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ABSTRACT
SECCO 1 is an extremely dark, low-mass (M? ' 105 M�), star-forming stellar system
lying in the Low Velocity Cloud (LVC) substructure of the Virgo cluster of galaxies,
and hosting several Hii regions. Here we review our knowledge of this remarkable sys-
tem, and present the results of (a) additional analysis of our panoramic spectroscopic
observations with MUSE, (b) the combined analysis of Hubble Space Telescope and
MUSE data, and (c) new narrow-band observations obtained with OSIRIS@GTC to
search for additional Hii regions in the surroundings of the system. We provide new ev-
idence supporting an age as young as <∼ 4 Myr for the stars that are currently ionising
the gas in SECCO 1. We identify only one new promising candidate Hii region pos-
sibly associated with SECCO 1, thus confirming the extreme isolation of the system.
We also identify three additional candidate pressure-supported dark clouds in Virgo
among the targets of the SECCO survey. Various possible hypotheses for the nature
and origin of SECCO 1 are considered and discussed, also with the help of dedicated
hydrodynamical simulations showing that a hydrogen cloud with the characteristics of
SECCO 1 can likely survive for >∼ 1 Gyr while traveling within the LVC Intra Cluster
Medium.

Key words: ISM: Hii regions — galaxies: dwarf — galaxies: star formation —
galaxies: clusters: individual: Virgo cluster — galaxies: interactions
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2 M.Bellazzini

1 INTRODUCTION

SECCO 1 is a faint star-forming stellar system that was
discovered by Bellazzini et al. (2015a,b, B15a and B15b,
hereafter) in a survey (SECCO1; B15a) aimed at searching
for stellar counterparts of Ultra Compact High Velocity Hi
clouds (UCHVC), selected from the ALFALFA(Adams et al.
2013) radio survey.

In B15b we proved the physical association of the small
group of blue compact sources originally identified in B15a
with the UCHVC HVC 274.68+74.0, from the sample of
Adams et al. (2013), and we obtained a first estimate of the
oxygen abundance, that appeared anomalously high for a
dwarf galaxy as faint as SECCO 1. Subsequently Sand et al.
(2015, S15, hereafter) reported on the independent discovery
of the same system, confirming the results of B15b. These
authors identified a smaller system with similar appearance
lying just ∼ 2′ apart (see also Beccari et al. 2016, Be16,
hereafter). In the following we will refer to the two pieces of
SECCO 1 as the Main Body (MB) and the Secondary Body
(SB), according to Beccari et al. (2017a, Be17a, hereafter).
Both B15b and S15 agree that SECCO 1 lies within the
Virgo cluster of galaxies. In particular, it probably belongs
to a substructure of the cluster known as low-velocity cloud
(LVC, Boselli et al. 2014), whose central galaxy is the spi-
ral NGC 4216. The Hubble Space Telescope photometry of
SECCO 1 obtained by Sand et al. (2017, S17, hereafter) is
consistent with this conclusion.

High spatial resolution Hi observations by Adams et al.
(2015, A15, hereafter) split the original HVC 274.68+74.0
into two smaller clouds: AGC 226067, centered on MB, and
AGC 229490, off-set by ' 0.5′ with respect to SB. Assuming
a distance D=17.0 Mpc for the LVC (following Boselli et al.
2014), the total Hi mass associated to SECCO 1 is MHI ∼

2×107M�. On the other hand, the total stellar mass derived
with two independent methods from HST data by Be17a
and S17 is M?<∼ 1.6× 105M�, thus implying a Hi-to-stellar

mass ratio of MHI
M?

>∼ 100, fully in the range of almost-dark

galaxies (Cannon et al. 2015)2.
Finally, in Be17a, we presented the results of panoramic

optical spectroscopy of SECCO1 MB and SB obtained with
the integral-field spectrograph MUSE@VLT (Bacon et al.
2014). The MUSE data-cube allowed us to identify many
individual Hii regions in both MB and SB, measuring their
radial velocity and metallicity. We found that MB and SB
not only have very similar systemic velocities but also the
same oxygen abundance, thus demonstrating that the two
systems have a common origin.

In particular, all the Hii regions in which we could
obtain a reliable estimate of the oxygen abundance have
the same abundance (from strong-lines indicators) within
the observational uncertainties. The mean metallicity is
〈12 + (O/H)〉 = 8.38± 0.10, confirming the earlier estimate

1 http://www.bo.astro.it/secco
2 Note that S17 provide an MV estimate that is 0.9 mag brighter
than that by B17a, but, given the large uncertainties, this cor-
responds to a 2σ difference. We feel more confident on the B17a

estimate since there, while summing the light of SECCO 1, we
were able to exclude the contribution from unrelated sources that
we unambiguously identified, based on their velocity, thanks to

the MUSE spectra.

by B15b, a value typical of galaxies as massive as the Large
Magellanic Cloud or M33. The anomalously high metallic-
ity, for the small stellar mass, strongly suggests that the
gas that is presently converted into stars in SECCO 1 was
chemically enriched in a much larger galaxy, from which it
was torn apart by tidal or ram-pressure interaction with
the harsh Virgo environment. The apparent lack of a stellar
population older than a few tens of Myr provides additional
support to this hypothesis (Be17a, S17). The star formation
was (independently) found by Be17a,b3 and by S17 to have
a rate typical of star-forming dwarfs with total luminosity
comparable to SECCO 1 (James et al. 2015, see Table 1,
below).

While star formation is known to occur in ram-pressure
stripped gas clouds in galaxy clusters (see, e.g., Gerhard et
al. 2002; Yoshida et al 2012; Kenney et al. 2014; Hester et
al. 2010; Fumagalli et al. 2011, 2014; Fossati et al. 2016,
and references therein) and in the surrounding of interact-
ing galaxies (see, e.g., Ryan-Weber et al. 2004), this usually
happens in relatively close proximity to the stripped galax-
ies. SECCO 1 is by far the most isolated case ever observed
(S17, Be17a), as the closer plausible progenitor proposed up
to now (the M86 subgroup, S17) lies at more than 350 kpc
(but see below). This implies that, if indeed SECCO 1 is a
gas cloud stripped from that group, it must have travelled
within the hot Intra Cluster Medium (ICM) for about 1 Gyr
before the ignition of the current star formation episode
(Be17a, S17). Hence SECCO 1 is of special interest to un-
derstand the behaviour of such long-lived quiescent stripped
clouds that may be present in large numbers within galaxy
clusters (Burkhart & Loeb 2016).

In Table 1 we provide a summary of the main phys-
ical properties of SECCO 1, adopting the distance D =
17.0 Mpc, following A15, Be17a and S17. This is the dis-
tance to SECCO 1 that we always adopt in this paper.

In Be17a we presented the observational framework for
this intriguing stellar system. Here we discuss and investi-
gate in detail its origin and evolution, with the support of
dedicated hydrodynamical simulations. Sect. 2 is devoted to
describe the reduction of the HST images of SECCO 1 al-
ready presented by S17, and of the deep narrow-band Hα im-
ages that we obtained with OSIRIS@GRANTECAN (GTC).
In Sect. 3 we present additional results from the MUSE data,
in particular on the effect of the ionisation on the estimate
of metallicity and on the nature of ionising sources. In Sect 4
we analyse the stellar content of SECCO 1, coupling the con-
straints from HST and MUSE data. In Sect. 5 we present the
results of the GTC Hα imaging. In Sect. 6 we put SECCO 1
in the context of dwarf galaxies and of stripped gas clouds,
discussing the pros and cons of various evolutionary paths.
In Sect. 7 we present the results of 2D and 3D hydrody-
namical simulations aimed at establishing the lifetime and
evolution of a pressure-supported Hi gas cloud similar to
SECCO 1 travelling into the ICM. In Sect. 8 we discuss the
conditions for the occurrence of star formation in Hi clouds
similar to SECCO 1 and we identify three new candidate
dark gas clouds that may be wandering within the Virgo

3 The SFR originally reported in B17a was flawed by a triv-
ial computation error that has been corrected in Beccari et al.
(2017b).

MNRAS 000, 1–21 (2018)



The origin of SECCO 1 3

ICM like SECCO 1. Finally, in Sect. 9 we summarise our
results.

2 DATA ANALYSIS

In this section we briefly report on the reduction of the HST
images of SECCO 1 obtained by S17, that will be discussed
in Sect. 4, and of the acquisition and reduction of narrow-
band Hα imaging, whose results are presented in Sect. 5.

2.1 HST photometry

S17 present a detailed analysis of Hubble Space Telescope
(HST) Advanced Camera for Surveys (ACS) Wide Field
Camera (WFC) F606W and F814W images of SECCO 1
(GO 13735 program, P.I.: D.J. Sand).

We reduced and analysed independently the S17 dataset
to have a deeper insight on the stellar populations in
SECCO 1 by combining the HST-ACS and MUSE data.
Positions and photometry of individual stars were obtained
with the ACS module of the point spread function (PSF) fit-
ting package DOLPHOT v.2.0 Dolphin (2000), as described,
for example, in Bellazzini et al. (2011b). We adopted a
threshold of 2.5σ above the background for the source detec-
tion. Photometry was performed on the individual images
corrected for charge transfer efficiency (FLC files), adopt-
ing the F814W drizzled distortion-corrected image (DRC
file) as the reference for source identification. In the follow-
ing we will use magnitudes in the ACS-WFC VEGAMAG
system and the analysis will be limited to the best quality
sources, selected by having quality flag=1, sharpness param-
eter |sharp| < 0.2 for F814W≤ 26.5 and −0.4 < sharp < 0.2
for F814W> 26.5, crowding parameter crowd < 1.0, good-
ness of fit parameter chi < 2.0, and photometric errors in
both passbands ≤ 0.5 mag. The resulting CMD is discussed
in Sect. 4.

2.2 GTC Hα imaging

S17 report that there is no evidence of further pieces of
SECCO 1 within the field sampled by their ACS images.
However the ACS-WFC field is relatively small and the most
interesting (and easy to find) kind of sources to be searched
for in the surroundings of SECCO 1 are Hii regions, isolated
or in groups, that can be associated to the system. Indeed,
e.g., ram pressure stripping episodes are expected to pro-
duce star-forming blobs in large numbers (see Kapferer et
al. 2009, and the discussion in Sect. 6, below).

To look for these sources we obtained Hα imaging of a '
7.8′× 7.8′ field centered on SECCO1 MB with the OSIRIS4

camera mounted on the 10.4m Gran Telescopio CANARIAS
(GTC), at the Observatory Roque de los Muchachos, in
La Palma, Spain (program GTC42-16A, P.I.: G. Battaglia).
We used the OSIRIS tunable filters (González et al. 2014)
f657/35, sampling Hα rest-frame (FWHM' 35 nm), and
f680/43, sampling an adjacent portion of the continuum
(FWHM' 43.2 nm). We obtained a total of twenty-one
texp = 600 s images per filter, applying a dithering of a

4 http://www.gtc.iac.es/instruments/osiris/osiris.php

Figure 1. Classification diagnostic diagrams for all the SECCO 1
sources identified in Be17a for which reliable estimate of the flux

for the relevant lines could be obtained, following Kniazev et al.

