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ABSTRACT

As part of the Virgo Cluster Survey Tracing lonised Gas Emission, a blind narrow-band Ha+[NII] imaging survey of the Virgo cluster
carried out with MegaCam at the CFHT, we discovered eight massive (100 < M, < 10" M,) lenticular galaxies with prominent
ionised gas emission features in their inner (a few kiloparsec) regions. These features are either ionised gas filaments similar to those
observed in cooling flows (two galaxies), or they are thin discs with sizes 0.7 < R(Ha) < 2.0kpce (six galaxies), thus significantly
smaller than those of the stellar disc (R(Ha) =~ 7 — 22%R;,(r)). The morphological properties of these discs are similar to those
of the dust seen in absorption in high-resolution HST images. Using a unique set of multifrequency data, including new or archival
ASTROSAT/UVIT, GALEX, HST, CFHT, Spitzer, and Herschel imaging data, combined with IFU (MUSE, ALMA) and long-slit
(SOAR) spectroscopy, we show that while the gas that is located within these inner discs is photoionised by young stars, which signals
ongoing star formation, the gas in the filamentary structures is shock ionised. The star formation surface brightness of these discs is
similar to that observed in late-type galaxies. Because of their reduced size, however, these lenticular galaxies are located below the
main sequence of unperturbed or cluster star-forming systems. By comparing the dust masses measured from absorption maps in
optical images, from the Balmer decrement, or estimated by fitting the UV-to-far-IR spectral energy distribution of the target galaxies,
we confirm that the dust masses derived from optical attenuation maps are heavily underestimated because of geometrical effects due
to the relative distribution of the absorbing dust and the emitting stars. We also show that these galaxies have gas-to-dust ratios of
G/D =~ 8032, and that the star formation within these discs follows the Schmidt relation, but with an efficiency that is reduced by a
factor of ~2.5. Using our unique set of multifrequency data, we discuss the possible origin of the ionised gas in these objects, which
suggests multiple and complex formation scenarios for massive lenticular galaxies in clusters.

Key words. galaxies: elliptical and lenticular, cD — galaxies: ISM — galaxies: evolution — galaxies: interactions —
galaxies: clusters: general — galaxies: clusters: individual: Virgo

* The reduced images are only available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/659/A46
** Based on observations obtained with MegaPrime/MegaCam, a joint project of CFHT and CEA/DAPNIA, at the Canada-French-Hawaii
Telescope (CFHT) which is operated by the National Research Council (NRC) of Canada, the Institut National des Sciences de 1’Univers
of the Centre National de la Recherche Scientifique (CNRS) of France and the University of Hawaii. Based on observations collected at the
European Southern Observatory under ESO programmes 097.D-0408 and 099.B-0384. Based in part on observations obtained at the Southern
Astrophysical Research (SOAR) telescope, which is a joint project of the Ministério da Ciéncia, Tecnologia e Inovagdes (MCTI/LNA) do Brasil,
the US National Science Foundation, NOIRLab, the University of North Carolina at Chapel Hill (UNC), and Michigan State University (MSU).
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1. Introduction

Lenticular galaxies are an intermediate class of objects.
Their physical, structural, and kinematical properties are
between those of quiescent ellipticals and star-forming, rotat-
ing discs (Hubble 1936; van den Bergh 1976). They are gen-
erally rotation-supported systems (Dressler & Sandage 1983;
Emsellem et al. 2011) composed of a prominent bulge with
spectro-photometric properties similar to those of ellipticals
and an extended disc similar to that of early-type spirals
(Burstein 1979; Laurikainen et al. 2005; Erwin et al. 2015).
They are composed of evolved stellar populations such as those
dominating in early-type galaxies (Sandage & Visvanathan
1978a,b; Visvanathan & Sandage 1977), but can contain a
significant quantity of cold atomic (van Driel & van Woerden
1991; Morganti et al. 2006; Serra et al. 2012) and molecular
gas (Thronson et al. 1989; Sage & Wrobel 1989; Welch & Sage
2003; Davis et al. 2011, 2013; Young et al. 2011, 2014). They
are preferentially located in dense regions such as groups and
clusters (Dressler 1980; Whitmore et al. 1993; Dressler et al.
1997), suggesting that the environment might have played a
major role in their evolution, but are also present in the field
(Sandage & Visvanathan 1978b; Bamford et al. 2009). Their
physical, structural, and kinematical properties also seem to
vary as a function of their total mass, indicating that the
evolutionary paths that gave birth to these objects can be
complex and multiple (van den Bergh 1990; Erwin et al. 2012;
Fraser-McKelvie et al. 2018).

Different scenarios have been proposed in the literature to
explain the origin of lenticulars. They include internal secular
evolution (e.g. Friedli & Martinet 1993; Laurikainen et al. 2006;
Masters et al. 2010; Fraser-McKelvie et al. 2018; Rizzo et al.
2018), with an efficient gas ejection due to the feedback
of an active galactic nucleus (AGN) (van den Bergh 2009),
disc instabilities (Bournaud et al. 2007, 2011; Davis et al. 2014,
Bournaud 2016), the fading of the star formation activ-
ity of late-type galaxies due to the lack of fresh infalling
gas once they become satellites of a larger halo (starva-
tion; Larson et al. 1980; Bekki et al. 2002), the quenching of
the star formation activity of spiral galaxies in rich clusters
once their gas content has been removed during the interac-
tion with the surrounding hostile environment (e.g. Quilis et al.
2000; Burstein et al. 2005; Boselli & Gavazzi 2006, 2014;
Boselli et al. 2021a), or more violent gravitational interactions
(e.g. Byrd & Valtonen 1990; Dressler 2004; Bekki & Couch
2011), including galaxy harassment and minor and major
merging events (e.g. Spitzer & Baade 1951; Moore et al.
1998; Bekki 1998; Poggianti et al. 2009; Wilman et al. 2009;
Tapia et al. 2017; Diaz etal. 2018; Eliche-Moral et al. 2018;
Meéndez-Abreu et al. 2018; Davis et al. 2019). Finally, they can
be the descendants of double-peak emission line galaxies, which
is a peculiar population of objects that is observed at dif-
ferent redshifts (the interest in these objects has grown sig-
nificantly in the past years; Dominguez Sdnchez et al. 2018;
Maschmann et al. 2020), of dusty starburst galaxies observed
in intermediate-redshift clusters (e.g. Geach et al. 2009), or of
E+A and post-starburst galaxies in clusters and in the field
(Zabludoff et al. 1996; Poggianti et al. 1999, 2004; Yang et al.
2008).

Because a high fraction of lenticulars is located in local
high-density environments but was much less frequent in similar
structures at earlier epochs (z ~ 0.5, Dressler et al. 1997), the
lenticulars may have been formed only recently. Local systems
therefore probably still keep the imprints of their recent trans-
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formation in their physical, structural, and kinematical proper-
ties. Nearby clusters, in which most of these systems are now
located (e.g. Dressler et al. 1997), are thus a unique laboratory
in which to study the formation and evolution of these intriguing
objects in detail. Their proximity enables a detailed analysis of
the different galaxy components (stars, gas, and dust) at exquisite
sensitivity and angular resolution on large, statistically signifi-
cant samples spanning a wide range in stellar mass and galaxy
density.

The Virgo Environmental Survey Tracing Ionised Gas Emis-
sion (VESTIGE) is a deep Ha narrow-band blind imaging
survey of the Virgo cluster (Boselli et al. 2018a). This survey
has been designed to identify galaxies undergoing a pertur-
bation with the hostile surrounding environment (NGC 4254,
NGC 4424, NGC4569, and IC 3476; Bosellietal. 2016a,
2018b,c, 2021b; NGC 4330, Fossati et al. 2018; Vollmer et al.
2021; Sardaneta et al. 2022) and to understand its effects on the
star formation process down to scales of individual HII regions
(Boselli et al. 2020, 2021b). Because of its untargeted nature, the
spectacular quality of the data in terms of sensitivity and angu-
lar resolution are an excellent tool for discovering objects with
peculiar features in their ionised gas distribution (e.g. ionised
gas filaments in M87; Boselli et al. 2019; dust within the tails of
ram pressure stripped galaxies; Longobardi et al. 2020; ionised
gas associated with an almost dark galaxy; Junais et al. 2021),
which opens new exciting perspectives in the study of galaxy
evolution in rich environments.

The VESTIGE survey, combined with the multifrequency
data covering the entire electromagnetic spectrum available for
the Virgo cluster region (A GALEX Ultraviolet Virgo Clus-
ter Survey — GUVICS; Boselli et al. 2011; The Next Gener-
ation Virgo Cluster Survey — NGVS; Ferrarese et al. 2012;
The Herschel Virgo Cluster Survey — HeViCS; Davies et al.
2010; The Arecibo Legacy Fast ALFA Survey — ALFALFA,;
Giovanelli et al. 2005) provides us with a unique opportunity
to study a complete sample of lenticular galaxies in the closest
cluster of galaxies in exquisite detail. The distance of the clus-
ter (16.5 Mpc; Gavazzi et al. 1999; Mei et al. 2007) is 1 arcsec,
which corresponds to 80pc. This is a sufficiently low value
to dissect the different galaxy components (stars, gas, and
dust) down to small scales that cannot be reached elsewhere.
The cluster, which is unrelaxed and thus includes objects that
still undergo a transformation, is ideal for a detailed study of
lenticular galaxies, which are numerous (78 catalogued in the
Virgo Cluster Catalogue (VCC) as Virgo cluster members by
Binggeli et al. 1985) and span a wide range in luminosity and
stellar mass (e.g. Sandage et al. 1985).

During the survey, we discovered a number of these objects
with peculiar features that indicate ionised gas in their inner
regions. In this paper, we study the properties of a sample of
eight massive (10" < My, < 10" My) lenticular galaxies
with interesting features in the ionised gas distribution, such
as discs or filaments. These types of features have been iden-
tified previously in the literature (e.g. Goudfrooij et al. 1994;
Macchetto et al. 1996; Finkelman et al. 2010), but the quality
of the data in terms of sensitivity and angular resolution, com-
bined with an intense stellar continuum emission, hampered a
detailed analysis of the properties of the emitting gas, the iden-
tification of the dominant ionising source, the study of its possi-
ble relation with star formation, and the ultimate understanding
of their origin. Different questions related to the nature of these
ionised gas features indeed remain unanswered. First, the ionisa-
tion source of the gas may be a central AGN, which is generally
present in massive systems, or it may be stellar photoionisation
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due to young stars, a cooling of the hot gas corona, or the gen-
eral interstellar radiation field (ISRF) that is dominant in these
evolved systems (e.g. Annibali et al. 2010; Panuzzo et al. 2011;
Lagos et al. 2014). Second, if the source of ionisation is young
stars, the gas may form stars at a similar rate as expected from
the Kennicutt-Schmidt relation that is observed in normal star-
forming late-type systems (e.g. Davis et al. 2014). This needs to
be confirmed, however. Third, it is unclear whether the prop-
erties of the gas (gas-to-dust ratio, metallicity, etc.) are similar
to those of the gaseous discs of normal star-forming late-type
galaxies of comparable stellar mass (e.g. Davisetal. 2015).
Finally, the origin of this gas is still not determined. It may be
recently accreted gas, or residuals of a gas disc that was radially
stripped outside-in by a recent episode of ram pressure, it may
be gas produced by the mass loss of evolved stars, or even gas
supplied by the radiative cooling of the galaxy hot haloes (e.g.
Lagos et al. 2014).

A detailed analysis of the physical properties of the ionised
gas emission of a statistically complete sample of lenticular
galaxies in the Virgo cluster will be possible only after the VES-
TIGE survey is completed. Here we limit the analysis to a sample
of eight objects with excellent data gathered at different frequen-
cies, including medium-resolution integral field unit (IFU) spec-
troscopy gathered with the Multi Unit Spectroscopic Explorer
(MUSE), high angular resolution Hubble Space Telescope
(HST) imaging, ultraviolet (UV) (GALEX and ASTROSAT
UltraViolet Imaging Telescope (UVIT)) and far-infrared (Spitzer
and Herschel) imaging, and millimetric interferometry (Atacama
Large Millimetre Array — ALMA, Combined Array for Research
in Millimetre-wave Astronomy — CARMA). The paper is struc-
tured as follows: the sample is described in Sect. 2. The narrow-
band VESTIGE observations, along with the new MUSE IFU
and Southern Astrophysical Research (SOAR) long-slit spec-
troscopy, the ASTROSAT/UVIT and the ALMA observations
and data reduction, and the other published multifrequency data
analysed in this work are described in Sect. 3. In Sect. 4 we
analyse the physical properties of the ionised gas and of the
other galaxy components and discuss them in the framework
of galaxy evolution in Sect. 5, which also includes our conclu-
sion. A dedicated section describing each single object is given
in Appendix A.

2. Sample

The sample analysed in this work is composed of eight massive
(10" < Mgy, < 10" M) S0-SO/a galaxies located within the
inner regions of the Virgo cluster. In these locations, the VES-
TIGE survey has already reached a sufficient depth to detect low
surface brightness features in the ionised gas component. For this
reason, the sample is by no means complete. We recall, how-
ever, that out of the 78 lenticular galaxies (S0-SO/a) that were
identified as Virgo cluster members by Binggeli et al. (1985) in
the VCC, only 33 have a stellar mass Mgy, > 10'° M. The 8
selected galaxies with ionised gas features analysed in this work
correspond to ~25% of the massive lenticulars in Virgo. The
VESTIGE survey, which at the time of writing is still incom-
plete, covered only ~60% of the VCC, and full depth is reached
only over 25% of the cluster. The estimated detection rate of
~25% should thus be considered as a lower limit, which makes
these objects a representative population of the massive lentic-
ulars of the cluster. These 8 galaxies were selected because
they show some evident structured ionised gas emission in the
deep continuum-subtracted images. These ionised gas features
can either be low surface brightness filaments extending from
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the nucleus to the outer regions (NGC4262 and 4552), discs
(NGC 4429, 4459, 4476, 4477, and 4526), or both (NGC 4469).
The main parameters of the observed galaxies, including those
derived in this work, are given in Table 1.

