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ABSTRACT

We reconstructed the star formation histories of seven massive (M? & 1010 M�) early-type galaxies (ETGs) in the Virgo cluster by
analysing their spatially resolved stellar population (SP) properties including their ultraviolet (UV) and Hα emission. As part of the
Virgo Environmental Survey Tracing Ionised Gas Emission (VESTIGE), we used Hα images to select ETGs that show no signs of
ongoing star formation. We combined VESTIGE with images from Astrosat/UVIT, GALEX, and CFHT/MegaCam from the Next
Generation Virgo Cluster Survey (NGVS) to analyse radial spectral energy distributions (SEDs) from the far-UV (FUV) to the near-
infrared. The UV emission in these galaxies is likely due to old, low-mass stars in post main sequence (MS) phases, the so-called
UV upturn. We fitted the radial SEDs with novel SP models that include an old, hot stellar component of post-MS stars with various
temperatures and energetics (fuels). This way, we explored the main stellar parameters responsible for UV upturn stars regardless of
their evolutionary path. We make these models publicly available through the SED fitting code CIGALE. Standard models are not able
to reproduce the galaxies’ central FUV emission (SMA/Reff . 1), while the new models well characterise it through post-MS stars
with temperatures T & 25 000 K. All galaxies are old (mass-weighted ages &10 Gyr) and the most massive ones, M49 and M87, are
supersolar (Z ' 2 Z�) within their inner regions (SMA/Reff . 0.2). Overall, we find flat age gradients (∇Log(Age)∼−0.04−0 dex)
and shallow metallicity gradients (∇Log(Z)<−0.2 dex), except for M87 (∇Log(ZM87)'−0.45 dex). Our results show that these ETGs
formed with timescales τ . 1500 Myr, having assembled between ∼40−90% of their stellar mass at z ∼ 5. This is consistent with
recent JWST observations of quiescent massive galaxies at high-z, which are likely the ancestors of the largest ETGs in the nearby
Universe. The derived flat and shallow stellar gradients indicate that major mergers might have contributed to the formation and
evolution of these galaxies.
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1. Introduction

Historically, early-type galaxies (ETGs, Hubble 1926) are
red and spheroidal; they lack gas and spiral arms and are
pressure−supported. Understanding the formation of ETGs,
which appear smooth and well-behaved today, poses a signifi-
cant challenge in galaxy mass assembly and is closely tied to
the evolution of the Universe as outlined by the Λ Cold Dark
Matter (CDM) model. According to the ΛCDM paradigm, struc-
tures of dark matter haloes are expected to assemble in a hier-
archical way, where larger haloes form through the mergers of
smaller ones born at earlier epochs (e.g. De Lucia et al. 2004;
Springel et al. 2005; Laporte et al. 2013). Within this evolution-
ary picture, ETGs are thought to form in a two-phase scenario
(e.g. De Lucia et al. 2006; Oser et al. 2010). First, a phase of
dissipative collapse at z & 2 produces in situ star formation
(SF), which is rapidly quenched. This is followed by an accre-
tion phase, where ex situ stars are accreted from mostly dry,
minor mergers with smaller satellite galaxies at z . 3. Therefore,
in agreement with the ΛCDM view, stars in ETGs are formed
very early on, but the galaxy’s mass growth is assembled at later
stages.

The launch of the James Webb Space Telescope (JWST)
has triggered a renewed interest in these galaxies. Recent
JWST results have indeed revealed that high-redshift red and
quiescent galaxies are already very massive (>1010 M�) at
z > 3 (e.g. Antwi-Danso et al. 2025; Baggen et al. 2023;
Carnall et al. 2023; Valentino et al. 2023; Labbé et al. 2023;
Boyett et al. 2024; Nanayakkara et al. 2024; Glazebrook et al.
2024; Carnall et al. 2024), and that they formed their stars and
quenched very rapidly, up to ∼200 Myr after formation (e.g.
de Graaff et al. 2025). Consequently, these observations chal-
lenge both current galaxy formation theories and the ΛCDM cos-
mological model (e.g. Menci et al. 2022; Boylan-Kolchin 2023),
unless some extreme efficiencies in converting baryon into stars
are invoked (e.g. de Graaff et al. 2025; Carnall et al. 2024).

This tension is not only present at high redshift, but it is
reflected in studies of ETGs in the local Universe. Local ETGs,
whose properties can be studied at a high spatial resolution
and sensitivity, are indeed the direct descendants of high red-
shift galaxies. Therefore, reconstructing their formation history
serves as a crucial testbed to constrain cosmological models.

Early-type galaxies in the nearby Universe are observed
to be the oldest, most metal-rich and the most abundant
in [α/Fe] ratio (e.g. Worthey et al. 1992; Trager et al. 2000;
Thomas et al. 2005, 2010; Clemens et al. 2006; Greene et al.
2013; Parikh et al. 2019). This is indicative of rapid SF
timescales (e.g. Worthey et al. 1992, 2014; Trager et al. 2000;
Gavazzi et al. 2002; Thomas et al. 2005; Spolaor et al. 2010),
consistent with observations in the early Universe. Recent results
from the ATLAS3D survey of nearby ETGs (Cappellari et al.
2011) revealed unexpected properties for this class of galaxies.
The majority of ETGs in ATLAS3D were found to be fast rotators
(FRs), while only a small fraction of the most massive galaxies
are pressure-supported, or slow rotators (SRs; Emsellem et al.
2011); in addition, ∼40% of ETGs host gas in both molecu-
lar and ionised phases (e.g. Serra et al. 2012; Rampazzo et al.
2013; Young et al. 2014), indicating that some rejuvenation in
SF had to occur. All this evidence suggests that several unique
formation pathways are likely necessary to explain the broad
and complex nature of ETGs (e.g. Naab et al. 2014). In addi-
tion, it is still unclear what the exact contribution is of the physi-
cal processes that are responsible for quenching the SF of ETGs
in early phases (e.g. Man & Belli 2018 and references therein),

as well as the role of possible variations in their stellar initial
mass function (e.g. Bastian et al. 2010; Conroy & van Dokkum
2012; Tortora et al. 2013; Martín-Navarro et al. 2015; Yan et al.
2021). As a consequence, a self-consistent explanation on
how present-day ETGs form and evolve remains elusive (e.g.
Naab & Ostriker 2017; Lagos et al. 2022).

In this work, we aim to place new constraints on how mas-
sive local ETGs form by analysing their resolved ultraviolet
(UV) properties. As mentioned earlier, there is observational evi-
dence of residual SF in a number of ETGs (e.g. Kaviraj et al.
2007; Yi et al. 2011; Vazdekis et al. 2016; Rampazzo et al.
2017; Gavazzi et al. 2018; Salvador-Rusiñol et al. 2022), where
the UV emission is due to young stellar populations. The UV
light in this case is dominated by massive A stars with ages
∼100 Myr (e.g. Lequeux 1988; Boselli et al. 2009). However,
there are ETGs that are genuinely old systems that also show
a UV excess in their spectra, at λ < 2500 Å, the so-called phe-
nomenon of the UV upturn (e.g. Code & Welch 1979; O’Connell
1999). This UV emission is boosted by old, low-mass stars
in late evolutionary stages, although its exact origin is still
debated (e.g. post-asymptotic giant branch stars, blue horizontal
branch, or interacting binary systems, Greggio & Renzini 1990;
Bressan et al. 1994; Maraston & Thomas 2000; Brown et al.
2000a; Maraston 2005; Han et al. 2007; Yi 2008; Han et al.
2010; Hernández-Pérez & Bruzual 2013 and references therein).
For this reason, the investigation of the UV domain is imperative
to reconstruct the star formation history (SFH) of ETGs (see, e.g.
Brown et al. 2000a; Gil de Paz et al. 2007; Boselli et al. 2014);
furthermore, it represents a powerful diagnostic of low-mass
stars’ evolution and old stellar populations (e.g. Burstein et al.
1988; Brown 2004; Boselli et al. 2005; Yi 2008). The pres-
ence of the upturn regardless of the local galaxy density
(Boissier et al. 2018; Ali et al. 2019; Phillipps et al. 2020) sug-
gests that the UV upturn is an intrinsic property of ETGs, which
forms at early times and cannot be interpreted in terms of resid-
ual SF.

While the UV upturn has been previously investigated
in ETG samples at different redshifts (e.g. Burstein et al.
1988; Peletier et al. 1990; Ohl et al. 1998; Brown et al. 2000a;
Boselli et al. 2005; Ree et al. 2007; Yi 2008; Ali et al. 2018a,b;
Le Cras et al. 2016; Boissier et al. 2018; Lonoce et al. 2020;
Dantas et al. 2020; Werle et al. 2020; De Propris et al. 2022;
Akhil et al. 2024), the goal of this paper is to characterise the
UV properties of local ETGs in spatially resolved stellar popu-
lations. In this context, we aim to reconstruct the SFH of nearby
ETGs as a function of radius, combining multiwavelength data
from the far-UV (FUV) to optical ranges (including Hα), with
unprecedented angular resolution and sensitivity. Another main
novelty of this work is the computation of state-of-the-art stellar
population models, starting from those by Maraston & Thomas
(2000) and Le Cras et al. (2016), that are specifically tailored to
reproduce and describe the properties of the UV upturn in ETGs
across cosmic history. The models are implemented in the pub-
licly available spectral energy distribution (SED) fitting code
CIGALE (Boquien et al. 2019), thus we will enable the deter-
mination of galaxy properties across diverse ranges of ETG
samples.

In this pilot work, we report the SED analysis of seven mas-
sive (M? > 109.8 M�) ETGs (E+S0) in the Virgo cluster. Virgo,
our closest galaxy cluster only ∼17 Mpc away (Gavazzi et al.
1999; Mei et al. 2007; Cantiello et al. 2018, 2024), represents an
excellent laboratory to study the origin of ETGs. Its proximity
enables a detailed radial analysis of the different galactic com-
ponents at an unprecedented sensitivity and angular resolution
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Table 1. Properties of the target galaxies.

Name Units NGC 4262 NGC 4374/M84 NGC 4406/M86 NGC 4417 NGC 4442 NGC 4472/M49 NGC 4486/M87

VCC name (a) VCC355 VCC763 VCC881 VCC944 VCC1062 VCC1226 VCC1316
Virgo substructure (b) A A A B B B A

(central) (central)
Morph. type (a) SB02/03 E1 E3/S013 S017 SB016 E2/S012 E0
Nuclear Act. (c) passive LINER;Sy2 passive passive passive LINER NLRG;Sy
cz (a) (km/s) 1359 1017 −224 828 547 981 1284
d (d) (Mpc) 17 17 17 23 23 17 17
Reff(i) (e) (kpc) 0.62 6.62 13.04 1.63 1.92 9.58 11.36
Log(M?) ( f ) (Log(M�)) 9.88 11.18 11.22 10.65 10.67 11.59 11.36
σc

(g) (km/s) 195 288 217 152 194 288 314
Fast/slow rotator (h) FR? SR SR FR FR SR SR

Notes. (a)Binggeli et al. (1985). (b)Boselli et al. (2010b). (c)Gavazzi et al. (2013). (d)Cortese et al. (2012). (e)Calculated from NGVS i band.
( f )Cortese et al. (2012). (g)Central (Reff/8) velocity dispersion from Cappellari et al. (2013). (h)Emsellem et al. (2011).

(1′′ on the sky corresponds to ∼80 pc at 17 Mpc), reinforced
by the availability of several multiwavelength surveys cover-
ing the entire extent of the cluster. Additionally, both ellipti-
cal and lenticular galaxies are mainly found in high density
environments, with the former being more numerous in the
core of rich galaxy clusters (e.g. Dressler 1980; Whitmore et al.
1993). Hence, the formation of ETGs is strongly shaped by
the environment in which they reside (e.g. Thomas et al. 2010;
La Barbera et al. 2012; Boselli et al. 2014; Pasquali et al. 2019).