(2008). Red filled circles are sources residing in MB, blue filled cir-
cles lie in SB. The threshold curves are from Kewley et al. (2001,

upper panel), and from Kniazev et al. (2008, lower panel). The

dotted line in the lower panel marks the lower limit in log(Nii/Hα)
of the locus occupied by Supernova Remnants. The upper(lower)

panel includes 24(23) of the 38 sources identified by Be17a.

few arcsec between each individual image, in various service
mode visits from January to March 2017. The typical seeing
was around ∼ 1.0′′.

All the images were corrected for flat-field and bias and
the sky was subtracted, also removing the sky ring patterns
that are typical of this observing mode of OSIRIS (González
et al. 2014). Then all the images were combined into one
single stacked f657/35 image and one single stacked f680/42
image. We used Sextractor (Bertin & Arnouts 1996) to iden-
tify sources with peak intensity >∼ 10σ above the backgroun-
dand to measure their magnitudes (magHα and magcont)
in both images. The output catalogs were combined using
codes from the Catapack suite5. Then, in a plot magHα vs.
color (magHα - magcont), we identified the sources having
an excess in magHα - magcont larger than three times the
standard deviation in a broad range around their Hα lumi-
nosity. In this way we obtained a catalog of a handful of
candidate Hα emitters, including already-known SECCO 1
sources as well as several sources which are detected only
in Hα and not in continuum images. The analysis of this
catalog is described in Sect. 5.

3 MORE FROM MUSE: IONISATION,
KINEMATICS AND IONISING SOURCES

As a first step in our review of the properties of SECCO 1,
we present some additional analysis of the MUSE data pre-

5 By P. Montegriffo, http://davide2.bo.astro.it/~

paolo/Main/CataPack.html

MNRAS 000, 1–21 (2018)



4 M.Bellazzini

Table 1. Physical properties of SECCO 1 (assuming D=17.0 Mpc)

parameter MB SB Total note

RAJ2000 12:21:54.0 12:21:55.7 from the ACS-WFC F606W imagea

DecJ2000 +13:27:36.8 +13:29:02.3 from the ACS-WFC F606W imagea

LV [LV,�] 1.2+0.5
−0.4 × 106 4.4+2.6

−1.6 × 105 1.6+0.6
−0.4 × 106 from Be17a

M?[M�] <∼ 1.2× 105 <∼ 0.4× 105 <∼ 1.6× 105 upper limit from integrated light (Be17a)

M?[M�] 7.3+3.0
−2.4 × 104 2.7+1.6

−1.0 × 104 1.0+0.4
−0.3 × 105 from integrated light (Be17a)b

M?[M�] 5.4± 1.3× 104 from CMD analysis (S17)

MHI [M�] 1.5× 107 3.6× 106 1.9× 107 from A15c

Radial size? [kpc] 1.2 1.2 radius enclosing all the Hα emission (Be17a)

rHI [kpc] 3.7 < 1.6 Hi radius from A15

V ?h [km s−1] −153.2± 1.4 −126.5± 2.5 heliocentric radial velocity (stars, Be17a)
V HIh [km s−1] −142 −123 heliocentric radial velocity (Hi, A15)

σ?Vh
[km s−1] 3.5± 2.1 2.7± 5 from Be17a

σHIVh
[km s−1] 9± 3 4± 2 from A15

〈12 + log(O/H)〉 8.37± 0.11 8.39± 0.11 8.38± 0.11 from Be17a,b

SFR [M� yr−1] 0.7± 0.2× 10−3 from Hα flux (Be17a,b)d

SFR [M� yr−1] 1.1× 10−3 from CMD analysis (S17)
Dp(MB-SB) [kpc] 7.3 proj. distance between MB and SB

Dp(stars-Hi) [kpc] ' 0.0 ' 2.5 proj. distance between stars and gas cloud

Dp(MB-NGC4299) [kpc] 582 proj. distance from proposed parent system (Be17a)
Dp(MB-M86) [kpc] 346 proj. distance from proposed parent system (S17)

Dp(MB-IC3142) [kpc] 255 proj. distance from proposed parent system (this work)

a Geometric centers of the distribution of sources, estimated by eye. For MB this is slightly different than that adopted in B17a that

referred to the center of the main northern clump of sources. To establish the geometric center of SB we used the distribution of Hii
regions on the MUSE datacube as a guideline.
b adopting M/LV =0.061 from the solar-scaled BASTI model (Percival et al. 2009) with age=30 Myr and [Fe/H]=-0.66.
c The Hii AGC229490 cloud is off-set by 0.5′ from SB.
d The reported uncertainty combines the error on the integrated Hα flux and the uncertainty associated to the adopted

calibration (Kennicutt 1998). Varying the assumed distance by ±3.0 Mpc changes the SFR by ' ±0.2× 10−3 M� yr−1.

sented in Be17a (see this paper for all the details on the ob-
servational material and data reduction). In Fig. 1 we show
the position of the individual sources identified in Be17a
in the diagnostic diagrams that are generally used to dis-
criminate Hii regions from Active Galactic Nuclei (AGN),
Supernova remnants (SNR) and Planetary Nebulae, based
on line flux ratios. According to these diagnostic diagrams,
all the considered sources are unambiguously classified as
Hii regions.

Given the star formation history inferred by S17 we ex-
pect that at least some massive stars (conventionally those
with mi ≥ 8.0 M�) have already exploded as type II Su-
pernova (SNII). We use the fraction of the total mass con-
tributed by massive stars in the stellar mass ranges 8.0–40
M� and 40–100 M�, computed by Romano et al. (2005)
for several different Initial Mass Functions (IMFs Salpeter
1955; Tinsley 1980; Scalo 1986, 1998; Kroupa et al. 1993;
Chabrier 2003), to estimate the quantity of SNe exploded in
SECCO 1, adopting M? = 1.0× 105 M� from Tab. 1. The
mass of stars with m = 8−40 M� ranges from a a minimum
of about 5500 M� with the IMF of Scalo (1986) to a maxi-
mum of 1.8×104 M� with the IMF of Tinsley (1980). Stars
in the range m = 40 − 100 M� contribute about 300 M�
(Tinsley 1980) to ∼ 6000 M� (Chabrier 2003) to the total
stellar mass budget of the system. Since, according to the
Marigo et al. (2017) stellar models of the proper metallicity
(Z=0.006), the lifetime of a 40 M� star is ' 5.0 Myr and
that of a 8 M� star is ' 40.0 Myr, we can conclude that,
if the IMF of SECCO 1 is comprised within the range of

cases considered here and independently of the detailed star
formation history, several SNII explosions should have oc-
curred in this system. Is this consistent with the fact that we
do not see signatures of shocks in the spectra of the ionised
regions of SECCO 1? Considering that in the spiral galaxy
M33, Asvarov (2014) computed a number of about 1000 ex-
pected alive (i.e., observable) Supernova remnants (SNR),
we can just scale that number by the stellar mass ratios of
the two galaxies (∼10−4), to roughly estimate the number
of expected SNRs in SECCO1, obtaining only 0.1 SNRs.
This number is indeed compatible with the non detection of
SNRs in our observations.

3.1 Kinematics, metallicity and ionisation of the
diffuse gas

In Fig. 2 and Fig. 3 we show the Hα velocity map (left
panel) and velocity dispersion map (right panel), corrected
for the intrinsic instrumental broadening for MB and SB,
respectively. The maps show only the spaxels with S/N > 3
in the Hα line, whose parameters are derived by fitting a
single Gaussian to every spaxel.

This view is complementary to the analysis of the indi-
vidual Hii regions presented in Be17a, as it traces also the
properties of diffuse ionised gas that is present in SECCO 1.
Not surprisingly, the systemic velocity of the diffuse gas fol-
lows the same velocity field as individual sources. The ve-
locity dispersion of the gas within the nebulae (not shown

MNRAS 000, 1–21 (2018)



The origin of SECCO 1 5

Figure 2. Kinematic maps for the Main Body. The Hα velocity (left panel) and velocity dispersion (right panel) are shown for all the

spaxels with S/N > 3 after a Gaussian kernel smoothing of 3 pixels (0.6′′). Hα contours are overplotted for reference, corresponding to

0.3, 0.8, 2, 6 erg s−1 cm−2 Å−1 respectively.

Figure 3. Kinematic maps and Hα contours for the Secondary Body. The arrangement and the meaning of the symbols are the same

as in Fig. 2.

in Be17a) is very uniform over the body of the system, with
mean values typical of Hii regions.

As discussed in Be17a (and already noted in B15b),
some of the sources (in particular MB25, MB59 and MB61)
show much stronger [OIII] emission than the others (specif-
ically, higher [OIII]/Hβ ratios). This may be due to a dif-
ferent metallicity or to a different degree of ionisation. To

investigate the actual origin of the anomalous [OIII] emis-
sion in these regions we use the diagnostic diagram proposed
by Dopita et al. (2016, D16 hereafter), that provides an es-
timate of both the ionisation parameter U and the oxygen
abundance 12+log(O/H) from a combination of rest-frame
optical strong line ratios.

The D16 diagram is shown in the left panel of Fig. 4,

MNRAS 000, 1–21 (2018)



6 M.Bellazzini

Figure 4. The spatially resolved emission line diagnostic by Dopita et al. (2016) for spaxels in the SECCO Main Body with S/N> 3.0
in all the emission lines involved. The diagnostic diagram is shown in the left panel, where each point correspond to a MUSE spaxel.

The metallicity scale (increasing towards the upper part of the plot) and ionisation parameter scale (increasing towards the right part)

are shown on the different grids, corresponding to different values of the ISM pressure. The spaxels whose metallicity in the Dopita et
al. (2016) scale is 12 + log(O/H) < 8.25 are plotted as green filled circles, those with 12 + log(O/H) > 8.6 as magenta filled circles,

while the spaxels with log U> −3.0 are shown as blue filled circles, independently of their oxygen abundance. The same spaxels are

over-plotted with the same color code on the Hα map in the right panel.

where the different grids shows the variation of metallicity
and log U for different values of ISM pressure. The spaxels
with S/N > 3.0 in all the lines involved ([OIII], Hα, Hβ,
[NII] and [SII] doublet) are shown as points on the grid, col-
ored according to their position in the diagram (outliers in
log U in blue, spaxels in the high-metallicity tail in magenta,
those in the low metallicity tail in green; all the others in
black). The position of the blue, green and magenta spaxels
is superposed to the Hα emission map in the right panel of
Fig. 4. The high-ionisation blue points are all clustered at
the position of the sources with the anomalosuly high [OIII]
emission, strongly suggesting that the larger [OIII]/Hβ ra-
tio is not due to variation in metallicity, but to a higher
ionisation parameter at these locations. The spaxels tracing
metallicities lower than 12+log(O/H)< 8.25 (green points)
appear to correspond to diffuse gas between the detected
Hii regions, where the mixing of metals diffused by stellar
winds and supernova explosions within each nebula is prob-
ably less effective. In any case, the metallicity variations
are ±0.25 dex across the whole system, comparable to the
uncertainties. Finally, if we limit the analysis to the spax-
els with S/N > 5.0 in all the involved lines, all the magenta
dots and most of the green ones (in particular, all those hav-
ing 12+log(O/H)≤ 8.06) disappear, showing that the tails
of the metallicity distribution are populated by the noisier
spaxels6. The high degree of chemical homogeneity of the

6 Note that in Be17a the contribution of all the spaxels associ-

ated to a given source were integrated together, providing source
spectra with much higher S/N and, consequently, more robust

metallicity estimates for the individual Hii regions.

system found in Be17a is confirmed using metallicity esti-
mates from the D16 diagram. Fully analogous conclusions
hold for SB. We do not show the D16 diagram for SB be-
cause in that piece of SECCO 1 there is no source displaying
an anomalously high [OIII] emission.

