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Abstract. We cross-correlate the galaxies brighter thag =  of late-type galaxies in the Coma supercluster by Gavazzi &
18 in the Virgo cluster with the radio sources in the NVSSaffe (1986) contributed establishing that the radio continuum
survey (1.4 GHz), resulting in 180 radio-optical identificationsuminosity of these galaxies is to first order proportional to their
We determine the radio luminosity function of the Virgo galaxsptical luminosity, and to second order to their current star for-
ies, separately for the early- and late-types. Late-type galaxiation rate. In other words, cosmic ray electron acceleration is
develop radio sources with a probability proportional to theprovided primarily by type Il supernovae explosions (see also
optical luminosity. In fact their radio/opticalR(z) distribution Condon 1992) which are more abundantin massive spiral galax-
is gaussian, centeredlay Rp ~ —0.5,i.e. the radio luminosity ies.

is ~ 0.3 of the optical one. The probability of late-type galaxies Deep radio surveys, carried outin the nineties with the VLA,
to develop radio sources is almost independent of their detaijgdvided the mean of re-determining the RLF of elliptical galax-
Hubble type, except for Sa (and S0+S0a) which are a factorie$ (Ledlow & Owen 1996), which turned out to be in remark-
~ 5 less frequent than later types at dy. able agreement with the early determination of Auriemma et al.

Giant elliptical galaxies feed “monster” radio sources witfll977). Their main finding is that the probability of E galaxies
a probability strongly increasing with mass. However the frée develop powerful radio source®§P, 4 > 24 WHz"1) is
quency of fainter radio sources is progressively less sensitsteongly dependent on their optical luminosity®). Below
on the system mass. The faintest giant E galaxiés & —17) logP; 4 = 24 WH 2! this dependence becomes weaker with
have a probability of feeding low power radio sources similatecreasing?; 4.
to that of dwarf E galaxies as faint 4 = —13. Due to the lack of extensive radio and optical surveys of

galaxies of both early- and late-type, the present knowledge
Key words: galaxies: clusters: individual: Virgo cluster —galaxis still limited to relatively bright radio sourcesogP, 4 >
ies: fundamental parameters — galaxies: luminosity functiazl, W Hz~') and bright optical luminositiesiz < —18.0),
mass function — radio continuum: galaxies typical of giant galaxies.

To go one step further it seems natural to re-determine the
RLF using the Virgo cluster, which contains thousands of galax-
ies, spanning a large luminosity range, from giant to dwarfs as
faint asMp = —13 mag. Surprisingly the latest systematic
A robust determination of the local (z=0) Radio Luminositgtudy of this cluster at centimetric wavelengths dates back 1981,
Function (RLF) of normal galaxies, jointly with similar deterwhen Kotanyi (1981) carried out with the WSRT a survey of this
minations carried out at cosmological distances (e.g. Prandohister. Not only these early measurement were limited by the
et al. 1998), is the essential tool for addressing several relevautrent sensitivity (several mJy/beam), but also they lacked the
cosmological issues, such as estimating the rate of evolutiom@cessary cluster coverage.
galaxies, more directly than by modeling the distribution of the We are now in the position of re-addressing the issue taking
faint radio source counts (see Condon 1989). advantage of the recent all sky NVSS radio survey carried out

Since the seventies this issue received strong attentiwith the VLA (Condon et al. 1998) and of the supreme quality
among the scientific community, culminating with the analys@$ the Virgo Cluster Catalogue (VCC) of Binggeli et al. (1985),
of elliptical galaxies by Auriemma et al. (1977) and of spirawhich provides us with reliable photometry and classification
galaxies by Hummel (1981). The study of the radio propertiésy over 2000 galaxies. The majorimprovement of the new radio
observations is not primarily their higher sensitivity, which is in
Send offprint requests 1&. Gavazzi (Gavazzi@trane.uni.mi.astro.itfgct only few times better than previously available, but mostly

* Table 1is only available in electronic form at the CDS via anonype unprecedented homogeneous sky coverage.
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-

strasbg.fr/Abstract.html

1. Introduction
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In this paper we make use of the NVSS data to construct theFull synthesis and snap-shot observations of specific regions
RLF of an optically completerg g < 18.0) sample of galaxies were undertaken with the VLA and with the WSRT (“pointed”
extracted from the VCC. With these data we wish to discusbservations). Hummel (1980) and Kotanyi (1980) did obser-
two issues: i) is the dependence of the RLF on Hubble typations of the Virgo cluster with the WSRT. Condon (1987) and
well determined? ii) does the dependence of the RLF on gala®gndon et al. (1990) observed with the VLA nearby galaxies
mass, which is known to exist for giant galaxies, extend to tipeojected onto the Virgo region. These surveys do not generally
dwarf population? Issues i) and ii) are addressed in Sect. 4. constitute a complete set of observations.