As we are interested in the underlying stellar populations,
we selected galaxies with no evidence of recent SF, thanks to
the Virgo Environmental Survey Tracing Ionised Gas Emission
(VESTIGE), a blind and deep narrow Hα+[NII] imaging survey
of the Virgo cluster with the MegaCam at the Canada-France-
Hawaii Telescope (CFHT, Boselli et al. 2018). In addition, we
use imaging data in the FUV, thanks to the exquisite sensi-
tivity and angular resolution of the UltraViolet Imaging Tele-
scope (UVIT) on board the AstroSat satellite (Agrawal 2006).
We combine this with near-UV (NUV) images from the Galaxy
Evolution Explorer (GALEX), optical images from the Next
Generation Virgo Cluster Survey (NGVS, Ferrarese et al. 2012,
MegaCam at CFHT), and integral field unit (IFU) spectroscopy
data with the Multi Unit Spectroscopic Explorer (MUSE) at the
Very Large Telescope (VLT), whenever available.

This paper is structured as follows: Sect. 2 describes the sam-
ple, while Sect. 3 reports information on the data used. In Sect. 4
we show the analysis of the imaging and spectroscopic data.
Sect. 5 presents the new stellar population models used to deter-
mine the properties of the target galaxies and describes the SED
fitting analysis. We report on the results in Sect. 6, while we dis-
cuss in Sect. 7. Finally, we summarise and conclude in Sect. 8.

2. The sample

The sample is composed of seven massive (M? > 109.8M�)
ETGs in the Virgo cluster. These galaxies have been selected
among the most massive and extended ETGs of the cluster with
available AstroSat/UVIT data in the FUV band (see Sect. 3.3).
They do not show any clear star formation activity in the form of
clumps or knots, thus suggesting that their UV emission is dom-
inated by old stellar populations1. We refer to Sect. 4.1 for more
details about this.
1 Although one galaxy – NGC 4262 – shows HII regions in its out-
skirts, see Sect. 4.1 and Appendix A for more details.

Table 1 reports the main properties of the target galax-
ies. They are all well-known ETG systems, some of which
already studied in detail, also in the UV spectral domain
(e.g. Burstein et al. 1988; Peletier et al. 1990; Brown et al. 1995;
Ohl et al. 1998; Maraston & Thomas 2000; Bettoni et al. 2010;
Boselli et al. 2022). As defined, the sample is not complete in
any sense. It consists of four ellipticals (E) and three lentic-
ulars (S0). The E galaxies in the sample are the well-known
M84, M86, M49 and M87, while the S0 sample is composed of
NGC 4262, NGC 4417 and NGC 4442. These galaxies belong
to different substructures within the Virgo cluster (see Table 1).
Virgo is indeed composed of several subgroups of galaxies with
different mean recessional velocities and positions within the
cluster (Boselli et al. 2014). M87 and M49 are the central galax-
ies of two different substructures, called A and B, respectively
(Gavazzi et al. 1999).

3. Observations and data reduction

The analysis presented in this work is based on a set of multi-
frequency data, some of which was gathered during untargeted
surveys of the whole Virgo cluster region.

3.1. VESTIGE Hα imaging

In order to check for contamination from young stars or recent
SF in the target galaxies, we used narrow-band Hα images from
the VESTIGE survey (Boselli et al. 2018). The data are obtained
from the narrow band filter MP9603 (λc = 6590 Å; ∆λ = 106 Å)
installed on the MegaCam at the CFHT. At the redshift of these
galaxies, the filter includes the Hα line together with the two
[NII] lines at λ = 6548, 6583 Å. Hereafter, we refer to the filter
simply as Hα, unless otherwise stated. Galaxies were observed
with a typical ∼2 hours of integration time in the narrow-band
Hα filter and ∼12 min in the broad-band r MegaCam filter
(λc = 6369 Å). An extensive description about the observa-
tions and data reduction is reported in Boselli et al. (2018, 2022).
We refer the interested reader to these papers for more details.
The reached sensitivity of the survey at full depth is Σ(Hα) '
2 × 10−18 erg s−1 cm−2 arcsec−2 (1σ after smoothing to 3′′) for
the extended sources, while it is f (Hα) ' 4 × 10−17 erg s−1 cm−2

(5σ) for point sources.
The observations in the r filter are necessary to subtract the

stellar continuum of the target galaxies. This step is particularly
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Fig. 1. Continuum−subtracted Hα images of the target galaxies from the VESTIGE survey (Boselli et al. 2018).

critical for ETGs where the emission of ionised gas is marginal
compared to the emission of stars. As extensively described
in Boselli et al. (2019, 2022), the stellar continuum was esti-
mated by combining the r band image with a g − r colour
map, where the g-band is taken from the NGVS g band images
(see Sect. 3.2). We refer the interested reader to these papers
for more details about the continuum subtraction procedure.
The continuum−subtracted Hα images of the target galaxies are
reported in Figure 1. As it is visible in almost each galaxy, a
possible spurious emission in the continuum−subtracted image
might be present. This emission is not real, but due to the way
the continuum−subtracted image is created. The Hα emission
would look clumpy and/or filamentary rather than smooth as
in NGC 4417, NGC 4442, or NGC 4472. Since the contribu-
tion of the stellar continuum is derived using the r and g − r
images, artefacts might be artificially created in those regions
where the emission is strongly peaked and colour gradients are
present, which typically happens in the core of bright ellipti-
cals (Boselli et al. 2019). Here, possible differences in the seeing
of the three images (Hα, r, g) and minimal misalignment may
produce major effects in the resulting continuum−subtracted

images (see also the intense emission visible in the galac-
tic nuclei in Fig. 1). Any possible emission in these partic-
ular regions must be confirmed with spectroscopic data (see
Sect. 4.1 for more details about the analysis of the ionised gas
emission).

3.2. Optical imaging – NGVS

We used optical images from the NGVS (Ferrarese et al. 2012),
which observed the Virgo cluster with the MegaCam instru-
ment onboard the CFHT. The images are available in the fol-
lowing bands: u (λc = 3799 Å), g (λc = 4846.4 Å), i (λc =

7543 Å), z (λc = 8823 Å). They have an angular resolution
(full width at half maximum, FWHM) ≤1.1′′ and a pixel−scale
of 0.187′′ (Ferrarese et al. 2012). For more detailed informa-
tion on the data reduction, sky subtraction and exposure times,
we refer the interested reader to Ferrarese et al. (2012). In this
work, we used images that are a merger between long and short
exposures. The pixels of long exposure images are replaced
in the centre of galaxies with short exposure pixels, to avoid
saturation.
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Table 2. Main information on the archival and proprietary AstroSat/UVIT BaF2 images for the target galaxies.

Name Obs. Date Obs. ID Exp. time PI
(units) (s)

NGC 4262 2021-06-03 A10_071T44_9000004434 10 755 A. Boselli
NGC 4374/M84 2021-06-03 A10_071T48_9000004478 7577 A. Boselli
NGC 4406/M86 2020-05-06 A08_003T13_9000003646 7074 J. Hutchings
NGC 4417 2021-06-07 A10_071T18_9000004448 10 941 A. Boselli
NGC 4442 2021-06-24 A10_071T54_9000004482 7544 A. Boselli
NGC 4472/M49 2017-04-22 A03_030T01_9000001 6949 P. Shastri
NGC 4486/M87 2018-04-21 A04_115T02_9000002 14 062 C. Varsha

100 50 0 50 100

100

50

0

50

100

De
c-

De
c G

AL
 [a

rc
se

c]

NGC 4262

100 50 0 50 100

100

50

0

50

100 NGC 4374/M84

100 50 0 50 100

100

50

0

50

100 NGC 4406/M86

100 50 0 50 100
RA-RAGAL [arcsec]

100

50

0

50

100 NGC 4417

100 50 0 50 100
RA-RAGAL [arcsec]

100

50

0

50

100

De
c-

De
c G

AL
 [a

rc
se

c]

NGC 4442

100 50 0 50 100
RA-RAGAL [arcsec]

100

50

0

50

100 NGC 4472/M49

100 50 0 50 100
RA-RAGAL [arcsec]

100

50

0

50

100 NGC 4486/M87

Fig. 2. Images of the target galaxies in the FUV BaF2 filter of Astrosat/UVIT in counts. North is up and east is to the left. The white contours are
shown at levels of FUV surface brightness in the range 23.5–27 AB mag arcsec−2 in steps of 0.5 AB mag arcsec−2.

3.3. AstroSat/UVIT imaging

AstroSat/UVIT data for the target galaxies are either archival or
proprietary (proposals A08_003 and A10_071). Information on
the FUV data used are reported in Table 2. We used images in
the FUV filter BaF2, with λc = 1541 Å, whose reached angu-
lar resolution is ∼1.5′′ (Tandon et al. 2020). The reduction was
performed following the prescriptions reported in Tandon et al.
(2020) and the UVIT dedicated webpages, with a zeropoint
Zp = 17.778 mag2. Figure 2 shows the images of the target
galaxies in the FUV BaF2 filter with surface brightness con-
tours superimposed in white. The FUV images span a sensitivity
down to 22−23 AB mag depending on the galaxy and considered
regions (see Table 2 for the exposure times).

3.4. GALEX imaging

No high-resolution UVIT images were available in the NUV
channel for the target galaxies, therefore we used GALEX
images in the NUV (λc = 2297 Å) from the GALEX Ultraviolet
Virgo cluster survey (GUViCS, Boselli et al. 2011; Voyer et al.
2014). GUViCS is a blind complete survey of the Virgo clus-

2 See https://uvit.iiap.res.in/Instrument/Filters

ter, covering ∼120 deg2 in the NUV and reaching a sensitiv-
ity of ∼22 AB mag for the extended sources (∼23 AB mag for
point sources, Voyer et al. 2014). The already reduced GALEX
images were downloaded from the HeDaM website3. The target
galaxies have exposure times (texp) of ∼2−3 ks, except for M87
that has texp ∼ 5 ks and NGC 4262 with texp ∼ 28 ks. We refer
the interested reader to Cortese et al. (2012) for information on
the data reduction. The FWHM of the GALEX NUV images is
∼5.3−5.6′′ (Morrissey et al. 2007)4.

3.5. MUSE spectroscopy

Three galaxies from our sample have available VLT/MUSE
spectroscopy in the ESO archive, namely M84, M49 and M87
(Sarzi et al. 2018; Balmaverde et al. 2021). We downloaded
already reduced MUSE datacubes from the ESO Science Por-
tal5, whose information are reported in Table 3. The cube of M49
was not originally corrected for the sky, thus we performed the

3 https://hedam.lam.fr/HRS/
4 https://asd.gsfc.nasa.gov/archive/galex/Documents/
instrument_summary.html
5 https://archive.eso.org/scienceportal/home
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sky subtraction by using the software ZAP6 (Soto et al. 2016).
We report on the analysis of the MUSE data in Sect. 4.5.

3.6. Supplementary data

Four galaxies, namely M49, M84, M86 and M87, are affected by
dust, mostly in the form of filaments which are not attributable to
the foreground extinction of the Milky Way. For M49, M84, M87
this is also visible from the presence of filaments in absorption in
the NGVS images. In order to mask the dust emission in all the
filters, we downloaded Hubble Space Telescope (HST) already
reduced drizzled images from the ACSVCS (Advanced Camera
for Survey Virgo Cluster Survey, Côté et al. 2004). See Sect. 4.3
for more details on the dust masking.

M87 is well known to be a radio galaxy hosting a powerful
emitting jet (e.g. Baade & Minkowski 1954; Owen et al. 2000),
which is clearly visible in our collected images. In Fig. 2, the
contours around the centre of M87 show the presence of the non-
thermal jet. It is then necessary to quantify and remove the con-
tribution of the non−thermal emission of the jet in the UV part
of the SED, as it might affect our stellar populations analysis. In
this context, we collected images of M87 to reconstruct its SED
from the FUV up to the sub-millimetre. Details about the dataset
and analysis are reported in Appendix B.

