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ABSTRACT

Context. We present the analysis ofil3, an Hr narrow-band imaging follow-up survey of 409 galaxies selected frantiihArecibo
Legacy Fast ALFA Survey (ALFALFA) in the Local Supercluster, irdihg the Virgo cluster, in the region 1k RA. < 16"; 4° <

Dec < 16°; 350< cz < 2000 km s?.

Aims. Taking advantage of &3, which provides the complete census of the recent massive staatfomrate (SFR) in Hl-rich
galaxies in the local Universe and of ancillary optical data from SDSSxptore the relations between the stellar mass, the HI
mass, and the current, massive SFR of nearby galaxies in the VirgercNi&e compare these with those of isolated galaxies in the
Local Supercluster, and we investigate the role of the environment pirghthe star formation properties of galaxies at the present
cosmological epoch.

Methods. By using the ki hydrogen recombination line as a tracer of recent star formation, westigated the relationships between
atomic neutral gas and newly formed stars iffetent environments (cluster and field), for many morphological typeisals and
dwarfs), and over a wide range of stellar masse${1®10'*° M,). To quantify the degree of environmental perturbation, we adopted
an updated calibration of the HI deficiency parameter which we used igedive sample into three classes: unperturbed galaxies
(Defy; < 0.3), perturbed galaxies ®< Defy; < 0.9), and highly perturbed galaxieB¢fy, > 0.9).

Results. Studying the mean properties of late-type galaxies in the Local Superchustéind that galaxies in increasing dense local
galaxy conditions (or decreasing projected angular separation frof) Bt®w a significant decrease in the HI content and in the
mean specific SFR, along with a progressive reddening of their stelfarigg@ns. The gradual quenching of the star formation
occurs outside-in, consistently with the predictions of the ram pressudelm©nce considered as a whole, the Virgo cluster is
effective in removing neutral hydrogen from galaxies, and this perturbistrong enough to appreciably reduce the SFR of its
entire galaxy population.

Conclusions. An estimate of the present infall rate of 300-400 galaxies per Gyr in trgp\dluster is obtained from the number of
existing Hl-rich late-type systems, assuming 200-300 Myr as the time ot ablation. If the infall process has been acting at a
constant rate, this would imply that the Virgo cluster has formed apprdglyna Gyr ago, consistently with the idea that Virgo is in

a young state of dynamical evolution.

Key words. Galaxies: clusters: individual: Virgo — Galaxies: fundamental paraiskiinosities, masses — Galaxies: ISM

1. Introduction nearby galaxies. This observationdlogt is complemented by
) . new progress in numerical simulations and theory in modelin

A deeper understanding of the basic processes that redbatethe processes that regulate the formation of new stars axigal
life of galaxies, i.e., the conversion of gas into new stard a(e.g. Somerville & Primack 1999).
their progressive aging, is becoming a reality owing to #went Al FALFA (Giovanelli et al. 2005) is a blind survey that just
multi-wavelength surveys that are providing a wealth 0bidf enged at Arecibo (October 2012), aimed at obtaining a census
the stellar content, and the current star formation raté&r{SF  Arecibo (including the Virgo cluster), with a sensitivity about
2t mJy km s?, corresponding to ¥ M,, of HI at the distance

* Based on observations taken at the observatory of San Pedro M&¥iVirgo. A catalog listing 40% of the whole ALFALFA sources
(Baja California, Mexico), belonging to the Mexican Observatorio
Astronbmico Nacional. 1 2 mJy is the noise per channel after Hanning smoothing to 10
** Hubble Fellow km s (see Haynes et al. 2011).
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Fig. 1. Sky distribution of 409 HI-selected galaxies B coded according to their morphology (E-S0-SOa: circles; giardlsgia-Sm: squares;
Irr-BCD: triangles) The two vertical dashed lines mark the adopted demigs of the Virgo cluster. Red symbols refer to galaxies considered as
part of the Virgo cluster, blue are galaxies considered as isolatedrfigeel are the X-ray contours from ROSATo{Binger et al. 1994).

(.40 catalog) has been published by Haynes et al. (2011). T{tgpically 1500 sec integration). Huang et al. (2012) répdr
Sloan Digital Sky Survey (SDSS, York et al. 2000) revolutionthat 25% of ther.4 targets do not have a counterpart in GALEX,
ized our knowledge on the stellar content of galaxies in the 152.2% of the remaining match to UV sources found in the AIS,
cal Universe. The GALEX mission (Martin et al. 2005) with itsand only 23.1% matches those in the MIS. This severely ham-
all-sky survey (and other smaller but deeper surveys, sschpeers an unbiased comparison of the star formation propestie
GUVICS by Boselli et al. 2011) disclosed our view of the ulgalaxies in the Virgo cluster with respect to isolated gigax
traviolet sky, thereby providing quantitative knowledge the in the Local Supercluster, i.e., the main goal of the pregent
massive, recent star formation in galaxies. vestigation using UV data, because the large majority ofo/ir
Based on these datasets Huang et al. (2012) were able te dejalaxies have been observed in the MIS (owing to GUVICS by
mine the scaling relations between the atomic hydrogerecdnt Boselli et al 2011), whereas the remaining objects in thalloc
the stellar content, and the SFR in HI selected galaxies avefield have only AIS data. One more source of uncertainty in
range of mass approaching one million (fronf 16 10°M,). determining the SFR using SED fitting is connected with the
Similar analyses from optically selected surveys werdeaout large errors introduced by the SDSS pipeline on the photigmet
in the local volume (Lee et al. 2007, 2009, Bothwell et al. D00 of large nearby galaxies due to “shredding” in multiple pi&c
and beyond (e.g. GASS, the GALEX Arecibo SDSS Survewhich leads to wrong magnitude determinations.

Catinella et al. 2010; Schiminovich et al. 2010), limitedyadax- Given these considerations, we decided to make a new estimat
ies with stellar masses in excess of4®, however. of the "instantaneous” SFR based on our own measurements of
Huang et al. (2012) based their study on the star formatitiee hydrogen recombination lines using the data from th& H
rate estimated by fitting spectral energy distributionsliSFob- narrow-band imaging survey of nearby galaxies selecteuh fro
tained by combining optical (SDSS) and UV (GALEX) photomALFALFA in the spring sky of the Local Supercluster (Gavazzi
etry. This technique requires that extinction in the UV isgpr et al. 2012a, Paper I), including the Virgo cluster.

erly accounted for (Cortese et al. 2006, 2008b) and depemds 0 vjrgo is the cluster of galaxies nearest to us, which, inespit
the assumed star formation history (SFH) and metallicity. Qyt the enormous angular extent of about 6x10 square degrees,
the other hand the UV or &lluminosity alone (see Kennicutt jies in the footprint of both ALFALFA and H3. Already in
1998) provides a more instantaneous estimate of the SFR @agly studies Virgo appeared to be a cluster in the earlyestag
requires that the SFH of galaxies has remained station®y oyt dynamical evolution. Its general appearance is highigiu-

the time scale typical of A (¥0yr) or OB stars (10yr). This |ar (Abell et al. 1989), and it is classified as Bautz-Morggpet
approach is more suitable when it is necessary to determee fj (Bautz & Morgan 1970). Owing to the intensive optical sur
SFR of galaxies that are subject to abrupt changes in théif SRjey py Binggeli et al. (1985), its velocity dispersion wasifa
e.g., when they dter from environmental disturbances, such ag he 760+ 45 km s, lower than that of evolved clusters, in-
quenching by ram pressure. Vollmer et al. (2004) and Boselli gicating a shallow gravitational potential. The spiraktian is

al. (2006) have shown that in massive galaxies, such as NG&o, compared to 16% of Coma. As seen by ROSAGH(Enger
4569, ram pressure can produce complete quenching of the gkag|. 1994), the Virgo cluster is known to have an irregular X
formation on a timespan as short as 100-300 Myrs, and evely morphology. These features provide evidence that thgoVi

shorter in dwarf galaxies (Boselli et al. 2008). cluster is currently undergoing dynamical evolution (Fam&
The SFR determined from UV magnitudes has been compargghes 1982).