3. Observations and data reduction
3.1. VESTIGE narrow-band imaging

Narrow-band (NB) Ha imaging observations were carried out
during the VESTIGE survey (Boselli et al. 2018a). The data
were obtained using MegaCam at the CFHT in the NB filter
MP9603 (1, = 6590 A; Al = 104 A). Because of the redshift
of the galaxies, this filter includes the emission of the Balmer
Ha line and of the two [NII] lines (1 = 6548, 6583 A). Here-
after, we refer to the Ha+[NII] band simply as He, unless oth-
erwise stated. Galaxies were observed with typically 1-2h of
integration in the NB filter and 7—12 min in the broad-band r fil-
ter. Observation in the r filter is necessary to subtract the stellar
continuum (see Table 2). A detailed description of the observ-
ing strategy and of the data reduction is given in Boselli et al.
(2018a). Briefly, MegaCam is composed of 40 CCDs with a pixel
scale of 0.187 arcsec pixel™!. The observations were carried out
following a specific observing sequence to optimise the deter-
mination of the sky background, which is necessary to detect
low surface brightness extended features. The observations were
taken during excellent sky conditions, with a typical seeing rang-
ing from 0.65 to 0.86 arcsec (see Table 2). The sensitivity of the
survey at full depth (2h in the NB filter, 12 min in the broad r-
band filter) is f(Ha) = 4 X 107" erg s7! em™2 (507) for point
sources and X(He) ~ 2 x 107!8 erg s~! em™? arcsec™? (1o after
smoothing the data to ~3” resolution) for extended sources.

As for all the VESTIGE data, the images were reduced
using Elixir-LSB (Ferrarese et al. 2012). This is a data reduction
pipeline designed to detect extended and low surface brightness
features. The photometric calibration in both filters and the astro-
metric corrections were then secured using the standard Mega-
Cam procedures as described in Gwyn (2008). The typical pho-
tometric uncertainty in both bands is <0.02-0.03 mag.

As extensively described in Boselli et al. (2019), the subtrac-
tion of the stellar continuum is particularly critical in early-type
galaxies, in which the emission of the ionised gas is marginal
with respect to that of the stars. We thus followed the same pro-
cedure as was used for M87, where the stellar continuum was
derived using the r-band frame combined with a g — r colour
map, the latter constructed using the NGVS g-band frame. For
this purpose, we used a particular g-band frame produced by
the NGVS survey, where saturated pixels in the core of these
bright galaxies were accurately replaced with those gathered
during short exposures (Ferrarese et al. 2012). The continuum-
subtracted He images of the eight galaxies analysed in this
work are shown in Fig. 1. Table 1 gives the total fluxes (in
units of erg s™' cm™2) and uncertainties of the He emission
line of the eight target galaxies. As for the other VESTIGE
papers (Fossati et al. 2018; Boselli et al. 2018b,c), fluxes and
uncertainties were derived by measuring both the galaxy emis-
sion and the sky background within the same elliptical aperture,
randomly displaced on the sky after masking other contaminat-
ing sources. To minimise the uncertainty on the sky determi-
nation, this procedure was run 1000 times. In a few galaxies
(NGC 4262, 4459, 4526, and 4552), the r-band images are
slightly saturated in the nucleus. For these objects, the satu-
rated central region was masked. The uncertainties on the fluxes
were obtained as the quadratic sum of the uncertainties on the
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Variable Units NGC4262  Ref NGC 4429 Ref NGC 4459 Ref NGC 4469 Ref.
Type SB(s)0-? 1 SAMO+LINER,HII 1 SA®)O+HIL,LINER 1  SB(s)0/a?sp;LINER 1|
Spec. class. Passive,Passive 2 - ,wAGN 2 —, Retired 2 Transition, wAGN 2
cz kms™! 1359 1 1104 1 1192 1 539 1
Distance Mpc 16.5 4,5 16.5 4.5 16.5 4.5 23.0 5
Membership Cluster A 5 Cluster A 5 Cluster A 5 Cluster B 5
Proj. distance from kpc 1100 T.W. 440 T.W. 480 T.W. 300 @ T.W.
cluster core

Reg (i) kpc 0.60 6 321 6 2.86 6 2.87 6
Fast/slow rotator F 7 F 7 F 7 -

log Mg @ Mo 10.23+£0.03 T.W. 10.90 +0.02 W 10.81 +0.02 T.W. 10.65 +0.02 T.W.
log Myt Mo 6.57+0.87 T.W. 6.26+0.07 T.W. 6.18+0.03 T.W. 6.88 +0.02 T.W.
log M(HI) Mg 8.75 8 <7.12 8 <6.93 8 7.64 9
log M(Hy) © Mo 847+030 T.W. 8.62+0.20 T.W. 8.68 +0.10 T.W. 8.79+0.30 T.W.
log f(Ha + [NII]) ergsTem2  —1261+030 T.W. —12.67+0.01 T.W. —12.79+0.01 TW. —12.62+005 TW.
log L(Ha) ergs™! 39.73+£0.30 T.W. 40.07 +0.04 T.W. 39.90 +0.21 T.W. 40.49 £ 0.05 T.W.
R(Ha) kpc 10.73 T.W. 1.22 T.W. 1.05 T.W. 0.99f T.W.
SFR Mg yr! 0.027£0.019 T.W. 0.059 +0.005 T.W. 0.040 £0.019 TW.  0.155+0.019 T.W.
log Z(SFR) @ Moyr—'kpc?  —4.12+030 T.W. —-1.90 £0.04 T.W. -1.93+0.21 T.W. -1.30+0.05 T.W.
Variable Units NGC4476  Ref NGC 4477 Ref NGC4526 Ref NGC4552 Ref
Type SA(r)0- 1 SB(s)0:7, Sy2 1 SAB(s)0: 1  ELINERHILSy2 1
Spec. class. Passive,— 3 AGN,wAGN 2 HII,LwAGN 2 —,Retired 2
cz km s~! 1968 1 1338 1 448 1 340 1
Distance Mpc 16.5 45 16.5 45 16.5 4,5 16.5 45
Membership Cluster A 5 Cluster A 5 Virgo S. Ext. 5 Cluster A 5
Proj. distance from kpc 60 T.W. 360 T.W. 1350 T.W. 350 T.W.
cluster core

Reg (i) kpc 1.26 6 2.56 6 473 6 332 6
Fast/slow rotator S 7 F 7 F 7 S 7
log M ® Mo 10.00+0.02 T.W. 10.71 +£0.03 T.W. 11.07 +£0.03 T.W. 10.99 +0.02 T.W.
log Mgus; Mo 6.03+0.06 T.W. 5.76 +0.09 T.W. 7.00 +0.07 T.W. 6.78 +0.28 T.W.
log M(HI) Mo - <6.95 8 7.11 10 <6.91 8
log M(Hy) © Mo 8.17+0.10 T.W. 7.25+0.20 T.W. 8.50+0.10 T.W. 8.68 +0.30 T.W.
log f(Ha + [NII]) ergsTem2  —13.10+£0.01 T.W. —12.45+0.01 T.W. —12.63+0.01 TW. —12.56+0.01 T.W.
log L(Ha) © ergs”! 39.69+0.04 T.W. 39.93 +£0.06 T.W. 40.47 £0.01 T.W. 40.05 £0.02 T.W.
R(Ha) kpc 0.73 T.W. 2.04 T.W. 1.45 T.W. 1.78 T.W.
SFR ® Mg yr! 0.025+0.002 T.W. 0.042 +0.006 T.W. 0.148 +0.001 T.W. 0.057 +0.003 T.W.
log (SFR) @ Moyr~'kpc? -1.83+0.04 T.W. -2.49+0.06 T.W. -1.65+0.01 T.W. -2.23+0.02 T.W.

Notes. “For NGC 4469, distance from M49. ® M. and SFR are derived assuming a Chabrier (2003) IMF and the Kennicutt (1998a) calibration.
©Whenever available, in order of priority: ALMA 12 m, CARMA, from dust mass using a constant gas-to-dust ratio G/D = 80, and assuming an
uncertainty of 0.1, 0.2, and 0.3 dex, respectively. ”Star formation rate surface density within R(Ha).
References. (1) NED, (2) Gavazzi et al. (2018a) (BTP and WHAN classification), (3) Derived from the SDSS spectrum, (4) Mei et al. (2007), (5)
Gavazzi et al. (1999), (6) NGVS, (7) Emsellem et al. (2011), (8) Serra et al. (2012), (9) Boselli et al. (2014a, 2010a,b), Haynes et al. (2018).

Table 2. VESTIGE observational properties of the target galaxies.

Name Units NGC4262 NGC4429 NGC4459 NGC4469
N. exposures 7 10 12 11
Seeing arcsec 0.65 0.79 0.84 0.69
Name Units NGC4476 NGC4477 NGC4526 NGC4552
N. exposures 12 12 8 12
Seeing arcsec 0.86 0.84 0.69 0.84

Notes. Each single exposure is 10 min in the He NB filter, and 1 min in the broad-band r filter.

flux counts and the uncertainties on the background (rms of
the bootstrap iterations). The uncertainties on the flux counts
were derived assuming a Poissonian distribution for the source
photo-electrons. The extracted fluxes therefore give integrated
values. With the exception of the two galaxies NGC 4262 and
NGC 4552, in which the Ha emission is peaked in the centre,
the extracted fluxes are representative of the discs of ionised
gas.
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3.2. ASTROSAT/UVIT imaging

Three of the target galaxies were observed with
ASTROSAT/UVIT (Agrawal 2006; Tandonetal. 2020).
One of them, NGC4429, was observed in May 2020 using
the far-UV (FUV) filter BaF2 (1. = 1541A; A1 = 380A)
during a run dedicated to the observations of a representative
sample of Virgo cluster galaxies (PI. J. Hutchings). The other
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Fig. 1. Continuum-subtracted Ha images of the galaxies NGC 4262 (first row, left), 4429 (first row, right), 4459 (second row, left), 4469 (second
row, right), 4476 (third row, left), 4477 (third row, right), 4526 (last row, left), and 4552 (last row, right). As in all the following figures, north is

up, and east is to the left.
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Table 3. ASTROSAT/UVIT data.

NGC Filter = Exp.time Limiting S.B.
units sec mag arcsec >
4262 BaF2 2660 25.7
Silical5 2747 26.5
4429 BaF2 7142 26.2
4476 BaF2 15896 27.1
Silical5 15077 28.3
wessoor ] ' ' -
5400”4 : -
g 5300 -
&
5200”1 -
511005 ) ’ ’ T
12119"40° 3 30° 2%
R.A. (J2000)

Fig. 2. Ha+[NII] contours (at a surface brightness level of X(Ha +
[NII]) =3x 1077, 1 x 10716, 2x 107'%, 1 x 10~ erg s™! cm™2 arcsec™2)
plotted over the UVIT NUV image in the Silical5 band of the galaxy
NGC 4262 (grey).

two galaxies, NGC 4262 and NGC 4476, were observed
in the far-UV filter BaF2 and in the near-UV (NUYV) filter
Silical5 (1, = 2418 A; Ad = 785 A) and have data available
in the archives, as specified in Table 3. The field of view
of the instrument has a diameter of ~28' and an angular
resolution of ~1.5"”. All the data were reduced following the
prescriptions given in Tandon et al. (2020) using a zero-point
of z, = 17.771 mag for the FUV BaF2 filter and z, = 19.763
for the NUV Silcal5 filter. The astrometry was checked against
the accurate NGVS data (Ferrarese et al. 2012, see below). The
ASTROSAT/UVIT images of the three galaxies are shown in
Figs. 2-4.

3.3. MUSE spectroscopy

Two of the galaxies, NGC 4469 and NGC 4526, were observed
with MUSE during the 099.B-0384 (PI O. Gonzalez) and 097.D-
0408 (PIJ. Anderson) programs. The first program was designed
to study the kinematics of boxy early-type discs, and the second
program to study the properties of host galaxies of core-collapse
supernovae (the AMUSING survey, Galbany et al. 2016). The
MUSE data were acquired in May 2017 and in May 2016 in
the wide-field mode under medium (FWHM = 1.19”) and
good seeing conditions (FWHM = 0.91”) for NGC 4469 and
NGC 4526, respectively. The data cover the spectral range 4800—
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Fig. 4. Ha+[NII] contours (at a surface brightness level of Z(Ha +
[NID] = 10716, 5 x 107'%, 1075 erg s~! cm™? arcsec™2) plotted over the
UVIT FUV image in the BaF2 band of the galaxy NGC 4476 (grey).

9300 A with a spectral resolution R ~ 2600 (1.25A sam-
pling per pixel), corresponding to a limiting velocity disper-
sion ¢ ~ 50kms~! (see Boselli et al. 2021b). The data were
acquired with an integration time of 2448 s (NGC4469) and
2360 s (NGC 4526), which enables reaching a typical sensitivity
to low surface brightness features at Hao of Z(Ha) =~ 4 X
1078 ergs~! ecm 2 arcsec>. The data were reduced using ad
hoc procedures developed within the team and presented in
Fossati et al. (2016), Consolandi et al. (2017), and Boselli et al.
(2018c, 2021b). The astrometry of the data cubes was registered
on the VESTIGE image using point sources in the field. A com-
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Table 4. SOAR data.

NGC Position HE [OII]A5007 Ha [NII]16583 [SIIJA6716 [SII]A46731 S/N(He) S/NHB)  CHP)

4429 W 0.16 0.05 1.00 0.84 0.20 0.21 20.19 2.19 1.16 +0.67
4429 E 0.01 0.00 1.00 1.06 0.24 0.20 16.82 0.60 4.78+245
4476 NW  0.16 0.03 1.00 0.47 0.16 0.11 55.65 5.92 1.11+£0.25
4476 SE 0.11 0.02 1.00 0.53 0.19 0.15 53.66 3.31 1.72+0.44

Notes. Fluxes are normalised to Ha; the orientation of the slit was E-W for NGC 4429 and SE-NW (31° from north, counter clockwise) for

NGC 4476.

Table 5. CO data.

