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ABSTRACT

Aims. The availability of wide angle and deep surveys, both in the optical and the radio band, allows us to explore the evolution of radio sources
with optical counterparts up to redshift z ∼ 1.1 in an unbiased way using large numbers of radio sources and well defined control samples of
radio-quiet objects.
Methods. We use the 1.4 GHz VIMOS-VLA Deep Survey, the optical VIMOS-VLT Deep Survey and the CFHT Legacy Survey to compare the
properties of radio-loud galaxies with respect to the whole population of optical galaxies. The availability of multiband photometry and high quality
photometric redshifts allows us to derive rest-frame colors and radio luminosity functions to a limit of a B rest-frame magnitude of MB = −20.
We derive spectrophotometric types, following the classification of Zucca et al. (2006, A&A, 455, 879), in order to have a priori knowledge of the
optical evolution of different galaxy classes.
Results. Galaxy properties and luminosity functions are estimated up to z ∼ 1 for radio-loud and radio-quiet early and late type galaxies. Radio-
loud late type galaxies show significantly redder colors than radio-quiet objects of the same class and this is related to the presence of more dust in
stronger star forming galaxies. We estimate the optical luminosity functions, stellar masses and star formation rate distributions for radio sources
and compare them with those derived for a well defined control sample, finding that the probability of a galaxy to be a radio emitter significantly
increases at high values of these parameters. Radio-loud early type galaxies exhibit luminosity evolution in their bivariate radio-optical luminosity
function, due to evolution in the radio-optical ratio. The lack of evolution of the mass function of radio-loud early type galaxies means that no
new AGN are formed at redshift z < 1. In contrast, radio-loud late type objects exhibit a strong evolution, both in luminosity and density, of the
radio luminosity function for z > 0.7. This evolution is a direct effect of the strong optical evolution of this class and no significant change with
redshift in the radio-optical ratio is required. With the knowledge of the radio-optical ratio and the optical and radio luminosity functions for late
type galaxies, we show that it is possible to estimate the star formation history of the Universe up to redshift z ∼ 1.5, using optical galaxies as
tracers of the global radio emission.

Key words. galaxies: fundamental parameters – galaxies: general – galaxies: luminosity function, mass function – radio continuum: galaxies

1. Introduction

Deep 1.4 GHz counts exhibit an upturn below a few millijansky
(mJy), which corresponds to a rapid increase in the number of
faint sources (Windhorst et al. 1985). First results of the spec-
troscopic follow-up of relatively bright counterparts (B < 22)
identified many of them as blue galaxies with spectra show-
ing evidence of intense star formation (Franceschini et al. 1988;
Benn et al. 1993). However, with increasing depth of the opti-
cal follow-up programs, it resulted that an increasing number
of sub-mJy sources was associated with earlier type galaxies
(Gruppioni et al. 2003; Prandoni et al. 2001; Hammer et al. 1995;
Afonso et al. 2006).

The relative fractions of the various populations contribut-
ing to the sub-mJy radio counts (AGN, starburst, late, and early
type galaxies) are still a matter of debate, with different surveys
providing different results (Smolčic et al. 2008, and references
therein).

In fact, the photometric and spectroscopic work required in
the optical identification process is demanding in terms of tele-
scope time, since a significant fraction of the faint radio sources
has also faint optical counterparts. It is therefore clear that to in-
vestigate the nature and evolution of the sub-mJy population, it
is neces sary to couple deep radio and optical (both imaging and
spectroscopic) observations over a reasonably large area of the
sky.

The properties of radio sources in the local Universe were
studied extensively by Best et al. (2005) using the NVSS/FIRST
radio surveys coupled with the optical Sloan Digital Sky Survey
and by Magliocchetti et al. (2002) using the same radio data and
the 2dF galaxy redshift survey for the optical part. These opti-
cal surveys permit a spectral classification for the optical coun-
terparts of radio sources, by dividing the sample mainly in to
early and late type galaxies (broadly representative of passive
and star-forming galaxies) on the basis of spectral features such
as the 4000 Å break or colors. The results, represented by the
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bivariate radio-optical luminosity functions, demostrate that the
luminosity function of early type galaxies (presumably hosting
an AGN) can be described by a power law function flatter than
for late type galaxies.

Moving to higher redshift, the Phoenix Deep survey al-
lowed the study of the evolution of the radio luminosity function
(Afonso et al. 2005) and showed that the radio emission of star-
forming galaxies strongly evolved from z ∼ 0.1 up to z ∼ 0.5.
Later surveys explored the star formation density evolution at
even higher redshifts (Smolčic et al. 2008; Ivison et al. 2007;
Seymour et al. 2008; Barger et al. 2007) finding typical trend of
rapidly increasing star formation from redshift zero to ∼0.8−1.0
and then a plateau (or a decrease) at higher redshifts.

When one wants to study radio sources as a function of red-
shift, it is necessary to go through the radio-optical identifica-
tion process. For this reason, it is critical to know as accurately
as possible the properties of the optical counterparts in order
to discriminate the contribution to the evolution of the radio
sources of the the optical host galaxies or of the radio emitting
process.

The VIMOS-VLT Deep Survey (Le Fèvre et al. 2005),
complemented with photometric data from the CFHT Legacy
Survey, provides a unique opportunity to study the evolution of
optical galaxies with redshift. In fact, it offers the availability
of a large sample of reference redshifts obtained from a deep
spectroscopic survey, a large set of photometric bands and high
quality photometric redshifts over a wide area. This allows us to
study the properties of the counterparts of an associated 1.4 GHz
VLA survey (Bondi et al. 2003; Ciliegi et al. 2005) by using
the rest-frame colors and therefore avoiding the use of redshift-
dependent quantities.

The aim of this paper is to compare the optical properties of
galaxies hosting a radio source with those of a well defined con-
trol sample of galaxies, for which selection effects and evolu-
tionary behaviour are known a priori, to understand the relations
between the radio and optical properties. For this reason, in this
paper we define as “radio galaxies” or “radio-loud galaxies” all
galaxies with detected radio emission: our definition is therefore
based only on observed quantities.

The advantage of this work is the simultaneous availability
of a deep radio survey, a multiwavelength optical band coverage
over a relatively large area, accurate photometric redshifts and
absolute magnitudes which minimize the model dependency, but
the most important point is the availability of a control sample
with well studied luminosity and stellar mass functions as a func-
tion of redshift and galaxy type, from which it is possible in a
completely homogeneus way to extract galaxies that host a radio
source.

The plan of the paper is the following: in Sect. 2 we present
the data and definition of our samples; in Sect. 3 we compare the
redshift distribution of the radio galaxy subsample with the sam-
ple of all galaxies; in Sect. 4 we present the results of the color
distributions and in Sect. 5 the bivariate luminosity functions.
The radio-optical ratio distribution for our sample is presented
in Sect. 6, while the stellar mass and star formation rate distribu-
tions are shown in Sect. 7. In Sect. 8 we estimate the star forma-
tion density evolution and in Sect. 9 we present the conclusions.

Throughout the paper we adopt a flatΩm = 0.3 andΩΛ = 0.7
cosmology, with H0 = 70 km s−1 Mpc−1. Absolute magnitudes
are given in the AB system and are expressed in the five standard
bands U (Bessel), B and V (Johnson), R and I (Cousins). Errors
are estimated as poissonian fluctuations and refer to 1σ confi-
dence level.

