elliptical half-light
sophote. Velocities and dispersion here are obtained by the MaNGA
ata Analysis Pipeline (DAP; Belfiore et al. 2019 ; Westfall et al.
019 ). 
(iii) ( M / L ) JAM 

is the total mass-to-light ratio (including stellar and
M) of the galaxies. 
(iv) ( M ∗/ L ) JAM 

is the stellar mass-to-light ratio of the galaxies. 
(v) f DM 

is the DM fraction within a sphere of radius R e . 

In this w ork, we tak e the total mass-to-light ratio from the MFL
odel and the other JAM-related properties (i.e. JAM-based stellar
ass-to-light ratio and JAM-based DM fraction) from the NFW
odel. The NFW model is set as the default model of this work and

he comparisons between JAM models are made in Section 4.2.1 .
he readers are referred to section 3.3 of Paper I for more details on
ass model design of JAM. 

.3 Stellar population properties of galaxies 

he stellar population properties used in this work are derived from
he catalogue 3 in the second paper of our MaNGA DynPop series
Paper II; Lu et al. 2023 ). Paper II performs the Penalized Pixel-
itting method ( PPXF 4 ; Cappellari & Emsellem 2004 ; Cappellari
 Version 5.0.14, available from https:// pypi.org/ project/ mgefit/ 
 Available from https:// github.com/ manga-dynpop 
 Version 8.2, available from https:// pypi.org/ project/ ppxf/ . 

https://pypi.org/project/jampy/
https://pypi.org/project/mgefit/
https://github.com/manga-dynpop
https://pypi.org/project/ppxf/
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017 , 2023 ) on the spectra produced by MaNGA DRP. As pointed
ut by Woo et al. ( 2024 ), PPXF is three to four times faster than other
PS codes, including FIREFLY (Wilkinson et al. 2017 ), PYPIPE3D 

S ́anchez et al. 2016a , b ; Lacerda et al. 2022 ), and STARLIGHT (Cid
ernandes et al. 2005 ), and is the best in reco v ering stellar population
roperties among the four softwares. The SSP model used in Paper II
s generated with the FSPS 5 software (Conroy, Gunn & White 2009 ;
onroy & Gunn 2010 ), combining the Salpeter ( 1955 ) IMF and the
IST isochrones (Choi et al. 2016 ). Specifically, the rele v ant stellar

opulation properties in this work include: 

(i) lg Age (k eyw ord: LW Age Re from the catalogue of Paper 
I): lg Age is the global luminosity-weighted age of the galaxies, 
hich is derived from the PPXF fitting on the stacked spectra within

he elliptical half-light isophotes. With the best-fitted weights from 

PXF , the luminosity-weighted age is defined as 

 = 

∑ 

k w k L k x k ∑ 

k w k L k 

, (2) 

here x here is lg Age ; w k and L k are the best-fitted weight and
he corresponding SDSS r -band luminosity of the k -th template, 
espectively. 

(ii) [ Z / H ] (k eyw ord: LW Metal Re ): [ Z / H ] is the global
uminosity-weighted metallicity of the galaxies, derived with the 
ame way as the global age. 

(iii) ( M ∗/ L ) SPS (k eyw ord: ML int Re ): ( M ∗/ L ) SPS used here is
tellar mass-to-light ratio of galaxies, fitted from the stacked spectra 
ithin the elliptical half-light isophotes. It is defined as 

 M ∗/L ) SPS = 

∑ 

k w k M ∗,k ∑ 

k w k L k 

, (3) 

here M ∗, k is the stellar mass (including the mass of living stars and
tellar remnants, but excluding the gas lost during stellar evolution) 
nd L k is the corresponding luminosity of k -th templates. This
uantity is intrinsic to the stellar population, being a unique function 
f the age and metallicity distribution of the stellar population. 
or this reason, it is independent of attenuation effects, which are 
ccounted for during the PPXF fit. The summation goes o v er all the
emplates used in the fitting. 

(iv) A V (k eyw ord: Av Re ): A V is the average dust attenuation effect
t λ = 5500 Å( V band) within the elliptical half-light isophote. 

(v) f L r (k eyw ord: Fred tot Re ): f L r is the r- band luminosity
atio between the observed spectra and the intrinsic spectra, both of
hich are stacked within the elliptical half-light isophotes (see fig. 2 
f Paper II for details). 
(vi) γM ∗/L (k eyw ord: ML int Slope ): γM ∗/L is the gradient of

ntrinsic r -band stellar mass-to-light ratio within the elliptical half- 
ight isophote. 

We note here that although the mass-to-light ratios taken from 

 aper I and P aper II are measured in the same aperture, the y are not
omparable without further calibration. The SPS-based stellar mass- 
o-light ratio (derived from Paper II) is defined to be the ‘intrinsic’
alues (i.e. dust attenuation effect independent; see Paper II for more 
etails), while the JAM-based mass-to-light ratio (derived from Paper 
) is estimated without correcting for the dust attenuation effect. Thus, 
efore comparing the mass-to-light ratios from different methods and 
urther constraining the initial mass function, we correct the JAM- 
ased (total or stellar) mass-to-light ratio using the dust attenuation 
 Available from https:// github.com/ cconroy20/ fsps . 

e
 

a  

I

actor estimated from Paper II, with 

 M /L ) JAM , corr. = ( M /L ) JAM , uncorr. × f L r , (4) 

here ( M / L ) JAM, uncorr. is the uncorrected JAM-based mass-to-light
atio (either stellar or total mass-to-light ratios), directly taken from 

he catalogue of Paper I. f L r is the estimate of dust attenuation
f fect gi v en by PPXF fitting (see P aper II for details). F or simplicity,
n following sections, the symbols, ( M ∗/ L ) JAM 

and ( M / L ) JAM 

are
sed only for the ‘corrected’ JAM-based stellar and total mass-to- 
ight ratios, respectively. We emphasize here that such a reddening 
orrection is only an approximation. The reddening effect is small, 
hich only reduces the JAM-based mass-to-light ratios (and hence 

he stellar mass excess factor; see Section 4.2 for definition) by
 . 13 dex (median value) for the Qual � 1 sample used in Section 3
nd 0 . 08 dex for the high-quality ETGs used in Sections 4 and 5
see Section 2.4 for sample selection criteria). Thus, the choice of
eddening correction method will not qualitatively change the results 
n this work. 

.4 Sample selection 

ombining the two catalogues from Zhu et al. ( 2023 ) (Paper I)
nd Lu et al. ( 2023 ) (Paper II), we get 9878 unique galaxies with
vailable dynamical and stellar population properties. As stated in 
aper I, galaxies are assigned with a quality flag, which indicates

he reliability of the dynamical quantities (see table 2 of Paper I for
etails). In Section 3 of this work, we only take galaxies with Qual
1 (total mass estimates can be trusted) into account, which results

n 5952 galaxies with different morphologies, in order to balance the
ample size and the parameter reliability. In IMF-related analyses 
i.e. Sections 4 and 5 ), ho we ver, stricter criteria should be applied.
irst, we only take galaxies with Qual = 3 (the highest quality)

nto account, which have the most reliable estimate of JAM-based 
tellar mass-to-light ratio of galaxies, resulting in 1129 galaxies with 
ifferent morphologies. Secondly, we select the galaxies that satisfy: 

 lg ( M ∗/L ) JAM 

= 

∣∣∣lg ( M ∗/L ) cyl 
JAM 

− lg ( M ∗/L ) sph 
JAM 

∣∣∣ < 0 . 05 , (5) 

here ( M ∗/L ) cyl 
JAM 

and ( M ∗/L ) sph 
JAM 

are the stellar mass-to-light ratios
rom JAM with cylindrically (Cappellari 2008 ) and spherically 
ligned (Cappellari 2020 ) velocity dispersion ellipsoids, respectively, 
urther resulting in 909 galaxies (we name these galaxies as the
golden sample’) out of 1142 Qual = 3 galaxies. 

Measuring the IMF in external spiral galaxies is more challenging 
han in ETGs because the spectra of spirals are dominated by bright
tars in their young stellar population. This makes it difficult to
uantify the contribution of faint low-mass stars from their spectral 
eatures. Additionally, spiral galaxies contain large amounts of 
ust and multiple star formation events, which make the stellar 
opulation M ∗/ L more uncertain. As a result, both spectral features
nd dynamics/lensing methods are less reliable for measuring the 
MF in spiral galaxies. For these reasons, most previous studies 
n IMF variation focus only on ETG or passive galaxy for both the
pectral features method (e.g. van Dokkum & Conroy 2010 ; Spiniello 
t al. 2012 ) and the dynamical (e.g. Cappellari et al. 2012 ; Shetty
t al. 2020 ) or lensing (e.g. Auger et al. 2010 ; Treu et al. 2010 )
ethods. An exception is the work by Li et al. ( 2017 ), which tried

o correct for dust and gas in MaNGA spiral galaxies with some
mpirical relations. 

In this work, we also focus on ETGs in all our IMF-related
nalyses, except Section 4.2.2 , where we show the comparison of
MF −σ e relation under different sample selection criteria. To classify 
MNRAS 530, 4474–4492 (2024) 
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TG and late-type galaxy, we employ the morphology catalogue
rom Dom ́ınguez S ́anchez et al. ( 2022 ), which applied a deep-
earning method to obtain the classification of morphologies of the
ull sample of MaNGA. Dom ́ınguez S ́anchez et al. ( 2022 ) provided
ultiple classification criteria to select ETGs. Here, we simply take

he galaxies with T-Type ≤ 0 as ETGs, resulting in 235 out of 909
alaxies in the golden sample. We confirm that our results would keep
early unchanged when different morphology classification criteria
re applied. In the following sections, we name this sample as the
morphology-based sample’. 

 STELLAR  MASS-TO -LIGHT  RATIO  A N D  

A R K  MATTER  FRAC TION  

o study the IMF, one first needs to understand the variations of the
M fraction, which can give a similar effect as the IMF when the

otal and stellar mass distribution have similar profiles. We already
resented trends of the DM fraction f DM 

( < R e ) in Paper III as a
unction of stellar mass M ∗. We also showed in fig. 16 therein that
 DM 

( < R e ) best correlates with σ e rather than M ∗. Here, we study the
rends as a function of σ e directly. Moreo v er, in addition to using the
M fraction inferred with JAM, we also make use of an alternative

pproach, based on comparing stellar population and dynamics, to
trengthen our results. 

