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ABSTRACT

This work is based on high-quality integral-field spectroscopic data obtained with the Multi Unit Spectroscopic Explorer (MUSE) on
the Very Large Telescope (VLT). The 21 brightest (mB ≤ 15 mag) early-type galaxies (ETGs) inside the virial radius of the Fornax
cluster are observed out to distances of ∼2−3 Re. Deep imaging from the VLT Survey Telescope (VST) is also available for the sample
ETGs. We investigated the variation of the galaxy structural properties as a function of the total stellar mass and cluster environment.
Moreover, we correlated the size scales of the luminous components derived from a multi-component decomposition of the VST
surface-brightness radial profiles of the sample ETGs with the MUSE radial profiles of stellar kinematic and population properties.
The results are compared with both theoretical predictions and previous observational studies and used to address the assembly history
of the massive ETGs of the Fornax cluster. We find that galaxies in the core and north-south clump of the cluster, which have the
highest accreted mass fraction, show milder metallicity gradients in their outskirts than the galaxies infalling into the cluster. We also
find a segregation in both age and metallicity between the galaxies belonging to the core and north-south clump and the infalling
galaxies. The new findings fit well within the general framework for the assembly history of the Fornax cluster.

Key words. galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation – galaxies: kinematics and dynamics –
galaxies: photometry – galaxies: structure

1. Introduction

The Λ cold dark matter (ΛCDM) theory for galaxy forma-
tion predicts that galaxies grow through a combination of in
situ star formation and accretion of stars from other galax-
ies (White & Frenk 1991). In this respect, mapping the outer
structure of galaxies down to low stellar surface-brightness lev-
els is crucial to constraining their evolution within the ΛCDM
paradigm. Indeed, the dynamical timescales in the outskirts of
galaxies are very long (typically of the order of several gigayears
(Gyrs)), so that the properties of the stellar halos can be used

as a fossil record of the past galactic interactions. In partic-
ular, the structural properties of the outer regions of galaxies
and their correlation with the stellar mass and other observables
(e.g., stellar kinematics and population properties) might there-
fore provide ways of testing theoretical predictions of growth by
accretion.

Measuring the surface-brightness radial profiles of early-type
galaxies (ETGs) out to the faintest levels turned out to be one
of the main ‘tools’ to quantify the amount of the accreted mass.
This method becomes particularly efficient when the stars of the
outer stellar envelope are dominant (e.g., Gonzalez et al. 2005;
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Seigar et al. 2007; Kormendy et al. 2009; Trujillo & Fliri 2016;
Iodice et al. 2016; Kluge et al. 2020; Spavone et al. 2020). Deep
photometric images are therefore needed to set the size scales of
the main galaxy components.

In turn, the stellar kinematics and population properties from
the integrated light (e.g., Coccato et al. 2010, 2011; Ma et al.
2014; Barbosa et al. 2018; Veale et al. 2018; Greene et al. 2019)
and kinematics of discrete tracers such as globular clusters
(GCs) and planetary nebulae (PNe) (e.g., Coccato et al. 2013;
Longobardi et al. 2013; Forbes 2017; Spiniello et al. 2018;
Hartke et al. 2018; Fahrion et al. 2020a,b) have also been used
to trace the mass assembly in the outer regions of galaxies.
The presence of stellar population gradients from the centre out
to the stellar halo and the different PN and GC kinematics at
different radii are indicative of a different star formation his-
tory in the central in situ component with respect to that of the
galaxy outskirts (e.g., Greene et al. 2015; McDermid et al. 2015;
Martín-Navarro et al. 2015; Barone et al. 2018; Ferreras et al.
2019).

Since the study of the outskirts of galaxies is a challeng-
ing task due to their low surface-brightness level, the com-
parison between the photometric and spectroscopic observables
and the theoretical predictions has not provided a general con-
sensus yet. Both N-body and hydrodynamical simulations pre-
dict that the amount of accreted mass (i.e. the ex situ com-
ponent) is a function of the total stellar mass of a galaxy,
with the higher mass galaxies having an higher accreted mass
fraction (Cooper et al. 2013; Pillepich et al. 2018; Schulze et al.
2020). Furthermore, the surface-brightness and metallicity radial
profiles appear flatter in the galaxy outskirts when repeated
mergers occur (Cook et al. 2016), suggesting that the accreted
fraction of metal-rich stars increases. By analysing the Mag-
neticum Pathfinder simulations, Schulze et al. (2020) discovered
that the radius marking the kinematic transition between differ-
ent galaxy components provides a good estimate of the transi-
tion radius between the in situ and accreted component. In con-
trast, using Illustris TNG100 simulations Pulsoni et al. (2020)
found that the kinematic transition radius does not generally cor-
respond to the transition radius between the regions dominated
by the in situ and ex situ components. Recently, Remus & Forbes
(2021) pointed out that the accreted mass fraction derived from
the fit of the surface-brightness radial profiles seems to be a
lower limit of the total accreted mass during the growth process.
To address the above open issues it would be very valuable to
i) correlate the size scales of the different galaxy components
derived from deep photometry with the kinematic and stellar
population properties out to comparable radii and low surface-
brightness levels and ii) compare these findings with available
theoretical predictions.

To date, the deep images from the Fornax Deep Survey (FDS,
Iodice et al. 2016; Venhola et al. 2017) and integral-field spec-
troscopy from the Fornax 3D project (F3D, Sarzi et al. 2018),
available for a large sample of galaxies in the Fornax cluster,
offer a unique opportunity to perform the combined analysis
mentioned above. This is the primary goal of the present paper.
In detail, we explored the mass assembly history of the ETGs in
the Fornax cluster by teaming deep photometry, which traces the
galaxy structure out to the stellar halo region, with kinematics
and stellar populations, which are measured outside the transi-
tion radius from the in situ to ex situ components.