2. The data

The radio data were obtained with the Very Large Array (VLA)
in B configuration (NRAO code AB925): a one square degree
mosaic map with an approximately uniform noise of ∼17.5 μJy
(1σ) and with a 6 × 6 arcsec FWHM Gaussian resolution beam
was obtained. This map (centered on α2000 = 02:26:00 δ2000 =
−04:30:00) was used to extract a catalogue of 1054 radio sources
to a completeness limit of 80 μJy. A detailed description of the
radio observations, data reduction, sources extraction and radio
source counts is reported in Bondi et al. (2003), while the radio-
optical correlation (done with a likelihood ratio technique) and
the properties of radio objects with optical counterparts are pre-
sented in Ciliegi et al. (2005), who detected 718 radio sources
with an optical counterpart brighter than IAB = 25. The percent-
age of optical identifications of the radio sources varies from
∼70%, for fluxes between 0.08 and 0.2 mJy, to ∼65%, for fluxes
between 0.2 and 0.1 mJy, and decreases to 58% for brighter
sources. Bondi et al. (2007) performed a 610 MHz survey with
the Giant Meterwave Radio Telescope (GMRT), finding that the
median spectral index of faint radio sources (below 0.5 mJy at
1.4 GHz) is significantly flatter than that of brighter sources. This
fact is probably due to a significant contribution below 0.5 mJy
from a population of flat spectrum low luminosity compact AGN
and radio-quiet QSO.

The optical data are part of both the F02 deep field of the
VIMOS-VLT Deep Survey (VVDS) and the D1 field of the
MEGACAM CFHT Legacy Survey (CFHT-LS). The first set
consists of data for the B, V , R and I bands (McCracken et al.
2003), obtained with the CFHT wide-field 12 K mosaic camera
for the entire field. The completeness limits are ∼26 for the B, V
and R bands and ∼25 for the I band.

The second set comprises data for the u∗, g′, r′, i′ and
z′ bands (McCracken et al. 2009) and covers an area of 1 deg2

centered on the VVDS F02 deep field; the completeness limits
are 26.0, 25.8, 24.3, 25.1 and 24.5, respectively. We used also the
UKIDSS J and K data (complete to a limit of K ∼ 18, Warren
et al. 2007), which covers the entire area.

Starting from the VVDS photometric catalogue, a deep spec-
troscopic survey was conducted for galaxies with IAB ≤ 24
(Le Fèvre et al. 2005), with a sampling rate of ∼33% over an
area of 0.6 deg2 and a spectral resolution of ∼33 Å at 7500 Å.
Due to this sampling rate and area covered, only 53 radio sources
(among the 718 with optical counterparts) have a spectroscopic
redshift. To increase the number of studied objects, we decided
to use the VVDS photometric redshift sample. The VVDS pho-
tometric redshift catalogue and the method to estimate redshifts
and their quality were presented by Ilbert et al. (2006). The typ-
ical error is σ(Δz/(1 + z)) ∼ 0.029 and the reliability is max-
imum in the redshift range [0.2−1.5]. We analysed the differ-
ences between the photometric and spectroscopic redshifts of
the 28 galaxies in the Radio Sample (see below), finding that
the zero-point is consistent with zero (at 0.05σ) and the er-
ror is 0.034. Therefore, the properties of the photometric red-
shifts of radio galaxies are consistent with those of the optical
sample.

Absolute magnitudes are computed following the method
described in the Appendix of Ilbert et al. (2005): the
K-correction is computed using a set of templates and all the
photometric information available. However, to reduce the tem-
plate dependency, the rest-frame absolute magnitude in each
band is derived using the apparent magnitude in the closest
observed band, shifted to the redshift of the galaxy. With this
method, the applied K-correction is as small as possible.
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Table 1. Numbers of objects in our samples. The low/high redshift bins are [0–0.5]/[0.5–1.1] for all galaxies and type 3+4 galaxy samples and
[0–0.7]/[0.7–1.0] for type 1+2 galaxy sample.

Redshift interval Complete sample Control sample

All type 1 (z < 1.0) type 1+2 type 3+4 All type 1 (z < 1.0) type 1+2 type 3+4

0 < z < 1.1 430 149 303 127 17 880 3775 7414 10 466

low z 238 176 62

high z 150 91 59

Following the procedure adopted in Zucca et al. (2006),
for each galaxy the rest-frame magnitudes were matched with
an empirical set of SEDs, consisting of four observed spectra
(CWW Coleman et al. 1980) and two starburst SEDs computed
with GISSEL (Bruzual & Charlot 1993). The match is performed
by minimizing a χ2 variable on these templates at the redshift of
each galaxy. Note that this method for the galaxy classification is
more refined than a simple color division because of the simul-
taneous use of all available photometric data, which minimizes
the influence of errors in a single band.

Galaxies were divided into four types, corresponding to the
E/S0 template (type 1), early spiral template (type 2), late spiral
template (type 3) and irregular template (type 4); type 4 also in-
cludes the starburst templates. Franzetti et al. (2007) have shown
that there is a good correspondence between this classification
and that obtained from spectral features, such as the 4000 Å
break to z ∼ 1.4.

By studying the luminosity function of these photometric
types for the spectroscopic survey, Zucca et al. (2006) found that
type 1 (corresponding to early type galaxies) and type 4 galax-
ies (corresponding to star forming late blue galaxies) exhibit the
most extreme behaviour regarding evolution in the luminosity
function, with the former class showing little evolution and the
latter showing a strong evolution. The other two classes (2 and 3)
could be regarded as intermediate types in the sense that their
properties are less extreme.

The accurate knowledge of the behaviour of these classes en-
couraged us to use the same classification. We assume that the
results for the spectroscopic subsample holds also for the en-
tire, photometric redshift-based sample. This assumption is con-
firmed by the comparison of the luminosity functions from the
two datasets (Ilbert, private communication).

From the 718 original radio-optical identifications (the
“Original Sample”), we consider only objects with MB < −20
in the redshift interval [0–1.1] (or the interval [0–1.0] when con-
sidering type 1 alone), where we have reliable photometric red-
shifts and well studied optical luminosity functions. We refer
to this sub-sample as the “Complete Sample”. The magnitude
limit assures that the considered galaxies are visible within the
entire adopted redshift range and our sample therefore has the
same properties as a volume limited sample. The different red-
shift limit for type 1 galaxies is due to their higher K-correction,
which influences their absolute magnitude limit (see the discus-
sion of Zucca et al. 2006).

The sample of all galaxies from the CFHT-LS/VVDS cat-
alogue was divided by the same limits to obtain the “Control
Sample”. In the upper panel of Fig. 1 we show the apparent
I-band magnitude distribution of the Original Sample (empty
histogram) and of the Complete Sample (shaded histogram).
This histogram allows us to define a further cut in the Control
and Complete Samples at IAB < 24. This ensures that the
two samples are cleaner because at fainter magnitudes the es-
timated photometric redshifts are less precise and the fraction of

unreliable or uncorrect redshift increases. This apparent magni-
tude limit is the same of that of the VVDS spectroscopic sur-
vey and we are therefore in the same framework as Zucca et al.
(2006) work on the luminosity functions.

Within these limits there are 430 radio sources. It is clear
from the figure that the majority of the objects not present in
the Complete Sample have magnitudes of IAB > 22. Among the
radio sources not selected by our limits, 133 have MB > −20 and
154 match our absolute magnitude criterion but have z > 1.1,
while the 35 IAB < 18 objects are too faint to be included in the
Complete Sample.

Considering the frequency of types in the Complete Sample,
169 objects are of type 1 (149 within z < 1.0), 134 are of type 2,
while 74 and 53 are of type 3 and type 4, respectively. Given the
relatively low number of type 4 galaxies, we consider as a single
class (hereafter type 3+4) the late type galaxies. The Control
Sample is formed by 4332 type 1 (3775 z < 1.0), 3082 type 2 and
10 466 type 3+4 objects (see Table 1). Therefore, in our sample
the percentage of radio emitting sources is ∼4%, ∼3% and ∼1%
for the three considered classes, respectively. Here, we assume
that the emission mechanism of type 1 and type 2 radio galaxies
is due mainly to AGN (thus selecting the “absorption line AGN”
of Best et al. 2005), while for type 3 and type 4 it is induced by
star formation.

