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ABSTRACT

The stellar initial mass function (IMF) is central to our interpretation of astronomical observables and to our understanding of most
baryonic processes within galaxies. The universality of the IMF, suggested by observations in our own Milky Way, has been thoroughly
revisited due to the apparent excess of low-mass stars in the central regions of massive quiescent galaxies. As part of the efforts within
the Fornax 3D project, we aim to characterize the two-dimensional IMF variations in a sample of 23 quiescent galaxies within the
Fornax cluster. For each galaxy in the sample, we measured the mean age, metallicity, [Mg/Fe], and IMF slope maps from spatially
resolved integrated spectra. The IMF maps show a variety of behaviors and internal substructures, roughly following metallicity
variations. However, metallicity alone is not able to fully explain the complexity exhibited by the IMF maps. In particular, for relatively
metal-poor stellar populations ([M/H]. −0.1), the slope of the IMF seems to depend on the (specific) star formation rate at which
stars were formed. Moreover, metallicity maps have systematically higher ellipticities than IMF slope ones. At the same time, both
metallicity and IMF slope maps have at the same time higher ellipticities than the stellar light distribution in our sample of galaxies. In
addition we find that, regardless of the stellar mass, every galaxy in our sample shows a positive radial [Mg/Fe] gradient. This results
in a strong [Fe/H]–[Mg/Fe] relation, similar to what is observed in nearby, resolved galaxies. Since the formation history and chemical
enrichment of galaxies are causally driven by changes in the IMF, our findings call for a physically motivated interpretation of stellar
population measurements based on integrated spectra that take into account any possible time evolution of the stellar populations.

Key words. galaxies: formation – galaxies: evolution – galaxies: fundamental parameters – galaxies: stellar content – galaxies:
elliptical

1. Introduction

The observed spectrum of a galaxy is given by the sum of the
fluxes of its individual stars. Since stellar evolution dictates that
the radiation emitted by any given star is determined by its mass
(e.g., Kippenhahn et al. 2012), the observed flux of a galaxy can
then be understood as a summation of fluxes coming from stars
with different masses

Fobs =
∑

i

Fi (m?) = M?

∑
m?

Φm?
Fm?

, (1)

where Fobs is the flux of the galaxy, M? its stellar mass and
Fi (m?) the fluxes of its individual stars. The quantity Φm?

indi-
cates the mass fraction of stars with mass m? and radiating a flux
Fm?

present in the galaxy, and it is a simplified approximation to
the so-called stellar initial mass function (IMF), which formally
describes the mass spectrum of stars at birth (e.g., Bastian et al.
2010).

Equation 1 highlights two important features of the IMF.
First, by construction, the IMF controls the fraction of light emit-
ted by stars with different masses and therefore it is a key ingre-
dient in modeling the integrated flux of distant galaxies (e.g.,
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Vazdekis et al. 1996; Thomas et al. 2011a; Conroy 2013; Vil-
laume et al. 2017b). Second, the IMF links the observed fluxes
of galaxies to their stellar masses, allowing astronomical mea-
surements to be interpreted in terms of astrophysical models.
Moreover, the IMF is also ultimately responsible for modulating
the chemical enrichment and the baryonic cycle within galaxies,
as it determines both the number of massive stars that explode
as supernovae and the amount of gas locked in long-lived, low-
mass stars (Ferreras et al. 2015; Clauwens et al. 2016; Gutcke &
Springel 2019; Barber et al. 2018).

With a pivotal role in our empirical understanding of galax-
ies, much has been debated about the origin and properties of the
IMF. Salpeter (1955) first characterized its behavior in the solar
neighborhood, finding a scale-free distribution of stars approxi-
mately given by

Φ(log M) = dN/d log M ∝ M−Γ,

with a logarithmic slope Γ = 1.35 for stars more massive than
one solar mass. These findings were later expanded by Miller &
Scalo (1979) who found that, for stellar masses below the range
initially explored by Edwin Salpeter, the IMF flattens out. There
is now a widely adopted consensus that, at least in the Milky
Way, the IMF appears to be independent of location (Kroupa
2001, 2002; Chabrier 2003). However, with no established the-
oretical understanding of how star formation happens from first
principles, arguments that the IMF is truly universal (that is, a
fixed property in all environments at all times) remain inconclu-
sive. Probing the IMF beyond the Milky Way has therefore been
an open challenge for observational astronomy for decades.

Three main approaches have been used to measure the IMF
outside the solar neighborhood, based on the principles de-
scribed above. First, and given the direct connection between
mass and light suggested by Equation 1, the mass-to-light (M/L)
ratio of a given population can be used as a proxy for the shape
of its IMF. In particular, variations in the IMF can be explored by
independently measuring the stellar mass and the luminosity of
a galaxy and comparing this observed M/L with the expectation
from a Milky Way-like IMF (see e.g. Smith 2020, § 4). However,
different IMF variations could lead to similar M/L variations and
thus IMF constraints based on gravitational measurements are
somewhat degenerate. For example, for old stellar populations, a
M/L higher than expected from a Milky Way-like IMF could be
equally consistent with an enhanced fraction of low-mass stars
or with an enhanced fraction of stellar remnants, that is, of very
massive stars (e.g., Cappellari et al. 2012).

Alternatively, the IMF can also be studied by analyzing the
absorption spectra of galaxies, as variations in the IMF imply a
change in the mixture of stars needed to reproduce the observed
spectra (Conroy 2013). Unfortunately, changes in the spectra of
unresolved galaxies induced by IMF variations are subtle and of-
ten degenerate with confounding variables such as age, metallic-
ity, and abundance ratios (e.g., Conroy & van Dokkum 2012a).
Therefore, reliable IMF measurements from integrated spectra
require high quality data and careful modeling techniques. Mea-
surements of the high-mass end of the IMF based on emission
spectra are also possible (e.g., Hoversten & Glazebrook 2008;
Meurer et al. 2009; Lee et al. 2009; Nanayakkara et al. 2017),
but, as any other observational approach, they are sensitive to
systematics and uncertainties as they probe rapidly-changing
stellar evolutionary stages which are very challenging from a
modeling point of view.

Finally, variations in the IMF would also lead to distinct
chemical compositions in galaxies (Arrigoni et al. 2010; Yan

et al. 2019). In particular, thanks to recent developments in mil-
limetric and submillimetric facilities (Romano et al. 2017), it has
been suggested that the IMF in star-forming systems exhibits an
enhanced fraction of high-mass stars, both locally (Sliwa et al.
2017; Brown & Wilson 2019) and at high redshift (Zhang et al.
2018). These IMF estimates, based on particular isotopic ratios,
are not free from degeneracies and systematics, relying on strong
assumptions about supernova yields, stellar rotation, and star for-
mation histories (Romano et al. 2019).

Beyond the Milky Way, early-type galaxies (ETGs) are ar-
guably the systems where the (non)universality of the IMF has
been most thoroughly tested (see Smith 2020, for a recent re-
view). The observed properties of ETGs allow for assumptions
regarding their internal structure and their stellar populations that
greatly simplify an analysis that otherwise would be virtually
impossible. In particular, stellar populations in ETGs are gener-
ally old and well-represented by single stellar population models
(SSP, e.g. Trager et al. 1998, 2000; Thomas et al. 2005, 2010;
Kuntschner et al. 2010; McDermid et al. 2015; Martín-Navarro
et al. 2018; Parikh et al. 2018; Bernardi et al. 2019; Lacerna
et al. 2020). However, the fact that primarily old stars are found
in ETGs also means that the mass range explored by IMF stud-
ies in ETGs is effectively limited to stars less massive than . 1
M�, meaning those with lifetimes long enough to be observed
after several gigayears. Thus, it is worth emphasizing that only
a small portion of the IMF is directly constrained by these stud-
ies. As noted above, the high-mass end of the IMF can be also
indirectly probed through the effect of stellar remnants on the
observed M/L, but this approach is highly degenerate with the
shape of the low-mass end (e.g., Lyubenova et al. 2016).

