
Publication Year 2018

Acceptance in OA 2021-04-23T14:48:19Z

Title FR0CAT: a FIRST catalog of FR0 radio galaxies

Authors Baldi, R. D., CAPETTI, Alessandro, Massaro, F.

Publisher's version (DOI) 10.1051/0004-6361/201731333

Handle http://hdl.handle.net/20.500.12386/30890

Journal ASTRONOMY & ASTROPHYSICS

Volume 609



A&A 609, A1 (2018)
DOI: 10.1051/0004-6361/201731333
c© ESO 2017

Astronomy
&Astrophysics

FR0CAT : a FIRST catalog of FR 0 radio galaxies
R. D. Baldi1, A. Capetti2, and F. Massaro3

1 Department of Physics and Astronomy, University of Southampton, Highfield, SO17 1BJ, UK
e-mail: r.baldi@soton.ac.uk

2 INAF–Osservatorio Astrofisico di Torino, via Osservatorio 20, 10025 Pino Torinese, Italy,
3 Dipartimento di Fisica, Università degli Studi di Torino, via Pietro Giuria 1, 10125 Torino, Italy

Received 7 June 2017 / Accepted 22 August 2017

ABSTRACT

With the aim of exploring the properties of the class of FR 0 radio galaxies, we selected a sample of 108 compact radio sources, called
FR0CAT, by combining observations from the NVSS, FIRST, and SDSS surveys. We included in the catalog sources with redshift
≤0.05, with a radio size .5 kpc, and with an optical spectrum characteristic of low-excitation galaxies. Their radio luminosities at
1.4 GHz are in the range 1038 . νL1.4 . 1040 erg s−1. The FR0CAT hosts are mostly (86%) luminous (−21 & Mr & −23) red early-
type galaxies with black hole masses 108 . MBH . 109 M�. These properties are similar to those seen for the hosts of FR I radio
galaxies, but they are on average a factor ∼1.6 less massive. The number density of FR0CAT sources is ∼5 times higher than that of
FR Is, and thus they represent the dominant population of radio sources in the local Universe. Different scenarios are considered to
account for the smaller sizes and larger abundance of FR 0s with respect to FR Is. An age-size scenario that considers FR 0s as young
radio galaxies that will all eventually evolve into extended radio sources cannot be reconciled with the large space density of FR 0s.
However, the radio activity recurrence, with the duration of the active phase covering a wide range of values and with short active
periods strongly favored with respect to longer ones, might account for their large density number. Alternatively, the jet properties
of FR 0s might be intrinsically different from those of the FR Is, the former class having lower bulk Lorentz factors, possibly due to
lower black hole spins. Our study indicates that FR 0s and FR I/IIs can be interpreted as two extremes of a continuous population
of radio sources that is characterized by a broad distribution of sizes and luminosities of their extended radio emission, but shares a
single class of host galaxies.

Key words. galaxies: active – galaxies: jets

1. Introduction

The widespread presence of compact radio sources at the center
of early-type galaxies (ETG) has been recognized in the 1970s
(Ekers & Ekers 1973). Later studies (Wrobel & Heeschen 1991;
but see also Sadler 1984 and Slee et al. 1994) performed deeper
radio surveys and found that ∼30% of the nearby ETGs are
detected above ∼1 mJy level, reaching luminosities as low as
∼2 × 1019 W Hz−1 (i.e., ∼3 × 1035 erg s−1). The vast majority of
these sources are unresolved at 3–5′′ resolution, indicating that
they are confined within a region smaller than some kpc, and
they often show short jet-like features and no large-scale jets
(Nagar et al. 2005). The origin of the radio emission, whether
due to star formation or to an active galactic nucleus (AGN),
has not always been identified unambiguously, especially at very
low radio fluxes (<mJy level, Bonzini et al. 2013). Furthermore,
even for objects with a confirmed AGN origin, it is unclear
whether these low-power radio galaxies (RGs) in nearby ETGs
are truly the scaled-down versions of more powerful radio AGN
(Ho 1999) and how the lack of very extended radio emission in
sources with weak jets can be explained (Fabbiano et al. 1989).
A detailed analysis of the link between the radio source and its
host requires additional observational data, mainly optical imag-
ing and spectroscopy.

Compact radio sources have been little studied by the ra-
dio community, which reasonably prefers to explore the ra-
dio morphology and properties of brighter RGs, such as the

Third Cambridge Catalog of Radio Sources (3C, Edge et al.
1959; Bennett 1962) and its successors. The high-flux limit
sets for these samples does not favor the inclusion of weak
compact RGs. Fortunately, the advent of large-area multiwave-
length surveys opens up the opportunity to set the studies of
compact radio sources on strong statistical foundations. In par-
ticular, these surveys allow us to identify large numbers of
radio sources, to obtain spectroscopic redshifts, and to de-
termine the properties of their hosts. Several studies (e.g.,
Best et al. 2005; Baldi & Capetti 2010; Best & Heckman 2012;
Mingo et al. 2016; Miraghaei & Best 2017) have used the exten-
sive available multi-frequency information to analyze the prop-
erties of the population of low-redshift low-power radio AGN. In
particular, Best & Heckman (2012) defined diagnostics to isolate
galaxies in which the radio emission is produced by an active
nucleus.