This assumption is reasonable in the light of the classifi-
cation in Fig. 9 of Best et al. (2005), which shows the plot
log Lradio/M∗ versus Dn(4000), where Lradio is the radio lumi-
nosity, M∗ is the stellar mass and Dn(4000) is the measure
of the 4000 Å break. In this plot, there are two well sepa-
rated clumps, which do not depend on log Lradio/M∗, one at
Dn(4000) ∼ 1.25 populated almost completely by star forming
galaxies, and another at Dn(4000) ∼ 2.0 dominated by galax-
ies with AGN induced emission and LINERS. For the 31 radio
galaxies in our sample with measured Dn(4000) our classifica-
tion agrees with that of Best et al. (2005). Considering the en-
tire sample, almost all our radio sources (∼93%) have a ratio
11.5 < log Lradio/M∗ < 14, and this implies that the division
between star forming and AGN induced radio emission spans
the range [1.3–1.6] in Dn(4000): this value roughly corresponds
to the division between type 1+2 and type 3+4 for the Control
Sample.

Another way of testing our classification is by looking at
the upper panel of Fig. 11 (see Sect. 7): all radio galaxies with
star formation rates (as estimated in the optical) of less than
1−2 M� yr−1 (all of type 1+2) are far from the correlation be-
tween SFR(optical) and SFR(radio) seen at higher rates, mean-
ing that the AGN component of the radio luminosity is dominant.
Moreover, we checked our classification using the spectra from
the zCOSMOS 10 K sample (Lilly et al. 2007), limiting the data
set at MB < −20 and z < 0.9, due to the different depths of the
surveys. Only 6% of the type 1+2 objects are beneath the di-
viding line (i.e. classified as star forming) of Best et al. (2005)
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Fig. 1. Upper panel: shaded histogram: distribution of I magnitude for
radio galaxies with MB < −20 and zphot < 1.1 (the Complete Sample).
Empty histogram: all identified radio galaxies (the Original Sample).
Lower panel: dotted histogram corresponds to the radio flux for all ra-
dio galaxies (the Original Sample), solid line represents the Complete
Sample, dot-dashed line the type 3+4 objects, long dashed line the
type 1 objects.

and 30% of type 3+4 are just above the dividing line (Bardelli
et al. 2009).

In the lower panel of Fig. 1 we display the 1.4 GHz flux
histogram of the Original Sample and the Complete Sample, in
which the long dashed line corresponds to type 1 galaxies and
the dot-dashed line corresponds to type 3+4 objects. There is no
significant trend of types with flux: the fraction of type 1 galax-
ies decreases from 46% in the flux range [0.2–0.45] mJy to 32%

in the range [0.08–0.2], while the fraction of type 3+4 galaxies
increases from 22% to 31%. In our case, no dramaticly increas-
ing percentage of star-forming galaxies is present at low fluxes,
in contrast to early results (see the discussion in Gruppioni et al.
1999). This conclusion would be similar if we adopt a fainter
I magnitude limit or relax all of our restrictions, in particular
that at high redshift: in this case the fraction of type 3+4 in-
creases from 37% to 41%. Only type 1 galaxies show a decrease
from 34% to 25%, possibly due to the blueing of ellipticals at
higher redshifts, which could shift radio galaxies from type 1
to type 2. However, as shown by Seymour et al. (2008), our
adopted flux limit is just above the upturn of the star forming
galaxy counts.

2.1. Contribution from optically identified AGN

In the optical spectroscopy, the emission of an active nucleus is
revealed by the presence of typical features of emission lines,
leading to the definition of two broad classes: the Broad Line
AGN (BLAGN) and Narrow Line AGN (NLAGN). These AGN
are known to be sometimes radio-loud. These objects are ex-
pected to be relatively rare within our limits and have spectral
energy distributions that could be misclassified within our clas-
sification scheme (AGN induced radio emission associated with
early type galaxies and star formation induced emission with late
type galaxies). For this reason, we consider as “contamination”
the presence of these objects in both the Complete and Control
samples.

We estimate the significance of the possible contamination
in our sample by these objects: unfortunately, a direct estimation
is not possible due to a the lack of spectroscopy for most of our
radio sample.

The presence of optical AGN in the spectroscopic VVDS
survey was studied by Bongiorno et al. (2007), Gavignaud
et al. (2006), and Paltani et al. (2009), finding a sample of
333 NLAGN and 63 BLAGN. Within our limits in redshift and
absolute magnitude the ratio between type 1+2 objects versus
type 3+4 is 1/6 for BLAGN and 1/3 for NLAGN. Among these
objects, 4 BLAGN and 2 NLAGN have radio counterparts in the
Original Sample and 2 BLAGN and 2 NLAGN are part of our
Complete Sample.

The NLAGN optical counterparts were assigned to the
type 1+2 sample, and the BLAGN to the type 3+4 sam-
ple. The radio luminosities are log P(W Hz−1)= 23.19 and
log P(W Hz−1)= 22.52 for NLAGN and log P(W Hz−1)= 23.84
and log P(W Hz−1)= 24.54 for BLAGN. These numbers come
from the common area between the CFHT-LS survey and the
spectroscopic VVDS survey, which is approximately 28% of our
survey. In addition, we corrected for the VVDS survey sampling
rate (33%). With the assumption that the contamination estimate
obtained in this sub-area is representative of the entire area sam-
pled, in our sample we expect 21±15 AGN objects in the power
range log P(W Hz−1)= 23−24.

As an independent way to estimate the contamination,
we cross-correlated the positions of SWIRE survey sources
(Lonsdale et al. 2003) with our Complete Sample. For the sam-
ple containing type 3+4, we have 85 galaxies in common and in
a clear relation between redshift and the ratio of flux in the 24 μm
to radio bands. Only 9 objects are significantly shifted towards
lower values of the ratio, indicating the possible presence of an
AGN. If the ratio between all galaxies and AGN is representa-
tive, we expect a contamination in the sample of 15 ± 5 AGN,
which is well consistent with the previous result. This approach
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is impossible for early type galaxies because the AGN and star
forming populations are inseparable.

Considering the color distribution of all NLAGN, we find
that for type 1 objects the B − I colors are more similar to those
of radio emitting objects, while the U − B colors have a flatter
distribution, with a small peak at U − B ∼ 0.7. Also for type 4
galaxies, colors distributions have a similar behaviour.

3. The redshift distributions

In Figs. 2 and 3 the redshift distribution of the radio galax-
ies in our Complete Sample (solid lines) is compared with the
Control Sample (dashed lines) for all galaxy types and for type 1
and 3+4. Although not used in the following analysis, we also
show in the figures objects with redshift higher than 1.1. Note
that the Control Sample histograms have been rescaled by the
ratio of the number of objects in the two samples. In principle,
the two histograms are not expected to be identical because the
radio sample have limits both in optical magnitude and radio
flux, while the Control Sample has only the first limit. The most
important peak in both the Control and Complete Sample is at
z ∼ 0.9 and is due mostly to early type galaxies. This peak is
the result of the combination of the presence of a huge large-
scale structure at that redshift (see Le Fèvre et al. 2005) and
the increasing incompleteness of our Complete Sample beyond
z = 1.1 (or z = 1.0 for type 1 galaxies) due to our absolute mag-
nitude limit. At lower redshifts, the shape of the the histogram of
the Control Sample is determined only by the increasing volume
sampled.

The other significant bump visible in the Complete Sample
is centered on z ∼ 0.3 and is primarly due to the radio flux limit.
Within our limits, the radio sample is complete for radio pow-
ers of log P(W Hz−1)> 22 and z < 0.2. At lower redshifts, the
distribution is dependen only by the increasing volume, while at
higher redshifts the histogram is a combination of the losses due
to the radio flux limit and the larger number of optical galaxies.
However, after a visual check, no obvious α − δ segregation of
radio galaxies corresponding to this bump is evident. A clump at
the same redshift is present in the Control Sample and in this
case we detected the presence of a cluster (visible as a two-
dimensional galaxy distribution) centered on α2000 = 2h24m32s

and δ2000 = −4o14′54′′. Two radio sources have redshifts con-
sistent with that of the cluster, one being at its centre.