to that from recombination lines by Boselli et al. (2009) ondr- The role of the environment in shapina the star formation
rived at the conclusion that the accuracy of SFR based on Uy_' €T envir In shaping the star formatl

(GALEX) luminosity critically depends on the quality of theP'OP€rties of galaxies in the local Universe is still an open
data used, i.e., whether they come from the shallow (100 estion. As early as in the Las Campanas redshift survey

o ashimoto et al. 1998), or in the DR3 release of the SDSS
exposure) All-sky-survey (AIS) or from the deeper MIS Slyrve(G()mez et al. 2003), evidence has built that suppression of the
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SFR of galaxies in dense environments takes plaze@tup to complete sample of Hi-selected galaxies with gas massesvas |
z=0.8 (Patel et al. 2009) (see a review by Boselli & Gavazas 13- M, (Haynes et al. 2011).
2006). By comparing the statistical HI properties of gadaxi Ha3 is a follow-up survey consisting ofdimaging obser-
in nine nearby clusters with those of "field” objects of sianil vations of ALFALFA targets with high signal-to-noise (tggily
type and luminosity, Giovanelli & Haynes (1985) showed th&/N > 6.5) and a good match between two independent po-
clusters contain a high percentage of HI deficient galaXibs. larizations (code= 1 sources; Giovanelli et al. 2005, Haynes
mechanism that most likely contributes to significant ggdete et al. 2011). b observations of members of the Virgo cluster
tion in clusters is ram-pressure stripping (Gunn & Gott )972were given in Gavazzi et al. (2002a, b, 2006), Boselli & Gaiaz
Since then the HI deficiency parameter has been used as a pri@002), and Boselli et al. (2002b). Images and fluxes are also
for the degree of the perturbation that galaxies experienttee  publicly available via the GOLDMine web server (Gavazzi et
harsh environment of rich galaxy clusters. al. 2003). Hr data for galaxies in low-density regions of the
Taking advantage of the presence of the Virgo clusterd8H Local Supercluster are given in Paper I. Outside Virgo tlk re
the first goal of the present work is to quantify, in additiorttte ~ shift window of He3 is 350< cz < 2000 km s?, and we lim-
HI content, how the SFR isfiected by the environment of anited the study to objects with HI fluxeBy > 0.7 Jy km s?,
evolving cluster such as Virgo, following the line tracedthg ~while in the Virgo cluster the velocity interval is extendeal
pioneering work of Kennicutt (1983). We approach this gioest 350 < ¢z < 3000 km s to map the cluster in its full extent
by studying a possible residual correlation between the, &R We did not restrict ourselves . > 0.7 Jy km s*. At the dis-
gas content and the gas deficiency after the first-ordernggaltance of 17 Mpc, assumed for the Virgo subcluster A (Gavazzi
law from the stellar mass have been removed. et al. 1999), a flux limitS,; = 0.7 Jy km s* corresponds to an
The dataset used in this paper has been presented in PapérmassMy = 107 Mo, while He3 is complete tdViy > 10°
of the present series, which illustratea3J the ongoing imag- Mo (see Paper I). Figure 1 illustrates the sky region covered by
ing survey at the 2.1m telescope of the San Pedro Martir (SPMy3, which contains 409 galaxies. o
Observatory, the details of the sample selection, comméste The basic quantities extensively used in this paper, he., t
the Hr observations, data reduction and analysis, which gived mass, the stellar mass, and the extinction-free SFR weve d
access to the integrated extinction-free measuremertie §R  rived in Paper I. The HI mass is defined My, = 2.36- 10°-
for 233 galaxies observed at SPM between 2006 and 2009. T - D?, whereD is the distance to the source in Mpc a8
present Paper Il contains the analysis of the integrated &FR IS the integrated flux of the HI profile in units of Jy km'drom
tained using k3. After a brief introduction to the galaxy sam-ALFALFA. . .
ple (Section 2), we derive an updated calibration of the Hikde ~ As explained in Paper |, thgandi band total magnitudes of
ciency parameter valid for dwarf gas-rich systems suchaseth galaxies detected by ALFALFA were measured by us on SDSS
that dominate k3 (Section 3). The main results of the preserifnages (DR7, Abazajian et al. 2009) using IRAF. This ensured
analysis are given in Section 4, where we analyze the retid®roper foreground star-subtraction and overcomes thestshr
between the mean optical colors and the extent of the star f8ing” problem generated by the automatic SDSS pipeline.
mation regions of galaxies in the present survey as a fumcfio ~ Inside the Virgo cluster we obtained an optically selected
their HI content. The scaling relations between gas andastelsample (see Section 4) of 640 objects based on the VCC cat-
masses and current SFR in the Local Supercluster are adaly2®9 by Binggeli et al. (1985) (including objects of all mor-
(Section 5). The overall perturbation on the gas contenistanrd Phological types withB < 18 mag between®4< Dec < 16°
formation properties of galaxies in the Local Superclusige and excluding those detected by ALFALFA and galaxies in the
to the Virgo cluster is quantified in Section 6. The resulis apackground of Virgo witfcz >3000 km s?). For this large sam-
discussed in Section 7, where some conclusions on the pregéf we computed the integrated magnitudes using an automati
evolutionary stage of the Virgo cluster are drawn, and we-sufprocedure. Starting from the SDSS images that are available
marize our results in Section 8. from the GOLDMine web site, we produced deep “white” im-
Two companion papers continue this series. Paper IIl (Gavagges by stacking frames in five filters. Using Sextractor t{Ber
etal. 2012b) carries an analysis similar to the one repanttte & Arnouts 1996), we separated the galaxies of interest from
present paper, focused on the properties of galaxies in teatG foreground stars and background galaxies. After maskiegeth
Wall, including the Coma cluster. Paper IV (Fossati et al20 Objects, we computed the integrated magnitudes usindiedllp
contains the analysis of the structural properties of datain apertures, the parameters of which were computed on the whit
the local and Coma superclusters. The CAS parameters (cihages. As a test, we compared the photometry derived wigh th
centration, asymmetry, and clumpiness developed by CioeseRutomatic procedure with a subset of galaxies that were mea-
2003) are determined on both théand and the H images to sured manually on and g images (Paper I) and we obtained
study the morphology of the star-forming regions and compa¥ery consistent results. . o _
it with that of older stars at arcsec resolution (unachivain g — i colors were corrected for internal extinction using the
GALEX UV data which have a resolution of 4-5 arcsec). empirical transformation dependent on stellar mass arakyal
Throughout the paper we adopt a flREDM cosmology, Inclination, derived in Appendix A of Paper III:
with Hp = 73 km s Mpc™t andQ, = 0.7. All magnitudes are

. . M.
given in the AB system unless explicitly noted. (9-i)o=(0-1)— {+O.17~ [1-cosfncl)] - [Iog( M )— 8.19]}, Q)
©
whereincl is the galaxy inclination (computed for disk galaxies
2. Sample (from Sa to Sdm) following Solanes at al. (1996).