ALMA CARMA
NGC transition Beam I(CO) M(H,) transition Beam 1(CO) M(H,)
units X Jykms™! Mg "X Jykms™! Mo
4429  CO(3-2) 0.18x0.15 52.70 415%x10%  CO(1-0) 4.69x3.73 64.66 1.58x 108
4459  CO(2-1) 0.58x0.50 127.00 4.77x10%® CO(1-0) 9.01x5.53 55.52 1.36 x 10%
4459  CO(2-1) 6.64x4.99 103.90 3.90x 108 CO(1-0)
4476  CO(2-1) 0.74x0.55 39.15 147x 108  CO(1-0) 8.29x5.66 29.25 7.14 x 107
4476  COR2-1) 7.08x4.77 40.17 1.51x10%  CO(1-0)
4477 CO(1-0) 3.30x2.62 7.34 1.79 x 107
4526  CO(1-0) 1.14x0.76 128.60 3.14x 108 CO(1-0) 4.99 x3.84 166.10  4.06 x 108

Notes. M(H,) are derived assuming a standard CO-to-H, conversion factor Xco = 2.3 X 10?2 cm™2/(K kms™!) (Strong et al. 1988) and an intensity
ratio CO(2-1)/CO(1-0) = R; =0.65 and CO(3-2)/CO(1-0) = R;; =0.31 (Leroy et al. 2021).

parison of the flux of the Ha+[NII] emission line extracted from
the MUSE data cubes with the one obtained from the VESTIGE
NB image gives f(Ha/+ [NH])VESTIGE/f(Ha/-i- [NIDmuse = 1.05
for NGC 4469 and f(HO,’ + [NH])VESTIGE/f(Ha' + [NH])MUSE =
1.18 for NGC 4526. This difference, which is significantly larger
than that observed in star-forming galaxies such as NGC 4424
(53.5%; Boselli et al. 2018¢) and IC 3476 ($1%; Boselli et al.
2021b), probably arises because (a) the Ho emission principally
originates in the inner regions, where the total flux in the NB
filter is highly dominated by uncertainties in the stellar con-
tinuum emission, and (b) the Ha flux derived from the MUSE
data was determined after subtraction of the stellar continuum
emission using the GANDALF code. In this way, the He line
in MUSE was corrected for any possible contamination due to
a strong underlying Balmer absorption that is not taken into
account in the NB imaging data of VESTIGE. The 5-18% dif-
ferences (0.02-0.07 dex) observed in NGC 4469 and NGC 4526
can thus be considered as the typical uncertainty on the Ha flux
determination on the NB VESTIGE data in these bright early-
type systems. We recall, however, that 18% should be taken
as an upper limit for the other galaxies, where the emission in
their centre and the dust attenuation throughout the disc are less
extreme than in NGC 4526.

3.4. SOAR spectroscopy

SOAR observations were carried out with the Goodman spectro-
graph (Clemens et al. 2004) on the 4.1 m Southern Astrophys-
ical Research (SOAR) Telescope at Cerro Pachén on 14 April
2021. The spectra were taken with a 600 linemm~! grating and
a 1.5”wide slit, using a 2 X 2 binning, resulting in a spectral and
spatial sampling of 1.3 A pixel™! and 0.3”pixel™!, respectively.
The resolving power of Goodman in the wavelength range 4350—
7020 A that is covered during the observations (MID configura-
tion) is R ~ 2800. The exposure time was 2.5h (divided into

five exposures of 1800s) for NGC 4429 and 3 hr (divided into
six exposures of 1800 s) for NGC 4476. Two spectrophotometric
standard stars were observed, one at the beginning and one at the
end of the night run, to secure the flux calibration.

The data were reduced with basic calibrations including bias,
flat, cosmic ray removal, and wavelength calibration obtained
using a combination of CuHeAr and HgArNe lamps. The stan-
dard star observations were reduced and the stellar spectrum was
extracted and compared to the reference spectrum from the X-
shooter calibration database to derive the instrument response
function. The function was fit with a fourth-degree polynomial
and applied to calibrate the science data, which were subse-
quently shifted and combined with mean statistics. To trace the
properties of the Ha emitting disc and avoid any possible con-
tamination from the nucleus, a pair of 1D spectra were extracted
on either side of the spectral slit at radial distances from the
galaxy centres of 3/3-7"75 and 373-7"/8 for NGC4429 and
NGC 4476, respectively. Each spectrum was fit with the GAN-
DALF code (Sarzi et al. 2006) using the MILES stellar spec-
tral library (Vazdekis et al. 2010) to model the stellar continuum
and the nebular line emission. Emission line fluxes, reported in
Table 4, were averaged from the two spectral extractions when
used in the following analysis.

3.5. ALMA

High-quality millimetric data necessary for the determination
of the molecular gas content and distribution were gathered
using ALMA and are available in the archives for the galax-
ies NGC 4429, 4459, 4476, and 4526 at different frequencies,
as indicated in Table 5. NGC 4429 was observed during ALMA
Cycle 1 (Project 2013.1.00493.S, PI M. Bureau) with 42 anten-
nas in band 7 tuned between 343.5 GHz and 345.5 GHz, tar-
geting the '2CO(3-2) line. The spatial resolution was 0.19 x
0.16 arcsec. The observations were taken on 26 and 27 June
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Table 6. Multiwavelength data of the target galaxies.

Galaxy X-rays Ref uv Ref Visible Ref
4262 Chandra 1 GALEX, UVIT 8,9, TW CFHT, HST 10,11, TW
4429 Chandra 1 GALEX, UVIT 9, TW CFHT, HST 11,12,TW
4459 Chandra, XMM 1,2 GALEX 9 CFHT, HST 10,11, TW
4469 Chandra 1 GALEX 9 CFHT, HST 11, TW
4476 Chandra, XMM 1,2 GALEX, UVIT 9, TW CFHT, HST 10,11,TW
4477 Chandra, XMM 2,3,4 GALEX 9 CFHT, HST 11,TW
4526 Chandra, XMM 2,4 GALEX 9 CFHT, HST 10,11,TW
4552 Chandra, XMM 4,5,6,7 GALEX 9 CFHT, HST 10,11,TW
Galaxy IR Ref CO Ref HI Ref
4262 WISE, Spitzer, Herschel 13,13,15,16 IRAM 18 WSRT 24,25
4429 WISE, Spitzer, Herschel 13,13,15,16 CARMA, ALMA 12,19 WSRT 26
4459 WISE, Spitzer, Herschel 13,13,15,16 CARMA, ALMA, IRAM 18,21,TW WSRT 26
4469 WISE, Spitzer, Herschel 13,13,15,16 Arecibo 27
4476 WISE, Spitzer, Herschel 13,17, TW CARMA, ALMA 21, TW WSRT 26
4477 WISE, Spitzer, Herschel 13,13,15,16  CARMA, PdBI, IRAM 18,22 WSRT 26
4526 WISE, Spitzer, Herschel 13,13,15,16 CARMA, ALMA, IRAM 18,23, TW Arecibo 27
4552 WISE, Spitzer, Herschel 13,13,15,16 IRAM 18 WSRT 26

References. (1) Chandra data archive (PIs.:

Treu, Soria, Ptak, Gultekin); (2) XMM data archive (P.Is.: David, Forman, Sanders, Jansen,

Boehringer, Turner, Aschenbach, Irwin); (3) Li et al. (2018); (4) Kim et al. (2019); (5) Machacek et al. (2006a); (6) Machacek et al. (2006b);
(7) Kraft et al. (2017); (8) Bettoni et al. (2010); (9) Boselli et al. (2011); (10) Co6té et al. (2004); (11) Ferrarese et al. (2012); (12) Davis et al.
(2018); (13) Wright et al. (2010); (14) Bendo et al. (2012a); (15) Cortese et al. (2014); (16) Ciesla et al. (2012); (17) Auld et al. (2013); (18)
Combes et al. (2007); (19) Alatalo et al. (2013); (20) Young et al. (2008); (21) Young (2002); (22) Crocker et al. (2011); (23) Utomo et al. (2015);
(24) Krumm et al. (1985); (25) Oosterloo et al. (2010); (26) Serra et al. (2012); (27) Haynes et al. (2018).

2015 with a total integration time of 4233 s. The observations
for NGC4459 and NGC4476 were carried out in Cycle 5
in September 2017 with a total integration time of ~25200s
using the 12 m and 7 m arrays (PI: M. Chevance; programme
ID: 2017.1.00766.S). The spectral setup was optimised for
the '2CO(2-1) transition line in band 6 at 229.68 GHz rest
frequency. At this frequency, the beam size for NGC 4459
was 0.58” x0.50”for the 12 m array and 6.64” x4.99”for
7 m array, while for NGC4476, it was 0.744” x(0.555"and
7.08” x4.77"for the 12 m and 7 m arrays, respectively. The
observations for NGC 4526 were carried out in Cycle 6 in April
2019 with an integration time of 2580 seconds using the 12 m
array (PI: S. Raimundo; programme ID: 2018.1.01599.S). The
spectral setup was optimised for the '>CO(1-0) transition line
in band 6 at 114.96 GHz rest frequency, with a beam size of
1.14” x 0.76" at a position angle of PA = —-78.828°.

The original raw data were recalibrated with the Com-
mon Astronomy Software Applications package (CASA,
McMullin et al. 2007), version 4.2.0, and re-imaged with the 5.8
version. The image reconstruction was performed using the stan-
dard TCLEAN deconvolution using the Briggs weighting algo-
rithm (robust parameter 0.5). The moments were computed in
CASA using a mask to cover all pixels below a given threshold
to decrease the contribution of noise to the final maps, using the
CASA task IMMOMENT.

3.6. Multifrequency data

The eight galaxies analysed in this work are all bright objects,
most of which were targets of previous dedicated studies. For
these galaxies, a large amount of multifrequency data is avail-
able that span the whole electromagnetic spectrum. The data
come from a number of untageted surveys of the cluster in the
visible (NGVS, Ferrarese et al. 2012, see Fig. 5), in the UV
(GUVICS, Boselli et al. 2011), and in the far-infrared (HeViCS,
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Davies et al. 2010), or from dedicated observations, as sum-
marised in Table 6. Data from targeted observations are also
available: seven out of eight galaxies are included in the Her-
schel Reference Survey (HRS, Boselli et al. 2010a), with data
available on the HeDam database'. Of particular interest for
the present study are the HST images of the inner regions
(see Fig. 6) taken during the Advanced Camera for Surveys
(ACS) Virgo cluster survey (Coté et al. 2004) or in other tar-
geted observations, which are available in the HST archive.
Mid- and far-IR data in the Wide-field Infrared Survey Explorer
(WISE, Wright et al. 2010) and Multiband Imaging Photome-
ter for Spitzer (MIPS, Rieke et al. 2004) bands, necessary for
an accurate dust attenuation correction and for the determi-
nation of the total dust content of the target galaxies, are
available from Bendo et al. (2012a), Ciesla et al. (2014), and
Boselli et al. (2014a). The IFU spectroscopic data gathered by
the ATLAS3P survey of Cappellari et al. (2011) are also relevant
for our study. Finally, '>’CO(1-0) interferometric data obtained
using the CARMA radiotelescope at an angular resolution sig-
nificantly coarser than that reached by ALMA are available for
five galaxies, as illustrated in Table 5. These data have been taken
during the molecular gas survey of nearby early-type galaxies
conducted by Alatalo et al. (2013). A few other objects have
pointed observations taken with the Institut of Radio Astronomy
(IRAM) radiotelescope (Combes et al. 2007). Six of these galax-
ies have also been observed at 21 cm with the WSRT during
the HI follow-up of the ATLAS3P sample, but only one of them
has been detected (Serra et al. 2012). Finally, X-ray data from
Chandra or XMM are available for all galaxies of the sample
(see Table 6). Although these X-ray data are available, they are
not always relevant for the present work. We refer to dedicated
works when X-ray data are of interest for the following analysis.

' https://hedam.lam.fr/HRS/
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Fig. 5. Pseudo-colour images of the galaxies NGC 4262 (first row, left), 4429 (first row, right), 4459 (second row, left), 4469 (second row, right),
4476 (third row, left), 4477 (third row, right), 4526 (last row, left), and 4552 (last row, right) obtained combining the NGVS (Ferrarese et al. 2012)
optical u and g in the blue channel, the » and NB in the green, and the i and the continuum-subtracted Ha in the red. The dashed green inset indicates
the footprint of the continuum-subtracted He images shown in Fig. 1. At the assumed distance of the galaxies (16.5 Mpc), 1 arcmin = 4.8 kpc.
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4. Physical parameters
4.1. Physical properties of the ionised gas

The excellent quality of the VESTIGE data allows us to use the
Ha emission and distribution to derive several physical quanti-
ties of the ionised gas. These quantities are useful for the study
of these intriguing objects.

4.1.1. Ha emission

Figure 1 shows the Ha continuum-subtracted images of the
eight lenticular galaxies analysed in this work. In the very
inner regions of five of them (NGC 4429, 4459, 4476, 44717,
and 4526), an ionised gas disc with a size (0.7 < R(Ha) <
2.0kpe) is located. This is significantly smaller than that of the
stellar component (Pogge & Eskridge 1993). The typical radial
extent of the discs is ~7-22% that of the stellar disc (isopho-
tal radius in the i band as measured from the NGVS images)
and their typical surface brightness is 2.4 x 1071 < Z(Ha) <
6.8 x 107 "% ergs™! cm™ arcsec™2. This is comparable to that of
star-forming discs in late-type systems. All images show the
presence of resolved, compact regions from the centre to the
periphery of the discs. Tight, low surface brightness spiral arms
are also visible in NGC4477. The galaxies NGC 4262 and
NGC 4552 show a rather more diffuse and filamentary distribu-
tion of the ionised gas similar to that observed in cooling flows
associated with bright elliptical galaxies in the centre of rich
clusters (Trinchieri & di Serego Alighieri 1991; Conselice et al.
2001; McDonald et al. 2010; Gavazzi et al. 2000; Boselli et al.
2019). These filaments have a relatively low surface brightness
(CHa) < 107 %erg s7! cm™2 arcsec™?), but do not extend out-
side the stellar component. Two unfolded, low surface brightness
spiral arms and a few compact HII regions located along the ring
structure seen in the UV by Bettoni et al. (2010) at the western
side of the galaxy are also present in NGC 4262. The remain-
ing boxy edge-on galaxy NGC 4469 has intermediate proper-
ties, with a very thin (=100 pc) well-defined circumnuclear disc
with a size of =400 pc in radius, and with filamentary structures
extending up to ~1 kpc from the plane of the galaxy, which is
seen edge-on. The most extended of these structures extend from
the western and eastern edges of the stellar disc in the southern
direction (see Fig. 7). The eastern filament, which has a typical
surface brightness of X(Ha) =~ 2 x 107 ¥ ergs™! cm™2 arcsec™?
and is thus at the detection limit of the survey, extends out to
~25 kpc in projected distance.