.1 Mass-to-light ratio versus velocity dispersion 

n the top sub-figure of Fig. 1 , we present the distributions of three
ifferent mass-to-light ratios as a function of σ e from left to right
or all the MaNGA galaxies with Qual � 1 (5952 galaxies 6 ). The
rst ratio is the total mass-to-light ratio ( M / L ) JAM 

inside a sphere of
adius R e , which includes both stellar and DM and is obtained from
AM with an MFL model (see Section 2.2.1 for details of JAM model
esign). The second ratio is the stellar mass-to-light ratio ( M ∗/ L ) JAM 

,
hich is obtained from JAM with an NFW model. The third ratio

s the average SPS-based stellar mass-to-light ratio ( M ∗/ L ) SPS within
he elliptical half-light isophote. 

The left panel of the top sub-figure of Fig. 1 is the same as the top
anel of Fig. 5 in Paper III, where a clear parabolic relation between
g ( M/L ) JAM 

and lg σe is seen. The total mass-to-light ratio first
lightly decreases with σ e until lg ( σe / km s −1 ) ∼ 1 . 89 (from the best-
tted correlation in Paper III), and then increases with σ e . The JAM-
ased stellar mass-to-light ratio, lg ( M ∗/L ) JAM 

, ho we ver, does not
how the same parabolic relation with lg σe as the total mass-to-light
atio lg ( M/L ) JAM 

, but shows roughly linear correlation with lg σe 

see the contours of its distribution and the figure for clipped sample
n the bottom sub-figure). At the low σ e end, ( M / L ) JAM 

is significantly
igher than ( M ∗/ L ) JAM 

, compared to larger velocity dispersions. This
ndicates that the DM in the inner region of galaxies (within about
 R e ) is more important for low σ e galaxies. With increasing σ e , the
ifference between total mass-to-light ratio and JAM-based stellar
ass-to-light ratio becomes smaller, until lg σe ∼ 2 . 25, indicating

he decrease of DM content in the inner region of the galaxies. 
Crucially, the same approximately linear trend of logarithmic

uantities (i.e. PL relation) is also seen for the SPS-based stellar
ass-to-light ratio in the right panel of Fig. 1 (top panel). The

onsistent lack of a parabolic trend in both the lg ( M ∗/L ) SPS − lg σe 
NRAS 530, 4474–4492 (2024) 

 There are 6065 galaxies with Qual � 1 according to Zhu et al. ( 2023 , table 
), among which 5952 have available SPS-based stellar mass-to-light ratio 
stimates. 

(  

t

7

nd lg ( M ∗/L ) JAM 

− lg σe relations, combined with a clear parabolic
rend in the lg ( M/L ) JAM 

− lg σe relation leaves no doubt about the
eality of the trend of increasing DM starting below lg σe � 2 . 1. 

It is also clear in the middle panel of Fig. 1 that there are a number
f galaxies which strongly deviate from the main trend. The tail of
alaxies with unrealistically low lg ( M ∗/L ) JAM 

� −0 . 2 must be the
bjects for which the DM is o v erestimated due to the de generac y in
he model parameters. The ones at the top with lg ( M ∗/L ) JAM 

� 1 . 1
re likely face-on models, for which the stellar mass-to-light ratios
end to be o v erestimated (Lablanche et al. 2012 ). The existence of this
lear lg ( M ∗/L ) JAM 

− lg σe relation allows us to detect problematic
odels and remo v e them from the analysis that follows. Thus, in the

ottom sub-figure of Fig. 1 , we show the same distribution as the
op sub-figure but for the sample for which we hav e e xcluded the
utliers out of 3 σ in order to show a cleaner trend. The clipping is
erformed on the lg σe − lg ( M ∗/L ) JAM 

relation using the NDIMAGE.
ERCENTILE FILTER routine of the SCIPY software (Virtanen et al.
020 ) and then the same clipped galaxies in the lg σe − lg ( M ∗/L ) JAM 

elation are also excluded from the other two relations. There are 349
ut of 5952 Qual � 1 galaxies clipped and we can see that the main
rends we see in the top sub-figure remain unchanged. 

In all panels, we also show the smoothed mean luminosity-
eighted age from Paper II. It was computed with the LOESS 2D

outine 7 of Cappellari et al. ( 2013b ), which implements the multi v ari-
te LOESS algorithm of Cleveland & Devlin ( 1988 ). It is interesting to
ee that both the JAM-based total mass-to-light ratio, ( M / L ) JAM 

, and
he JAM-based stellar mass-to-light ratio, ( M ∗/ L ) JAM 

do not show
orrelation with age at fixed σ e , while the SPS-based stellar mass-
o-light ratio shows strong age dependence at fixed σ e . The latter is
xpected as we already see similar distributions of age and SPS-based
tellar mass-to-light ratio on the mass–size plane (e.g. Li et al. 2018
nd Paper II), which implies the tight correlation between the two
arameters. Cappellari et al. ( 2013b , fig. 1) pointed out that the JAM-
ased mass-to-light ratio also varies along the direction of σ e on the
ass–size plane, similar to the stellar population properties (i.e. age

nd SPS-based stellar mass-to-light ratio), but it is only for ETGs. We
onfirm that late-type galaxies do not show tight correlation between
ge from SPS and mass-to-light ratio from JAM, causing the lack of
his correlation for the whole sample as shown in Fig. 1 . This may be
ecause that the high gas content of late-type galaxies contribute to
he JAM-based mass-to-light ratio, washing out its correlation with
ge. 

.2 Dark matter versus velocity dispersion 

aving qualitatively established the need for non-luminous matter
t low σ e , now we can try to quantify it. Thus, in Fig. 2 , we present
he correlation between DM fraction (either derived from JAM or
PS) and velocity dispersion. The JAM-based DM fraction f JAM 

DM 

is
alculated with the sphere with radius R e , while the SPS-based DM
raction is calculated with the following approximation (Cappellari
t al. 2013a , equation 22): 

 

SPS 
DM 

= 1 − ( M ∗/L ) SPS 

( M/L ) JAM 

. (6) 

t relies on the empirical fact that ( M / L ) JAM 

≈ ( M / L )( < R e ), where
 M / L ) JAM 

is measured from MFL models. In Paper I, we confirmed
hat, especially on low-quality data where it matters most, ( M / L ) JAM 
 We used v2.1 available from https:// pypi.org/ project/ loess/ . 

https://pypi.org/project/loess/


DM and IMF in MaNGA 4479 

Figure 1. Top panel: the correlation between mass-to-light ratio and velocity dispersion of galaxies. Here, we included both spirals and ETGs models with 
Qual > 0. From left to right, we show the trend of (1) total (including stars and DM) mass-to-light ratio obtained with an MFL JAM model (see Section 2.2.1 
for details of the models); (2) the stellar mass-to-light ratio obtained with an NFW JAM model; (3) the stellar mass-to-light ratio within the elliptical half-light 
isophote obtained with SPS. In each panel, the colours indicate the global luminosity-weighted age within the elliptical half-light isophote (see Section 2.3 for 
details). The black-dashed curve indicates the best-fitted parabolic relation between dynamical mass-to-light ratio and lg σe from Paper III. The solid black line 
indicates the best-fitted linear correlation between the stellar mass-to-light ratio and the velocity dispersion. The grey-shaded regions indicate the range from 16 
to 84 percentiles ( ±1 σ ). The green-dashed curves in the middle panel indicate the 3 σ region, out of which the galaxies are clipped. A kernel density estimation 
of the galaxy number density is indicated by the grey contours. Bottom panel: the same as the top sub-figure but the samples shown are clipped based on the 
lg ( M ∗/L ) JAM 

− lg σe relation to exclude the outliers out of the 3 σ region using the NDIMAGE. PERCENTILE FILTER routine of the SCIPY software. 
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rovides a more accurate estimate of ( M / L )( < R e ) than the value
ntegrated from JAM models with DM. 

As can be seen, the JAM-based DM fraction decreases with σ e 

rom ∼0.4 (median value) at lg σe ∼ 1 . 8 to f DM 

< 0.1 at lg σe ∼ 2 . 2
nd keep nearly constant afterwards, consistent with what we see in 
ig. 1 . This trend is also seen for the nearly independent SPS-based
M fraction, where SPS-based DM fraction is also higher at low σ e .

t reaches the lowest DM fraction at lg σe ∼ 2 . 2 and then increases
ith increasing σ e . We note that in this work, a fixed Salpeter IMF

s assumed when obtaining the SPS-based stellar mass-to-light ratio. 
t o v erestimates ( M ∗/ L ) SPS at the low σ e (thus underestimate the DM
raction) and underestimates ( M ∗/ L ) SPS at the high σ e (thus o v eresti-
ate the DM fraction) as the IMF varies with σ e (e.g. van Dokkum &
onroy 2010 ; Cappellari et al. 2012 and Section 4 of this work). It
lso causes the ne gativ e SPS-based DM fractions at intermediate σ e .
lthough there is stellar-DM de generac y in dynamical modelling 

see Li et al. 2016 for a quantitativ e inv estigation of the de generac y
n JAM with cosmological simulation), combining the trends of DM 

raction and σ e from JAM and SPS, we are still able to confirm the
ecreasing trend of DM fraction from low to high σ e on a statistical
asis. Again, we see that f JAM 

DM 

does not show correlation with galaxy
ge, while f SPS 

DM 

still shows age dependence even at fixed σ e , which
ay be due to the gas contribution in the JAM-based mass-to-light

atio (and hence, the DM fraction). 
Fig. 2 constitutes the most robust evidence so far for an increase of

he DM fraction within R e for decreasing velocity dispersion below 

g σe � 2 . 1. Given that there is no evidence for the IMF to increase
t low σ e , the increase of f SPS 

DM 

provides a strong confirmation of
he same trend in f JAM 

DM 

. The fact that f SPS 
DM 

< f JAM 

DM 

must be due
o the assumed Salpeter IMF which o v erestimates the stellar mass
nd consequently underestimates f SPS 

DM 

at low σ e . We confirm that 
he f SPS 

DM 

-related results remain unchanged when ( M / L ) JAM 

used in
quation ( 6 ) is replaced by the total mass-to-light ratio from JAM
odels with dark haloes (i.e. the NFW and gNFW models). Here,
MNRAS 530, 4474–4492 (2024) 
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M

Figure 2. The correlation between DM fraction ( f DM 

) and velocity dispersion of galaxies (the clipped sample from Fig. 1 ). The f DM 

in the left panel is from 

JAM with an NFW model (estimated within a sphere with radius being R e ; see Section 2.2.1 for details of JAM models). The f DM 

in the right panel is simply 
calculates as f DM 

= 1 − ( M ∗/ L ) SPS /( M / L ) JAM 

(following Cappellari et al. 2013a , equation 22). In each panel, the colours indicate the global luminosity-weighted 
age of the galaxies (i.e. the average age within the elliptical half-light isophote; see Section 2.3 for details). The black squares and the black solid curve indicate 
the median trend of f DM 

− lg σe relation, with the grey-shaded region indicating the 1 σ region. A kernel density estimation of the galaxy number density is 
indicated by the grey contours. The green line indicates f DM 

= 0, below which the DM fraction is not applicable to JAM-based results. For the JAM-based DM 

fraction, we fit a double PL relation to the f DM 

− lg σe correlation (the magenta-dashed curve) and the result is shown in the left panel. 