The emerging picture of the Fornax cluster from the
FDS and F3D surveys (Iodice et al. 2019a,b; Spavone et al.
2020; Napolitano et al. 2022) suggests that the assembly of
the cluster is ongoing, in agreement with earlier findings by

Drinkwater et al. (2001) and Scharf et al. (2005). Based on the
analysis of the projected phase space, Iodice et al. (2019a) pro-
posed that the cluster is made of three well-defined sub-structures
of galaxies: the core, the north-south clump (NS-clump), and
the infalling galaxies. In addition, there is the southwest group
of galaxies centred around NGC 1316, which is falling into the
cluster potential (Drinkwater et al. 2001). The galaxies of each
sub-structure have different morphologies, colours, accreted mass
fractions, kinematics, and stellar populations.

The core is dominated by the brightest and most massive
cluster members, NGC 1399 and NGC 1404, which also coin-
cides with the peak of the X-ray emission (Paolillo et al. 2002).
The NS clump includes all the reddest and most metal-rich
galaxies of the sample, with stellar masses in the (0.3−9.8) ×
1010 M� range. The core and NS clump reside in the high-density
region of the cluster (at a cluster-centric distance of Rproj ≤

0.4Rvir ∼ 0.3 Mpc), where the X-ray emission dominates. The
brightest ETGs in these groups have the largest accreted mass
fraction (∼70−80%), constrained by fitting the light distribution
out the stellar halo region (i.e. down to a surface brightness level
of µg ∼ 28−30 mag arcsec−2; Spavone et al. 2020). In this region
of the cluster, diffuse intra-cluster light (ICL) was detected on the
west side of the core, where the NS clump is located (Iodice et al.
2017). The intra-cluster GCs and PNe were found to be associ-
ated with the ICL (Spiniello et al. 2018; Cantiello et al. 2020;
Chaturvedi et al. 2022).

The infalling galaxies appear to be nearly symmetrically dis-
tributed in projection around the core. They populate the low-
density region of the cluster, at Rproj ≥ 0.4Rvir ∼ 0.3 Mpc. They
are bluer and less massive (∼109−1010 M�) than the galaxies in
the core and NS clump (Iodice et al. 2019b). The majority of
them are late-type galaxies (LTGs), with ongoing star forma-
tion and a disturbed morphology (in the form of tidal tails and
disturbed molecular gas discs), which might indicate an interac-
tion with the environment and/or ongoing minor merging events
(Zabel et al. 2019; Raj et al. 2019). For the few ETGs belong-
ing to this sub-structure, the accreted mass fraction in the stel-
lar halo is lower than that estimated for the galaxies in the core
and NS clump, ranging from ∼20% to 40%. As pointed out by
Spavone et al. (2020), this is consistent with theoretical predic-
tions where the ex situ accreted component steeply decreases
with the stellar mass of the host galaxy (Tacchella et al. 2019).

In this work, we aim to improve our knowledge of the assem-
bly history of the massive ETGs within the virial radius of
the Fornax cluster by combining extended deep imaging and
integral-field spectroscopy. This would help to simultaneously
map the structure, kinematics, and population properties of their
central in situ and outer ex situ stellar components.

This paper is organised as follows. We present the galaxy
sample and provide a brief summary of the available photomet-
ric and spectroscopic data sets in Sect. 2. We describe the data
analysis used to obtain the scale size of the in situ and ex situ
components for each sample galaxy as well as the stellar kine-
matics and population properties out to the stellar halo region in
Sect. 3. We discuss our results in Sect. 4. Finally, we present our
conclusions about the assembly history of massive ETGS in the
Fornax cluster in Sect. 5.

2. Deep imaging and integral-field spectroscopic
data

In this work, we focus on the brightest ETGs (mB ≤ 15 mag)
inside the virial radius of the Fornax cluster, corresponding to
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Table 1. Main photometric and kinematic properties of the sample galaxies.

Object Re,r Mr (g-r) log (M∗/M�) Rtr,1 Rtr,2 Rmax/Re Fornax substructure
[kpc] [mag] [mag] [kpc] [kpc]

(1) (2) (3) (4) (5) (6) (7) (8) (9)

FCC 083 3.30± 0.03 −20.56 ± 0.08 0.69± 0.02 10.30± 0.05 5.58± 0.06 ... 2.0 infalling
FCC 119 1.33± 0.02 −17.24 ± 0.10 0.69± 0.03 9.15± 0.01 0.26± 0.05 ... 1.1 infalling
FCC 143 1.029± 0.005 −18.77 ± 0.12 0.07± 0.05 9.45± 0.01 0.561± 0.002 6.175± 0.007 2.4 NS clump