4.1.2. Balmer decrement and gas density

Spectroscopic data can be used to derive other physical prop-
erties of the ionised gas. Figure 8 shows the distribution of
the Balmer decrement in the two galaxies NGC4469 and
NGC 4526, which reaches values up to Ha/HB ~ 6-8 in the inner
discs, corresponding to A(Ha) ~ 2-2.5 mag. These dust features
seen in the Balmer decrement correspond fairly well to those
observed in absorption in the VESTIGE NB images. Compara-
ble values (A(He) ~ 2.5 mag) are derived using the SOAR data
in NGC 4429 and NGC 4476, although these estimates are very
uncertain because of the very low S/N in the Hg line. Figure 9
shows the distribution of the [SI[]A6716 A/[SIT]A6731 A in the
ionised gas disc of NGC 4469 and NGC 4526 derived from the
MUSE data. Figure 9 shows that in NGC 4469, the doublet
ratio is [SI[]A6716 A/[SIT]A6731 A ~ 1.2-1.4 (corresponding to
ne =~ 50-200cm™3; Osterbrock & Ferland 2006; Proxauf et al.
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2014), as generally observed in late-type systems. In NGC 4526,
[SII]A6716 A/[SII]/16731/°\ ~1.2-1.3 (corresponding to n, =
100-200 cm™) along the dusty structure crossing the ionised
gas disc from west to east of the galaxy and located north
of its nucleus, where most of the dust is seen in absorp-
tion (see Fig. 6). In the rest of the disc, the ratio drops to
[SIT]A6716 A/[SII]/I6731 A=~0.9-10, corresponding to gas den-
sities 1, =~ 400-600 cm~3. These gas densities are significantly
higher than those generally encountered in normal star-forming
late-type galaxies (n. ~ 50cm™3; e.g. Rousseau-Nepton et al.
2018), including perturbed objects within the Virgo cluster
(Boselli et al. 2021b). Similar values are derived for the discs
of NGC 4429 ([SI1]A6716A/[SI]A6731 A ~ 1.1, corresponding
to n, =~ 300cm™>) and NGC 4476 ([SI1]A6716 A/[SI1]A6731 A
~ 1.4, corresponding to n, ~ 10-100cm™>) using the SOAR
data.

4.1.3. Oxygen abundance

The MUSE data can also be used to trace the oxygen abun-
dance distribution within the ionised gas disc of NGC 4469 and
NGC 4526 (Fig. 10). For this purpose, we used the calibration of
Curti et al. (2017) based on the HB, [OIII], [NII], and Ha lines
with an §/N > 5. Figure 10 indicates that the ionised gas disc
of NGC 4469 is metal rich in particular at its edges, where it
reaches 12+log O/H =~ 8.75-8.80, and slightly lower in its diffuse
component (12+log O/H ~8.70). NGC 4526 is also metal rich,
with oxygen abundances 8.70 < 12+log O/H < 8.80. The higher
values present in the dusty structure cross the galaxy from west
to east north of the nucleus. This is also visible in absorption in
the HST image (Fig. 6).

4.2. Source of ionisation

All sample galaxies are massive (Mg, > 10' M) objects.
Most of them are characterised by a weak or strong nuclear
activity (see Table 1). Some of them also have an intense X-
ray nuclear emission (NGC4477, NGC 4526, and NGC4552;
Kim et al. 2019). It is thus possible that the observed gas, which
is located in the innermost regions, is ionised by the nuclear
activity. Being quiescent systems dominated by old stellar pop-
ulations, the gas can also be ionised by evolved stars (e.g.
Sarzi et al. 2010). There is, however, convincing evidence that
at least in some of these objects, the Ha emitting gas is pho-
toionised by young stars, and it is thus related to ongoing star
formation activity. The first evidence comes from the spectro-
scopic data of NGC 4469 and NGC 4526 gathered with MUSE,
which allow us to construct 2D diagnostic diagrams (Figs. 11
and 12).

Figure 11 clearly shows that in NGC 4469, the gas
within the thin disc is photoionised by young stars, while
the diffuse gas surrounding the disc in the z-direction is
excited by a high-energy source. The line ratios consistently
show that all this diffuse gas lies below the Seyfert/Low-
ionisation nuclear emission-line (LINER) demarcation limit
(Sharp & Bland-Hawthorn 2010), indicating that the gas might
be shock-ionised. A similar, although less extreme, behaviour is
observed in NGC4526 (Fig. 12), with a possible exception in
the nucleus. AGN or shock-type features in the BPT diagrams
have been observed in the periphery of the disc in a few star-
forming galaxies undergoing an external perturbation induced
by the hostile surrounding cluster environment (ram pressure
stripping in NGC 4424; Boselli et al. 2018c; CGCG 097-120;



A. Boselli et al.: VESTIGE. XII.

11°06"50"

10"
00"

Dec (J2000)

30"

00"

20"

12"27m27 26

30° 2
RA. (J2000) RA. (J2000)

8°46/30"

13°59'00"

v/
00

1530/

v
00

14'30"

Dec (J2000)
%

12"29™01° 00 DT

RA. (J2000) R.A. (J2000)

3°38/4()

12°21'15".

20"
00"

20/45"

3740

Dec (J2000)
1

12730704 03 02 01
R.A. (J2000) R.A. (J2000)

12"30™01

03°
RA. (J2000) RA. (J2000)

12"35™41 10° 39

Fig. 6. HST images of the galaxies NGC 4262 (FA75W; first row, left), 4429 (F606W; first row, right), 4459 (FAT5W; second row, left), 4469
(F606W; second row, right), 4476 (F4T5W; third row, left), 4477 (F4T75W; third row, right), 4526 (F475W; last row, left), and 4552 (F555W; last
row, right).

A46, page 11 of 29



A&A 659, A46 (2022)

824800 48

15'00" A

Dec (J2000)

12'00" 4

1212950

8°48'00"

45'00"

Dec (J2000)

42'00"

12h29m50s 40s 30s 20s 10s
R.A. (J2000)

Fig. 7. Low-surface brightness and extended Ha emission of NGC 4469. Left: continuum-subtracted Ha image of the galaxy NGC 4469 smoothed
to a resolution of 2.8”. The colour scale is arbitrarily chosen to highlight the low surface brightness tail of ionised gas at the SE of the galaxy disc.
Right: pseudo-colour image obtained by combining the NGVS (Ferrarese et al. 2012) optical u and g in the blue channel, the r and NB in the green
channel, and the i and the continuum-subtracted He image (this last smoothed to a resolution of 2.8”) in the red channel.

A(Ha)
0.0 0.5 1.0 1.5 2.0 2.5
1 1
[ e— E—
3 4 5 6 7 8
Ho / HB

Aa (kpe)

A(Ha)
1.0

-0.5 0.0 0.5 1.0 1.5
A« (kpe)

1
—20557 %

S
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Fossati et al. 2019). We recall that although the presence of an
AGN is not indicated by spectroscopic data (Figs. 11 and 12;
see also Ho et al. 1997), NGC 4526 has a relatively strong X-
ray point source in the nucleus that might be associated with
a hidden AGN (Kim et al. 2019). Moreover, the BPT diagrams
of NGC 4469 and NGC 4526 are different from those generally
encountered in cooling-flow galaxies with ionised gas filaments,
which rather suggest ionisation by a combination of slow shocks
and star formation (McDonald et al. 2012).

A46, page 12 of 29

A complete and homogeneous set of IFU data is unfor-
tunately not available for the other galaxies. The extremely
uncertain measure of the highly attenuated [OHI]/15007A line
prevents us from using the SOAR data to construct the same
BPT diagrams for the galaxies NGC4429 and NGC 4476.
Their [NII]16583 A/Ha (=0.95 and ~0.50 for NGC 4429 and
NGC 4476, respectively) and [SI1]116716,6731 A/Ha (=0.85
and 0.61) and the [OII1]A5007 A/HB derived from the ATLAS>P
IFU spectroscopic data (see below) indicate that the properties
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of their ionised gas discs are similar to those encountered in
NGC4469 and NGC4526. Integrated spectra in the optical
domain (3700-7000A, R ~ 1000) obtained by drifting the
slit of the spectrograph over the disc of the galaxies are avail-
able for the remaining objects from Gavazzi et al. (2004) and
Boselli et al. (2013), but the sensitivity of the instrument and

the small size of the telescope prevent the detection of the faint
ionised gas. IFU data in the blue spectral domain (4800-5380 A)
are available from the ATLAS®P survey (Cappellari et al. 2011).
For an accurate analysis of the ionised gas properties of the
full ATLAS?P sample, we refer to Sarzi et al. (2010). The spec-
tral coverage is not sufficient to construct BPT diagrams, but
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Fig. 11. 2D diagnostic diagarms. Left: [OIII]/HB vs. [NII]/Ha (top),
[OHIJ/HB vs. [Oll/Ha (centre), and [OII]/HB vs. [SIIJ/He (bot-
tom) BPT diagrams for emission lines with an S/N > 5 in the
galaxy NGC 4469. The dashed curves separate AGN from HII regions
(Kauffmann et al. 2003; Kewley et al. 2001, 2006). Data are colour-
coded according to their minimum distance from these curves. The
black and grey crosses indicate the typical error on the data for lines
with S/N =~ 15 and S/N = 5, respectively. The grey contours show
the distribution of a random sample of nuclear spectra of SDSS galax-
ies in the redshift range 0.01-0.1 and stellar masses 10° < My, <
10" M, The thick solid lines in the upper left panel show three dif-
ferent photoionisation models at different metallicities (0.2, 0.4, and
1Zs; Kewley et al. 2001). The lines in the middle left panel show the
shock models of Rich et al. (2011) for increasing shock fractions (from
left to right) in a twice-solar gas. Right: map of the spaxel distribution
colour-coded according to their position in the BPT diagram. The black
and white crosses indicate the position of the photometric centre of the
galaxy.

it allows us to measure the mean [OIII]A5007 A/H,B ratio in
the inner 33 x 41 arcsec’ of seven of the eight target galax-
ies. The mean values of the ratio derived after excluding all
pixels included in the central 1 arcsec radius circle, which
might be contaminated by a possible AGN activity, are given
in Table 7. High values of [OII[]15007 A/H,B, which might sug-
gest a high-ionisation source, are encountered in NGC 4262
([OIIT]A5007 A/Hﬁ = 2.16 £ 0.83), and with less extreme values
in NGC 4477 ([OII1]A5007 A/HB = 1.51 +0.62) and NGC 4552
([OIIT]A5007 A/Hﬁ = 1.42+0.71). For comparison, the ratio
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Fig. 12. Same as Fig. 11 for the galaxy NGC 4526.

Table 7. [OIII]15007 A/Hp ratios.

NGC [OI11]A5007 A/HB Ref.
4262 2.16+0.83 1
4429 0.77 £0.39 1
4459 0.76 +0.37 1
4469 @ 0.77 £0.28 2
4476 0.59 +0.25 1
4477 1.51£0.62 1
4526 0.96+0.57,0.78 £0.42 1.2
4552 1.42+£0.71 1

Notes. + gives the dispersion in the distribution. @the ratio is measured
within the disc, excluding the diffuse extraplanar filaments, where the
ratio is significantly higher: [OIII]15007 A/HB =1.19 + 0.38.
References. (1) ATLAS’P, (2) MUSE (both excluding the data within
the inner 1 arcsec radius circle).

measured in the diffuse gas of NGC 4469 is [OIII]15007 A/Hﬁ =
1.19+£0.38.

Further evidence of the presence of a young stellar popu-
lation in the ionised gas discs of the galaxies NGC 4429 and
NGC 4476 comes from the imaging data in the FUV band gath-
ered with the UVIT instrument on board the ASTROSAT space
telescope (see Figs. 3 and 4). These images show a bright



A. Boselli et al.: VESTIGE. XII.

structured and clumpy emission superimposed on a diffuse low
surface brightness and extended emission, the former coming
from recently formed HII regions associated with the ionised
gas disc, the latter from the diffuse distribution of evolved stars
in the thick and extended bulge of these lenticular galaxies
(UV upturn; O’Connell 1999; Boselli et al. 2005). The same
structured and clumpy emission of resolved HII regions is also
observable in the VESTIGE images of NGC 4429, NGC 4459,
NGC 4476, NGC 4477, and NGC 4526 (Fig. 1), or in absorp-
tion because of the presence of dust in the high-resolution
HST images (Fig. 6). In the remaining galaxies NGC 4262
and NGC 4552, the filamentary structure of the ionised gas
is similar to that observed in cooling flows. We remark, how-
ever, that some clumpy regions of ionised gas lie on the west-
ern side of NGC 4262, the brightest of which is located at
RAJ2000) = 12h19m26%6, Dec(J2000) = 14°52"30"” with coun-
terparts in the FUV ASTROSAT/UVIT image. These regions are
also visible in the ring-like structure discovered by Bettoni et al.
(2010) in the GALEX FUV image, and they are certainly asso-
ciated with star-forming regions. NGC 4262 also has a two-arm
spiral structure in the ionised gas close to the nucleus (see Figs. 1
and 2), again suggesting a rotating star-forming disc of ionised
gas. In NGC 4469, the HII regions cannot be resolved because
of the edge-on orientation of the disc. The disc, however, is very
thin (=100 pc) and clumpy, as expected if it is composed of star-
forming regions.

4.3. Star formation activity

VESTIGE Ha+[NII] fluxes can be converted into star forma-
tion rates after they are corrected for dust attenuation and [NII]
contamination. This can easily be done using the MUSE data
in NGC 4469 and NGC 4526. Unfortunately, for the other VES-
TIGE sources, accurate IFU spectroscopic data such as those
provided by MUSE are not available. Given their massive nature
(see Table 1), we expect that all these galaxies are metal-
rich objects with characteristics similar to those encountered
in NGC 4469 and NGC 4526, where [NII]/Ha = 0.78 (derived
excluding the nucleus of NGC 4526 because of a possible con-
tamination of a nuclear activity, see Fig. 12). Similar values are
also observed in the discs of NGC 4429 ([NII]/Ha =~ 1.27) and
NGC 4476 ([NII]J/Ha = 0.67) using the SOAR data. All these
numbers are consistent with what is observed in star-forming
objects of similar mass (Boselli et al. 2009). For the galax-
ies without any available spectroscopic data, we thus assume
[NII]/He = 0.78.

