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ABSTRACT

The stellar initial mass function (IMF) regulates the baryonic cycle within galaxies, and is a key ingredient to translate observations
into physical quantities. Although for decades it was assumed to be universal, there is now growing observational evidence showing
that the center of massive early-type galaxies host an enhanced population of low-mass stars compared to the expectations from
the Milky Way. Moreover, these variations in the IMF have been found to be related to the radial metallicity variations in massive
galaxies. We present here a two-dimensional stellar population analysis of the massive lenticular galaxy FCC 167 (NGC 1380) as part
of the Fornax3D project. Using a newly developed stellar population fitting scheme, we derive a full two-dimensional IMF map of
an early-type galaxy. This two-dimensional analysis allows us go further than a radial analysis, showing how the metallicity changes
along a disc-like structure while the IMF follows a distinct, less disky distribution. Thus, our findings indicate that metallicity cannot
be the sole driver of the observed radial IMF variations. In addition, a comparison with the orbital decomposition shows suggestive
evidence of a coupling between stellar population properties and the internal dynamical structure of FCC 167, where metallicity and
IMF maps seem to track the distribution of cold and warm orbits, respectively.

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

1. Introduction

The stellar initial mass function (IMF) describes the mass spec-
trum of stars at birth and plays a fundamental role in our un-
derstanding of galaxies. From the stellar feedback (e.g. Gutcke
& Springel 2018; Barber et al. 2018a) to the chemical enrich-
ment (e.g. Ferreras et al. 2015; Martín-Navarro 2016; Philcox
et al. 2018; Barber et al. 2018b), baryonic processes in the Uni-
verse ultimately depend on the IMF. Moreover, observationally,
our interpretation of the electromagnetic spectrum of unresolved
stellar populations is heavily sensitive to the IMF. Beyond a
few Mpc, where the properties of resolved individual stars can-
not still be measured, translating spectro-photometric measure-
ments into physical quantities requires strong assumptions on the
shape of the IMF. From star formation rate (e.g. Kennicutt 1998;

Madau & Dickinson 2014) and stellar mass measurements (e.g.
Mitchell et al. 2013; Courteau et al. 2014; Bernardi et al. 2018)
to chemical enrichment predictions (e.g. McGee et al. 2014;
Clauwens et al. 2016), the shape of the IMF has to be either
fixed or modelled.

The pioneering work of Salpeter (1955) showed that the IMF
in the Milky Way can be described by a power law

Φ(log M) = dN/d log M ∝ M−Γ (1)

with a slope Γ = 1.35 for stellar masses above 1M�. These
initial measurements were later extended to lower-mass stars
(M. 0.5M�), where the slope of the IMF was found to be flat-
ter (Γ ∼ 0) than for massive stars (e.g. Miller & Scalo 1979).
The seminal works of Kroupa (2001, 2002) and Chabrier (2003)
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consolidated the idea of a universal, Milky Way-like IMF, inde-
pendent of the local star formation conditions (e.g. Bastian et al.
2010).

IMF measurements are, however, not limited to the relatively
small local volume around the Milky Way. In unresolved stellar
populations, two main approaches have been developed to con-
strain the IMF shape. The first approach makes use of the effect
of the IMF on the mass-to-light (M/L) ratio. Low-mass stars con-
stitute the bulk of stellar mass in galaxies, but high-mass stars
dominate the light budget. Hence, a change in the IMF slope
(i.e. in the relative number of low-mass to massive stars) will
have a measurable impact on the expected M/L, and the shape
of the IMF can be estimated by independently measuring the
total mass (through dynamics or gravitational lensing) and lumi-
nosity of a stellar population (see e.g Treu et al. 2010; Thomas
et al. 2011). This technique, however, suffers from a strong de-
generacy between dark matter halo mass and IMF slope (e.g.
Auger et al. 2010). Alternatively, the shape of the IMF can also
be measured in unresolved stellar populations by analyzing their
integrated absorption spectra. In particular, IMF-sensitive fea-
tures subtly vary, at fixed effective temperature, with the surface
gravity of stars, and therefore can be used to measure the dwarf-
to-giants ratio, i.e., the slope of the IMF (e.g van Dokkum &
Conroy 2010). Although more direct than the dynamical/lensing
approach, measuring the IMF from integrated spectra is obser-
vationally challenging as the low-mass star contribution to the
observed spectrum is usually outshined by the flux emitted by
more massive stars.

The relative simplicity of the stellar populations (i.e. roughly
coeval) in massive early-type galaxies (ETGs) has made them
benchmark test cases to study IMF variations beyond the Local
Group. In addition, massive ETGs are more metal-rich, denser
and have experienced more intense star formation events than
the Milky Way, and thus, the universality of the IMF shape can
be tested under much more extreme conditions. Over the last
decade, IMF studies in ETGs have consistently indicated a non-
universal IMF shape in massive ETGs, as the IMF slope becomes
steeper (i.e. with a larger fraction of low-mass stars) with in-
creasing galaxy mass. It is important to note that ETGs host very
old stellar populations and thus, IMF measurements in these ob-
jects are restricted to long-lived stars, with masses m . 1M�,
and therefore insensitive to variations in the high-mass end of
the IMF. In general, the agreement between dynamics-based
(Auger et al. 2010; Cappellari et al. 2012; Dutton et al. 2012;
Wegner et al. 2012; Tortora et al. 2013; Läsker et al. 2013; Tor-
tora et al. 2014; Corsini et al. 2017) and stellar population-based
(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) studies sup-
port a systematic variation in the IMF of massive ETGs. How-
ever, dynamical and stellar population studies do not necessarily
agree on the details (see e.g. Smith 2014; Smith & Lucey 2013;
Newman et al. 2017). This seems to suggest that both approaches
might be effectively probing different mass-scales of the IMF,
although differences between dynamical and stellar population-
bases studies are not as striking after a proper systematics mod-
eling (Lyubenova et al. 2016).