FCC 147 2.36± 0.02 −20.96 ± 0.08 0.64± 0.02 10.38± 0.03 0.38± 0.01 ... 2.6 NS clump
FCC 148 2.73± 0.02 −19.79 ± 0.09 0.63± 0.02 9.76± 0.04 0.47± 0.02 11.00± 0.07 2.1 Infalling
FCC 153 2.00± 0.06 −19.89 ± 0.12 0.24± 0.07 9.88± 0.01 4.29± 0.06 ... 3.2 Infalling
FCC 161 2.76± 0.02 −21.02 ± 0.05 0.71± 0.02 10.42± 0.03 0.27± 0.05 13.89± 0.12 2.0 NS clump
FCC 167 5.80± 0.05 −22.36 ± 0.09 0.59± 0.03 10.99± 0.05 4.32± 0.06 12.33± 0.12 1.9 NS clump
FCC 170 1.69± 0.01 −20.71 ± 0.09 0.65± 0.02 10.35± 0.02 0.86± 0.01 ... 4.3 NS clump
FCC 177 3.48± 0.02 −19.71 ± 0.07 0.72± 0.02 9.93± 0.02 0.211± 0.001 ... 1.6 Infalling
FCC 182 0.941± 0.005 −17.88 ± 0.10 0.66± 0.02 9.18± 0.02 0.47± 0.02 ... 2.2 NS clump
FCC 184 3.223± 0.001 −21.43 ± 0.13 0.76± 0.05 10.67± 0.01 0.926± 0.008 17.40± 0.33 2.5 NS clump
FCC 190 1.805± 0.008 −19.28 ± 0.08 0.66± 0.02 9.73± 0.03 0.472± 0.006 2.36± 0.02 2.1 NS clump
FCC 193 2.90± 0.03 −20.93 ± 0.09 0.73± 0.03 10.52± 0.04 2.82± 0.04 20.35± 0.33 2.0 NS clump
FCC 219 15.77± 0.20 −22.95 ± 0.11 0.71± 0.12 11.10± 0.01 3.79± 0.06 ... 0.5 Core
FCC 249 2.19± 0.01 −19.13 ± 0.12 0.85± 0.05 10.11± 0.01 0.32± 0.08 11.17± 0.12 3.0 Infalling
FCC 255 2.32± 0.02 −19.76 ± 0.09 0.84± 0.05 10.30± 0.01 4.75± 0.08 ... 2.8 infalling
FCC 276 4.245± 0.007 −21.31 ± 0.09 0.30± 0.08 10.26± 0.03 0.46± 0.04 12.54± 0.11 1.7 NS clump
FCC 277 1.282± 0.004 −19.24 ± 0.09 0.40± 0.03 9.53± 0.01 1.04± 0.03 ... 2.6 Infalling
FCC 301 1.12± 0.03 −18.82 ± 0.09 0.34± 0.06 9.30± 0.05 1.80± 0.09 ... 2.3 Infalling
FCC 310 3.432± 0.002 −19.70 ± 0.10 0.37± 0.09 9.73± 0.02 7.99± 0.12 ... 1.0 Infalling

Notes. (1) Galaxy name from Ferguson (1989). (2)–(5) r-band effective radius and absolute magnitude, (g − r), colour, and total stellar mass from
Iodice et al. (2019b). (6) and (7) Transition radii from Spavone et al. (2020) for all the galaxies, except for FCC 119, FCC 249, and FCC 255, for
which we performed the multi-component photometric fit. (8) Ratio between the maximum radial extension of the MUSE data along the galaxy
major axis and r-band effective radius. (9) Galaxy sub-structure according to the phase-space analysis from Iodice et al. (2019a).

an area of ∼9 deg2 around the core. The sample consists of the
21 galaxies listed in Table 1. They were targeted by the FDS and
F3D surveys, for which we provide a concise description here.

2.1. Deep imaging data from FDS

The Fornax Deep Survey (FDS) is a deep, multi-band imaging sur-
vey of the Fornax cluster and a joint project based on the FOCUS
and VEGAS surveys (Peletier et al. 2020; Iodice et al. 2021).
The photometric observations were done with the OmegaCAM
at the Very Large Telescope Survey Telescope (VST, Kuijken
2011; Schipani et al. 2012) of the European Southern Observa-
tory (ESO). The FDS data consist of exposures in the optical u, g,
r, and i bands, which cover 26 square degrees of the Fornax cluster
centred on the brightest cluster galaxy, NGC 1399. The cluster was
imaged out to the virial radius (Rvir ∼ 0.7 Mpc, Drinkwater et al.
2001) including the SW group centred on NGC 1316. Observa-
tions and data reduction are extensively described in Iodice et al.
(2016), Venhola et al. (2017), and references therein. The sur-
face brightness of the galaxies was mapped down to µg ∼

28−30 mag arcsec−2 and out to 8−10 Re (Iodice et al. 2019b). The
surface brightness depths, corresponding to 1σ signal-to-noise
ratio (S/N) per pixel, are 26.6, 26.7, 26.1, and 25.5 mag arcsec−2

for the u, g, r, and i bands, respectively (Venhola et al. 2018).
The surface photometry of the sample galaxies was measured by
Iodice et al. (2019b), who also derived the r-band effective radius
Re,r and total magnitude Mr, integrated g−r colour, and total stel-
lar mass M∗ reported in Table 1.

2.2. Integral-field spectroscopic data from F3D

Fornax 3D (F3D) is an integral-field spectroscopic survey of the
23 ETGs and ten LTGs with mB ≤ 15 mag inside the virial radius

of the Fornax cluster (Sarzi et al. 2018; Iodice et al. 2019a).
The spectroscopic observations were performed with the Multi-
Unit Spectroscopic Explorer (MUSE) mounted on the ESO Very
Large Telescope (VLT). The F3D data were acquired in wide
field mode without adaptive optics. This set-up ensured a field of
view of 1×1 arcmin2 with a spatial sampling of 0.2×0.2 arcsec2

and a wavelength range from 4650 to 9300 Å with a spectral
sampling of 1.25 Å pixel−1 and a nominal spectral resolution
of FWHMinst = 2.5 Å at 7000 Å. The details about observa-
tions and data reduction are given in Sarzi et al. (2018). Multiple
MUSE pointings allowed us to map the stellar and ionised-gas
kinematics and stellar populations of the target Fornax galaxies
from their centre out to 2−3 Re and down to a surface brightness
level of µg ∼ 26 mag arcsec−2 (Iodice et al. 2019a). The stel-
lar kinematics and population properties of the sample galaxies
were measured by Pinna et al. (2019a,b), Iodice et al. (2019a),
Martín-Navarro et al. (2021), and Poci et al. (2021).