Ha fluxes can be corrected for dust attenuation using two
different methods. The first method uses the Balmer decrement,
and the second uses the recipe of Calzetti et al. (2010) based on
the 24um Spitzer/MIPS data (see Boselli et al. 2015 for a com-
parison of the two methods).

4.3.1. A(Ha) from the Balmer decrement

An accurate estimate of the Balmer decrement is available
only for NGC 4469 and NGC 4526 thanks to the MUSE data.
In NGC 4429 and NGC 4476, the Balmer decrement is highly
uncertain because of the weak HB emission. However, given
their very similar spectroscopic properties, we assumed for these
two objects the mean Balmer decrement measured within the
discs of NGC 4469 and NGC 4526 (Ha/HB = 5). For the remain-
ing galaxies, we estimated the mean Balmer decrement from
the 2D dust distribution derived using the broad-band NGVS
images, as described in Sect. 4.4. The comparison between the

2D distribution of the dust attenuation derived using the Balmer
decrement and that estimated after subtracting a model light dis-
tribution to the g-band image of NGC 4526 shows a fairly good
agreement, with

A(Ha) = 3.01 x A(g), (H
corresponding to
E(B—V)gp = 4.87 X E(B - V)sar, 2)

where E(B — V)pp is the attenuation of the gaseous component
as derived from the Balmer decrement, and E(B — V), is that
of the stellar component derived from the g-band image. This
exercise can be made only in this galaxy because the g-band
image of NGC 4469 is saturated in the centre and has a pro-
nounced boxy shape (Mosenkov et al. 2020) that can hardly be
reproduced with a 2D fitting model. It therefore affects the deter-
mination of A(g) in the star-forming disc and in the outer low
surface brightness regions. The derived relation is steeper than
the Calzetti law (E(B—V)pp = 2.27 X E(B— V).r; Calzetti et al.
2000), as expected for a screen dust distribution for the gaseous
component and a slab distribution for the stellar component. An
accurate estimate of A(g) is possible for galaxies NGC 4459 and
4477. Assuming that the properties of their dust discs are com-
parable to the disc observed in NGC 4526, we used their mean
values of A(g) derived within the disc combined with Eq. (1) to
estimate A(Ha) and to correct the observed Ha fluxes for dust
attenuation. This value is derived on the disc region where dust
is seen in absorption, which for geometrical effects fairly corre-
sponds to half of the disc. The value was then extrapolated to the
rest of the disc.

4.3.2. A(Ha) from the 24 um Spitzer/MIPS emission

The dust attenuation correction based on the 24um
Spitzer/MIPS emission assumes that the energy of the ionising
radiation absorbed by dust is re-radiated in the mid-infrared.
This correction is given by the relation (Calzetti et al. 2010)

L(Ha)cor = L(Ha)ops + 0.020 X L(24 um), 3)

which is valid for L(24 um) < 4 x 10* ergs™!, the range covered
by the SO galaxies analysed in this work. For this purpose, we
have derived the 24 um flux densities of the eight target galax-
ies using the photometric extraction presented in Fossati et al.
(2018) optimised to integrate within a given aperture and esti-
mate a statistically robust uncertainty. This procedure was run
on the homogeneously reduced dataset of Bendo et al. (2012a).

The Ha luminosities derived using the two independent
methods are fairly consistent, as indicated in Fig. 13. The disper-
sion in the relation is comparable to that observed in the calibra-
tion of Calzetti et al. (2007, 2010) (~0.3 dex) or in the same rela-
tion observed in normal late-type galaxies (Boselli et al. 2015).
Part of the scatter, however, can come from the large uncertainty
on the derived Balmer decrement from the optical dust attenua-
tion maps.

4.3.3. Conversion of Ha luminosities into SFR

The Ha luminosities of the target galaxies can be converted into
star formation rates (SFR in units of My yr™!) assuming that
the ionising radiation comes from young stars that formed at
a constant rate over 210 Myr in the disc of ionised gas (e.g.
Kennicutt 1998a; Boselli et al. 2009). This assumption is rea-
sonable for galaxies in which the emission comes from clearly
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Fig. 13. Left: comparison between the Ha luminosity corrected for dust attenuation derived using the 24um Spitzer/MIPS emission (L(Ha)24ym)
and that derived using the Balmer decrement (L(Ha)pp), as described in the text. Both luminosities are corrected for [NII] contamination. Different
symbols indicate different galaxies. Filled symbols are for Ha narrow-band data, and open symbols represent MUSE data. The dotted line shows
the one-to-one relation. Right: same comparison for the star formation rates derived using the Kennicutt (1998a) calibration adapted for a Chabrier

(2003) IMF.

delimited discs (NGC 4429, 4459, 4469, 4476, 4477, and 4526),
while it might be unrealistic for the remaining two galaxies
(NGC 4262 and 4552), in which the Ha emission partly comes
from diffuse filaments. Assuming the Kennicutt (1998a) calibra-
tion, a Chabrier (2003) initial mass function (IMF), and a mean
value for the attenuation as estimated above, the total star for-
mation rates of these galaxies are 0.02 < SFR < 0.15M yr!
(see Table 1). Their star formation activity is more than a fac-
tor of ten lower than that of late-type galaxies of similar stel-
lar mass, which positions them well below the main sequence
(Boselli et al. 2015; see Fig. 14). Because the discs are small
(0.7 < R(Ha) < 2.0kpc), however, their typical star formation
surface density is 0.004 < Z(SFR) < 0.02 M, yr~! kpc=2. This is
comparable to that of larger discs that characterise gas-rich spiral
galaxies (Kennicutt 1998b; Bigiel et al. 2008).

4.3.4. Physical properties of individual HIl regions

Using the same procedures as were adopted in Boselli et al.
(2020, 2021b) based on the HIIPHOT data reduction pipeline
(Thilker et al. 2000), we identified the HII regions and derived
their properties in the discs of galaxies NGC 4429, 4459, 4476,
4477, and 4526. We refer to these papers for an accurate descrip-
tion of the code and of its use on the VESTIGE NB imaging
data. We excluded galaxies NGC 4262 and NGC 4552 because
of their filamentary ionised gas emission, which is not unam-
biguously associated with any well-identified star-forming com-
plex, and NGC 4469 because it is an edge-on system in which
individual HII regions cannot be resolved for projection effects.
Because the stellar continuum in the inner regions of these lentic-
ular galaxies is bright, we limited this analysis to the HII regions
with L(He) > 10° ergs™! and equivalent radii req(He) 2 50 pc,
which are defined as the radii of the circles of surface equivalent
to the area of the detected HII region down to a surface bright-
ness limit of (Ha) = 3 x 1077 ergs™! cm™2 (Helmboldt et al.
2005). As in Boselli et al. (2021b), equivalent radii and diame-
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give the mean values and the standard deviations in different bins of
stellar mass. The black error bar in the lower right corner shows the
typical uncertainty on the data. The lenticular galaxies analysed in this
work are indicated by the filled red dots.

ters were corrected for the effects of the point-spread function.
This analysis is intended to trace the statistical properties of the
HII regions in the discs of these lenticular galaxies. HIIPHOT
detects 42, 61, 14, 28, and 48 HII regions satisfying these
criteria in the galaxies NGC 4429, 4459, 4476, 4477, and 4526,
respectively.
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Fig. 15. Statistical properties of the HII regions of the SO galaxies with luminosity L(Ha) > 10*7 ergs™! and S/N > 5. Upper left: Ha luminosity
function. Upper right: relation between the Ha luminosity and the equivalent diameter. Lower left: distribution of the equivalent diameter. Lower
right: distribution of the electron density. Galaxies are colour-coded as follows: Brown for NGC 4429, green for NGC 4459, red for NGC 4476,
orange for NGC 4477, and blue for NGC 4526. The black histogram gives the cumulative distribution for all objects. All the Ha luminosities are
corrected for [NII] contamination assuming [NII]/Ha = 0.78. Electron densities are also corrected for dust attenuation for comparison with other

studies.

Figure 15 shows the principal statistical properties of the
HII regions in the discs of the five lenticular galaxies. All the
Ha fluxes were corrected for [NII] contamination assuming
[NIT]/Ha = 0.78 as measured on the disc of NGC 4469 and 4526
using the MUSE data. For comparison with other works, Ha
luminosities were not corrected for dust attenuation, except for
the electron density n,, where Ha luminosities were estimated
using the same A(He) as derived in Sect. 4.3.1 (A(Ha) = 1.433,
0.418, 1.433, 0.186, and 1.543 mag for NGC 4429, 4459, 4476,
4477, and 4526, respectively). Compared to those observed in
the ram pressure perturbed dwarf galaxy IC 3476 (Boselli et al.

2021b), the HII regions in the discs of these lenticular galax-
ies typically have a lower luminosity and a smaller size. The
only galaxy with HII regions of luminosity L(Ha) > 10 erg s~
is NGC 4526 (two regions). Bright HII regions can be formed
by the compression of the gas induced by a ram pressure strip-
ping event during the first interaction of the galaxy ISM with
the surrounding ICM (e.g. Boselli et al. 2021b). The phase-
space diagram shown in Fig. 16 suggests that NGC4526 is a
first infaller, consistent with this interpretation. A complete and
detailed comparative analysis with the physical properties of HII
regions in a large sample of spiral galaxies spanning a wide range
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Fig. 16. Distribution of the eight lenticular galaxies within the phase-
space diagram traced by galaxies within the Virgo cluster. Grey
dots indicate the Virgo cluster galaxies with a recessional velocity
<3500km s~! extracted from the sample of Boselli et al. (2014a). The
solid lines delimit the different regions extracted from the simulations of
Rhee et al. (2017) to identify galaxies in different phases of their infall
into the cluster: First (not yet fallen), recent (0 < 7y, < 3.6 Gyr), inter-
mediate (3.6 < Ty < 6.5Gyr), and ancient (6.5 < Ty < 13.7 Gyr)
infallers.

in morphological type and stellar mass will be made when the
VESTIGE survey is completed.

4.4. Dust content and distribution

The high-quality HST images (Fig. 6) and the NGVS/VESTIGE
optical images (Fig. 5) show dust structures in absorption.
Prominent dusty discs with a clear spiral structure are present
in the HST images of NGC 4429, 4459, 4476, and NGC 4526.
A thin edge-on dusty disc with filaments extending in the
z-direction is visible in NGC4469. Thin and extended fila-
ments spiraling around the nucleus of the galaxy are visible in
NGC 4477 (F475W). A very smooth and limited filament of dust
in absorption is also seen in the northern direction in NGC 4552
(F555W), while NGC4262 does not have any clear dust
structure.

For each object, we constructed a 2D model of the stellar
distribution and subtracted it from the NGVS g-band optical
images (Ferrarese et al. 2012). These images cover the whole
extent of the galaxies and not only a fraction of them, as in
the HST images, thus they can be used to derive the dust dis-
tribution seen in absorption, exactly as was done for M87 in
Boselli et al. (2019), or for other lenticular galaxies with ionised
gas emission and prominent dust features (e.g. Patil et al. 2007,
Finkelman et al. 2010; Kulkarni et al. 2014). For this exercise,
we integrated the model-subtracted image within a region posi-
tioned over the disc of dust as seen in absorption (see Fig. 17).
We then transformed the attenuation map A(g) first in A(V) with
a Milky Way extinction curve, then in X4, using the relation
(Spitzer 1978; Kitayama et al. 2009)

A46, page 18 of 29

Table 8. Dust masses.

NGC Myu(SED) Mas(A(g)  G/D®
Units My M,

4262 - - -

4429  1.83x10°+29%x10° 50x10* 86.1 (226.4)
4459  150x10°+1.1x10° 24x10* 90.5 (318.4)
4469 @ 7.67x10°+£3.8%x10° 2.0x10* -
4476 1.06x10°+1.4x10° 57x10° 67.1 (138.1)
4477  581x10°+£1.3%x10° 4.0%x10* 30.9
4526 9.95x10°+1.6x10° 9.4x10* 408 (31.6)
4552 6.02x10°+3.8x10° - -

Notes. “A(g) measured only within the star-forming disc, thus the dust
mass coming from A(g) is a lower limit because filaments of dust are
seen outside the selected region. ”’Gas-to-dust ratio measured using
dust masses derived from the SED fitting analysis and molecular gas
masses with CARMA (and ALMA) data.

€XI Z us| us - -
A(V)ZO.OH(Q t) dust _ Pd‘t_ a ’
2 /\103M, kpc2/\3g cm™3 0.1 um

“

where Qe is the extinction coefficient factor, pqyg is the dust
mass density, and a is the grain radius, adopting the standard val-
ues given in the equation. The total dust mass was then derived
assuming that the dust is uniformly distributed over the disc
associated with the ionised gas. The extinction maps give dust
masses of about 6 x 10> < Myuy < 9 x 10* M.

To determine the reliability of this method, we compared the
total dust masses derived in this way with those calculated by
fitting the observed spectral energy distribution of each galaxy
with the CIGALE spectral energy distribution (SED) fitting code
(Noll et al. 2009; Boquien et al. 2019; see Table 8). Because the
dusty disc is located only within the very inner regions com-
pared to the much more extended stellar emission, we deter-
mined the total dust mass by fitting only the spectral bands
in which the emission is dominated by dust, including WISE
at 22 um, Spitzer/MIPS at 24 and 70 wm, and Herschel Pho-
todetector Array Camera and Spectrometer (PACS) and Spec-
tral and Photometric Imaging Reciver (SPIRE) at 100, 160, 250,
350, and 500 um (8 bands in total). The emission of early-type
galaxies in the mid-IR might be contaminated by that of stel-
lar envelopes (Boselli et al. 1998; Temi et al. 2009; Ciesla et al.
2014). We thus first removed the contribution from the stellar
emission to the WISE 22 um and Spitzer/MIPS 24 um bands as
in Ciesla et al. (2014). We estimated this contamination by fit-
ting the stellar SED (from the FUV to the K band, in ten pho-
tometric bands) of each galaxy again with CIGALE. For this
purpose, we used Bruzual & Charlot (2003) stellar population
models, a Chabrier (2003) IMF, and a delayed star formation his-
tory such as described in Boquien et al. (2019). We then fit the
infrared SED using the Draine & Li (2007) dust models, con-
sistently with Ciesla et al. (2014) and Boselli et al. (2016b). The
dust masses of these galaxies are 6 x 10° < Mgy < 107 Mg
(see Table 8), which is a factor of ~50 lower than those of star-
forming systems of similar stellar mass (Cortese et al. 2012).