L ) The stellar mass was derived from thmagnitudes andy(—
The sample analyzed in this work is drawn from the 900 squage color using the transformation

degree region M < RA. < 16"; 4° < Dec < 16°, covering
the Local Supercluster, including the Virgo cluster. Ttagion M. . L;
P J 9 g (M—) = _1.94+ 059 (g i), + 1.15- |og(—') @)
©

has been fully mapped by ALFALFA which provides us with &9 L,
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Fig. 2. Sky distribution of galaxies around the Virgo cluster. ETGs (from the V@8 m, <18.0 mag) are given with small black dots. HI-selected
LTG galaxies, coded according to their HI deficiency parameter (resd@efy, > 0.9; green dots: @ < Defy, < 0.9; blue dotdDefy, < 0.3). The
empty red circles represent the 26 LTGs undetected by ALFALFA listec@inteTl. Superposed are the X-ray contours from ROSATh(Biger

et al. 1994). The position of cluster A (M87), B (M49) and of clouds Mahd W are given. Clouds M and N coincide in position but have
significantly diferent distance moduli.

consistent with the mass determination of MPA-FHuhere
log L is thei band luminosity in solar units (ldg = (I -4.56)/- 50 —
2.5). [

The extinction-free SFR was computed from the luminosity
of the Hx line after correcting for Galactic and internal dust ex- w0l ]
tinction and deblending from [NII] emission. Details on $ke 3 -L 1
guantities are given in Paper |. [ ]

Following a similar procedure as in Gavazzi et al. (2010,
2011) and Paper lll, the local surface densityaround each
galaxy was computed within a circle of 1 Mpc radius. Around
each galaxy we computed the density contrast as

20

51 =  -<X>
SR N
, whereX is the local surface density and £ > = 1.3 gal 10

(Mpc)2 represents the mean surface density measured in the
whole region.

3. Hl content of Virgo galaxies -1 0 !

The Virgo cluster is well known for its unrelaxed structure ] .

(Forman & Jones 1982) and for its irregular morphology, elofrig- 3. Histogram of theDefy, parameter separa_ltely for the isolated and

gated in the N-S direction. Figure 2 shows an enlargement fN clouds (black) and for members of the Virgo A and B subclusters
: AT ’ . - red). The bulk of HI-deficient galaxies is located within the two sub-

Figure 1, highlighting the zone that contains the Virgo €lug, cers

ter, with the early-type galaxies (hereafter ETGs) addegihte

phasize the global density of galaxies in this region. Ruilthg

2 www.mpa-garching.mpg.¢8DSIDR7/, see Salim et al. (2007) Gavazzi et al. (1999), we assume that Virgo is composed of the
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main cluster A, which contains the bulk of the X-ray emissioolusters A and B (red). For the isolated and M, W clouds, we
centered on M87, and a secondary cluster B centered on M#i8d a mean deficiencx Defy, >= 0.01 = 0.35, consistent
infalling into A at about 750 kms. These subcomponents are atvith normal HI content, while for sub-clusters A and B this is
a distance of about 17 Mpc. Clouds M and W are twice more dis-Defy; >= 0.33+ 0.39.
tant and are probably infalling into the main cluster alorithw Unfortunately, the two distributions have overlappindstai
cloud N, which is in the process of merging with cluster Agér which reflecting the diiculty of spatially separating in 3-D)
is a spiral-rich cluster. The Virgo Cluster catalog (VCCn@geli galaxies that belong to the real cluster from those thatuse |
et al. 1985) lists 48% (36%) galaxies of type later than S@a fprojected on it. For example (see Figure 2) there are many per
mp < 18 mag (n, < 20). Restricting this ton, < 13.9 mag, cor- fectly HI-normal LTGs projected within 2 degrees from M87,
responding to the completeness limit of the spectroscdp®8 while there are several highly deficient objects up to 4 degre
g < 17.75 at Coma, the spiral fraction increases to 60%, i.e., foaway from M87 or outside the X-ray contours. However, the
times more than in the Coma cluster (16%) at similar depth. large majority of LTGs outside the X-ray contours are non-
It might well be that some of the late-type galaxies (hemgaftdeficient (blue symbols). Thus the assumption that the HI-
LTGs) that contribute to the large spiral fraction in Virgoea deficiency parameter is a reliable tracer of the degree afiper
LTGs seen projected on Virgo, but that are distributed akeg bation sifered by LTG by the cluster medium, allows us to adopt
line of sight on a filament connecting the local group to Vijrgdn the rest of this paper a conservative thresholdef;=0.3
similar to some of the elongated filaments that exist in thm&o (1 o above the mean deficiency of the normal sample) to sepa-
supercluster (see Paper Ill). However, we estimate thateif wate normal from deficient galaxies. There are approximae!
were to look at Coma from an angle such that we integrate alogglaxies in the bin @ < Defy; < 0.3 that we consider normal,
one of these filaments, the number of LTGs projected on Corpecause they are projected onto the N and W cloud. In reality
would increase from 16% to about 30%. Although significanthey might belong to the outskirts of the A cluster, which vabu
this is not enough to explain the high fraction of LTGs seen jnstify their slightly positive deficiency. Throughout shpaper
Virgo in terms of projection #ects. we adoptDefy; = 0.3 as a threshold below which (270) galax-
The parameter that is best suited to disentangle galaxaes ties can be considered as normal or unperturbed by the cluster
physically belong to the Virgo cluster from either projetten environment, while those witDefy, > 0.3 are treated as envi-
it or belonging to clouds not yet fully processed by the @ustronmentally perturbed. The abundant number statistios/alls
potential is perhaps the Hi-deficiency paramelefg, ). High- to further sub-divide the deficient sample int8 & Defy; < 0.9
resolution HI maps of Virgo galaxies, such as those obtalnyed (115 perturbed), anBefy; > 0.9 (24 highly perturbed).
the VIVA survey of Chung et al. (2009), confirm earlier claims
(Cayatte et al. 1990) that the perturbed splinagalaxies in the
Virgo cluster have a higbefy, and their HI morphology shows
evidence of truncatigone-sidedness, consistent with the hyThe comparison between the star formation properties afkgal
pothesis that they are faring from ram-pressure stripping byies selected with radio vs optical criteria helps to shedestgint
the dense cluster ICM. on the relation between the star formation properties (bimthal
The Defy, parameter has been defined by Haynes &nd nuclear) of LTGs and their HI content in various environ-
Giovanelli (1984) as the logarithmicféérence between the HI ments.
mass observed in a galaxy and the expected value in isolated a As already stressed in Paper |, the radio selection bias8s H
unperturbed objects of similar morphological typeand linear toward gas-rich, late-type galaxies (see also Gavazzi 20aB).
diameterd, : Defy; =< log My (T, d.) > —log My, (obs). Here, The color ¢—i), versus stellar mass diagram composed of galax-
< logMy(T,d.) >= C; + C; x 2log(dL), whered, (in kpc) is ies in Ha3 (top panel of Figure 4) contains no well-developed
determined in thg band at the 28 mag arcse@ isophote. The red sequence (as emphasized by the red dashed line that marks
codficientsC, andC, were determined by Haynes & Giovanellithe loci potentially occupied by the red sequence). Thiagtises
(1984) by studying a control sample of isolated objects, amdth similar diagrams derived from optically selected séaap
later, on a larger sample by Solanes et al. (1996). Both safe-g. Hogg et al. 2004). The census af3is made almost ex-
ples are composed almost exclusively of giant spirals hewevclusively of LTG galaxies in the blue sequence. Only 15 ETG
The HI-deficiency parameter was therefore poorly calilttébe galaxies are detected in the radio in our survey (see Figuop4
dwarf objects. panel). Interestingly, there is a minor (0.13 mag) but sigant
The problem is re-addressed here using ALFALFA by aslifference in the meamy(- i), color between LTGs with normal
suming as isolated the galaxies outside the Virgo clustet- (oHI content (blue symbols in Figure 4, top panel) and LTGs with
side the interval 18"00° < RA < 12"48™00°), excluding a deficient HI content (cyan symbols in Figure 4, top panel).
few more objects that appear to be clustered in small groupairthermore, not all LTGs are detected by ALFALFA. To
We took these objects (the blue symbols in Figure 1) as a réemonstrate this point one would like to be able to extract
erence sample of nearly isolated objects, representdtioea a priori an optical catalog of galaxies in the sky covered by
normal and unperturbed galaxies. Scd-BCD dwarf systems dofALFALFA. A similar exercise was carried out by Cortese et al.
inate this sub-sample. (2008a) in their HI survey of the cluster A1367 and in Papkr Il
The codficientsC; andC, obtained by us for the giant galax-for the Coma cluster.
ies (Sa-Sc) are similar to those of Solanes (1996) and oflIBos®wing to the notorious limitations thaffacts the completeness
& Gavazzi (2009). Consistent values are found in our sampdé SDSS forz << 0.05 due to the shredding problem (Blanton et
for Scd-BCD. For this reason, we decided to adGpt= 7.51 al. 2005), a similar exercise cannot easily be repeatedhfor t
andC, = 0.68 for all LTGs (Sa-BCD), obtained by combiningLocal Supercluster and Virgo. Alternatively, we proceeded
all late-type galaxies. The resultim@ef,, are plotted in Figure two steps as follows. Out of the boundaries of the Virgo clus-
3, where we display the frequency distribution@éfy, in the ter we searched in NED all galaxies witz < 2000 km s?!
isolated sample mixed with members of Virgo clouds M anit the footprint of Hx3. At their position we searched the SDSS
W (black histogram), separately from Virgo members of sulmavigator and we took theandg Petrosian magnitudes. After se-