All galaxies are part of the ATLAS3D survey
(Cappellari et al. 2011), thus we downloaded the already
calculated Voronoi binned maps from the ATLAS3D website7, to
inspect the ionised gas emission in Hβ and [OIII]. Additionally,
we downloaded and used available nuclear optical spectra (at
λ ∼ 6210−6860 Å) from the red spectrograph of the 5m Hale
telescope (Ho et al. 1995), to check for the presence of Hα
emission lines in the nuclei of our target galaxies, where the
VESTIGE images are contaminated by artefacts. We refer to
Sect. 4.1 for more details.

4. Data analysis

4.1. Ionised gas emission

To ensure there is no contamination from young stars, and
thus ongoing SF activity in the target galaxies, we made use
of VESTIGE Hα data. Thanks to their excellent image qual-
ity (FWHM∼ 0.7′′), we are able to detect the emission of indi-
vidual HII regions down to L(Hα) ' 1036 erg/s (Boselli et al.
2025). Figure 1 shows the continuum−subtracted Hα images of
the target galaxies. NGC 4262, M84, M86, and M87 have an
Hα emission in the form of filaments, while the emission of the
remaining galaxies is instead smooth or negligible. The lack of
structured regions such as clumps or knots in the Hα emission
grants the absence of star forming complexes in the selected tar-
gets, with the exception of NGC 4262. Indeed, NGC 4262 shows
the presence of an Hα ring, extending south-west and north of
the galaxy (e.g. Bettoni et al. 2010; Boselli et al. 2022), with vis-
ible HII regions. These will be masked in the following analysis.
The lack of SF activity in the target galaxies is further supported
by the smoothness of the FUV emission (Fig. 2), comparable to
the optical one. We refer to Sect. 4.3 for more discussion about
this.

Additionally, we estimated the [OIII] and Hβ emission of
each target galaxies from the ATLAS3D SAURON IFS data
(Cappellari et al. 2011), within the inner 15′′ × 15′′. Following

6 https://zap.readthedocs.io/en/latest/#usage
7 https://www-astro.physics.ox.ac.uk/atlas3d/

Table 3. Main information on the archival VLT/MUSE observations for
a subsample of the target galaxies.

Name Prog. ID Exp. time PI
(units) (s)

M49 095.B-0295 6× 300 C. J. Walcher
M84 0102.B-0048 4× 600 B. Balmaverde
M87 060.A-9312 2× 1800 Science Verification

Sarzi et al. (2006), we defined a detection threshold for the emis-
sion lines from the amplitude-to-noise ratio parameter (A/N),
which is available in the ATLAS3D data. This parameter indi-
cates how much the emission line sticks out above the noise
in the stellar spectrum. Emission lines in [OIII] are detected if
A/N ≥ 4, while for Hβ, A/N ≥ 3, even if this does not imply
a 3-4σ detection. We refer the interested reader to Sarzi et al.
(2006) for more details about the detection threshold choices.
We also checked the nuclear spectra from Ho et al. (1995) to
identify the presence of Hα emission lines within the galaxies’
nuclei. In summary, we did not find a significant emission in
[OIII], Hα and Hβ in M86, M49, NGC 4417, and NGC 4442. We
found no significant Hα and Hβ emission in NGC 4262, how-
ever some [OIII] emission is present, although small ( f[OIII] '

7 × 10−15 erg s−1 cm−2). Emission lines are instead well detected
in the central regions of M84 and M87, as these galaxies host
active galactic nuclei (AGN). In the SED fitting analysis, see
Sect. 5, we will mask the regions of these galaxies affected by
AGN activity thanks to the MUSE data. We refer to Appendix A
for a more detailed description on the ionised gas emission of
each individual galaxy within the sample.

4.2. Synchrotron emission

The spectral energy distributions of M84 and M87 are affected
by synchrotron emission. In the following analysis, we masked
the visible radio jet in M87 by defining jet regions from the
NGVS i image and applying the masks in each filter image. For
the inner 20′′, we adopted a different strategy, namely we cor-
rected the UV flux for the contribution of the non-thermal emis-
sion of the jet, see Appendix B. We show that the synchrotron
emission in M87 is significant in the inner 10′′, contributing to
∼25% of the flux in the FUV and ∼16% of the flux in the NUV.
Ohl et al. (1998) already reported that the non−thermal activity
of the jet contributes to ∼17% of the flux in the FUV in the inner
20′′ of M87. Thus, our analysis is consistent with their consid-
erations. In the following colour analysis, we then removed this
contribution from the FUV and NUV fluxes.

NGC 4374/M84 is also a radio galaxy (Laing & Bridle 1987;
Meyer et al. 2018), however its jet is significantly less powerful
than the one of M87 (see e.g. Boselli et al. 2010a), given that
the AGN of M84 is ∼10 times less luminous than the AGN of
M87 (Bambic et al. 2023). With this consideration in mind, we
approximate the contribution from the synchrotron radiation in
M84 to be ∼10 times less powerful than that of M87. This cor-
responds to a contribution of ∼10% in the FUV flux of M84
and less than 1% in the NUV flux in the inner 5′′, where the
non−thermal emission is expected to be the strongest. Hence,
we decided not to correct for this effect in the following analysis
of M84. Regarding the SED fitting analysis presented in Sect. 5,
we decided not to fit the central parts (SMA/Reff . 0.1) of M87
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Fig. 3. Images of the target galaxies in the NGVS i band with isophotal fits (at UVIT resolution) superimposed as dashed red ellipses. North is up
and east is to the left. Contours from the FUV emission are superimposed in white, with surface brightness ranging from 23.5–27 mag arcsec−2 in
steps of 0.5 mag arcsec−2.

and M84, as they are significantly affected by their AGN, see
Sect. 5.3.1.

4.3. Isophotal fitting

We masked all the unwanted sources in each available image.
To mask the foreground stars, we used the Gaia DR3 cata-
logue (Gaia Collaboration 2023), while we used the GLADE+
galaxy catalogue from Dálya et al. (2022) to mask the back-
ground galaxies. We used circle masks with a radius of 2.5′′.
Additional sources that were not in such catalogues as well as
spikes from foreground stars were masked by hand by defin-
ing regions in ds9. The masking was performed starting from
the i image and then the same masks were applied to the other
NGVS ugz and VESTIGE r−bands. An independent, eye-based
masking was applied for the FUV and NUV bands, as not all the
optical sources have a counterpart in the UV and because of the
different resolution in these bands.

Next, we used the HST images in the F475W filter (see
Sect. 3.6) to visually check for dust filaments. We defined
regions in ds9 covering the dust filaments in absorption in M84,
M87 and M49, and we masked them in each band8.

We performed an isophotal fit for each target galaxy on the
NGVS i images, which are taken as a reference. The isophotes
obtained from the fit are then used on each band to estimate the
fluxes in radial bins. This is done by using isophotes in wcs
coordinates and not in pixel, to take into account the differ-
ent resolutions of the UV-band images. We used the algorithm
ellipse from Jedrzejewski (1987) via the Astropy package
dedicated to photometry of astronomical sources, photutils
(Bradley et al. 2023). Starting from the galaxy centre from the

8 Dust is also present in M86 (Cortese et al. 2012; Ciesla et al. 2012),
however it is not in absorption in the optical images. We refer to
Sect. 5.4 for the modelling of the dust absorption/emission in this
galaxy.

NGVS (Ferrarese et al. 2012), the algorithm find_center esti-
mates the centre for each galaxy. The centre of the ellipses is
then kept fixed for the entire isophote fit. The position angle
(PA) of the consecutive ellipses is left free to vary in the fit.
As a test, we tried to keep the PA fixed, however this does not
represent well galaxies such as NGC 4262 or NGC 4442, that
show rotating isophotes. The starting guesses for the isophote
fit parameters (PA and ellipticity) is taken by superimposing an
ellipse region in ds9 with semimajor axis (SMA) of 100 pix-
els on the NGVS i images, for each galaxy. The isophote fit
is then performed on consecutive ellipses of pre-defined SMAs.
We carried out two different analyses based on the two different
spatial resolutions that we have available in each UV band. As
mentioned in Sect. 3, UVIT/FUV images have a FWHM∼ 1.5′′,
while GALEX/NUV images have a FWHM∼ 5.3′′. For the first
type of analysis, we start fitting the ellipses from a SMA of
6′′ and define consecutive isophotes with a step of SMA = 8′′.
Throughout the paper, we refer to this as the GALEX resolu-
tion analysis, which will then form a dataset of broadband radial
fluxes in the FUV, NUV, and optical. For the second analysis,
we start the ellipses with a SMA = 3′′ and define consecutive
ellipses with a step of SMA = 3′′. This is defined as the UVIT
resolution analysis, forming a dataset which includes only the
FUV and the optical broadband fluxes.

Figure 3 shows a zoom-in of NGVS i images centred on
the target galaxies with the ellipses from the isophotal fit super-
imposed as dashed red curves, at UVIT resolution. Contours
from the FUV emission (Fig. 2) are superimposed in white in
each panel. Overall, we observe that the FUV emission is quite
smooth and consistent with the optical isophotes in PA and shape
in each galaxy. Hence, no clumps or knots indicating ongoing
massive SF are identified, consistently with what we found with
VESTIGE data (Sect. 4.1). NGC 4262 shows clumps in emis-
sion in the FUV, see Fig. 2, that are located west of the galaxy,
spanning at least ∼150 arcsec on the sky – equivalent to ∼12 kpc
at the distance of Virgo. In Appendix C, Figure C.1 shows the
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Fig. 4. FUV − NUV colours at GALEX resolution as a function of
the semimajor axis (SMA) divided by Reff . For M87, we corrected the
fluxes in the inner 0.1 SMA/Reff for synchrotron emission, see text for
more details.

same NGVS i images of the target galaxies at GALEX resolu-
tion. The observed clumps of NGC 4262 are not accompanied
by optical emission. This was already reported in Bettoni et al.
(2010), as well as in Boselli et al. (2022), see Sect. 4.1 and
Appendix A. Finally, we note that M86 has a FUV emission
in the inner 20′′ that is skewed towards north-east with respect
to the optical isophotes. This difference in the isophotes FUV-
optical was not spotted before, to the best of our knowledge. It is
then possible that the FUV emission might be skewed because of
the gravitational interaction with NGC 4438 (see Appendix A,
Kenney et al. 2008; Gomez et al. 2010 and references therein).
Alternatively, it might be due to the UV emission of the close
dwarf galaxy VCC 882, located north-east of M86 within its
optical halo (Elmegreen et al. 2000).

4.4. Colour gradients

Fluxes and AB magnitudes were calculated within each con-
centric ellipse, for each band and each galaxy. They were cor-
rected for the Galactic extinction using the extinction law from
Cardelli et al. (1989) and the colour excess E(B − V) from
Schlafly & Finkbeiner (2011)9. The background noise for each
ellipse region is estimated by averaging the flux of 1000 regions
(with the same shape of each original region), each one gener-
ated with a random position in the field of view of each image.
Hereafter, we consider regions until the signal-to-noise ratio
(S/N) is greater or equal than 3. We adopted an error on the
zeropoint of 0.053 mag for the FUV band (priv. comm. with
UVIT technicians), and errors of 0.05, 0.07, 0.035 mag for the
NUV (Morrissey et al. 2007), u (Ferrarese et al. 2012) and griz
bands (Ferrarese et al. 2012 for NGVS, Boselli et al. 2018 for
VESTIGE), respectively.