Another difference between the Control Samples and
Complete Samples is an excess of radio galaxies at z ∼ 0.6,
which is the only one clearly related to a physical structure, be-
cause of its narrow redshift width. By plotting the α − δ distri-
bution of early type radio galaxies (which are expected to bet-
ter delineate clusters and large scale structure) in the [0.5−0.65]
redshift range, it is clear that they are located in the lower left
(South-East) quadrant of the field (Fig. 4). By plotting the adap-
tively smoothed isodensity contours of all galaxies in this bin,
we found that the overdensity coincides with two galaxy clumps
close to each other (∼4 Mpc). This fact is consistent with the
claim of Owen et al. (1999) that cluster merging triggers radio
emission (see also Giacintucci et al. 2004). Unfortunately, no
velocity dispersion estimate is possible because the two clumps
are located just outside the region covered by the spectroscopic
survey.

Finally, we note that the effect of cosmic variance on these
plots is of the order of 15%, as estimated with similar samples,
the same data (CFHT-LS) and the same classification method by
McCracken et al. (2008) and more specifically for the VVDS
survey by Vergani et al. (2009). The expected variance in the

Fig. 2. Redshift histogram of the radio galaxies in the Complete Sample
(solid line) compared with galaxies in the Control Sample (dashed line).
The Control Sample histogram has been rescaled by the ratio of the
numbers of objects in the two samples.

radio source sample is of the same order because the correla-
tion functions in the Control and Radio samples are similar (see
Sect. 3.1).

3.1. Correlation function

An unresolved problem about the properties of the radio galax-
ies is related to their clustering properties. For this reason we
computed the angular correlation function of all galaxies and
radio-loud objects divided into type 1 and type 3+4 galaxies. We
detect no significant difference between the various populations;
it is present only a weak signal considering the bright and faint
type 1 radio galaxies, the ones fainter than log P(W Hz−1)< 23.5
being more clustered than the brighter ones.

4. Color distributions

The advantage of using redshifts is that one ia then able to
use the rest-frame colors, and avoid all ambiguities caused by
type dependent K-corrections when adopting observed colors.
Moreover, in order to disentangle real effects due to the pres-
ence of the radio source from the evolution of the optical host
galaxy, it is necessary to make a relative comparison between
radio galaxies of a given type with their “parent” population (in
our case the Control Sample).

The rest-frame B− I color distribution of early type galaxies
(type 1) that exhibit radio emission is significantly different from
that of the parent sample of early type galaxies (the K-S proba-
bility of its having been extracted from the same population be-
ing ∼10−7), the first showing an evident peak at B − I ∼ 1.4 (see
Fig. 5 upper panel), and the second having broader distibution,
with approximately the same mode.

The color distribution difference between radio emitting and
parent sample early type galaxies is present only at higher red-
shifts (0.5 < z < 1.0), while the distributions are statistically
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Fig. 3. Upper panel: same as Fig. 2 but for type 1 galaxies. Lower panel:
same as upper panel but for type 3+4 galaxies.

indistinguishable for z < 0.5. The colors of early type powerful
radio galaxies (log P(W Hz−1)> 23.5) do not differ from those
of the Control Sample, while a significant difference (K-S prob-
ability of ∼10−11) is evident between the color distribution of
faint sources (with log P(W Hz−1)< 23.5) and that of all early
type galaxies. In all of these cases the difference is due to a more
peaked and narrower distribution of radio sources than for the
general population of early type galaxies. The redshift and lu-
minosity effects are related to each other in the sense that the
higher redshift bin is populated mainly by the most powerful ra-
dio galaxies, while at lower redshifts the dominant population is
that of the weakest radio galaxies.

Although marginally significant, the U − B color distribu-
tions do differ (Fig. 5 lower panel), with the significance of the

Fig. 4. Isodensity contours are the adaptive kernel smoothed α − δ dis-
tibution of early type galaxies in the redshift range [0.5–0.65]. Points
show the positions of the optical counterparts of the radio sources in the
same redshift bin.

difference between the radio faint or bright galaxies with the
Control Sample is 98% and 95%, respectively.

Considering the relative color distributions, powerful radio
sources tend to be bluer in B − I and redder in U − B than faint
radio sources. This appears to be caused to a relatively lower
B band flux for radio faint objects.

The difference between the B− I colors of the radio-loud and
Control Sample is far more evident for type 3+4 objects, with
a strong segregation of radio sources toward red colors in rela-
tion to the Control Sample (Fig. 6 upper panel): this difference is
present, although with far less significance, also in the U−B col-
ors (KS probability of 0.01). In this case, the variable causing
this difference appears to be the redshift, because galaxies with
redshifts lower than 0.5 differs less significantly (KS probability
of 0.01) than those of higher redshift (KS probability ∼10−12)
from their Control Samples. This is due to the fact that at higher
redshift the Control Sample contains more blue galaxies in the
B − I colors than the Complete Sample. The converse behaviour
is found for the U − B color, for which no difference between
radio-loud and parent sample is found at higher redshifts, while
a difference with a K-S probability of ∼0.0007 is present at lower
redshifts.

An interesting question is whether the color difference of
type 3+4 radio-loud galaxies is due to some interaction between
radio emission and optical spectrum or simply because redder
galaxies tend to be more luminous at optical wavelengths (due to
the well known color-magnitude relation for galaxies) and, given
a radio-optical ratio value, also in the radio wavelengths. To in-
vestigate this point, we taken the Control Sample of type 3+4
galaxies (10 466 objects) and randomly assigned to each galaxy
a radio-optical ratio extracted from the observed distribution (see
Sect. 6). With this value and given the optical luminosity of the
chosen galaxy, we computed its radio power. We then removed
all objects with simulated flux below the limit of the VVDS-
VLA radio survey and verified that the power distribution was
similar to that observed. The resulting number of expected radio
sources was 140 compared with the observed 143. We note that
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Fig. 5. Upper panel: B − I color distribution of the radio emitting early
type galaxies (solid line) compared with the same distribution of the
Control Sample (dashed line). The latter has been rescaled to take into
account the different number of objects. Lower panel: U − B color dis-
tribution of the radio emitting early type galaxies and of the Control
Sample. Symbols are the same as in the upper panel.

in this procedure we assumed the null hypothesis that the radio
power is independent from the galaxy color but depends only
on the optical luminosity. As a result, the fraction of type 3+4
mock galaxies with B − I < 0.5 is ∼26%, significantly higher
than the observed ∼8%. This implies that, at a given optical lu-
minosity, only the redder late type galaxies tend to have higher
radio power, possibly indicating a larger amount of dust. In other
words, higher star formation rates (which ensures thst a late type
galaxy is detectable at radio wavelengths) appear to occur in

Fig. 6. Same as Fig. 5 but for type 3+4 objects.

objects richer in dust (which causes galaxies redder in optical
colors).

5. The radio luminosity function

Luminosity functions are a powerful tool for investigating the
evolution of astronomical objects. However, in the case of radio
sources it is more correct to refer to a bivariate luminosity func-
tion, i.e. the composite distribution of optical and radio luminosi-
ties. Therefore, one has to face the possible physical evolution
of the sources and biases induced by the flux limits in the two
bands. This latter problem is particularly severe in the optical
bands and at high redshift. As shown by Ilbert et al. (2004), in a
magnitude limited sample a pure K-correction effect can induce
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a variation of the population mix of red and blue galaxies, even
in the absence of evolution. Moreover, at different redshifts any
single photometric band records different regions of the galaxy
spectra making the interpretation of the results more difficult.

To overcome these difficulties, we choose to limit our opti-
cal sample to a B rest frame luminosity, i.e a quantity indepen-
dent from redshift. The MB = −20 limit enables a galaxy to be
observed over the entire redshift range eliminating the optical
constraint in the estimation of the observable maximum volume.
The luminosity function was estimated with a standard 1/Vmax
method (Schmidt 1968) in the redshift range [0–1.1] ([0–1.0] for
early type galaxies). The radio K-correction was estimated by as-
suming that the radio spectrum is a power law function (defined
by S ∝ να) with a slope α = −0.7. As a check, we recomputed
the luminosity functions with the observed 610 MHz-1.4 GHz
indexes (for 310 objects within our limits) presented by Bondi
et al. (2007) and the results remain unchanged. We present the
results without considering the completeness correction deter-
mined in Table 3 of Bondi et al. (2003), which corrects statisti-
cally for radio sources lost at low fluxes. However, we also re-
peated the analysis by weighting the 1/Vmax of each radio galaxy
by the corresponding flux-dependent correction factor: the re-
sulting corrections had the effect of increasing on average the
luminosity functions by ∼10% for log P(W Hz−1)< 23 in each
redshift bin. For higher powers the corrections were larger (be-
tween 20 and 60%) but are in the same directions for all redshift
bins and therefore our conclusions are not changing.