Yet, despite these technical difficulties and the inherent lim-
itations, there is now compelling evidence suggesting that the
low-mass end slope of the IMF in massive ETGs is steeper than
what it is found in the Milky Way. Dynamical measurements
have long shown that galaxies with higher stellar velocity dis-
persion, and in general more massive galaxies, exhibit M/Ls that
are too high to be consistent with a Milky Way-like IMF (Treu
et al. 2010; Thomas et al. 2011b; Auger et al. 2010; Cappellari
et al. 2012; Dutton et al. 2012; Wegner et al. 2012; Tortora et al.
2013; Läsker et al. 2013; Tortora et al. 2014; Posacki et al. 2015;
Li et al. 2017; Corsini et al. 2017; Sonnenfeld et al. 2019). More-
over, these enhanced M/Ls in ETGs seem to be already in place
at relatively high redshifts (z ∼1, e.g. Shetty & Cappellari 2014;
Sonnenfeld et al. 2015; Tortora et al. 2018; Mendel et al. 2020).

Almost completely independently, detailed studies of the ab-
sorption features of massive ETGs have also suggested that the
low-mass end of the IMF becomes more bottom-heavy (with
an enhanced fraction of low-mass stars) with increasing galaxy
mass (van Dokkum & Conroy 2010; Spiniello et al. 2012, 2014,
2015; Conroy & van Dokkum 2012b; Smith et al. 2012; Ferreras
et al. 2013; La Barbera et al. 2013; Tang & Worthey 2017; La-
gattuta et al. 2017; Rosani et al. 2018). This excess of low-mass
stars in massive ETGs would naturally explain the abnormally
high M/L derived from dynamical analysis, providing a coherent
picture between dynamics- and stellar population-based studies
(Conroy et al. 2013; Lyubenova et al. 2016). The consistency
between these two approaches is not trivial and stands as one
of the strongest arguments supporting the nonuniversality of the
IMF in massive ETGs.

Although the fact that more massive galaxies tend to exhibit
an enhanced fraction of low-mass stars is, in general, widely ac-
cepted now, the origin of these IMF variations remains highly
debated. In this context, spatially resolved IMF studies are a nat-
ural way forward to further characterize the behavior of the IMF
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in ETGs. Martín-Navarro et al. (2015a) showed that the appar-
ent excess of low-mass stars in massive ETGs is restricted to
their central regions, as the IMF slope tends to flatten toward the
outskirts. This result, and in general the presence of IMF gradi-
ents in ETGs, has been independently confirmed by both stellar
population (La Barbera et al. 2016, 2017, 2019; van Dokkum
et al. 2017; Vaughan et al. 2018; Sarzi et al. 2018b; Domínguez
Sánchez et al. 2019) and dynamical studies (Oldham & Auger
2018; Davis & McDermid 2017; Sonnenfeld et al. 2018), only
when aperture effects are taken into account (McDermid et al.
2014; Lyubenova et al. 2016).

The advent of efficient integral field units has recently revo-
lutionized IMF studies in ETGs, allowing one to better explore
the parameter space where IMF variations become relevant. The
CALIFA survey (Sánchez et al. 2012) was the first one to pro-
vide deep-enough spectroscopic data of key spectral features to
measure IMF gradients in a rather large and complete sample of
ETGs, finding a tight correlation between local metallicity and
the IMF low-mass end slope (Martín-Navarro et al. 2015b). Sim-
ilarly, using data from the MANGA survey (Bundy et al. 2015),
Parikh et al. (2018) characterized the mass dependence of IMF
gradients in ETGs, suggesting also a local correlation between
IMF and metallicity. This correlation seems to be robust and de-
coupled from other quantities such as age, dust extinction, or
changes in the abundance pattern (Zhou et al. 2019). IMF vari-
ations in the nearby massive ETG M 87 also track the observed
metallicity gradient (Sarzi et al. 2018b).

However, the observed correlation between local metallic-
ity and IMF slope is far from giving a satisfactory explanation,
as changes in metallicity alone are not able to fully explain the
complexity of IMF variations in ETGs (McConnell et al. 2016;
Villaume et al. 2017a; Zieleniewski et al. 2017; Davis & Mc-
Dermid 2017; Alton et al. 2018; La Barbera et al. 2019; Bar-
bosa et al. 2021b). The need for a more complete characteri-
zation of the IMF behavior is exemplified by our findings pre-
sented in Martín-Navarro et al. (2019). Making use of the Multi
Unit Spectroscopic Explorer (MUSE) (Bacon et al. 2010) data
from the Fornax 3D project (Sarzi et al. 2018a) we showed,
with exquisite spatial resolution, the first two-dimensional IMF
map of the nearby ETG FCC 167. The unprecedented quality of
the Fornax 3D data allowed us to observe a suggestive connec-
tion between the internal orbital distribution of FCC 167 and the
measured IMF variations, beyond the expected IMF–metallicity
trend.

The present work expands the stellar population analysis pre-
sented in Martín-Navarro et al. (2019) to the complete sample of
ETGs observed within the Fornax 3D survey, providing a com-
plete census of the IMF variations within 24 individual galaxies
in the Fornax cluster. The layout of the paper is as follows: in
§ 2 we present the properties of the sample and data. The anal-
ysis is described in § 3 and the results are presented in § 4. We
discuss the implications of our findings in § 5, which are finally
summarized in § 6.

2. Data and sample selection

This paper is part of the efforts within the Fornax 3D survey
(Sarzi et al. 2018a) to provide a comprehensive picture of the
formation and evolution of galaxies in the Fornax cluster (Iodice
et al. 2019a). In short, the Fornax 3D project is a magnitude-
limited survey (mB < 15, Ferguson 1989) of galaxies within
the virial radius of the cluster (Drinkwater et al. 2001) observed
with the MUSE integral-field spectrograph (Bacon et al. 2010).
The unique capabilities of MUSE power the ambitious goals of

Table 1. Main sample properties

Object Alt. Type Distance M? Nbins
[Mpc] [1010M�]

(1) (2) (3) (4) (5) (6)
FCC 083 NGC 1351 E5 19.2 2.27 1475
FCC 119 S0 20.9 0.05 32
FCC 143 NGC 1373 E3 19.3 0.28 252
FCC 147 NGC 1374 E0 19.6 2.40 3515
FCC 148 NGC 1375 S0 19.9 0.58 625
FCC 153 IC 1963 S0 20.8 0.76 804
FCC 161 NGC 1379 E0 19.9 2.63 2069
FCC 167 NGC 1380 S0/a 21.2 9.85 6154
FCC 170 NGC 1381 S0 21.9 2.25 2013
FCC 176 NGC 1369 SBa 20.9 0.68 114
FCC 177 S0 20.0 0.85 799
FCC 179 NGC 1386 Sa 20.9 1.58 1804
FCC 182 SB0 19.6 0.15 71
FCC 184 NGC 1387 SB0 19.3 4.70 8862
FCC 190 NGC 1382 SB0 20.3 0.54 900
FCC 193 NGC 1389 SB0 21.2 3.32 2804
FCC 219 NGC 1404 E2 20.2 12.7 5997
FCC 249 NGC 1419 E0 20.9 0.98 654
FCC 255 S0 20.9 0.31 324
FCC 276 NGC 1427 E4 19.6 1.81 2748
FCC 277 NGC 1428 E5 20.7 0.34 478
FCC 301 E4 19.7 0.20 238
FCC 310 NGC 1460 SB0 20.9 0.54 607

Notes. (1), (2) and (3) come from Ferguson (1989). (4) When available,
distances come from Iodice et al. (2019b). Otherwise, a fixed distance
from the Fornax cluster of 20.9 Mpc is assumed. (5) Stellar masses as
listed in Iodice et al. (2019a) (6) Number of independent Voronoi bins
used in our analysis (see § 3).

the Fornax 3D project, which range from characterizing com-
pact, unresolved systems (Fahrion et al. 2020b,a; Spriggs et al.
2020), to studying the orbital heating mechanisms (Pinna et al.
2019a,b; Poci et al. 2021) and the dust and gas properties within
the cluster (Viaene et al. 2019; Zabel et al. 2020).

The survey was carried out using the MUSE Wide Field
Mode (without adaptive optics), with a 1×1 arcmin2 field-of-
view and a 0.2 arcsec pixel−1 spatial scale. This setup provides a
wavelength range covering fom 4650 Å to 9300 Å, with a spec-
tral sampling of 1.25 Å pixel−1, at a resolution of FWHM7000Å =

2.5 Å. More details on the properties of the Fornax 3D data are
given in the survey presentation paper (Sarzi et al. 2018a).