Table 1. The best-fitted parameters of equation ( 7 ) and their measurement 
uncertainties derived using the bootstrap method. 

f DM, b σ b α β γ

0 . 086 + 0 . 019 
−0 . 012 131 . 38 + 7 . 57 

−9 . 46 12 . 47 + 6 . 49 
−4 . 02 0 . 07 + 0 . 15 

−0 . 06 −1 . 00 + 0 . 13 
−0 . 24 
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e fit a double PL relation to the JAM-based f DM 

− lg σe relation
ith the formula being: 

 DM 

( σe ) = f DM , b + lg 

⎧ ⎨ 

⎩ 

(
σe 

σb 

)γ [1 

2 
+ 

1 

2 

(
σe 

σb 

)α] β−γ
α

⎫ ⎬ 

⎭ 

, (7) 

here σ b is the break value of σ e ; f DM, b is the DM fraction at the break
b ; α is the sharpness; β is the slope at large σ e ; and γ is the slope at

mall σ e . We list the best-fitted values of the parameters in Table 1 ,
ogether with their measurement uncertainties. The measurement
ncertainties are derived using the bootstrap method, following the
teps below: 

(i) Randomly select half of the samples from the original data set
used in Fig. 2 ). 

(ii) Calculate the median profile for the sub-sample and fit the
ame double PL relation as equation ( 7 ). 

(iii) Repeat the abo v e steps 500 times and calculate the 16th and
4th percentiles of the 500 best-fitted parameter sets. 

.3 Comparison with previous studies 

any previous studies have been made to investigate the DM content
n different galaxies. For example, Toloba et al. ( 2014 ), using crude
irial estimates of the galaxy masses, found that the DM fraction
f dwarf early-type (dE) galaxies in the Virgo cluster is lower than
he DM fraction of ETGs in Cappellari et al. ( 2013a ). Tortora, La
arbera & Napolitano ( 2016 ) used spherical isotropic Jeans models
nd confirmed the results of Toloba et al. ( 2014 ) and further pointed
NRAS 530, 4474–4492 (2024) 
ut a decreasing trend of DM fraction with increasing velocity
ispersion (see fig. 3 therein). Eftekhari et al. ( 2022 ) used the virial
stimator and found that low-mass dwarf galaxies tend to have
igher dynamical-to-stellar mass ratio (or equi v alently, higher DM
raction) than high-mass dwarf galaxies with a larger sample. All
hese studies confirms the fact that DM becomes more important
n low-mass galaxies. Eftekhari et al. ( 2022 ) interpreted it as the
onsequence of the stronger supernovae energy feedback and UV
hotoionization in lower mass haloes (see also Babul & Rees 1992 ;
artin 1999 ; Dekel & Woo 2003 ) which lowers the star formation

f ficiency therein. Ho we ver, these studies are all based on the
rude virial mass estimates. With accurate dynamical modelling,
appellari et al. ( 2013a ) also found that DM fraction increases with
ecreasing stellar mass for low-mass early-type ATLAS 

3D galaxies
see fig. 10 therein). Santucci et al. ( 2022 ) studied the DM content
f SAMI galaxies (Bryant et al. 2015 ) with the Schwarzschild
rbit-superposition models (Schwarzschild 1979 ) and also found
he similar result (see fig. 7 therein). Ho we ver, both studies focus
nly on the massive galaxies ( M ∗ � 6 × 10 9 M � for Cappellari et al.
013a and lg ( M ∗/ M �) > 9 . 5 for Santucci et al. 2022 ). Moreo v er,
ll previous studies studied DM correlations with M ∗. But we found
n Paper III that DM correlates better with stellar velocity dispersion
han with stellar mass and for this reason we study correlations with

e here. It is the first time that the DM fraction variation is studied
ithin such a wide velocity dispersion range (1 . 6 � lg σe � 2 . 6) with

ccurate dynamical modelling in such a large sample. 

 I MF  VA R I AT I O N  

.1 IMF from the M / L −σ relations 

ig. 2 already demonstrates, in qualitative manner and for a much
arger sample, the main IMF trends that we will discuss more in detail
ater for our smaller golden sample: (i) the fact that for lg σe � 2 . 3,
he median f SPS 

DM 

becomes ne gativ e, indicates that the IMF must be
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Figure 3. The comparison between the SPS-based stellar mass-to-light ratio and the JAM-based stellar mass-to-light ratio for the high-quality ETG sample. 
The results from JAM with the MFL model (for this model, we take its total mass-to-light ratio instead of the stellar one, as we do not separate stars and DM 

in this model), the NFW model, and the gNFW model are shown from left to right. In each panel, the colours indicate the velocity dispersion of the galaxies. 
The black-dotted line indicates the Chabrier IMF ( y = x + 0.25) and the black-dashed line indicates the Salpeter IMF (adopted the SPS fitting; y = x ). A kernel 
density estimation of the galaxy number density is indicated by the grey contours. 
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ighter than the adopted Salpeter IMF at those lower σ e , consistently 
ith previous studies; (ii) the average f JAM 

DM 

measured by JAM, which 
s independent of the stellar population, is nearly constant around 
 

JAM 

DM 

≈ 10 per cent abo v e lg σe � 2 . 1, while the f SPS 
DM 

, assuming
 Salpeter IMF, increases with σ e . Given that DM cannot explain 
he trend in f SPS 

DM 

, this suggests that the IMF becomes heavier with
e . The variation 	f SPS 

DM 

≈ 0 . 2 from the minimum is similar to the
xpected M ∗/ L variation between a Salpeter and Chabrier IMF. 

In Fig. 3 , we present a direct comparison between the JAM-based
nd the SPS-based stellar mass-to-light ratios for the morphology- 
ased sample (235 high-quality ETGs; see Section 2.4 for details of
ample selection) for different JAM models (i.e. the MFL model, 8 the 
FW model, and the gNFW model). As shown in the figure, for all the

AM models, galaxies with low stellar mass-to-light ratio typically 
ave higher ( M ∗/ L ) SPS than ( M ∗/ L ) JAM 

, consistent with Cappellari
t al. ( 2012 ). Moreo v er, a similar trend is also seen for σ e , where
e see galaxies with low σ e have higher ( M ∗/ L ) SPS than ( M ∗/ L ) JAM 

i.e. the assumed Salpeter IMF is heavier than reality). Regardless 
f its interpretation, the trend between the stellar population and 
ynamical stellar mass-to-light ratio is a robust and very general 
mpirical result: Fig. 3 can be compared directly with Cappellari 
t al. ( 2013b , fig. 11) for the ATLAS 

3D sample in the local Universe
nd with Cappellari ( 2023 , fig. 9) at redshift z ≈ 0.8. 

.2 IMF versus velocity dispersion 

n this section, we present the IMF variation as a function of velocity
ispersion of galaxies. To quantify the IMF and its variation, we 
ollow the practice of Treu et al. ( 2010 ), and define the stellar mass
xcess factor (also known as IMF mismatch parameter) as 

IMF ≡ ( M ∗/L ) JAM 

( M ∗/L ) SPS 
, (8) 

here ( M ∗/ L ) JAM 

and ( M ∗/ L ) SPS are the stellar mass-to-light ratio
stimated with JAM and SPS, respectively (see Sections 2.2 and 
 For the MFL model, we take its total mass-to-light ratio instead of stellar 
ass-to-light ratio, as we do not separate stars and DM in this model. 

T

9

1

.3 for details). Before making the comparison between the two 
tellar mass-to-light ratios, the JAM-based stellar mass-to-light ratio 
s corrected for the dust attenuation effect (both the dust influence
rom the MW and the galaxy itself; see Section 2.3 for more details)
n order to be comparable with the SPS-based stellar mass-to-light 
atio. The SPS-based stellar mass-to-light ratio employed here is 
tted with a Salpeter ( 1955 ) IMF. Thus, αIMF = 1 (or equi v alently,

g αIMF = 0) indicates that JAM gives the same stellar mass estimate
s SPS with a Salpeter ( 1955 ) IMF. 9 

.2.1 Comparison between JAM models 

n Fig. 4 , we present the correlation between the stellar mass excess
actor αIMF and velocity dispersion σ e for three different JAM 

odels (MFL, NFW, and gNFW; see sections 2.2.1 and 3.3 of
aper I for more details of the mass models). The galaxies used here
re strictly selected ETGs, which have reliable JAM-based stellar 
ass-to-light ratio estimate (i.e. the morphology-based sample; see 
ection 2.4 for details of sample selection). All linear fittings in

his paper are performed with the LTSFIT package 10 described in 
appellari et al. ( 2013a ). This tool combines the least Trimmed
quares robust technique of Rousseeuw & Driessen ( 2006 ) into a

east-squares fitting algorithm which can account for errors in all 
ariables, intrinsic scatter, and automatic outlier detection. As can be 
een, a clear positive correlation between αIMF and σ e is seen for all
he three JAM models, confirming that galaxies with low σ e tend to
ave Chabrier ( 2003 ) IMF (or even lighter), while high σ e galaxies
end to have Salpeter ( 1955 ) IMF (or even heavier), consistent with
revious studies (e.g. Cappellari et al. 2012 , 2013b ; Li et al. 2017 ;
hetty et al. 2020 ) with the same method. 
αIMF from MFL model is systematically higher than those from 

FW and gNFW models, as we did not separate stars and DM in
FL model (i.e. the ‘stellar’ mass-to-light ratio from MFL model 

s actually equi v alent to the ‘total’ mass-to-light ratio of galaxies).
he JAM-based mass-to-light ratio from MFL sets the upper limit 
MNRAS 530, 4474–4492 (2024) 