In a companion paper (Gavazzi & Boselli 1999: Paper IQ
we address another question: iii) is the local RLF of Iate—tym.ze
galaxies universal or is it influenced by the environment?
study this issue we compare the RLFs of late-type galaxiesd
five nearby clusters (Virgo, Cancer, A262, A1367 and Com
with that of galaxies in less dense regions of the universe
similar distancesH, = 75 km s~ ' Mpc~! is used throughout

Recently, the all-sky NVSS survey (Condon et al. 1998) car-
d out with the VLA at 1.4 GHz became available. The D
ray (FWHM = 45 arcsec) NVSS survey covers the sky north
0 > —40°, with an average rms=0.45 mJy. Except in specific
ions of the sky near bright sources, where the local rms is
her than average, this survey offers an unprecedented homo-
geneous sky coverage. It not only provides us with extensive

this paper. catalogues of faint radio sources, but also with homogeneous
upper limits at any celestial position. The VCC region is cov-
ered by 13 NVSS maps which are available via the World Wide

2. The sample Web.

2.1. The optical data Since radio data from more than one source exist for several

The present investigation is based on the Virgo Cluster Ctq_rgetgalaxies,we choose between them adopting the following

alogue (VCC) by Binggeli et al. (1985). The VCC catalogu St of priorities:

contains 2096 galaxies brighter thew; = 20.0. Photographic 1) in general we prefer NVSS data to any other source because
photometry with~ 0.35 mag uncertainty and detailed morphoaf its homogeneous character, relatively low flux density limit
logical classification are given in the VCC. The VCC coordiand because its FWHM beam better matches the apparent sizes
nates are affected by 10 arcsec uncertainty (Binggeli et al.of galaxies under study, thus providing us with flux estimates
1985) or slightly better. The VCC also contains a (morpholodittle affected by missing extended flux.

cal) estimate of the membership to the various structures con SiFor individual bright radio galaxies (e.g. M87) we prefer data
tuting the Virgo cluster: cluster A (M87), cluster B (dominate

by M49). W. W' M cloud d South ion. G om specific “pointed” observations since they should provide
y ). W, W', M clouds, and Southern extension. Gener Ewith more reliable estimates of their total flux.

members and possible members are treated in this work as be

longing to the cluster. 3) in all cases where the flux densities from NVSS are lower
We use an updated version of the VCC containing the féhan those given in other references we privilege the reference

lowing improvements: i) for 305 galaxies listed in Binggeli &arrying the largest flux density.

Cameron (1993) we substitute the eye estimatgdwith Br

obtained on digitized plates. ii) we include the redshift and cop-3. The radio-optical identifications

sequent membership re-assignments given in Binggeli et al.

(1993). We complement these data with (few) other redshifi¢ the position of all optically selected galaxies we search for a

found in the New Extragalactic Database (NED). iii) for 5eEadio-optical coincidence. For the remaining undetected galax-

galaxies we substitute the celestial coordinates with the mé®& We compute an upper limit flux usingx rms. For the

precise ones (few arcsec) listed in NED. By comparing this $&{rpose of our study we proceed as follows:

of new coordinates with the original VCC ones we find an rmg we pre-select sources from the NVSS data-base, allowing for
difference of 6.75 arcsec. We extract from the catalogue a s@bmaximum radio-optical positional discrepancy of 45 arcsec,

sample of 1342 objects completertg; = 18.0. Among these, because of the large apparent size of the galaxies in this nearby
589 have yet no redshift in the literature (140 are possible megpster.

bers, 379 belong to cluster B and another 70 are backgroynd . t the NVSS t th i £ all di
galaxies). Based on the most recent Cepheyds determinat Ve Inspect the maps at the position ot all cand-

we consider members of clusters A and B, general membeé gt’e radio-optical associations. We discard few spurious radio
members of clouds W'. M and Southern e>,<tension at the d&qbrces listed in the NVSS database, which turn out to be grat-

tance of 17 Mpc. Members of W cloud are taken at 28 Mpc (Stgggrlngs_ assoft:lated W_'th ftrlonforadlo _sourg_es. These(:j tl)\;g)?ng
also Gavazzi et al. 1999). o 3 regions of approximately 40 arcmin radius aroun ,

NGC 4261 (3C-270), and around the sout@&30™ + 02. In

these regions we also re-compute the local rms radio noise.