Figure 4 shows the FUV − NUV colours at GALEX reso-
lution, as a function of the SMA divided by the effective radius
Reff (see Table 1). This colour has been largely considered in the
literature as an empirical indicator of the UV excess, because,
when FUV −NUV < 1 mag, the UV slope in the SED increases
for decreasing wavelengths (e.g. Yi et al. 2011). However, this

9 See https://irsa.ipac.caltech.edu/applications/DUST/

threshold depends on the assumed models and SFH, and it can
occur that the UV emission from old stellar populations is also
present when FUV − NUV > 1 mag. Here we make general
considerations on the colour trends, and we refer to later Sec-
tions (e.g. Sect. 5) for the identification of the UV upturn in
these galaxies in comparison with the models presented in this
work. All the galaxies in the sample are bluer in the centre
with respect to their outskirts. NGC 4262 becomes very blue
at SMA/Reff > 5. This is due to the presence of the above men-
tioned HII regions in its outskirts (see Figs. 2 and C.1). These
clumps were masked in the current analysis, however likely
some residual emission in the FUV still remains. M87, M49,
and M84 are the bluest galaxies in the centre, at SMA/Reff < 0.2,
while the other elliptical M86 is overall redder10. We note here
that for the lenticulars (NGC 4262, 4417, and 4442), we are able
to sample their outskirts down to SMA/Reff ∼ 6−10. For the
ellipticals (M49, M84, M86 and M87) we sample their central
regions, up to SMA/Reff ∼ 0.8−1.2 (GALEX) and SMA/Reff ∼

1.5−2.5 (UVIT). This is due to the reached S/N in the FUV and
especially in the NUV band.

As reported in Smith et al. (2012b), the FUV − NUV colour
is not the most suitable to interpret the origin of the UV upturn,
as it is sensitive to different effects, among which main sequence
turn-off (MSTO) stars, the strength of the upturn populations,
and the spectral slope of the upturn. This is mostly due to the
NUV regime, which has some contribution due to a strong metal
line blanketing from MSTO stars (e.g. Donas et al. 2007). On the
contrary, the FUV−i colour represents a pure comparison among
hot old stars (strong emitters in the FUV) and old cool stars,
emitters in the optical red bands. Figure 5 shows the FUV − i
colours as a function of the SMA at UVIT resolution (left panel).
We note that M84, M87, and M49 (Es) are bluer in the centre
than in the outskirts (SMA/Reff . 1). This behaviour was already
reported in Ohl et al. (1998) for M87 and M49 in the FUV − B
colours. We also note that on average the bluest elliptical galaxy
is M87, followed by M49 and then M84. NGC 4262 is again blue
in the centre at SMA/Reff ∼ 0.8 as M49, becoming bluer also in
its outskirts. NGC 4417, NGC 4442, and M86 are the reddest
galaxies in the sample.

The right panel of Figure 5 shows the g − i colours as a
function of SMA/Reff at UVIT resolution. Very differently from
the FUV colours, the optical gradients of the target galaxies are
all very similar and span a small range in colours (except for
NGC 4262). This is consistent with what was reported in the lit-
erature (e.g. Peletier et al. 1990; Ohl et al. 1998) and shows that
the UV colours are crucial to disentangle star formation histories
in different galaxies.

Figure 6 shows a comparison between the FUV − i (left
panel) and g − i (right panel) colour gradients as a function of
the galaxy stellar mass, at UVIT resolution. The colour gradient
∇ (col) was defined as:

∇(col) =
col2 − col1
| R2 − R1 |

, (1)

where col1 and col2 represent the considered colours at R1 and
R2, respectively. We used R2 = SMA2/Reff = 1.5 for all galaxies,
while we used R1 = SMA1/Reff = 0.1 for the ellipticals, R1 = 0.2
for NGC 4417 and NGC 4442, R1 = 0.4 for NGC 4262 based
on their colour profiles at UVIT resolution (see Fig. 5). The very
central regions were excluded to avoid contamination from the

10 We note that the very blue colours in the centre of M84 are likely
affected by its AGN activity, see Sect. 5.3.1.
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Fig. 5. FUV − i (left panel) and g − i (right panel) colours at UVIT resolution as a function of SMA/Reff .
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Fig. 6. Gradients in FUV − i (left) and g − i (right) colours as a function of the stellar mass at UVIT resolution, calculated until 1.5 SMA/Reff .
Galaxies are colour-coded by their average colours at these SMAs. The grey dashed rectangle indicates the location of the S0 (lenticular) galaxies.
Panels share the same y-axis. See text for more details.

AGN in M87 and M84. Both panels are colour-coded by the aver-
age colour of each galaxy at these radii. The colours as a function
of projected radii (see Figs. 4, 5) were interpolated with a third
degree polynomial spline in order to calculate the colour value
precisely at R1 and R2. We note that the two panels of Fig. 6 are
shown with the same limits in the y-axis. As mentioned before,
gradients in the FUV − i colours span a much wider range with
respect to the gradients in the optical g − i colours. Additionally,
the mean of FUV colours spans a wider range with respect to the
mean optical colours, see the colour bars.

The left panel of Fig. 6 shows that, overall, the more mas-
sive galaxies have stronger FUV − i gradients. We performed a
Spearman rank’s test and this gives a rank coefficient ρs = 0.68
and a probability of deviation from a random distribution ds ∼

9%. This indicates a positive correlation between ∇(FUV − i)
and Log(M?/M�), however it is not significant. Indeed, we note
that we are presenting results for only seven galaxies and thus it
is necessary to expand the sample to robustly confirm the exis-
tence of such a correlation. The dashed grey rectangular shape
in the left panel of Fig. 6 indicates the position of the lenticu-
lars/S0 sample. We found that the ellipticals in our sample show
overall larger gradients in FUV − i than the lenticulars, and are

on average bluer, as shown by the average FUV − i colours on
the colour bar. This is true except for NGC 4262 which is instead
quite blue, with a mean FUV − i ∼ 6.9 mag.

Figure 7 shows ∇(FUV − NUV) for SMA/Reff up to 1.2 at
GALEX resolution. The gradient was calculated for R1 = 0.1
for all galaxies, except R1 = 0.4 for NGC 4417 and NGC 4442
and R1 = 0.8 for NGC 4262 (see Fig. 4). We note that overall
the gradients in FUV − NUV are positive and steep, with M84
having the steeper gradient among the E galaxies and NGC 4262
among the S0 galaxies. We found no correlation among the ∇ in
FUV − NUV colours at these radii and stellar masses.

4.5. MUSE analysis

We used the same regions as in Sect. 4.3 to mask the unwanted
foreground and background sources in the MUSE IFU images
for M49, M84, M87. We also masked the dust and the M87 jet
as in Sects. 4.2 and 4.3. Next, we superimposed the same ellipti-
cal isophotes that we used for fitting the NGVS i images (Figs. 3
and C.1) on the MUSE cubes. The left panel of Fig. 8 shows the
MUSE cube of M84 at λ ∼ 5400 Å, where the coloured ellipses
indicate the isopohotes from the fit, at UVIT resolution. They are
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Fig. 7. Gradients in FUV − NUV at GALEX resolution as a function
of the stellar mass, calculated until 1.2 SMA/Reff . Galaxies are colour-
coded by their average colours at these SMAs. The grey dashed rect-
angle indicates the location of the S0 (lenticular) galaxies. See text for
more details.

labelled as numerated regions. We summed the flux in each ellip-
tical annulus as a function of wavelength to obtain radial spec-
tra. The right panel of Fig. 8 shows the obtained radial MUSE
spectra for M84 normalised by the area of the ellipse, at UVIT
resolution. We performed this process for each galaxy and for
the GALEX resolution as well. The same figures as Fig. 8 but
for M49 and M87 are reported in the Appendix D.

The wavelength region of the Hα + [NII] doublet emission
lines is indicated as a grey shaded area. We used the MUSE data
to select the regions that are contaminated by the AGN activity.
We removed these regions in the SED fitting analysis, see Sect. 5.

We also note that the MUSE spectra allows for the calcula-
tion of line index strengths of several absorption lines that are
sensitive to galaxy properties such as stellar ages and metal-
licities (e.g. Worthey et al. 1994; Thomas et al. 2003, 2011;
Worthey et al. 2014). However, the stellar models computed in
this pilot work (see Sect. 5.1) do not contain specific abundance
ratios for these galaxies, that is they are solar-scaled. Hence,
a comparison between model and observed line indices would
not be meaningful. In a future work, we plan on updating the
models by including typical abundance ratios and enhanced α
elements in order to fit the photometry together with absorption
lines. We then postpone the analysis of the EWs to a forthcoming
paper.

5. Spectral energy distribution fitting

We constructed the SEDs as a function of the SMAs for each
galaxy and for both resolutions (GALEX and UVIT). Each panel
in Figure 9 reports the radial SEDs for a target galaxy, at GALEX
resolution. The SEDs are shown normalised to the g-band and
are colour-coded by their projected distance (SMA/Reff). The
normalisation is chosen to better visualise the UV upturn, as
done in Burstein et al. (1988). The SEDs show that all the galax-
ies in the sample have an increasing slope with decreasing wave-
length in the 1500–2500 Å region at least in their central region,
represented by the bluest lines. The only exception is NGC 4417.
As soon as we move further out from the centre, the SEDs in the
UV region flatten out for M84, M86, and M49. The two lenticu-

lars NGC 4262 and NGC 4417 become bluer in the outskirts as
previously shown.

5.1. Stellar population models

To estimate the SFH and radial properties of our galaxies, we
computed new single stellar population (SSP) model spectra,
which include the contribution of the UV emission from evolved
stars. The models are computed with the evolutionary popu-
lation synthesis (EPS) code from Maraston (1998, 2005). The
code takes into account theoretical recipes, such as the fuel con-
sumption theorem from Renzini & Buzzoni (1986), to calculate
the post-main sequence (PMS) phases of the stellar populations
(see Maraston 2005). The models specifically presented in this
work were either published already in Le Cras et al. (2016) or
newly computed. They include a UV upturn in the form of an
old, hot stellar component at certain defined temperatures, as
in Maraston & Thomas (2000), which simulates the evolution of
PMS stars. This is not modelled using stellar tracks, thus the UV
emission might come from hot horizontal branch stars as well
as from post asymptotic giant branch (AGB), AGB-manqué, and
other PMS evolutionary phases. The models span an age range
of 1 Myr–13.7 Gyr, with the upturn starting at an age of 3 Gyr.
We computed the models for 3 metallicities, at Z = 0.01 (half-
solar), 0.02 (solar), 0.04 (twice solar). Furthermore, models for
the upturn are usually computed as a function of two parame-
ters: the temperature of the old UV components and the fuel con-
sumption at these temperatures. The fuel represents the amount
of hydrogen and/or helium burned during the PMS phases. We
refer the interested reader to Maraston (2005) for more details.
We computed models with two values of fuel, as in Le Cras et al.
(2016). A high fuel value, fH = 6.5 × 10−2 M� , and a low fuel
fL = 6.5 × 10−3 M�. The SED shape of our galaxies is com-
patible to a low fuel value, consistently with previous results in
local galaxies (e.g. Maraston & Thomas 2000). Each model is
calculated with a temperature of 25 000, 35 000, and 40 000 K.
For Z = 0.01 and 0.02, a temperature of 30 000 K is also avail-
able. We implemented these models in the public available SED
fitting code CIGALE (Boquien et al. 2019) under the new SSP
module named uvupturn. In the same module, a model without
upturn (defined as T = 0 K) is also available for comparison. See
Sect. 5.2 for more details on the implementation.

Figure 10 shows the difference between a standard Maraston
(2005) SSP model without an UV upturn component (indicated
with a blue dashed line) versus two UV upturn models at differ-
ent temperatures. The models are shown with the same parame-
ters, namely an age of 13 Gyr, solar metallicity (Z = 0.02) and
a Salpeter IMF (Salpeter 1955). However, it is remarkable how
they differ at λ < 3000 Å, where the upturn models show a pow-
erful emission in the UV.