3.2 Spectroscopic constraints on the age of the
youngest stellar population

To ionise an Hii region we need O or B stars. Dors et al.
(2017) found that most extragalactic Hii regions are ionised
by stars in the Teff range 37-40 kK, with an average value
of 38.5 kK, corresponding to a MS lifetime shorter than 4
Myr (Pecaut & Mamajek 2013). This suggests that also in
SECCO 1 the ionising stars can belong to a very young
population that may be difficult to unambiguously identify
and characterise in a sparsely populated CMD. Note that
4 Myr is the age of the youngest isocrone in the PARSEC7

set (Marigo et al. 2017) that we use in Sect. 4. To investi-
gate this issue we attempt to constrain the temperature and,
consequently, the age of the stars powering the HII nebulae
in SECCO 1, using our MUSE spectra.

The effective temperature (Teff) of the ionising stars of
a nearby Hii region can be estimated through direct observa-
tion and spectral classification (see e.g. Walborn et al. 2014;
Evans et al. 2015; Lamb et al. 2015). For more distant stars,
we have an indirect estimate of Teff based on the analysis
of the emission lines of the nebular gas as proposed origi-
nally by Zanstra (1931) and later by Osterbrock & Ferland

7 http://stev.oapd.inaf.it/cgi-bin/cmd

MNRAS 000, 1–21 (2018)



The origin of SECCO 1 7

Table 2. Temperature and Spectral Type of ionising stars

Name He I 5786 Hβ HeI
Hβ

Teff STa

unit erg cm−2s−1 erg cm−2s−1 K

MB25 7.1±1.7E-18 1.07±0.02E-16 0.07±0.02 35000±2000 O7.5V
MB26 8.1±2.3E-18 5.00±0.02E-17 0.16±0.05 53000±17000b,c O2V

MB27 1.1±2.6E-17 9.13±0.02E-17 0.12±0.03 40000±3000 O5.5V
MB30 9.5±2.1E-18 6.86±0.02E-17 0.14±0.04 47000±10000c O2V

MB56 9.3±2.2E-18 8.00±0.02E-17 0.12±0.03 40000±3000 O5.5V

MB61 1.2±0.2E-17 8.65±0.02E-17 0.14±0.03 42000±2000 O4V
SB2 5.2±1.6E-18 6.21±0.02E-17 0.08±0.03 36000±2000 O7V

SB45 5.4±1.8E-18 6.08±0.02E-17 0.09±0.03 37000±3000 O6.5V

a Spectral types are from Pecaut & Mamajek (2013) for Teff ≤46000 K, while we associate the spectral type O2V

to stars with Teff >46000 K.
b Teff of this star is extrapolated from the relation given in Fig. 9 of Kennicutt et al. (2000, lower continuous curve),
since the relation is valid only for Teff <50000.
c The large errors on the Teff for these stars are due to the flattening of the relation between HeI

Hβ
and Teff for HeI

Hβ
> 0.12.

Figure 5. MUSE spectra (from B17a) of three Hii regions listed in Tab. 2, representative of the quality of the whole sample (in terms

of flux in the HeI5786 line). The spectra of the sources with the highest and the lowest HeI5786 fluxes (MB61 and SB2, respectively)

are plotted, as well as an intermediate case (MB25). The spectral range shown include the lines used to estimate the temperature of the
ionising stars. Arbitrary shifts in flux are applied to the spectra of MB61 and SB2 to make the plot readable. Blank vertical bands mask

regions of the spectra badly affected by the residual of strong sky lines.

(2006). In particular, we have used the ratio between the Hei
5876Å line and Hβ which gives an estimate of the effective
temperature nearly independent of the ionising parameters
(see, e.g., Fig. 9 of Kennicutt et al. 2000).

In Tab. 2 we summarise our results for all the B17a Hii
regions where the Hei line can be reliably measured from our
MUSE data. In Fig. 5 we show the relevant portion of the
MUSE spectrum for a representative sample of the sources
listed in Tab. 2. The table reports the observed fluxes of the

Hβ and of the Hei lines, their ratios, the corresponding Teff ,
and an indicative spectral classification. All stars belong to
the O spectral type, being all hotter than > 35 kK. This
means that they are more massive than 20 M� and indeed
younger than ' 4 Myr. The main conclusion is that star-
formation occurred very recently in SECCO 1, in fact it
may be currently ongoing.
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Figure 6. Color magnitude diagrams from HST/ACS photometry of circular regions of radius=20′′ centered, from left to right, on the
center of the main body of SECCO 1, on the center of the secondary body of SECCO 1, on the center of the Virgo dwarf spheroidal

Dw J122147+132853, and on a region devoid of resolved stellar systems (Control Field). The polygonal contour at F814W≤ 27.0 and

F606W-F814W' 1.0 approximately encloses the intra cluster population of RGB stars as sampled by Williams et al. (2007), the thick
vertical segment at F606W-F814W= 0.4 is the ridge line of the blue intra cluster population from the same source (the difference in

E(B-V) between the two lines of sights is < 0.03 mag and it has been neglected). Blue circles are sources cross-identified in the list of Hii
regions in B17a; those having a skeletal triangle inscribed are recognised as more extended than individual point-sources by DOLPHOT.
To superpose the PARSEC isochrones (grey curves) we adopted D=17 Mpc and E(B − V ) = 0.048.

4 HST+MUSE: THE STELLAR CONTENT OF
SECCO 1

Using synthetic CMDs from stellar models, S17 concluded
that the CMD they obtained from HST data is compati-
ble with continuous star formation between 50 and 7 Myr
ago. They found no evidence of older stars associated to
SECCO 1 in their CMD and they established that the ob-
served diffuse light can be accounted for by the unresolved
low-mass counterpart of the 7-50 Myr old population. Unfor-
tunately, the actual upper limit that S17 were able to put on
the total mass in old stars is very weak, M? < 6× 105 M�,
i.e., the data are still compatible with the presence of an
old stellar population comparable to or even larger than the
young component, in mass.

Here we re-analyse the stellar content of SECCO 1 in
the light of the results obtained with MUSE, using the in-
dependent photometry we obtained from the S17 data, as
described in Sect. 2.1. In Fig. 6 we show the CMD of four
circular regions of the ACS-WFC field with radius=20′′, cor-
responding to ' 1.6 kpc at D=17.0 Mpc. The first two re-

gions are centred on SECCO 1 MB and SB, respectively. The
third is centred on a dwarf spheroidal galaxy lying in the
Virgo cluster that was serendipitously included in the ACS-
WFC images of SECCO 1, Dw J122147+132853 after S178.
The fourth region samples a portion of the field far away
from any resolved stellar system, as a Control Field (CF)
providing an idea of the properties of the back/foreground
population that should contaminate the CMDs of SECCO 1.

The CMD of the Control Field seems populated by the
typical intra cluster (IC) population of Virgo, consisting of a
Red Giant Branch (RGB, stars with age >∼ 1−2 Gyr) and a
broad vertical plume of younger blue stars (see, e.g. Williams
et al. 2007, discussion and references therein). We used the
deep CMD of Virgo IC stars by Williams et al. (2007) to

8 In the left panel of Fig. 14 by Be16 Dw J122147+132853 can

be seen ' 110′′ to the West of SECCO 1 SB. It looks similar to

other small LSB Virgo dwarfs identified in that paper but we do
not include it in the Be16 list because it is partially superimposed

on a distant disk galaxy, making its classification ambiguous.
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Figure 7. Upper panels: Hα emitting sources from Be17a hav-

ing a counterpart in our catalog from HST photometry are plot-
ted as blue circles over two portions of the F606W ACS im-

age of SECCO 1-MB (left panel) and of SECCO 1-SB (right

panel). Lower panels: Hα intensity contours over-plotted on the
same image, with the same scale. The contour levels are, from

the outermost to the innermost: 0.5, 1.0, 2.0, 4.0, 8.0, 16.0

×10−18 erg cm2 s−1. In all the panels North is up and East
to the left.

derive the mean locus of IC blue stars (plotted here as a
thick vertical segment) and the thick polygonal contour ap-
proximately enclosing the IC RGB population near the RGB
Tip. Note that, according to Williams et al. (2007), the in-
tra cluster RGB stars in their sample span the metallicity
range −2.3 ≤ [M/H] ≤ 0.0. The limiting magnitude of our
photometry is a strong function of color and runs nearly par-
allel to the right side of the polygonal contour. Hence the
reddest stars of the IC RGB population are not seen here
because they are beyond our detection limit. This implies
that a population of metal-rich (Z>∼ 0.004) RGB stars as-
sociated with SECCO 1 may have gone undetected because
the photometry is too shallow.

On the other hand, it is easy to see that the RGB stars
dominating the CMD of the Dw J122147+132853 dSph are,
in average, bluer than their IC counterparts, suggesting that
the mean metallicity of the dSph is lower than that of the
old IC population in this specific line of sight. Note that
the clear detection of the RGB Tip of Dw J122147+132853
around F814W∼ 27.0 allows us to unambiguously locate it
at the distance of the Virgo cluster. Since the dSph appears
to contain only old stars, its CMD can be considered as an
additional Control Field for F814W< 26.5.

The CMDs of both MB and SB show an obvious ex-
cess of blue stars (F606W-F814W< 0.0) and of red stars
brighter than F814W= 25.5 with respect to the dSph field

and the CF. These stars are the characteristic population
of SECCO 1, as witnessed also by the significant fraction of
them being cross-identified with peaks of Hα emission found
by B17a in the MUSE images (blue circles). The identifica-
tion of sources associated with Hii regions in the CMD of
Fig. 6 is an important development with respect to the anal-
ysis by S17, with implications on the interpretation of the
diagram (see below). The position of the MUSE sources in
the ACS image is illustrated in the upper panels of Fig. 7,
while in the lower panels of the same figure we over-plotted
the Hα intensity contours. There are several interesting con-
siderations regarding the CMDs of Fig. 6:

(i) We confirm the conclusion by Be16, Be17a and S17
that no trace of excess RGB population is seen around
SECCO 1. Unfortunately, the GO-13735 images are so
shallow that only the very tip of the RGB of metal-
poor/intermediate populations at D' 17.0 Mpc can be
(barely) reached, while the tip of metal-rich populations is
below the detection threshold. Deeper photometry would
allow to draw much firmer conclusions on this crucial is-
sue. However, based on lack of detection also in diffuse light
(S17), in the following, as a working hypothesis, we will as-
sume that the star formation in SECCO 1 started <∼ 50 Myr
ago.