Baldi & Capetti (2009) studied the radio properties of minia-
ture radio galaxies (named Core galaxies), which are known
to have nuclei as the scaled-down version of nuclei of the
Fanaroff-Riley type I galaxies (FR Is) of the 3C sample
(Balmaverde & Capetti 2006). Nevertheless, the former show a
different radio behavior because they are smaller and more core-
dominated and consequently have a much lower extended radio
emission. Therefore, as a further analysis, we moved our focus
to large radio surveys to confirm the presence of a population
of radio sources that would show such a radio peculiarity, simi-
larly to the Core galaxies. The result emerging from these studies

Article published by EDP Sciences A1, page 1 of 10

https://doi.org/10.1051/0004-6361/201731333
http://www.aanda.org
http://www.edpsciences.org


A&A 609, A1 (2018)

(Baldi & Capetti 2009, 2010) is that the majority of radio AGN
are unresolved (or barely resolved) at the 5′′ resolution of the
FIRST survey1 and radio weak, as expected based on the lo-
cal radio luminosity function (e.g., Best et al. 2005; Pracy et al.
2016). This is in contrast with the results from samples selected
at higher flux limits where most radio sources are extended and
belong to the FR I or FR II classes (Fanaroff & Riley 1974). The
general lack of extended radio structures suggests a definition
of these compact sources as FR 0 (Ghisellini 2011; Baldi et al.
2015).

Baldi et al. (2015) presented the results of a pilot program of
high-resolution (∼0′′.2) radio imaging of a small sample of com-
pact sources. They found that these can be associated with both
radio-quiet and radio-loud AGN; this second group, the genuine
FR 0s, are located in red massive (∼1011 M�) ETGs with high
BH masses (&108 M�) and are spectroscopically classified as
low-excitation galaxies (LEG). These are all characteristics typ-
ical of FR I RGs. They also lie on the correlation between radio
core power and [O III] line luminosity defined by FR Is, which is
an indication of a common mechanism for the production of ra-
dio and ionizing radiation. This also rules out strong effects from
Doppler beaming and projection effects. However, they are un-
resolved at sub-kpc resolution, or show jet-like radio structures
on a scale of 1–3 kpc. FR 0s are more core dominated (by a fac-
tor of ∼30) than FR Is (Baldi et al. 2015). In summary, the only
substantial difference between compact FR 0 and extended FR I
radio sources is the deficit of extended radio emission.

Since the radio selection of compact radio galaxies carried
out by Baldi & Capetti (2010) corresponds to an optical selec-
tion, that is, red massive ETGs with an LEG optical spectrum,
we adopted these radio and spectrophotometric characteristics
to define our FR 0 class of RGs. However, a more heterogeneous
population of compact radio sources are present in the local Uni-
verse, which includes radio-quiet AGN, compact steep-spectrum
sources, and blazars (see Sadler et al. 2014), sources that are not
investigated in this work.

The radio sample selected by Best et al. (2005) at 1.4 GHz
mostly includes low-power compact RG, which are morpholog-
ically consistent with an FR 0 definition. Similarly, at higher ra-
dio frequencies, the FR 0s appear to be the dominant population
(Sadler et al. 2014; Whittam et al. 2016, 2017).

This work is the third of a series of papers aimed at study-
ing the low-power RGs in the local Universe: the first was
about FR Is (Capetti et al. 2017a) and the second about FR IIs
(Capetti et al. 2017b). Here, we focus more on the properties of
the FR 0s by extricating a sample of compact radio sources from
the catalog of radio AGN defined by Best & Heckman (2012).
The properties of the FR 0s can then be compared with those
of the FR I RG selected from the same original sample reported
by Capetti et al. (2017a), requiring an edge-darkened radio mor-
phology and extending at least to a 30 kpc radius (the FRICAT
sample) or between 10 and 30 kpc (the sFRICAT sample).

This paper is organized as follows. In Sect. 2 we present the
selection criteria of the FR 0 sample. The radio and optical prop-
erties of the FR 0 catalog are presented in Sect. 3 and discussed
in Sect. 4. After a summary, our conclusions are drawn in Sect. 5.

Throughout the paper we adopt a cosmology with H0 =
67.8 km s−1 Mpc−1, ΩM = 0.308, and ΩΛ = 0.692
(Planck Collaboration XIII 2016).

1 Faint Images of the Radio Sky at Twenty centimeters survey
(Becker et al. 1995; Helfand et al. 2015).

2. Sample selection

We seek for FR 0 RGs in the sample of 18 286 radio sources
built by Best & Heckman (2012; hereafter the BH12 sample) by
limiting the search to a subsample of objects in which, accord-
ing to these authors, the radio emission is produced by an ac-
tive nucleus based on different diagnostics (i.e., SDSS spectra
and radio vs. host photometry). They cross-matched the opti-
cal spectroscopic catalogs produced by the group from the Max
Planck Institute for Astrophysics and The Johns Hopkins Uni-
versity (Brinchmann et al. 2004; Tremonti et al. 2004) based on
data from the data release 7 of the Sloan Digital Sky Survey
(DR7/SDSS, Abazajian et al. 2009)2, with the National Radio
Astronomy Observatory Very Large Array Sky Survey (NVSS;
Condon et al. 1998) and FIRST, adopting a radio flux den-
sity limit of 5 mJy in the NVSS. The catalog includes mostly
RLAGN, with a small fraction (∼10%) of a possible radio-quiet
AGN contribution (Baldi & Capetti 2010).