As explained above, IMF measurements usually rely on the
assumption that the stars contributing to the observed spectra can
be modeled by a SSP model and this assumption is (usually) only
valid for old stellar populations. Thus, from the full sample of
33 galaxies observed by the Fornax 3D project, we focused on
the 22 classified as ETGs. However, the central regions of one
of FCC 90 are dominated by a relatively recent star formation
episode (Iodice et al. 2019a) and therefore we did not include
this object in our final sample. Conversely, two objects (FCC 176
and FCC 179) labeled as late-type galaxies showed stellar pop-
ulations old-enough to be consistent with the SSP assumption.
With all this, our final sample consists of 23 objects whose most
relevant properties for the purposes of this work are listed in Ta-
ble 1.
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3. Analysis

The analysis of the Fornax 3D data was done following the pro-
cedure described in Martín-Navarro et al. (2019) and consists of
three basic steps described below.

3.1. Binning and photometric measurements

In order to robustly measure IMF variations, we spatially binned
the MUSE data imposing a minimum signal-to-noise ratio (SN)
of 100. In practice this was done using the Voronoi tessellation
routine of Cappellari & Copin (2003). We did not include in
the binning process those spaxels with a SN below 5. Given the
depth of the Fornax 3D data, these SN constraints translated into
a large number of independent data points per galaxy, as listed
in Table 1, column (6). Even after this rather conservative ap-
proach, FCC 083, FCC 147 and FCC 161 exhibited systematic
offsets in their stellar population properties between different
pointings (see Sarzi et al. 2018a). Thus, for these objects only
the central pointing was finally included in the analysis. We then
used the MUSE cubes to calculate the average surface brightness
within each individual Voronoi bin. Assuming the distances de-
tailed in Table 1, surface brightnesses were finally translated into
average luminosities per bin.

3.2. Kinematics and mean ages

The kinematical properties (V and σ) of each bin were measured
using pPXF (Cappellari & Emsellem 2004; Cappellari 2017). No
higher moments of the velocity distribution were measured as
they have a subtle effect on the stellar population estimates (e.g.,
Kuntschner 2004). We fed pPXF with the MILES stellar popula-
tion synthesis models (Vazdekis et al. 2010), based on the stellar
library of Sánchez-Blázquez et al. (2006), and at a constant spec-
tral resolution of 2.51 Å (FWHM, Falcón-Barroso et al. 2011).
Since we did not correct for the line spread function of the in-
strument, the measured σ accounts for both the intrinsic velocity
dispersion of the stars and the instrumental resolution.

As discussed in Martín-Navarro et al. (2019), we adapted
our stellar population analysis to the properties of the MUSE
data. In particular, Hβ is the most reliable age sensitive feature
in the observed wavelength range. However, the strength of the
Hβ feature also depends on the [C/Fe] abundance ratio (Con-
roy & van Dokkum 2012a; La Barbera et al. 2016) but no other
C-sensitive spectral features are covered by MUSE to actually
measure [C/Fe]. Therefore, since could not break the age-[C/Fe]
degeneracy affecting the Hβ feature, we did not only use pPXF
to measure the kinematics of each bin, but also to estimate the
(luminosity-weighted) mean ages. In practice, we proceeded as
follows.

First, we run pPXF with an un-regularized combination of
MILES SSPs in order to measure V and σ. Second, we fixed
the kinematics to that measured in the first step (to avoid de-
generacies between σ and stellar population properties, see e.g.
Sánchez-Blázquez et al. 2011) and we run pPXF again, this time
regularizing the age-metallicity-IMF slope plane. The imposed
regularized solution ensures that the SSP weight distribution is
as smooth as allowed by the data (see e.g. Section 3.5 in Cap-
pellari 2017). The mean luminosity-weighted age of the spec-
tra was measured using this regularized second pPXF run. We
note that we intentionally included templates with a variable
IMF to account for the possible effect of the IMF in the age de-
termination (Ferré-Mateu et al. 2013; La Barbera et al. 2016).
We did not fit for [α/Fe] as this was done later in the analysis

(see § 3.3). Instead, we used the so-called base MILES models
which inherit the [α/Fe]–[M/H] relation of the solar neighbor-
hood (Vazdekis et al. 2015). This choice avoids nonlocal equilib-
rium uncertainties introduced by the theoretical response func-
tions needed to compute stellar population models with variable
abundance ratios, uncertainties that can be particularly problem-
atic for Balmer lines (Martins & Coelho 2007; Coelho 2014) and
thus for the age determination. To be consistent with our stellar
population analysis (see details on the section below), all pPXF
fits were limited to a wavelength range between 4800 Å and 6400
Å.

In summary, after measuring the kinematics, we estimated
the luminosity-weighted age of each spectrum by using the best-
linear combination of SSP models in the age-metallicity-IMF
slope plane. This also allowed us to further correct for subtle flux
calibration issues, assuming that the linear combination of tem-
plated provided by pPXF is a reliable representation of the emit-
ted spectra. Furthermore, we also used pPXF to mask out any
pixel contaminated by either telluric features or gas emission,
although the latter is expected to be minimal since our sample
was selected to avoid contribution from young stars.

3.3. Stellar populations

3.3.1. Model ingredients

We based our stellar population analysis on the variable [α/Fe]
MILES models presented in Vazdekis et al. (2015). These mod-
els use the BaSTI set of isochrones (Pietrinferni et al. 2004,
2006), calculated at [α/Fe]=0.4 and at the solar scale ([α/Fe] =
0.0). The adopted models cover a range in ages from 0.03 to 14
Gyr and from −2.27 to +0.26 dex in total metallicity [M/H]. We
note that, although models at higher metallicities are available,
we did not include them in the analysis as the scarcity of solar
neighborhood stars with such high [M/H] values makes these
models more prone to systematics. This is a safe assumption
given the observed metallicity range in our sample (see for ex-
ample Fig. 4). Since our IMF inference relies on measuring the
strength of titanium-sensitive features (see details below), we
used the [Ti/Fe] response functions of Conroy & van Dokkum
(2012a) to account for possible variations in the titanium abun-
dance across our sample.

For the IMF, we assumed a broken power-law parametriza-
tion. Under this functional form, changes in the IMF are con-
trolled by varying the high-mass end slope Γb. However, in
Martín-Navarro et al. (2019) we introduced a new parameter ξ
defined as

ξ ≡

∫ m=0.5
m=0.2 Φ(log m) dm∫ m=1
m=0.2 Φ(log m) dm

=

∫ m=0.5
m=0.2 m · X(m) dm∫ m=1
m=0.2 m · X(m) dm

,

In essence, the ξ parameter describes the slope of the IMF (in
terms of a mass fraction) in the stellar mass range relevant for
the analysis of old stellar populations as measured from optical
features (∼ 0.2–1 M�). Using the equation above, the quantity
ξ can be calculated for any given IMF parametrization and, in
particular, for the broken power-law IMF implemented in the
MILES models. Hence, throughout this paper, IMF variations
will be always discussed in terms of ξ, whose properties are ex-
tensively detailed in Martín-Navarro et al. (2019). The value of
the ξ parameter becomes larger for steeper IMF slopes, that is,
for populations with an enhanced fraction of low-mass stars. For
reference, it takes a value of ξ = 0.5194 for a Kroupa (2002)
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Fig. 1. Full index fitting of the F3D data. The blue lines show the six (continuum-corrected) spectral features used in our analysis, for a typical
F3D spectrum. The best-fitting MILES model (black solid line) was calculated by fitting the flux of each of these pixels, following Eq. 2. Red dots
at the bottom indicate the difference between observed and predicted fluxes. Each panel in this figure covers a different wavelength span.

IMF, ξ = 0.4607 for a Chabrier (2003) one, and ξ = 0.6370 for
that originally measured by Salpeter (1955).