3. Data analysis

In this section, we introduce the photometric, stellar kinematic,
and population properties of the different galaxy components we
aimed to combine and the methods we adopted to derive them
from the available FDS deep imaging and F3D integral-field
spectroscopy.

3.1. Transition radii

For all the FDS ETGs, the azimuthally averaged surface-
brightness and colour radial profiles were extracted by
Iodice et al. (2019b) and modelled using a multi-component fit
in order to constrain the different components that dominates
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the light distribution out to the regions of the stellar halo
(Spavone et al. 2020). As FCC 119, FCC 249, and FCC 255 were
not analysed by Spavone et al. (2020), we performed the multi-
component fit of their deep r-band VST images taken from the
FDS first data release (Peletier et al. 2020), available via the ESO
Science Portal1. The azimuthally averaged surface-brightness
radial profiles obtained by following the procedure described by
Iodice et al. (2019b) and their corresponding best-fitting radial
profiles are shown in Fig. A.1, while the best-fitting values of
the structural parameters, transition radii, and total accreted mass
fraction are reported in Table A.1.

Following the predictions of theoretical simulations
(Cooper et al. 2013, 2015) and the procedure described in
Spavone et al. (2017), we modelled the azimuthally-averaged
surface-brightness radial profiles by the superposition of i) a
Sérsic law (Sérsic 1963; Caon et al. 1993), for the central galaxy
regions, ii) a second Sérsic law for the intermediate regions,
and iii) an outer Sérsic or exponential law for the outskirts. In
the simulated radial profiles, the first component represents the
(sub-dominant) in situ component, the second one identifies
the (dominant) superposition of the relaxed, phase-mixed,
accreted components, and the third one maps the diffuse and
faint stellar envelope, representing unrelaxed accreted material
(such streams and other coherent concentrations of debris).
Since our fitting procedure is simulation driven, it allows us to
estimate the size scales at which each stellar component starts
to dominate the galaxy surface-brightness radial profile.

Based on the above procedure, the transition radii Rtr,1 and
Rtr,2 between each component and the consecutive dominant one
were derived and are given in Table 1. Errors on the transition
radii have been estimated by accounting for the uncertainties
on all the parameters of the multi-component fits, reported in
Spavone et al. (2020). The quoted uncertainties are purely for-
mal and do not take parameter degeneracy into account. For most
of the sample ETGs, the light distribution is well reproduced
by two components, a inner one following a Sérsic law plus an
outer exponential one. For eight of the galaxies, the inner sub-
dominant component was required for the best-fitting model.

Given that the transition between different galaxy compo-
nents is smooth, as already shown by Spavone et al. (2021),
we also estimated the ‘transition regions’, corresponding to the
range where the second and third components of the fit start to
dominate. In brief, these regions represent the range where the
ratio between the second and first components (I2/I1) and that
between the third and the sum of the other two (I3/(I1 + I2))
ranges from 0.5 to 1. For a sample galaxy, the transition regions
are marked with grey shaded areas in Figs. 1 and B.1. In addi-
tion to the transition radii, the main outcome of the fit of the
azimuthally averaged surface-brightness radial profiles is the
total mass fraction ( fh,T) enclosed in the intermediate and out-
ermost fitted components, which is considered a proxy of the
total accreted mass fraction to be compared with theoretical pre-
dictions (Spavone et al. 2020).

3.2. Stellar kinematic and population properties

As we want to study the stellar kinematics and populations
of the main components derived from the analysis of the sur-
face brightness distribution, we adopted the ellipse parameters
(semi-major axis, ellipticity, and position angle) of the isophotal
analysis by Iodice et al. (2019b) to extract the averaged radial

1 https://archive.eso.org/scienceportal/home?publ_
date=2020-08-26

profiles of the stellar velocity dispersion, age, and metallicity.
In this way, the photometric and spectroscopic radial profiles
can be directly compared. In particular, for each sample galaxy,
we assumed the semi-major-axis, ellipticity, and position-angle
values derived from the isophotal fit and stacked the MUSE
spaxels between two consecutive ellipses, without defining a
threshold for the S/N. Since we are dealing with galaxies with a
non-negligible rotation, we first rest-framed each spaxel accord-
ing to the velocity maps by Iodice et al. (2019a). We then fit-
ted the stacked spectra in order to retrieve the radial profiles of
the stellar kinematic and population properties. The average S/N
of the radially stacked spectra is >80 pixel−1 and, in the worst
cases, it remains higher than 40 pixel−1 along the galactocentric
distance anyway, allowing us to recover reliable measurements
with the template fitting technique.

The stellar line-of-sight velocity distribution (as param-
eterised by Gerhard 1993 and van der Marel & Franx 1993)
and light-weighted age and metallicity were derived with the
Penalised Pixel-Fitting code (pPXF, Cappellari & Emsellem
2004; Cappellari 2017). We adopted the α-enhanced MILES
SSP with BaSTI theoretical isochrones2 and a unimodal IMF
with a fixed slope of Γ = 1.3 (Vazdekis et al. 2012, 2015)
as spectral templates with a resolution of FWHM = 2.51 Å
(Falcón-Barroso et al. 2011). Such libraries of SSP templates
are available with [α/Fe] = 0.0 and 0.4 dex. We interpolated
the existing α-enhanced libraries in order to create the libraries
corresponding to the [α/Fe] values of 0.1, 0.2, and 0.3. We
then took advantage of the mean [Mg/Fe] reported in Table 2
from Iodice et al. (2019a) in order to select the most suitable set
of α-enhanced MILES among the five we have available. The
stellar templates were convolved in order to match the MUSE
instrumental resolution in the 4800–6400 Å fitted wavelength
range. This spectral window contains age information distributed
along its wavelength range (Ocvirk et al. 2006; Boecker et al.
2020). A sigma clipping routine allowed us to mask the pixels
that were too noisy. In order to retrieve the stellar kinematics,
we only adopted second-order additive polynomials, whereas
we only used second-order multiplicative polynomials for the
stellar population fit, since the order of such polynomials was
high enough to retrieve minimal fit residuals. As prescribed in
Shetty & Cappellari (2015), for each fit we adjusted the regu-
larisation factor to obtain χ2

unregul − χ
2
regul ∼

√
2 × NDOF, where

χ2
unregul and χ2

regul refer to the χ2 of the unregularised and regu-
larised solutions, respectively.