We initially selected the sources with 1) redshift z ≤ 0.05 to
optimize the spatial resolution; 2) a maximum offset of 2′′ of the
radio sources from the optical center; and 3) a minimum FIRST
flux of 5 mJy. The last constraint is related to the possibility of an
accurate size measurement (see below). One hundred ninety-one
sources passed this selection criteria.

We visually inspected the FIRST images of these sources
and discarded the objects with clearly extended radio emission.
We gathered the measured sizes of the remaining sources and
preserved those in which the deconvolved size is smaller than
4′′, that is, sources in which the observed major axis is smaller
than 6′′.7 (Fig. 1, top left panel). At z = 0.05 this corresponds to
∼5 kpc, that is, to a radius of 2.5 kpc.

All selected galaxies are characterized by a spectrum typical
of LEG, with only four exceptions that have a high-excitation
spectrum. Since the main aim of this project is the comparison
between FR 0s and FR Is, which typically have an LEG spec-
trum, we limit our analysis to the LEG compact radio sources.
The resulting sample, to which we refer as FR0CAT, is formed
by 108 FR 0s, whose main properties are presented in Table A.1.

The size limit estimated above applies only to a source with a
Gaussian shape. This is unlikely to be the case and this question
thus requires a more detailed treatment. To estimate a reliable
limit to the size of FR 0s, we considered two possibilities: they
are 1) compact doubles; or 2) small FR Is. For the first case we
measured the FWHM of a simulated source formed by two un-
resolved components of equal flux; the elliptical Gaussian ma-
jor axis exceeds the above threshold when their separation ex-
ceeds 3′′.2.

The second case is more complex because of the variegated
morphologies shown by FR Is. We explored it by simulating the
images of small edge-darkened radio sources by using the sam-
ple of 14 FR Is (named sFR Is) selected in Capetti et al. (2017a)
as a starting point. These sources have a redshift z < 0.05 and at
least one jet that extends between 10 and 30 kpc from the host.
We simulated the appearance of even smaller FR Is by reducing
the angular scale of their radio images by a factor 3; this was ob-
tained with a Gaussian smoothing and a rebinning of the images.
We then measured the FWHM of the resulting images. Only 3 of
these 14 sources would be considered as compact with the angu-
lar size threshold adopted for the FR 0s selection. In the original
images the jets of these FR Is extend by between 12 and 15 kpc,
that is, 4-5 kpc with the reduced angular scale. The 11 remaining
sources, having a median size of ∼20 kpc, appear to be resolved.

2 Available at http://www.mpa-garching.mpg.de/SDSS/
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Fig. 1. Top left panel: measured major axis (FWHM) in arcsec vs. the FIRST flux density for sources that do not show clearly resolved radio
emission; the red dashed line marks the adopted limit of 6′′.7 for the inclusion in the FR0CAT sample. Top right panel: distribution of the NVSS
fluxes (left) of the 108 FR0CAT (blue), the 219 FRICAT (black), and the 14 sFRICAT sources (red). The vertical dotted line marks the 5 mJy limits
of the BH12 sample. Bottom left panel: ratio between the FIRST and NVSS fluxes vs. the NVSS flux density for the FR0CAT sources; the dashed
curve indicates the upper boundary of the region in which objects are located that pass the NVSS flux threshold, but were not selected due to the
5 mJy minimum FIRST flux requirement because of a large contribution of resolved emission. Bottom right panel: radio spectral index between
327 and 1400 MHz; the dashed cyan histogram represents the upper limits.

These simulations suggest that a radio source with either a
double or an edge-darkened core-jet(s) morphology, located at
z < 0.05, will be cataloged as FR 0 with our criteria only when
its size does not exceed ∼5 kpc.

Recently, Miraghaei & Best (2017) also selected compact
RGs from the BH12 sample. They selected single-component
FIRST sources, brighter than 40 mJy, in the redshift range 0.03 >
z > 0.1. Their criteria were different from our selection, which
leads to a marginal overlap between the two samples, with only
seven objects in common.

3. Hosts and radio properties of FR 0s

The NVSS radio flux, Fr, distribution of the FR0CAT (see Fig. 1,
top right panel) spans from the sample limit 5 to ∼400 mJy
and peaks at ∼20–30 mJy. The presence of such a peak indi-
cates that the selected sample is incomplete at a flux higher than
the original selection threshold. This is due to the additional re-
quirement of a minimum FIRST flux, FFIRST > 5 mJy. Objects
close to the 5 mJy NVSS flux limit might not reach the minimum
FFIRST value if there is a sufficient amount of extended emission

resolved out in these higher resolution images. Nonetheless, the
majority of the FR0CAT shows a ratio between the FIRST and
NVSS flux densities included in the range 0.5–1.5 (Fig. 1, bot-
tom left panel). This indicates that there is no significant amount
of extended low-brightness radio emission associated with FR 0s
in general.

Similarly to the FRICAT sample, the optical selection of the
FR0CAT does not introduce a significant incompleteness be-
cause most of the hosts have 15.5 < r < 13, which is the r-band
magnitude range where the redshift completeness of the SDSS
is ∼90% (Montero-Dorta & Prada 2009).