In Fig. 7 the radio luminosity functions of the Complete
Sample (upper left panel), of early type (upper right panel ) and
late type (lower right panel) galaxies are compared with the cor-
responding low redshift results from (Best et al. 2005, dashed
lines). In particular, in the early type panel the red curve corre-
ponds to type 1 galaxies, while the green curve represents the
combined type 1+2 sample; in the late type panel, the blue curve
represents the combined type 3+4 sample.

The Complete Sample and the early type luminosity func-
tions are in reasonable agreement with the Best et al. (2005)
estimate, considering that their optical classification is differs
slightly, i.e. based on lines present in the galaxy spectra. The
small systematicdifference between our type 1 luminosity func-
tion and the corresponding Best et al. (2005) curve could be due
to differentes in the limiting optical magnitude, since the SDSS
was sample limited to MB < −19.

To determine the effect of different optical luminosity lim-
its, we derived luminosity functions for the Complete Sample
using two different absolute magnitude limits, MB > −19 and
MB > −21. In this test, we restricted the redshift range to
z < 0.7 to maintain the full visibility of the optical galaxies. We
found that the two luminosity functions were almost identical for
log P(W Hz−1)> 22.7, with the optically bright radio luminosity
function loosing ∼20% of objects in the range of log P(W Hz−1)
[22−22.7]. Therefore, we can conclude that all differences be-
tween our estimates and those of Best et al. (2005) are due to the
redshift evolution of radio sources.

The type 3+4 galaxies luminosity function is flatter than the
corresponding luminosity function of star forming galaxies frm
Best et al. (2005), and this remains true also when considering
only the most extreme population (type 4 galaxies).

Assuming a power law shape for the radio luminosity func-
tions, we measured a slope of −1.78+0.07

−0.07 for type 1+2 galaxies
and −1.84+0.12

−0.11 for type 3+4 objects.
The lower left panel of the Fig. 7, we show the comparison

between the optical luminosity function of radio emitting galax-
ies and the corresponding luminosity function of all galaxies in

the same redshift bin (obtained following Zucca et al. 2006).
Black curves correspond to all galaxies, red curves to type 1
objects, and blue to type 3+4 galaxies. Connected points are
the 1/Vmax estimates for the radio samples, while solid curves
are Schechter luminosity functions for optical galaxies, obtained
with the standard parametric STY method for estimating opti-
cal luminosity functions (Sandage Tammann & Yahil 1979). For
clarity, the curves for various samples have been shifted verti-
cally, by a value of +2 for type 1 and –1 for type 3+4.

Working with luminosity functions means that the ratio be-
tween the two curves for a given type in this panel is directly
related to the probability of a galaxy to be radio emitter. For lu-
minous galaxies (MB < −22.5), the probability is higher than for
fainter ones and this apperas to be independent of galaxy type.
The probability for faint (MB > −21) objects is ∼7 × 10−2 and
1.7×10−2 for type 3+4 and type 1, respectively, and increases by
more than a factor of 3–4 for brighter galaxies. Note the flatten-
ing of the radio luminosity functions at low powers: this effect
is outlined by Cara & Lister (2008) in estimating the luminos-
ity function with the 1/Vmax in the presence of evolving parent
populations.

In Fig. 8, we show the evolution of the luminosity function
as a function of redshift. In the upper left panel, the black curve
represents radio galaxies of our Complete Sample in the [0.5–
1.1] redshift interval, while the red one corresponds to the [0–
0.5] bin. A significant evolution is evident It is evident a sig-
nificant evolution in the common range of radio luminosities,
reaching more than a factor of 10 in the range log P(W Hz−1)
[24–25]. In the upper right and lower right panels, the same is
reported for type 1+2 and type 3+4 samples, respectively. Given
the different K-correction effect on absolute magnitudes, we re-
call that the type 1+2 sample is limited to redshift<1.0. The limit
between high and low redshift range is set to 0.7 for type 1+2
and to 0.5 for type 3+4 sample, to ensure reasonable numbers of
galaxies per bin (see Table 1). These different limits have the ad-
vantage of showing the maximum difference between samples.
In order to increase the statistics, we show the type 1+2 sam-
ple instead of only type 1 galaxies. By considering the most
extreme early type objects, the results do not change but the
significance decreases. The evolution of early type galaxies is
mild, althought present, and corresponds to a density increase
of a factor of ∼5 in the log P(W Hz−1) range [23.5–24], while
the evolution of type 3+4 sources is stronger. This strong evo-
lution is consistent with that of Afonso et al. (2005), found for
z < 0.5, and Smolčic et al. (2008) for the deeper VLA-COSMOS
sample. Assuming luminosity and density evolution of the form
(1 + z)β and (1 + z)k respectively, we found that the best fit to
data were β = 2.76 and k = 0.04 for type 1+2 and β = 2.63
and k = 0.43 for type 3+4 objects. These values are consistent
with those in literature (Brown et al. 2001; Haarsma et al. 2000;
Hopkins 2004). Although he errors are quite large and the β and
k parameters are strongly correlated each other our aim is only to
show that the early type galaxies undergo luminosity evolution
and small amount of density evolution, while late type galax-
ies exhibit both types of evolution. These results, obtained using
a sample with a wide redshift range and with high statistics, are
still consistent with the very early estimates of Colla et al. (1975)
and Auriemma et al. (1977).

The measured evolution could have two different origins:
a) the evolution of the corresponding optical luminosity func-
tions, i.e. one has more objects and/or more optically luminous
ones, which would translate into more luminous radio sources in
the case of a constant radio-optical ratio; b) the evolution with



S. Bardelli et al.: The VVDS-VLA deep field. IV. 439

Fig. 7. The radio luminosity functions of the Complete Sample for different galaxy types (points connected by solid lines) compared with
NVSS/FIRST/SDSS survey results (Best et al. 2005), represented by a dashed line. Upper left panel: all galaxies. Upper right panel: early
type galaxies; in red the type 1 sample and in green the type 1+2 sample. Lower right panel: late type galaxies; in blue: type 3+4 sample. Lower
left panel: optical luminosity function of radio emitting galaxies (connected points) compared with the luminosity function of the optical galaxies
in the Control Sample in the same redshift bin (solid curves). Black: all galaxies; red: type 1 galaxies; blue: type 3+4 galaxies. The curves of the
various samples have been vertically shifted for clarity (+2 for early type and –1 for type 1+2).

redshift of the radio optical ratios; or a combination of both a)
and b).

In order to give an idea of the behaviour of the optical lu-
minosity functions, which enter in point a), we show in Fig. 8
(lower left panel) the STY estimates (computed following Zucca
et al. 2006), for all galaxies (black), type 1+2 (green) and
type 3+4 (blue) samples in the same redshift bins used for the
radio samples. The curves have been shifted for clarity in the
magnitude axis by +1 for type 1+2 and by –2 for the type 3+4
class.

The main difference evident in this panel is a brightening by
one magnitude and a small steepening of the slope from low to
high redshifts for type 3+4 objects. For type 1+2 objects, the
main difference is that at high redshift the galaxies are 0.2 mag
brighter (from the best fit of M∗ in the Schechter function) and

∼30% less numerous than today. These results are consistent
with those published for the VVDS survey (see Zucca et al.
2006, Table 3).

In the next section, we estimate the second important param-
eter entering in studying the radio luminosity function evolution,
i.e. the radio-optical ratio (which regards point b).

We “de-evolved” the high redshift radio luminosity functions
taking into account our conclusion regarding the optical lumi-
nosity function and the radio-optical ratio for the two classes.
This exercise aims to verify whether the detected evolution of the
bivariate radio-optical luminosity function is the mirror of the
evolution of both the optical luminosity function and the radio-
optical ratio.