IMF variations with galaxy mass, however, provide limited
information about the process(es) shaping the IMF as, in gen-
eral, galaxy properties tend to scale with galaxy mass. Therefore,
galaxy-wide IMF variations may be equally attributed to a num-
ber of different mechanisms (e.g. Conroy & van Dokkum 2012b;
La Barbera et al. 2013, 2015). This observational degeneracy can
be partially broken by analyzing how the IMF shape changes

as a function of radius, since different parameters like velocity
dispersion, stellar density, metallicity or abundance pattern vary
differently with galactocentric distance. Since first measured in
the massive galaxy NGC 4552 (Martín-Navarro et al. 2015a),
radial IMF gradients have been widely found in a large num-
ber of massive ETGs (Martín-Navarro et al. 2015b; La Barbera
et al. 2016; Davis & McDermid 2017; van Dokkum et al. 2017;
Oldham & Auger 2018; Parikh et al. 2018; Sarzi et al. 2018b;
Vaughan et al. 2018b). These spatially resolved IMF studies have
shown how IMF variations occur in the inner regions of massive
ETGs, and that metallicity seems to be the local property that
better tracks the observed IMF variations (Martín-Navarro et al.
2015d). However, it is not clear whether the observed correla-
tion with metallicity is sufficient to explain all IMF variations
(e.g. Villaume et al. 2017), or even if there are massive ETGs
with Milky Way-like IMF slopes (McConnell et al. 2016; Ziele-
niewski et al. 2017; Alton et al. 2018; Vaughan et al. 2018a).

The aim of this work is to take a step further in the ob-
servational characterization of the IMF by analyzing its two-
dimensional (2D) variation in the massive (MB = −20.3), fast-
rotating ETG FCC 167 (NGC 1380), as part of the Fornax 3D
project (F3D). Taking advantage of the unparalleled capabilities
of the Multi Unit Spectroscopic Explorer (MUSE) integral-field
spectrograph (Bacon et al. 2010), we present here a 2D analy-
sis of the stellar population properties of FCC 167, showing for
the first time the IMF map of a massive ETG. The paper is or-
ganized as follows: in § 2 we briefly present the data. Stellar
population model ingredients are described in § 3. § 4 contains a
detailed explanation about the stellar population modeling, and
fitting method 9 and in § 5 the results of the stellar population
analysis of FCC 167 are presented. In § 6 we discuss our find-
ings. Finally, in § 7 we summarize the main conclusions of this
work, briefly describing future IMF efforts within the Fornax 3D
project.

2. Data

We based our stellar population analysis on MUSE data from
F3D described in Sarzi et al. (2018a). In short, F3D is an IFU
survey of 33 bright (mB < 15) galaxies selected from the Fornax
Cluster Catalog (FCC, Ferguson 1989) within the virial radius
of the Fornax cluster (Drinkwater et al. 2001). The survey was
carried out using the Wide Field Mode of the MUSE IFU (Bacon
et al. 2010), which provides a 1×1 arcmin2 field-of-view at a 0.2
arcsec pixel−1 spatial scale. The wavelength range covers from
4650Å to 9300Å, with an spectral sampling of 1.25 Å pixel−1

and a nominal resolution of FWHM = 2.5Å at λ = 7000Å.
This work is focused on the ETG (S0/a) galaxy FCC 167,

located at a distance of 21.2 Mpc (Blakeslee et al. 2009) and at
222 kpc from NGC 1399, the brightest galaxy in the cluster. The
total stellar mass of FCC 167 is 9.85 × 1010M�, with an effec-
tive radius of Re = 6.17 kpc (60 arcsec) in the i band (Iodice
et al. 2018). Sarzi et al. (2018a) found that FCC 167 has two
embedded (thin and thick) discs based on its orbital decompo-
sition. The thin disc is clearly seen in the photometric structure,
along with some other interesting features. Nebular gas emis-
sion is present in the central regions (Viaene et al. 2018), and the
exquisite spatial resolution of the MUSE data allows us to sys-
tematically detect and characterise planetary nebulae within the
MUSE field-of-view (Sarzi et al. 2018a).

The final F3D data cube of FCC 167 combines three different
pointings, covering from the center of the galaxy out to ∼4 Re,
with a total exposure time per pointing of ∼ 1.2 hours. Data re-
duction was done using the MUSE pipeline (Weilbacher et al.
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2016) running under the ESO Reflex environment (Freudling
et al. 2013). The initial sky subtraction was done using either
dedicated sky exposures or IFU spaxels free from galactic flux
at the edge of the MUSE field of view. In a later step, the sky
subtraction process was further improved by using the Zurich
Atmospheric Purge algorithm (Soto et al. 2016). More details on
the observational strategy and data reduction process are given
in the F3D presentation paper (Sarzi et al. 2018a).

In order to measure IMF variation in the absorption spectra
of galaxies it is necessary to accurately model variations of a few
percent in the depth of gravity-sensitive features. We achieved
the required precision level by spatially binning the MUSE data
into Voronoi bins with a minimum signal-to-noise ratio (S/N) of
∼100 per bin (Cappellari & Copin 2003). This S/N threshold is
similar to that used in previous IMF studies, but the exquisite
spatial resolution and sensitivity of MUSE, combined with the
2D information, provides an unprecedented number of spatial
bins: while IMF gradients have usually been measured using ∼
10 data points (e.g. Martín-Navarro et al. 2015a; van Dokkum
et al. 2017), our S/N=100 binned cube of FCC 167 consists of
more than 6000 independent Voronoi bins.

3. Stellar population model ingredients

Our stellar population analysis relies on the most recent version
of the MILES evolutionary stellar population synthesis models
(Vazdekis et al. 2015). These models are fed with the MILES
stellar library of Sánchez-Blázquez et al. (2006), with a constant
spectral resolution of 2.51 Å (FWHM, Falcón-Barroso et al.
2011).

The main difference of the Vazdekis et al. (2015) single stel-
lar population models (SSP) with respect to previous MILES
models (e.g. Vazdekis et al. 2010) is the treatment of the α-
elements abundance ratio. In this new set of models, MILES
stars are used to populate BaSTI isochrones (Pietrinferni et al.
2004, 2006) which were explicitly calculated at [α/Fe]=0.4 and
at the solar scale ([α/Fe] = 0.0). To compute [α/Fe] = 0.0 models
at low metallicities, a regime where MILES stars are α-enhanced
(Milone et al. 2011), a theoretical differential correction was ap-
plied on top of the fully-empirical SSP. The same procedure was
followed to generate [α/Fe]=0.4 SSP models at high metallici-
ties. Therefore this new version of the MILES models allows for
a self-consistent treatment of the abundance pattern.