These dust masses are a factor of 14-380 higher than those
derived from dust absorption. These differences are too large to
be ascribed to the uncertainties in the determination of the dust
attenuation map or to the determination of the dust distribution
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Fig. 17. A(g) extinction maps of the galaxies NGC 4429 (first row, left), 4459 (first row, right), 4469 (second row, left), 4476 (second row, right),
4477 (last row, left), and 4526 (last row, right), with contour levels of the VESTIGE Ha emission. Contours are at 3 x 1071°, 6 x 1071°, 1.5 x

10 B ergs™! cm™

cm™? arcsec™? for galaxies NGC 4429, 4459, 4476, and 4526, and at 1076, 3 x 107'°, 6 x 107!, 1.5 x 107" erg s~! cm™2 arcsec™? for

galaxies NGC 4469 and 4477. The colour scale of the A(g) extinction maps of galaxy NGC 4469 reaches negative values to take into account the
low-frequency gradients that are not removed by the fitted model and relative to the prominent boxy shape of the bulge.
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Fig. 18. Left: Herschel/PACS image of galaxy NGC 4526 at 100 um (from Cortese et al. 2014), in units of mJy arcsec™2, with contour levels of the
VESTIGE Ha emission (3 x 107'%, 6 x 107'°, 1.5x 107" erg s™' cm™2 arcsec™2). The black cross indicates the position of the galaxy centre. The
red circle in the lower right corner gives the FWHM of the PACS data (7). Right: radial variation of the dust surface density profile of NGC 4526
derived from the PACS 100 um image (empty black circles) and from the E(B — V) 2D map derived using the Balmer decrement extracted from
the MUSE data cube and brought to the same resolution as PACS, as described in the text (filled red circles). The vertical black and red arrows

indicate the PACS FWHM and the extension of the He emitting disc.

within the disc. As already widely discussed in the literature,
this discrepancy might have two different origins. We list them
below.

First, as remarked by Goudfrooij & de Jong (1995) for the
first time, dust masses derived from optical dust absorption maps
should be taken as lower limits because Eq. (4) is valid in a screen
model, that is, when the emitting stars are all located behind the
dust. This is obviously not the case in lenticular galaxies, in which
the dust disc lies within the plane of the galaxy (sandwich model).
This means that about half of the stars of the prominent bulge are
located in between the dust and the observer.

Second, dust masses derived using SED fitting techniques
might include a diffuse and unstructured dust component. If
present, this component would be subtracted along with the
stellar component from the optical images since included in
the fitted model. The excess of dust mass derived from SED
fitting might thus indicate the presence of diffuse dust pro-
duced, injected into the ISM (Goudfrooij & de Jong 1995; Dwek
1998; Zhukovska et al. 2008; Valiante et al. 2009; Triani et al.
2020), and heated by the old stellar population that is dominant
in early-type systems (Boselli et al. 2010b, 2012; Bendo et al.
2012b, 2015).

To determine whether the extended emission observed in the
PACS bands is due to a diffuse dust component or to the com-
ponent that is associated with the ionised gas disc, we convolved
the E(B — V)gp 2D map of NGC 4526 derived using the Balmer
decrement extracted from the MUSE data with the 100 um PACS
PSF given in Bocchio et al. (2016) for fast-scan observations
in parallel mode (Cortese et al. 2014). We then extracted the
radial profile of the 100 um PACS emission and of the convolved
E(B—V)pp 2D map in concentric elliptical annuli centred on the
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nucleus of the galaxy with a size increasing by 0.4 kpc. We then
converted the measured 100 um surface brightnesses into dust
surface densities using the relation (e.g. Spitzer 1978; Boselli
2011)

S(v)D?
K,BO,T)’

where S (v) is the PACS flux density at 100 wm and D is the
distance of the galaxy. We then assumed a dust grain opac-
ity at 100pum Koo = 27.15cm? g7 (Draine 2003) and a dust
temperature 7 = 22.6 K, at which temperature the total dust
mass estimated from the CIGALE SED fitting analysis (Mgust =
9.95 x 10° M) becomes equal to the mass given in Eq. (5) after
it is integrated over all the increasing elliptical annuli. We then
compared this dust radial profile derived from the 100 um PACS
data to the profile derived from the convolved MUSE Balmer
decrement in Fig. 18, where E(B — V)pp is converted into Xy
using Eq. (4) and normalised to the total dust content of the
galaxy, as for the PACS profile. The radial variations in the
two profiles are very similar, clearly indicating that the extended
100 um emission of NGC 4526 is due to the dust that is frozen
into the circumnuclear ionised gas disc. Because NGC 4526 is
the galaxy of the sample with the most extended 100 um emis-
sion with respect to that of the diffuse ionised gas, we argue that
this conclusion is probably also valid for the other objects.

In agreement with the results obtained in other studies
based on the analysis made using 3D radiative transfer models
of early-type galaxies with similar dust features (Viaene et al.
2015, 2019), we conclude that in these lenticular galaxies, the
observed difference between the dust content estimated from
optical absorption features and from the SED fitting analysis

Mguse = (5)
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is mainly due to geometrical effects related to the relative dis-
tribution of the absorbing dust and the emitting stars. We note
that the importance of geometry is corroborated by two other
results mentioned above: (a) The dust features seen in absorp-
tion in the HST images (Fig. 6) and in the A(g) attenuation
maps (Fig. 17) are asymmetric and strongly depend on the ori-
entation of the galaxy discs with respect to the line of sight.
(b) In NGC 4526, where the data allowed a direct comparison,
EB - V)pgp = 4.87 X E(B — V)guar, thus significantly flatter
than the canonical Calzetti law observed in starburst galaxies
(Calzetti et al. 2000, see Sect. 4.3.1), where the dust layer thick-
ness is comparable to that of the stellar disc (slab model). Fur-
thermore, E(B—V)pp is fairly symmetric because the young and
massive stars that cause the ionising radiation and the absorbing
dust are well mixed within the disc as in a slab model, while this
is not the case for the dominant old stellar population, which
is distributed in a much thicker and extended lenticular bulge
(sandwich model).

4.5. Cold-gas content

Interferometric data in the CO lines can be used to derive the
molecular gas content and distribution within the target galax-
ies. Five galaxies (NGC 4429, 4459, 4476, 4477, and 4526)
have been observed with CARMA in the '2CO(1-0) line with
a typical angular resolution of 3”7 < FWHM < 9” at a sen-
sitivity that is sufficient to detect molecular gas in diffuse and
extended structures. Assuming a constant CO-to-H, conversion
factor Xco = 2.3 x 10*°cm~2/(Kkms™') (Strong et al. 1988),
which is appropriate for massive galaxies such as these (e.g.
Boselli et al. 2002; Bolatto et al. 2013), we derived the molec-
ular gas masses given in Table 5. These molecular gas masses
can be compared to those derived using different sets of ALMA
data, which have the advantage of being at a much higher
angular resolution than the CARMA data. ALMA data for two
galaxies are in the 12CO(2-1) line and for one in the 2CO(3—
2) line. Using the same procedure as applied to the CARMA
data, and assuming the ratios '*CO(2-1)/'2CO(1-0) = 0.65) %
and '>2CO(3-2)/'2CO(1-0) = 0.318"2‘(2) from Leroy et al. (2021),
which is quite consistent with previous values (e.g. Leroy et al.
2009; Wilson et al. 2012), we estimated total molecular hydro-
gen masses from the ALMA data. The two sets of data are fairly
consistent (see Table 5). The values given in Table 1 are, in
order of priority, the 12 m ALMA or CARMA data, whenever
two sets of data are available, with a typical uncertainty of ~0.1
and 0.2 dex, respectively, estimated from the comparison of the
12 m and 7 m ALMA data, or the comparison of the ALMA and
CARMA data. We recall that the ALMA data might include an
additional systematic uncertainty due to the poorly constrained
12CO(2-1)/2CO(1-0) and '>CO(3-2)/'>CO(1-0) ratios, which,
because of the peculiar physical properties of the gas discs anal-
ysed in this work, might be different than those assumed here
and derived from the observation of normal star-forming galax-
ies (e.g. Hafok & Stutzki 2003). For galaxies NGC 4469 and
NGC 4552, molecular gas masses were derived as indicated in
the next session.

4.6. Gas-to-dust ratio

The same set of data can be used to estimate the typical gas-
to-dust ratio of these lenticular galaxies and compare it to that
of late-type galaxies with similar metallicity. It has been shown
that in the Milky Way, in the nearby Magellanic clouds, or in
other nearby galaxies, where the angular distribution of the data

400 T T TTT I| T T T T TTTT T T
| o= N4429 ]
- 24 N4459 i
300 | oe N4476 N
- o N4477 i
| oe N4526 ]
£ 200 [ .
U - —
L o i
100 — i —
- 8 ]
O N I I | | | | N T I I | | | |

1010 101

Mstar (MG))

Fig. 19. Relation between the volumetric gas-to-dust (G/D) ratio of
the target galaxies measured using the CARMA (filled symbols) and
ALMA (empty symbols) data and their stellar mass. Different symbols
indicate different galaxies.

allows us to trace the ratio of the gas-to-dust column density in
different environments, Zg,s/Zqus varies only as a function of the
metallicity (e.g. Dwek 1998; Issa et al. 1990; Sandstrom et al.
2013; Roman-Duval et al. 2014; Mattsson & Andersen 2012;
Mattsson et al. 2014; Giannetti et al. 2017). Because all the anal-
ysed objects are massive and thus probably metal rich, if the
gas and dust have an internal origin, we expect a constant gas-
to-dust ratio close to the ratio that is measured in the solar
neighbourhood (Zgas/Zausi(Zo) = 100-160, Sodroski et al. 1994;
Draine et al. 2007), where the oxygen abundance is 12+log
O/H(Zs) = 8.69 (Asplund et al. 2009). Because we measure dust
and gas masses rather than column densities, we have to assume
that the different phases of the ISM have a similar distribution,
as observations indeed indicate (see Fig. 6). The total gas mass
can be derived by combining the molecular and the atomic com-
ponents. Of the eight galaxies, only three have been detected
in HI (NGC4262; Serra et al. 2012; NGC 4469 and NGC 4526;
Haynes et al. 2018). For all the others, the measured upper lim-
its to their HI mass are significantly lower than the measured
molecular gas masses. We can thus confidently assume that the
total gas is dominated by the molecular gas phase. This is con-
sistent with the observed physical association between the dust
distribution and the molecular gas distribution, which is stronger
than that with the atomic gas phase whenever the molecular gas
is the dominant phase (Dame et al. 2001; Sandstrom et al. 2013).
We recall that galaxies NGC 4459, NGC 4477, NGC 4526, and
NGC 4552 have hot-gas masses of 4x 107 < My, < 2.3 X
108 M, (Su et al. 2015), which is comparable to the molecular
gas masses. Because it is diffuse and generally not associated
with the dust component, this hot-gas phase is not accounted for
in the estimate of the gas-to-dust ratio.

Figure 19 shows the relation between the volumetric gas-
to-dust (G/D) ratio of the target galaxies (see Table 8) and
their stellar mass, with dust masses derived from the SED fit-
ting analysis. Figure 19 indicates that the gas-to-dust ratio of
these lenticular galaxies ranges between 30 < G/D < 320,
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Fig. 20. Relation between the molecular gas mass derived using the
total dust mass and assuming a gas-to-dust ratio of G/D = 80 and the
molecular gas mass derived using CO observations for galaxies with
ALMA (empty symbols) and CARMA (filled symbols) data. The dif-
ferent galaxies are indicated by different symbols. The dotted line shows
the expected relation for a gas-to-dust ratio G/D = 80.

and thus corresponds to the low range of the envelope sampled
by similar massive late-type systems (20 < G/D < 1000) by
Rémy-Ruyer et al. (2014). A value of G/D =~ 80 is very con-
sistent with the oxygen abundance of the gas in NGC 4469 and
NGC 4526 (12+log O/H ~ 8.75-8.80) as derived with the MUSE
data, which is slightly higher than solar. The only exception is
NGC 4262, which has a large amount of HI gas (5.6 x 10% M)
and is undetected in CO (Boselli et al. 2014b) and in the far-IR
(Ciesla et al. 2012; Cortese et al. 2014). The large amount of HI
gas suggests that in this galaxy, the different phases of the ISM
might not be distributed within the same region. The HI map of
NGC 4262 indeed reveals that the atomic gas is mainly located
in a disc that is much more extended than the stars (=30kpc in
diameter; Serra et al. 2012). It is thus conceivable that part of
this HI, the part that is located far from the core of the galaxy,
is metal poor and thus poor in dust and molecular gas. Further-
more, this gas has a very low column density that is not suf-
ficient to cause it to collapse into giant molecular clouds. This
analysis indicates that we can obtain a rough estimate of the
molecular gas mass of galaxies NGC 4469 and NGC 4552 from
their total dust masses assuming a typical gas-to-dust ratio of
G/D = 80, as depicted in Fig. 20, where the molecular gas
masses derived using a constant gas-to-dust ratio and those mea-
sured using CO data are compared. These values are given in
Table 1 with a typical uncertainty of 0.3 dex that roughly corre-
sponds to the scatter in the relation shown in Fig. 20. The value
derived for NGC 4552, log M(H,) = 8.68 + 0.3 M, is slightly
higher than the upper limit derived from CO observations in
Boselli et al. (2014b), log M(H,) < 8.37 M, but still within the
assumed uncertainty.
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Fig. 21. Relation between the star formation rate surface density and
the molecular gas surface density at scales of ~100 pc. Different sym-
bols indicate different galaxies. The solid black line shows the best fit
obtained by Bigiel et al. (2008) (scaled to the same Xco conversion fac-
tor) for the Heracles sample of nearby galaxies using star formation
rates derived from Ha+24um flux surface densities. The dotted lines
show lines of constant star formation efficiency, indicating the level
of Zgrr needed to consume 1%, 10%, and 100% of the gas reservoir
(including helium) in 10® years, corresponding to depletion times of
108, 10°, and 10" years.