2:2. 1.4 GHz continuum data 3) at the position of all pre-selected optical-radio matches we

Radio continuum 1.4 GHz data in the regions covered by thempute an “identification class” (ID) according to a criterion
present investigation are available from a variety of sourceswhich is a slight modification of the one adopted by Jaffe &
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o0 - 5, o ® © A B Identification class ID=4 include pointlike sources whose
- 4 radio-optical offset is within the optical extent of the galaxy.
B b) | These are dubious identifications, which are nevertheless used
18 T A R AT AN because off-set radio sources are often found associated with
-12 —-14 —-16 —-18 —-20 —-22 —-24 disk galaxies.
Mg The 180 positive radio-optical matches are listed in Table 1
Fig. 1a and b.The correlation betwen the radio and optical Iuminosit;e/lS follows: ) _ ) )
for the detected galaxiealate-type;b early-type. Column 1: the VCC (Binggeli et al. 1985) designation.

Column 2: the photographic magnitude corrected for extinc-
Gavazzi (1986). For each galaxy we calculate the quantity: t|or! In our Gal'axy' accordlng to Burstein & Helles (1982) gnd
for internal extinction following the prescriptions of Gavazzi &
5 A2 Boselli (1996), except that the correction for internal extinction
R = =2 (1) -
o2+ 02 has been omitted for Irr and dwarfs.

) i ) . i Column 3: the morphological classification as givenin the VCC.
whereA,._, is the radio- optical positional offsey,. is the ra- - 4ymn 4: the membership to the individual clusters and clouds
dio position uncertainty, and, is the uncertainty in the galaxy i the virgo area as given in Binggeli et al. 1985 and revised in
position. The latter quantity is assumed to be the 3% of t@‘?nggeli et al. (1993).

galaxy optical diameter plus the uncertainty in the optical Pogkumns 5, 6: the (B1950) optical celestial coordinates of the

tion itself: target galaxy.
02 = 0.0009 x A + o2 (2) Columns 7, 8: the (B1950) celestial coordinates of the radio
source.

where A is the galaxy optical major axis, aagl is the uncer- column 9: the radio-optical offset (arcsec).

tainty in the optical position (see Sect. 2.1). The errors on thg|umns 10: the identification class (see above).

radio positions are assumed to be inversely proportional to 88jumn 11: the 1.4 GHz total flux density (mJy).

signal-to-noise ratio as: Columns 12, 13: the extension parameters of the radio source
05 x FWHM s Flut + 0. 3 (major and minor axes in arcsec). '

or = 0.5 FW x Vrms/ fluz +0.3 3) Column 14: reference to the 1.4 GHz data. All except 12 iden-

Identification class ID=1 includes pointlike radio sources wittifications are based on NVSS data.

R < 3. All our ID=1 sources are found within 35 arcsec from the
Identification class ID=2 are extended sources not meetiogntral optical coordinates of the parent galaxies. Some (gener-
the3o criterion. ally fainter than 10 mJy) ID=2 and ID=4 sources lie between 35

Identification class ID=3 are dubious identifications natnd 45 arcsec. An estimate of the number of possible chance-
meeting the3o criterion (not used in the following analysis). identifications (V.. ; ) among the 180 sources/galaxies listed in
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Virgo cluster, andN, is the total number of galaxies consid-
ered (1342) N, ;. is 5.3, in good agreement with the previous
determination.

—
w

3. The radio-optical luminosity

log F(R;>-0.2)

e
w

For all galaxies we have a measurement of the total radio flux
b b e e b L densityS; 4 (for 180 detections) or an upper lintif (undetected

S0 Sa  Sab Sbo Sbe Se o Sed Sdm Im - BCD objects). Combining this with the distance to the objects we
Fig. 4. The cumulative RLF fofogRp > —0.2 is given as a function determine their radio luminositi, 4 (or P) in WHz~ 1.
of the Hubble type. Let us consider the detected galaxies first. The existence of
a correlation between the radio and optical luminosity is well
known: (see e.g. Condon 1980; Gavazzi & Jaffe 1986; Gavazzi

. . o Contursi 1994). Figs. 1aand b show this correlation separatel
Condon et al. (1998) Fig. 6 we estimate that the probabllltyp urs! )-Fig Wi ! P y

findi lated ithin 45 ¢ bi r the early and late-types. In spite of a large scatter which
Inding an unrelated source within 45 arcsec of an arbitrary POR{gicates that, beside the optical magnitude other quantities de-