In addition to variable [α/Fe] (0.0 and +0.4), the Vazdekis
et al. (2015) MILES models fed with BaSTI cover a range in
metallicities ([M/H]) from -2.27 to +0.261, expanding from 0.03
Gyr to 14 Gyr in age. The wavelength range in the [α/Fe]-
variable models is relatively short (Vazdekis et al. 2016), from
λ=3540 Å to λ=7410 Å, but it contains enough gravity-sensitive
features to safely measure the effect of the IMF.

For the IMF functional form, we assumed the so-called bi-
modal shape (Vazdekis et al. 1996). In this parametrization, the
IMF is varied through the (logarithmic) high mass end slope ΓB.
The main difference between this IMF shape and a single power-
law parametrization is that, for masses below ∼ 0.5M�, the bi-
modal IMF flattens. This feature allows for a better agreement
with dynamical IMF measurements (Lyubenova et al. 2016)
while recovering a Milky Way-like behavior for ΓB = 1.3. Al-
though ΓB controls the high mass end slope, the number of low-
mass stars is effectively varied at the same time as the integral of

1 Note that, although there are MILES/BaSTI models at [M/H]=+0.4,
these predictions are not considered safe and therefore we do not in-
clude them as templates in our analysis

the IMF is normalized to 1 M�. Note that a variation in the high-
mass end of the IMF as presented here would be in tension with
the observed chemical composition of massive ETGs, unless the
slope of the IMF also changes with time (Weidner et al. 2013;
Ferreras et al. 2015; Martín-Navarro 2016). However, our stellar
population analysis of FCC 167 is completely insensitive to this
potential issue (see details below).

3.1. IMF in quiescent galaxies: the ξ parameter

Understanding IMF variations in unresolved, old stellar popula-
tions from optical and near-IR spectra requires the acknowledge-
ment of two empirical limitations. First, only stars less massive
than ∼ 1M� contribute to the light budget and hence, IMF mea-
surements from integrated spectra are insensitive to variations
of the high mass end slope. Second, the contribution from very
low mass stars close to the Hydrogen burning limit (m ∼ 0.1M�)
is virtually unconstrained unless very specific near-IR spectral
features are targeted (Conroy & van Dokkum 2012b; Conroy
et al. 2017). The lack of constraints on the number of very low-
mass stars explains why a single-power law IMF parametrization
fits equally well the observed spectra of massive ETGs (La Bar-
bera et al. 2013; Spiniello et al. 2014), but dramatically overesti-
mates the expected M/L ratios (Ferreras et al. 2013; Lyubenova
et al. 2016). In practice, these two limitations imply that stellar
population-based IMF measurements are mostly sensitive to the
IMF slope for stars with masses 0.2. m .1M� regardless of the
adopted IMF parametrization.

Given the rising number of stellar population-based IMF
measurements and the need for an unbiased comparison among
them, we introduce here a new quantity, ξ, which is virtually
independent of the IMF parametrization. The ξ parameter, quan-
tifying the mass fraction locked in low-mass stars, is defined as
follows

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

(2)

where in the second equality the IMF, X(m), is expressed in lin-
ear mass units. This is similar to the definition of F0.5 in La Bar-
bera et al. (2013) but ξ is normalized only to the mass contained
in stars below 1M�, while La Barbera et al. (2013) normalized
to the mass in stars below 100 M�. Hence, ξ does not depend
on the number of massive stars, which in fact cannot be mea-
sured from the absorption spectra of ETGs. Moreover, since the
denominator in Eq. 2 is roughly equivalent to the total stellar
mass for old stellar populations, ξ offers a quick conversion fac-
tor to transform the observed stellar mass of a galaxy into the
total mass in low-mass stars. This definition of ξ explicitly takes
into account the fact that very low-mass stars (M. 0.2M�) are
not strongly constrained by most optical/near-IR spectroscopic
data. Note also that ξ does not account for the amount of mass
locked in stellar remnants. This dark stellar mass is only mea-
surable through dynamical studies, and it heavily depends on the
shape and slope of the high-mass end of the IMF.

The ξ parameter, as defined by Eq. 2 is therefore a useful
quantity to compare different IMF measurements, as shown in
§ 4, and it can be even applied to IMF functional forms without a
well-defined low-mass end IMF slope (e.g. Chabrier et al. 2014;
Conroy et al. 2017). Table 1 shows how commonly used IMF
functional forms can be translated into ξ mass ratios.
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Table 1. Conversion coefficients between commonly used IMF shapes
and ξ mass ratios. For a given IMF slope γ, the corresponding ξ can be
accurately approximated by a polynomial ξ(γ) = c0 + c1γ + c2γ

2 + c3γ
3

Single-power law (Γ)a

c0 c1 c2 c3
0.3751 0.1813 0.0223 -0.0095

Broken-power law (ΓB)
c0 c1 c2 c3

0.3739 0.1269 0.0000 -0.0014

Notes. For a Chabrier (2003) IMF, ξ = 0.4607; for Kroupa (2002),
ξ = 0.5194, and for Salpeter (1955), ξ = 0.6370
(a) Γ is in log units. In linear mass units, the IMF slope is α = Γ + 1.

4. Full-Index-Fitting: a novel approach

Measuring detailed stellar population properties, and in par-
ticular IMF variations, from the absorption spectra of unresolved
stellar populations requires a precise and reliable comparison be-
tween stellar population models and data. Two main approaches
are usually followed. The standard line-strength analysis makes
use of the equivalent width of well-defined spectral features to
derive the stellar population properties of a given spectrum (e.g.
Burstein et al. 1984). The main advantage of this method is that
it focuses on relatively narrow spectral regions where the bulk
of the information about the stellar population properties is en-
coded. Moreover, these narrow spectral features have been thor-
oughly studied and their dependence on the different stellar pop-
ulation parameters has been extremely well characterized (e.g.
Worthey 1994; Cenarro et al. 2001; Thomas et al. 2003; Schi-
avon 2007; Johansson et al. 2012). However usually only a hand-
ful of these indices can be analysed simultaneously, which may
lead to degeneracies in the recovered stellar population proper-
ties (Sánchez-Blázquez et al. 2011).