3.3.2. Bayesian full index fitting

In Martín-Navarro et al. (2019) we presented a hybrid approach
to measure stellar population properties and, in particular, the
slope of the IMF from integrated spectra. This approach com-
bines the idea of the standard line-strength analysis, focusing on
those wavelengths where the information about the stellar pop-
ulation properties is concentrated (e.g., Worthey 1994; Cenarro
et al. 2001; Thomas et al. 2003; Schiavon 2007), with the robust-
ness resulting from full spectral fitting techniques , where every
pixel in a spectrum is compared to a model prediction (e.g., Cid
Fernandes et al. 2005; Ocvirk et al. 2006; Conroy et al. 2009;
Cappellari 2017; Wilkinson et al. 2017). Details on the fitting
process are given in Section 4 of Martín-Navarro et al. (2019)

In short, our approach fits every pixel within the band-pass
definition of a given spectral feature, after removing the shape of
the continuum by linearly fitting the slope of the spectra across
the blue and red pseudo-continua. For this work, as we did in
Martín-Navarro et al. (2019), we selected six spectral indices
(Fe 5270, Fe 5335, Mgb5177, aTiO, TiO1, and TiO2), following
their standard definitions (Trager et al. 1998; Serven et al. 2005).
Then, we used the emcee Bayesian Markov chain Monte Carlo
sampler (Foreman-Mackey et al. 2013), to maximize the follow-
ing likelihood function

ln(O |S) = −
1
2

∑
n

[ (On −Mn)2

σ2
n

− ln
1
σ2

n

]
, (2)

The summation extends over all the pixels within the band-
passes of the six spectral features above. On and Mn are the
observed and the model flux of the nth-pixel and σn the mea-
sured uncertainty (the average residuals of the pPXF fit). MILES
model predictions Mn were calculated assuming the luminosity-
weighted ages derived from pPXF. In addition, for each spec-
trum, models were convolved with a Gaussian kernel to match
the stellar velocity dispersion. In practice, by minimizing Eq. 2
we found the best-fitting SSP model characterizing the observed
spectra. This model is defined by five stellar population prop-
erties: mean age, metallicity [M/H], IMF slope ξ, [Mg/Fe], and

[Ti/Fe] abundance ratios. While the age was fixed to that mea-
sured in the previous step, the other four parameters are simulta-
neously measured using Eq. 2. An example of a F3D spectra and
its best-fitting model is shown in Fig. 1 and a corner plot show-
ing the expected degeneracies is shown in Figure 2 of Martín-
Navarro et al. (2019).

It is worth noting as well that, given our choice of indices, we
are only sensitive to one α element, namely magnesium, through
the Mgb5177 spectral feature. Thus, although in principle all α
elements are varied in the MILES models, effectively, with our
approach we are only measuring [Mg/Fe]. This is a subtle yet
important remark since different α elements do not necessarily
track each other (Cenarro et al. 2004; Worthey et al. 2014; Parikh
et al. 2021). Therefore, the conclusions derived from our analy-
sis only concern the [Mg/Fe] abundance ratio and should not be
assumed to apply to all α elements equally.

4. Results

The stellar population analysis described above was designed
and optimized to measure, for each F3D spectrum, four main
quantities: its (luminosity-weighted) mean age, metallicity, IMF
slope, and [Mg/Fe] abundance ratio. To exemplify the richness of
the F3D MUSE data, Fig. 2 showcases the full two-dimensional
maps of these four parameters for one of the galaxies in our sam-
ple, FCC 083.

The upper panels in Fig. 2 show the 2D age (left) and metal-
licity (right) structure of FCC 083. These two panels exhibit a
rather typical behavior of ETGs, with old stellar populations that
tend to be more metal-rich in the center. The metallicity distri-
bution is particularly elongated and resembles the chemically-
enriched disk structures shown by other galaxies in our sample
(Pinna et al. 2019a,b; Martín-Navarro et al. 2019). Interestingly,
this chemically evolved, disk-like structure is also reflected in
the [Mg/Fe] map, which shows a clearly positive [Mg/Fe] gradi-
ent. Positive [Mg/Fe] gradients, very rare among relatively mas-
sive ETGs (Greene et al. 2015; Martín-Navarro et al. 2018), are
ubiquitous across our sample. Finally, the bottom right panel of
Fig. 2 shows the IMF map of FCC 083. As expected, the en-
hanced fraction of low-mass stars (high ξ values) is limited to
the central (metal-rich) regions, reaching Milky Way-like values
(ξ ≈ 0.5) in the outer parts. The shape of the IMF map seems to
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Fig. 2. F3D stellar population maps. From left to right and top to bottom we show the age, metallicity, [Mg/Fe], and IMF slope maps of FCC 083,
a typical ETGs in our sample. Age and metallicity exhibit clear negative gradients, while [Mg/Fe] tends to increase with radius. There is also a
clear gradient in the IMF map, becoming steeper in the central regions.

be, however, less elongated than the metallicity and the [Mg/Fe]
maps, a behavior similar to that reported in Martín-Navarro et al.
(2019) when comparing the iso-metallicity and iso-IMF contours
of FCC 167, also part of the F3D sample.

4.1. Common features across the stellar population maps

To provide an indication for the behavior of the IMF variation
in the Fornax cluster, Fig. 3 shows the IMF (top) and metallic-
ity (bottom) maps of our sample, as they would appear projected
across the cluster. The spatial scale of the maps has been ampli-
fied to reveal the internal substructure of each individual map. It
becomes obvious from this figure that local IMF and metallicity
measurements behave very similarly although, as we discuss in
the following subsection, with some scatter, in particular in the
low-metallicity regime. All stellar population maps are shown in
more detail in Appendix A.

When looking more in detail at the stellar population maps
of individual galaxies, some features of their internal substruc-
ture are shared among different galaxies. For example, elliptical
galaxies (see Table 1) show rather simple and symmetric maps
with a clear coupling between metallicity and IMF slope gra-
dients as their central regions tend to host relatively metal-rich
stellar populations with an enhanced fraction of low-mass stars
(bottom-heavier IMF). However, IMF slope maps do not exactly
follow metallicity maps, as they tend to exhibit less elongated
shapes (see for instance Fig. 2). These differences in the internal
structure of IMF slope and metallicity maps are quantified and
further discussed in the following subsection.

Moreover, the presence of a bar is imprinted in the stellar
population maps of some of our galaxies. For example, FCC 184
(Fig. A.14) has a photometric face-on bar that appears as an elon-
gated high-metallicity, steep IMF slope, and low [Mg/Fe] struc-
ture in the maps. Such correspondence between photometric bar
and a metal-rich and low [Mg/Fe] structure is in line with the
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Fig. 3. F3D stellar population maps projected in the sky. The IMF slope (top) and metallicity (bottom) maps of F3D galaxies near the core of the
Fornax cluster. The size of each map has been amplified to reveal their internal structure. As expected, IMF and metallicity maps are rather similar,
although noticeable differences emerge at low metallicities (see § 4.2). A larger version of all the derived stellar population maps can be found in
Appendix A.
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Fig. 4. IMF slope – metallicity relation. All independent IMF slope and
metallicity measurements within our sample are shown in light blue,
while dark blue symbols indicate the running median. Error bars indi-
cate the (bi-weight) standard deviation. As in previous studies, we find a
significant correlation between the local slope of the IMF and the metal-
licity, as indicated by the Pearson correlation coefficient on the top left
corner of the figure. The ξ value for a Milky Way-like IMF is marked
with the dashed horizontal line.

recent results of Neumann et al. (2020), and we now show that
stellar populations within bars also exhibit distinct IMF slope
values, pointing toward a connection between the orbital struc-
tures and stellar population properties in galaxies. This is further
exemplified by FCC 170, where the central X-shaped component
reveals the presence of an edge-on bar, which is also visible in
the metallicity and IMF slope maps.

In addition to FCC 170, the two other edge-on S0’s in our
sample (FCC 177 and FCC 153) also exhibit a distinct behavior.
A metal-rich and low [Mg/Fe] thin disk is visible in all three
galaxies, characterized by relatively steep IMF slope values. In-
terestingly, IMF slope values within the thin disk of FCC 153
decrease with increasing metallicity (Fig. A.6). This is surpris-
ing given that, in general, IMF slope values tend to increase with
metallicity. However, in the case of the thin disk of FCC 153, the
anticorrelation between IMF slope and metallicity is modulated
by a change in age and [Mg/Fe], demonstrating that metallicity
alone does not drive IMF variations.

4.2. Characterizing IMF variations

First revealed using IFU data from the CALIFA survey (Martín-
Navarro et al. 2015b), the apparent relation between metallic-
ity and the low-mass end slope of the IMF is becoming a well-
established observational result, at least, for measurements based
on absorption features (van Dokkum et al. 2017; Parikh et al.
2018; Sarzi et al. 2018b; Zhou et al. 2019). However, it has also
become evident that the complex behavior exhibited by the IMF
slope, in particular when measured from integrated spectra, is
not fully explained by changes in the local metallicity (e.g., Vil-
laume et al. 2017a; La Barbera et al. 2019) (and see also e.g.
Davis & McDermid 2017).