To “de-evolve” the bivariate luminosity function of type 3+4
sample, we cut the higher redshift bin at MB = −21, assuming
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Fig. 8. Upper left panel: radio luminosity function of all radio emitting galaxies with redshift below 0.5 (red curve) and in the range [0.5–1.1]
(black curve). Upper right panel: the same but for type 1+2 sample and in the redshift intervals [0–0.7] and [0.7–1.0]. Blue dashed line is the
de-evolved” luminosity functions (see text). Lower right panel: the same but for type 3+4 sample and in the redshift intervals [0–0.5] and [0.5–1.0].
Blue dashed line is the de-evolved” luminosity functions (see text). Lower left panel: optical luminosity functions for the Control Sample divided
into the same types and in the same redshift intervals as previous panels. Dashed lines correspond to the high redshifts bins, while solid lines are
the lower redshift samples. Color codes are the following: black for the Complete Sample, green for type 1+2, and blue for type 3+4 samples. For
clarity, the curves of the various samples have been shifted along the magnitude axis (MB + 1 for type 3+4 and MB − 2 for type 1+2 samples).

an average one-magnitude evolution of the corresponding opti-
cal function (limited at MB < −20 at z = 0) and no evolution
in the radio-optical ratio. The luminosity function cut eliminates
all optical galaxies entered in the radio sample at high redshifts,
which are not bright enough at lower redshift, and therefore re-
sponsible of the radio density evolution.

For type 1+2 galaxies, we corrected for density and luminos-
ity evolution detected for the optical luminosity function, and a
variation of ∼1.4 in the radio-optical ratio (see Sect. 6).

The resulting “de-evolved” luminosity functions are repre-
sented by blue points in the right panels of Fig. 8. The remaining
discrepancy between these functions and the low redshift lumi-
nosity functions is likely due to contamination of BLAGN and
NLAGN (see Sect. 2.1).

Therefore, we estimated whether the difference between the
“de-evolved” high redshift and the low redshift radio luminos-
ity function of type 3+4 objects is consistent with the expected
AGN contamination, assuming that all AGN are in the high
redshift bin. The number excess of the “de-evolved” luminos-
ity function with respect to the low redshift one is 12, which is
consistent again with the expected contamination of 15 ± 5 (see
Sect. 2.1).

6. The radio-optical ratio

In the previous section we evaluated the radio luminosity dis-
tribution for a sample with an optical absolute magnitude
limit. A related way of showing the relationship between the
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Fig. 9. Frequency of the radio-optical Ratio in our sample. Solid line is
the Complete Sample, dashed line corresponds to type 1+2 galaxies and
dotted line to type 3+4 galaxies.

radio and optical emission is by means of the radio-optical ra-
tio. Classically, it has benn estimated by using the quantity
S (mJy) × 10(m−12.5)/2.5, where S is the radio flux and m is the ap-
parent magnitude of a radio galaxy. In our case, this formula is
unsatisfactory because it does not take account of the shift be-
tween the observed and the rest frame fluxes, which is important
in our sample because of its wide range in redshift. For this rea-
son we compute the ratio between the radio luminosity (LR) and
the optical B band luminosity given by

LR/LB = LR/
[
5.08 × 100.4(5.48−MB) × 1029

]

which represents a rest-frame radio-optical ratio with both LR

and LB in erg s−1. However, this is insufficient for estimating
the correct radio-optical ratio distribution. In fact, the cut in ra-
dio power as a function of redshift imposed by the flux limit
of the survey introduces a Malmquist bias in the ratio distribu-
tion, a problem that is not present for the optical data. For this
reason, a given radio galaxy with an optical luminosity L′B and
radio luminosity L′R is visible to its maximum redshift z′max de-
termined by its radio luminosity and the limiting flux of the sur-
vey: the corresponding radio-optical ratio is therefore observable
only within the corresponding V ′max. If one wants to compare the
frequency of different radio-optical ratios within a fixed volume
V , the radio-optical ratio of each single radio galaxy must to be
weighted by the factor V/Vmax. Comparing frequencies requires
that the histograms must be divided by the expected

∑
V/Vmax

and not simply by the number of radio sources.
The radio-optical distributions derived in this way for the

Complete Sample and type 1+2 and type 3+4 samples are shown
in Fig. 9. The distributions are broadened significantly around
the mean. For late type galaxies, this is probably due to differ-
ent dust contents (seen as distribution of blue luminosity) cor-
responding to a given radio power, which is directly related to
the star formation rate. For early type objects, this is a measure

of the AGN power variance, presumably related to the accretion
efficiency, at a given optical luminosity.

The radio-optical distribution of early type galaxies is shifted
towards higher values with respect to that of late type ob-
jects. To study the evolution in the radio-optical ratio for the
same redshift bins of the luminosity function, it is necessary
to consider only radio luminosity ranges always observable
in the considered redshift range. For this reason, we cut the
type 1+2 sample at log P(W Hz−1)> 23.1 and the type 3+4
at log P(W Hz−1)> 22.8, because the two classes have different
high redshift limits. Although the number statistics are signifi-
cantly reduced by these cuts, it is possible to say that no signifi-
cant evolution is present for type 3+4 objects. This result is not
surprising because if the shape of the initial mass function re-
mains constant with redshift, the number of resulting radio emit-
ting supernova remnants depends only on the total number of
stars formed. However, we detected a slight dependence of the
radio-optical ratio on optical magnitude, the radio-optical dis-
tribution presenting a tail toward higher ratios for galaxies with
MB < −21.5 (Fig. 10, lower panel). We checked whether the
increasing in the radio-optical ratio for bright galaxies is due to
the presence of an AGN, using the upper panel of Fig. 11 (see
Sect. 7). The star formation values for bright galaxies are con-
sistent with the log SFR(radio)–log SFR(optical) relation.

For type 1+2 objects (Fig. 10, upper panel), the situation ap-
pears to be more complicated. It seems that there is a shift of a
factor ∼1.4 between the low redshift and high redshift bins. This
would imply that the efficiency in feeding the central black hole
was slightly higher in the past. We used the reported factor of 1.4
in deriving the “de-evolved” luminosity function described in
Sect. 5.

7. Star formation rate and stellar mass

Star formation rates (SFR) and stellar masses for galaxies were
computed from the photometric quantities, following a method
described in detail in Pozzetti et al. (2007). In this method by
matching the data were matched to a set of synthetic templates
computed with various star formation histories and dust absorp-
tion. The star formation rates and stellar masses were calculated
using the Chabrier (2003) initial mass function, while the equa-
tions used in the literature to compute SFR from the radio power
use the Salpeter (1955) initial mass function. This implies that
the SFR vlues derived from the radio and optical band data may
therefore be slightly different. For consistency, we converted our
quantities by applying the median difference of log (SFRSalpeter) –
log (SFRChabrier)∼ 0.186. For onsistency with other optical pa-
pers, when comparing the SFR and stellar mass distributions of
radio-loud galaxies with those of the Control Sample we used
the original Chabrier (2003) initial mass function estimates. In
the upper panel of Fig. 11 we show the star formation rate com-
puted for the Complete Sample following this procedure based
on the optical spectral distribution and compare this with the
star formation rate estimated with the formula of Haarsma et al.
(2000) (SFR(radio) = L1.4 GHz/8.36× 1020 M� yr−1), which uses
only radio powers at 1.4 GHz (see Condon 1992). In the litera-
ture, there are other formulae to estimate the star formation rate
with different assumptions, as for example that of Bell (2003)
and Cram et al. (1998), which give rates a factor 2.16 and 4.35
lower than that of Haarsma et al. (2000), respectively.