The radio spectral index can be measured for the 38 FR0CAT
sources that fall into the area covered by the 327 MHz Wester-
bork Northern Sky Survey (WENSS, Rengelink et al. 1997). The
26 FR0CAT detected by the WENSS show a broad distribution
of α327,14 000 (Fig. 1, bottom right panel); 20 of them are flat spec-
trum sources, α327,14 000 < 0.5, and to this category, we can add
seven objects undetected at the 18 mJy flux limit of the WENSS.
This indicates that the radio emission in FR0CAT sources is gen-
erally dominated by a flat spectrum core, similar to the FR 0s
studied by Baldi et al. (2015).
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Fig. 2. Distributions of the r-band absolute magnitude (left) and black hole masses (right). The FRICAT histograms are all scaled by the relative
number of FR I and FR 0, that is, by 108/219. Colors as in Fig. 1.

Fig. 3. Left panel: concentration index Cr vs. Dn(4000) index; right panel: absolute r-band magnitude, Mr, vs. u − r color of the FR0CAT (blue),
FRICAT (black), and sFRICAT (red) sources. The green histogram on the bottom shows the percentage of blue ETGs (scale on the right axis)
from Schawinski et al. (2009). The dashed line separates the blue ETGs from the red sequence, following their definition. Colors as in Fig. 1.

The absolute magnitude distribution of the FR 0s hosts cov-
ers the range −21 . Mr . −23 (see Fig. 2, left panel).
Their black hole (BH) masses (Fig. 2, right panel), estimated
from the stellar velocity dispersion taken from the MPA-JHU
spectral analysis of the DR7 SDSS data and the relation of
Tremaine et al. (2002), are in the range 8.0 . log MBH . 9.0 M�,
with only ten objects having MBH ≤ 108 M�. In the two panels
we report the analogous distributions for the FRICAT sources;
FR Is are associated with slightly brighter sources and more mas-
sive BHs. The differences in the medians are ∆Mr = 0.59 and
∆ log MBH = 0.20, respectively, corresponding to a factor ∼1.6
in both cases. The comparison with sFRICAT leads to similar
results, with ∆Mr = 0.35 and ∆MBH = 0.16, that is, a factor
∼1.4. All these differences have a statistical significance of at
least 95% according to the Kolmogoroff-Smirnov test.

Similarly to what is seen in the FRICAT, the vast majority of
the FR0CAT hosts are red ETGs, based on the values of the con-
centration Cr (Strateva et al. 2001) and spectroscopic Dn(4000)
(Balogh et al. 1999) indices, see Fig. 3, left panel. Their redness
is confirmed by the photometric u − r color, measured over the

whole galaxy (see Fig. 3, right panel), with only two galaxies
located close to the boundary between blue and red ETGs.

A small fraction of FR 0s departs from the general behav-
ior. These are galaxies with MBH ≤ 108 M�, Cr < 2.6, or
Dn(4000) < 1.7. While this is due to spurious effects for some
(in two cases the low Cr is due to a nearby star or a companion
galaxy), 15 galaxies appear to be intruders, 4 of which are spiral
galaxies, for instance. This indicates that compact radio sources,
although they are preferentially associated with red and massive
ETGs, can rarely be found in different hosts.

The WISE infrared colors further support the general pas-
sive nature of the FR0CAT hosts. FR0CAT and FRICAT sources,
see Fig. 4, show mid-IR colors typical of those of elliptical
galaxies (Wright et al. 2010). In particular, the FR0CAT over-
laps with the FR I hosts at similarly low redshift. Nonetheless,
a few galaxies of the FR0CAT extend to redder colors than
those from the FRICAT. They do not follow the BL Lacs se-
quence (Massaro et al. 2012), but reach the locus of spiral and
star-forming galaxies. Of the five sources with W2−W3 > 2.5,
four are those noted above as late-type galaxies, with blue optical
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Fig. 4. WISE mid-IR colors of the FR0CAT hosts compared to the col-
ors of FRICAT (black) and sFRICAT (red). We also show the region
occupied by the Fermi blazars (purple dots).

colors, and/or they host black holes MBH ≤ 107.8 M�: they con-
firm the presence of a minority of compact radio galaxies that do
not conform with the general properties of FR 0s.

Ledlow & Owen (1996) discovered that FR Is and FR IIs
populate well-separated regions in a plane, based on the host
optical luminosity vs. their radio power. Owing to their low ra-
dio luminosities, FR 0s are well below the boundary between the
two classical FR classes, precisely, they are lower by a factor 10
to 200 (see Fig. 5).

The line luminosity is a robust proxy of the radiative power
of the AGN, and at least within objects with similar multiwave-
length properties, of the accretion rate. The comparison of line
emission and radio power presented in Fig. 6 (left panel) indi-
cates that FR 0s share the same range of L[O III] of FR Is, but they
have a much lower radio luminosity, with a median 30 smaller
than that for the FRICAT. Low-luminosity RGs form a continu-
ous distribution, from the FR 0s at the lowest ratios of radio/line
luminosity, to the sFRICAT and FRICAT sources at intermedi-
ate ratios, and finally to the extreme 3C-FRIs. However, we note
that the number of objects in this figure is not proportional to
their space density because they are selected in different vol-
umes. A proper comparison can be drawn only between FR 0s
and FR Is with z < 0.05, marked with the red dots for those
with 10 < r < 30 kpc and with red asterisks when r > 30 kpc.
Figure 6 (left panel) also points to a similarity between FR 0s
and FR Is in terms of AGN bolometric power and accretion rate.
An analogous indication was found by Baldi et al. (2015) when
comparing the genuine core emission of FR 0s and FR Is.