4.7. Schmidt relation

The previously discussed data set allows us to trace the rela-
tion between the star formation rate surface density, Xgrr, and
the molecular gas surface density, Xg,, generally called the
Schmidt law (Schmidt 1959; Kennicutt 1998b), in five galax-
ies (NGC 4429, 4459, 4476, 4477, and 4526) at kiloparsec
scales using the CARMA data, and in NGC 4429, NGC 4459,
NGC 4476, and NGC 4526 at ~100 pc scales using the ALMA
data (Fig. 21). For this purpose, we convolved the ALMA
moment-0 images of NGC 4429, NGC 4459, and NGC 4476 to
the resolution of the Ho NB images (0.70”, 0.86”, and 0.86”,
respectively), and the VESTIGE image of NGC 4526 to the res-
olution of the ALMA moment-0 image (1.14” X 0.76"). We then
rebinned the images to 1.2"'pixels to have an independent signal
in each corresponding position, and removed pixels with a low
S/N (S/N < 5). We also removed the central (<2") pixels, which
might be contaminated by nuclear activity or by artifacts due to
the continuum subtraction procedure, which is highly uncertain
in these regions where the emission is very peaked and where
saturated pixels might be present.

Figure 21 indicates that the star-forming discs of these four
galaxies follow the Schmidt relation drawn by late-type galax-
ies, but with higher values of star formation (0.01 < Xgpr <
0.3 Mg yr~! kpc™?) and molecular gas surface densities (20 <
T, S 1000 Mg pc?). These values, which at a first glance might
seem very high for these quiescent systems, can be explained
considering that the inner discs are very dust rich, as indicated
by their HST images (Fig. 6) and by the other multifrequency
data presented above. Based on the tight relation between dust
and gas column density, these discs also have very high mol-
cular gas column densities. Figure 21 also shows, however,
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that the molecular gas is transformed into stars with an effi-
ciency ~2.5 times lower than that measured in the discs of
star-forming galaxies, but on a spatial scales that are signifi-
cantly smaller (100 pc vs. 0.75 kpc, Bigiel et al. 2008). This is
in line with the results of Davis et al. (2014) and Ellison et al.
(2021). A similar result is obtained using the CARMA data
at a much coarser angular resolution. The star formation effi-
ciency observed in these SO galaxies is, however, significantly
higher than that observed in early-type objects that formed after
a minor merging event (e.g. van de Voort et al. 2018). This result
has been interpreted by Davis et al. (2014) as due to dynami-
cal effects related to the location of the molecular gas in the
inner region, on the rising part of the rotation curve, where
shear is high. Although here the star formation per unit gas
mass is reduced with respect to that observed in gas-rich rotat-
ing spirals, the number of stars that formed per free-fall time
is constant (Davis et al. 2014). This result might be tightly con-
nected to the more general morphological quenching scenario
proposed by Martig et al. (2009), according to which gas discs
can be stabilised against star formation when they are embedded
in prominent bulges such as those observed in lenticular galax-
ies (see, however, Koyama et al. 2019). Although our results are
in line with these interpretations, we caution that the star for-
mation rates and the molecular gas column densities used in
Fig. 21 might include systematic effects in the dust attenua-
tion correction, which is highly uncertain whenever 2D Balmer
decrement maps are not available (NGC 4429, NGC 4459, and
NGC 4476), and in the assumed CO(3-2)/CO(1-0) (NGC 4429)
and CO(2-1)/CO(1-0) (NGC 4459 and NGC 4476) flux ratios,
which are still poorly constrained in these extreme environments.
We can also add that the claimed low star formation efficiency
strongly depends on the assumed CO-to-H, (Xco) conversion
factor, which is known to depend on the physical properties of
the interstellar medium (e.g. Boselli et al. 1997; Kaufman et al.
1999; Bolatto et al. 2013). These discs are metal rich, dense in
molecular gas, and are very dusty. They are thus typical envi-
ronments in which self-shielding against the surrounding ISRF,
which is mainly dominated by the emission of the evolved stel-
lar population of the prominent bulges, is very efficient. In these
environments, Xco is expected to decrease, as suggested by mod-
els (Wolfire et al. 1995; Kaufman et al. 1999) and observations
(Boselli et al. 2002; Bolatto et al. 2013). Furthermore, hot X-ray
emitting gas is also present in some of these quiescent massive
objects (NGC 4459, 4477, 4526, and 4552). It is thus conceiv-
able that the Xco conversion factor is systematically different
than the one measured in the discs of massive star-forming spi-
rals. This might explain the observed decrease in star formation
efficiency by a factor of ~2.5 in these inner discs of massive
lenticular galaxies.

5. Discussion and conclusion

The VESTIGE Ha NB imaging survey has revealed eight mas-
sive (10" < My, < 10'! My) lenticular galaxies in the Virgo
cluster with ionised gas emission in their inner (a few kilopar-
sec) regions. The ionised gas is generally located in a disc with
a morphology very similar to that of the dust seen in absorp-
tion in the high-resolution HST images, as observed in other
lenticular galaxies (e.g. Goudfrooij et al. 1994; Sarzi et al. 2006;
Finkelman et al. 2010, 2012; Kulkarni et al. 2014). The filamen-
tary structure of the ionised gas in two galaxies is similar to
that observed in cooling flows at the centre of massive clus-
ters. These eight objects are a significant fraction (~25%) of
the lenticular galaxies of the Virgo cluster in the same stel-
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lar mass range. Because the VESTIGE survey is still incom-
plete with a partial coverage of the VCC footprints (~60%,
with full depth only in ~25% of the VCC), this work sug-
gests that these ionised gas features are quite common in this
cluster environment. The presence of ionised gas in early-
type galaxies, and in particular in lenticular galaxies, has been
known since the works of Pogge & Eskridge (1987, 1993),
Trinchieri & di Serego Alighieri (1991), and Macchetto et al.
(1996), but it has never been studied in such a detail due to
the lack of high-resolution multifrequency data such as those
presented here. The increase in image quality reached by the
VESTIGE data with respect to those gathered by previous works
using 2 m class telescopes, for which data for a few galaxies in
common are available (e.g. Gavazzi et al. 2018b), is also remark-
able. This is possible through the extraordinary seeing conditions
at the CFHT, combined with the accurate stellar continuum sub-
traction based on broad-band colour images.

The analysis presented in this work has clearly shown that
in most cases, the gas is photoionised by young stars that are
newly formed in the disc. These results suggest that this Virgo
cluster sample is significantly different from the ATLAS3P sam-
ple, in which the gas is mostly ionised by evolved stars and
only in 10% of them by young stars (Sarzi et al. 2010). Sys-
tematic differences between cluster and isolated systems are
expected, however, as is indeed observed in their kinematical
(e.g. Davis etal. 2011; Krajnovi¢ et al. 2011) and dust versus
gas properties (Kokusho et al. 2019). In these Virgo galaxies,
the Har luminosity is a direct tracer of star formation and indi-
cates that these objects lie well below the main-sequence relation
driven by normal star-forming discs, with star formation rates of
about 0.02 < SFR < 0.15 My yr~'. We also derived the statis-
tical properties of individual HII regions detected in these star-
forming discs, showing that they correspond to those encoun-
tered in normal star-forming galaxies on average. In NGC 4262
and NGC 4552, where the emission is principally due to filamen-
tary structures, the gas is probably shock ionised and might be
hot gas that is cooling and infalling into the nucleus after a merg-
ing event. The lack of strong AGNs causes us to exclude nuclear
activity as the main source of ionisation in all the targets.

CO millimetric CARMA and ALMA data allowed us to
show that the total molecular gas content of these objects
2x107 £ M(H,) < 5 x 10® My) is lower than that found in
spiral galaxies of similar mass (e.g. Boselli et al. 2014c). The
molecular gas is distributed within discs with properties similar
to those observed in He, and forms stars following the Schmidt
relation, but with an efficiency ~2.5 lower than that observed
in spiral galaxies, as previously found in similar objects by
Davis et al. (2014). The low star formation efficiency observed
in these systems might be due to a variation in the shear or in
the global stability of the gas, which is here located in the inner
regions, where the rotation curve of the galaxies rises rapidly
(Davis et al. 2014) and the gas becomes supported by pressure
(Bertola et al. 1995).

Optical (HST and NGVS) and far-IR (Herschel and Spitzer)
images both indicate amounts of dust in these lenticular
galaxies, as is often observed in early-type systems (e.g.
Goudfrooij & de Jong 1995). The multifrequency data allowed
us to estimate their total dust content using two independent
techniques. The first technique is based on the SED fitting anal-
ysis including UV-to-far-IR data. The second technique is based
on the measure of the optical attenuation derived from the NGVS
broad-band images after subtracting a model to trace the intrin-
sic distribution of stars. The two techniques give very different
results, with the SED fitting analysis providing dust masses ~100
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times higher than those obtained from the 2D dust attenuation
maps. The comparison of the Herschel/PACS 100 um image of
NGC 4526 with the Balmer decrement map obtained using the
MUSE data convolved to a similar resolution has indicated a
similar distribution of the emitting and absorbing dust in this
galaxy. This result thus excludes any major contribution of dif-
fuse dust locked up in the atmosphere of evolved stars, which
might be missed in the visible 2D dust attenuation maps as
the origin of this major discrepancy. This analysis suggests that
the 2D dust attenuation maps derived from the optical images
strongly underestimate the total dust content of these lenticu-
lar galaxies just because only a fraction of the stellar emission,
which is geometrically located along the line of sight behind the
dust screen, is efficiently absorbed by dust. This result agrees
with the result found by the radiation transfer analysis of two
early-type galaxy in the Virgo and Fornax clusters with simi-
lar properties (Viaene et al. 2015, 2019). Again, the total dust
mass of these galaxies, which ranges between 6 X 10° € Myyy <
107 M, is fairly low compared to that of spiral galaxies of sim-
ilar stellar mass (e.g. Cortese et al. 2012). However, it matches
the typical dust mass of lenticulars estimated using Herschel data
from the Herschel Reference Survey (Smith et al. 2012).

While in a few objects, the origin of the ionised gas seems
clear, in others, the multifrequency data give contradictory
results. In NGC 4262 and NGC 4552, the filamentary structure
of the ionised gas, the presence of a cold gas and young stel-
lar ring misaligned with the stellar main body of the galaxy
(NGC 4262), and the prominent shells and tidal tails in the deep
NGVS broad-band optical images (NGC 4552) clearly suggest
an external origin of the gas, which must have been accreted
after a merging event. NGC 4262 is an SO galaxy with a gaseous
ring, which hydrodynamic simulations indicate might have been
formed after a minor merging event with a gas-rich spiral galaxy
(Mapelli et al. 2015). NGC 4552 is a slow rotator and might have
been formed after a major merging episode that was able to heat
the stellar disc and produce typical gravitation perturbations such
as those seen in the optical image (Penoyre et al. 2017; Pop et al.
2018). In these objects, gas and dust might have been accreted
after a strong gravitational interaction with a gas-rich system.
When it is in contact with the hot coronal gas that emits in X-
rays, the cold accreted gas is heated and becomes ionised, while
the dust remains shielded within the stripped cold gas, which
gradually evaporates (evaporation flow scenario; Sparks et al.
1989, de Jong et al. 1990, Finkelman et al. 2012). This scenario
predicts that the ionised gas and the dust are located in similar
filamentary structures as are observed in these two galaxies.

MUSE spectroscopic data of NGC 4469 and NGC 4526 have
shown that the typical metallicity of the gas over the star-forming
discs is about solar, as expected for these massive galaxies. The
analysis presented in Sect. 4 has also shown that most of the
galaxies have a gas-to-dust ratio of G/D =~ 80, typical of star-
forming systems of similar stellar mass (e.g. Rémy-Ruyer et al.
2014). As extensively discussed in Davis et al. (2011), this evi-
dence suggests that the gas has an internal origin and might be
either recycled gas produced by the old stellar population that
dominates in these early-type systems, or the remnant of gas that
is locked up in the inner regions in star-forming galaxies that
are stripped of their ISM by a ram pressure stripping event (e.g.
Boselli & Gavazzi 2006; Boselli et al. 2021a). The first hypoth-
esis (gas produced by stellar mass loss), however, is questioned
because the amount of associated dust is too low compared
to that observed in these early-type systems (Patil et al. 2007).
Ram pressure stripping removes the gas outside-in, producing
radially truncated discs because the gas is hardly perturbed in
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the inner regions where the gravitational potential well of the
galaxy is sufficiently deep to keep it anchored to the disc (e.g.
Boselli et al. 2006). Evidence of an ongoing ram pressure strip-
ping event is present in NGC 4469, which has a prominent tail
of ionised gas emitted from the disc without any stellar coun-
terpart. This is typical of galaxies undergoing this perturbing
mechanism (e.g. Boselli et al. 2021a). Similar features, although
observed with a much lower angular resolution in the X-rays
images, are also present in NGC 4477 and NGC 4552, suggest-
ing that ram pressure is perturbing the gas in the outer halo of
these objects (Li et al. 2018; Machacek et al. 2006b). Recently
accreted gas via infall or minor merging events would be unpol-
luted or low-metallicity gas and would therefore have differ-
ent properties than those that are observed in most of these
objects.