(ii) The apparent lack of an RGB associated with
SECCO 1 prevents a robust estimate of the distance of
the system, that remains quite uncertain. For example a
distance as large as D=30 Mpc, as unlikely as it may ap-
pear, cannot be firmly excluded with the existing photomet-
ric data. The luminosity of the O stars associated with the
Hii regions broadly imply D>∼ 10 Mpc (see Sect. 3.2). The
strong deviation from the Hubble flow at distances larger
than ' 3 Mpc (see, e.g. McConnachie 2012) remains the
most robust argument for SECCO 1 to belong to the Virgo
cluster (see B15b) and to the LVC, in particular (S15, B17a,
S17).

(iii) We tentatively fit the CMD of SECCO 1 with two
isochrones from the most recent PARSEC set (Marigo et al.
2017), with the mean metallicity of SECCO 1, as measured
by Be17a, assuming D= 17.0 Mpc. The isochrones of age
4 Myr (light grey) and 35 Myr (dark grey) appear to nicely
bracket the stellar population that can be unambiguously
associated to SECCO 1. The comparison with the dSph and
CF CMDs suggests that there is no compelling evidence for
a significant population older than '35 Myr (but see S17).
We confirm that there is no obvious difference in stellar pop-
ulation between MB and SB (S17).

(iv) Reines et al. (2010) showed that the spectrum of the
ionised gas can strongly affect the broadband photometry of
massive stars within Hii regions. Both the continuum and
strong emission lines can have a sizeable impact (note, e.g.,
that the F606W passband fully encloses both the [OIII] and
Hα lines, that are seen to vary by a considerable amount
from region to region in SECCO 1, see Be17a). Hence inter-
preting the position in the CMD of stars associated with Hii
regions (large blue circles in Fig. 6) with stellar isochrones
may lead to misleading conclusions. This kind of effect is
likely at the origin of the fact that some stars associated
with Hii regions have colors F606W − F814W ∼ 1.0, typi-
cal of stars with Teff ∼ 4000 K, while the observed nebular
spectra require a ionising source of much higher tempera-
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Figure 8. The newly identified candidate Hα emitter in the surroundings of SECCO 1. Left panel: GALEX NUV image (with a Gaussian
smoothing of 3 px size applied) with the source (100038 / GALEX J122208.9+132962) labeled. A nearby bright star is also identified

for reference, as well as SECCO 1 SB. Right panel: continuum-subtracted Hα image from our GTC-OSIRIS observations. In addition to

100038 and SB, here we labelled the possible companion source 100046. Note that there are sources (outside SB) that have a significant
residual in the Hα image but have no counterpart at all in GALEX (and vice versa). In both images North is up and East to the left.

Table 3. Additional candidate Hii regions possibly associated to SECCO 1

ID GALEX ID RAJ2000 DecJ2000 magNUV ga ra Hα fluxb

deg deg mag mag mag 10−18 erg cm−2 s−1

100038 J122208.9+132952 185.5373356 13.4980710 23.64± 0.42 22.430± 0.076 22.133± 0.041 ' 210
100046 185.5365535 13.5015474 23.543± 0.087 22.994± 0.008 ' 140

a Sextractor Kron magnitudes (MAG AUTO) from the deep images of Bellazzini et al. (2015a).
b Assuming the same distance of SECCO 1, D=17.0 Mpc.

ture (Teff >∼ 30000 K, see Sect. 3.2). Since some contribution
from nebular spectra may affect also the stars not directly
associated with a Hα peak detected in the MUSE data-cubes
(due, e.g., to diffuse emission, see Fig. 7), the overall CMD
of SECCO 1 must be interpreted with some caution.

(v) We have marked with a skeletal triangle symbol the
MUSE sources that are recognised by DOLPHOT as signif-
icantly more extended than point sources of the same mag-
nitude, according to the sharpness parameter. Most of them
are fainter than F814W=26.5 while most of the brightest
MUSE sources appear as normal stars. This implies that,
in general, sources associated with Hii regions of SECCO 1
are unresolved in the available ACS images (i.e. are point-
like) and blending is the most likely reason why many of the
faintest sources appear slightly extended.

5 Hα IMAGING: SEARCHING FOR
ADDITIONAL PIECES

It is likely that some of the candidate Hα-emitting sources
selected in Sect. 2.2 from the GTC images are not related to
SECCO 1. Background galaxies that happen to have strong
emission in the wavelength window of the f657/35 filter are
an obvious example. Since SECCO 1 sources are clearly seen
also in GALEX NUV images from the GII survey, we de-
cided to validate our candidates by asking that they are de-

tected also in these images. Indeed we found a source with
strong Hα excess that is detected in the GALEX NUV im-
age enclosing SECCO 1, ' 3.3′ to the East-North-East of
SB, as shown in Fig. 8. The source (ID number 100038 in
our catalog) is seen as extended both in the OSIRIS images
and in the deep g,r images of the original SECCO survey
(Bellazzini et al. 2015a). It has a nearby point-like compan-
ion (100046) with significant Hα excess. Despite the lack
of a GALEX counterpart we include also this source in the
list of candidate additional Hii regions possibly associated
with SECCO 1 (Tab. 3) because of its extreme proximity to
100038 (12.7′′).

We derived a rough estimate of the Hα flux of 100038
and 100046 by comparison with SECCO 1 SB sources that
have been measured in Be17a, assuming that the newly
found candidates lie at the same distance. The derived fluxes
are similar to those of confirmed SECCO 1 sources (Be17a).
It is important to note that 100038 and 100046 lie just be-
yond the circle of radius 4.0′ centred on the centre of the
OSIRIS field of view that is safe from any contamination of
other interference orders and should be considered as the ac-
tual operative field of view of OSIRIS tunable filters. More-
over, all the known SECCO 1 sources that are seen in the
OSIRIS images are not detected or very weak in the contin-
uum images, while the continuum flux of the two candidates
identified here is clearly detected. Still, especially given the
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GALEX detection of 100038, they remain good candidate
Hii regions.

While a spectroscopic follow-up is needed to ascertain
the nature of 100038 and 100046, as well as other Hα
sources lacking a GALEX counterpart, the overall result
of our search for additional star forming regions associated
to SECCO 1 is largely negative. In particular, we did not
found any reliable candidate in the region suggested by Be16
as possibly hosting additional SECCO 1 sources (see their
Fig. 14; the region is partially vignetted by the gap between
the two chips of OSIRIS). The operative OSIRIS field sam-
ples a projected circular area with radius ' 20 kpc around
SECCO 1 at the distance of D=17 Mpc, still only one can-
didate with properties analogous to known SECCO 1 pieces
has been found.

6 THE NATURE OF SECCO 1

In Fig. 9 we show SECCO 1 MB and SB in the MV vs.
log(rh) relation for dwarf galaxies in the Local Volume (from
McConnachie 2012) and in the baryonic Tully-Fisher rela-
tion (see Taylor et al 2013; Lelli et al. 2016; Iorio et al. 2017,
and references therein). Only MB is included in the last dia-
gram since only for this component A15 provide an estimate
of Vrot based on the velocity gradient seen in Hi (see also
Be17a). The two diagrams show that, taking the observ-
ables at face value, the structural and dynamical properties
of SECCO 1 are in the range of those expected for a dwarf
galaxy of the same baryonic mass.

On the other hand, the velocity field of the overall sys-
tem (gas + stars), and the off-set in position between SB
and AGC 229490 suggest that it is unlikely that the system
is in dynamical equilibrium (see also Sect. 7, below). If con-
firmed, also the lack of an underlying old population would
argue against the hypothesis that SECCO 1 is an ordinary,
albeit very dark, dwarf galaxy (see Bekki 2015, for a theo-
retical framework for the evolution of almost-dark galaxies
similar to SECCO 1).

However, the strongest, and likely ultimate, argument
against this hypothesis is provided by Fig 10, which displays
how far SECCO 1 is from the stellar mass - metallicity re-
lation of normal galaxies (see B15a, Be17a, S17). It is clear
that such a high (and extremely homogeneous) metallicity
cannot arise from chemical evolution within a stellar sys-
tem of such low mass. The stripping of some pre-enriched
gas from, e.g., the disc of a spiral galaxy appears as the
most likely origin for the system, as it would fit both the
high metallicity and the (possible) lack of an old stellar
population. There is no obvious way of distinguishing be-
tween a tidal stripping or a ram pressure stripping event
for the origin of SECCO 1. Indeed, as noted by B17a, the
location of SECCO 1 in Fig. 10 is typical of tidal galaxies
(see, e.g. Sweet et al. 2014; Duc et al. 2014, and references
therein). However, star-forming knots similar to SECCO 1
are sometime seen to originate in ram pressure stripping
episodes within galaxy clusters (fireballs, see, e.g., Yoshida
et al 2012; Fumagalli et al. 2011; Kenney et al. 2014, refer-
ences and discussion therein) and are predicted to occur in
hydrodynamical simulations (Kapferer et al. 2009).

Figure 9. Upper panel: SECCO 1 MB and SB (large red filled
circles) in the integrated absolute V magnitude vs. log of the

half-light radius diagram. Small empty circles are dwarf galaxies

in the Local Group from McConnachie (2012). As a proxy for the
half-light radius for MB and SB we adopted half of the radial size

reported (and defined) in Tab. 1. Lower panel: baryonic Tully-

Fisher relation. Open squares are from Lelli et al. (2016) and
filled squares from Iorio et al. (2017); the grey line is the best-

fit for the accurate distances sample by Lelli et al. (2016). The

baryonic mass of SECCO 1 MB (large red filled circle) has been
computed by summing the Hi mass corrected for the contribution

of helium to the total gas mass according to Lelli et al. (2016);

the rotation velocity is from A15 that provide an estimate of this
quantity only for MB.

6.1 Comparison with fireballs

Yoshida et al (2012) and Hester et al. (2010); Fumagalli et
al. (2011); Kenney et al. (2014) provide very detailed analy-
ses of star-forming knots within Hα tails likely arising from
strong ram-pressure stripping events in galaxy clusters. All
these authors refers to these compact UV and Hα emitting
blobs as fireballs. The similarities of SECCO 1 with fireballs
was already briefly noted in B15a; here we make a more
thorough comparison.