Additionally, and thanks to the development of intermedi-
ate resolution stellar population models, full spectral fitting tech-
niques are now widely adopted. (e.g. Cid Fernandes et al. 2005;
Ocvirk et al. 2006; Conroy et al. 2009; Cappellari 2017; Wilkin-
son et al. 2017). Instead of focusing on specific absorption fea-
tures, this second approach aims to fit every pixel across a rel-
atively wide wavelength range (∼ 1000Å). Since every pixel is
treated as an independent measurement, S/N requirements are
lower than for a line-strength analysis, and with a given S/N ra-
tio, degeneracies in the recovered stellar population parameters
tend to be weaker using full spectral fitting algorithms (Sánchez-
Blázquez et al. 2011). Despite presenting clear advantages over
the use of line-strength indices, the number of free parameters is
also higher with full spectral stellar population fitting (e.g. Con-
roy et al. 2018), increasing the computational cost. Moreover,
since every pixel in the spectrum is treated equally, the infor-
mation about the stellar population properties, concentrated in
narrow features, might get diluted (La Barbera et al. 2013).

A hybrid approach, in between line-strength analysis and full
spectral fitting, is also possible. The idea consists of selecting
key absorption features, where the information about the stellar
population properties is concentrated. Then, instead of calculat-
ing the equivalent widths, every pixel within the feature is fit-
ted after normalizing the continuum using the index definition
(Martín-Navarro et al. 2015c). In practice, this is a generaliza-
tion of the line-strength analysis: while in the standard approach
the equivalent width is measured with respect to a well-defined

continuum, the hybrid method quantifies the depth of each pixel
with respect to the same continuum definition. Fig. 1 exemplifies
normalized Mgb 5177 and TiO2 spectral features.

This hybrid approach, or full index fitting (FIF), presents
significant advantages. First, only specific spectral features are
fitted, where the information is concentrated and the behavior
of the stellar population properties is well determined. This al-
lows for a low number of free parameters, as in the standard
line-strength analysis, reducing the computational time. This is
a key feature given the large number of spatial bins provided
by the MUSE spectrograph. Moreover, since the continuum is
fitted by a straight line using the index definition, the FIF ap-
proach is insensitive to large-scale flux calibration issues in the
data. Compared with the line-strength analysis, the main advan-
tage of the FIF method is that the number of independent ob-
servables is significantly increased. For example, in a standard
index-index diagram (e.g. Hβ vs Mgb 5177), only two measure-
ments are compared to the model predictions. However, using
FIF, the same two indices lead to more than ∼ 100 measure-
ments (at the MILES resolution). In practice, adjacent pixels in
the observed spectrum of a galaxy are correlated so the effective
improvement of the S/N does not necessarily scales as

√
Npix.

In addition to these practical advantages, the use of FIF has a
crucial characteristic: each pixel in a given spectral feature de-
pends differently on the stellar populations parameters, as shown
in Fig. 1. This implies that not only the S/N requirements are
lower but also that degeneracies among stellar population prop-
erties become weaker (see Fig. 2).

4.1. Application to F3D data

In order to apply the FIF method to the F3D data of FCC167,
we first measured the stellar kinematics (mean velocity and ve-
locity dispersion) of each individual spatial bin (see § 2) using
the pPXF code presented in Cappellari & Emsellem (2004). For
consistency, we fed pPXF with the same set of MILES models
used for the stellar population analysis. Spectral regions poten-
tially contaminated by ionized gas emission were masked in this
first step of the fitting process. Note that, for consistency, we did
not use the kinematics described in the survey presentation pa-
per (Sarzi et al. 2018a), as we made different assumptions in the
modeling process.

An important limitation of the MUSE spectrograph is the rel-
atively red wavelength coverage, which starts at λ =4650Å, and
consequently, the only reliable age sensitive feature in the ob-
served wavelength range is the Hβ line. However, Hβ is known to
depend, not only on the age, but also on some other stellar popu-
lation properties. In particular, Hβ shows a significant sensitivity
to the [C/Fe] abundance ratio (Conroy & van Dokkum 2012a;
La Barbera et al. 2016). Unfortunately, there are no prominent
C-sensitive features in the MUSE data, making the use of Hβ

unreliable. We overcome this problem by measuring the lumi-
nosity weighted age of FCC 167 using the pPXF regularization
scheme (Cappellari 2017), which can provide robust stellar pop-
ulation measurements (McDermid et al. 2015). Given the sensi-
tivity of recovered star formation histories on the assumed IMF
slope (Ferré-Mateu et al. 2013), we regularized over the age–
metallicity–IMF slope parameter space, and then we fixed the
pPXF best-fitting age throughout the rest of the stellar popula-
tion analysis.

Given the wavelength coverage of the [α/Fe]-variable
MILES models (λλ = 3540 − 7410Å), we based our stel-
lar population analysis of FCC 167 on features bluewards of
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Fig. 1. The full-index-fitting (FIF) approach. The top panels show the Mgb 5177 (left) and the TiO2 (right) spectral features, normalized using
the index pseudo-continua (blue shaded regions). In the FIF approach, every pixel within the central bandpass (grey area) is fitted to measure the
stellar population parameters. The black line correspond to a model of solar metallicity [M/H]=0, [Mg/Fe]=0, [Ti/Fe]=0, and Kroupa-like IMF, at
a resolution of 200 km s−1. The FIF approach breaks the degeneracies more efficiently than the standard line-strength analysis since every pixel
responds differently to changes in the stellar population properties. Colors in the bottom panels show the relative change in the spectrum after
varying different stellar population parameters. For reference, the IMF slope was varied by ∆ΓB = 1, the metallicity and abundance ratios by 0.2
dex, and the age by 2 Gyr.