Fig. 4 shows the IMF slope-metallicity relation that results
from analyzing our full sample of galaxies. Each light blue point
in this figure corresponds to one independent Voronoi bin from
one of the 23 galaxies listed in Table 1. Dark blue symbols in-
dicate the running median of the distribution and the horizontal
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Fig. 5. Individual galaxies in the IMF slope – metallicity plane. Yellow,
green, blue, and red symbols correspond to four individual F3D galax-
ies, namely, FCC 083, FCC 167, FCC 153, and FCC 143, respectively,
showcasing the variety of behaviors observed in our sample. Although
each galaxy follows a rather well-defined IMF slope metallicity rela-
tion, there are clear differences among them, revealing that the observed
scatter is due to internal variation and to changes from galaxy to galaxy.
As in Fig. 4, the ξ value for a Milky Way-like IMF is marked with the
dashed horizontal line.

dashed line indicates the expected ξ value for the Milky Way.
As already hinted by Fig. 3, changes in the IMF within the For-
nax cluster do follow metallicity variations, with more metal-
rich bins showing steeper IMF slope values, that is, an enhanced
fraction of low-mass stars. For lower metallicities the IMF slope
tends to approach the Milky Way value.

Complementary, Fig. 5 shows the behavior of four individ-
ual galaxies in the IMF slope - metallicity plane. Yellow points
in this figure correspond to the massive E5 galaxy FCC 083, that
follows a tight IMF slope-metallicity relation and populates the
upper envelope of the distribution. In green, measurements from
FCC 167 indicate that its stellar populations have similar metal-
licities as those in FCC 083 but with lower IMF slope values.
For metallicities below [M/H]. −0.1, changes in the IMF slope
of FCC 167 only weakly correlate with changes in metallicity.
Thus, the scatter in Figs. 4 and 5 is driven by both galaxy-
to-galaxy and internal variations. Two more galaxies are high-
lighted in Fig. 5. In blue, IMF slope values in FCC 153 tend to
increase with increasing metallicity, but this relation changes at
high metallicities. As noted above, this happens in the thin disk
of this galaxy and it is related to the presence of younger stel-
lar populations. Finally, red points in Fig. 5 show the behav-
ior of FCC 143, a relatively low-mass galaxy that also follows
a clear IMF slope-metallicity relation, in particular those regions
with higher metallicities. This is a common feature of low-mass
galaxies in our sample.

Metallicity is, however, not the only interesting quantity de-
rived from our stellar population analysis that could be poten-
tially coupled to the IMF variations. As detailed above, for each
spatial bin we also measured its age and [Mg/Fe] abundance ra-
tio. Moreover, given a best-fitting stellar population model, an
expected M/L ratio can also be estimated for each bin by linearly
interpolating the discrete predictions from the MILES models.
In our case, we naturally take into account the possible effect
of the IMF in the derived M/L, which is usually one of the
main sources of systematic uncertainties when deriving stellar
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Fig. 6. Spearman correlation matrix. Each element in the matrix is
color-coded by the value of the Spearman rank correlation coefficient
between the two corresponding quantities. Metallicity, surface stellar
density Σ, and star formation rate are the parameters more strongly cor-
related with the IMF slope ξ variations. Conversely, [Mg/Fe] shows a
significant anticorrelation with these three quantities due to the ubiq-
uity of positive [Mg/Fe] gradients in our sample.

masses from spectro-photometric measurements (e.g., Mitchell
et al. 2013). With a proper M/L estimation for each bin and its
luminosity as measured from the MUSE data cubes (see § 3), we
derived the stellar surface mass density1.

Among all the quantities measured on the F3D data, metal-
licity is the one that shows a stronger correlation with the IMF
slope, with a Spearman correlation coefficient of ρ = 0.75. Local
stellar surface density also exhibits a noticeable yet weaker cor-
relation (ρ = 0.64). The strength of the correlation between all
these derived quantities is summarized in Fig. 6, which shows
the Spearman correlation matrix for the IMF slope, metallic-
ity, surface stellar density, surface star formation rate, age, and
[Mg/Fe].

The large number of independent data points provided by
the F3D data offers a unique opportunity to go beyond this
zero-order IMF-metallicity relation, looking for secondary cor-
relations. This is particularly interesting for metallicities below
[M/H]∼ −0.1 where there is a significant scatter around the
mean IMF slope value, as shown in Fig. 4. Fig. 7 shows the
metallicity–IMF slope plane, color-coded by four quantities di-
rectly derived from our stellar population analysis. A Locally
Weighted Regression (LOESS, Cappellari et al. 2013) smooth-
ing has been applied to highlight any underlying trends. The top
left and right panels show the dependence on the local age and
stellar surface density, respectively. In both panels, the color-
coding changes rather independently of the IMF value, suggest-
ing that these two quantities are not contributing to the (vertical)
scatter in the metallicity–IMF slope plane.

In contrast, the bottom left panel of Fig. 7 reveals that the
scatter around the mean IMF slope value, in particular at low
metallicities ([M/H]. −0.1), is partially coupled to the local
[Mg/Fe] values. At these relatively low metallicities, regions
with higher [Mg/Fe] values tend to exhibit steeper IMF slope
values. The possible meaning of this secondary correlation is

1 Both luminosities and M/Ls were calculated in the r-band.

discussed in § 5, but the [Mg/Fe] ratio is usually interpreted as
proxy for the formation time-scale τ? of a given stellar popula-
tion (Worthey et al. 1992; Thomas et al. 1999), or equivalently, as
the inverse of its effective specific star formation rate (log sSFR
[yr−1] ∝ 1/ log τ? ∝ [Mg/Fe]).

We further explored this tentative connection between IMF
slope and star formation rate-related quantities by actually trans-
lating our [Mg/Fe] values into time-scale units following Equa-
tion 4 in Thomas et al. (2005). Then, for each Voronoi bin in
our sample, we divided the best-fitting stellar surface density by
its corresponding τ?, resulting in a measurement of the effec-
tive star formation rate of that particular stellar population. We
note that this quantity does not reflect the current star formation
rate value, but it approximates the typical star formation rate at
which a given population was formed. In our sample, with ages
of 10 Gyr or more, we are estimating the star formation rate val-
ues that one would observe at redshift z ∼ 2 or above. As with
the other quantities, the bottom right panel in Fig. 7 shows the
metallicity-IMF slope plane, this time color-coded by this ef-
fective star formation rate surface density. In the low-metallicity
regime, the correlation between IMF slope and effective star for-
mation rate surface density is clear, even more decoupled from
the metallicity variations than the [Mg/Fe] shown on the bottom
left panel.

The additional correlation between IMF slope and effective
star formation rate surface density is explicitly shown in Fig. 8
where the scatter in the metallicity-IMF slope plane is plotted
against the scatter in the metallicity-star formation rate surface
density relation (light blue symbols), for Voronoi bins with rela-
tively low metallicity ([M/H]. −0.1). The running median trend
is shown with dark blue symbols, revealing the underlying cor-
relation between the two quantities (ρ = 0.35). It is evident from
Fig. 8 that, at fixed metallicity, the observed IMF slope values de-
pend on the effective star formation rate. We would like to note
that translating [Mg/Fe] values into formation time-scales and
thus sSFR is subject to strong assumptions on the formation his-
tories of galaxies and it is highly coupled to the IMF slope itself
(see e.g. Thomas et al. 1999; Martín-Navarro 2016). Therefore,
our estimations of the sSFR should be carefully interpreted.

4.3. The geometry of IMF slope and metallicity variations

In the sections above we have discussed the similarities and dif-
ferences between IMF slope and metallicity variations. In par-
ticular, we noted above that the two dimensional structure of the
metallicity map of FCC 083 seems to be more elongated than the
IMF slope one (right panels in Fig. 2). In order to properly quan-
tify these differences between IMF slope and metallicity maps
across the whole sample, we followed the same approach as in
Martín-Navarro et al. (2019) measuring the ellipticities of the
metallicity and IMF slope maps for each galaxy. In addition,
we also measured the ellipticity of the [Mg/Fe] maps, as well
as that of the r-band light distribution of the galaxies as mea-
sured from the MUSE data cubes. Ellipticities were measured
using the Multi-Gaussian Expansion routine described in Em-
sellem et al. (1994) and Cappellari (2002).