Yoshida et al (2012) show that fireballs have emission
line-ratios typical of Hii regions and the same metallicity as
the gas in the parent galaxy. They have typical sizes similar
to SECCO 1 (1-2 kpc, but with rh ' 200 − 300 pc) and
similar or larger stellar masses (e.g., those considered by
Fumagalli et al. 2011, have 3.9 × 104 M� ≤ M? ≤ 5.0 ×
105 M�). Typical mean ages seem larger than SECCO 1,
in the range ∼ 80− 400 Myr, but (g-r) colors are similar to
SECCO 1 and the presence of Hii regions imply very recent /
ongoing star formation. Fumagalli et al. (2011) report a star
formation rate of 10−3−10−4 M�yr−1, again pretty similar
to SECCO 1. Kenney et al. (2014) report on the detection
of a single unresolved Hi cloud with mass 3.7 × 107 M�,
not clearly associated with an individual fireball but having
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Figure 10. SECCO 1 as a whole into the stellar mass - metallicity

relation. Small triangles are the z' 0 sample of Hunt et l. (2016),

large triangles are from Andrews & Martini (2013), the light grey
long-dashed curve is the best-fit to the same data (from direct-

method oxigen abundance estimates) extrapolated to low masses,

from the same source. The dark grey continuous line is the stellar
mass - metallicity relation from planetary nebulae by Gonçalves

et al. (2014). SECCO 1 is represented as a large red filled circle.

systemic velocity similar to several Hii regions in the ram-
pressure tail of IC 3418.

While many intrinsic properties of fireballs are quite
similar to those of SECCO 1, there is also at least one re-
markable differences. Fireballs are found within a few tens
of kpc from their parent galaxy, within obvious cometary
tail structures, and they ignited the star-formation as soon
as they were stripped. On the other hand the cloud that
formed SECCO 1 traveled for a long time away from its
parent galaxy and it is currently forming star in conditions
of extreme isolation.

6.2 Candidate parent galaxies

B17a proposed the interacting galaxy pair formed by
NGC 4299 (Vh = +258 km s−1) and NGC 4294 (Vh =
+369 km s−1) (Chung et al. 2009) as a possible site of origin
for the gas cloud that is now SECCO 1 9. The gas distri-
bution of these galaxies shows signs of the effects of both
ram-pressure and tides and their velocities are compatible
with the range of LVC galaxies, but they are more than
500 kpc apart from SECCO 1, in projection (see Tab. 1).
S17 noted that the M 86 (Vh = −183 km s−1) group is also
member of the Virgo LVC and it is located at ' 350 kpc, in
projection, from SECCO 1. Galaxy-galaxy interactions are

9 All the parameters of candidate parent galaxies reported
in this section are taken from the SIMBAD database

http://simbad.u-strasbg.fr.

Figure 11. Deep g-band image of the interacting group of dwarfs

suggested as candidate site of origin of SECCO 1, from the Next

Generation Virgo cluster Survey (Ferrarese et al. 2012). North is
up and East is to the left. Density contours at arbitrary intensity

levels have been drawn to put in evidence low surface brightness
substructures, like the prominent tidal tail of VCC 322 or the very

low SB dwarf to the West-South-West of VCC 334 (labelled). The

white arrow shows the direction from VCC 322 towards SECCO 1
MB.

clearly ongoing and, in particular, M 86 is likely interact-
ing with NGC 4438 (Vh = +98 km s−1) and both seems to
be undergoing ram-pressure stripping, with a short X-ray
and Hα emitting tail generically pointing in the direction of
SECCO 1. We note that in the surroundings of the same
group an extended Hi tail is probably being stripped from
NGC 4388 (Vh = +2555 km s−1) by its interaction with M 86
in a direction nearly perpendicular to that toward SECCO 1
(Oosterloo & van Gorkom 2005), showing that this environ-
ment is particularly active as a source of stripped Hi clouds.

In Fig. 11 we present a new promising candidate site for
the origin of SECCO 1, the group of dwarf galaxies VCC 322
(Vh = −438 km s−1), VCC 319 (Vh = −209 km s−1) and
VCC 334 (Vh = −213 km s−1)10. These have velocities typ-
ical of LVC members and are likely mutually bound and
interacting. Two of them are gas-rich and star-forming
(VCC 322 and VCC 334) while the other is red and with no
Hi detected. Their absolute integrated r magnitudes are all
enclosed between Mr = −15.9 and -16.1. The stellar masses,
derived as in Bellazzini et al. (2017) adopting the color vs.
mass-to-light relations by Roediger & Courteau (2015), are
M? ' 9.0× 107 M�, 3.8× 108 M�, and 8.3× 107 M� for

10 The NGSV image shown in Fig. 11 reveal the presence of a
very low surface brightness amorphous galaxy located ' 70′′ to

the West-South-West of VCC 334. This may be an additional

member of the group.
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VCC 322, VCC 319, and VCC 334, respectively. In projected
distance they are closer to SECCO 1 than the candidates de-
scribed above (' 250 kpc, see Tab. 1).

However, the feature that makes them particularly
promising as candidate parents for SECCO 1 is their chem-
ical composition. Both VCC 322 and VCC 334 have good
spectra in the range 3800Å<∼λ<∼ 9200Å from the Sloan
Digital Sky Survey - Data Release 12 (Alams et al. 2015)
with measured fluxes for several strong emission lines11. We
estimated the oxygen abundance of these two galaxies in
the same way as we did for SECCO 1 in Be17a, averaging
the results of the indicators N2 and O3N2 from Pettini &
Pagel (2004). For both galaxies we obtain 12 + log(O/H) =
8.3 ± 0.2, i.e. the same abundance of SECCO 1, within the
uncertainties (that here include observational errors and un-
certainties in the calibrations of the relations between oxy-
gen abundances and strong-line indicators), and consistent
with the range of abundances of galaxies with that stellar
mass, albeit slightly on the high side, possibly suggesting
that they indeed lost some mass in the past. Adopting the
linear stellar mass - metallicity relation by Gonçalves et al.
(2014), shown in Fig. 10, 12 + log(O/H) = 8.10, 8.09, and
8.25 is obtained for VCC 322, VCC 334, and VCC 319, re-
spectively.

A close two/three body encounter may have produced
the required stripping episode. It is tantalising to imagine
that the same episode transformed VCC 319 into the passive
gas-less system that we see today.

7 HYDRODYNAMICAL SIMULATIONS OF A
PRESSURE-SUPPORTED CLOUD

B17a estimated that if the gas cloud that gave rise
to SECCO 1 detached from the interacting galaxy pair
NGC 4299 + NGC 4294, it should have travelled for at least
∼ 1.2 Gyr within the LVC ICM to reach its current position,
given the projected distance to the pair and the radial ve-
locity difference. Analogous computations imply travel times
> 1.0 Gyr also from the other proposed parent galaxies or
galaxy groups. Hence, the extreme isolation of SECCO 1
implies that the system has survived within its environment
for a long time before the onset of star formation. Is this
occurrence realistic? Are such kind of clouds expected to
have lifetimes longer than 1 Gyr? To attempt an answer
to the last question we performed a two-dimensional high-
resolution hydrodynamical simulation of a cold gas cloud
travelling through a hot and low-density ambient medium,
with the typical features of the LVC ICM.

7.1 Simulation set up

The simulation was carried out with the ATHENA code
(Stone et al. 2008), using a two-dimensional Cartesian geom-
etry and a fixed grid with size 40 kpc × 40 kpc and spatial
resolution 5 pc × 5 pc. We included a module for the clas-
sical thermal conduction (Spitzer 1956) with an efficiency

11 See dr12.sdss.org/spectrumDetail?plateid=1766&mjd=53468&fiber=56 and
dr12.sdss.org/spectrumDetail?plateid=1766&mjd=53468&fiber=50 for VCC 322 and

VCC 334, respectively.

of 10% (accounting for the presence of tangled magnetic
fields) and a module for radiative gas cooling and heating
in the presence of collisional ionisation, and photoionisation
from an uniform UV background at redshift z = 0. Cooling
and heating rates have been obtained through the CLOUDY
spectral synthesis code (Ferland et al. 2013) and the spec-
trum of the background radiation field has been taken from
Haardt & Madau (2012). The temperature cutoff for radia-
tive cooling is 103 K, then molecular cooling is not included
in our simulation. For further details on the hydrodynam-
ical treatment of thermal physics we refer to Armillotta et
al. (2016, 2017). Moreover, we used an adaptive and mov-
ing grid that follows the cloud during its own motion. We
neglected the presence of an external gravitational poten-
tial and self-gravity inside the cloud (we justify the latter
assumption in Sec. 7.2).

The parameters of the simulation are listed in Table 4.
The temperature of the hot gas, Thot = 5 × 106 K, was
calculated through the following formula:

Thot =
3σ2

rµhotmp

2kB
, (1)

where µhot ' 0.59 is the mean molecular weight of the hot
gas, mp the proton mass, kB the Boltzmann constant and
σr ∼ 208 km s−1 is the radial velocity dispersion of the ICM
in LVC (Boselli et al. 2014). The hot gas metallicity was
set to 0.1 Z�, according to the metallicity of the ICM at
1.1 Mpc from the center of the Virgo cluster (Urban et al.
2011), where 1.1 Mpc is the projection on the sky of the
physical distance between NGC4216, the central galaxy of
LVC, and M87, the central galaxy of Cluster A. Finally, the
numerical density of hot gas was set to 2.5×10−5 cm−3. This
value was derived from the total mass (dark and baryonic
matter) density in LVC. For this calculation, we assumed
that the hot gas density distribution follows the dark matter
density profile given by Navarro et al. (1996):

ρ(r) = ρcr
∆vir

3

cvir
f(cvir)

r3
s

r(r + rs)2
, (2)

where ρcr is the critical density of the Universe and ∆vir is
the virial overdensity provided by the dissipationless spheri-
cal top-hat collapse. In the ΛCDM cosmological model with
Ωm = 0.3 the value of ∆vir is ∼ 340 at z = 0 (Bryan &
Norman 1998). Moreover, cvir is the concentration parame-
ter associated to the mass, Mvir, contained within the virial
radius, rvir, rs ≡ rvir/cvir is a scale radius and f(cvir) a
function of cvir (see Duffy et al. 2008, for definitions of cvir
and f(cvir) at redshift z = 0). The virial mass of LVC,
Mvir ∼ 1.2 × 1013 M�, has been estimated through the
virial theorem:

Mvir =
3rvirσ

2
r

G
(3)

where G is the gravitational constant and the virial radius,
rvir, is defined as the radius of a sphere within which the av-
erage mass density is ∆virρcr. By using Eq. 2, we calculated
the total mass density, ρ(r), at 430 kpc from the center of
LVC, where 430 kpc is the projection on the sky of the phys-
ical distance of SECCO 1 from the central galaxy of LVC.
The mass density of hot gas was estimated by multiplying
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Table 4. Initial parameters of the simulation: hot gas temperature Thot, hot gas density nhot, hot gas metallicity Zhot, cloud temperature

Tcl, cloud density ncl, cloud metallicity Zcl, cloud radius Rcl, cloud velocity vcl.