The majority of early type galaxies (∼70%) are localized
into a region with SFR(optical)< 2 M� yr−1 and this fraction in-
creases to ∼82% when considering only the extreme type 1 ob-
jects. On the other hand, almost all (∼86%) late type galaxies
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Fig. 10. Upper panel: frequency of radio-optical ratio as a function
of redshift for type 1+2 galaxies. Solid line represents low redshift
(z < 0.7) galaxies, while dasehd line refers to high redshift galaxies. To
be comparable, the samples have been limited at log P(W Hz−1)> 23.1
Lower panel: the radio-optical ratio for type 3+4 galaxies is plotted for
objects with MB < −21.5 (red dashed line) and MB > −21.5 (blue solid
line).

have star formation rates higher than 2 M� yr−1. This is unsur-
prising because both the star formation rate and type classifi-
cation depend on the difference between red and blue-UV colors
(which is mainly controlled by the 4000 Å break). The early type
galaxies with SFR > 2 M� yr−1 have similar MB with respect to
the low star formation rate counterparts, but a brighter ultravio-
let color. This UV excess, which is responsible for the high star
formation rate, has little, if any, impact on the classification.

Fig. 11. Upper panel: star formation rate computed from the optical ver-
sus the star formation rate determined from the radio emission. Red and
blue points correspond to type 1+2 and 3+4 objects, respectively. The
vertical dashed line corresponds to the value of 2 M� yr−1, while the
solid line corresponds to log SFR(optical)= log SFR(radio) and is plot-
ted for reference. Lower panel: stellar masses versus star formation rate
derived from the radio emission for type 3+4 galaxies; squares represent
the low redshift (z < 0.5) objects.

There are some weak trends in the SFR(radio)–SFR(optical)
plot for the two galaxy classes, type 1+2 exhibiting an anticor-
relation, while type 3+4 appear to be correlated. To evaluate the
significance of the correlations, we applied the Spearman rank
test finding the values of ρ1+2 = −0.173 and ρ3+4 = 0.474 with
a probability of the null hypothesis (no-correlation) of 0.002 in
both cases. However, we assumed that the radio emission for
type 1+2 objects is AGN-induced and therefore this relationship
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should be regarded as radio power versus star formation rate. We
note that the type 3+4 objects are not symmetrically distributed
about the relation log SFR(radio)= log SFR(optical), only ∼19%
of the points being below the equality line. This result can be
explained by an increasing role of dust with increasing star for-
mation rates. We note that the factor between radio power and
star formation rate that maximize the fraction of objects with
log SFR(radio)< log SFR(optical) is that of Cram et al. (1998),
leading to 34%.

The lower panel of Fig. 11 is analogous to Fig. 3 of Cram
et al. (1998). The diagonal lines correspond to the character-
istic time scales τ = 108, 109 and 1010 yr defined by Cram
et al. as M�/SFR1.4 GHz. Cram et al. (1998) claimed that there
is a tendency for galaxies that have already formed many stars
to support a higher current star formation rate; this effect was
also present in our sample if we ignored the effect of different
redshifts. Dividing the sample in two redshift bins (above and
below 0.5), we find that at the same stellar mass the star for-
mation rate as estimated from the radio band is higher at higher
redshifts. We checked this result by also considering all radio
galaxies with log P(W Hz−1)> 22.8 to avoid biases due to differ-
ent power ranges in different redshift ranges: we found the same
result i.e. that there is no correlation between the star formation
rate and stellar mass, but the mean value of the star formation
rate distribution was higher in the past. This means that the spe-
cific star formation rate decreases with both redshift and stellar
mass (see Vergani et al. 2009).

As for the radio-optical ratio, in Figs. 12 and 13 we plot the
stellar masses and the star formation rate distribution weighted
by Vmax: after correcting stellar masses with the maximum vol-
umes is equal to estimate the mass function. Our mass functions
are not fitted by a Schechter function because the effect of in-
creasing mass incompleteness with increasing redshift is impor-
tant for our wide redshift ranges. However, we are interested in
the comparison between the radio and Control Sample and we
assumed that the mass incompleteness is not a function of the
radio properties and the same argument holds also for the star
formation rate.

As found for the optical luminosity function of the radio
emitting galaxies also for the stellar masses of type 1+2 objects
the fraction of radio-loud objects increases with mass and al-
most all galaxies with M > 1011 M� are radio-loud (upper panel
of Fig. 12).

In the lower panel of Fig. 12 we present the stellar mass func-
tions in the two redshift bins used to estimatet he luminosity
functions. It is clear that the number density of radio sources
does not vary with cosmic time, although the overall number of
massive galaxies increases (see Pozzetti et al. 2007). This prob-
ably implies that the AGN is already active at high redshift and
no new activity started in between. Concerning the star forma-
tion rate, the distributions of radio-loud and radio-quiet type 1+2
objects are similar for SFR > 1 M� yr−1. The two curves are only
shifted by a factor less than 2.

The distributions for late type galaxies differs significantly,
such that the SFR of radio emitting objects is always lower than
that of the Control Sample, although the differences decreases
with increasing star formation. This is true when using star for-
mation rates estimated in the optical bands. When we use the
star formation rates based on radio power, we obtain the blue
line of Fig. 13, which is more similar to the distribution of star
formation rates of the Control Sample. Note that the behaviour
of late type galaxies in Fig. 13 is similar to the relations found
by (Seymour et al. 2008, see their Fig. 4).

Fig. 12. Upper panel: stellar mass functions of the type 1+2 radio sam-
ple (black solid line) and the type 1+2 control sample (red dashed
curve). Lower panel: in red the low redshift ([0–0.7]) subsample for
type 1+2 galaxies and in black the high redshift sample ([0.7–1.0]).
Dashed curves correspond to the control samples, solid curves to radio-
loud objects.

8. Star formation density evolution

By assuming that radio emission from late type galaxies is en-
tirely due to star formation, the estimation of the evolution of the
star formation density follows in a natural way. The most direct
and used method is the determination of the radio luminosity
function and its integral in different redshift bins. The integral
of the radio luminosity function is directly related to the actual
star formation rate. The drawbacks of this method are essentially
the poor statistics (few hundred of radio objects at most are ob-
served over the entire redshift range) and the fact that at different
redshifts the sampled galaxies are different, being optically more
luminous at higher redshift.
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Table 2. Parameters of the optical luminosity function and value of the star formation rate. The symbol ∗ means that errors are underestimated.

z M∗ α φ∗ (Mpc−3) log (SFRdensity) (M� yr−1 Mpc−3)

0.1 –19.81+0.54
−1.00 –1.13+0.10

−0.10 0.0066+0.0030
−0.0028 –1.410+0.440

−0.087

0.3 –20.17+0.19
−0.22 –1.18+0.07

−0.07 0.0057+0.0012
−0.0011 –1.288+0.047

−0.068

0.5 –21.05+0.19
−0.22 -1.29+0.07

−0.07 0.0027+0.0006
−0.0006 –1.096+0.047

−0.089

0.7 –21.23+0.16
−0.18 –1.33+0.08

−0.08 0.0027+0.0006
−0.0005 –0.965+0.038

−0.093

0.9 –21.19+0.17
−0.18 –1.26+0.11

−0.11 0.0036+0.0008
−0.0007 –0.883+0.043

−0.096

1.1 –21.52+0.09
−0.09 –1.33 Fixed 0.0027+0.0001

−0.0001 –0.793+0.020∗
−0.104∗

1.3 –21.54+0.10
−0.10 –1.33 Fixed 0.0026+0.0001

−0.0001 –0.792+0.003∗
−0.106∗

Fig. 13. Upper panel: stellar mass functions of the type 3+4 radio
Sample (black solid line) and the type 3+4 Control Sample (red dashed
line). Lower panel: star formation rates distribution of the radio rample
(red solid line) and the Control Sample (black dashed line) for type 3+4
galaxies. The blue line corresponds to star formation rate computed
from the radio emission.

Another way of approaching the problem is to consider the
optical sample as a tracer of radio emission. In this case, the star
formation density could be written as

SFRdensity = C
∫
φ(L′)

(∫
RD(R)L′dR

)
dL′

where R and D(R) are the radio-optical ratio and its probability
distribution (derived as radio-optical distribution in Sect. 6), re-
spectively, L is the blue absolute luminosity (see Sect. 2), φ(L)
is the optical luminosity function and C is the factor converting
the radio luminosity density to star formation density (assumed
to be that of Haarsma et al. 2000, see Sect. 7).