4. Radio versus optical selection
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lecting those with <17.0 mag, we were left with 50 objects, 35
of late and 15 of early type. It is not surprising that the 1535T ST L L LI I I B
are not detected by ALFALFA. The 35 LTG have stellar mass
logM. < 8.5, thus itis not surprising that they remain undetected Yo

by ALFALFA because, owing to the relation Idy; = 0.55x @ 1 -*° et e =
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logM. + 3.85 that exists for unperturbed galaxies (see Section 8 B .:z .g; ;’. " e ._‘_,‘ ;v. ]
a'rg.d.tGavazzi et al. 2008), they lie below the survey limiting-s :o os ;. e .o:é‘;"" ’3‘5.‘-;.;.‘?{!--."‘*’-, o ]
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Inside the Virgo cluster a reliable optical selection wataoted \c'g p s.":':"’, s . ¢ Det LTG Def,=0.3 ]
using the VCC catalog by Binggeli et al. (1985) (including ob % ow o Qale 1

jects of all morphological type witB < 18 mag (Vega) between 0
4° < Dec < 16° and excluding those detected by ALFALFA and
galaxies in the background of Virgo witlz >3000 km s?). 1.5
For this large-sample we computed the integrated magni-
tudes using the automatic procedure described in Sectitm 2.,
the surveyed region we count 640 optically selected gataxi
with r <17.5 mag (in addition to 509 HI selected galaxies). Th
color-mass relation of optical selected galaxies is ptbitethe = 05
bottom panel of Figure 4 separately for early (red symbais) a |,
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late types (green symbols). The 26 massive LTG Virgo members aa Undet. —
(log(M../Mg) > 9) undetected LTGs even though they are in

the footprint of ALFALFAZ are listed in Table 1. They are well- T e e
known high-HI-deficiency objects from previous deep painte v 8 9 10 11 12

observations taken at Arecibo by Helou et al. (1984), Hagnes

: . : logM. (M)
Giovanelli (1986), H&mann et al. (1987, 1989), and Gavazzi et
al. (2005). The interesting new fact is that the undeteci®@d. Fig.4. Top panel: ¢ — i), color (corrected for internal ex-
have redder colors than the corresponding Hi-detectecigala tinction) vs. stellar mass diagram ofef galaxies detected by
(see bottom panel of Figure 4), and are approximately 0.2 mAgFALFA (isolated+Virgo), color-coded by morphology (re€TGs,

bluer than galaxies in the red sequence, which fill the “gre e+cyan=LTGs). Bottom panel: color-mass diagram qf galaxies not
valley” (seegalso Cortese & Hugheg 2009) 9 ?rlllPHa3 (undetected by ALFALFA). They have been optically selected

\ . . from NED among isolated objects, and from the VCC within the Virgo
All fits have a consistent slope of 0.10 and the intercepts agster (red= ETG; greerLTG). In both panels the diagonal dashed

0.18 for ETGs; -0.05 for undetected LTGs (0.23 mag bluer);red lines mark the loci of the red sequence. The 26 LTGs in the VCC,
0.24 for detected LTGs witbefy; > 0.3 (0.19 mag bluer); and undetected by ALFALFA, withogM, > 9.0 are listed in Table 1.
-0.37 (0.13 mag bluer) for detected LTGs wirefy, < 0.3. A
consistent increase of the specific star formation rate RS 8F
steps of decreasinBefy, is also visible in Figure 8 (c). The distribution of the ratio of total K flux (measured in the imag-
above exercise, although it should be taken with a grain lof seng material) to the | flux measured in a central aperture of
because of NED incompleteness, confirms the result of Gortegriable size according to the total size of the galaxy, seply
et al. (2008a) (A1367) and of Paper Il (Coma): given the sengor LTGs-in ALFALFA with Defy, < 0.3 (blue) and for LTGs
tivity of ALFALFA at the distance of the Local Superclusterwith Defy; > 0.9 mixed with LTGs undetected by ALFALFA
only LTGs are detected. Among them, however, ALFALFAred). A Kolmogorov-Smirnov test indicates that the prdligb
misses objects that are the most HI-anemic. that the two samples are drawn from the same parent populatio
Another way to show how the morphologigdal-content mix of is 0.03%, i.e., that they significantly féér. In other words, the
galaxies depends on the environment in and around the Vidgo sources associated with HI-rich galaxies are extendedewhi
cluster is dfered in Figure 5. Here we plot the corrected color dhose of strongly deficienindetected objects are predominantly
galaxies of all morphological types regardless of their kiger- nucleafcircumnuclear, see also Koopmann & Kenney (2004a,b).
ties (i.e., including objects undetected by ALFALFA) as adu Table 2 summarizes the classification of the available rucle
tion of the projected separation from M87 (bottom panel) ahd SDSS spectra of LTG galaxies in this work in three binBefy,
the local galaxy density (top panel). We use the same synalsol{the LTG galaxies undetected by ALFALFA are included in the
in Figure 4. The Virgo cluster (which lies within 10 degreesti  highest deficiency bin). It shows that the fraction of stamfing
M87) is visible because it causes a strong color and morplyolonuclei decreases significantly with increasingfy,, although
segregation, i.e., all ETGs (in the red sequence) are cahifite Some signs of nuclear star formation remain in 46% of the most
its boundaries. Moreover, it also segregates LTGs with aHbw HI-poor systems. The fraction of passive spectra is relevaly
content from their Hi-rich counterparts, which are mostiyrid in the highesDefy, bin, while the fraction of AGNSs (including
outside its boundaries. These families also appear to Imifsig LINERS) does not significantly change wi¥efy, (consistently
icantly segregated as far as their specific star formatimoms with Gavazzi et al. 2011).
cerned, as indicated by theirft#irent color. The properties of theAltogether we find evidence that
studied galaxies on nuclearcircumnuclear scales are investi- there is a mild gradual progression toward redder colansfr
gated in Figure 6 and in Table 2. The figure gives the cumuati¢l) LTGs detected by ALFALFA with normal HI content, (2)
LTGs detected by ALFALFA with deficient HI content, (3) LTGs