Thot nhot Zhot Tcl ncl Zcl Rcl Mcl vcl
(K) (cm−3) (Z�) (K) (cm−3) (Z�) (kpc) (M�) ( km s−1)

5× 106 2.5× 10−5 0.1 5× 103 2.6× 10−2 0.5 3.7 9.4× 107 200

Figure 12. Temperature (top panels) and number density (bottom panels) snapshots of the simulation at t=250 Myr (left panels),

t=500 Myr (middle panels) and t=1 Gyr (right panels) for the 2D simulation.

ρ(r = 430 kpc) by the universal baryon fraction (∼ 0.17,
e.g., Komatsu et al. 2009) by the expected fraction of hot
gas (∼ 0.3, Dai et al. 2010).

For the cloud temperature we adopted a value of
5000 K, according to the mean temperature of the diffuse
Hi (e.g., Wolfire et al. 2003; Roy et al. 2013). The cloud
metallicity was set to 0.5 Z�, following B17a. The cloud
velocity with respect to the surrounding medium is set at
200 km s−1, similar to the velocity dispersion of the LVC
(Boselli et al. 2014). The cloud radius is 3.7 kpc (A15).
We note that the cloud is fully resolved since its radius
is almost three orders of magnitude larger than the res-
olution of our spatial grid. From the radius and the to-
tal Hi mass, we derived the Hi numerical density of the
cloud, ncl,HI ' 2.9 × 10−3 cm−3. To calculate the total
numerical density, ncl, we divided ncl,HI by µcl ' 0.71, the
mean molecular weight of the cloud, and XHI/A ' 0.16,

the mass abundance of Hi with respect to all elements at
T = 5000 K and Z = 0.5 Z�. Both these values have
been obtained through our CLOUDY modelling. We found
ncl ' 2.6 × 10−2 cm−3. We note that this value of density
almost corresponds to the density required for the cloud to
be in pressure equilibrium with the ambient medium. Given
this density and including the contribution of neutral and
ionized hydrogen, helium and metals, the total mass of the
cloud is Mcl = 9.4× 107 M�. The simulation ran for 1 Gyr.

7.2 Results

Figures 12 and 13 display the results of our simulation.
Fig. 12 shows the temperature (top panel) and number den-
sity (bottom panel) distributions on the grid at different
simulation times. The cloud evolution proceeds quite slowly
during 1 Gyr. Until 250 Myr, the initial spherical cloud is
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Figure 13. Evolution of the cold gas (T < 2 × 104 K) fraction

as a function of time in the 2D simulation.

completely intact, and all its features (temperature, density
and radius) remain nearly constant. The only difference is
the presence of a parabolic layer around the cloud, charac-
terized by temperatures that slowly increase from the cloud
to the ambient temperature. This effect is explained by the
presence of thermal conduction, which smooths the temper-
ature gradients at the interface between cold and hot gas,
leading the gas cloud to evaporate. After 250 Myr, hydro-
dynamical instabilities start to develop at the edge of the
cloud, slowly causing its deformation. Moreover, the cloud
expands - with an average radius that increases by more
than a factor two after 1 Gyr - decreasing its density but
keeping its temperature nearly constant. Indeed, in order
to preserve pressure equilibrium with the ambient medium,
the cloud continuously adapts to the surrounding thermo-
dynamical changes. The gas temperature around the cloud
decreases both because thermal conduction makes the tem-
perature gradient more and more smooth, and because the
gas lost from the cloud quickly evaporates creating a wake
at intermediate temperature. As a consequence, the cloud
density decreases, while its temperature remains constant
due to thermal effects, as we discuss later.

Fig. 13 shows the time evolution of the mass of cold gas
at T < 2× 104 K. Above such a temperature, the hydrogen
is generally completely ionised. The loss of cold gas mass
from the cloud is negligible, it is ∼ 6% of the initial mass of
the cloud after 1 Gyr.

The cloud survival strongly depends on the efficiency
of ram pressure exerted by the ambient medium. External
ram pressure slows down the cloud during its motion, trig-
gering the formation of hydrodynamical instabilities and the
subsequent cloud destruction. However, the efficiency of ram
pressure decreases with increasing the cloud mass. The time
scale associated to this phenomenon is the so-called drag
time (e.g., Fraternali & Binney 2006):

tdrag =
Mcl

vclσρhot
, (4)

where σ ' πRcl2 is the cross section of the cloud. In our case,
tdrag ∼ 28 Gyr, more than two orders of magnitude larger
than the simulation time. The relatively large mass of the
cloud and the low density of the surrounding medium make
the ram pressure effect very weak and justify its solid body-
like behaviour. The low density of the medium is justified
by the fact that the cloud is located at the edges of the
LVC halo. Indeed, the distance of the cloud from the center
of LVC, 430 kpc, is slightly larger than the virial radius,
∼ 400 kpc (see Eq. 3).

The cloud is also stabilised by thermal effects. Ac-
cording to our CLOUDY cooling function, T ∼ 6000 K is
the equilibrium temperature between radiative cooling and
heating at numerical density n ∼ ncl. Moreover, the cloud
evaporation driven by thermal conduction is very slow. Ac-
cording to the classical theory, the evaporation time of our
cloud is ∼ 24 Gyr (Cowie & McKee 1977, where we consid-
ered an efficiency of thermal conduction of 10%), once again
two orders of magnitude larger than the simulation time.

In order to evaluate if the presence of self-gravity could
affect our results, we calculated the virial ratio of the cloud.
The virial ratio is a dimensionless value that measures the
gravitational binding of a cloud: clouds with virial ratio
lower than 2 are gravitationally bound. For our cloud, the
virial ratio is ∼ 4, indicating that the cloud is pressure-
supported and globally stable against the collapse. The main
effect that the presence of self-gravity could have on the
global evolution of the cloud should be to further stabilize it
against the formation of hydrodynamical instabilities (Mur-
ray et al. 1993).

Given all the above considerations, we can conclude that
gas-clouds similar to SECCO 1 can be long-lived in the LVC
environment and can travel nearly intact for hundreds of
kpc from the site of their formation Burkhart & Loeb (see
also 2016). The results of the N-body/hydrodynamical sim-
ulations by Kapferer et al. (2009, discussed in more detail
below) also suggest that cold gas clouds can be long lived
in the cluster medium, as ram-pressure stripped gas clumps
are still alive at the end of their simulation, 0.5 Gyr after the
stripping event. It is also interesting to note that the friction
of the ICM has only minor effects. The systemic velocity of
the cloud decreases by just ' 8.0 km s−1 in the 1 Gyr of our
simulation.

7.3 A lower resolution simulation in three
dimensions

As an independent validation of the results of our 2D sim-
ulation, we ran a lower resolution, three dimensional hy-
drodynamic simulation of a cold gas cloud flowing in a hot
medium, adopting a very similar set-up. We used a cus-
tomised version of the grid-based, Adaptive Mesh Refine-
ment (AMR) hydro-code RAMSES (Teyssier 2002). In our
three-dimensional Cartesian Grid, the computational box
has a volume of L3

box = (40 kpc)3. Since a resolution similar
to that of the 2D simulation is computationally prohibitive,
we run a small series of 3D simulations at increasing resolu-
tions, starting from the same initial conditions, and checked
numerical convergence in order to assess the robustness of
our results.

Another difference with respect to the 2D setup con-
cerns the grid, which in this case is not fixed. We exploit
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Figure 14. Temperature (top panels) and number density (bottom panels) snapshots of the simulation at t=250 Myr (left panels),

t=500 Myr (middle panels) and t=1 Gyr (right panels) for the 3-D simulation.

Figure 15. Evolution of the cold gas (T < 2 × 104 K) frac-
tion as a function of time in the 3D simulation. The results from

simulations with three different values for the maximum resolu-
tion are shown, as a convergency test. Dotted-dashed cyan line:
levelmax = 7, dashed blue line: levelmax = 8, black contimuous

line: levelmax = 9. The corresponding maximum resolution is
312 pc, 156 pc, and 78 pc, respectively.

instead the reduced computational cost of the AMR tech-
nique. Initially, the refinement criterium is geometry-based:
maximum resolution12 is assigned to a sphere of size ∼ 8
kpc, chosen to be larger than the whole cloud. The result-
ing initial grid is nested, with the computational region lo-
cated outside the maximum resolution sphere refined at in-
termediate resolution; the minimum resolution, ∼ 2.5 kpc, is
adopted in the outermost regions of the box. At later times,
the refinement strategy is discontinuity based, i.e. resolution
is increased in regions presenting a steep density contrast.

As initial conditions, in a reference frame whose origin
is placed at the centre of the cold gas cloud, the hot gas
is moving along the x-axis at a velocity of 200 km/s. The
cold cloud is assumed to be homogeneous and characterised
by a uniform temperature, as the external, hotter medium,
representing the ICM. The initial parameters characterising
both the cloud and the ICM are the same as the ones used
in the 2D simulation (Table 4).

Also in this case, radiative cooling and heating are taken
into account. The cooling function implemented in RAM-
SES takes into account both atomic (i.e., due to H and He)
and metal cooling (see Few et al. 2014). The contribution
from metals at temperatures above 104 K is accounted for
through a fit of the difference between the cooling rates cal-
culated at solar metallicity and those at zero metallicity us-
ing the photoionisation code CLOUDY (Ferland et al. 1998).

12 The maximum resolution can be computed as Lbox ×
0.5levelmax ∼ 78 pc, where levelmax = 9 is the maximum re-

finement level used in this work.
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At lower temperatures, metal fine-structure cooling rates are
from Rosen & Bregman (1995). The effects of a UV back-
ground are also taken into account. The RAMSES cooling
routine includes functional fits for the photo-heating and
photoionisation rates of the Haardt & Madau (1996) ion-
izing background spectrum, as formulated in Theuns et al.
(1998). The adopted normalization of the UV flux and the
slope of the spectrum are the same as used for the 2D simu-
lation. The minimum temperature is set to Tmin = 5000K.
In our 3D simulations, we do not take into account thermal
conduction.

Two-dimensional density and temperature maps of the
3D simulations are shown in Fig. 14 at the same time-
steps displayed in Fig. 12 for the 2D simulation, to ease
a direct comparison. Each map represents a section of the
computational domain in the x-y plane.

The lack of thermal conduction makes the cloud much
more prone to the effects of Kelvin-Helmholtz instabilities,
leading to a faster evolution, with respect to the 2D sim-
ulation (as expected according to Armillotta et al. 2016),
with significant morphological changes. Throughout the evo-
lutionary time considered here, from the initially spherical
shape, the cold cloud evolves into a typical umbrella-like or
jellyfish-like shape, already seen in previous studies (e.g.,
Marinacci et al. 2011; Kwak et al. 2011; Scannapieco &
Brüggen 2015).