We thus obtained the azimuthally averaged radial profiles
of stellar velocity dispersion, age, and metallicity. We further
exploited the velocity and velocity-dispersion maps from the
Voronoi-binned analysis performed in Iodice et al. (2019a) to
retrieve, at the same aforementioned isophotal contours, the
radial profiles of the specific stellar angular momentum, λR (as
defined in Emsellem et al. 2011). We corrected the measured
values of λR for inclination, i, using the following relation by
Falcón-Barroso et al. (2019):

λR,90◦ '

√
1 − δ cos2 i

sin i
λR√

1 + (1 − δ) cot2 i λ2
R

, (1)

where we derived i = 1 − ε from ellipticity, ε, and assumed an
anisotropy parameter of δ = 0.65ε (Emsellem et al. 2011).

The resulting azimuthally averaged radial profiles of metal-
licity and r-band surface brightness for all the sample galaxies

2 http://basti.oa-abruzzo.inaf.it/
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Fig. 1. Azimuthally averaged radial profiles of metallicity (upper panels) and surface brightness (lower panels) of the sample galaxies. Surface-
brightness error bars are smaller than symbols. The surface brightness level at which sky subtraction uncertainties become dominant is µr ≥

26 mag arcsec−2 for all the galaxies. The vertical dotted and dashed lines correspond to the transition radii Rtr,1 and Rtr,2, respectively, while the
grey shaded areas mark the transition regions between different components of the fit. The red and magenta lines indicate the fit to the central and
intermediate regions with a Sérsic profile, while the blue line indicates the fit to the outermost regions. The black line indicates the sum of the
best-fitting components. The total stellar mass of each galaxy is given.

are plotted in Fig. 1, while the azimuthally averaged radial pro-
files of stellar velocity dispersion, inclination-corrected specific
angular momentum, metallicity, and age are shown in Fig. B.1.

4. Results

In this section, we discuss how the derived stellar kinematic and
population properties of the sample galaxies vary according to
the transition radii between the different inner and outer galaxy
components as functions of the total stellar mass and cluster
environment.

4.1. Stellar kinematic and population properties as a function
of stellar mass

We derived the running mean of the azimuthally averaged radial
profiles of the stellar velocity dispersion, age, metallicity, and spe-
cific angular momentum of the sample galaxies in three differ-
ent bins of stellar masses: 8.9 ≤ log (M∗/M�) ≤ 10.5, 10.5 <
log (M∗/M�) ≤ 10.8, and 10.8 < log (M∗/M�) ≤ 11.2. They are
shown in Fig. 2. The choice of these stellar mass ranges is moti-
vated by the theoretical predictions by Tacchella et al. (2019), who
adopted the same mass bins to study the mass assembly history of
cluster galaxies down to the lowest mass regime of ∼109 M�.
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Fig. 1. continued.

On average, the resulting radial profiles prove that we are
able to map the stellar kinematics and population properties
out to ∼1.8 Re for the more massive sample galaxies and out
to ∼2.8−3 Re for the galaxies with M∗ ≤ 1010 M�. This is one
of the main achievements of the F3D project, since the most
extended radial profiles of the stellar kinematic and popula-
tion properties, which were previously obtained with integral-
field spectroscopy only, do not go beyond ∼2.5 Re (Greene et al.
2019). Recently, Dolfi et al. (2021) studied the kinematic prop-
erties of ETGs by combining the information from the stel-
lar component obtained from ATLAS3D (Cappellari et al. 2011)
and SLUGGS (Brodie et al. 2014) surveys with discrete PN
and GC tracers to probe the outskirts of galaxies out to
∼4−6 Re, but only going beyond ∼2.5 Re with the discrete
tracers.

As expected, according to the M∗ −σe relation3

(Cappellari et al. 2013) the velocity dispersion of the less
massive galaxies of the sample (8.9 ≤ log (M∗/M�) ≤ 10.5)
at 1 Re ranges from 70−90 km s−1 For more massive galax-
ies, σe ∼ 100−120 km s−1 for 10.5< log (M∗/M�)≤ 10.8 and
σe ∼ 150−180 km s−1 for 10.8< log (M∗/M�)≤ 11.2 (Fig. 2,
upper left panel).

As already found by Iodice et al. (2019a), all the ETGs in
the Fornax cluster, except for FCC 276 and FCC 213 (which
is not studied here), are fast rotators with λRe ∼ 0.15−0.8. The
running mean of the radial profile of λR corrected for inclination
in the two less massive bins are almost flat outside Rtr,1, while
in the highest mass bin the radial profile increases beyond Rtr,1,

3 σe, is defined as the velocity dispersion contained within the half-light
isophote.
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Fig. 1. continued.

reaching a maximum at ∼1.5 Re and decreasing outwards (Fig. 2,
upper right panel).

The stellar age radial profiles show that less massive galax-
ies of the sample have, on average, younger populations (aged ∼
9−10 Gyr) than more massive galaxies (aged ∼ 11−13 Gyr). The
in situ dominated regions of the galaxies (R ≤ Rtr,1) are older than
the outskirts. Such a gradient is steeper in the more massive ETGs,
where the stellar population seem to be two times older inside Rtr,1
(Fig. 2, lower left panel). Similar trends were recently found by
Zibetti et al. (2020) in a sample of 69 ETGs from the CALIFA sur-
vey (Sánchez et al. 2012), which are characterised by small radial
variations in the age radial profiles with an inversion of the slope at
∼0.3−0.4 Re. Moreover, they found that the higher mass ETGs are
homogeneously old, while the less massive ones become increas-
ingly younger, especially in the inner regions.