5.2. New SSPs in CIGALE: the uvupturn module

We used the SED fitting code CIGALE (Code Investigating
GALaxy Evolution, e.g. Burgarella et al. 2005; Noll et al. 2009;
Boquien et al. 2019), a versatile python code to fit the SED
of galaxies in a modular and efficient way. Composite stellar
populations are generated through the convolution of SSPs with
parametrisations of the SFHs of galaxies. Nebular emission lines
and dust attenuation laws, as well as several AGN emission
laws are available. The advantage of CIGALE is the possibility
to implement novel models in an easy and fast way thanks to its
modular architecture. Specifically, in this work we implemented
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novel stellar population models from C. Maraston that include
the contribution of the UV upturn (see Sect. 5.1). We named the
new SSP module uvupturn. The models have an original reso-
lution of R = 40 000 which was downgraded to a R = 1000 to
allow a better handling of the memory space. As the new models
span a limited wavelength range from 1000–7000 Å, they were
merged with the already available SSP models from Maraston
(2005) for wavelengths longer than 7000 Å (module m2005 in
CIGALE, see Boquien et al. 2019 for more details).

5.3. Adopted CIGALE modules and parameters

We fit each radial SED for each galaxy with a SFH modeled ’a
la Sandage’ (Gavazzi et al. 2002), according to the sfhdelayed
module from CIGALE, that is SFR(t) ∝ t/τ2 × exp(−t/τ), where
t is the SFH range in Myr and τ the e-folding timescale of SF
in Myr. Regarding the SSP models, we used the new imple-
mented models uvupturn. They are calculated with a Salpeter
IMF (Salpeter 1955). The models have a powerful UV emis-
sion which is degenerate with the emission produced by recent
episodes of SF and young stars. For this reason, we used the
VESTIGE Hα images (see Fig. 1) to measure an upper limit on
the star formation rate (SFR) in each galaxy from their Hα emis-
sion and use it as a constraint for the SED fitting. In CIGALE it
is indeed possible to include rest-frame galaxy properties whose
values will be fitted together with the broadband photometric
fluxes. As discussed in Sect. 4.1, the analysis of the VESTIGE
images reveals that the Hα emission in our galaxies is either
lacking or it is of filamentary nature, thus it is not due to recent
SF. For each galaxy, we estimated the surface brightness limit in
Hα by taking the standard deviation of the flux of 1000 regions
(with the same shape as the original region), each one generated
with a random position in the field of view. This corresponds
to ΣHα ∼ (2−4) × 10−18 erg s−1 cm−2 arcsec−2 at 1σ depending
on the galaxy and region. We converted the Hα flux at 5σ into
SFRs (Kennicutt 1998) and used these values as constraints in
upper limit for the SED fitting.

5.3.1. Dust modelling and AGN contamination

As mentioned in Sect. 3, M49, M84, M86, and M87 contain
dust. Even though the dust seen in absorption in the images was

masked, it is important to parametrise the dust within the SED
fitting, as it might affect the shape of the SED. To get an estima-
tion of the stellar colour excess E(B − V), we constructed a 2D
model of the stellar distribution for each galaxy in the sample.
This was performed on the F475W high-quality HST images,
by using a similar isophote analysis as presented in Sect. 4.3.
Next, we subtracted the stellar 2D model from the original image
and we estimated the AF475W as in Kulkarni et al. (2014) and
Boselli et al. (2022). Finally, we transformed the AF475W into
E(B−V) by using the transformation on the dedicated HST web-
pages and a RV = 3.1. We report the obtained extinction maps
for M49, M84, M86 and M87 in Figure 11. As already men-
tioned, NGC 4262, NGC 4417, NGC 4472 do not have any clear
dust structures. In NGC 4472/M49, a very faint dust filament is
visible in a 1 arcsec2 region near the centre. In M86, the dust
structure is diffuse and not filamentary, barely visible. It is likely
that this is instead due to some residuals in the stellar continuum
subtraction. In M87 and M84 the dust lanes are clearly visible,
with a maximum E(B−V) of ∼0.06 and ∼0.15 mag, respectively.

The dust distribution and emission of our target galaxies
have additionally been investigated in the mid- and far- infrared
(MIR, FIR), within the Herschel Reference Survey (HRS) by
Ciesla et al. (2012), Smith et al. (2012a), Cortese et al. (2014).
Such authors showed that NGC 4262, NGC 4417, NGC 4442
and M49 are not detected by Herschel SPIRE and PACS in the
FIR (100−500 µm), therefore their dust attenuation and emis-
sion is negligible. This, combined with the fact that their dust
absorption in the HST and NGVS images is either very faint
(Fig. 11) or absent, led us not to include dust attenuation modules
in the SED fitting for these galaxies11. For M86, M84 and M87,
we instead use the dustatt_modified_starburst module,
based on the law by Calzetti et al. (2000). Modelling the attenu-
ation in galaxies is challenging, as a wide diversity in the shape
of extinction laws is usually observed (e.g. Salim & Narayanan
2020). To understand which parameters better model the dust
emission in these galaxies, we performed a SED fitting with

11 As a test, we also performed a SED fitting on M49 and NGC 4262
including a dust attenuation module. We chose NGC 4262 as represen-
tative for the lenticular sample. When including dust, the fit finds small
E(B−V) < 0.05 mag, only in the central parts of the galaxies. While the
single values of the stellar parameters in a specific region might change,
the overall results of the paper stay unchanged.
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Fig. 9. SEDs normalised to the flux in the g-band, at GALEX resolution, colour-coded to the ratio SMA/Reff .

CIGALE on the total SED of M86, from the FUV to the FIR.
We chose M86 as a test galaxy, as the SEDs of M84 and M87 in
the IR is contaminated by the jet and syncrothron emission. We
used the already published flux values from Cortese et al. (2012),
Ciesla et al. (2012, 2014) in the IR, from Spitzer/IRAC at 8 µm,
WISE at 12 µm and 22 µm, Herschel/PACS at 100 and 160 µm,
and Herschel/SPIRE at 250, 350 and 500 µm. For the FUV,
NUV, ugriz bands we used the images presented in this work
and we extracted the flux as in Sect. 4.4 in a similar aperture
as those reported in Ciesla et al. (2012), Cortese et al. (2012),
Ciesla et al. (2014). We used the sfhdelayed and uvupturn
modules for the SFH and stellar populations, while we used
the dustatt_modified_starburst and themis modules for
the dust absorption and emission, respectively. Regarding the
dust absorption and emission, we used the same parameter
space as reported in Nersesian et al. (2019). We found a very
small best-fit E(B − V) = 0.0025 mag for M86, confirming
that the emission we observed in Fig. 11 is likely due to some
residuals in the stellar continuum subtraction. The attenuation
law that best describes the total SED of M86 has a power-

law slope δ = −0.25, mildly steeper with respect to a typi-
cal MW slope (e.g. Salim et al. 2018; Trayford et al. 2020). The
amplitude of the UV bump at 2175 Å that we found is instead
MW-like, ∼3.

To check whether our SED fitting results for M86 make
sense, we compared our estimated dust mass with that estimated
by di Serego Alighieri et al. (2013), which use a black-body fit-
ting technique. We found MDust,M86 ' 3.6 ± 2.0 × 106 M�, while
they obtained MDust,M86 ' 2.8 × 106 M� (considering the cen-
tral and south east emission), consistent with our estimate. To
fit the radial SEDs of M84, M86, and M87, we then employed
such values for the bump amplitude and powerlaw slope12, in the
dustatt_modified_starburst module. In the next Sections,
for the radial SED fitting, we do not model the dust emission
as dust re-emits at λ > 10 000 Å, a wavelength range that is not
covered by our radial SEDs.

12 We nonetheless performed the radial fit also with different values
for the slope, δ = 0 and δ = −0.5 as well as with suppressed bump
amplitudes (=0, 2.21). The final results stay unchanged.
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Finally, both M84 and M87 host an AGN, which also gen-
erates a radio jet. We decided to exclude from the following
SED fitting analysis the regions contaminated by the AGN, as
this might affect the shape of the SED in a non-trivial way. To
mask the central regions, we used the MUSE data. We did not
fit all the regions that show emission lines in the wavelength
range 6500−6600 Å, where the Hα+[NII] lines are present. For
M87, we excluded the first 2 (6) central regions for the GALEX
(UVIT) analysis; while for M84 we excluded the first 1 (2) cen-
tral regions for the GALEX (UVIT) analysis. These correspond
to SMA/Reff . 0.1. See Figs. in Appendix D.

All the parameters adopted in the CIGALE fits for the different
galaxies are reported in Table 4.

5.4. Fitting the photometric SEDs

The left panel of Figure 12 shows the obtained best-fit reduced
χ2 values on the SEDs of M49, as a function of SMA/Reff .
The solid (dashed) line represents the fit with (without) the
UV upturn component, while the colour indicates the type of
analysis (orange for UVIT, only FUV, and purple for GALEX,
FUV+NUV). The upturn models in both analyses significantly
improve the quality of the fits in the central regions of this
galaxy, lowering the values of the χ2 from ∼12 down to ∼2. The
right panel of Fig. 12 reports the observed SED of M49 in the
central region at SMA/Reff ∼ 0.05 and its best-fit models, when
ignoring (blue dashed line) or considering (green solid line) the
upturn component. We remind the reader here that a constraint
on the SFR has been considered in the fit. The no-upturn model
does not reproduce the FUV emission of M49, consistently with
what found in the left panel, thus it is crucial to include the con-
tribution of the UV upturn to correctly reproduce the shape of
its FUV-to-NIR SED. Moreover, the no-upturn models found
a best-fit mass-weighted age of Age(no−up) ' 11 Gyr, and a SF
timescale τ(no−up) = 1200 Myr. When using the upturn mod-
els, the best-fit age is Age(upturn) ' 13.3 Gyr, and a τ(upturn) =
500 Myr. Hence, the no-upturn fit tries wrongly to interpret the
FUV emission as younger stellar populations with longer SF
timescales. Such fast timescales (τ(upturn)) are remarkably close
to what observed by JWST in red and quiescent galaxies at

high redshift (e.g. de Graaff et al. 2025; Carnall et al. 2024), see
Sect. 7 for more discussion about this.

We performed two kinds of SED fitting for each region in
each target galaxy: one including FUV, NUV, and optical data
(GALEX analysis) and the other including only FUV and opti-
cal data (UVIT analysis, at higher spatial resolution). To obtain
the best fit parameters and their errors, we performed a Monte
Carlo (MC) analysis. For each region, the SED fit was repeated
100 times, where at each time the broadband fluxes were sam-
pled from a Gaussian distribution where the mean is equal to the
measured flux and the standard deviation is equal to the mea-
sured 1σ error on the flux. The best fit parameters are the median
of the 100 parameters from the MC realisations and the 1σ error
is the standard deviation of the 100 parameters. The final results
of the SED analysis are reported in Sect. 6.

5.5. Mock analysis

To assess the reliability of the physical parameters derived from
the SED fitting, we generated a catalogue of simulated galax-
ies, which we analysed in the same fashion as the real galaxies.
We used the savefluxes analysis mode within CIGALE, which
integrates the galaxy models and then calculates the fluxes in
the same photometric bands as the observations. The simulated
galaxies span a wider range of parameters with respect to the
observations in order to avoid edge effects. The mock galaxies
are then generated by re-sampling the model fluxes introducing
Gaussian noise according to the typical observational error in
each band. We then fit each SED of the mock galaxies and we
obtained the estimated physical parameters, namely the mass-
weighted age, the stellar metallicity Z, the temperature of the
UV upturn TUV , the e-folding timescale of star formation τ and
the star formation rate SFR. We repeated the exercise by creating
a new catalogue, where this time the galaxies are also extincted
by dust, to represent the cases of M84, M86, and M87. In this
way we also recover the colour excess of the stellar continuum
E(B − V). The results of the mock analysis showed us that all
parameters are very well recovered by the SED fitting analy-
sis. This is reported in Appendix E, where Figs. E.1 and E.2
show the exact (input) parameters of the mock galaxies versus
the median value of the estimated (output) best-fit parameters,
when a FUV+NUV+optical fit is performed on central regions,
with and without extinction, respectively. The correlation exact-
estimated is very strong with a Pearson correlation coefficient
r2 & 0.9 in all cases. Finally, we performed the same mock anal-
ysis (i) when considering a fit with only FUV and optical data,
and (ii) with a different error, typical of the outer regions (at
SMA/Reff ∼ 1.5). In both cases, the outcome stays unchanged.