3 Six additional VCC objects are undetected by ALFALFA, not beundetected by ALFALFA and (4) ETGs;
cause the are Hi-poor, but because they are confused amongtiach - the same morphologhil-content sequence depends on the am-
or with other sources: i.e., VCC 386, 483, 497, 1673, 1676, an@;19Dient density;
see Hallenbeck et al. (2012). - the extent of the star formation region in Hl-rich (1) LTGs i
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Table 1.26 LTG VCC galaxies in the Virgo cluster with ldg > 9.0

15F T "~ "~ T . T T T T T T o not detected by ALFALFA, with detections or more stringent upper lim-
C e ] its from previous pointed observations. A classification of the nuclear
r cce o o ¢ spectrum is given in Column 6 and the morphology of theddurce in
cIRY o« e m - Column 7.
L Cee® S T, °
E; S 3.§§g. o " "‘ °. . VCC Type logM. logMy, Defy, NucSp Hrmorp.
Tosf Lt Pake OO ) @ () ©) @)
=0 I T Y 341 Sa 1041 <7.63 >1.74 RET nuebar
C ° ° 358 Sa 9.80 <818 >0.77 PAS undet
0 ¢ 492 Sa 1000 <7.79 >1.33 LIN circnuc
S S S S S S 517 Sab 9.09 7.40 1.17 - disk
-1 -0.5 0 0.5 L 522 Sa 957 <744 >162 PSB -
log(1+6, ) 524  Sbc  10.35 8.15  1.42 LIN disk
ISR N 534 Sa 9.82 7.64 1.44 AGN circnuc
L AREY 713 Sc 9.97 8.10 1.38 HIl pointl
C 984 Sa 993 <731 >1.82 PAS circnuc
’go L . 1017 Im 9.77 <7.10 >2.22 - -
E 5 ,-: . 1047 Sa 10.00 <7.44 >1.49 PAS -
e e % . 1086 S.. 9.87 8.06 1.26 AGN disk
_TD 05 1158 Sa 1035 <7.13 >2.08 PAS -
=t ¢ 1190 Sa 1066 <7.64 >1.83 LIN circnuc
C 1326 Sa 9.49 <7.24 >165 HIl -
or | | | | ] 1330 Sa 9.89 7.94 0.98 PAS disk
s — 1412 Sa 1043 <7.02 >2.30 PAS disk
50 ‘fmj_ anguig wep. o) e (Deg_l)o 0 1419 S. 924 <727 >170 HII pointl
1435 Im 9.22 <6.58 >2.05 - -
2
Fig.5. Corrected ¢ — i), color of galaxies of all morphological types ﬂgg g ggg < 7;1.26 >1'g.196 PAS” ungiestk
as a function of the local galaxy density (top panel) and of the Pro-1 550 Sa 1009 <7.16 >2.15 LIN undet
jected angular separation from M87 (bottom panel). Hl-rich LTGs are;73g Sc 0.93 783 1.11 LIN circnuc
depicted with blue symbols; HI-poor LTGs are plotted with cyan sym-41757 Sa 9.36 738 1.51 HIl pointl
bols; LTGs undetected by ALFALFA are given with green symbols; 1813 Sa 1069 <719 >2.18 RET undet
ETGs are marked with red symbols. 1099  Sa 974 <7.9 >174  PAS _ undet

w 1E ] Table 2. Frequency of nuclear activity in LTGs detected by ALFALFA
o F 1 with logM. > 7.0 (blue symbols in Fig 4) divided in three classes of
c08E 3 increasingDefy,. The undetected LTGs (green symbols in Fig 4) are
£ 0.6 [ - combined with théefy, >0.9. The last column gives the percentage of
o4k 4 available nuclear spectra.
. . E
2 02 i ‘ ‘ ‘ E Defyy % PASS % AGNLIN  %HII  compl.%
P 20 20 50 80 <03 7 8 85 85
Total/Nuclear HaFlux 0.3-0.9 14 13 73 83
>0.9 24 15 46 78

Fig. 6. Cumulative distribution of the ratio of totaldflux in the imag-

ing material to the It flux measured in a central aperture of 10, 15, 30

or 45 arcsec diameter for galaxies of major axis 0-100, 100-200, 200

300 and> 300 arcsec. The blue histogram refers to LTG-in ALFALFAHaynes et al. 2011), the most updated ALFALFA catalog avail

with Defy < 0.3 and the red one includes LTGs willefy, > 0.9 and  aple so far. Here we compare our local data with the results of

LTGs undetected by ALFALFA. Huang et al. (2012), whereas in Paper Il we compare Virgh wit
Coma.

We begin by comparing in Figure 7 the star formation esti-
ates obtained in the present work from the Ebrrected lu-
inosities taken from Paper I, with the estimates of Huang et
al. (2012) computed by fitting U\y, g, 1,1,z SEDs. The corre-
lation codficient is 0.65, implying that the two quantities have
a probability higher than 99 % of being correlated. The butto
panel shows the distribution of thefidirences of the two quan-
tities. The Gaussian fitted to the data was obtained aftenasig
clipping of the most deviant points. Two most extremes eutli
galaxies (VCC 131 and VCC 1932) merit a more detailed com-
ment. These are both bright edge-on galaxies with significan
The study of the scaling relations among the barionic cohk flux (see GOLDMine) (logk-12.68 and -12.32 erg crfs*
stituents of (gas rich) galaxies has made a significant step frespectively), therefore with consistent SFR as compurtéklis
ward with the work of Huang et al. (2012), who analyzed0 work (-1.15 and -0.37 Myr~1). Furthermore the SFR derived

statistically larger than in their HI-poor {3) counterparts.
In other words, we confirm the finding of Paper Il (Coma) tha:,ﬂ
the environmental conditions not onlyfect the HI content of
galaxies, but also govern the average color (specific stexdo
tion rate) of galaxies. Moreover, whatever ablation megman
is causing this pattern, it must proceed outside-in, in @gent
with Boselli et al. (2008).