The right panel of Fig. 6 shows the relation between the ra-
dio luminosity and the BH mass for the FR0CAT, the FRICAT,
and the sFRICAT. The inclusion of low-power RGs breaks down
the relation between Lr an MBH observed at higher radio lumi-
nosities (Lacy et al. 2001). RGs with similar BH masses can pro-
duce sources of different radio morphologies/sizes and spanning
several orders of magnitude in radio luminosity. Furthermore, a
clearly empty region is present in the lower right region of the di-
agram, indicating that a minimum BH mass is required to launch
a relativistic jet for a RLAGN.

4. Discussion

4.1. Comparison with previous studies

Our study follows several previous investigations of the
local population of compact radio sources. In particular,

Fig. 5. Radio luminosity (NVSS) vs. host absolute magnitude, Mr, for
FR0CAT (blue), FRICAT (black), and sFRICAT (red) sources. The
solid line shows the separation between FR I and FR II reported by
Ledlow & Owen (1996), to which we applied a correction of 0.34 mag
to account for the different magnitude definition and the color transfor-
mation between the SDSS and Cousin systems.

Sadler et al. (2014) explored the properties of nearby galaxies
(z . 0.1) at 20 GHz, finding similar to our results, that com-
pact radio sources are the dominant class. However, compared
to our sample, they found a more heterogeneous population of
hosts, including ∼25% of HEGs (while our HEGs fraction is
only ∼4%), and an indication of a mixture of several types of
objects, possibly also including young GHz peaked-spectrum,
compact steep-spectrum, and beamed sources. The most likely
origin of these differences is the higher flux limit (40 mJy) and
observing frequency (20 GHz), which leads to the selection of
more luminous objects, with compact sources reaching radio lu-
minosities as high as 1042 erg s−1, which is a factor 100 higher
than the most luminous FR 0s in our catalog. As we mentioned
above, this luminosity difference also characterizes the study of
compact sources performed by Miraghaei & Best (2017).

Conversely, our FR 0s are in general more luminous than the
compact radio sources associated with nearby ETGs. For exam-
ple, in the study from Wrobel & Heeschen (1991) only a handful
of objects reaches ∼1038 erg s−1, which is the luminosity limit of
our sample. The multiwavelength study of these “miniature ra-
diogalaxies” (Core galaxies, Balmaverde & Capetti 2006) shows
various similarities with FR 0s, including the host properties, the
nuclear LEG spectrum, and the high core dominance.

From this perspective, our study fills the gap between the
population of brighter radio galaxies and the weak radio sources
in nearby ETGs: FR 0s are more similar to their less luminous
counterparts.

4.2. Are FR 0s young radio galaxies?

The relative number density between FR 0s and FR Is can be
used to explore the relation between these two classes of RGs.
If we assume that these two classes of low-luminosity RGs
are linked by temporal evolution, they are intrinsically identi-
cal sources differing only by their age. This idea is supported by
the strong similarity of the host properties of the FR0CAT and
FRICAT sources.

In this scenario, RGs are initially compact FR 0s and then
they all expand to form well-developed radio jets and appear as
FR I radio sources. This means that FR 0s are “young” with
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Fig. 6. Left panel: radio (NVSS) vs. [O III] line luminosity of the FR0CAT (blue), FRICAT (black), and sFRICAT (red) sources. The FRICAT
sources with z < 0.05 are represented as black dots with a red asterisk superposed. The green line shows the correlation between these two
quantities derived from the FR Is of the 3C sample from (Buttiglione et al. 2010), individually marked with the green crosses. Right panel: radio
luminosity vs. BH mass (M�).

respect to the time needed to form FR I RGs, whose sizes of-
ten reach 100 kpc, that is, ∼108 v−1

3 yr (where v3 is the expansion
speed in 103 km s−1 units). By assuming a constant expansion
speed, the relative space densities of the various classes are ex-
pected to be proportional to the range of sizes covered by each
class. In our case, the space densities should scale with the lin-
ear size as <5:20:30 (kpc) for the FR 0s, the small FR Is (with
10 < r < 30 kpc), and the larger FR Is (with 30 < r < 60 kpc).
The observed numbers are 108:14:73. The space density of FR 0s
is then &50 times higher than predicted by this simple model.

These results could be explained, still in the evolution frame-
work, if the expansion speed increases with time, being higher
for the sources with a larger size. Nevertheless, this sharp ac-
celeration contrasts with the results from numerical simulations
of low-luminosity radio jets (Massaglia et al. 2016) that show an
approximately constant advance speed out to a few kpc from the
center and then a decrease by a factor ∼2.

This discrepancy is not significantly reduced by excluding
the FR 0s with host properties that do not conform with those
of the FR Is discussed in Sect. 3 (i.e., objects having MBH <
108 M�, Cr < 2.6, or blue colors); when we remove these likely
interlopers, the FR 0s density drops by only ∼15%.

On the other hand, the sizes of edge-darkened FR I radio
sources that we used above to predict the relative space densi-
ties are generally underestimated because their extended plumes
and tails can be detected only to the sensitivity limit of the radio
images. This effect would decrease the genuine number of small
FR Is, further increasing the FR 0/FR I number density ratio. An
opposite effect is due to projection, since the observed size of
extended radio sources is reduced on average by a factor 2 with
respect to its actual value, assuming a random orientation.