AN .
tion 'S.Z . Thus a.bOUt 3.6 sources In Tab!e 1 should be spuriqU.ine the radio properties of galaxies, it appears that late-type
associations. An independent estimate is computed accor

ies obey to an almost direct proportionality between the

I ——
coa b b b

Table 1 is carried out with two independent methods. Usi

to: two quantities. Early type galaxies instead show a strongly non-

Nei =91 x Xoi x Ng/A (4) linearbehavior: galaxies fainter than approximafelly — —19
have an average radio luminosity10%! W Hz~1!, independent

where the summation is extended to all radio sources (approktheir optical luminosity. Galaxies brighter thdhg = —19

imately 7000) found in the area Al40deg?) containing the have aradio luminosity strongly increasing withs. These are
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the “monster” radio galaxies. Itis interesting to notice in Fig. 14.1. Late-type galaxies

that “monsters” are absent among S0+S0a galaxies. . . . .
g 9 Spiral galaxies are well known to develop radio sources with

an average radio luminosity proportional to their optical lumi-
4. The radio luminosity functions nosity (see Sect. 3). For these objects it is convenient to define

. . . the (distance independent) radio/optical raftg; = S1 4/k X
h Il f I 1 . :
Given the small number of actual radio detections (180) wi ~0.4vms wheremp is the B magnitude ankl = 4.44 x 10°

respect to the number of optical candidates (1342), Fig. 1 mi . .
not give a realistic representation of the radio properties of ntﬂ;i Eicr::)\]rya}sgrgisgzt;teorgggsc:?{rr; trha?jit;r%?r(]ji-sbs?gg ;)Ber:]jr%?l_

optically selected sample of galaxies. More appropriately, t Ight emitted by the relatively young stellar population. The dis-

can be derived in the form of the Fractional Radio Luminosi ibution of f(Rs;), that is the probability that a galaxy develops
. . - oy . . . B y
Function (RLF), which gives the probability distributigii ) aradio source with a radio/optical ratity; can be derived sim-

that galaxies develop aradio source of a given luminogtty,j, ilarly to f(P, 4) using Eq. (5)
1.4 . .

taking into account the number of detected objecis?) in Since the radio/optical ratio is a distance independent quan-

each bin of radio luminosity;;, as well as the upper limits (see . . T
Avni et al. 1980). tity, we extend the present analysis to all galaxies in the VCC,

The differential distribution can be derived adopting metho'{‘:]CIUdIng the ba_lckg_round objects. _The equusmn of thgse ob-
cts reduces significantly the statistics, without changing the

Il of Hummel (1981) which has been shown to be equivaleh%

; . ; ) results.
tothe expression given by Avni et al. (1980): The f(Rp) for all galaxies (from Sa to BCD), given in

na(Pe) x (1 — Z?;ll F(P)) Fig. 2, appears as a normal distribution peaked at FQ@p)

ra(PL < Po) & na(P < Py (5) between-1 and—0.5. About 20% of all galaxies are detected
wA TS TR A = Tk at the peak of the distribution. At the sensitivity of the present

where:ng(P < P.) is the number of detected objects wittradio survey about 70% of Virgo galaxies hag > 0.01. Let

P < P, n.(P, < Pg) is the number of undetected objectsis now consider separately the following 9 morphological type

f(Py) =

with P, < P,. classes: Sa, Sab, Sh, Sbc, Sc, Scd, Sd+Sdm+Sm, Im, and BCD.
The uncertainty orf (Py) is given by: Barred and ringed spirals are mixed with normal spirals.
The cumulative?’ (> Rp) distributions are shown in 9 pan-
of(P) = & (6) els of Fig. 3 respectively. All panels show, for comparison, also
nq(P > Py) the distribution of all late-type galaxies together (open dots con-

nected with a solid line). It is striking that, within the statistical
uncertainties, all RLFs are consistent among each other, except
k forthe Sa’s. The Sa’s develop radio sources, at any given value of
F(=Pg) =) f(P) (1) Rp, about5times less frequently than all others late-type galax-
j=1 ies. Sd+Sdm+Sm are slightly underluminous than average, but

The cumulative distribution is thus:
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2 \ scales with the optical luminosity, independently of the detailed
Hubble type. Their radio/optical ratio is linearly correlated with
their current, massive star formation rate, as derived from their
H, emission line intensity (Kennicutt, 1999). Fig. 6 shows that,
among the detected galaxies, the relation betwegrand the
equivalent width of théd,, line is one of direct proportionality,
implying that cosmic-ray acceleration is primarely associated
with type Il supernovae.