At t = 0.5 Gyr, the x-y cross section of the cloud has
significantly thinned. Cold gas is being continuously ablated
from the cloud and mixed with the hotter ICM. As visible
in the density and temperature maps, the material present
at the upper and lower edges of the cloud appears stretched
outwards. The thin, extended filaments driven by the shear
instabilities cause the coolest gas to extend for nearly 20 kpc
along the y-direction. As a consequence of such effects, the
originally cold matter of the cloud undergoes a substantial
re-distribution in that, beside being reduced to a thinner
shell, the volume occupied by the cold gas also increases
along the z-direction. This goes along with a strong decrease
of the central density. At this time, The wake of the cloud
is still tenuous (n ≤ 10−4cm−3) and hot (T ∼ 106.5 K).

At t= 1 Gyr, the turbulent mixing of the cold and hot
layers in the wake has lead to an increase of the filling factor
of hot gas at T ∼ 106 K. Although the distribution of the
coolest gas is still preserving a substantial degree of symme-
try with respect to the x- axis, at this epoch its stretching is
extreme. A prominent, elongated bar is visible in the front
of the cloud, whereas the average density of the wake has
globally increased. Similar protruding structures in the front
of cold clouds moving fast in a very hot medium have been
found also in previous 2d (Kwak et al. 2011) and 3d (Scan-
napieco & Brüggen 2015) hydrodynamic studies, as well as
the presence of a few cold cloudlets detaching from the wake.

However, Fig. 15 shows that, notwithstanding the con-
siderable morphological evolution, a large fraction (' 75%)
of the original cold gas is preserved. Despite the notori-
ously greater difficulty in obtaining numerical convergence
in AMR simulations than in uniform grid ones (e.g., Calura
et al. 2015 and references therein), Fig. 15 shows also that
the cold mass decrease is rather robust with respect to res-
olution.

Hence, the results of the 3D simulations confirm that
under the conditions chosen in this work, after 1 Gyr the

majority of the initial cloud mass is still cold. The 2D and
3D simulations lead to the same verdict, i.e. the considered
gas cloud can survive a travel of 1 Gyr (corresponding to
'200 kpc in our simulations) through an ambient mimick-
ing the LVC, loosing only between 5% and 25% of the origi-
nal cold gas. We note also that, convolving the end-state of
both simulations with the beam the VLA data by A15, to
simulate their observations, the resulting images are broadly
compatible with the observed Hi density maps presented by
these authors.

8 STAR FORMATION IN STRIPPED CLOUDS

Having established that a compact pressure-supported cloud
similar to SECCO 1 can probably survive > 1 Gyr long
journeys within the Virgo ICMs it remains to be explored
what may have triggered the onset of the current episode of
star formation just a few tens of Myr ago.

In Fig. 16 we plot the gaseous components of MB and
SB in the size - column density diagram, together with
other Hi clumps with or without detected star-formation
inside, following Burkhart & Loeb (2016). These authors
observe that these pressure-supported clouds are near the
critical density threshold to form molecular hydrogen (4-
10 M� pc−2) and, consequently, are likely on the verge of
igniting star formation (indeed, some of them are already
forming stars). They suggest that pressure fluctuations and
tidal shear may drive the clouds to cross the critical density
line, eventually triggering a star formation event.

We note that SECCO 1 MB and SB are not far from
the other dark or almost-dark Hi clouds plotted in Fig. 16
but lie below the generally accepted critical density lines.
However this may be due to the smearing effect of the VLA
beam of A15 observations. The two gas clouds associated to
SECCO 1 may be fragmented in smaller sub-clumps where
the actual density is, in fact, above the threshold. The ex-
treme isolation of SECCO 1 makes tidal shear unlikely to
have triggered star formation in this case and it is unclear
what can cause a significant pressure fluctuation in the sur-
roundings of the system. Perhaps, during the travel, the den-
sity of the cloud may slowly increase, finally leading to the
critical conditions to ignite star formation. This should be
investigated with future simulations including self-gravity.

In this context, it is worth considering the relevant
results of the thorough study by Kapferer et al. (2009).
These authors performed N-body/hydrodynamical simula-
tions, with radiative cooling, star formation and stellar feed-
back, of the ram pressure stripping of a large disc galaxy in
a cluster environment. The final outcome of the simulations
varies depending on the relative velocity of the galaxy and
the ICM and on the density of the ICM, but, in general they
find (a) that the gas stripped from the disc can reach dis-
tances of ' 400 kpc from the parent galaxy in just 500 Myr,
(b) that star formation occurs at any time in the compact
gas cloud that forms in this extended ram pressure wake,
and (c) that some of these clouds, at any distance from the
parent galaxy along the wake, are still forming stars in the
last 50 Myr of the 500 Myr-long simulation, and hence may
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Figure 16. Size vs. mass relationship for starless or nearly star-

less HI clumps, following Burkhart & Loeb (2016). Squares are

from Janowiecki et al. (2015), pentagons from Cannon et al.
(2015), grey filled symbols are clouds where star formation has

been detected. SECCO 1 MB and SB are plotted as large red

filled circles and labelled. Their Hi radii and masses used in this
plot are from A15. The lines are loci of constant column density,

where 4-10 M� pc−2 is the range of critical the surface density

for the formation of molecular hydrogen. Gas clouds should lie
above these lines to be able to ignite star formation.

host Hii regions13. These long-lived star-forming knots are
broadly comparable to SECCO 1.

However there is a remarkable difference between the
results presented by Kapferer et al. (2009) and the observa-
tions of SECCO 1. In all the simulations the star-forming
knots are part of a huge and structured wake including sev-
eral dense gas clumps (with or without recent star forma-
tion) and an extended cometary tail of stars formed in the
wake at any epoch. At odds with this scenario, the AL-
FALFA survey did not detect any additional UCHVC or Hı
structure (like, e.g., the one discussed by Oosterloo & van
Gorkom 2005) in the surroundings of SECCO 1 (Adams et
al. 2013)14. Moreover S17 searched for small star forming
knots similar to SECCO 1 on deep Next Generation Virgo
cluster Survey (NGVS, Ferrarese et al. 2012) optical images,
sampling a region of about 1.3 × 1.3 Mpc (in projection)
around SECCO 1, finding only a few candidates that do not
seem related to SECCO 1.

13 Note, however, that all the star-forming knots that are active
in the last 50 Myr in the Kapferer et al. (2009) simulations are as-

sociated with an underlying older population that is not observed
in SECCO 1, at least within the limits of currently available HST
and ground based photometry.
14 ALFALFA covers most of the extension of the Virgo cluster

in the sky and its full velocity range, and it is sensitive down to
∼ 3.0× 107 M� at that distance (Huang et al. 2012; Hallenbeck

et al. 2012).

8.1 Candidate dark clouds in Virgo

It is worth noting that there are three additional UCHVCs
from the Adams et al. (2013) sample that B15a searched
for stellar counterparts (finding none) that (a) are projected
onto the sky area covered by the Virgo cluster, (b) have sys-
temic velocity within the range covered by Virgo galaxies,
and (c) have physical properties, as seen by ALFALFA, very
similar to the original cloud where we discovered SECCO 1
(HVC 274.68+74.0). These are HVC 277.25+65.14-140
(SECCO Field C), HVC 298.95+68.17+270 (Field M), and
HVC 290.19+70.86+204 (Field X), see B15a and Be16.
Adopting D = 17.0 Mpc and using Eq. 7 by Adams et
al. (2013) we find that, if they are indeed located in the
Virgo cluster, two of them (HVC 277.25+65.14-140 and
HVC 290.19+70.86+204) have also Hi masses very similar
to HVC 274.68+74.0 (a few 107 M�, in that scale), while
HVC 298.95+68.17+270 would have MHI ' 4 × 108 M�.
These are good candidate to be pressure-supported clouds
like SECCO 1 in which star formation has not (yet?) started
(see also Taylor et al 2013, 2017; Burkhart & Loeb 2016, and
references therein). Note, however, that they cannot be re-
lated to SECCO 1 since they are more than 1.5 Mpc away
from it, in projection. It is also worth stressing that while a
clustering of blue stars like SECCO 1 MB would have been
easily identified by B15 or S15, a sparser group (e.g., smaller
or more dispersed than SB) could be impossible to identify
in broad-band optical/UV images. Deep Hα relatively wide-
field imaging would be the only efficient way to exclude the
presence of isolated Hii regions or young stellar systems with
M? < 104 M� within these clouds, whose typical projected
size is ∼ 5′ − 10′ (Adams et al. 2013).

Finally we note that in both the UCHVC samples of
Saul et al. (2012) and Adams et al. (2013) there are a few
additional objects whose position in the sky and radial ve-
locity is compatible with membership or association to the
Virgo cluster15 . Hence, it is quite possible that a small
but non-negligible population of compact, dark and isolated
pressure-confined Hi clouds living in or around this cluster
has been already observed.

9 SUMMARY AND CONCLUSIONS

We presented a thorough analysis and discussion of the avail-
able data on the almost-dark stellar system SECCO 1, with
additional results from the MUSE observations shown in
Be17a,b and an analysis of the stellar content of the system,
based on coupling the stellar photometry from HST-ACS
data and MUSE spectroscopic data. We also presented the
results from deep Hα imaging of the surroundings of the
system obtained with OSIRIS@GTC. By means of a set of
dedicated 2D and 3D hydrodynamical simulations we stud-
ied the evolution of a gas cloud mimicking SECCO 1 that is

15 In particular, limiting to those lying in the range 180.0◦ ≤
RA ≤ 195.0◦ and 0.0◦ ≤ Dec ≤ 20.0◦, HVC 292.94+70.42+159,

HVC 295.19+72.63+225, in the Adams et al. (2013) list, and

183.0+04.4-112, , 184.8+05.7-092, and 188.9+14.5+387, in the
Saul et al. (2012) list. In the Saul et al. (2012) sample we consid-

ered only clouds classified as Candidate Galaxies (CG).
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pressure-supported within the ICM of the Virgo substruc-
ture in which SECCO 1 is embedded. The main observa-
tional results a can be summarised as follows:

(i) All the Hα emitting sources identified in SECCO 1
by Be17a are unequivocally classified as Hii regions based
on line ratio diagnostics. We do not see any trace of Super-
nova remnants in our MUSE data. The velocity dispersion
within ionised nebulae is similar to that generally observed
in typical Hii regions.

(ii) We provide evidence that the anomalously high
[OIII]/Hβ ratios observed in a few sources of SECCO 1 by
B17a are not due to differences in metallicity with the other
sources but to differences in the ionisation status. Hence all
the oxygen abundance estimates of Hii regions in SECCO 1
obtained in Be17a are reliable and robust.

(iii) Spectral line diagnostics suggest that the stars that
are ionising the gas in the Hii regions should be very young
(age<∼ 4 Myr).

(iv) The analysis of the CMD of SECCO 1 with the Hii
regions cross-identified implies that most of the star forma-
tion in SECCO 1 likely occurred within the last 35 Myr,
with no perceivable sign of old or intermediate-age popula-
tions associated to the system. However, deeper photometry
is required to completely rule out the presence of an old pop-
ulation, especially if it is as metal rich as the Hii regions or
more.