 We will discuss more about this point in Section 6.1 . 
0 Available from https:// pypi.org/ project/ ltsfit/ . 

https://pypi.org/project/ltsfit/
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Figure 4. The correlation between αIMF ( ≡ ( M ∗/ L ) JAM 

/( M ∗/ L ) SPS ) and σ e of selected high-quality ETGs for MFL, NFW, and gNFW models from left to right. 
In each panel, the blue dots are the galaxies used to fit the linear correlation and the green diamonds are the outliers excluded from the fit by the LTSFIT procedure 
(Cappellari et al. 2013a ). The black solid line is the best-fitted lg σe − lg αIMF obtained using the PPXF (Cappellari et al. 2013a ) software. The red-dashed lines 
and dotted lines indicate the 1 σ error (68 per cent) and 2.6 σ error (99 per cent), respectively. The green solid line is the best-fitted correlation between αIMF and 
σ e from references with the same JAM mass model in each panel. The black-dashed line and the black-dotted line indicate the Salpeter ( 1955 ) and the Chabrier 
( 2003 ) IMF. From left to right, the references are Shetty et al. ( 2020 ), Cappellari et al. ( 2013b ), and Li et al. ( 2017 ). The best-fitted coefficients of the linear 
correlation y = a + b ( x − x 0 ) (where y is lg αIMF and x is lg σe ), the root-mean-square scatter 	 , and the Pearson correlation coefficient R are listed in each 
panel. 
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f stellar mass-to-light ratios from other JAM models. MFL model
hows the flattest IMF −σ e relation among the three investigated
odels. This is consistent with Fig. 1 , where we see that at low σ e 

nd the mass-to-light ratio from MFL model (i.e. the total mass-to-
ight ratio) is obviously higher than those from NFW model (i.e. DM
s more important at low σ e ; see also Fig. 2 ), while at high σ e end
he difference between MFL and NFW becomes smaller. This makes
he stellar mass excess factors for MFL model is higher than that
rom stellar-DM decomposed models (i.e. NFW and gNFW model)
t low σ e , while is similar at high σ e , making the σ e − αIMF trend
or MFL model to be flatter. Interestingly, the IMF −σ e relation
nder MFL model is slightly tighter than that under NFW/gNFW
odel, with the scatter being 0.087 dex (relative to 0.094 and 0.097

ex for NFW and gNFW models, respectively). This may be due
o the stellar-DM de generac y in dynamical modelling where the
ynamical models al w ays give only the total density, regardless of the
odelling technique. The dark/luminous separation al w ays depends

n assumptions: the closer one assumes the shape of the stellar
ensity traces the DM density, the strongest the de generac y. This
esults in the more accurate estimate of total mass-to-light ratio (i.e.
he mass-to-light ratio derived with an MFL model) than the stellar
nes. The scatter discrepancy is also seen in Shetty et al. ( 2020 ,
g. 7), where the scatter of IMF −σ e relation under self-consistent
odel (equi v alent to the MFL model in this work) is also smaller

han that under the model with an assumed dark halo. The observed
catter is comparable but slightly smaller than that 	 = 0.11 dex
n the ATLAS 

3D models (Cappellari et al. 2013b ). This may be due
o the more uncertain relative distances for low-redshift galaxies
r the more limited wavelength range of the ATLAS 

3D reducing
he accuracy of the population M ∗/ L . The scatter is instead slightly
arger than the one 	 = 0.071 for the Coma cluster study by Shetty
t al. ( 2020 ), where relative distances are all accurately known and
av elength co v erage is similar. 
In each panel, we also plot the best-fitted results of previous studies

ith the same JAM mass model for comparison. In general, our
esults agree well with the results in previous studies within 1 σ level
NRAS 530, 4474–4492 (2024) 

g  
nd only show minor differences: αIMF of Shetty et al. ( 2020 ) with
FL model is ∼ 0 . 07 dex higher than our result with similar slope.

he results from Cappellari et al. ( 2013b ) (NFW model) and Li et al.
 2017 ) (gNFW model) show slightly flatter and steeper correlation
etween αIMF and σ e , respectively, compared to our results. This
onfirms the robustness of our estimate of the stellar mass excess
actor and again confirms the trend between stellar population and
ynamical stellar mass estimates as a function of stellar velocity
ispersion. This has been interpreted as due to the IMF variation
mong different galaxies. 

.2.2 Comparison between sample selection criteria 

n this section, we study the impact of sample selection criteria on the
MF −σ e relation. In the previous section, we select the ETGs for the
MF investigation due to the strong influence of dust and gas on stellar
ass-to-light ratio in late-type galaxies (i.e. the morphology-based

ample; see Section 2.4 for details). Actually, some other criteria can
lso be applied to reduce the ne gativ e influence of dust and gas in
alaxies on the estimate of IMF, for example, selecting by age and
ust attenuation factor. Thus, we further select two sub-samples from
he golden sample (i.e. 909 galaxies with the most reliable estimates
f JAM-based stellar mass-to-light ratio; see Section 2.4 for details):

(i) Dust-based sample: galaxies in this group are defined to be
hose with A V < 0.2 (where A V is the dust attenuation factor at λ =
500 Å, i.e. V band), making up 340 galaxies among 909 galaxies in
he golden sample. 

(ii) Age-based sample: galaxies in this group are defined as the
alaxies with lg Age > 9 . 7 in the golden sample, resulting in 394
alaxies out of 909 galaxies. 

Besides, a constant stellar mass-to-light ratio is typically used in
AM, which, ho we ver, is not true under some circumstances (e.g.
e et al. 2021 ). Paper II pointed out that galaxies in green valley

xhibit strongly decreasing stellar mass-to-light ratio profiles from
alaxy centre to the outskirts using stellar population synthesis. Paper
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Figure 5. The correlation between αIMF and σ e of the dust-based sample (left panel), the age-based sample (middle panel), and the γM ∗/L -based sample (see 
Section 4.2.2 for definitions of the samples). In each panel, the green solid line is the best-fitted result of the high-quality ETG sample (with an NFW model). 
The other symbols are the same as Fig. 4 . The best-fitted coefficients of the linear correlation y = a + b ( x − x 0 ) (where y is lg αIMF and x is lg σe ), the 
root-mean-square scatter 	 , and the Pearson correlation coefficient R are listed in each panel. 
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II also pointed out that the assumption of constant stellar mass-
o-light ratio in JAM influences on the estimate of DM fraction 
see section 3.4.1 therein). Thus here, we investigate the possible 
nfluence of the constant- M ∗/ L assumption in JAM by selecting a
ub-sample of galaxies with flat stellar mass-to-light ratio profiles on 
he morphology-based sample selected before: 

(i) γM ∗/L -based sample: galaxies in this group are the ones with 
 γM ∗/L | < 0 . 1, making up 133 galaxies among 235 high-quality
TGs in the morphology-based sample. 

In Fig. 5 , we present the lg αIMF − lg σe relation for different 
amples described abo v e. The JAM-based stellar mass-to-light ratio 
sed here is under the NFW model (see Section 2.2 for details). As
an be seen, the dust-based sample and age-based sample still show 

ositive correlation between αIMF and σ e , while the relations seem to 
e not as tight as the relation for the morphology-based sample 
i.e. larger scatters and smaller Pearson correlation coefficient). 
he slopes of lg αIMF − lg σe relations with dust-based sample and 
ge-based sample are both slightly smaller (i.e. flatter) than the 
orphology-based sample. Interestingly, the γM ∗/L -based sample 

hows nearly the same lg αIMF − lg σe relation as its parent sample 
i.e. the morphology-based sample), with only the tightness slightly 
ncreasing. This is consistent with Li et al. ( 2017 ), which also found
hat the positive lg αIMF − lg σe relation still exists when considering 
he stellar mass-to-light ratio gradient. 

.3 JAM models with general M ∗/ L gradients 

e note that the stellar mass-to-light ratio gradients may be due to
ither the aging process and metallicity difference within individual 
alaxies (e.g. Li et al. 2018 ; Ge et al. 2021 ; see also our Paper II) or
he radial gradient of initial mass function (e.g. van Dokkum et al.
017 ; Parikh et al. 2018 ; La Barbera et al. 2019 ), the latter of which
ay have even stronger impact on the estimate of IMF with the

ynamical modelling-based method (e.g. Bernardi et al. 2018 , 2019, 
023 ; Dom ́ınguez S ́anchez et al. 2019 ; Marsden et al. 2022, 2024 ).
hus, in this section, we present more discussion of the effect of
onstant–M ∗/ L assumption in JAM. 

It has been argued that the presence of IMF gradients may bias the
esults of dynamical models that assume a constant IMF, and these 
radients may artificially increase the observed IMF variations within 
 R e in galaxies (e.g. Bernardi et al. 2018 ; Dom ́ınguez S ́anchez et al.
019 ). The bias due to IMF gradients was suggested as a possible
xplanation for the disagreement between global IMF within 1 R e 

nferred from dynamics and population respectively (see review by 
mith 2020 ). After the submission of our paper, similar claims were
lso made by Mehrgan et al. ( 2024 ). 