Capetti et al. (2017a) discussed various sources of incom-
pleteness of the FRICAT sample. The most important limitation
in our ability to detect FR Is is related to the presence of diffuse
emission, which is resolved out or does not reach the 3σ limit in
the FIRST images. The FRICAT flux distribution indicates that
indeed its completeness limit is higher than the original 5 mJy

3 The space density of the more extended FR Is (the only class visible
at larger distances) is confirmed by the number of FIRST/FRIs found
with z < 0.15, 158 sources within a volume 25 times larger.

threshold and can be set at ∼30–50 mJy. When we restrict the
comparison between FR 0 and FR I to the sources above 30 mJy,
the FR 0/FR I fraction decreases, but by less than a factor ∼2.
Conversely, we expect that the luminosity of a growing radio
source increases with time as a result of the contribution from the
extended emission. This causes an underestimate of the intrinsic
relative densities of FR 0 and extended radio sources when using
flux-limited samples.

Capetti et al. (2017b) showed that the hosts of the majority of
edge-brightened radio sources (FR IIs) consist of massive ETGs,
similar to those of FR I and FR 0. We then explored the effect of
dropping the requirement that FR 0s evolve only into FR Is and
considered all extended sources regardless of their radio mor-
phology. In the BH12 catalog there are 203 radio AGN with
z < 0.05, MBH > 108 M� that are spectroscopically identified
as LEGs; 25 of them have 10 < r < 30 kpc, and 14 extend over
30 < r < 60 kpc. This reduces the difference between the ob-
served and predicted number of compact radio sources by only a
factor ∼2.

To summarize, although the measurement of the relative
number density of the various classes of RGs is subject to vari-
ous uncertainties, a simple “age-size” scenario of the evolution
of FR 0s into extended RGs cannot be reconciled with the prop-
erties of such a class, meaning that FR 0s cannot just be “young”
RGs that will all eventually evolve into extended radio sources.

4.3. Are radio galaxies recurrent?

The activity in RGs might be recurrent (e.g., Reynolds 1997;
Czerny et al. 2009) and they might experience various active
phases of different length. To account for both the large frac-
tion of compact radio sources and the presence of ∼100 kpc scale
sources, the duration of the active phase must cover a wide range
of values with short active periods favored toward the longer
ones. In this scenario, FR 0s are indeed young RGs, but they
will generally not grow to form large RGs. The limit to the size
of FR 0s corresponds to an age of .5 × 106 v−1

3 yr.
Another constraint on recurrence comes from the bivariate

radio/optical luminosity functions. Mauch & Sadler (2007) esti-
mated that the fraction of galaxies associated with a radio source
more luminous than 5 × 1038 erg s−1 at 1.4 GHz (the lower
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luminosity seen in FR 0s) is ∼10% for hosts with MK . −25,
a fraction that decreases to ∼2% for less luminous galaxies,
−24 & MK & −25. When we adopt a typical color R − K = 2.7
(Mannucci et al. 2001), these values encompass the range of op-
tical magnitudes of most FR 0s. These fractions can be inter-
preted within a recurrence scenario as the ratio of the duration
between the active and quiescent states, the latter being between
one and two orders of magnitude longer, that is, .107−108 yr.

In this context, it is important to explore the origin of the
recurrence and what sets its timescale; it can be envisaged that
the AGN feedback plays an important role in this respect (see,
e.g., Pellegrini et al. 2012). A possible clue comes from the
slightly higher luminosity (and BH mass) of FR Is with respect
to FR 0s, and the lack of compact sources in galaxies brighter
than Mr ∼ −23. This suggests that the activity in more massive
galaxies might last for longer periods. This agrees with the re-
sults obtained by Shin et al. (2012), with cluster central galaxies
spending a much longer time in the active states than satellite
galaxies.

4.4. Are FR 0s and FR Is intrinsically different?

There might also be genuine differences between FR 0s and
FR Is either in their central engines or in their environment, to
account for their distinct radio behavior.

The immediate environment of FR 0s and FR Is is probed
by their host galaxies, which, as we discussed, are very similar:
this argues against the interpretation that the FR 0 hosts have
a denser interstellar medium that prevents their jets from prop-
agating through the galaxy. The large-scale environment could
have a direct effect on the radio source appearance because an
extended confining medium reduces the advance speed of the jet
and also the adiabatic expansion of the radio source, hence in-
creases their detectability. However, this is unlikely to be the case
because the FR 0s size limit, <5 kpc, locates these sources well
within the hot coronae associated with their host. Furthermore,
Miraghaei & Best (2017) concluded that FR Is and compact RGs
live in a similar environment; given the differences between our
FR 0 definition and their compact RGs sample, a detailed study
of the FR 0 environment is needed before we can extend this
conclusion to our sample.

Based on high-resolution JVLA maps Baldi et al. (2015)
suggested that the differences between compact and extended
sources might be due to a lower jet bulk speed, Γjet, in FR 0s
than in FR Is. For this reason they are more likely to be subject to
instabilities and entrainment (Bodo et al. 2013) and they disrupt
while they slowly burrow their way into the external medium,
which accounts for their small sizes. This is supported by the
absence of one-sided kpc scale morphologies, a sign of relativis-
tic jet boosting, in FR 0s. Conversely, more than half of the FR Is
show large jet asymmetries with a jet/counter-jet flux ratio higher
than 2 (Parma et al. 1987), which implies that their jets are rela-
tivistic on a kpc scale.