Fig. 9 shows how the four ellipticities (from the light, metal-
licity, [Mg/Fe], and IMF slope distributions) compare for those
galaxies in our sample with high enough spatial resolution to
carry out the analysis. Blue, green, and orange symbols in Fig. 9
represent the average ellipticity of the metallicity, [Mg/Fe], and
IMF slope maps as a function of the ellipticity of the luminous
component, respectively. The solid gray line indicates the one-
to-one relation.
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Fig. 7. Secondary correlations. Each panel in this figure shows the metallicity – IMF slope plane, color-coded by a different quantity derived from
our stellar population analysis. White dashed lines indicate the shape of the iso-contours. The color-coding of the top panels corresponds to the
age (left) and the stellar surface density (right) of each Voronoi bin within our sample of F3D galaxies. No noticeable correlation is found between
these two quantities and the scatter in the metallicity-IMF slope plane. However, both the [Mg/Fe], and particularly the effective star formation rate
surface density, seem to correlate with the scatter in IMF slope values in the low metallicity ([M/H]. −0.1) regime. This may indicate a secondary
dependence of IMF variations on star formation rate-related quantities, on top of the main trend with metallicity shown in Fig. 4.

The most evident feature revealed by Fig. 9 is the fact that
stellar population-based ellipticities are systematically higher
than those measured in the light distribution. Moreover, these
differences depend on the ellipticity, being maximal for inter-
mediate values but negligible for both high and low ellipticity
values.

The trends in Fig. 9 can be naturally explained as projection
effect if stellar population properties are arranged in an elongated
disk-like structure embedded in a more spherically symmetric
representing the light distribution. If such a disk-like structure is
observed in a face-on projection it would exhibit a low elliptic-
ity, similarly to luminous spheroidal component. In the edge-on
case, integration along the line-of-sight will make the disk-like
structure overshine the spheroidal one, leading to a high aver-
aged ellipticity. It would be only at intermediate inclinations that
the differences between the two structures become more evident.
Alternatively, galaxies properties may actually depend on ellip-
ticity beyond any orientation effect. Although in principle this
could also explain the differences observed in Fig. 9, changes in
the properties of ETGs appear to be more related to their internal
kinematics and sizes rather than to their ellipticities (Emsellem

et al. 2007, 2011; McDermid et al. 2015; Falcón-Barroso et al.
2019).

Using data from the SAURON project, Kuntschner et al.
(2006) already showed how the mean ellipticity of their Mgb
maps was higher than that measured over the light distribution.
Since the Mgb feature is mostly sensitive to metallicity and
[Mg/Fe], their results are likely driven by the change in ellip-
ticity revealed by our metallicity maps, rather than the actual
[Mg/Fe] ones. Moreover, it is also clear from Fig. 9 that the
mean ellipticity of the IMF slope maps is still higher than the
photometric ones, yet, lower than those measured in the metal-
licity and [Mg/Fe] maps. This is in agreement with our analysis
of FCC 167 where we found that the structure of the IMF slope
variations was partially decoupled from the metallicity one, re-
sembling the distribution of those stars in warm orbits, while the
metallicity map was likely tracking a colder dynamical structure
(Martín-Navarro et al. 2019).
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Fig. 8. IMF dependence on the star formation rate. Light blue sym-
bols show how the scatter in the metallicity-IMF relation (horizon-
tal axis) correlate with the scatter in the metallicity-effective star for-
mation rate density plane (vertical axis) for low-metallicty F3D bins
([M/H]. −0.1). Dark blue symbols indicate the running median of the
distribution, revealing a significant correlation between IMF slope and
star formation rate at fixed metallicity.
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Fig. 9. Photometric vs stellar population-based ellipticities. The mean
ellipticity of the metallicity (orange), [Mg/Fe] (green), and IMF slope
maps (blue) is shown as a function of the photometric ellipticity. Stellar
population-based ellipticities are higher than the photometric ones and
the difference is larger for the metallicity and the [Mg/Fe] maps than
for the IMF slope ones, hinting toward a different internal distribution
of IMF slope and chemical enrichment values.

5. Discussion

5.1. On the IMF variations

Our analysis of the F3D data has revealed the rich and complex
two-dimensional structure of the stellar population properties of
galaxies within the Fornax cluster. This is true, not only for ages
and metallicities (the main parameters regulating the properties
of the observed spectra), but also for [Mg/Fe] and IMF slope val-
ues, whose variations have a much more subtle effect on the data.
Galaxies like FCC 153 show clearly separated thin and thick
disks (Pinna et al. 2019a) in the IMF map, with spatially coherent
substructures in the central regions. Moreover, bar-like features

can be seen in the IMF slope maps of galaxies like FCC 170 and
FCC 184. As shown in Martín-Navarro et al. (2019), in those
galaxies where the Voronoi-binned maps have particularly high
spatial resolution (for example FCC 167 or FCC 083 shown in
Fig. 2), metallicity and IMF two-dimensional distributions seem
to deviate from each other in a spatially coherent manner. This
may reflect a difference in the underlying orbital distribution
(Zhu et al. 2020; Poci et al. 2021), which can only be captured
by two-dimensional integral field spectroscopic data. Measure-
ments based on long-slit data or on elliptically averaged maps
will, by construction, wash out any of these features revealed by
our analysis.

The strength of our two-dimensional analysis is exemplified
by Fig. 9, showing the comparison between stellar population-
based and photometric ellipticities. This figure demonstrates that
metallicity alone can not be responsible for determining the
low-mass end slope of the IMF, since internal distribution of
both stellar population properties is different. In Martín-Navarro
et al. (2019) we showed that, while the metallicity distribution
of FCC 167 mimics that of a cold dynamical component in the
galaxy, IMF slope values seem to follow the distribution of warm
orbits, with lower ellipticities as shown in Fig. 9. The differences
between the metallicity, [Mg/Fe], IMF slope, and light distribu-
tions in our sample can be explained if the observed IMF slope
values are set at an early evolutionary stage of galaxies, but the
chemical enrichment can continue if there is enough gas, lead-
ing to a dynamically colder, elongated and chemically evolved
(high metallicity and low [Mg/Fe]) structure. The late accretion
of satellites can build up the outskirts of ETGs, shaping their
observed photometric structure.

Regarding the origin of the observed IMF slope variations,
the relation between metallicity and IMF shown in Fig. 4 is in
agreement with previous studies (Martín-Navarro et al. 2015b;
van Dokkum et al. 2017; Parikh et al. 2018; Sarzi et al. 2018b;
Zhou et al. 2019; Martín-Navarro et al. 2019; Barbosa et al.
2021b). Fig. 4 also reveals a clear increase in the scatter in
the low-metallicity ([M/H]. −0.1), which corresponds to IMF
slopes relatively close to the Milky Way value. This scatter is
partially due to the fact that the effect of the IMF in the inte-
grated spectra becomes weaker for flatter IMF slopes (see e.g. La
Barbera et al. 2013). However, we find that the observed scatter
correlates with the [Mg/Fe] values and even more strongly with
the effective star formation rate surface density, as described in
§ 4. Since the [Mg/Fe] ratio can be understood as a star formation
time-scale (e.g., Thomas et al. 2005; de La Rosa et al. 2011; Mc-
Dermid et al. 2015), and therefore as the inverse of an averaged
specific star formation rate, our observations seem to hint to-
ward a connection between the star formation rate when the bulk
of stars were formed (at redshifts z & 2) and the slope of the
IMF. Interestingly, the ellipticities of the iso-[Mg/Fe] contours
are similar to the iso-[M/H] ones, suggesting that this secondary
correlation between IMF slope and star formation rate-related
quantities is induced by galaxy wide, mass-dependent offset in
the [Mg/Fe]-[M/H] relation (see discussion below on the chemi-
cal enrichment).