To address these concerns, here we study the correlation between 
IMF and σ e while relaxing the constant stellar mass-to-light ratio 
ssumption in the JAM models. For this, we build another JAM
odel in addition to the existing four mass models (i.e. MFL, NFW,

NFW, and fixed NFW models) in Paper I. The new model does not
istinguish the stellar and DM components, but only parametrizes 
he total density. It is identical to Model (e) of Mitzkus, Cappellari &

alcher ( 2017 ) and Model I of Poci, Cappellari & McDermid ( 2017 )
nd is characterized by a total density parametrized by a spherical
eneralized NFW profile (Wyithe et al. 2001 ): 

tot ( r) = ρs 

(
r 

r s 

)γPL 
(

1 

2 
+ 

1 

2 

r 

r s 

)−γPL −3 

. (9) 

ame as Paper I, the break radius r s here is set to be 5 × r max, bin <

 s < 250 kpc, where r max, bin is the largest radius of the galaxy where
an be observed, to a v oid unrealistic small/large r s (see section 3.3.2
f Paper I for more details). With such a large break radius, the
otal density profile is nearly a PL within the region covered by
he kinematics (1.5 −2.5 R e for MaNGA). Thus, we call the new
odel PL model hereafter. The stellar luminous tracer population is 

till described by the MGE parametrization of the observed surface 
rightness in the DynPop catalogue Paper I. 
The PL model does not provide the stellar and dark mass separately

ut only returns the total density profile. Having the total mass profile
nd the luminosity profile, we are able to derive the total mass-to-light 
atio profile and the average mass-to-light ratio within R e . The PL
odel is analogous to the MFL model, for the fact that it also does not

ifferentiate between luminous and DM. Ho we ver, unlike the MFL
odel, the PL one is totally independent of any assumptions on the

ariation of the stellar mass-to-light ratios. The boundary of total 
ensity slope ( γ PL ) is set to range from –4 to 0, allowing for steeper
otal density slopes than the stellar ones (unlike our previous models).
hus, it is ideal to test for the effect of possible M / L gradients on the
MNRAS 530, 4474–4492 (2024) 
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Figure 6. Left panel: the comparison between the total mass-to-light ratios from the PL model and the MFL model (see Section 2.2.1 for details). The blue dots 
are the galaxies with Qual = 3, and the red points denote the morphology-based sample, which is the default sample for IMF study in this work (see Section 2.4 
for details). The black-dashed line indicates the y = x relation. Right panel: trend of 	 lg M /L ( ≡ lg ( M /L ) JAM , MFL − lg ( M /L ) JAM , PL ) as a function of velocity 
dispersion, σ e . The black-dashed line indicates 	 lg M/L = 0, and the green curve is the median trend for the Qual = 3 sample, with error bars indicating the 
range from 16th to 84th percentiles ( ±1 σ ). These plots show that the total M / L is the same for the MFL models and for model that allows for density general 
gradients (i.e. the PL model; see Section 4.3 for more details). 
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Figure 7. Correlation between lg αIMF (based on PL model) and lg σe . The 
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other symbols are the same as Fig. 4 . The best-fitted coefficients of the linear 
correlation y = a + b ( x − x 0 ) (where y is lg αIMF and x is lg σe ), the root- 
mean-square scatter 	 , and the Pearson correlation coefficient R are listed. 

l  

t  

I  

i  

t
 

s  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/4/4474/7657814 by EM
BL user on 21 M

ay 2024
eco v ered total M / L and the corresponding inferred trends of IMF
mong galaxies. The catalogue based on the PL model (including
he total density slopes and the mass-to-light ratios) has been added
o the JAM catalogue of Paper I. Readers can obtain the PL model
atalogue through the journal website or access the full catalogue,
onsisting of five different JAM models, from the MaNGA DynPop
ebsite ( https://manga-dynpop.github.io ). 
In Fig. 6 , we show the comparison between the total mass-

o-light ratios from the PL model, ( M / L ) JAM, PL (which makes no
ssumption on the mass-to-light ratio gradients) and those from the
FL model, ( M / L ) JAM, MFL , (the mass-follows-light model, which

ssumes a constant mass-to-light ratio; see Paper I for more details),
oth of which are calculated within R e . For the PL models, we
omputed the ( M / L ) JAM, PL by analytically integrating, within a
phere of radius R e , the MGEs of the best-fitting JAM models,
sing the mge radial mass procedure of the JAMPY package.
s can be seen, the total mass-to-light ratios from the two models

gree remarkably well with each other, without detectable bias
nd with a rms scatter of only 0.04 dex. In the right panel of
ig. 6 , we show the correlation between the logarithmic difference
 lg ( M/L ) ≡ lg ( M/L ) JAM , MFL − lg ( M/L ) JAM , PL of the two total
ass-to-light ratios and the velocity dispersion, σ e . As shown in

he figure, 	 lg ( M/L ) shows no obvious correlation with σ e . These
esults confirm that the constant mass-to-light ratio assumption used
n JAM will not influence the estimate of the average mass-to-light
atio, at least within R e , within which we study the IMF variation
mong galaxies. This indicates that M / L gradients cannot be the
eason for the observed trends in αIMF 

In Fig. 7 , we showiig the correlation between αIMF based on PL
odel and σ e , and make comparisons with the MFL model. Again,
e can see that the αIMF −σ e relation from PL model, which makes
o assumption on mass-to-light ratios, agrees remarkably well with
he result from MFL model, which assumes a constant mass-to-light
atio. This again confirms the robustness of the estimate of mass-to-
NRAS 530, 4474–4492 (2024) 
ight ratio within R e under the constant M / L assumption. Note that
he αIMF trends inferred with MFL or PL models only reflect the true
MF if DM is negligible. But we showed in this paper that this is
ndeed the case for the studied galaxies and that the αIMF trends are
he same when considering the NFW or gNFW models (Fig. 4 ). 

Our result contrasts with previous claims that M ∗/ L gradients
trongly affect the inferred total M / L and may consequently spu-
iously drive the inferred IMF variations among galaxies (Bernardi

https://manga-dynpop.github.io
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Figure 8. The comparison between the total density slope from PL model 
( γ tot, PL ) and the stellar density slope ( γ ∗; same as the luminosity density 
slope, as the stellar mass-to-light ratio is assumed to be constant) within R e 

for galaxies with Qual � 3 and A V ≤ 0.1 (see Section 2.3 for definition of A V ). 
The slopes are defined in equation ( 10 ). The colours of the points indicate 
A V . The red-dashed line indicates γ tot, PL = γ ∗. This plot indicates that the 
average total M / L decreases towards the centre within the studied region. 

e  

d
H  

e
g  

f
 

B  

p  

e  

t
s  

M  

s  

e  

i  

f
s  

w
 

g  

P
l  

γ

γ

w  

P
d

 

Q  

t
d  

w  

i  

o  

d  

s
w

h  

w  

(  

r  

o  

d  

a  

c  

w
 

w  

o

4

I  

f
w  

w  

p
a
m  

s
S

 

l  

c
w  

t  

M
(
α

g
o
m
s

 

u
a  

t  

v  

e  

a  

v  

d
f
t
r
w
f  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/4/4474/7657814 by EM
BL user on 21 M

ay 2024
t al. 2018 ; Dom ́ınguez S ́anchez et al. 2019 ). The reason for this
isagreement is unclear and would require further investigation. 
o we ver, both pre vious papers use an approximate approach to

stimate the influence of IMF gradients, while here we model the 
alaxy dynamics in detail for every galaxy. This may be the reason
or the differences. 

More recently, Mehrgan et al. ( 2024 ) raised a similar concern as
ernardi et al. ( 2018 ) and Dom ́ınguez S ́anchez et al. ( 2019 ), and
ointed out that the constant-( M ∗/ L ) assumption will increase the
stimate of stellar mass by up to a factor of 1.5. They found that
he model allowing for mass-to-light ratio gradient predicts lower 
tellar mass excess factor compared to the model with constant stellar
 / L (see their figs 8 and 9). Ho we ver, their study only considered

ev en galaxies. In addition, the y calculated the inte grated stellar mass
xcess factor α as the light-weighted α( r ) across different radii, which
s also different from the definition in our work (see equation 8 ). They
ound that the IMF inferred from their dynamical models becomes 
ignificantly heavier, and the total M / L increases towards the centre,
ithin a region of radius R � 1 kpc. 
To assess for the presence of gradients in the total M / L in our

alaxies, in Fig. 8 , we compare the total density slopes from the
L model γ tot, PL against the stellar density slopes (same as the 

uminosity density slope when stellar M / L is assumed to be constant)
∗. The (total/stellar) density slopes are defined as 

= 

1 

lg ( R e /R in ) 

∫ R e 

R in 

d lg ρ

d lg r 
d lg r = 

lg ρ( R e ) − lg ρ( R in ) 

lg R e − lg R in 
, (10) 

here R in is the maximum between 0.1 R e and the FWHM of MaNGA
SF; γ and ρ represent the total or stellar density slopes and radial 
ensities, respectively. 
Here, we select a subsample with the best dynamical models (i.e.
ual ≥ 3) and negligible dust extinction A V ≤ 0.1. We find that

he total density slope is systematically smaller than the luminosity 
ensity. In other words, the total M / L decreases towards the centre
ithin 1 R e . This decrease in M / L can be explained in two ways: (i)

f DM is negligible, the decrease of the total M / L implies a decrease
f the stellar M ∗/ L , or (ii) if DM dominates, the gradient would be
ue to an increase of DM with increasing radius. Given that several
tudies, including this paper, indicate that DM is likely negligible 
ithin 1 R e in ETGs, option (i) seems fa v oured. 
This may seem in contrast with results indicating IMF becoming 

eavier in galaxy centres. Ho we ver, if the IMF becomes heavier only
ithin a very small radius R � 1 kpc as suggested by Mehrgan et al.

 2024 ), the effect would be undetectable by MaNGA, given that the
ele v ant radius is generally contained within the FWHM of the PSF
f the observations. Moreo v er, our PL approximation for the total
ensity is likely to break down at such small scales, and not provide
 good approximation for the total density profile. In other words, we
annot confirm or dispro v e the possible presence of a heavier IMF
ithin R � 1 kpc. 
To summarize, we find that the global trends with σ in αIMF that

e infer from our models in Section 4.2 remain the same regardless
f whether we allow for gradients in the total M / L (or IMF) or not. 