We note that all quantities in this equation were estimated
above. In particular, we take into account the difference between
the optical luminosity function of the Control Sample and that of
radio emitting galaxies, and the dependence of the radio-optical
ratio on optical magnitude.

We refitted the optical luminosity function in the B-band
from the same sample and using the method of Zucca et al.
(2006) but considering together type 3 and type 4 galaxies. For
φ(L), we used the fitted Schechter function, which depends on
three parameters (α, M∗, and φ∗). Errors are estimated by consid-
ering the variance in the fit of the optical luminosity function and
considering the poissonian error in the radio-optical distibution
function. We computed various Schechter functions at the border
of the one sigma error ellipses, and considered the maximum and
minimum functions as part of the error induced by the optical lu-
minosity function. Similarly, we considered as upper and lower
limits for the radio-optical distribution function the one sigma
fluctuations in the histogram of Fig. 9 and again assumed the
maximum and minimum of the computed star formation density
as errors induced by the radio-optical distribution. Finally, we
added in quadrature these values to the previous ones.

For the highset two redshift bins, for which the slope α of
the optical luminosity function was not constrained, we fixed
the value of the slope to α = −1.33, which is the fitted value
of the two bins considered together. Therefore, for the highest
two bins the errors given by our procedure are underestimated.
The values are reported in Table 2. In Fig. 14, the estimated star
formation density is compared with values found in the literature
both from radio and other bands. The radio data was converted
to the formula of Haarsma et al. (2000).

There is an overall consistency between all the estimators,
even if our star formation density in the lowest redshift bin is
higher than the other estimates. However, considering that the
true error bars could become larger by taking account of sources
of statistical variation other than error in the optical luminos-
ity function fit alone, our point at z = 0.1 could be regarded
as still consistent with other estimators. Moreover, also the first
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Fig. 14. Star formation rate density as a function of the reddshift. The
red points are our estimates, the black points those of Haarsma et al.
(2000) as corrected by Hopkins (2004), the green solid line is the fit of
Hopkins (2004), the black dot-dashed line is from Cram et al. (1998).
The blue squares are the points of Smolčic et al. (2008) and crosses are
the estimates of Seymour et al. (2008). Large black squares with error
bars correspond to the VVDS dust uncorrected values, while red and
blue dashed lines correspond to the star formation rate density estimated
from near-IR and Hα data as reported by Tresse et al. (2007).

bin of Smolčic et al. (2008), whose data in term of limiting ra-
dio flux are similar to ours, is high. By comparing our values
with the VVDS dust uncorrected values found by Tresse et al.
(2007) using ultraviolet data, we find that at all redshifts there is
an approximately constant shift of Δ log SFRdensity = 0.73±0.02.
There is also a weak indication of a ∼10% increase in this cor-
rection with redshift. We note that the value is similar to the cor-
rection of ∼0.74 by (Hopkins et al. 2001, see Eq. (7)) required
for the FUV 1500 Å (for which the Tresse et al. 2007, SFR den-
sities are computed) and a star formation rate of log SFR ∼ 1.

Our star formation density is fitted by an evolution of (1 +
z)2.15, consistent with the ultraviolet light density evolution of
Tresse et al. (2007).

The main conclusion is that the optical light can be used as
tracer of radio emission at high redshift, provided that no signif-
icant variation of the radio-optical ratio is present. We note that
we checked this point because our radio sample cover, even if
with small statistics, a large fraction of the range over which the
star formation history was estimated.

9. Conclusions

In this paper we analyzed the rest frame properties of radio-loud
galaxies in the VVDS-VLA Deep Field survey. To avoid all dif-
ficulties intrinsic to samples containing both optical and radio
limits, we have chosen to a) work using rest-frame quantities; b)
limit the sample to an absolute magnitude of MB < −20 and c)
consider only objects with z < 1.1 (or < 1.0 in the case of early
type galaxies). The two last points correspond to having an op-
tical volume-limited sample, i.e. no loss of optical galaxies with
redshift. Therefore, the only limit that remains is the radio flux
limit (∼80 μJy). In this way, we can control the optical properties
of radio galaxies, although paying the price of smaller statistics
and losoing all optically faint objects.

Following Zucca et al. (2006), we divided the galaxies
into four spectrophotometric classes corresponding to early
type (types 1 and 2) and late type (types 3 and 4) galax-
ies. Furthermore, we assumed that early type galaxies have
AGN-induced radio emission and late type galaxies have star–
formation induced radio emission. The aim of this work was
to investigate the possible evolution of radio galaxies knowing
a priori the optical behaviour of all galaxies with our cuts in the
entire CFHT-LS/VVDS survey (taken as Control Sample).

From the redshift distribution of radio sources, we detected
an overdensity corresponding to two interacting clusters at red-
shift z ∼ 0.6, while the other redshift peaks appear to be asso-
ciated with a large-scale structure (a superclusters). It has been
impossible to investigate this point further because of the rela-
tively small number of spectroscopic redshifts and the smooth-
ing effect due to the use of photometric redshifts. The angular
two points correlation function of radio-loud galaxies does not
differs significantly frm that of optical galaxies, suggesting that
these objects are not living in the most extreme environments. By
estimating the distribution of blue luminosities, stellar masses,
and star formation rates, the probability of a galaxy to be a ra-
dio emitter increases significantly at high values of all of these
parameters.

Early type (type 1) radio-loud galaxies differ from their
radio-quiet counterparts in terms of the colors distributions. In
particular, radio-faint galaxies exhibit a peak in B − I color at
B − I ∼ 1.45, while radio bright galaxies do no differ from the
Control Sample. This class of radio sources shows evolution in
the bivariate radio-optical luminosity function, mainly due to lu-
minosity evolution. By studying the radio-optical ratio distribu-
tion, for redshifts above 0.7 at fixed blue luminosity, the galaxies
resulted more radio luminous. This effect is somehow compen-
sated in the bivariate luminosity function by the simultaneous
decrease in the type 1+2 optical luminosity function. This lu-
minosity evolution is probably due to a variation in efficiency
in feeding the central black hole and not to an increased contri-
bution by star formation in the radio band. This is also evident
in Fig. 11 (upper panel) divided into redshift bins: the fraction
of galaxies with star formation rates (as computed in the optical
band) lower than 2 M� yr−1 is the same at high and low red-
shifts. This means that, unless dust extinction and star formation
exactly compensate each other, no significantly increased star
formation for this galaxy type is present.

Type 3 and type 4 radio-loud objects are significantly redder
than the control population. These galaxies exhibit a significant
evolution in the bivariate luminosity function both in luminos-
ity and density: this behaviour can be explained if we take into
account the one-magnitude evolution of this class of objects de-
tected in the optical, without invoking large variations in the ra-
dio emission properties (such as the radio-optical ratio). In fact,
the only dependence of the radio-optical ratio is, in this case,
on the optical luminosity. Using the estimated radio-optical ra-
tio, we conclude that the difference in colors between radio-loud
and radio-quiet objects is physical, and not induced by statisti-
cal effects. We aspeculated that radio-loud star forming galaxies
contain on average more dust.

The star formation rate computed from both radio power and
optical colors shows a significant correlation similar to the re-
lation betwen radio and UV-based SFR shown in Cram et al.
(1998). By plotting the star formation rate computed from radio
luminosities and the stellar mass, we show that, at higher red-
shift, the population has a higher instantaneous star formation
rate at fixed stellar mass. In other words, the specific star forma-
tion rate is decreasing with redshift.
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With the knowledge of the parameters for the radio-loud
types 3 and 4 galaxies, we show that it is possible to use optical
galaxies as tracers of radio emission at various redshifts. This
permits us to derive an estimate of the star formation history,
which was found to be consistent with results of other bands and
methods.

In summary, according to our data, the AGN induced radio
emission increases with redshift because the host galaxies in-
creased their radio-optical ratios, with the AGN already in place
at high redshifts. On the contrary, the evolution of late type radio
sources is a direct consequence of the strong evolution seen the
in optical band and is due to the evolution of the star formation
rate with redshift.
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