The possible lower Γjet in FR 0 does not appear to be re-
lated to a (currently) directly observable quantity. Baldi et al.
speculated that this could be due to a positive connection be-
tween Γjet and the BH spin (as suggested by McKinney 2005;
Tchekhovskoy et al. 2010; Chai et al. 2012; Maraschi et al.
2012). In this context, when we assume a galaxy evolution via
BH merger and gas accretion (e.g., Volonteri et al. 2013), the re-
sult of such a process is a population with a broad distribution
of properties, that is, BH mass and spin. We suggest that only
under the most favorable circumstances, that is, when these pa-
rameters are maximized, is the BH associated with an RLAGN

able to launch a highly relativistic jet and produce an extended
RG, classified as FR I/II. This scenario predicts a large scatter
of physical BH aspects, which reproduces the different radio
morphologies and shapes a continuous population distribution
of RGs from FR 0s to FR I/IIs. FR 0s would originate from less
extreme values of the BH parameters and represent the majority
of the RLAGN population.

5. Summary and conclusions

We explored the properties of compact radio sources associated
with low-redshift (z < 0.05) galaxies. We selected these ob-
jects by cross-matching the SDSS, FIRST, and NVSS catalogs
with a radio flux >5 mJy, a radio size .5 kpc, and an LEG op-
tical spectrum. We named these sources FR 0s, in contrast to
the other extended FR classes, and formed the FR0CAT cata-
log. With these criteria, we selected 108 objects with the follow-
ing properties: 1) massive red early-type hosts associated with
massive BH (&108 M�), as typical of RLAGN (Baldi & Capetti
2010; Best & Heckman 2012; Chiaberge & Marconi 2011), and
similar to those seen in FRICAT and 3C-FRIs; 2) a tail toward
slightly lower MBH values is present in FR 0s; 3) there is a
notable lack of blue host galaxies in the FR0CAT, already ob-
served in FRICAT, with respect to the general population of
ETGs (Schawinski et al. 2009). The available data do not allow
us to identify the origin of this effect, which might be due to a
different environment or to AGN feedback, for example.

From our study we are able to estimate the number density
of the different classes of RGs among the three FR-CAT sam-
ples. In the same volume we identify 108 FR 0s and 21 FR Is
(14 with sizes of between 10 and 30 kpc, and 7 between 30 and
60 kpc), and just one FR II, indicating that FR 0s are the domi-
nant population of RGs in the local Universe. This indicates that
FR 0s cannot be RGs viewed preferentially at a small angle with
respect to their jet axis.

The high fraction of compact RGs rules out the possibility
that FR 0s are young RGs that will all evolve into extended radio
sources. Two alternatives to account for both the similarities and
differences between compact and extended RGs remain: 1) ra-
dio activity might be recurrent, with short active periods favored
with respect to the longer ones. In this scenario, FR 0s are in-
deed young RGs, but they will generally not grow to form large
RGs; 2) there might be intrinsic differences in their central en-
gines, for example, compact radio sources might be associated
with jets of lower bulk speed than the extended ones. Slower
jets are more likely to be subject to instabilities and entrainment
and they disrupt before they exit to the host interstellar medium,
limiting the extension of the resulting radio source. The possible
ultimate origin of this low jet bulk speed is a lower BH spin than
that in FR I/IIs.

The connection between galaxy and radio properties might
depend on the environment because the galaxy richness of the
surroundings might lead to different evolutionary paths. In par-
ticular the specific history of mergers determines not only the
evolution of the hosts but also of the BH parameters, leading to
the differentiation between FR 0 and FR I sources. The avail-
ability of the FR0CAT and FRICAT samples opens the possibil-
ity for a detailed comparison of the environment of these two
classes of RGs.

Gathering the results of our studies of the three FR-CAT
samples of radio galaxies in the local Universe, we conclude
that low-luminosity RGs are a very homogeneous population
of sources: all hosted in red massive elliptical galaxies with an
LEG spectrum, and confined within a small range of emission
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line luminosities. Combined with the information available on
their nuclear properties (Baldi et al. 2015), this suggests that a
common jet-launching mechanism operates in all these objects.
However, they show large differences in radio behavior from
the point of view of their sizes, luminosities, and morphologies.
FR 0s and FR I/IIs represent the two extremes in terms of radio
sizes and luminosities. Nonetheless, despite the selection cri-
teria (i.e., the separation between compact and extended radio
sources), there is no indication of dichotomous behavior: in par-
ticular, the distribution in radio luminosity of FR 0s smoothly
connects with that of FR I and FR II.

Clearly, the classification of a given source in the FR classes
depends on sensitivity, resolution, and frequency of the available
radio data. For example, two of the FR 0s observed at high res-
olution (∼0′′.2) by Baldi et al. (2016) show an FR I morphology.
It can be envisaged that future radio surveys at high resolution
will resolve most of the compact FR 0s. Nevertheless, we note
that FR 0s are not simply the scaled-down versions of FR Is. The
two classes differ not only from the point of view of their sizes,
but also by their radio core dominance and by the ratio between
line and radio luminosity, which are both higher in FR 0s. This
points to a genuine physical difference, that is, a reduced ability
in the production of extended radio emission.