λ ∼ 7000. This wavelength range shows a wide variety of stellar
population-sensitive features and is much less affected by tel-
luric absorption than the near-IR regime. To constrain the metal-
licity and [α/Fe] ratio we focused on the Fe 5270, Fe 5335, and
Mgb5177 indices (Trager et al. 1998). Although all α elements
are varied in lock-step in the MILES models, our only [α/Fe]-
sensitive feature is the Mgb5177 absorption feature. Hence, it is
only the [Mg/Fe] abundance ratio which is constrained by our
analysis. In the MUSE wavelength range, the most important
IMF sensitive features are the aTiO (Jorgensen 1994), the TiO1
and the TiO2 absorptions (Serven et al. 2005). We therefore also
included the effect of [Ti/Fe] as an additional free parameter us-
ing the response functions of Conroy & van Dokkum (2012a).
The [Ti/Fe] is not treated in the same way as the [Mg/Fe] ra-
tio, as the same response function is assumed irrespective of the
value of the other stellar population parameters (see Spiniello
et al. 2015). Effectively, [Ti/Fe] has a relatively mild effect on
the selected features. Finally, because the effect of [C/Fe] in our
set of features balances out that of the [α/Fe] (La Barbera et al.
2016), and both ratios are expected to track each other (Johans-
son et al. 2012), we neglect the [α/Fe] sensitivity of the MILES
models beyond λ = 5400Å.

In short, we follow the FIF stellar population fitting approach
described in § 4 focusing on six spectral features (Fe 5270,
Fe 5335, Mgb5177, aTiO, TiO1, and TiO2). We fit for four stellar
population parameters, namely, metallicity, [Mg/Fe], [Ti/Fe] and
IMF slope (ΓB). The age was fixed to that measured using pPXF,
and the effect of the [Mg/Fe] was only considered for wave-
lengths λ 5 5400Å. The implications of these assumptions on

the recovered stellar population parameters are shown and dis-
cussed in § 4.2.

In order to compare models and data, we implemented the
same scheme as in Martín-Navarro et al. (2018). We used the
emcee Bayesian Markov chain Monte Carlo sampler (Foreman-
Mackey et al. 2013), powered by the Astropy project (Astropy
Collaboration et al. 2013, 2018), to maximize the following ob-
jective function

ln(O |S) = −
1
2

∑
n

[ (On −Mn)2

σ2
n

− ln
1
σ2

n

]
(3)

where S = {ΓB, [M/H], [Mg/Fe], [Ti/Fe]}. The summation ex-
tends over all the pixels within the band-passes of the selected
spectral features. On and Mn are the observed and the model
flux2 of the nth-pixel, and σn the measured uncertainty. Eq. 3 is
therefore just a Gaussian likelihood function, where the distance
(scaled by the expected uncertainity) between data and models is
minimized. For FCC 167, model predictions Mn were calculated
at a common resolution of 250 km s−1 so they had to be cal-
culated only once and not for every spatial bin. This resolution
corresponds to the lowest measured in FCC 167. Before com-
paring models and data, every MUSE spectrum was smoothed
to match the 250 km s−1resolution of the models using the ve-
locity dispersion measurements from pPXF. Fig. 2 shows how
our approach is able to break the degeneracies among the differ-
ent stellar population parameters when applied to FCC 167 F3D
data.
2 This model flux is obtained by linearly interpolating a grid of MILES
models.
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Fig. 2. Best-fitting stellar population properties. Posterior distributions
for one of the spatial bins of FCC 167 showing how our FIF approach
is able to recover the stellar population properties with high preci-
sion, breaking the degeneracies among them. Vertical red lines indi-
cate the best fitting value (solid line) and the 1σ uncertainty (dashed
lines). These values are quoted on top of the posterior distributions. The
luminosity-weighted age of this bin is 12.7 Gyr.

Thanks to the Bayesian fitting scheme described above, we
could further improve the robustness of our results by imposing
informative priors. In particular, we used the best-fitting metal-
licity and IMF values from the regularized pPXF fit as gaussian
priors on the final solution. This final improvement does not bias
the solution, but it increases the stability of the recovered stellar
population parameters as shown in Fig. 3. We assumed flat priors
for the other free parameters (e.g. [Mg/Fe] and [Ti/Fe]).

4.2. ETG scaling relations

The stellar population properties of ETGs follow tight scaling
relations with galaxy mass (e.g. Worthey et al. 1992; Thomas
et al. 2005; Kuntschner et al. 2010). Therefore, before attempt-
ing the stellar population analysis of FCC 167, we test whether
our FIF approach is able to recover these well-known trends. We
made use of the ETG stacked spectra of La Barbera et al. (2013),
based on the public Sloan Digital Sky Survey DR6 (Adelman-
McCarthy et al. 2008), and we fit them with our reference set
up described above. In addition, to understand the effect of the
different model assumptions on the recovered stellar population
properties, we also performed a series of tests where we var-
ied our fitting scheme. The first variation consisted of removing
the informative priors. Second, we also tested the effect of al-
lowing for the [Mg/Fe] variations to affect wavelengths beyond
λ = 5400Å. Third, the robustness of the FIF approach, and its
dependence on the set of indices was put to the test by removing
all IMF sensitive features but TiO2 from the analysis. The results
of these tests are shown in Fig. 3.
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Fig. 3. From top to bottom, this figure shows the metallicity, [Mg/Fe],
and IMF (ξ) scaling relations with galaxy velocity dispersion. The re-
covered trends agree with expectations from previous studies. In par-
ticular, the measured IMF-σ relation is remarkably close to the results
of La Barbera et al. (2013) and Spiniello et al. (2014), even though
they rely on different model assumptions. Moreover, the use of ξ as a
proxy for the low-mass end IMF slope is able to unify different IMF
parametrizations. The main difference between the trends shown in this
figure and previous works is the fact that we measure a flatter trend
between [Mg/Fe] and galaxy velocity dispersion. This is however, not
related to the FIF fitting, but due to a combination of the metallicity-
dependent [Mg/Fe] effect on the MILES models, plus the sensitivity of
the Mgb 5177 line to changes in the IMF slope (see Fig. 1).
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Fig. 4. Stellar population maps of FCC 167. The top left panel shows the age map, as measured from pPXF, where the presence of a relatively older
central component is clear. The metallicity (top right) and the [Mg/Fe] (bottom left) maps show the clear signature of a chemically evolved disk,
confined within a vertical height of ∼ 10 arcsec, coinciding with the kinematically cold component observed in this galaxy (Sarzi et al. 2018a).
The IMF map on the bottom right exhibits however a different two-dimensional structure, not following the metallicity variations, but closely
following the hot+warm orbits of this galaxy (Sarzi et al. 2018a).