5. Scaling relations
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by directly converting the FUV magnitudes (corrected faHo

ing Cortese et al. 2006, 2008b, assuming balance between the
absorbed UV photons and the total FIR energy) into SFR are
found to be (-0.44 and 0.31) within a factor of 5 from each othe ~
Conversely, the SFR found by Huang et al. (2012) (1.11, }4.42 = r
differs by more than five orders of magnitude, revealing some
problems that are probably connected to the SED fitting proce
dure. Similarly, the galaxy VCC 785 is discrepant in Figure 7
the SFR by SED fitting is approximately two orders of magni-
tude above the linear correlation. This is a face-on galaxy s
rounded by a faint outer disk (as revealed in a deep 1500 sec & B
NUV image by GALEX not accompanied by a similar length
FUV exposure). However, as explicitly mentioned by Huang et ~ _
al. (2012), when deep GALEX images are not available in both &
NUV and FUV bands, the single long exposure is discarded and &
the SED fitting is performed with available FUV and NUV data & i
of similar exposures, albeit shorter. For VCC 785 the GALEX éﬂ
database reports a FUV magnitude of 19.5 mag compared with —4
a NUV of 15.4 mag (as derived from 200 sec exposures). The
SED fitting routine probably assumes an overestimated @xtin .
tion correction to allow for such a large discrepancy in magn 4 _o 0 5
tude, hence it overestimates the SFR. In summary, we coaclud Log(SFR. ) (This Work)

that, albeit the large scatter, the two sets of SFR measutsme & Ha
are consistent, which makes the comparison between thagcal

ng et al. 20
\

(Hu

E

relations obtained from the two SFR estimators meaningful. g 001‘: ; | ‘ | = ggg Lg

. — ag= . -

The scaling relations relevant to our study are given in FEigu £ 01E 3

8 (a) through (c), and the linear regression parameterssieel | E " E 3

in Table 3 | 5 0.05 & E

O El 1 (= [_H 1 l 1 13

We consider the relation between the HI and stellar mass by —4 -2 0 2 4
showing in Figure 8 (a) the HI gas fractidfy, /M. as a function Log(SFRg;,) — Log(SFRy,)

of the stellar mass. The diagonal dot-dashed line represieat

sgnS|_t|V|tyI|m|t of AI,-FALFA* computed forgalax@s with &n- Fig. 7. (Top) Correlation between the SFR used in this work (from

clination of 45 deg in the plane of the sRyBy slicing the Hr3 Ha) and those adopted by Huan et al. (2012) (computed from SED fit-
sample in three subsamples of increasivefy: Defy; < 0.3  ting) The one-to-one relation is given with a dotted line. Some outliers
(normal; blue symbols);.8 < Defy; < 0.9 (moderate defi- marked with their VCC names are commented on in the text. (Bottom)
ciency; green symbols), aridefy, > 0.9 (high deficiency; red The distribution of the residual of the two star formation indicators, with

symbols) we explore the whole range of environmental pieaur a Gaussian of megnando- fitted to it.

tions exhibited by galaxies in the Local Supercluster, aeeas

that was not examined by Huang et al (2012).

Consistently with the results of Gavazzi et al. (2008) andhty genta squares in Figure 8(&))This result is consistent with
et al (2012), the gas to stars fraction decreases by apprake downsizing scenario (Gavazzi 1993, Gavazzi et al. 1996,
mately 4 orders of magnitude by increasing galaxy mass, fraBavazzi & Scodeggio 1996, Boselli et al. 2001, Fontanot et
logM. ~ 7 Mg to ~ 115 M, independently of the HI de- al. 2009), where progressively more massive galaxies lesg |
ficiency parameter. This basic result seems to be indepéndgagstar atz=0 because they have transformed most of their gas
of the fact that k3 is an Hi-selected survey. Indeed our scainto stars at highez, while late-type dwarf galaxies retain large
ing relation perfectly agrees with the one found in the GAS§uantities of hydrogen capable of sustaining the star fioma
survey by Catinella et al. (2010) (see the black symbols & some significant rate at the present cosmological epoch.
F|gure 8(a)) S|m||ar|y, over .a broader interval of SteliHQ.SS The IO@FR versus |Og/|* relation (Figure 8(b)) obtained
10°° < M, < 10'° M, there is also a good agreement with thgt =0 is near the direct proportionality (slop@.97). A nearly
relation found by Cortese et al. (2011) among HI-normalgalaexponential mass growth has also been obtained at redsghift u
ies in a near-infrared selected sample derived from thedtets to 3 py, e.g., Giitzbauch et al. (2011) and beyond, e.g. Labb
Reference Survey (HRS; Boselli et al. 2010) (see the large m4 al. (2010). The specific star formation rate (S®R) (Figure
8(c)) is thus unsurprisingly flat, or marginally decreasiith
increasing mass.

.Y : . N : _ . In none of Figures 8 there is compelling evidence that the
Linear regressions are obtained in this work using the "bisector”, _.. L .

method by Isobe et al. (1990) (mean ffogents of the direct and the rglatlons shown have a Slgnlflcqnt change of slope in the con-
inverse relation). sidered interval of stellar mass, in contrast to the one ddumn

5 As introduced in Giovanelli et al. (2005), ALFALFA is a noise--1u@ng et al. (2012) near lo. ~ 9 Mo. This is probably be-
limited survey rather than a flux-limited one. At any given integrated Hiause the Local Supercluster lacks high mass galaxies dbe to
mass the 21 cm flux per velocity channel is inversely proportional to the
width of the HI profile, hence to the galaxy inclination. The complete-® The GASS and HRS points plotted in Figure 8(a) are binned aver-
ness and sensitivity of ALFALFA are clearly defined and discussed &ges, thus the error-bars do not represent the dispersion of thibudistr
detail in Saintonge (2007), Martin at al. (2010) and Haynes et al. (201fion.
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small sampled volume compareddasl0. However, a change of variations in the integrated SSFR, hence a spread similidueto
slope one observed in Figure 8(c). The same relation was also stud-
Good agreement is found betweea3and HRS (Cortese ied by Bothwell et al. (2009) and by Schiminovich et al. (2p10
et al. 2011) by comparing our deficient (green dots) or sigong(see their Fig. 8) in the (optically selected) GASS surviy: |
deficient (red dots) objects with thérgo HRS subsample (large ited to galaxies with 18 < M, < 10'*° M. In this mass range
red squares in Figure 8(a)). Altogether, there is full agre:et our data agree with theligh SFE objects (see the blue line
with previous surveys that on the common mass range therénigsigure 8(c)), but in addition to these, Bothwell et al. (2)
a primary scaling relation between HI and the stellar mass, and Schiminovich et al. (2010) have maioy SFE objects at
Ha3 extends the studied range of mass to one order of magnitioig SSFR~ -12 yr-1(see the red line in Figure 8(c)) that are sim-
fainter. ply not sampled in K3, which makes the overall relation steeper
High-deficiency galaxies (see Figure 8(a)) are found exclthan inHe3. Boselli et al. (2001) also found a correlation steeper
sively among the most massive systems and lie dangerousty riban in Figure 8(c).
to the ALFALFA detection limit already at the distance of r Summarizing, our analysis has highlighted in agreement
(this lack of sensitivity is at the origin of the LTGs undetstby with previous studies (e.g., Vulcani et al. 2010, Sobral let a
ALFALFA considered in Section 4). More highly Hi-deficient2011) that the stellar mass is a fundamental parameteryn dri
galaxies exist at low stellar mass, but they require deeper idg the observed scaling relations. THEeet of the environment
observations than ALFALFA to be detected. Indeed when tligthen superimposed on this scaling relations and is mdre ev
optically selected galaxies (see Section 4) are considangd dent in the relations that involve the mass of neutral hyenpg
their deeper available HI observations are used to complemwhich more easily prone to théfects of the environment when
the ALFALFA data in Figure 8(a), several objects with severguantified using the HI deficiency.
HI depletionbare detected at all stellar masses, includbjgats
as faint as 10M,,. This is consistent with the idea that hydroge . .
depletion occurs more easily in dwarf galaxies within a teus 6. Overview of the SFR in the Local Volume

like Virgo (Boselli et al. 2008). The time scale for gas depleye now illustrate the global role of the Virgo cluster on thers
tion is short enough~(100 Myr) to quickly transform them into formation properties of the Local Supercluster as a whae, a
anemics that become gas-free, passive dEs. This is prettigel shown in Figure 9. Only the population of LTGs is considered,
mechanism invoked by Boselli et al. (2008) and by Gavazzi gfeaning we disregard ETGs that would obviously trace the phe
al. (2010) to migrate dwarf star-forming systems into dE®Y® nomenon of morphology segregation in the Virgo cluster. The
neighborhood of rich galaxy clusters. top panel shows the celestial distribution of LTGs in thespret
work. Annuli centered on M87 are drawn with dashed lines; cho
sen to contain approximately an equal number of galdxigter
discarding galaxies that do not properly belong to clusterA

B (background groups, such as clouds M, W), within each an-
nulus we compute the median specific SFR (SFR per unit stellar
mass) (second panel). The depletion or Robert’s time (Hlsmas

Table 3. Linear regression cdicients of the relations in Figures 8 ob-
tained using the bisector method (meanfioents of the direct and the
inverse relation).