The shape of the stellar metallicity radial profile is dif-
ferent in the three mass bins (Fig. 2, lower right panel). For

R > Rtr,1, the metallicity radial profile is steeper for the less
massive galaxies and tends to be flatter for the more massive
one. This trend is confirmed by looking at the metallicity gradi-
ents4 computed in the central in situ dominated regions (i.e. for
R ≤ Rtr,1) and for R ≥ Rtr,1, which are listed in Table 2. Sim-
ilar behaviour was found for the g − i colour radial profiles of
the sample ETGs obtained in the same bins of stellar masses by
Spavone et al. (2020, see their Fig. 7). In detail, the colour radial
profiles of the massive ETGs tends to flatten in the galaxy out-
skirts (i.e. beyond the transition radius from the central in-situ
component).

For all galaxies of the sample, we derived the gradients of
metallicity and surface brightness as ∆[M/H] = d[M/H]/dR and
∆µ = dµ/dR, respectively. We found that, on average, ETGs
with a higher accreted mass fraction have flatter metallicity

4 The gradients are computed by fitting straight lines in log space.
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Fig. 1. continued.

and surface-brightness radial profiles in the outskirts (i.e. for
R ≥ Rtr,1) (Fig. 3).

4.2. Stellar kinematic and population properties as a function
of the cluster environment

We derived the running mean of the azimuthally averaged radial
profiles of the stellar metallicity and age for the galaxies belong-
ing to the two main structures found in the Fornax cluster:
the core-NS clump and the infalling galaxies (see Sect. 1 and
Iodice et al. 2019a). They are shown in Fig. 4.

The galaxies in the core-NS clump have a milder metal-
licity gradient (with a slope s(R > Rtr,1) = −0.09 ± 0.04)

in the outskirts than the infalling galaxies (s(R > Rtr,1) =
−0.17±0.05) (Fig. 4, left panel). By using the surface-brightness
radial profiles and colour-based mass-to-light ratios given by
Iodice et al. (2019b), we derived the stellar surface mass den-
sity for the sample galaxies. In Fig. 5, we plot the running
mean of the metallicity profiles of the ETGs in the core-NS
clump and of the infalling galaxies as a function of the stellar
mass surface density. These profiles are compared with those
obtained by Zibetti et al. (2020) for a sample of ETGs with
log (M∗/M�) < 11.3 in the CALIFA survey. As expected, due
to the different prescriptions adopted for the stellar population
models, an offset between the two samples is observed. There-
fore, we derived the difference (∼0.05 dex) between the average
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Fig. 1. continued.

metallicity value for our profiles with respect to the CALIFA
ones in the 3.4 < log (µ∗/M� pc−2) < 4 range and shifted them
using these values. The differences in the higher density inner
parts are due to the different spatial resolutions of the CALIFA
and MUSE observations. On average, for log (µ∗/M� pc) < 3.6
the trend of the metallicity profile for the infalling galaxies is
consistent with that found by Zibetti et al. (2020). This simi-
larity in shape in the outer parts is expected, given that the
CALIFA survey is dominated by non-cluster galaxies. Con-
versely, for galaxies in the core-NS clump, the profiles start to
diverge for log (µ∗/M� pc−2) < 2.5, where we measured a flatter
profile in the outskirts of the galaxies belonging to this cluster
sub-structure.

The age radial profiles also appear to be quite different for the
galaxies belonging the two sub-structures (Fig. 4, right panel).

The galaxies in the core-NS clump are characterised by an age
decreasing from ∼11 to ∼9.5 Gyr moving outwards from the cen-
tre out to about 1 Re, whereas the age remains quite constant at
∼10 Gyr at larger radii. The age radial profile of the infalling
galaxies shows a dip towards the centre at R ≤ 1 Re with an
age ranging from ∼7.5 to ∼8.5 Gyr and then increasing to an age
of ∼ 9−10 Gyr at larger radii. Therefore, while the outskirts of
galaxies in both sub-structures show comparable stellar ages, the
in situ dominated regions show different behaviour, since they
appear older in the galaxies belonging to the core-NS clump. The
dip in the age radial profile observed towards the central regions
of the infalling galaxies is due to the presence of a dynami-
cally ‘cold’ component with a lower value of velocity dispersion
(Fig. B.1).
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Fig. 1. continued.

Table 2. Average metallicity gradients in the inner and outer regions of
the sample galaxies.

Stellar mass bin ∆[M/H]R<Rtr,1 ∆[M/H]R>Rtr,1

[log (M∗/M�)] [dex R−1
e ] [dex R−1

e ]
(1) (2) (3)

[8.9−10.5] −0.63 ± 0.01 −0.19 ± 0.05
[10.5−10.8] −0.32 ± 0.03 −0.10 ± 0.01
[10.8−11.2] −0.70 ± 0.006 −0.01 ± 0.01

Notes. (1) Range of total stellar mass. (2) Metallicity gradient for R <
Rtr,1. (3) Metallicity gradient for R > Rtr,1.

5. Discussion and conclusions

In this work, we derived the azimuthally averaged radial pro-
files of the stellar velocity dispersion, inclination-corrected spe-
cific angular momentum, age, and metallicity for the brightest
ETGs inside the virial radius of the Fornax cluster from the
integral-field spectroscopic data of the F3D survey. To this aim,
we adopted the isophotal parameters (i.e. semi-major axis, ellip-
ticity, and position angle) of the surface photometry performed
on the deep optical images obtained by the FDS survey. There-
fore, the resulting radial profiles of stellar kinematic and popula-
tion properties based on F3D data match the photometric radial
profiles derived from FDS data.