.4 IMF versus stellar population properties 

n previous sections, we already see that the stellar mass excess
actor, which constrains the IMF shape, shows positive correlation 
ith velocity dispersion of galaxies. Ho we ver, we still do not know
hether σ e is the main driver of IMF variation. In this section, we
resent the correlation between the stellar mass excess factor, αIMF 

nd stellar population properties (including luminosity-weighted age, 
etallicity, and SPS-based stellar M / L ; obtained from Paper II;

ee Section 2.3 for details) on the morphology-based sample (see 
ection 2.4 for selection details). 
In Fig. 9 , we present the correlation between αIMF and age, metal-

icity, and SPS-based stellar mass-to-light ratio from left to right. As
an be seen, αIMF show positive correlation with lg Age , consistent 
ith McDermid et al. ( 2014 ), with the slope slightly larger (steeper)

han that of McDermid et al. ( 2014 ). Metallicity, again similar to
cDermid et al. ( 2014 ), does not show obvious correlation with αIMF 

low Pearson correlation coefficient). A positive correlation between 
IMF and SPS-based stellar mass-to-light ratio is also seen for the 
alaxies. Compared to these correlations, the IMF −σ e relation is 
bviously stronger and tighter, indicating that σ e is more likely the 
ain driving factor of IMF variation among galaxies, compared to 

tellar population properties. 
We note, ho we ver, this is inconsistent with the studies which made

se of the gravity-sensitive absorption lines, for example, Na I doublet 
nd FeH (also known as the Wing-Ford band) or the full spectrum fit-
ing to study the IMF shape as a function of metallicity (e.g. Conroy &
an Dokkum 2012 ; Mart ́ın-Navarro et al. 2015b ; Zhou et al. 2019 ; Gu
t al. 2022 ). They found an obvious correlation between IMF shape
nd metallicity, which may be even more responsible for the IMF
ariation than σ e (e.g. Zhou et al. 2019 ). Smith ( 2014 ) studied this
iscrepancy between different methods with the stellar mass excess 
actors derived from dynamical modelling and spectrum analyses on 
he same sample. They found that although the stellar mass-to-light 
atios derived in different methods both show positive correlation 
ith velocity dispersion, there is no correlation between αIMF inferred 

rom the two approaches on a g alaxy-by-g alaxy basis. The y e xplained
his as that one (or both) of the methods has not accounted fully for
MNRAS 530, 4474–4492 (2024) 



4486 S. Lu et al. 

M

Figure 9. The correlation between αIMF and stellar population properties (age, metallicity, and stellar mass-to-light ratio from left to right) for the high-quality 
ETG sample (under the NFW mass model). In the left and middle panels, the green solid lines are the results from McDermid et al. ( 2014 ). The Pearson 
correlation coefficient is listed in each panel. 
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11 The velocities are obtained from the files under manga-[PLATE]- 
[IFUDESIGN]-MAPS-SPX-MILESHC-MASTARSSP.fits . We note 
that the velocity estimates of the pixel at the outskirts of the galaxies would 
be inaccurate without being binned to higher S/N ratio. Here, we only stack 
the spectra within 1 R e and as a result, this effect would not largely change 
our results. 
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he main confounding factors and there is additional variation in the
etailed shape of the IMF which cannot currently be inferred from the
pectroscopic features. This remains a major crucial and worrying
nconsistency between the different approaches. We will discuss it
ater in Section 6.2 . 

 IMF-SENSITIVE  SPECTRAL  FEATURES  

mith ( 2020 ) suggested that one possibility to explain the inconsis-
ent stellar mass excess factors derived with dynamical modelling
nd spectrum analysis is the aperture difference in which the stellar
ass excess factors are measured, combined with radial gradients in

he IMF: The dynamical modelling-based one is an average value
ithin a sphere of approximately 1 R e , while the spectrum-based
ne is measured within R e /8. Thus, in this section, we combine
he dynamical properties from Paper I and the stellar population
roperties from Paper II, which are, by design, measured in the same
perture (i.e. the elliptical half-light isophotes), to study whether
alaxies with high and low dynamical modelling-based αIMF show
orresponding spectral differences. It is worth remembering that
ormally, the dynamics infers average M / L inside a sphere of radius
 e , while the stellar population measures average M / L inside a
rojected (elliptical) cylinder of radius R e . In our comparison, we
gnore the likely small bias introduced by stars falling within the
ylinder but outside the sphere of radius R e . 

To make the investigation, we first select four sub-samples from
35 high-quality ETGs in the morphology-based sample (see Sec-
ion 2.4 for details). Each of them contains two sub-groups with
ifferent dynamical αIMF , with the criteria being: 

(i) Sub-sample 1 (SS1): galaxies in this sub-sample are defined to
ave similar σ e , i.e. 2 . 15 < lg ( σe / km s −1 ) < 2 . 25. Then the high-
IMF (low- αIMF ) sub-group is further defined as those with the highest

lowest) 30 per cent αIMF within the σ e bin, resulting in 21 galaxies
n each sub-group. 

(ii) Sub-sample 2 (SS2): galaxies in this sub-sample are similar
ith SS1, but within a σ e range from lg ( σe / km s −1 ) = 2 . 25 to

g ( σe / km s −1 ) = 2 . 35, resulting in 25 galaxies in both the sub-group
ith high αIMF and the one with low αIMF . 
(iii) Sub-sample 3 (SS3): the high- αIMF (low- αIMF ) sub-group in

his sub-sample contains the galaxies whose αIMF is 1 σ higher (lower)
NRAS 530, 4474–4492 (2024) 
han the best-fitted αIMF −σ e correlation, resulting in 47 galaxies with
igh αIMF and 43 galaxies with low αIMF . 
(iv) Sub-sample 4 (SS4): the high- αIMF (low- αIMF ) sub-group in

his sub-sample contains the galaxies whose αIMF is the highest
lowest) 30 per cent among all the g alaxies, reg ardless of σ e ,
esulting in 71 galaxies with high and low αIMF . 

To better demonstrate the sample selection, we present, in Fig. 10
the top panels), the distributions of the selected galaxies on the ( σ e ,
IMF ) plane for the four sub-samples. The rele v ant information of

hese four sub-samples are also listed in Table 2 . Having the samples,
e then stack the spectra of the galaxies in the same sub-group for

urther investigation following the practice of Parikh et al. ( 2018 ).
he steps are as follows: 

(i) For a single galaxy, the spectrum in each spaxel is corrected
o the rest frame with the corresponding redshift from NASA Sloan
tlas catalogue (Blanton et al. 2011 ) and the corresponding line-of-

ight v elocity pro vided by the MaNGA DAP (Belfiore et al. 2019 ;
estfall et al. 2019 ), using 

res = 

λ

(1 + z) · (1 + 

v 
c 
) 
, (11) 

here λ is the uncorrected (i.e. observed) wavelength; z is the
edshift of the galaxy; v is the line-of-sight velocity of the spaxel 11 ;
 is the light speed. The spectra used here are from the MaNGA
RP (Law et al. 2016 ) (under the names being manga-[PLATE]-
IFUDESIGN]-LOGCUBE.fits ). 
(ii) The spectrum of each spaxel is interpolated to a common

avelength grid, keeping the spectrum resolution unchanged. 
(iii) Spectra within the elliptical half-light isophote of one in-

ividual galaxy are simply co-added, without normalization. This
roduces one stacked ‘ef fecti ve spectrum’ per galaxy. 
(iv) The ef fecti ve spectra of dif ferent galaxies are normalized with

he mean flux within the wavelength range 6780–6867 Å, in order
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Figure 10. Top panel: The sample selections of SS1-SS4 from left to right (see Section 5 for definitions of the samples). In each panel, the parent sample is 
indicated by the blue dots (high-quality ETG sample, with an NFW mass model). The galaxies selected as high αIMF and low αIMF galaxies are indicated by 
black and orange plus symbols, respectively. In the first and second panel of the top row, the dashed vertical lines indicate the σ e range, in which the samples are 
selected. In the fourth panel of the first row, the dashed horizontal lines indicate the lower (upper) αIMF boundary of the high (low) αIMF sample. Middle panel: 
the comparison of Na I absorption line between the stacked spectra with high (black) and low (orange) αIMF . Before plotting, the absorption feature is corrected 
for the local continuum (see Section 5 for the definition of the local continuum). In each panel, the red and blue regions are the pseudo-continuum regions 
defined in La Barbera et al. ( 2013 ) and the grey band is the region of the feature. Bottom panel: the same as the middle row, while the spectra are smoothed to 
250 km s −1 for visualization purpose. 

Table 2. Numbers of galaxies in different sub-samples. See Section 2.4 
for the selection criteria. N gal is the number of galaxies of each sub-group. 
S/N is the signal-to-noise ratio of the Na I feature (8182.2 –8202.3 Å) of the 
stacked spectrum. lg αIMF , avr is the average stellar mass excess factor of the 
sub-group. σ 0 is the velocity dispersion of the stacked spectrum. 

Sub-sample Sub-group N gal S/N lg αIMF , avr σ0 ( km s −1 ) 

SS1 High αIMF 21 2863 0 .00 147.4 
Low αIMF 21 2951 − 0 .23 137.9 

SS2 High αIMF 25 4289 0 .05 167.0 
Low αIMF 25 4011 − 0 .20 172.2 

SS3 High αIMF 47 9428 0 .07 144.8 
Low αIMF 43 7708 − 0 .24 149.6 

SS4 High αIMF 71 14 433 0 .05 170.6 
Low αIMF 71 17 376 − 0 .23 138.9 
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o account for the variation in fluxes from galaxy to galaxy. After
hat, the normalized ef fecti ve spectra of the galaxies within the same
ub-group are further co-added. 

The stacked spectra so derived wash out the contamination of sky
ines in the near-infrared (NIR) region of the spectrum, where the 
MF-sensitive spectral features (i.e. Na I and FeH) exist. Here, we 
efine the noise of the stacked spectra as σ/ 
√ 

N gal , where σ is the
tandard deviation of the normalized flux of the spectra for stacking
t specific wavelength and N gal is the number of the galaxies stacked
ogether. Parikh et al. ( 2018 ) tried to use both the Na I doublet and the
eH line to constrain the IMF of MaNGA galaxies but they found

hat the results based on the FeH line have large uncertainties. They
rgued that it is because the FeH feature is faint, compared to the
right sky lines in this region, making the small uncertainties in sky
ubtraction unable to cancel out in the stacked spectra. Thus, in this
ork, we only use the Na I doublet to constrain the IMF shape in this

tudy. As mentioned in van Dokkum & Conroy ( 2012 ), Na I line for
 fixed Na elemental abundance is only present in low-mass stars,
nd hence is able to constrain the richness of the low-mass stars:
he stronger the Na I line, the more bottom heavy the IMF is. The
avelength range of the Na I doublet, as well as the corresponding
lue and red pseudo-continuum bandpasses are defined in La Barbera 
t al. ( 2013 ). In Table 2 , we list the average S/N of Na I doublet for
ifferent sub-groups. As can be seen, with such stacking processes, 
he S/N of the stacked spectra reaches a significantly high value,
hich allows for the spectral study of IMF. 
We note here that in this work, we do not attempt to make detailed