Elliptical galaxies develop radio sources whose nature is nu-
clear. Auriemma et al. (1977) determined the RLF of E galaxies
brighter of Mz = —18. They found that the RLF shows a pro-
nounced break at the radio luminosity P, = 24 WHz"1,
independent of the galaxy optical luminosity. Beyond the break
\ \ F(> Pyi4) scales with the optical luminosity a&L®. Be-
log (Ha) (E.W‘)? low Py,, instead the depend(.ence. 6f(> Pi4) On Ly is '

weaker. The RLF determined in this work extends to optical
Fig. 6. The relation between the radio/optical rafig; and the equiv- |Juminosities 5 magnitude fainter than Auriemma et al. (1977).
alent width of thefZ,, line for the late-type detected galaxies. However, it does not comprise radio luminosities greater than
logP,, = 24 WHz"'. The only powerful radio galaxy in

this difference is barely significant. We have also computed tNB90 is M87, which is in fact right abové’;’ ;. With our data

F(> Rp) distribution of S0+S0a (not shown in Fig. 3), whichVé can study how the radio properties of E galaxies scale

results identical to that of Sa galaxies. with the optical luminosity belowP;,. The dependence of
Fig. 4 summarizes the dependence of the radio propertiesf Probability for E 9?'_50('95 to develop radio sources with

These results are in full agreement with the findings of Humn#f the optical luminosity. Together with our data, Fig.7 also
(1981). represents the results of Auriemma et al. (1977) (dotted line,

adapted from their Fig. 5) which appear in full agreement with
_ ours. The three brightest poin € mp < 16) are well repre-
4.2. Early-type galaxies sented byogP, 4 ~ L%°; however, belown g = 16, the data

Ear'y_type ga'axies do not develop radio sources W|th a ra(ﬁfﬁ ConSiStentWith no further dependence fIﬂDB’] |t|S inStI’UC-
luminosity proportional to their optical luminosity (see Sect. 3§ive to compare Fig. 1b with Fig. 7, which contain complemen-
For these objects the radio/optical ratio is meaningless. TkY information: Fig. 1 shows the dependence of the radio on
is consequent to the very existence of radio galaxies. Thée optical luminosity of the detected objects, while Fig. 7 adds
galaxies develop radio sources with a broad range of powde information on the frequency at which Early-type galax-
whose nature is nuclear, thus it is only indirectly related with t@s develop radio sources (with a given radio luminosity) as a
total luminosity of their host galaxies. For early-type galaxidsnction of the optical luminosity. We conclude that, while the
it is convenient to analyze the “bivariate” (i.e. per interval dfequency with which E galaxies feed the “monsters” in their
optical luminosity) distribution of radio luminosity. ObviouslynUC|ei is strongly related to their total mass, that of fainter radio
this analysis is restricted to the members of Virgo, disregardifig§urces is progressively less sensitive on the system mass. In
the background objects. fact it does not decrease frolg = —16 to Mp = —13. The

The cumulative representatiéf(> P, 4) is shown in Fig. 5 faintest giant E galaxies have similar probability of feeding low
in 5 bins of optical luminosity, such that each of them contaiWwer radio sources than dwarf E galaxies 3-4 mag fainter.
a significant number of objectd: < mp < 11 (7); 11 <
mp < 14 (22);14 < mp < 16 (141);16 < mp < 17 (159)
and17 < mp < 18 (211). Within the range of radio power
covered by the present analysi® (< logP1.4 < 25 WHz"")  |nsummary the presentinvestigation brought us to the following
it appears that the probability for E galaxies to develop radignpirical results:
sources decreases steeply with the optical luminosity only abgye . . . .
mp — 16 (which corresponds tdf; — —15). Below this 1) Late-type galaxies develop radio sources with a probabil-

optical luminosity, where dEs dominate, the fractiof> P ) ity proportional to their optical luminosity. In fact their ra-
becomes independent of the optical luminosity. dio/optical ratio is a gaussian distribution centered?at ~

—0.5, i.e. the radio luminosity is- 0.3 of the optical one. About

20% of all spiral galaxies is detected at the peak of the distribu-
5. Discussion tion.

log (RB)
o
T T T T ‘ T T T T ‘ T T T T ‘ T T T T
P
[e]
Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il

(@]
—

6. Summary

A clearcut result of the present investigation is that spira?) The probability of late-type galaxies to develop radio sources
Irr galaxies develop extended radio sources whose luminosgylmost independent of their detailed Hubble type, except that
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