The top panel of Fig. 3 shows the metallicity–stellar veloc-
ity dispersion using our FIF approach. The expected trend, with
galaxies with higher velocity dispersion (more massive) being
more metal rich is recovered (e.g. Thomas et al. 2010). Only the
case where the TiO2 is our only IMF sensitive feature departs
from the rest, proving that metallicity is well constrained by our
approach.

The middle panel in Fig. 3 shows how the [Mg/Fe] abun-
dance ratio changes as a function of galaxy velocity dispersion.
Again, as for the metallicity, all the different variations agree,
and they show how more massive galaxies are more [Mg/Fe] en-
hanced. An important point should be noticed: the [Mg/Fe] –
velocity dispersion relation is flatter than expected (e.g. Thomas
et al. 2010; de La Rosa et al. 2011; La Barbera et al. 2014; Con-
roy et al. 2014). We checked that this flattening is not due to the
FIF approach by repeating the analysis with the standard line-
strength indices and finding the same result. The weak [Mg/Fe]
trend with galaxy velocity dispersion results from the combi-
nation of two processes not explored in previous studies. First,
the new MILES models consistently capture the effect of the
[Mg/Fe], whose effect becomes weaker at sub-solar metallici-
ties (Vazdekis et al. 2015). This implies that for low-σ galaxies,
where metallicities are also low, a higher [Mg/Fe] is needed to
match the data compared to other stellar population models. In
consequence, low-σ galaxies are found to have higher [Mg/Fe]
than previously reported (Sybilska et al. 2017). The second ef-

fect flattening the [Mg/Fe]-σ relation has to do with the sensi-
tivity of the Mgb 5177 feature to the IMF, as shown for exam-
ple in the left panels of Fig. 1. A variation in the IMF slope
of δΓ ∼ 1 as typically observed in massive ETGs leads to a
change in the Mgb 5177 index which is equivalent to an in-
crement of δ[Mg/Fe]∼ 0.1. Hence, the depth of the Mgb 5177
absorption feature, traditionally interpreted as a change in the
[Mg/Fe] (Thomas et al. 2005), is also driven by a steepening in
the IMF slope of massive ETGs (Conroy & van Dokkum 2012a).

Finally, the bottom panel of Fig. 3 shows the recovered trend
between IMF slope (ξ) and galaxy mass, in very good agree-
ment with previous works. Shaded regions indicate the trends
found by La Barbera et al. (2013) and Spiniello et al. (2014) with
the typical 1σ uncertainty. It is clear from this panel that with
our FIF approach, we do not only recover the expected trends,
but also with a smaller uncertainty. This is ultimately due to the
larger number of pixels used in the analysis and to the effect of
model systematics 3. Even using a single IMF indicator, in this
case the TiO2 feature, we are able to robustly measure the IMF in
ETGs. Moreover, Fig. 3 also shows how our ξ definition is able
to unify IMF measurements based on different IMF parametriza-
tions. It is also worth mentioning that our FIF approach, and the

3 La Barbera et al. (2013) also included in their error budget uncertain-
ties on the treatment of abundance patterns and the emission correction
on Balmer lines.
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works of La Barbera et al. (2013) and Spiniello et al. (2014) are
based on different sets of indices, and even different stellar popu-
lation model ingredients, making the agreement among the three
approaches even more remarkable.

5. Results

Having validated the FIF approach with the La Barbera et al.
(2013) stacked spectra, we applied our stellar population fitting
scheme to the F3D data cube of FCC 167. As mentioned in § 2,
after spatially binning the three MUSE pointings of FCC 167,
we measured the stellar population properties in ∼6000 indepen-
dent Voronoi bins, mapping the two-dimensional structure of the
galaxy. The main results of our analysis are shown in Fig. 4.

On the top left panel of Fig. 4, the age map of FCC 167 shows
how this galaxy hosts old stellar populations at all radii, although
slightly older in the center. These relatively older stars seem to
track the bulge-like structure of FCC 167 (as shown in Figure
10 of Sarzi et al. 2018a). Note that ages shown in Fig. 4 are
luminosity-weighted values derived using pPXF (where IMF and
metallicity were also left as free parameters in a 20 (age) x 10
([M/H]) x 10 (IMF) model grid, covering the same parameter
space as described in § 3).

The metallicity (top right) and [Mg/Fe] (bottom left) maps
show clear evidence of the presence of a chemically evolved
thin disk. Interestingly, the age map appears partially decoupled
from the chemical properties of FCC 167. It is particularly strik-
ing how some of the oldest regions, where star formation ceased
very early in the evolution of FCC 167, show at the same time
chemically evolved (e.g. metal rich and [Mg/Fe] poor) stellar
populations.

Finally, the bottom right panel in Fig. 4 shows, for the first
time, the IMF map of an ETG. The overall behavior of the IMF is
similar to what was found previously in massive ETGs, namely,
it is only in the central regions where the fraction of low-mass
stars appears enhanced with respect to the Milky Way expecta-
tions (e.g. Martín-Navarro et al. 2015b; La Barbera et al. 2016;
van Dokkum et al. 2017). At a distance of ∼100 arcsec from
the center of FCC 167, a Milky Way-like IMF slope is found.
However, an important difference with respect to previous stud-
ies should be noticed. The two-dimensional structure of the IMF
in this galaxy is clearly decoupled from the chemical one, in par-
ticular, from the metallicity map (Martín-Navarro et al. 2015d).
Instead of following a disky structure, the IMF map of FCC 167
appears much less elongated.

6. Discussion

The ground-breaking potential of the F3D project to understand
the formation and evolution of ETGs through their stellar popu-
lation properties is clear from the two-dimensional maps shown
in Fig. 4. In spatially unresolved studies, the global properties of
ETGs appear highly coupled, as more massive galaxies are also
denser, more metal-rich, more [Mg/Fe]-enhanced, older and with
steeper (low-mass end) IMF slopes (e.g. Thomas et al. 2010; La
Barbera et al. 2013). In the same way, by collapsing the informa-
tion of a galaxy into a one-dimensional radial gradient, valuable
information about the stellar population parameters is lost. For
example, in FCC 167, both IMF slope and metallicity decrease
smoothly with radius, but it is only when studying its full 2D
structure that their different behavior becomes evident.