nalysis on the IMF-sensitive spectral features, as done in previous 
tudies (e.g. Conroy & van Dokkum 2012 ; Spiniello et al. 2012 ;
an Dokkum & Conroy 2012 ; La Barbera et al. 2013 ; Spiniello
MNRAS 530, 4474–4492 (2024) 
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Figure 11. The illustration of correcting the equi v alent width of Na I to 
σ = 100 km s −1 . Results for different samples (SS1–SS4; see Section 5 for 
details of sample selection) are indicated by different colours. Filled and 
open circles denote the results of the spectrum with high and low αIMF , 
respectively. The solid and dashed lines indicate the corresponding best- 
fitted Na I −σ linear relations, fitted with the LTSFIT (Cappellari et al. 2013a ) 
software. The black-dashed line indicates σ = 100 km s −1 . 
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t al. 2015 ; Parikh et al. 2018 ). We only want to see whether the
alaxies with different dynamical αIMF sho w v arious IMF-sensiti ve
pectral features, which confirm their IMF difference in a model-
ndependent manner. In the middle panels of Fig. 10 , we present
he comparison of Na I doublets between the stacked high αIMF 

pectrum and the low αIMF spectrum for the four different sub-
amples. Before o v erplotting, we first correct for the continuum shape
f the spectrum and extract the absorption feature. The continuum
s defined following the practice of Worthey et al. ( 1994 ): We first
alculate the average flux in the blue and red pseudo-continuum
andpasses, using equation (2) of Worthey et al. ( 1994 ). The local
ontinuum is then defined by taking a straight line from the blue
seudo-continuum to the red pseudo-continuum. The relative flux
f the absorption feature is calculated as the ratio between the true
ux at a given wavelength and the flux of the local continuum at

he same wav elength. F or visualization, we further smooth the Na I 
ines to σ = 250 km s −1 in the bottom panels of Fig. 10 . As can be
een, all the stacked spectra show clear Na I absorption features and
he doublet is washed out at high σ . Comparing the Na I absorption
eatures of galaxies in the high αIMF sub-group (black curves) and
n the low αIMF sub-group (orange curves) in the same sub-sample,
e find that the difference between the two spectra are quite small

nd highly depend on the sample selection. The stacked spectrum
ith high αIMF (black) of SS1 shows slightly stronger Na I absorption

eature than the lo w αIMF (orange). The dif ference is more significant
n SS4, where more galaxies are stacked and a higher S/N is reached.
n SS2 and SS3, ho we ver, we see the opposite trend, where the
tacked spectra with low αIMF (orange) show stronger Na I absorption
ignals than the high αIMF ones. For sure, the variation we see is not
omparable to the one illustrated fig. 1 of van Dokkum & Conroy
 2010 ). If the dynamically determined αIMF variations are due to an
MF variation, the spectral features excludes the possibility for the
MF to vary from Chabrier to even heavier than Salpeter, as a number
f studies originally suggested. 
To quantitatively describe the difference of Na I absorption

trength, we calculate the equi v alent width of the Na I absorption
eature with the method described in Worthey et al. ( 1994 ) (see
quations 2 and 3 therein). To build up the connection between
a I equi v alent width and the IMF shape, we take the values from
arikh et al. ( 2018 ) (tables B1–B3) as references. The estimate of the
qui v alent widths of absorption lines al w ays require a correction to
omogenize all spectra to the same stellar velocity dispersion (e.g.
untschner 2004 ). Thus, to make the comparison between the Na I 

qui v alent widths of our spectra and those from Parikh et al. ( 2018 ),
hich are calculated at σ = 100 km s −1 , we have to first correct our
a I equi v alent widths to the same dispersion. Parikh et al. ( 2018 )

also Westfall et al. 2019 ) convolved the best-fitted templates to
btain the Na I equi v alent width at the given velocity dispersion, while
he templates used in this work do not have such high resolution,

aking it impossible to correct the equi v alent widths with a simple
onvolution process. Here, we correct the Na I equi v alent widths
ollowing the steps below: 

(i) For each stacked spectrum, we estimate its dispersion
 σ 0 ; typically larger than 100 km s −1 ) using PPXF , allowing
oth the additive and multiplicative polynomials by setting
egree = mdegree = 4 . 
(ii) We smooth the stacked spectrum to larger dispersions and

alculate the corresponding Na I equi v alent widths at every 20 km s −1 .
(iii) Finally, we perform a linear fit to the correlation using the

TSFIT software (Cappellari et al. 2013a ) and calculate the predicted
a I equi v alent width at σ = 100 km s −1 . 
NRAS 530, 4474–4492 (2024) 
(iv) To derive the measurement uncertainty of the corrected
a I equi v alent widths, we employ a Monte Carlo-based method,

ollowing the practice of Parikh et al. ( 2018 ). Specifically, we perturb
he flux at each wavelength with a number randomly taken from a
aussian with its standard deviation equaling to the error in the flux

t each pixel. Then the equi v alent width is calculated and corrected
o σ = 100 km s −1 . This is done for 500 times and the measurement
ncertainty is measured as the standard deviation of the 500 Na I 
qui v alent widths. 

The correlation between σ and the corresponding Na I equi v alent
idths is shown in Fig. 11 . As can be seen, this correlation can
e well described by a linear relation, indicating the robustness
f our extrapolation. In the top panels of Fig. 12 , we o v erplot
he reference values of Na I equi v alent widths from Parikh et al.
 2018 ) and the corresponding IMF slopes against the corrected
a I equi v alent widths of this work. As can be seen, IMF slopes

ho w positi ve correlation with Na I equi v alent width for both models
dopted in Parikh et al. ( 2018 ) (red and blue symbols; see section 2.4
herein for details of the two models). For SS1, we find that both the
igh αIMF spectrum and the low αIMF spectrum show a Kroupa-like
Kroupa 2001 ) (or even lighter) IMF, which is inconsistent with what
heir average αIMF indicates ( lg αIMF , avr = 0 for high αIMF sub-group,
ndicating a Salpeter IMF). The high αIMF spectrum shows higher
a I equi v alent width than the low αIMF , consistent with what we

ee in Fig. 10 . SS4 galaxies show larger difference between the high
IMF and the low αIMF spectra, where high αIMF spectrum appears to
ave a Salpeter-like IMF (under the VCJ model) and the low αIMF 

pectrum appear to have a Kroupa-like IMF, consistent with what the
v erage αIMF indicates. F or SS2 and SS3, ho we ver, we again see the
pposite trend for the two spectra. 
Saglia et al. ( 2002 ) pointed out that the IMF shape and chemical

bundances play a complex role in affecting the NIR features.
ctually, the equi v alent width of Na I is not only affected by the

MF shape, but also by the abundance of sodium (e.g. Parikh et al.
018 ). F or e xample, Jeong et al. ( 2013 ) reported that a sodium
bundance dependent on σ e could also mimic an IMF variation.



DM and IMF in MaNGA 4489 

Figure 12. Top panel: correlation between IMF slope (within the mass range 0 . 1 − 0 . 5 M �) and the corrected Na I equi v alent widths (at σ = 100 km s −1 ). The 
reference values are taken from Parikh et al. ( 2018 ) and the red and blue data points indicate the results from different methods (see Parikh et al. 2018 for details). 
In each panel, the blue- and red-dashed lines indicate the best-fitted linear relation between IMF slope and Na I equi v alent width, obtained with LTSFIT software 
(Cappellari et al. 2013a ). The black and orange vertical lines refer to the Na I equi v alent widths of our stacked spectra, with the shaded region indicating the 1 σ
region obtained with a Monte Carlo-base method (see Section 5 for details). The Salpeter ( 1955 ) IMF and the Kroupa ( 2001 ) IMF are shown with the horizontal 
black-dashed lines from top to bottom. Bottom panel: the distributions of the Na I / NaD ratio for the high αIMF galaxies (black) and low αIMF galaxies (orange). 
For each stacked spectra, the distribution of Na I / NaD is obtained through a Monte Carlo-base method (see Section 5 for details) and both features are corrected 
to σ = 100 km s −1 . 
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ere, we employ the equi v alent width of NaD, which is sensitive
o the sodium abundance and thus a good indicator, to account for
he influence of sodium abundance on the Na I –IMF relation. The 
eature region and the corresponding blue and red pseudo-continuum 

f NaD are defined in Trager et al. ( 1998 ). The equi v alent width
f NaD is calculated following the same steps of Na I and is also
orrected to σ = 100 km s −1 . In the bottom panels of Fig. 12 , we
how the distributions of Na I /NaD for high and low αIMF spectra. 
he distributions are also obtained with a Monte Carlo-based method 
entioned abo v e. As can be seen, unlike the Na I -IMF, all the spectra
ith high αIMF show higher Na I /NaD ratio than their low αIMF 

ounterparts. This trend is even stronger for the spectra stacked with 
ore galaxies (i.e. SS3 and SS4). It implies that, when accounting for

he influence of sodium abundance, galaxies with different dynamical 
IMF do sho w dif ferent IMF-sensiti ve features (i.e. the Na I doublet)
y stacking a number of galaxies together. 
In summary, our analysis of the stellar absorption features pre- 

ented in this section is not necessarily inconsistent with the variation 
f the dynamically determined αIMF being due to a variation of the 
MF from Chabrier-like to Salpeter-like as a function of σ e . Ho we ver,
t is undeniable that the spectra with different αIMF in Fig. 10 look
trikingly similar and a small trend only emerges from careful 
nalysis of subtle effects. Moreo v er, we hav e to rely on a single
MF-sensitive spectral feature, which could be partially affected by 
bundance variation (although we try to asses it). The combination 
f these facts does not make the result from spectral features 
onclusive. The problem is that the models themselves predict barely 
etectable differences in the line depths ( � 0 . 3 per cent ) between a
roupa/Chabrier-like and Salpeter-like IMF at fixed chemical abun- 
ance (the reader is strongly encouraged to look at van Dokkum &
onroy 2010 , fig. 1c). Earlier studies from spectral features suggested 

ignificantly more bottom-heavy IMF than Salpeter, which would 
ave been easier to detect, both with the dynamical and spectroscopic
ethods. Ho we v er, our work e xcludes such e xtreme IMFs, at least

or the mean galaxy population at fixed velocity dispersion. 

 I MF  DI SCUSSI ON  

e show in this discussion that there are ways to explain both
i) the lack of correlation between the M / L predicted from the
ynamics and from the population and (ii) the lack of correlation
etween IMF and metallicity from dynamics, combined with a clear 
orrelation between IMF and metallicity from spectral features. 
o we v er, e xplaining both facts requires some unlikely conspiracies.

f we were to apply Occam’s razor, a simpler explanation would
e that either the dynamics, or the population, or both, do not truly
easure the weight of IMF. Of course, this still would require one to

xplain why this is the case, for which we do not have a satisfactory
xplanation either. 