Thanks to the extended and deep photometry, we derived the
size scales of the main components dominating the light dis-
tribution of the sample galaxies. For most of them, we were
able to follow the stellar kinematic and population properties
well beyond the first transition radius, from the bounded in situ
component to the accreted (ex situ) stellar halo. There are only
a few exceptions; for FCC 310 and FCC 255 we reached only
∼0.4 Rtr,1 and Rtr,1, respectively, whereas for FCC 167, the F3D
data extend out to the second transition radius reaching the
regions of the stellar envelope (Figs. 1 and B.1).

Our combined photometric-spectroscopic analysis yielded
two major results for for the brightest ETGs inside the virial
radius of the Fornax cluster:

– The galaxies in the highest (10.8 ≤ log (M∗/M�) ≤ 11.2)
and intermediate (10.5 log (M∗/M�) ≤ 10.8) mass bins have
flatter metallicity radial profiles than those observed for the
lowest (8.9 ≤ log (M∗/M�) ≤ 10.5) mass bin (Fig. 2);

– On average, the galaxies with highest accreted mass fraction
(as derived from photometry) have milder gradients of both
metallicity and surface-brightness radial profiles (Fig. 3);

– It seems that a segregation in metallicity exists between the
cluster members belonging to the core-NS clump and the
infalling galaxies. The galaxies in the core-NS clump have a
milder metallicity gradient in the outskirts (i.e. for R > Rtr,1)
than the infalling galaxies, which is not expected from the
stellar mass-metallicity relation (Fig. 4).

The two main questions that we would like to address and dis-
cuss following the present work are the following:

– How do the new results correlate with the other properties
(e.g., the star formation history and accreted mass fraction)
derived for the Fornax galaxies in the two sub-structures?

– How do they fit within the general framework traced for the
assembly history of the Fornax cluster?

According to Spavone et al. (2020), the massive ETGs in the
sample have the highest accreted mass fraction and belong to
the core-NS clump. These galaxies have flatter metallicity and
surface-brightness radial profiles in their outskirts (i.e. a smaller
gradient for R ≥ Rtr, Fig. 3). Conversely, the ETGs with the
smaller or null accreted mass fraction are part of the infalling
group of galaxies and show steeper metallicity and surface-
brightness radial profiles for R ≥ Rtr.

The segregation found in metallicity and accreted mass frac-
tion between the galaxies in the two Fornax sub-structures rein-
forces the idea proposed by Iodice et al. (2019a) that the core-
NS clump may result from the accretion of a group of galax-
ies during the gradual build-up of the cluster, while the infalling
galaxies entered the cluster later, no more than 8 Gyr ago. The
pre-processing mechanisms in the clump induced strong gravi-
tational interactions, which have modified the structure of galax-
ies in this sub-structure. This correlation is consistent with the
hypothesis where the repeated mergers shaping the stellar halo
around galaxies feed this component in terms of baryonic mass
and produce a mixing of different stellar populations from the
accreted satellites, which results in a flatter metallicity radial
profile at larger radii. The lack of an extended stellar envelope
in the infalling galaxies is consistent with their steeper metallic-
ity gradients.

These results are consistent with theoretical predictions on
the accretion history of ETGs based on the Illustris simulations
(Cook et al. 2016; Zhu et al. 2022), where galaxies with a high
accreted mass fraction display flatter metallicity gradients in
their outskirts (i.e. for R ≥ 2 Re). At the same radii, a flatter
surface-brightness radial profile is also found. The correlation
found in simulations between the metallicity and surface bright-
ness gradients with the accreted mass fraction is fairly consistent
with the observed behaviour of our sample galaxies, as shown
in Fig. 3. According to Cook et al. (2016), the relative fraction
between the ex situ and in situ components determines the slope
of the surface brightness and metallicity radial profiles in the
galaxy outskirts, regardless of the mass assembly mechanism.
Hence, the primary driver for such gradients is the total amount
of the accreted mass. The stellar populations in the outskirts can
equally result from major mergers or minor accretion events. The
comparison of the metallicity-surface mass-density relation for
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Fig. 2. Running mean as a function of radius of the azimuthally averaged profiles of the stellar velocity dispersion (upper left panel), inclination-
corrected specific angular momentum (upper right panel), age (lower left panel), and metallicity (lower right panel) for the sample galaxies in
three different mass bins: 8.9 ≤ log (M∗/M�) ≤ 10.5 (blue symbols), 10.5 < log (M∗/M�) ≤ 10.8 (green symbols), and 10.8 < log (M∗/M�) ≤ 11.2
(magenta symbols). The dashed vertical lines mark the position of the average transition radius Rtr,1 for each mass bin. The dash-dotted lines
represent the fits to the metallicity gradients in the two regions defined by transition radii Rtr,1 and Rtr,2. The error bars trace the dispersion of
the points around the mean trend. The radial profiles of the stellar kinematics and population properties of the three edge-on galaxies, FCC 153,
FCC 170, and FCC 177, have been excluded from the mean.

the two sub-structures in the cluster with that derived for the
CALIFA ETGs by Zibetti et al. (2020) further suggests that the
flatter metallicity radial profile found at large radii for the NS-
clump galaxies might be due to an environmental effect, since it
is not expected from the stellar mass-metallicity relation (Fig. 5).

Simulations also predict that the age radial profiles tend to
have a positive gradients in the galaxy outskirts. This is con-
sistent with the age radial profiles we observed for the sample
galaxies (Fig. 2, lower left panel). The absence of an evident

segregation in the age radial profiles in the outskirts of galax-
ies between the NS clump and infalling group members (Fig. 4,
right panel) is also expected from simulations, since age seems
to be a poor indicator of the galaxy accretion history.