Theoretical arguments support a possible connection be-
tween star formation rate and IMF slope as revealed by our anal-
ysis. For example it has been long argued that high star forma-
tion rate events could lead to a top-heavy IMF, that is, an IMF
biased toward massive stars (Papadopoulos 2010; Papadopoulos
et al. 2011; Jeřábková et al. 2018; Fontanot et al. 2018b,a). Ob-
servations of star-forming systems seem to support this idea, as
an enhanced fraction of massive stars have been recently found
in both distant (Zhang et al. 2018) and nearby (Sliwa et al. 2017;
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Brown & Wilson 2019) star-forming galaxies. We note that in
these studies the effect of the star formation rate is limited to the
high mass end of the IMF. These massive stars, however, are no
longer present in the old stellar populations of the F3D sample
and could in fact explode as supernovae even before the low-
mass stars that now dominate the observed spectra reached the
main sequence. Therefore, our low-mass end IMF measurements
are, in principle, decoupled from changes in the relative number
of massive stars. The time-scale differences between low- and
high-mass end slopes could be particularly relevant if the IMF, as
suggested, also evolves in time (van Dokkum 2008; Davé 2008;
Weidner et al. 2013; Ferreras et al. 2015; Jeřábková et al. 2018;
De Masi et al. 2019).

It is also worth considering the possibility that the observed
IMF variations might not be causally driven by changes in
metallicity or star formation rate. In particular, although stabil-
ity arguments can be used to link metallicity and IMF varia-
tions via cooling efficiency (e.g., Dopcke et al. 2013; Martín-
Navarro et al. 2015b; Guszejnov et al. 2017; Chon et al. 2021),
detailed numerical simulations struggle to reproduce signifi-
cant metallicity-driven IMF variations (e.g., Myers et al. 2011;
Guszejnov et al. 2019). Different prescriptions for IMF varia-
tions have been also implemented in cosmological numerical
simulations, showing that different subgrid physics implemen-
tations of IMF variations can lead to results in reasonable agree-
ment with observations (Gutcke & Springel 2019; Barber et al.
2018, 2019b,a). In short, in the absence of a comprehensive the-
oretical framework that explains the complex behavior exhibited
by the IMF in nearby quiescent galaxies, one has to be careful
when considering the possible physical origin of a variable IMF,
in particular given that it is strongly coupled to many observables
as described in § 1.

5.2. On the chemical enrichment

One of the most noticeable features in the F3D stellar population
maps is the ubiquity of positive [Mg/Fe] radial gradients across
the whole mass range covered by our sample. Positive [Mg/Fe]
radial gradients ([Mg/Fe] increasing with radius) are a natural
prediction of outside-in monolithic collapse models (e.g., Pipino
& Matteucci 2004; Pipino et al. 2006), which can successfully
explain the prevalence of negative metallicity gradients in ETGs.
These models predict prolonged star formation in the central re-
gions of ETGs as the potential well of the galaxy prevents stellar
ejecta to efficiently escape, leading to a more developed chem-
ical enrichment in the inner regions, with high metallicity val-
ues but low [Mg/Fe]. However, most observational studies of
ETGs have reported rather flat or slightly decreasing [Mg/Fe]
gradients, in particular for the most massive galaxies (Davies
et al. 1993; Trager et al. 2000; Mehlert et al. 2003; Sánchez-
Blázquez et al. 2007; Greene et al. 2015; Martín-Navarro et al.
2018; Corsini et al. 2018; Parikh et al. 2021).

This apparent inconsistency between predicted and observed
[Mg/Fe] and [M/H] radial gradients has been traditionally inter-
preted as a consequence of the accretion-driven late evolution
of massive ETGs. The cores of present-day ETGs are suppos-
edly formed in rapid in situ-dominated star formation episodes
(e.g., Oser et al. 2010). These cores would exhibit steep nega-
tive metallicity gradients, while at the same time [Mg/Fe] would
increase with radius as expected from chemical evolution mod-
els. However, as dry mergers start to populate the outskirts of
ETGs late in their evolution, these pristine chemical gradients
are washed out. This interpretation is supported by the fact that
nearby naked red nuggets, arguably the unaltered progenitors of
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Fig. 10. Iron metallicity [Fe/H] – [Mg/Fe] plane from integrated F3D
spectra. Each symbol indicates the [Fe/H] and [Mg/Fe] values of one
Voronoi bin within our F3D sample, color-coded by the mass of the
galaxy. At fixed stellar mass, there is a clear trend where more iron-
rich bins tend to be less [Mg/Fe]-enhanced. The normalization of the
[Fe/H]–[Mg/Fe] relation depends on galaxy mass, with more massive
galaxies showing higher [Mg/Fe] values. Light shaded lines indicate
the average distribution of points for galaxies with different masses.

present-day massive galaxies, do show indeed positive [Mg/Fe]
radial gradients and strongly negative metallicity ones (Yıldırım
et al. 2017; Martín-Navarro et al. 2018).

In this context, the environment of the Fornax cluster may be
responsible for preserving the pristine chemical enrichment of
its members. With an estimated halo mass of 7×1013 M� and an
intrinsic velocity dispersion of ∼ 380 km s−1(Drinkwater et al.
2001), galaxy-galaxy interactions in such an environment are
less frequent than in the field or in less massive (and thus lower
velocity dispersion) halos (Merritt 1983; Binney & Tremaine
1987; Gnedin 2003). We note, however, that the internal velocity
dispersion of the Fornax cluster is not sufficiently high to com-
pletely prevent galaxy-galaxy interactions, which may still play
a role in the evolution of galaxies within the cluster. In addition
to the internal dynamics of galaxies within Fornax, the gas in the
cluster is found to be shock heated at a temperature of κT = 1.48
keV (Frank et al. 2013), which would also prevent fueling of
cool gas and thus star formation. This interpretation is in agree-
ment with the recent measurements of similarly positive [Mg/Fe]
gradients in some nearby cluster galaxies (Ferreras et al. 2019;
Barbosa et al. 2021a).

Moreover, it is worth noting that metallicity and [Mg/Fe]
measurements of F3D galaxies share interesting similarities with
the chemical enrichment of nearby resolved galaxies Waller-
stein (1962); Tinsley (1979). In particular, Fig. 10 shows the
[Fe/H]-[Mg/Fe] plane derived from our stellar population analy-
sis, color-coded by the mass of the host galaxy. Iron metallicities
were estimated following Equation 4 in Vazdekis et al. (2015):

[Fe/H] = [M/H] − 0.75 × [Mg/Fe],

At fixed galaxy stellar mass, F3D data points show a clear
pattern, where low-metallicity spatial bins tend to be more
[Mg/Fe] enhanced. For iron metallicities above [Fe/H] ∼ −0.4,
the [Fe/H]–[Mg/Fe] relation tends to flatten out. The normal-
ization of this relation does, however, clearly depend on galaxy
mass, with more massive galaxies being more [Mg/Fe]-enhanced
at fixed iron metallicity. We note that the equation above leads to
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an subtle correlation between [Fe/H] and [Mg/Fe] since with our
approach based on the MILES models does not measure iron but
total metallicities. However, the main driver of the trends shown
in Fig. 10 is the observed relation between [Mg/Fe] and [M/H],
which is not imposed by the models.

The behavior exhibited by our sample of F3D galaxies in
Fig. 10 is suggestively similar to the trends shown by nearby
galaxies, where the properties of individual stars can be mea-
sured (e.g., Tolstoy et al. 2009; Buder et al. 2021). These mass-
dependent tracks are usually interpreted as a chemical evolution
record history: the oldest and most chemically pristine stars have
been mainly polluted by the α-enhanced stellar ejecta of core-
collapse supernovae. However, after the onset of Type Ia super-
novae, late generations of stars form from iron-rich (and thus
relatively low [Mg/Fe]) gas, leading to the observed [Fe/H]–
[Mg/Fe] trend. More massive galaxies are more efficient at re-
taining the stellar ejecta and turning them into stars and therefore
exhibit a higher normalization.

The consistency between Fig. 10 and studies based on re-
solved stars suggests that the [Fe/H]–[Mg/Fe] plane is indeed
sensitive to the details of the chemical evolution of galaxies,
even when measured from their integrated spectra (Vincenzo
et al. 2018). Our results are in agreement with those presented
by Sybilska et al. (2018), who found similar trends in a sam-
ple of nearby Virgo and field galaxies. However, a major differ-
ence should be noted between integrated and resolved studies.
Although individual stars contributing to an integrated spectrum
do follow an intrinsic [Fe/H]–[Mg/Fe] relation, they are all as-
signed the same metallicity and [Mg/Fe] abundance in our stel-
lar population analysis. Hence, the observed trends in Fig. 10
should be interpreted as a weighted average. For the particu-
lar case of metallicities and abundance ratios in (old) composite
stellar populations as it is the case of the F3D sample, Serra &
Trager (2007) showed that single-stellar-population equivalent
measurements are close to the expected mass-weighted values.