.1 Top or bottom-heavy IMF? 

he high stellar mass excess factor can be either due to the
ottom-heavy IMF, which generates more low-mass stars (and hence 
roduces a higher stellar mass-to-light ratio), or the top-heavy IMF, 
roducing more massive stars, which are dead shortly after birth 
nd thus contribute to the stellar mass but do not contribute to the
uminosity. Barber, Crain & Schaye ( 2018 ) and Barber, Schaye &
rain ( 2019a , b ) built up a hydrodynamical cosmological simulation
pon the original EAGLE Simulation (Schaye et al. 2015 ) to study
he possible influence of variable IMF, by allowing the IMF to be
hanged according to the gas pressure. They confirmed that both top-
ariable and bottom-variable IMFs are able to reproduce the stellar 
ass excess factor- σ e relation presented in Cappellari et al. ( 2013b ).
MNRAS 530, 4474–4492 (2024) 
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o we ver, the analyses on gravity-sensitive spectral features (e.g.
a I and FeH) can only put constraints on the IMF slope at low-mass

nd (typically m < 0 . 5 M �; e.g. van Dokkum & Conroy 2010 ; La
arbera et al. 2013 ; Parikh et al. 2018 ). Thus, the higher dynamics-
ased αIMF at high σ e does not necessarily mean high dwarf star
nrichment (i.e. bottom-heavy IMF; see Smith 2020 for a re vie w). A
onspiracy between high-mass and low-mass part of the IMF (e.g.
yubenova et al. 2016 , and more recently, den Brok et al. 2024 ) may
xplain why, on the galaxy-by-galaxy basis, the stellar mass excess
actors from dynamical methods do not match those from spectral
eature analysis (Smith 2014 ). 

.2 Lack of IMF–metallicity relation from dynamics 

t is intuitive that the IMF shape correlates with metallicity of
alaxies, as the metallicty has impact on the cooling rate of the
olecular clouds, which thus influence the relative numbers of the

ewly formed stars of different masses. With analyses on the gravity-
ensitive spectral features (e.g. Na I and FeH) and the full spectra,
he correlation between metallicity and IMF shape has been firmly
etected (e.g. Conroy & van Dokkum 2012 ; Zhou et al. 2019 ; Gu
t al. 2022 ). Ho we ver, as mentioned in the previous section, the IMF
onstraints so derived are only for the low-mass end of the IMF
hape (i.e. m � 0 . 5 M �). Actually, the slope of the IMF at high-mass
nd also varies with the metallicity of galaxies. For example, Marks
t al. ( 2012 ) found that with increasing metallicity, IMF becomes
ore top-light, by observing the Galactic globular clusters. Yan,

erabkova & Kroupa ( 2017 ) (see fig. B1 therein; and see also Yan,
e ̌r ́abkov ́a & Kroupa 2021 ) also found the similar decreasing trend
f IMF top slope (getting steeper, i.e. more top-light) with increasing
etallicity. Thus, combining the IMF studies on the low-mass end

e.g. van Dokkum & Conroy 2010 ; Parikh et al. 2018 ) and on the
igh-mass end (e.g. Marks et al. 2012 ; Yan et al. 2017 ), we find that
he initial mass function of galaxies gets more bottom-heavy and
op-light with increasing metallicity, the former of which results in
igher stellar mass excess factor, while the latter results in the lower.
his could qualitatively (at least partially) explain why we cannot
ee the correlation between the dynamics-based stellar mass excess
actor and metallicity of galaxies. We note here that the metallicity
ependence of IMF slope at the high-mass end is somehow weak
nd may not be able to fully account for the absence of (dynamics-
ased) stellar mass excess factor–metallicity correlation. To solve
his problem, we need a more detailed galaxy formation model
hich simulates the co-evolution of IMF and metallicity (e.g. fig.
 of Yan et al. 2019 ). A hydrodynamical cosmological simulation,
hich enables the IMF variation may also help. 

 C O N C L U S I O N  

his work is the 5th paper of our MaNGA DynPop (dynamics and
tellar population) series (see Lu et al. 2023 ; Zhu et al. 2023 , 2024 ;
ang et al. 2024 ; for the other papers of this series). In this work,
e study the DM fraction and initial mass function (IMF) variations

mong the galaxies in the final data release of MaNGA project
Abdurro’uf et al. 2022 ). Specifically, we take the dynamically
etermined stellar mass-to-light ratio with JAM (Cappellari 2008 ,
020 ) from the first paper of MaNGA DynPop series (Zhu et al.
023 ) and the stellar mass-to-light ratio with stellar population
ynthesis from the second paper of MaNGA DynPop (Lu et al. 2023 )
assuming a Salpeter IMF), which are, by design, estimated within the
ame aperture, and hence are suitable for this study. In addition, we
onstruct a new JAM dynamical model that relaxes the assumption
NRAS 530, 4474–4492 (2024) 
f a constant stellar M ∗/ L , to assess the sensitivity of our results to
he possible presence of IMF gradients. 

By selecting a sub-sample of galaxies with the best dynamical
odelling quality, and calculating the stellar mass excess factors

i.e. the ratio between the stellar mass-to-light ratios from two
ifferent methods; see equation 8 for definition), we are able to study
he correlations between IMF and galaxy properties (e.g. velocity
ispersion, age, metallicity, and SPS-based stellar mass-to-light
atio). Further, we also investigate the possible spectral difference
etween galaxies with high and low stellar mass excess factors. The
ain conclusions of this work are summarized as follows: 

(i) The total (including stars and DM; obtained from JAM with
n MFL model) mass-to-light ratio lg ( M/L ) JAM 

within a sphere
f radius 1 R e shows a parabolic correlation with the velocity
ispersion of galaxies lg σe , while the stellar mass-to-light ratios,
oth lg ( M ∗/L ) JAM 

from JAM and lg ( M ∗/L ) SPS from SPS, prefer
 linear relation (Fig. 1 ). The large difference between total mass-
o-light ratio and stellar mass-to-light ratio at low σ e indicates a
lear rise of the DM fraction within 1 R e towards low σ e , which is
onfirmed in Fig. 2 . We also provide an empirical relation between
AM-based DM fraction (within a sphere with radius being R e ) and
g σe (see equation 7 and Table 1 ). 

(ii) SPS-based stellar mass-to-light ratio of low σ e (and low
 M ∗/ L ) JAM 

) galaxies is higher than JAM-based stellar mass-to-light
atio, indicating that the assumed Salpeter IMF is too heavy for
ow σ e galaxies. On the contrary, galaxies with high σ e and high
 M ∗/ L ) JAM 

have higher ( M ∗/ L ) JAM 

than ( M ∗/ L ) SPS , indicating that the
ssumed Salpeter IMF is too light for those galaxies (Fig. 3 ). This is
onsistent with the findings in Cappellari et al. ( 2012 ). 

(iii) The stellar mass excess factor, αIMF shows positive correlation
ith velocity dispersion, σ e , indicating that galaxies with lg σe � 2 . 0

end to ha ve Chabrier -like (or even lighter) IMF, while those with
igh σ e tend to ha ve Salpeter -like IMF. This is consistent with the
revious findings in which the similar approach is adopted (e.g.
appellari et al. 2013b ; Li et al. 2017 ; Shetty et al. 2020 ). With
ifferent dynamical models (see Section 2.2.1 for the definition of
he models), the positive correlation is still seen, but with the slope
f the trend slightly changing. The mass-follows-light model (MFL),
hich has the fewest free parameters gives the tightest lg αIMF − lg σe 

elation (with the scatter being 0.087), while the gNFW model shows
he largest scatter ( 	 = 0.097; see Fig. 4 ). 

(iv) The lg αIMF − lg σe relation is sensitive to the sample selection
riteria. Apart from selecting galaxies according to their morpholo-
ies (the default choice of this work), we also select galaxies based
n their dust attenuation effect (i.e. A V < 0.2, where A V is the dust
ttenuation effect at V band, i.e. λ = 5500 Å) and global age (i.e.
g Age / yr > 9 . 7). We find that, although the positive correlation
etween αIMF and σ e is still seen, the slopes of the correlation are
hallower and the scatters are larger, compared to the galaxy sample
elected according to their morphologies (i.e. the morphology-based
ample; Fig. 5 ). 

(v) By selecting a sample of ETGs with low stellar mass-to-light
atio gradient (i.e. | γM ∗/L | < 0 . 1), we study the influence of the
onstant M ∗/ L assumption in JAM on the lg αIMF − lg σe relation. We
nd that the lg αIMF − lg σe relation does not show obvious difference
rom the parent sample (i.e. the morphology-based sample; Fig. 5 ).
urther, with a new JAM model which makes no assumption on the
 / L (see Section 4.3 ), we investigate the effect of the possible IMF

adial variation within individual galaxies on our results. We show
hat the inferred αIMF trend cannot be driven by radial gradients of
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 ∗/ L (with fixed IMF) or IMF. We also find no evidence for the total
 / L increasing toward the centre within 1 R e (Figs 6 –8 ). 
(vi) Positive correlation between αIMF and age and stellar M / L is

bserved, indicating that galaxies with older age and higher stellar 
 / L are more likely to have heavier IMF, consistent with previous

tudies (Cappellari et al. 2012 ; McDermid et al. 2014 ). No obvious
orrelation between αIMF and metallicity is seen (Fig. 9 ), consistent 
ith McDermid et al. ( 2014 ), but inconsistent with those with a

pectroscopic method (e.g. Conroy & van Dokkum 2012 ; Zhou et al.
019 ). This long-standing crucial discrepancy may indicates that 
ither the dynamical modelling-based method or the spectroscopic 
ethod or both, may not be measuring the IMF after all. 
(vii) By stacking the spectra of galaxies with high αIMF and low 

IMF , we study the Na I difference (which is sensitive to the IMF shape
t low-mass end) between the samples with different (dynamical 
odelling based) IMFs. A clear result is the strikingly similarity 

f the stacked spectra around the Na I feature. Any small difference 
ighly depends on the sample selection criteria (Fig. 10 and the 
op panels of Fig. 12 ). Our quantitative analysis of the Na I feature
hows that this similarity is not necessarily inconsistent with the 
MF varying from Chabrier to Salpeter with σ e . Ho we ver, this would
equire yet another conspiracy. 

In summary, this study used a subset of the most accurate 
ynamical models based on MaNGA IFU data and a consistent 
nalysis of IMF-sensitive spectral features for the same galaxies. 
o we ver, the main finding about the IMF is the absence of clear

vidence for the agreement between the two IMF indicators. This 
mplies possible problems with either or both of them. 
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