6.1. The age - [Mg/Fe] discrepancy

The [Mg/Fe] map in FCC 167 is clearly anti-correlated with the
age one (Fig. 4), transitioning from old and low [Mg/Fe] pop-
ulations in the center towards relatively younger and more Mg-
enhanced outskirts. Under the standard interpretation, age and
[Mg/Fe] should tightly track each other, as lower [Mg/Fe] is
reached by longer star formation histories (e.g. Thomas et al.
1999). In FCC 167, the age map and its chemical properties
seem to describe two different formation histories. The [Mg/Fe]
map, in agreement with the metallicity distribution, suggests
that the outer parts of the galaxy formed rapidly, which lead to
chemically immature stellar populations (high [Mg/Fe] and low
metallicities). This picture for the formation of the outskirts of
FCC 167 is in agreement with the properties of the Milky Way
halo (e.g. Venn et al. 2004; Hayes et al. 2018; Fernández-Alvar
et al. 2018) and other spiral galaxies (e.g. Vargas et al. 2014;
Molaeinezhad et al. 2017). The inner metal-rich, low [Mg/Fe]
regions would have formed during a longer period of time, leav-
ing enough time to recycle stellar ejecta into new generations of
stars. However, this scenario would imply a relatively younger
inner disk, which is not evident from the age map. This apparent
contradiction suggests that, in order to truly understand the stel-
lar population properties of ETGs, SSP-glasses are not enough,
and a more complex chemical evolution modeling is needed, tak-
ing into account the time evolution of the different stellar pop-
ulation parameters and our limitations on the stellar population
modeling side, in particular the coarse time-resolution inherent
to old stellar populations. This apparent tension between age and
chemical composition properties is not unique to FCC 167 and
has been reported in previous IFU-based studies (e.g. Martín-
Navarro et al. 2018).

6.2. The IMF - metallicity relation

The complexity of understanding the stellar population proper-
ties of ETGs with the advent of IFU spectroscopy is further in-
creased by the observed IMF variations. In Fig. 5 we show how
IMF and metallicity measurements compare in FCC 167, where
the dashed line shows the relation found by Martín-Navarro
et al. (2015d). The agreement between the FCC 167 measure-
ments and the empirical IMF-metallicity is remarkable given all
the differences in the stellar population modeling between the
two studies, further supporting the robustness of our approach.
However, it is clear that the IMF-metallicity relation of Martín-
Navarro et al. (2015d) is not enough to explain the 2D stellar
population structure of FCC 167. The core of FCC 167 agrees
with the expectations, but it clearly departs in the outer (lower
metallicity and ξ) regions. This is not surprising given the fact
that the measurements of Martín-Navarro et al. (2015d) are bi-
ased towards the central regions of their sample of ETGs from
the CALIFA survey (Sánchez et al. 2012). It is worth mention-
ing that Sarzi et al. (2018b) found a good agreement between
the metallicity and the IMF gradients in M 87, tightly following
the IMF-metallicity found by Martín-Navarro et al. (2015d). The
decoupling in FCC 167 is likely due to the fact that its internal
structure has been preserved over cosmic time due to the lack of
major disruptive merger events, which would have washed out
the observed differences. Hence, massive lenticular galaxies ap-
pear as ideal laboratories to study the origin of the observed IMF
variations.

The different behavior of the stellar population properties in
FCC 167 can also be seen by comparing the iso-metallicity and
the iso-IMF contours. Fig. 6 shows the r-band surface bright-
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Fig. 5. IMF – metallicity relation. The individual bins of FCC 167 are
shown color-coded by their distance to the center of the galaxy, com-
pared with the empirical relation of Martín-Navarro et al. (2015d),
shown as an blue dashed line. This relation agrees with the FCC 167
measurements in the central regions of the galaxy (top right corner),
but it does not hold for the outskirts, where an additional parameter is
needed to explain the observed variations in the IMF. The ξ ratio of the
Milky Way (Kroupa 2001) is shown as a grey dashed line.

ness map of FCC 167, as measured from the MUSE F3D dat-
acubes. On top of the surface brightness map, the iso-metallicity
and the iso-IMF contours are also shown. To generate the con-
tours in Fig. 6, we fitted the stellar population maps with a multi-
Gaussian-expansion model (Emsellem et al. 1994; Cappellari
2002), as generally done with photometric data. This allows a
smooth modeling of the large-scale behavior of the stellar popu-
lation maps, which can then be easily transformed into iso con-
tours.

The decoupling in the two-dimensional structure of the IMF
and metallicity maps appears clearly in Fig. 6. As described
above, the metallicity distribution follows a diskier structure,
which is consistent with a long-lasting chemical recycling within
the cold kinematic component of FCC 167. The IMF on the other
hand follows a rounder, more symmetric distribution.

6.3. Stellar populations properties vs orbital decomposition

In order to further investigate the connection between the inter-
nal structure of FCC 167 and its stellar population properties we
fit the synthetic r-band image with a bulge plus exponential disc
model using Imfit (Erwin 2015). The top panels of Fig. 7 show
how the metallicity and IMF maps of FCC 167 compare with its
photometric decomposition. It is clear that the disc component
does not capture the observed structure of the metallicity map.
The agreement between IMF variations and bulge light distribu-
tion is slightly better, although the latter is much rounder. Thus,
a simple bulge plus disc analysis is not able to capture the varia-
tion observed in the stellar population properties.

Sarzi et al. (2018a) presented the Schwarzschild orbit-based
decomposition (van den Bosch et al. 2008; Zhu et al. 2018b)
of FCC 167, where they roughly distinguished between three
types of orbits: cold (λz > 0.7), warm (0.2 < λz < 0.7), and
hot (λz < 0.2). The bottom three panels in Fig. 7 present the
comparison between light distributions of these three types of
orbits and the metallicity and IMF maps of FCC 167. The cou-
pling between the metallicity (and therefore the [Mg/Fe] ratio)

maps and the spatial distribution of cold orbits is remarkable.
This further supports the idea that the elongated structure shown
by the chemical properties of FCC 167 is indeed tracking a dy-
namically cold disc. A relatively more extended star formation
history in this disc would naturally explain the high-metallicities
and low [Mg/Fe] ratios.