6. Results

Figure 13 shows the results of the photometric SED fitting for
M49 and M86, for both the GALEX (purple dashed lines) and
UVIT (orange lines and shaded areas) resolution. From top left
to bottom right each galaxy panel displays: the radial profile of
the mass-weighted age in Gyr, the stellar metallicity Z, the tem-
perature of the UV upturn component T and the SF e-folding
timescale τ. The SED fitting results of the remaining target
galaxies are shown in Appendix F, in Figs. F.2 and F.3. The
radial profile of the best-fit stellar extinction E(B − V) for M84,
M86, and M87 is also displayed in Appendix F, Fig. F.1. Over-
all, there is no significant difference between the results from the
two types of analysis, at 1σ.
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Fig. 11. E(B − V) extinction maps for M84, M86, M87, and M49 (from left to right), constructed from the HST ACS F475W images. North is to
the left and east is down. M86, M87, and M49 share the same colourbar. We note that M84 has a more extended colour bar with respect to M86,
M87, and M49.

Table 4. CIGALE adopted parameters and properties to fit the SEDs of the target galaxies.

Parameter Value Units Description

SFH: sfhdelayed module – All galaxies
t 0−13 500 Myr SFH range
τ 100, 300, 500, 800, 1000, 1200 Myr e-folding timescale of SF

1500, 2000, 2500, 3000, 4000, 5000
SSPs: uvupturn module – All galaxies

Z 0.01, 0.02, 0.04 Metallicity
T 0 (no Upturn), 25 000, 35 000, 40 000 K Temperature of the upturn component
f 0 Fuel parameter. 0: low fuel, 1: high fuel.

See Sect. 5.1.
Dust Attenuation: dustatt_modified_starburst module – For M84, M86, M87

E(B − V)young 0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.3 mag Stellar colour excess of the young populations.
E(B − V)old 0, 0.0025, 0.005, 0.01, 0.025, 0.05, 0.15 mag Stellar colour excess of the old populations.

E(B − V) factor 0.5 mag Conversion factor between young and old.
uv_bump_amplitude 3 Amplitude of the UV bump

powerlaw_slope −0.25 Slope δ of the attenuation powerlaw
Properties – All galaxies

sfh.sfr from VESTIGE images M�/yr 5σ upper limit on star formation rate.

0.00 0.25 0.50 0.75 1.00 1.25 1.50
SMA/Reff

0

2

4

6

8

10

12

14

Be
st

 fi
t r

ed
uc

ed
 

2

M49 photometric SED fitting
No Upturn - FUV only
No Upturn - FUV+NUV
With Upturn - FUV only
With Upturn - FUV+NUV

103 104

 [Å]

10 1

100

101

102

Fl
ux

 [m
Jy

]

Region at SMA/Reff 0.05
Best Model (No Upturn)
Best Model (with Upturn, T=40,000 K)
Model fluxes with Upturn
Model fluxes No Upturn
Obs. fluxes

Fig. 12. Left panel: Reduced χ2 values from CIGALE best fit as a function of SMA/Reff for M49. Solid (dashed) lines indicate fits performed with
(without) an UV upturn component, while orange (purple) lines represent fits performed on FUV+optical (FUV+NUV+optical) broadband data.
The grey horizontal solid line marks a reduced χ2 = 1. Right panel: M49 photometric FUV+NUV+optical SED fitting. Open orange squares are
the observed fluxes for the region at SMA/Reff ∼ 0.05. The blue dashed line is the best model found by CIGALE when the data are fitted with no
Upturn models, while the green solid line is the best fit by considering the upturn component. Red filled circles and pink open diamonds are the
model fluxes for the upturn and no-upturn models, respectively.

A79, page 14 of 26



Martocchia, S., et al.: A&A, 696, A79 (2025)

8

10

12

14

M
as

s-W
. A

ge
 [G

yr
]

0.00

0.02

0.04

0.06

St
el

la
r Z

NGC 4472/M49

0.00 0.25 0.50 0.75 1.00 1.25 1.50
SMA/Reff

0

20

40

60

T(
UV

 U
pt

ur
n)

 [1
03  K

]

0.00 0.25 0.50 0.75 1.00 1.25 1.50
SMA/Reff

0

500

1000

1500

2000

SF
 T

im
es

ca
le

 
 [M

yr
]

UVIT res.
GALEX res.

8

10

12

14

M
as

s-W
. A

ge
 [G

yr
]

0.00

0.02

0.04

0.06
St

el
la

r Z

NGC 4406/M86

0.00 0.25 0.50 0.75 1.00 1.25 1.50
SMA/Reff

0

20

40

60

T(
UV

 U
pt

ur
n)

 [1
03  K

]

0.00 0.25 0.50 0.75 1.00 1.25 1.50
SMA/Reff

0

500

1000

1500

2000

SF
 T

im
es

ca
le

 
 [M

yr
]

UVIT res.
GALEX res.

Fig. 13. Photometric SED fitting results for M49 (top panels) and M86 (bottom panels). For each galaxy, from the upper left to lower right:
mass-weighted age, stellar metallicity, temperature of the UV upturn and SF timescale as a function of the SMA/Reff . Purple dashed lines with 1σ
errors represent the fit at GALEX resolution, while orange solid lines indicate fits at UVIT resolution, with shaded orange regions as 1σ errors.

Our galaxies are old, with populations aged >10 Gyr.
In the central regions, our galaxies are found to be older,
reaching a mass-weighted age of 12–13 Gyr. M49 and M87
have super−solar metallicities within their inner regions, at
SMA/Reff < 0.2, that then decreasef at solar values. The
metallicity profile of the other galaxies is instead flatter. One
of the main results of the SED fit is that the UV upturn com-
ponent is necessary to describe the central UV emission of each
target galaxy (down to 1 Reff except for M87 and NGC 426213),
thus meaning that the old stars responsible for this emission are
more centrally concentrated. The preferred upturn models are
those with temperatures greater than T ∼ 35 000 K, except for
M87 where the best fit in the central regions prefers tempera-
tures T ∼ 25 000 K. The recovered SF timescale for all galaxies
is relatively fast, of the order of 500–1500 Myr, somewhat con-

13 Although some contamination from the HII regions is expected in
NGC 4262.

sistently with what was found in the literature (e.g. Thomas et al.
2005, see Sect. 7.3). Within the central regions, the SF timescales
are found indeed to be faster with respect to the outskirts (overall
at SMA/Reff < 0.5−1), of the order or less than 500 Myr. Finally,
the recovered E(B − V) values from the SED fitting are qualita-
tively consistent with the extinction maps reported in Fig. 11.

Next, we calculated age and metallicity gradients, as these
are very useful measurements to set constraints on the forma-
tion and evolution of ETGs (see the next Sect. 7 for more dis-
cussion about this and references). We computed logarithmic
gradients as ∆ Log/∆(R/Reff)14. The gradients are reported in
Figure 14 as a function of galaxy stellar mass. We found that age

14 We calculated the gradients between 0.1 and 1.2 (1.5) Reff for the
elliptical sample at GALEX (UVIT) resolution, between 0.4 (0.8) and
2 Reff for NGC 4262 at UVIT (GALEX) resolution, and between 0.2
(0.4) and 2 Reff for NGC 4417 and NGC 4442 at UVIT (GALEX)
resolution.
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Fig. 14. Mass-weighted age gradients (left) and metallicity gradients (right) as a function of galaxy stellar mass. Filled (open) symbols indicate
values calculated for the UVIT (GALEX) resolution analysis. See text for more details. The horizontal grey dashed line indicates a flat gradient.
Panels share the same y-axis.

gradients are flatter (∇Log(Age)∼−0.04−0.0 dex) than metal-
licity gradients, on average. All the age gradients are consis-
tent with zero, except for NGC 4442. NGC 4417, NGC 4442,
and M49 have slightly negative age gradients. Within the
metallicity gradients, the scatter is much higher due to larger
errors (∼0.16 dex). We found shallow metallicity gradients over-
all (∇Log(Z)&−0.2 dex), except for M87, where ∇Log(ZM87) ∼
−0.45 dex. Two among the most massive galaxies (M84 and
M87) have steeper metallicity gradients. Nonetheless, no cor-
relation between Z gradient and stellar mass is observed, with
a deviation from a random distribution ds ∼ 53%(88%)
when performing the Spearman-rank test on UVIT (GALEX)
resolution.

Recently, several surveys have been carried out to test
ETG formation theories (e.g. ATLAS3D, MaNGA, CALIFA,
SAMI, to cite a few), by using both imaging and spectro-
scopic techniques to estimate stellar population gradients that
span from the very central regions to several effective radii.
A very informative histogram of age and metallicity gradients
from recent results is reported in Figure 22 of Goddard et al.
(2017). Overall, our age gradients are consistent with the liter-
ature, while our Z gradients are shallower. We recall that this
might be also due to the fact that we are only investigating
seven (massive) galaxies while the results reported by the dif-
ferent surveys include more galaxies spanning several masses
and environments. Nevertheless, it is possible to remark that
negative metallicity gradients are observed up to 1 Reff (e.g.
Mehlert et al. 2003; Sánchez-Blázquez et al. 2007; Spolaor et al.
2009; Kuntschner et al. 2010; González Delgado et al. 2015;
Goddard et al. 2017; Parikh et al. 2019; Zibetti et al. 2020;
Lu et al. 2023 and references therein). After 1 Reff , metal-
licity gradients tend to flatten, which is interpreted as
evidence of a dominant contribution from minor mergers
(e.g. La Barbera et al. 2012; Oyarzún et al. 2019, see next
Sect. 7). Our results are in agreement with, for exam-
ple, González Delgado et al. (2015), Goddard et al. (2017),
Zheng et al. (2017), which found shallower Z gradients. Also,
we observe that, overall, the ellipticals in our sample (M84, M86,
and M87) show negative metallicity gradients (although mostly
consistent with zero), while the lenticulars have either flat or pos-

itive metallicity gradients (NGC 4262, NGC 4417, NGC 4442),
although the dichotomy is not striking. This might be interpreted
as a sign of a different formation scenario between the two
classes of galaxies, with the S0s as a transition class between
spirals and ellipticals. Such a difference is also imprinted in
terms of their stellar kinematics, as the lenticulars in our sample
are all fast rotators (FR) while the ellipticals are slow rotators
(SR, Emsellem et al. 2004, 2011). However, with the current
sample we cannot draw strong or significant conclusions about
this proposed picture. In addition, we note that previous stud-
ies based on cosmological simulations have shown that there
are no two unique formation scenarios for the origin of FRs and
SRs, respectively, but this depends on several factors such as the
merger mass-ratio, the timing of major mergers and gas fraction
(e.g. Naab et al. 2014; Lagos et al. 2022).