Linear regression r Defy Fig. divided by SFR) shown in the third panel gives the duration of
logMy, /M, = —0.63x logM,, + 5.53 -0.90 normal (@) the remaining star formation activity at the present ratettie
logMy; /M. = -0.71x logM, + 573~ -0.95  intermed (@) available HI content. The inverse of the latter quantitydms-
logMyi /M. = ~0.79x logM. +593 ~ -0.90  high (@) time called the star formationfiiciency. The HI deficiency is
:Oggigf 8'2?;( :OQM* :g'gg 8'28 .”‘:rma' g (tt))) given in the bottom panels. These quantities are plottedris b
log = 26 OgM, = 8. : Intérme ®)  of projected distance from M87 (top panels) and in bins o&loc
0gSFR = 0.91x logM, — 9.86 0.79  high (b) | d itv (bott |

l0gSSFR = —-0.56x logM, — 5.09 -0.46  normal (c) 9gaiaxy aensily (. ottom pane 5)-

logSSFR = ~0.52x logM, — 5.57 055 intermed ©) There is a significant radial dependence of the HI content
logSSFR = —0.70x logM, — 3.93 -0.45  high (c) (the strongest of all), of the specific star formation rated a

logSSFR = 0.40x logMy;; /M, —9.86 053 normal  10(L) therefore of the depletion time. LTGs in the Local Superelus
logSSFR = 0.41x logMy; /M, - 9.86 0.62 intermed 10 (L) located up to 20 degrees away from Virgo have a life expecta-
logSSFR = 0.52x logMy; /M. —9.82  0.55  high 10 (L) tion longer than 18 yr (i.e., almost one Hubble time) if they
continue to burn their hydrogen at the present rate, whilexga
ies near to M87 will remain active 28 yr (less than 2 Gyr). This
derives from the reduced gas reservoir of galaxies in thetetu
In our sample the specific star formation is found to deperghvironment (HI-deficiency) and appears to be associatédawi

only mildly on the stellar mass (Figure 8(d), compared withignificant suppression of the star formation rate.
Huang et al (2012) or with optical selected samples (Gavazzi

et al. 2002b, Schiminovich et al. 2010). _ _

The most remarkable feature of the specific star formatigh Discussion
vs stellar mass relation is the enormous scatter, as notethby
authors (Lee at al. 2007, Bothwell et al. 2009), particylan-

':ifn(} at_l_lﬁwfmigfs’tvc\jlcverﬁ th? scr?]tterzrr:eache; 2t0rderr]? of m ficiency are analyzed in Figure 8 and are found to be consis-
ude. The faintes arts aré amorphous objects co poise ent with previous determinations based on HI and on opical
few HIl regions. Some of these are outliers with respect & t@elected samples

trends in Figures 8, with a high SFR for a given HI mass lshhd
Itis debated (Boselli et al. 2009, Fumagalli et al. 2011,84/&t 7 Figure 9 was obtained adding to the ALFALFA-detected LTGs the
al. 2011) whether sporadic bursts of SFR occurring in thé indindetected LTGs that were optically selected with HI andriteasure-
vidual HIl regions in a stochastic manner could produce 100#tents taken from GOLDMine.

The scaling relations between the gaseous (HI) mass anththe s
formation rate as a function of the stellar mass, in interedH]|
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Fig. 8. Scaling relations of HI mass, stellar mass and SFR for galaxies in threseglatincreasin®efy,. blue: Defy, < 0.3 (normal); green:
0.3 < Defy, < 0.9 (perturbed), redDefy, > 0.9 (highly perturbed). Symbols are assigned according to the morphde§0-S0a: circles; giant
spirals (Sa-Sm): squares; Irr-BCD: triangles; AGN: asteriskseRal gas fractionily,/M.) versusM.. The diagonal dot-dashed line represents
the limiting sensitivity of ALFALFA at the distance of Virgo. The black symbgise therepresentative — sample extracted from GASS by
Catinella et al. (2010), the large magenta squares represent themdélrgample and the large red squares the Virgo sample from Cortake et
(2011). Across the stellar mass range in common there is an almostipaggfeement, but the present sample extends the correlation to ®ve ord
of magnitude fainter. Panel (b): SFR versds. Panel (c): Specific SFR verst.. The blue and red solid lines reproduce the relations plotted in
Figure 8 of Schiminovich et al. (2010) for the star-forming sequehtee] and the non-star forming locus of red galaxies (red).