IMF variations on the contrary seem to be closely tracking
the distribution of warm orbits, particularly in the central re-
gions of FCC 167. This result is rather unexpected, as it has been
extensively argued that IMF variations are associated with the
extreme star formation conditions within the cores of massive
ETGs (e.g. Martín-Navarro et al. 2015a,b; van Dokkum et al.
2017). The comparison shown in Fig. 7 suggests, however, that
the IMF was set during the early formation of the warm (thick
disc) component of FCC 167, where the pressure and density
conditions may have had an impact on the shape of the IMF
(Chabrier et al. 2014; Jerabkova et al. 2018). The weak corre-
lation between stellar population properties and hot orbits might
have strong implications for our understanding of bulge forma-
tion, as it suggests that most of the stars belonging to this dy-
namically hot structure were not born hot, but they must have
been heated up at a later stage (e.g. Grand et al. 2016; Garrison-
Kimmel et al. 2018).

From Fig. 7 it becomes clear that the orbital decomposition
offers a more meaningful and physically motivated framework
than a standard photometric analysis (Zhu et al. 2018a). The con-
nection with the metallicity and IMF distribution opens an alter-
native approach to understand the origin of the stellar population
radial variations, in particular, in lenticular galaxies as FCC 167
with a rich internal structure. Note however than while the stel-
lar population maps are integrated quantities, the orbital analysis
shown in Fig. 7 is a decomposition into different orbit types, and
this has to be taken into account before any further interpreta-
tion. For example, the iso-IMF contours are more elongated than
the isophotes of the warm in the outskirts of FCC 167 because
at large radii the flux starts to be dominated by cold orbits. A
more quantitative comparison between stellar population prop-
erties and orbital distributions will be presented in an upcoming
F3D paper.

7. Summary and conclusions

We have shown that the spatially-resolved stellar population
properties of ETGs can be robustly measured thanks to the high
quality MUSE-IFU data from the Fornax 3D project, combined
with a novel approach which benefits from the advantages of
both line-strength analysis and full-spectral fitting techniques.
The analysis tools described in this work have allowed us to
measure the two-dimensional stellar population property maps
of the massive, S0/a galaxy FCC 167.

The chemical properties (i.e. metallicity and [Mg/Fe]) show
a clear disc-like structure, associated with the cold orbital com-
ponent of FCC 167. IMF variations roughly follow the radial
metallicity variation, in agreement with previous studies, but
with a clearly distinct spatial distribution. Iso-IMF contours are
much rounder than the iso-metallicity ones, and seem to follow
the distribution of hot and warm orbits in this galaxy. These re-
sults suggests that metallicity can not be the only driver of the
observed IMF variations in ETGs.

The comparison between the orbital decomposition and the
stellar population properties provides a physically meaningful
framework that captures the underlying IMF and metallicity
variations in FCC 167 better than a standard photometric decom-
position. Our analysis describes a scenario where the IMF was
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Fig. 6. Iso-metallicity vs iso-IMF contours. The surface brightness map of FCC 167 is shown, as measured from the F3D data cube, with the
iso-metallicity (solid lines) and iso-IMF contours (dashed lines) over-plotted. As in Fig. 4, this figure shows how the two-dimensional IMF map
does not exactly follow the metallicity variations. IMF variations appear more closely related to the surface brightness distribution, in particular
around the central bulge. The metallicity distribution on the contrary is structured in a more disk-like configuration.

set during the early formation of the stars with relatively warm
orbits. The formation of the cold orbital component took place
during a more extended period of time, leading to metal-rich and
[Mg/Fe]-poor stellar populations. We argue that the time differ-
ence between the assembly of these two components is too short
to be measured in old stellar populations. The chemical prop-
erties of ETGs, regulated by the ejecta of massive stars, would
therefore be a finer timer than SSP-equivalent ages. Finally, the
hot orbital component of FCC 167 appears decoupled from the
stellar population properties, suggesting that the formation of the
bulge was likely due to a stellar heating process. The orbital-
based analysis appears therefore as an insightful probe of the
relation between galaxy structure and the emergence of the stel-
lar population properties, and it will be explored in a upcoming
work (Martín-Navarro et al., in prep).

With the complex IMF variations shown by this object, un-
derstanding the stellar population properties of ETGs in the IFU
era requires a deep change in both our modeling and our anal-
ysis of this type of galaxies. Well-known scaling relations sup-
porting our picture of galaxy formation and evolution might be
partially biased by the lack of spatial resolution. Moreover, the
stellar population properties and the IMF in these objects have
likely evolved over time (e.g. Weidner et al. 2013; De Masi et al.
2018; Fontanot et al. 2018), and at z ∼ 0 we only see an inte-
grated snapshot of their lives. The assumption of SSP-like stellar
populations in ETGs is starting to break down under the pres-
sure of wider and deeper spectroscopic data, and the on-going
projects within the F3D project will contribute to this change of
paradigm (e.g. Pinna et al. 2019). In an upcoming paper, we will
present and discuss the IMF variations for the whole sample of
F3D galaxies, covering a wide range in masses and star forma-
tion conditions.
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Fig. 7. Internal structure vs stellar population maps. Top panels show the comparison between metallicity and photometric disc (top left) and IMF
and bulge (top right). Neither the disc nor the bulge seem to follow the structure of the stellar population maps. The three bottom panels compare
the orbital decomposition of FCC 167 with the stellar population properties. On the left, the agreement between the metallicity structure (white
solid lines) and the spatial distribution of the cold orbits indicates that the chemically evolved (metal rich and [Mg/Fe] poor) structure observed
in the stellar population maps corresponds to a cold stellar disc with an extended star formation history. IMF contours (white dashed lines) on
the other hand closely follow the distribution of warm orbits (right), suggesting that the IMF was set at high z during the assembly of the thick
disc. Hot orbits on the contrary are decoupled from the stellar population properties, which might indicate that the bulge of FCC 167 was formed
through stellar heating processes.
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