7. Discussion

7.1. The origin of the UV upturn

We found a significant FUV emission within the centre of each
galaxy in the sample (SMA/Reff < 1), which cannot be attributed
to recent SF events or young stars, given their negligible ionised
gas emission. Standard stellar populations models are not able
to reproduce such an UV emission, the so-called phenomenon
of the UV upturn (e.g. O’Connell et al. 1992). In this work, we
employed novel SSP models that take into account the UV con-
tribution from old, hot low-mass stars in all post-MS phases,
such as hot HB, post-AGB, AGB manqué stars. The origin of
the UV emission in ETGs is still a matter of debate. A pos-
sible explanation, given by Greggio & Renzini (1990), is that
metal-rich post-MS stars increase their opacities enough to cause
enhanced mass-loss and expose the internal hot shells during
their horizontal branch (HB) phase. These shells are hotter than
25 000 K and might be responsible for the UV emission. Other
explanations include UV emission caused by extreme HB stars
that are likely He-enhanced (e.g. Brown et al. 2000b; Ali et al.
2018b; De Propris et al. 2022), or formed via binary interactions
(e.g. Han et al. 2007, 2010). Here, we modelled the UV emission
to be produced by a hot component of post-MS stars, where the
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evolutionary mass is small enough that mass-loss can effectively
remove the stellar envelope to expose the inner hotter burn-
ing shells, resulting in a range of temperatures spanning from
T = 25 000 up to 40 000 K. We found that the slope of the SED
of our galaxies is well described by models with the component
at temperatures T & 25 000(M87) up to 40 000 K. This is consis-
tent with studies that recently made a census of UV-bright stars
in galactic globular clusters (GGCs) with AstroSat/UVIT (e.g.
Sahu et al. 2022; Prabhu et al. 2022). Such authors found that
GGCs host more HB stars than post-AGB stars, with the temper-
atures of the UV-bright stars population peaking around 25 000–
30 000 K up to 100 000 K. Indeed, the proximity of GGCs can
be exploited to serve as template for the integrated properties of
distant and unresolved extragalactic systems (e.g. Schiavon et al.
2012; Dalessandro et al. 2012). Nevertheless, we note that GGCs
are much more metal-poor (Z . 0.003) with respect to the galax-
ies studied in this work, thus the origin of the UV brightness in
GC stars might be different from the upturn observed in massive
ETGs (e.g. Maraston & Thomas 2000). Additionally, by using
deep HST/STIS FUV images of the dwarf spheroidal galaxy
M32, Brown et al. (2008) found that the core of this galaxy is
mostly devoid of UV-bright post-AGB stars, while it hosts hot
HB stars capable to reproduce the UV emission. However, we
note that M32 is a dwarf galaxy, while here we are investigating
massive early-type galaxies (some of them among the most mas-
sive ellipticals), hence the sources for the UV upturn might also
be different. In order to understand the origin of the UV upturn, it
would be extremely helpful to resolve UV-bright stars in massive
ETGs and identify the evolutionary phase that majorly contribute
to their UV emission.

7.2. Stellar population gradients and their implication on
galaxy formation and evolution

Gradients and radial profiles have been proven to be excel-
lent tools in setting valuable constraints on ETGs formation
and evolution scenarios. Recent cosmological simulations pre-
dict that massive ETGs form in a two-phase scenario (e.g.
Oser et al. 2010). In the first phase, stars form in situ very
rapidly and through the infall of cold gas, at z & 2. The
result is a compact galaxy with a steep metallicity gradi-
ent (∇(Fe/H)<−0.35 dex, e.g. Larson 1974; Carlberg 1984;
Thomas et al. 1999; Kawata & Gibson 2003; Kobayashi 2004;
Pipino et al. 2010) and a positive age gradient. This is due to
the fact that younger stars continue forming within the cen-
tre, as the potential well of the galaxy retains the stellar winds.
However, the presence of an AGN or a morphological quench-
ing mechanism (Martig et al. 2009) might instead halt star for-
mation in the centre and flatten the inner radial profiles (e.g.
Zibetti et al. 2020). In a second phase, the ETG grows in mass
through dissipationless mergers, which can either steepen or
flatten the pre-existing gradients. Stellar major mergers tend
to flatten all gradients as metal-rich stars from the centre of
the galaxy are reshuffled in the outskirts (∇(Fe/H)∼−0.1 dex,
e.g. Ogando et al. 2005; Di Matteo et al. 2009; Kobayashi 2004).
Minor mergers tend instead to steepen metallicity gradients as
the accreted satellites at larger radii are more metal-poor than
the central core (e.g. Hirschmann et al. 2015).

The age gradients we found are all consistent with zero,
except for NGC 4442 (lenticular), whose value is slightly neg-
ative (∇Log(Age)∼−0.04 dex), similar to what is more com-
mon in late-type galaxies (e.g. Goddard et al. 2017). We note
that we calculate gradients up to 2 Reff , while we have access to
larger effective radii for the lenticulars. We observe that the stel-

lar populations in NGC 4262 are significantly younger within
∼4−6 Reff , as expected from its ring of HII regions. In addition,
we found shallow metallicity gradients (∇Log(Z)&−0.2 dex),
except for M87 where ∇Log(ZM87) =−0.44 ± 0.21 dex. Hence,
in an attempt to match our results with the models and simula-
tions we discussed earlier, we support a scenario of ETG forma-
tion where major mergers might have played an important role in
the formation of these galaxies. We recall that this is constrained
within the central regions of the ellipticals (up to 1.5−2 Reff) and
further away for the lenticulars (up to 6−10 Reff).

We checked for other signatures of major mergers within these
galaxies. M86 shows indeed long trails of stripped gas, which have
been interpreted as evidence of an interaction with the nearby spi-
ral galaxy NGC 4438 (e.g. Kenney et al. 2008; Gomez et al. 2010;
Ehlert et al. 2013). M84 is located only 60 kpc in projected dis-
tance from M86, however, it does not appear that it is undergoing
a significant interaction with M86, as shown from the lack of dif-
fuse gas bridging between the two galaxies (Ehlert et al. 2013).
Similarly, no tidal debris are observed in the vicinity of M84
(Janowiecki et al. 2010). This might be in accordance with our
results, possibly indicating a lack of accretion from smaller satel-
lite galaxies and pointing to major merger events to explain the
shallow metallicity gradient. On the other side, it could be due to
a recent passage through the cluster core. Janowiecki et al. (2010)
also reports that M49 is surrounded by shells and tidal structures,
representative of intense satellite accretion. This is corroborated
by the evidence that M49 is in the process of tidally stripping
the nearby dwarf galaxy VCC 1249 (Arrigoni Battaia et al. 2012;
Junais et al. 2022). It might be possible that our study, covering
only gradients up to Reff ∼ 1.5 for this particular galaxy does
not represent the extensive outer halo of the very massive M49
(possibly the most massive of the Virgo cluster). M87, the exten-
sively studied central galaxy of Virgo, is expected to undergo
accretion of infalling smaller galaxies, which are being tidally
stripped. This is corroborated by the presence of tidal streams
and tails in the north-west outer halo of M87 (Janowiecki et al.
2010), as well as its globular clusters (GC) and planetary nebu-
lae kinematics and spatial distributions (e.g. Larsen et al. 2001;
Romanowsky et al. 2012; Longobardi et al. 2015; Ferrarese et al.
2016; Longobardi et al. 2018). This is consistent with the negative
Z gradient and flat age gradient we found in this work.

Signs of galaxy-galaxy interactions are also observed in
NGC 4262, as there is evidence of filamentary infalling gas into
its nucleus (see Boselli et al. 2022 and references therein). As
visible from its FUV emission (Fig. 2), NGC 4262 has a polar
ring structure characterised by some HII regions which has also
been detected in HI (e.g. Oosterloo et al. 2010). This ring has
been interpreted by Bettoni et al. (2010) as a signature of a merg-
ing event. Additionally, this galaxy shows a bar (see Fig. 3)
which is likely to indicate gravitational perturbations, consistent
with its almost flat age and Z gradients reported in this work.

Furthermore, one might look at globular cluster (GC) colour
distributions. Previous studies reported that our target galaxies
all have bimodal (red and blue) GC populations (e.g. Peng et al.
2006), with the red population generally more centrally con-
centrated than the blue one (in M87, M49, M84 and M86, e.g.
Longobardi et al. 2018; Côté et al. 1998, 2003; Taylor et al. 2021;
Lambert et al. 2020). Such a bimodality is thought to be the
imprint of the two-phase scenario of ETGs. The red GCs are
more metal-rich and more centrally concentrated: they represent
the in situ star formation episode(s); blue or metal-poor GCs,
which extend further in the outskirts of galaxies, are thought to
be accreted from mergers with smaller satellites (e.g. Côté et al.
1998; Tonini 2013). Connecting this picture from the results
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presented here, we might speculate that the central regions of
the ellipticals (up to 1.5−2 Reff) was dominated by major merger
accretion (although see next Section, 7.3 for more details about
this), while minor mergers might effectively dominate at larger
Reff . This picture is also supported by studies of colour gradients
of GC systems in massive ETGs (e.g. Liu et al. 2011). As for the
lenticulars (NGC 4417, 4442), for which we observe flat age and
metallicity gradients up 6 Reff (see Fig. F.3), it would be interest-
ing to investigate the spatial distribution and kinematics of their
GC population.

7.3. Star formation histories and comparison with results at
high-z from JWST

In addition, our results imply that these galaxies must have assem-
bled their masses relatively fast, especially in their inner regions.
The derived SF timescales τ are overall smaller than 1200 Myr
down to 100 Myr, except for the outskirts of NGC 4262, where τ
reaches 2000 Myr. This is consistent with other studies of present-
day and intermediate redshift massive ETGs in dense environ-
ments (e.g. Bender et al. 1996; Thomas et al. 2005, 2010), as well
as with the evidence that massive ETGs are enhanced in α ele-
ments (e.g. Worthey et al. 1992; Trager et al. 2000; Gavazzi et al.
2002; Thomas et al. 2005; Spolaor et al. 2010; Parikh et al. 2019).
Recently, results from the JWST revealed extremely rapid SF
timescales for red quiescent galaxies at z ∼ 5 (e.g. Carnall et al.
2023; de Graaff et al. 2025; Carnall et al. 2024), of the order of
∼200 Myr. We find similar results within the inner regions of our
target galaxies. Hence, we estimated the fraction of stellar mass
that each galaxy in our sample grows at this redshift (z ∼ 5)
when the Universe is ∼1.2 Gyr old, based on the radial SFHs we
obtained. Our galaxies at z ∼ 5 had already formed from∼ 42%
(M84) up to ∼92% (NGC 4262) of their mass in stars, accord-
ing to the derived SFHs. If we apply these fractions to the masses
reported in Table 1, we obtain that our galaxies had stellar masses
ranging from M? ' 7 × 109 M� (NGC 4262) up to M? ' 2.9 ×
1011 M� (M49) at z ∼ 5. de Graaff et al. (2025) found a stellar
mass M? ' 1 × 1011 M� for RUBIES-EGS-QG1 at z ∼ 4.9,
while Carnall et al. (2023) find M? ' 4 × 1010 M� for GS-9209
at z ∼ 4.715, consistent with what we found for the Virgo massive
ETGs.

Therefore, our results on low redshift galaxies are in support
of observations at high redshift within a consistent picture where
massive quiescent galaxies formed and quenched with extreme
starbursts and rapid mass assembly. This is difficult to recon-
cile with predictions from hydrodynamical cosmological simula-
tions and theoretical models of galaxy formation (e.g. Lovell et al.
2023; Kimmig et al. 2025; De Lucia et al. 2024) where these types
of galaxies are envisioned to be rare (comoving number densities
of 1−10 × 10−8 Mpc−3 in very massive haloes at z = 4−5). Sim-
ilarly, the inferred fast mass growth within the inner regions of
ETGs isdifficult to reconcilewith the two-phasescenario.Accord-
ing to the simulations by Oser et al. (2010), the mass growth hap-
pens in a slower fashion, with 80% of the mass for high-mass
galaxies being assembled at z < 4.5 from ex-situ accreted stars.
Our derived stellar gradients (Sect. 7.2) support the occurrence
of major mergers within these systems, and they could in princi-
ple provide a fast stellar mass accretion. However, according to
the hierarchical formation of galaxies, major mergers should be
rare at z & 5. The recent JWST studies (e.g. de Graaff et al. 2025;
Carnall et al. 2024) invoked instead for novel prescriptions on star

15 Similar results are found for other three quiescent galaxies at z ∼ 4.6
by Carnall et al. (2024).

formation recipes, that is the conversion of baryons into stars ε
should be >0.2 up to extreme values ε = 1, much greater than
the expected value at the peak of the stellar−halo mass relation
(ε = 0.2, e.g. Wechsler & Tinker 2018).