The environmental conditions occurring in a young, stithe gfect of the environment is ten times dkegtive at removing
evolving cluster of galaxies such as the Virgo cluster hatke HI gas than at quenching the star formation.
profound consequences on the morphological composition of This is consistent with the finding of Figure 9, which shows
its member galaxies, producing the well known phenomendtimat the star formationfgciency My,/SFR) decreases going to-
named morphology segregation (Dressel 1980). Moreoverwiard the Virgo cluster, i.e My, decrease more than SFR, im-
induces observable modifications to the population of LTGplying that the cluster produces a significant perturbatiothe
even when they are considered alone: their HI content andliocal Supercluster, even on its member late-type galapas,
a lesser extent their specific star formation are signifigalet ticularly eficient at reducing their HI content and to a lesser ex-
duced compared to LTGs found in relative isolation. To gifiant tent at quenching their present star formation rate.
the quenching introduced by the environment on the gas con- In Section 4 we showed that there is evidence of a continu-
tent and on the SFR independently of the stellar mass, we phofs sequence of transformations that make LTGs graduadly ga
in the central panel of Figure 10 (a,b) the relation of the- sppoorer and redder in their disk components while they aggroa
cific star formation versus gas fraction. This Figure wasimigd the Virgo cluster. Meanwhile, their star formation shritikghe
by dividing both the SFR and the HI mass by the stellar massrcumnuclear or even nuclear scale. The last feature falks
so that both axes contain normalized quantities. In othedsyo truncation process of the star formation that is inconstatgth
this figure contains the residual correlation excludingsiteding the so-called strangulation (Boselli et al. 2006, 2008) ema+
law with stellar mass. The symbols are color-coded accgritin sistent with ram pressure.
the Defy, parameter. The histograms in the side panels enable HI ablation occurs on very brief time scales of 100-200 Myr
to estimate the average gas fraction and SSFR in three binga@flow-mass galaxies and 300 Myr for massive galaxies. An
HI deficiency. While the left panel contains only giant gaésxi example is NGC 4569, analyzed by Boselli et al. (2006). Itespi
(logM.. > 9 M), the right panel shows all galaxies. Both panef being very HI-poor (85% of the HI gas has been removed from
els show that even after subtracting the scaling law withaste this galaxy by ram-pressure), neverless it is only margjirtap
mass , a significant residual (second-order) dependendeeof deficient (Fumagalli et al. 2009) and its global star formatis
SSFR on the HI-deficiency remains: gas-rich objects that casnly reduced by a factor of two. This is consistent with thet fa
tain as much mass in HI and stars (bl /M.=0) have SSFR that most of the gas has been removed from the outer diske whil
ten times higher than galaxies that contain 100 times less idlthe inner regions the star formation continues sustaimed
relative to stars. The gas-rich, high SSFR systems are exaldpious H, coexistent with an inner HI shell. The time-scales
sively found among unperturbed galaxi&efy; < 0.3), while for ram-pressure stripping in this massive galaxy is caesty
gas-poor objects with a lower SSFR are exclusively highly peestimated to be 300 Myr by Volimer et al. (2004) and between
turbed Qefy; > 0.9) members of Virgo. The comparison be4100 and 400 Myr by Boselli et al. (2006). Estimates of 200 Myr
tween the two panels emphasizes the large scatter in the SS¥dte derived for two dwarf galaxies in the Virgo cluster: VCC
of low mass objects mentioned earlier. These faint systegfs p 1217 (Fumagalli et al. 2011b) and VCC 1249 in the M49 group
erentially have a high gas fraction, normal or intermedtlke (Arrigoni Battaia et al. 2012).
deficiency and an erratic specific star formation rate oveeX d  The ongoing infall rate of galaxies on the Virgo cluster can
in contrast to high stellar mass systems, whose specifié@tar be obtained by dividing the number of HI rich LTGs that still
mation correlates better with the gas fraction (see Boselil. exist in the Virgo cluster by the time scale of the HI stripgpin
2009). In summary, once the scaling relation with stellassnamechanism. Table 4 contains two estimates:fat0’ M, and
is neutralized, it is found that by decreasing the gas foady for > 10° M, (the second interval is to compare our estimate
2 dex, the specific star formation rate decreases by one.dex, iith a similar estimate obtained for the Coma cluster in Pape
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e w PRI O ¥ - SR M haust: 0.5 Gyr for low-mass galaxies (Boselli et al. 2008 an
14 | . e DR RN - W &Ko o o e . . . . .
3 o o2l ; SR 38+ - ﬁ E somewhat longer for massive systems. This time scale is esti
Soer . P ’ 3 mated assuming that a complete HI anglalation will occur
Sl R E during the second passage through the cluster center.sitos+
oo woon siderably shorter than 2 + 1 Gyr (Bigiel et al. 2008): the time
T T scale for complete consumption of the Hue to star formation
E 8L i ! ] in intermediate HI deficiency galaxies, i.e., without aneexted
g ol t ] reservoir of atomic hydrogen that can replenish the inngukll
g i consumed by the star formation (Fumagalli et al. 2009). Téie d
S 02| . rived infall rates adopting these figures are consistertt tie
R I —— I I I previous estimates.
£ 1of ! 7 Finally, assuming that all galaxies (LT&GETGs) were ac-
Eost : 3 creted by the Virgo cluster at a rate that remained appraeiyna
g ; constant in time, and that massive galaxies require anieddit
3 °F E 1-2 Gyr after a stripping event to migrate from the blue cloud

- - - - - to the transition region and to the red sequence (Boselll.et a
oeE E 2008; Cortese & Hughes 2009; Gavazzi et al. 2010), we infer
that the age of the Virgo cluster is roughly 2 Gyr, implying a

: o'i i : 1 cluster formation at ~ 0.2, much later tham ~ 1 derived using
—o2b s * 3 similar arguments for the Coma cluster in Paper Ill. Of ceurs
m 20 2 m o these are just order-of-magnitude estimates of the aoaredie

Proj. angular sep. from M87 (Deg.)

on the Virgo cluster. For example, cluster B (M49) will soon
merge with cluster A (M87) to form an even more relaxed and
rich Virgo cluster, contributing with many galaxies thatvha
been pre-processed in the group itself. The significant &ge d
ference found between Virgo and Coma is consistent with the
high contrast in the observed X-ray properties of the twa-clu
ters (Forman & Jones 1982), suggesting a marké&erdince in
their evolutionary stages.

Dec. (Deg.)

120p0m 11h00m

13"00™
R.A. (12000)
T

Table 4.Build-up of the Virgo cluster from various estimators. The first
number refers to objects with stellar mas&0’ M, the second to those
with > 10° M, (comparable with Coma)

Log(SSFR) (yr-!)
1
5
T
—e—
1

1

4

n
T

5 o E Al Hi-poor  Hi-rich
Bosl : ] N (> 107 Mg) 738 160 93
g { t (Gyr) 2+1 05+0.4 0.2+0.1
¥ of E Infall rate (Gyr') 369+ 184 320+ 190 465+ 230
: : : : NG 10° My) 210 73 36
osf b t (Gyr) 2+1 07404 03+0.1
i oa . E Infall rate (Gyr') 105+53 104+ 61 120+ 45
0.2 | -
o i
-ozp 1 1 1 1 3
-1 -0.5 o 0.5 1
Log(1+6,)

8. Summary and conclusions

Fig. 9. Top padnelz fthe sll\</|ysc71|is(t3rib|uti_on of LTGhS within seven annhuli gffl'he wealth of data provided by ALFALFA in the stretch of the
Increasing radius from M87. Galaxies in each ring are given with a dif, o5 Sypercluster visible in spring, which contains thegwi
ferent color. (b): SSFR; (c): SFR per unit HI mass; (d) HI-deficieas &luster, W%ich were f0||0Wed-uppwit%drlimaging observa';a(g)ns,

function of the projected angular separation from M87. Bottom pan .
same as above in bins of local galaxy density. This analysis is Iimited‘?@abled us to analyze the relations between the HI gas,éhe st

galaxies with projected distanee45° from M87, i.e., 20 objects in the lar content and the rate at which the gas is currently fuettieg
interval 15:00:0& RA <16:00:00) were excluded because they do nd@rmation of new stars in spiral galaxies.

constitute a statistically meaningful subset. Given the sensitivity of ALFALFA and of K3 at the distance of
Virgo, our analysis comprises galaxies with a stellar maské
range 16° < M, < 10'*®> M., a gas mass 10 < My, < 10%°
M,, and a star formation rate in excess of4M,yr. The main

II1). In the two cases we obtain a current infall rate of 40001 aqits of the present investigation can be summarized las fo
galaxy Gyr- in the two mass bins (the former consistent witly,s-

300 galaxy Gyr! found by Boselli et al. (2008) for Virgo and

the latter consistent with the estimate for Coma). — In addition to morphology segregation, the Virgo clustgrre
An alternative method for estimating the infall rate can be resents a significant perturbation on the Local Superaluste

achieved using the number of LTGs that are currently in the HI  for the gas content and the star formation properties of its

poor phase divided by the time scale for complete hydrogen ex member galaxies of late-type, such that on average the Hl
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Fig. 10. (Left panel) Relation between the specific star formation rate and theay®h in three classes of increasibgfy,, excluding objects
fainter thanM, = 10° M,,. (Right panel) Same as in the left panel, but including fainter objectshiBhegrams drawn on top and to the right show
the counts of galaxies with given HI gas fraction and SSFR, with the mdaas/given in three bins dbefy,.
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