(v) The inconsistency between the broad-band colours of
some stars associated with Hii regions and the temperature
of the ionising sources estimated from nebular lines suggests
that the position of these sources in the CMD is likely af-
fected by the nebular spectrum, making the interpretation
of the CMD less straightforward (see Reines et al. 2010).

(vi) By means of deep Hα imaging of a field of projected
radius ' 20 kpc we were able to identify only one robust
candidate star-forming region (with a GALEX counterpart)
possibly associated with SECCO 1, confirming the remark-
able isolation of this system. Spectroscopic follow up is re-
quired to ascertain the actual nature of the candidate.

Based on the above points, on the numerical simulation
presented here as well as on previous results from the liter-
ature we can make some final considerations on the nature
of SECCO 1:

• While the structural and kinematical parameters of
SECCO 1, taken at face value, are consistent with funda-
mental scaling laws of galaxies (namely the MV vs. log(rh)
relation and the baryonic Tully-Fisher relation, see Sect. 6,
for discussion), its oxygen abundance is a factor of >∼ 10
larger than the typical galaxy of the same stellar mass. This
implies that the system most likely originated from a ram-
pressure or tidal stripping event that removed a pre-enriched
gas cloud from a galaxy with M?>∼ 108 M�. The virial ra-
tio of the gas cloud indicates that it is not gravitationally
bound but it is confined by the external pressure.
• The main physical properties of SECCO 1 are very sim-

ilar to those of fireballs (Yoshida et al 2012; Fumagalli et al.
2011). However, star formation is ignited in fireballs virtu-
ally as soon as the gas from which they form is stripped
from the parent galaxy by ram-pressure, while SECCO 1 is
extremely isolated and star formation is currently ongoing.
• We identified another possible site of origin for the

stripped gas cloud that formed SECCO 1. It is an interact-
ing triplet of dwarf galaxies (VCC 322, VCC 319, VCC 334)
that is closer to SECCO 1 in projection than previously sug-
gested candidates, and whose members have oxygen abun-
dance very similar to SECCO 1.

• Independently of the actual site of origin, the stripped
gas cloud that formed SECCO 1 should have travelled for
∼ 1 Gyr within the ICM of LCV before the onset of the cur-
rently ongoing star formation episode (or, perhaps, forming
stars more or less continuously, like some of the gas blobs in
the simulations by Kapferer et al. 2009). The hydrodynam-
ical simulations that we performed suggest that a pressure-
supported gas cloud like SECCO 1 can probably survive
such a long time in the considered environment, in agree-
ment with previous results from the literature. The process
that lead the cloud to cross the critical density to ignite
star formation is unclear and cannot be investigated with
the simulations presented here. The current unremarkable
environment of SECCO 1 suggests some kind of slow inter-
nal mechanism as the most plausible driver of this density
evolution.

• We note that three of the Adams et al. (2013) UCHVC
included in the SECCO survey are compatible with belong-
ing to the Virgo cluster (or to one of its substructures). They
are quite similar to SECCO 1 and, assuming a distance of
D= 17.0 Mpc, also the Hi mass of two of them is virtually
the same as SECCO 1. Since B15a found no sign of stellar
counterpart in their very deep images, they are good candi-
date pressure-supported gas cloud that have not yet ignited
star formation (like those considered by Burkhart & Loeb
2016, see discussion and references therein). These clouds, if
they are indeed located in Virgo, are just above the sensitiv-
ity limit of ALFALFA (in Hi mass). Hence they may be the
tip of the iceberg of a large population of compact gas clouds
floating in galaxy clusters (see S17 for further discussion).
This hypothesis is supported by the fact that, in addition to
those considered here, a handful of the UCHVCs identified
by Saul et al. (2012) and Adams et al. (2013) also have po-
sitions and velocities compatible with association with the
Virgo cluster.

One of the most remarkable features of SECCO 1 is
that it comes in two pieces. There are only two possible
paths to this outcome, in the very likely hypothesis that
stripping is at the origin of the overall system. MB and SB
were independently stripped from the same parent galaxy
and/or fragmented during the stripping event, and managed
to fly together for more than 1 Gyr. On the other hand one
can imagine that they were a single cloud that fragmented
in two pieces, perhaps at the onset of the current star for-
mation episode, due, e.g., to mechanical feedback from Su-
pernovae. If fragmentation occurred 35 Myr ago, the ob-
served projected distance would imply a velocity difference
of >∼ 180 km s−1.

Indeed, the effect of SN feedback on SECCO 1 is proba-
bly the most interesting issue to be studied, e.g., by means of
numerical simulations, as it will not only help to clarify the
origin of the system but also to understand its fate. Would
the stars remain bound together as hypothesised by Yoshida
et al (2012) for the fireballs? Is the spatial offset between SB
and the AGC 229490 cloud due to gas ejection by Supernova
driven winds or to the natural lag of the stars that are im-
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mune from the friction exerted by the ICM on the gas? But
if this is the case why is the same offset not seen in MB?
The two pieces should have similar direction of motion in the
plane of the sky, hence the lag between stars and gas should
be similar. The offset between SB and AGC 229490 implies
velocities in the range ∼ 50 − 500 km s−1 for ejection times
between 35 Myr and 4 Myr ago. Such velocities seem incom-
patible with a lag due to ram pressure, since, according to
our simulation, in that timescale it would have produced a
negligible velocity difference between the gas and the stars
(< 1.0 km s−1). Unfortunately the uncertainties on the ac-
tual status of the medium in which SECCO 1 is immersed
and the limitations of our simulations prevent to draw firm
conclusions from this kind of arguments. It is also interest-
ing to note that the total baryonic mass of SECCO 1 MB is
above the threshold generally considered sufficient to retain
SN ejecta (see, e.g. Willman & Strader 2012, and references
therein).

Finally, it can be speculated that even if SECCO 1 will
be further fragmented into individual Hii regions (or com-
pact groups of them), once the ionising sources have ex-
ploded as SNe, the stars of lower mass within individual
regions may remain bound as star clusters with size <∼ 5 pc

and mass ∼ 102− 104 M�. If this is the case and SECCO 1
in not an unique system, intra cluster open clusters should
be found free-floating in Virgo (and in other galaxy clus-
ters as well), in addition to globular clusters (Tamura et al.
2006).

ACKNOWLEDGEMENTS

We are grateful to an anonymous referee for precious
comments and suggestions. We are grateful to Blakesley
Burkhart for providing the data used in her paper and for
useful discussions. G.B. gratefully acknowledges the finan-
cial support by the Spanish Ministry of Economy and Com-
petitiveness under the Ramon y Cajal Program (RYC-2012-
11537) and the grant AYA2014-56795-P. F. C. acknowl-
edges funding from the INAF PRIN-SKA 2017 program
1.05.01.88.04. We also acknowledge the Accordo Quadro
INAF-CINECA (2017), for the availability of high perfor-
mance computing resources and support.

This paper uses data from SDSS - DR12. Funding for
the Sloan Digital Sky Survey (SDSS) has been provided by
the Alfred P. Sloan Foundation, the Participating Institu-
tions, the National Aeronautics and Space Administration,
the National Science Foundation, the U.S. Department of
Energy, the Japanese Monbukagakusho, and the Max Planck
Society. The SDSS Web site is http://www.sdss.org/. The
SDSS is managed by the Astrophysical Research Consor-
tium (ARC) for the Participating Institutions. The Partic-
ipating Institutions are The University of Chicago, Fermi-
lab, the Institute for Advanced Study, the Japan Partici-
pation Group, The Johns Hopkins University, Los Alamos
National Laboratory, the Max-Planck-Institute for Astron-
omy (MPIA), the Max-Planck-Institute for Astrophysics
(MPA), New Mexico State University, University of Pitts-
burgh, Princeton University, the United States Naval Ob-
servatory, and the University of Washington. The authors
acknowledge the CNAF institute of the Italian Institute for
Nuclear Physics (INFN) for providing part of the compu-

tational resources and support required for this work. This
research has made use of the SIMBAD database, operated
at CDS, Strasbourg and of the NASA/IPAC Extragalactic
Database (NED) which is operated by the Jet Propulsion
Laboratory, California Institute of Technology, under con-
tract with NASA.

REFERENCES

Adams, E.K., Giovanelli, R., Haynes, M.P., 2013, ApJ, 768, 77

(A13)

Adams, E.K., Cannon, J.M., Rhode, K.L., et al., 2015, A&A, 580,

A134 (A15)

Alams, S., Albareti, F., Allende Prieto, C., et al., 2015, ApJS,

219, 12

Andrews, B. H., & Martini, P., 2013, ApJ, 765, 140

Armillotta, L., Fraternali, F., & Marinacci, F., 2016, MNRAS,

462, 4157

Armillotta, L., Fraternali, F., Werk, J. K., Prochaska, J. X., &

Marinacci, F., 2017, arXiv:1608.05416

Asvarov, A. I., 2014, A&A, 561, A70

Bacon, R., Vernet, J., Borisova, E., et al., 2014, The Messenger,

157, 13

Bellazzini, M., Perina, S., Galleti, S., Oosterloo, T.A., , 2011b,

A&A, 533, A37

Bellazzini, M., Beccari, G., Battaglia, et al., 2015a, A&A, 575,

126 (B15a)

Bellazzini, M., Magrini, L., Mucciarelli, A., et al., 2015b, ApJ,
800, L15 (B15b)

Bellazzini, M., Belokurov, V., Magrini, L., Fraternali, F., testa,
V., Beccari, G., Marchetti, A., Carini, R., 2017, MNRAS, 467,

3751

Beccari, G., Bellazzini, M., Battaglia, G., et al., 2016, A&A, 591,

56 (B16)

Beccari, G., Bellazzini, M., Magrini, L., et al., 2017a, MNRAS,

465, 2189

Beccari, G., Bellazzini, M., Magrini, L., et al., 2017b, MNRAS,

468, 4254

Bekki, K., 2015, MNRAS, 454, L41

Bertin, E., Arnouts, S., 1996, A&AS, 317, 393

Boselli, A., Voyer, E., Boissier, S., et al., 2014, A&A, 570, A69

Bryan, G. L., & Norman, M. L. 1998, ApJ, 495, 80

Burkhart, B., Loeb, A., 2016, ApJ, 824, L7

Calura, F., Few, C. G., Romano, D., D’Ercole, A., 2015, ApJ,

814, L14

Cannon, J.M., Martinkus, C.P., Leisman, L., et al., 2015, AJ, 149,

72

Chabrier, G. 2003, PASP, 115, 763

Chung, A., van Gorkom, J.H., Kenney, J.D.P., et al., 2009, AJ,
138, 1742

Cowie, L. L., & McKee, C. F. 1977, ApJ, 211, 135

Dai, X., Bregman, J. N., Kochanek, C. S., & Rasia, E. 2010, ApJ,

719, 119

Dolphin, A.E., 2000, PASP, 112, 1383

Dopita, M. A., Kewley, L. J., Sutherland, R. S., & Nicholls, D. C.,

2016, Ap&SS, 361, 61 (D16)
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