8. Summary and conclusions

We analysed the radial stellar properties of seven massive (M? >
109.8 M�) Virgo ETGs by combining a high angular resolution,
high sensitive multiwavelength dataset (FUV−to−NIR) with
state-of-the-art stellar population models. The dataset consists
of four elliptical and three lenticular galaxies, which are among
the most massive (and most studied) galaxies in the Virgo clus-
ter. M87 and M49 are the central of the Virgo subcluster A and
B, respectively, as well as the most massive galaxies in the sam-
ple, together with M84 (M? > 1011 M�). The studied radial pro-
files extend down to ∼1.5−2.5 Reff for the ellipticals, and down
to ∼6−10 Reff for the lenticulars. Thanks to the high quality
VESTIGE narrow-band Hα images, we selected galaxies which
do not show clumpy or clustered Hα emission, hence with no
ongoing SF. We analysed radial fluxes thanks to AstroSat/UVIT,
GALEX, and CFHT NGVS imaging.

We found that, despite their lack of strong SF, the ETGs in
our sample show flat or positive FUV − i gradients, contrarily
to what found in optical colours, given that the g − i colours
have flatter gradients. We also found a hint of a positive cor-
relation between the FUV − i gradient and galaxy stellar mass,
although this is only based on seven galaxies, and a larger sample
is needed to confirm or refute such results. Overall, the lenticu-
lar galaxies in our sample tend to have flat FUV − i gradients,
while the ∇(FUV − i) for the ellipticals are positive. M87, which
is also the bluest galaxy on average, has the strongest gradient
with ∇(FUV − i) ∼ 0.6 mag between 0.1<SMA/Reff < 1.5.

Next, we analysed radial SEDs with FUV, NUV, and opti-
cal data, adding constraints on the SFR from the Hα emission.
We found a significant FUV emission within the centre of each
galaxy (SMA/Reff < 1) which cannot be attributed to recent SF
events or young stars, given their negligible ionised gas emis-
sion. We fit the radial SEDs of our galaxies with novel stel-
lar models which include a UV upturn component in the form
of post-MS stars with various temperatures and fuels. We can
then explore the main stellar parameters responsible for the UV
upturn stars irregardless of their evolutionary path. We used
the SED fitting code CIGALE, through which we also make the
models publicly available. The SEDs of our galaxies are well
described by UV upturn components with temperatures T &
25 000−40 000 K within their central regions (SMA/Reff . 1).
We also found that our galaxies are old (mass-weighted ages
>10 Gyr) and the centres of the most massive M49 and M87
are supersolar, Z = 2 Z� at SMA/Reff . 0.2. We calculated
stellar gradients in mass-weighted age and metallicity and we
found that age gradients are overall flat while metallicity gradi-
ents are shallow. This might indicate that major mergers have
contributed to the formation and evolution of such galaxies.
Additionally, we found fast SFHs (with timescales τ spanning
from 100–1500 Myr) for our galaxies, which assembled between
∼40−90% of their stellar mass at z ∼ 5. Such results imply that
the massive quiescent galaxies observed with JWST at high red-
shift are likely the progenitors of the most massive ETGs we
observe in the local Universe.

More detailed studies of stellar populations within early-type
systems in the nearby Universe are crucial to set valuable con-
straints on how these types of galaxies form. From an observa-
tional point of view, spectroscopy in the FUV domain is needed
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to definitely improve estimates of stellar population properties
through the characterisation of the UV upturn in old and mas-
sive galaxies (e.g. Lonoce et al. 2020), spanning different red-
shifts and environments. Efforts in modelling typical abundance
ratios in SSPs which include the UV emission of ETGs will go
hand-in-hand.
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Appendix A: Notes on individual galaxies.

In this Appendix, we complement the information on the ionised
gas emission of the target galaxies from Section 4.1.

NGC 4262. The Hα emission in NGC 4262 was already
investigated in Boselli et al. (2022), where the authors found that
the gas is shock-ionised and infalling into the nucleus of the
galaxy, likely after a merger event. This is corroborated by the
presence of an Hα ring, extending from south-west and north of
the galaxy, which was also observed in the UV by Bettoni et al.
(2010) (see also Section 4.3). These are star forming HII regions.
Regarding the nucleus, no emission in Hα emission is present
Ho et al. (1995). We found a significant emission in [OIII], with
a flux f[OIII] ' 7 × 10−15 erg s−1 cm−2, while gas emission in
Hβ is not statistically significant (we can only put an upper limit
fHβ < 10−14 erg s−1 cm−2). The lack of both star forming com-
plexes and of hydrogen emission in the disk, along with the fil-
amentary nature of the gas suggest that in the central regions of
this galaxy there is no active SF.

NGC 4374/M84. The Hα emission in M84 is also of filamen-
tary nature, extending east-west of the nucleus and with no visi-
ble clumpy structures. This is consistent with what was recently
reported by Eskenasy et al. (2024), who analysed the Hα emis-
sion map of non-central ETGs with MUSE data. Finally, this
galaxy is well known to host an active galactic nucleus (AGN),
(e.g. Hansen et al. 1985), thus the central Hα emission might be
dominated by its AGN activity. We also observe the Hα line in
emission in the MUSE central spectrum (shown in Fig. 8), as
well as significant Hβ and [OIII] emission from the SAURON
IFU data ( fHβ ' 2 × 10−14 erg s−1 cm−2 and f[OIII] ' 3 × 10−14

erg s−1 cm−2).
NGC 4406/M86. Evidence of stripped Hα filaments was

already reported in M86, due to its interaction with the spi-
ral galaxy NGC 4438, located ∼23 arcmin north-east of M86
(Kenney et al. 2008; Gomez et al. 2010). The filaments in Fig.
1 do not show clumps or knots, thus indicating lack of ongoing
SF. Indeed, such a collision have likely heated the gas and pre-
vented it to cool down to form stars (Kenney et al. 2008 and ref-
erences therein). Within the centre of M86, no emission Hα line
is present (Ho et al. 1995). Similarly, both [OIII] and Hβ emis-
sion are not significantly detected in the SAURON data, and we
were only able to put upper limits of f[OIII] < 6 × 10−14 erg s−1

cm−2, fHβ < 3 × 10−14 erg s−1 cm−2.
NGC 4417 and NGC 4442. These two lenticular galaxies

show a weak Hα emission in a disk-like structure that follow the
stellar disk. This is very likely a residual artefact from the con-
tinuum subtraction (see Sect. 3.1), indeed there are no prominent
filaments nor clumps. The stellar component, fast rotator accord-
ing to Emsellem et al. (2011), is dominant in these galaxies. Gas
emission from Hβ and [OIII] from the SAURON data is not sig-
nificant ( f < 5×10−14 erg s−1 cm−2 for both lines). Additionally,
there is no significant detection of molecular gas in these galax-
ies (Young et al. 2011), as well as no emission line from Hα is
observed within their nuclei (Ho et al. 1995).

NGC 4472/M49. No significant emission in Hα is observed
in M49 (with a surface brightness limit of Σ(Hα) ∼ 4 × 10−18

erg s−1 cm−2 arcsec−2 from the VESTIGE image), except in its
centre where artefacts might arise (see Sect. 3.1). For this rea-
son, we also checked the spectrum in its nucleus from Ho et al.
(1995), where no Hα in emission is observed. In addition, the
emission of Hβ and [OIII] is not statistically significant from
the SAURON data ( f < 10−13 erg s−1 cm−2). This confirms the
absence of gas or recent SF activity, which is also corroborated
by our own MUSE analysis (see Sect. 4.5).

NGC 4486/M87. M87 is well-known to host Hα filaments,
which are also visible in the continuum-subtracted image in Fig.
1. The VESTIGE Hα analysis of M87 was recently reported by
Boselli et al. (2019) in detail. They concluded that the filaments
are not photoionised by young stars, which is consistent with
the results obtained from the molecular gas by Simionescu et al.
(2018). We refer the interested reader to Boselli et al. (2019)
and references therein for more information on the nature of
the ionised gas filament in M87. The stellar population analy-
sis and interpretation for M87 is undoubtedly challenging, due
to the presence of multi-phase gas, powerful AGN activity and
non-thermal jet emission (see Section 4.2). However, these latest
results give us confidence that the presence of young stars within
M87 is likely excluded.

Appendix B: Estimation of synchrotron emission in
M87

For the FUV, NUV, and optical we used the images from Sect. 3.3,
3.4, 3.2, respectively. For the IR, we used Spitzer IRAC and MIPS,
WISE (W1, W2, and W3) and Herschel PACS already reduced
images, downloaded from the respective archives. Finally, we
retrieved already processed ALMA images (from https://
almascience.nrao.edu/aq/), in several bands (from band 3
to 7). We chose continuum data, with a resolution higher than
5′′. We then defined three circular regions with a radius of 5, 10
and 20′′, respectively, centred on M87, and we calculated the flux
in mJy in each region in each band. The fluxes and zeropoints
are calculated with the prescriptions specified in the dedicated
webpages. The SED for the inner 10′′ is shown in Fig. B.1. We
performed a log-log linear fit on the ALMA fluxes for the three
defined radial SEDs. This is reported as a dashed black line in Fig.
B.1. We estimated how much flux in the FUV and NUV might
arise from the central synchrotron emission by extrapolating the
flux at 1541 Å and 2297 Å from the linear fit. For the inner 5, 10
and 20′′, we have that the flux contribution from the synchrotron
radiation is∼26%, 22% and 1% for the FUV, and∼16%, 16%, 1%
for the NUV, respectively. We then corrected the FUV and NUV
magnitudes of M87 up to the inner 10′′ by removing the contri-
bution of the synchrotron emission.
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Fig. B.1. SED in the inner 10′′ of M87, spanning from the FUV (UVIT)
up to the sub-millimetre (ALMA). The different data used are indi-
cated in the legend. The black dashed line represents the linear fit to
the ALMA data.
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Appendix C: Isophotal fit at GALEX resolution.

Figure C.1 displays the images of the target galaxies in the NGVS i−band with isophotal fits at GALEX resolution superimposed as
dashed red ellipses. Symbols are as in Fig. 3.
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Fig. C.1. As in Fig. 3 but for the GALEX resolution analysis. See main text for more details.

Appendix D: VLT/MUSE radial spectra of M49 and M87

Figures D.1 and D.2 report the slice of the MUSE cube (λ ∼ 5400Å) (left), and the radial MUSE spectra (right) for M49 and M87,
respectively. Symbols as in Fig. 8.
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Fig. D.1. Same as in Fig. 8 but for M49.
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Fig. D.2. Same as in Fig. 8 but for M87.

Appendix E: Mock analysis figures

Figure E.1 (E.2) reports the estimated parameters of the generated mock galaxies as a function of the exact value given as input
without (with) dust extinction module. From top left to bottom right: the mass-weighted age, the stellar metallicity, the temperature
of the UV upturn, SF timescale, SFR, and in Fig. E.2 the stellar colour excess.
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Fig. E.1. Median estimated galaxy parameters as a function of the generated parameters for the mock galaxies. Errors are the 1σ of the distribution.
The dashed red line indicates the 1−to−1 relation, while the blue solid line represents a linear fit to the data. The squared Pearson correlation
coefficient r2 is reported.
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Fig. E.2. Same as in Fig. E.1, but for the mock catalogue considering dust extinction.

Appendix F: Extra plots of SED fitting results

Figure F.1 shows the best fit stellar colour excess E(B − V) as a function of the SMA/Reff for M84 (left), M86 (central), and M87
(right). Symbols as in Fig. 13. Figures F.2 and F.3 show the results of the photometric SED fitting for M87, M84, NGC 4417, and
NGC 4442, for both the GALEX (purple dashed lines) and UVIT (orange lines and shaded areas) resolution. Symbols as in Fig. 13.
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Fig. F.1. Best fit stellar colour excess E(B − V) as a function of SMA/Reff for M84 (left), M86 (central), and M87 (right). Symbols as in Fig. 13.
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Fig. F.2. As in Fig. 13, but for M87 (top) and M84 (bottom).
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Fig. F.3. As in Fig. 13, but for NGC 4262 (top), NGC 4417 (central), and NGC 4442(bottom).
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