This difference between integrated and resolved studies be-
comes more obvious when looking at the age distributions. In
resolved studies, the [Fe/H]–[Mg/Fe] relation can be understood
as a time-evolution, as young stars form out of more chemi-
cally enriched material. However, this is the opposite to what
we see in our sample of F3D galaxies (see for example Fig. 2),
where metal-poor and Mg-enhanced values tend to correspond
to younger stellar populations. This results from the fact that we
are not directly measuring the intrinsic age–[Fe/H]–[Mg/Fe] dis-
tribution of the stars within our sample (Walcher et al. 2015), but
making use of the gradients in [M/H] and [Mg/Fe] shown by our
data to probe differences in the chemical enrichment.

Finally, while the [Fe/H]–[Mg/Fe] distribution of resolved
stars shows a clear plateau at low metallicities ([Fe/H]. −0.5),
we do not find evidence of such saturation in the recovered
[Mg/Fe] values. As discussed above, the averaged nature of our
measurements is likely responsible for the absence of a plateau in
the recovered [Fe/H]–[Mg/Fe] distribution, as we are not prob-
ing the very low surface brightness regime dominated in light
by stars metal-poor enough to be in the [Mg/Fe] plateau. In
the future, population-orbital modeling (Zhu et al. 2020) will
hopefully help to recover the underlying [Mg/Fe]–[Fe/H] dis-
tributions. In addition, from a purely technical point of view,
the plateau occurs at [Mg/Fe]∼0.4 which (by construction) is
the maximum value allowed by the MILES models. In order to
safely study the knee in the [Fe/H]–[Mg/Fe] distribution, models
with predictions at higher [Mg/Fe] are required.

6. Summary and conclusions

We have analyzed a sample of 23 galaxies within the virial ra-
dius of the Fornax cluster. These galaxies were observed as part
of the Fornax 3D project with the MUSE spectrograph, result-
ing in an unprecedented spatial resolution that has allowed us to
explore the richness and complexity of the IMF and stellar popu-
lation maps over a range of galaxy masses. In particular, for each
galaxy in the sample we measured the full two-dimensional age,
metallicity, [Mg/Fe], and low-mass end IMF slope maps. The
analysis of these maps leads to the following main conclusions:

– Stellar population maps show a variety of features and be-
haviors, from disks to bar-like structures. These features are
not completely symmetric and thus they are only accessible
to integral field spectrographs.

– Steep IMF slope values (populations with an enhanced frac-
tion of low-mass stars) are predominantly metal-rich and
usually concentrated in the innermost regions of galaxies.
Within our sample, local metallicity is the best predictor for
the observed IMF slope values.

– For metallicities below ∼ −0.1[M/H] the scatter around
the main [M/H]–IMF slope relation increases. The observed
scatter correlates with quantities related to the star formation
rate at which stars were formed, with regions with higher star
formation rates showing steeper IMF slope values.

– The ellipticities of the stellar population maps are higher
than the photometric ones. Moreover, the metallicity maps
are systematically more elongated than the IMF slope ones,
revealing that their internal structures are intrinsically differ-
ent.

– Every galaxy in our sample, even the more massive ones,
exhibits a clearly positive [Mg/Fe] gradient. We hypothe-
size that this is a signature of the early chemical evolution
of galaxies preserved by the particular environment of the
cluster.

– The chemical properties of our galaxies, in particular the
[Fe/H]–[Mg/Fe] plane, share suggestive similarities with
measurements based on nearby resolved stars. This demon-
strates the potential of studying the [Fe/H]–[Mg/Fe] relation
from integrated spectra to understand the formation history
of galaxies, but physically motivated models and predictions
are needed to fully explain the observed trends. These pre-
dictions need to take into account how the mass growth and
the chemical enrichment of galaxies are affected by (time-
evolving) variations in the IMF slope.

In summary, our analysis has revealed systematic differences
between IMF slope and metallicity variations in our sample of
quiescent galaxies. These differences are imprinted in the orbital
structure of galaxies and suggest a link between the early assem-
bly of these galaxies and their observed properties in the local
Universe. In particular, we hypothesize that the low-mass end
IMF slope values that we measure today were set before the
cold gas reservoir was exhausted and thus while the chemical
enrichment and star formation were still taking place. This in-
terpretation could explain the structural differences in the IMF
slope and metallicity distributions, as well why galaxies and
regions of galaxies with the same metallicity exhibit different
IMF slope values that seem to correlate with star formation rate-
related quantities.

Moreover, our results emphasize the need for a comprehen-
sive approach in order to measure and understand the observed
properties of galaxies. The slope of the IMF, the chemical enrich-
ment, and the star formation rate are all highly coupled quanti-
ties, both from a physical and an observational perspective. The

Article number, page 13 of 27



A&A proofs: manuscript no. f3dwide_vARXIV

mass growth of a galaxy gets encoded on its optical spectrum,
but star formation histories derived from absorption spectra need
to be consistent with the measured chemical properties and IMF
slope values. Thus, physically motivated models that can repro-
duce the observed spectra of galaxies would be greatly beneficial
to break the intrinsic degeneracies of such a complex inversion
problem. Complementary, with the arrival of new facilities and
a new class of ground-based and space telescopes, high quality
spectra of distant (and therefore younger) massive galaxies will
become the norm, hopefully unveiling the early stages of mas-
sive galaxy formation through detailed stellar population analy-
ses.
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Fig. A.1. F3D stellar population maps of FCC 083. From left to right and top to bottom: age, metallicity, [Mg/Fe], and IMF slope maps
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Fig. A.2. F3D stellar population maps of FCC 119.
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Fig. A.3. F3D stellar population maps of FCC 143. From left to right and top to bottom: age, metallicity, [Mg/Fe], and IMF slope maps
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Fig. A.4. F3D stellar population maps of FCC 147.
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Fig. A.5. F3D stellar population maps of FCC 148. From left to right and top to bottom: age, metallicity, [Mg/Fe], and IMF slope maps
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Fig. A.6. F3D stellar population maps of FCC 153.
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Fig. A.7. F3D stellar population maps of FCC 161. From left to right and top to bottom: age, metallicity, [Mg/Fe], and IMF slope maps
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Fig. A.8. F3D stellar population maps of FCC 167.
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Fig. A.9. F3D stellar population maps of FCC 170. From left to right and top to bottom: age, metallicity, [Mg/Fe], and IMF slope maps
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Fig. A.10. F3D stellar population maps of FCC 176.
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Fig. A.11. F3D stellar population maps of FCC 177. From left to right and top to bottom: age, metallicity, [Mg/Fe], and IMF slope maps
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Fig. A.12. F3D stellar population maps of FCC 182. From left to right and top to bottom: age, metallicity, [Mg/Fe], and IMF slope maps
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Fig. A.13. F3D stellar population maps of FCC 179.

0 100 200 300 400
X [arcsec]

0

50

100

150

200

250

300

350

400

Y 
[a

rc
se

c]

12.4 12.6 12.8 13.0 13.2 13.4 13.6
Age [Gyr]

0 100 200 300 400
X [arcsec]

0

50

100

150

200

250

300

350

400

Y 
[a

rc
se

c]

0.2 0.1 0.0 0.1 0.2
[M/H]

0 100 200 300 400
X [arcsec]

0

50

100

150

200

250

300

350

400

Y 
[a

rc
se

c]

0.200 0.225 0.250 0.275 0.300 0.325 0.350 0.375
[Mg/Fe]

0 100 200 300 400
X [arcsec]

0

50

100

150

200

250

300

350

400

Y 
[a

rc
se

c]

0.575 0.600 0.625 0.650 0.675 0.700 0.725 0.750
 (IMF)

Fig. A.14. F3D stellar population maps of FCC 184.
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Fig. A.15. F3D stellar population maps of FCC 190.
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Fig. A.16. F3D stellar population maps of FCC 193.
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Fig. A.17. F3D stellar population maps of FCC 219.
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Fig. A.18. F3D stellar population maps of FCC 255.
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Fig. A.19. F3D stellar population maps of FCC 249.
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Fig. A.20. F3D stellar population maps of FCC 277.
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Fig. A.21. F3D stellar population maps of FCC 276.
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Fig. A.22. F3D stellar population maps of FCC 310.
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Fig. A.23. F3D stellar population maps of FCC 301.
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