Indications about the possible origin of the ionised gas can
be taken from the analysis of the 2D stellar distribution and
of the relative kinematics of the gas and of the stars. As men-
tioned above, the merging origin of NGC4552 is clear. It is
suggested by the deep NGVS broad-band image, which shows
prominent shells and tidal remnants. In this object, the gas has
been accreted during a merging event, but its observed distri-
bution is also affected by an ongoing ram pressure stripping
episode. Another interesting example is the X-shaped, boxy
stellar morphology with a tilted outer disc of NGC 4469. This
peculiar morphology has been interpreted as a possible result
of harassment (Mosenkov et al. 2020), or of a recent merging
event (Mihos et al. 1995), although the ionised gas tail SW of
the galaxy due to a ram pressure stripping event is further evi-
dence that different mechanisms can act simultaneously. Three
out of eight galaxies (NGC 4262, 4469, and 4477) have a promi-
nent bar, which often indicates a recent instability of the stel-
lar disc resulting from strong gravitational perturbation (e.g.
Moore et al. 1998). An external origin of the ionised gas (gas
accretion, minor merger) is also suggested by the misalignement
of the stellar and ionised gas kinematics observed in NGC 4477
(Sarzi et al. 2006; Crocker et al. 2011) or by the peculiar stel-
lar kinematics of NGC 4429 (Cortés et al. 2015) and NGC 4526
(Sarzi et al. 2006; Krajnovi¢ et al. 2011; Foster et al. 2016. In
contrast, Bertola et al. (1995) interpreted the high-velocity dis-
persion of the ionised gas observed in some lenticular galaxies
as an indication that this gas has been produced from the mass
lost by evolved stars in the bulge.

All these physical properties derived from the analysis of
each single object should be considered along with more gen-
eral arguments based on the expected evolution of these lentic-
ular galaxies within the Virgo cluster environment. This can
be done by tracing their position within the phase-space dia-
gram (see Fig. 16), as has been done for these and other objects
in Boselli et al. (2014a, 2016b) (see also Cortese et al. 2021).
Figure 16 clearly shows that most if not all of these lenticulars
are located within the intermediate region composed of objects
accreted by the cluster 3.6 < iy < 6.5 Gyr ago, as indicated
by the simulations of Rhee et al. (2017). These timescales are
slightly longer than those derived from the SED fitting analy-
sis of Boselli et al. (2016b) for the quenching of the star for-
mation activity of early-type galaxies within the Virgo cluster
(I < Tquench $ 3 Gyr), consistent with a picture according to
which these lenticular galaxies are accreted as gas-rich systems
and later quench their star formation activity after their interac-
tion with the hostile surrounding environment.

Despite the exquisite quality of the multifrequency data
we used and our analysis, we are unable to identify a unique
origin for the ionised gas in these eight lenticular galaxies that
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are located within the Virgo cluster. This result is due to the
fact that lenticular galaxies in rich environments have been
formed following different formation paths because they might
have encountered several perturbing mechanisms that worked
together to different degrees and affected their star formation his-
tory in a complex and unpredictable way. This is also the case for
the galaxies we analysed here. For this reason, we plan to study
the structural and kinematical properties of the stars and of the
gas in detail, using the unique set of available mutlifrequency
data or data gathered with targeted IFU spectroscopic observa-
tions that were undertaken recently at the Observatoire de Haute-
Provence. We also plan to use the complete VESTIGE blind
survey to statistically quantify the frequency of these objects
in a cluster such as Virgo, and compare it to the predictions of
semi-analytic models and simulations (e.g. Lagos et al. 2014).
The results of these analyses will be presented in forthcoming
communications.
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Appendix A: Comments on individual objects
A.1. NGC4262 (VCC 355)

The He image of NGC 4262 (Fig. 1) shows an extended ring-
like structure characterised by a few HII regions oriented along
a NE-SW major axis. This ring-like structure is also visible in
the ASTROSAT/UVIT FUV image (Fig. 2) and in the GALEX
images (Bettoni et al. 2010). It signifies the presence of young
stars. The ring has been also detected in HI by Krumm et al.
(1985) and more recently by Oosterloo et al. (2010) with the
WSRT. The thin HI ring structure, its orientation with respect to
the main stellar disc (polar ring, Serra et al. 2014), and its exten-
sion (a factor of ~ 2 larger than the stellar disc) led Krumm et al.
(1985) conclude that the HI gas ring is either the remnant of
the primordial proto-galaxy cloud or HI gas recently accreted
from the intergalactic medium or from a captured gas-rich dwarf.
By studying the relative kinematics of the HI gas within the
ring and that of the ionised gas in the inner regions, which is
strongly kinematically decoupled from that of the stars within
the disc (Sarzi et al. 2006), Bettoni et al. (2010) proposed that
the atomic gas has been removed from the main body of the
galaxy after a gravitational interaction with another Virgo cluster
member, possibly NGC 4254. The NGVS (Fig. 5) and HST (Fig.
6) images indicate a prominent bar, whose origin is often asso-
ciated with gravitational perturbations (e.g. Moore et al. 1996,
1998). Hydrodynamic simulations indicate that galaxies with
gas-rich polar rings are generally formed after a minor merging
event (Mapelli et al. 2015). All this observational evidence, com-
bined with the evidence presented here, consistently suggests that
NGC 4262 has recently been gravitationally perturbed. This is
probably at the origin of the ionised gas filaments that are observed
in the inner regions and of the HI gas in the polar ring structure.

A.2. NGC4429 (VCC1003)

NGC 4429 is characterised by a high surface brightness ionised
gas disc located in the inner 0.47 kpc region (radius), and a
more extended (1.1 kpc) low surface brightness disc (Fig. 1).
A very similar morphology is visible in absorption in the HST
F606W (Fig. 6) and NGVS (Fig. 17) images, which reveal a dust
disc with a folded spiral structure associated with the ionised
gas disc. The dust disc also contains cold rotating molecular
gas (Alatalo et al. 2013; Davis et al. 2018). IFU spectroscopy of
NGC 4429 shows a regular stellar velocity field, suggesting a
pure circular motion with possibly a cold circumnuclear stellar
disc (Cortés et al. 2015). The velocity dispersion pattern, how-
ever, is fairly asymmetric, again suggesting a circumnuclear disc
(Cortés et al. 2015). The steeply rising rotation curve also sug-
gests a high concentration of the central mass. NGC 4429 is clas-
sified as a fast rotator (Emsellem et al. 2011) despite its high
central velocity dispersion (o~ =~ 200 km s~!, Cortés et al. 2015).
The galaxy also shows a kinematically distinct component, that
is, with the stellar kinematic PA aligned with the photometric
PA in the inner (r < 2 kpc) and outer galaxy, but misaligned by
~ 10° at intermediate radii (Cortés et al. 2015). These kinemat-
ical properties led Cortés et al. (2015) conclude that NGC 4429
might result from a minor (3:1-6:1) merger, where the gas has
been accreted in the inner regions after this event.

A.3. NGC4459 (VCC1154)

NGC 4459 has an ionised gas disc in its inner region that cor-
responds to the dust disc observed in absorption in the HST
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F475W (Fig. 6) and NGVS (Fig. 17) images and to the molec-
ular gas disc seen with ALMA. The high-resolution HST image
shows that the dust is distributed in two concentric almost
face-on discs with folded spiral structures. The same disc has
tentatively been detected in HI by Lucero & Young (2013).
Crocker et al. (2011) derived a star formation of ~ 0.05-0.12 M,
yr~!, which is slightly higher than the star formation we mea-
sured (see Table 1). They also showed a surprisingly low radio
continuum activity with respect to the galaxy far-infrared emis-
sion. The molecular gas kinematics (Young et al. 2008) does not
give any strong indication about the possible origin of the gas
because the gaseous disc is kinematically coupled with the rotat-
ing stellar disc. The stellar kinematics derived using SAURON
indicates that the galaxy is a fast rotator (Sarzi et al. 2006) with
regular stellar kinematics (Krajnovi¢ et al. 2006). The kinemat-
ics of the galaxy derived using globular clusters indicates that the
high-velocity rotation is also conserved well outside the effective
radius (Bellstedt et al. 2017). After a comparison with hydro-
dynamic simulations, Bellstedt et al. (2017) concluded that the
kinematical properties of NGC 4459 are consistent with a gas-
rich minor merger origin, although they did not exclude a major
merging event. Our results, however, combined with the agree-
ment between the stellar and gas kinematics, rather suggest an
internal origin, with gas stripped in the outer disc by ram pres-
sure. The same conclusion was obtained after the analysis of the
X-ray morphology of the galaxy conducted by Hou et al. (2021).

A.4. NGC4469 (VCC1190)

NGC 4469 is an edge-on galaxy classified as a barred lenticular
galaxy (see Table 1), with a typical boxy or peanut morphology
(see Fig. 5). The Ha image shows a thin star-forming disc with
filaments of ionised gas on the z-plane. The analysis of deep
optical images of this galaxy revealed a tilted outer disc that has
been interpreted by Mosenkov et al. 2020 as a possible result of
harassment. This agrees with the scenario that the boxy morphol-
ogy is caused by a recent gravitational instability (e.g. Gadotti
2012), although gas accretion of gas-rich satellites occurring
several billion years ago cannot be ruled out. The X-shape of
the bulge observed in this edge-on galaxy is another indication
of a recent merger (Mihos et al. 1995). The ionised gas filament
without any associated stellar counterpart we discovered rather
suggests a ram pressure stripping event that was able to remove a
large fraction of the cold gas from the outer regions, which pro-
duced a truncated disc. The shock-ionised gas observed in the
z-plane has been probably ionised during its interaction with the
surrounding intracluster medium.

A.5. NGC4476 (VCC1250)

The He image of NGC4476 shows a central ring-like struc-
ture with prominent HII regions similar to those observed in
spiral galaxies, although here limited to the very inner region.
The HST F475W image shows that these star-forming regions
are associated with a dusty disc with an evident spiral struc-
ture. The high H,/HI molecular-to-atomic gas ratio compared
to that observed in normal late-type galaxies led Lucero et al.
2005 to conclude that the observed gas disc of NGC 4476 is the
result of a ram pressure stripping event. This perturbing mecha-
nism has a differential effect that is able to remove the diffuse
atomic gas more efficiently (this gas is mainly distributed in
an extended disc) than the molecular gas component, which is
mainly located in dense giant molecular clouds in the inner disc.
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Young (2002) ruled out any possible internal origin of the gas,
however, because its specific angular momentum is about three
times higher than that of the stars. Our results are consistent with
an internal origin of the gas. This would mean that it is the rem-
nant of a ram pressure stripping event.

A.6. NGC4477 (VCC1253)

The Ha image of NGC 4477 reveals an ionised gas disc with
spiral structures surrounding the nucleus (Fig. 1). The same disc
is also visible in absorption in the HST F475W (Fig. 6) and in
the NGVS (Fig. 17) images, although the dust is less spectacular
than in other objects. This galaxy is also characterised by hot gas
whose temperature decreases to ~ 0.3 keV in the inner 2-3 kpc
region (Li et al. 2018; Kim et al. 2019) in which the ionised gas
disc is located. The hot gas is distributed along a spiral structure
(Kim et al. 2019) with an asymmetric halo that probably formed
by the gas stripped during the interaction with the surrounding
ICM during the galaxy motion on the plane of the sky (Li et al.
2018). The X-ray observations seem to indicate that the galaxy
experiences a feedback process due to the central AGN, which is
able to produce two small cavities in the hot gas. The same obser-
vations suggests that the cold gas in the centre is accreted gas
(Li et al. 2018). Plateau de Bure interferometric (PdBI) observa-
tions suggest that the molecular gas is located in a ring-like struc-
ture with kinematical properties similar to those of the ionised
gas derived from the SAURON observations (Sarzi et al. 2006;
Crocker et al. 2011). The difference between the stellar kinemat-
ics position angle and the ionised gas position angle is ~ 30°,
which might indicate an external origin of the gas (Sarzi et al.
2006; Crocker et al. 2011).

A.7. NGC4526 (VCC1535)

The Ha image shows a high surface brightness disc of ionised
gas extending up to =~ 1.45 kpc (Fig. 1). The same disc is
observed in absorption in the HST F475W (Fig. 6) and NGVS
(Fig. 17) images and contains giant molecular clouds with
properties similar to those observed in other late-type galaxies
(Fig. 6; Utomo et al. 2015). The galaxy also has hot gas (0.3
keV) confined within the inner ~ 3 kpc, with a strong X-ray
point source in the centre, although this has not been identified as

a known AGN (Kim et al. 2019). Herschel/SPIRE spectroscopy
indicates that the gas in the disc has a temperature of 7 ~ 15-20
K and an electron density of n, ~ 1.6 cm~2 (Lapham & Young
2019). This is significantly lower than the temperature derived
using the [SII] doublet ratio (Fig. 9) or the size of the HII
regions (Fig. 15). The stellar kinematics derived using the
SAURON instrument (Sarzi et al. 2006; Krajnovi¢ et al. 2011)
or with the spectroscopy of globular cluster in the outer regions
(Foster et al. 2016) indicates that the galaxy is a fast rotator with
a double-maximum velocity profile and regular gas kinemat-
ics. These kinematical features are quite frequent in early-type
galaxies.

A.8. NGC4552 (M89, VCC1632)

NGC 4552 (M89) is characterised by diffuse filaments of ionised
gas (Fig. 1). Some ionised gas in emission was detected by
Macchetto et al. 1996. The morphology of the Ha filamen-
tary structure is similar to the morphology observed in X-
rays (Machacek et al. 2006a; Kraft et al. 2017; Kim et al. 2019).
These filaments are not detected in absorption in the HST
F555W (Fig. 6) or in the NGVS images. The hot-gas temper-
ature varies radially, with a hot core, a decrease in temperature
down to T ~ 0.4 keV at 4-5 kpc, and an increase in the outer
regions to 7' ~ 0.6 keV (Kim et al. 2019). The asymmetric dis-
tribution of the hot gas indicates that the galaxy is ram pressure
stripped while travelling within the cluster. The morphology of
the hot gas of the galaxy at the interface with the surrounding
ICM is due to the viscosity and the Kelvin-Helmbholtz instabili-
ties created in these gas layers (Roediger et al. 2015). NGC 4552
is a slow rotator (Emsellem et al. 2011) in which the gas kine-
matics is strongly decoupled from the stellar kinematics in the
inner 320 pc (Sarzi et al. 2006), and it has a non-regular rotation
(Krajnovic¢ et al. 2011). The deep optical NGVS image of the
galaxy shown in Fig. 5 indicates shells and tidal tails, suggest-
ing that this object underwent a strong gravitational perturba-
tion (Penoyre et al. 2017; Pop et al. 2018). Although the galaxy
cleary experienced a ram pressure stripping event during its jour-
ney within the cluster (Machacek et al. 2006a), the ionised gas
filaments probably have an external origin and are gas that was
accreted during the merging event and ionised by the shocks pro-
duced by the nuclear outflow (Machacek et al. 2006b).
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