The strength and novelty of this work resides in having
extended deep imaging and integral-field spectroscopy for a
complete sample of galaxies in a cluster environment. To date,
while there are studies showing extended stellar-kinematic and
population-property radial profiles, these provide the analysis
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Fig. 3. Metallicity gradients as a function of surface-brightness gradients beyond Rtr,1 for the sample galaxies. Data points are coloured according to
the total accreted mass fraction fh,T as defined by Spavone et al. (2020). The average error bars on the metallicity and surface brightness gradients
are indicated in the bottom left corner.

Fig. 4. Running mean as a function of radius of the azimuthally-averaged metallicity (left panel) and age (right panel) for the sample galaxies
in the core-NS clump (orange symbols) and for those infalling in the Fornax cluster (green symbols). The dash-dotted lines represent the fits to
the metallicity gradients between transition radii. The dash-dotted lines represent the fits to the metallicity gradients in the two regions defined by
transition radii Rtr,1 and Rtr,2. The error bars trace the dispersion of the points around the mean trend. The radial profiles of the stellar kinematics
and population properties of the three edge-on galaxies, FCC 153, FCC 170, and FCC 177, have been excluded from the mean.
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Fig. 5. Running mean as a function of stellar mass surface density of
the average metallicity profiles for the sample galaxies in the core-NS
clump (orange symbols) and for those infalling in the Fornax cluster
(green symbols). The black dashed lines correspond to the CALIFA
ETGs with log (M∗/M�) < 11.3 studied by Zibetti et al. (2020). The
grey shaded region marks the radial range where the difference of spa-
tial resolution between the CALIFA and MUSE observations affect the
profiles.

for single objects (see e.g., Dolfi et al. 2021). This work offers
the chance to trace how the mass assembly varies with the stellar
mass of the host galaxies and how it is connected with the envi-
ronment. In addition, on a larger scale, results allow us to con-
strain the assembly history of the cluster where galaxies reside.
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Appendix A: Multi-component photometric fit of
FCC 119, FCC 249, and FCC 255

This appendix provides the results of multi-component photo-
metric fit of the FDS r-band images of FCC 119, FCC 249,
and FCC 255. We obtained the azimuthally averaged surface-
brightness radial profiles by following Iodice et al. (2019b) and
performed the photometric fit as done by Spavone et al. (2020).
The resulting observed and modelled surface-brightness radial
profiles are shown in Fig. A.1, while the best-fitting structural
parameters are given in Table A.1.

Both FCC 119 and FCC 255 are S0 galaxies. As explained in
Spavone et al. (2020), for these objects the second component of
the fit represents a superposition of the disc and the stellar halo.
However, differently from the three S0s FCC 153, FCC 170, and
FCC 177, FCC 119 and FCC 255 are low-inclined galaxies and
they do not have a prominent disc. Therefore, the low-accreted
mass fraction estimated for these objects can reasonably take
into account a fraction of light coming from the disc compo-
nent. This is consistent with the theoretical expected values for
the stellar mass estimated in these galaxies.

Table A.1. Best-fitting r-band structural parameters for FCC 119, FCC 249, and FCC 255.

Object µe,1 re,1 n1 µe,2 re,2 n2 µe,3 re,3 n3 fh,T Rtr,1 Rtr,2
[mag arcsec−2] [arcsec] [mag arcsec−2] [arcsec] [mag arcsec−2] [arcsec] [arcsec] [arcsec]

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

FCC119 23.35±0.13 17.59±0.06 1.20±0.03 23.42±0.05 10.00±0.50 1.76±0.05 - - - 23% 2.65 -
FCC249 19.25±0.16 5.0±0.06 1.63±0.90 23.76±0.18 36.2±3.1 2.96±0.04 26.97±0.66 196.08±7.9 0.22±0.05 65% 14 120
FCC255 20.84±0.35 15±2 0.99±0.23 25.75±0.66 70.86±17.67 3.38±0.27 - - - 19% 49 -

Notes. (2)-(4) Effective surface brightness, effective radius, and Sérsic index for the first component. (5)-(7) Effective surface brightness, effective
radius, and Sérsic index for the second component. (8)-(10) Effective surface brightness, effective radius, and Sérsic index for the third component.
(11) Accreted mass fraction. (12) and (13) Transition radii derived by the intersection between the radial profiles of the first and second components
and between those of the second and third component, respectively.
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M. Spavone et al.: Assembly history of massive galaxies in Fornax cluster

Fig. A.1. Deconvolved and azimuthally averaged radial profiles (open circles) from FDS r-band images of FCC 119 (upper left panels), FCC 249
(upper right panels), and FCC 255 (lower left panels). The red, magenta, and blue lines in the top panels correspond to the best-fitting first, second,
and third component, respectively, while the black line shows their total surface brightness. The vertical dashed line marks the size of the galaxy
core. The difference between the observed and modelled surface brightness as a function of radius is given in the bottom panels (filled circles)
together with the standard deviation of the best fit (∆, see Spavone et al. (2017) for details).
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Appendix B: Stellar kinematics and population
properties of the sample galaxies

This appendix provides the azimuthally averaged radial pro-
files of stellar velocity dispersion, inclination-corrected specific

angular momentum, metallicity, and age of the sample galaxies
(Fig. B.1).

Fig. B.1. Azimuthally averaged radial profiles of stellar velocity dispersion, inclination-corrected specific angular momentum, metallicity, and age
(from bottom to top) for the sample galaxies. The vertical dotted and dashed lines correspond to the transition radii Rtr,1 and Rtr,2, respectively,
while the grey shaded areas mark the transition regions between different components of the fit.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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