The increasing interest in low-luminosity AGN with the
forthcoming advent of the SKA array (Whittam et al. 2017)
makes the study of this population of compact weak radio galax-
ies deserving of a deeper investigation. Progress in the study of
compact RGs can come from further studies at high spatial reso-
lution of FR 0 to explore their jet bulk speed. This can be done in
particular by measuring the jet/counter-jet asymmetries in a siz-
able sample of FR 0s whose distribution is directly linked to the
jet speed. This will be addressed in forthcoming papers that ex-
plore FR 0s at higher resolutions with the JVLA and eMERLIN
radio arrays. We also expect that low-frequency radio observa-
tions from the LOFAR array will shed new light on the possible
recurrent activity in RGs in general.
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Appendix A: Additional table

Table A.1. Properties of the FR 0s candidates sample.

z NVSS [O III] mr Dn σ∗ Cr νLr L[O III] MBH

SDSS J010852.48-003919.4 0.045 10.9 115.7 15.095 2.00 223 3.43 38.89 39.77 8.3
SDSS J011204.61-001442.4 0.044 17.9 51.2 14.836 1.93 225 2.78 39.09 39.40 8.3
SDSS J011515.78+001248.4 0.045 42.6 84.3 14.554 1.93 241 3.10 39.48 39.63 8.5
SDSS J015127.10-083019.3 0.018 35.7 267.6 13.351 1.97 183 3.03 38.59 39.32 8.0
SDSS J020835.81-083754.8 0.034 28.4 186.8 13.694 1.93 242 2.97 39.06 39.73 8.5
SDSS J075354.98+130916.5 0.048 7.4 51.5 14.347 2.01 305 3.36 38.77 39.47 8.9
SDSS J080716.58+145703.3 0.029 28.4 63.3 13.712 1.97 215 3.38 38.93 39.13 8.3
SDSS J083158.49+562052.3 0.045 9.0 93.1 14.514 1.99 216 2.96 38.81 39.68 8.3
SDSS J083511.98+051829.2 0.046 10.1 60.5 14.495 1.93 241 3.24 38.87 39.51 8.5
SDSS J084102.73+595610.5 0.038 8.9 111.9 14.000 1.97 229 3.28 38.64 39.60 8.4
SDSS J084701.88+100106.6 0.048 23.7 48.4 14.508 1.90 244 3.22 39.28 39.44 8.5
SDSS J090652.79+412429.7 0.027 51.8 143.9 13.808 1.90 189 2.81 39.12 39.42 8.0
SDSS J090734.91+325722.9 0.049 46.9 35.0 14.972 1.49 160 2.41 39.60 39.33 7.7
SDSS J090937.44+192808.2 0.028 69.1 342.2 13.877 1.82 234 3.29 39.26 39.81 8.4
SDSS J091039.92+184147.6 0.028 50.0 78.9 13.298 1.89 195 2.86 39.14 39.19 8.1
SDSS J091601.78+173523.3 0.029 24.5 266.1 13.091 1.91 225 2.35 38.86 39.75 8.3
SDSS J091754.25+133145.5 0.050 22.9 76.3 15.603 1.93 189 3.11 39.30 39.68 8.0
SDSS J093003.56+341325.3 0.042 33.1 192.2 14.358 1.97 237 3.14 39.31 39.93 8.4
SDSS J093346.08+100909.0 0.011 56.6 567.0 12.095 2.05 204 3.02 38.34 39.20 8.2
SDSS J093938.62+385358.6 0.046 6.1 74.3 14.864 1.96 197 3.10 38.65 39.59 8.1
SDSS J094319.15+361452.1 0.022 75.1 583.4 13.132 1.81 175 3.15 39.10 39.85 7.9
SDSS J100549.83+003800.0 0.021 24.1 321.5 13.604 2.01 296 3.36 38.55 39.53 8.8
SDSS J101329.65+075415.6 0.046 7.8 137.0 14.333 2.04 272 3.21 38.76 39.86 8.7
SDSS J101806.67+000559.7 0.048 14.3 781.8 14.965 1.57 156 3.04 39.07 40.66 7.7
SDSS J102403.28+420629.8 0.044 6.0 39.9 14.652 1.86 204 3.17 38.60 39.28 8.2
SDSS J102511.50+171519.9 0.045 10.2 61.1 13.890 2.00 309 3.26 38.85 39.48 8.9
SDSS J102544.22+102230.4 0.046 76.7 57.6 14.405 1.93 246 3.02 39.75 39.48 8.5
SDSS J103719.33+433515.3 0.025 132.2 326.4 13.226 1.92 227 3.35 39.44 39.68 8.4
SDSS J103952.47+205049.3 0.046 6.9 126.6 14.380 1.91 202 3.14 38.71 39.83 8.1
SDSS J104028.37+091057.1 0.019 68.5 376.4 12.528 1.93 220 3.12 38.94 39.54 8.3
SDSS J104403.68+435412.0 0.025 32.4 126.1 13.427 1.86 213 3.27 38.84 39.28 8.2
SDSS J104811.90+045954.8 0.034 49.1 313.2 13.597 1.82 196 2.99 39.30 39.96 8.1
SDSS J104852.92+480314.8 0.041 19.2 990.9 14.183 1.77 197 2.87 39.05 40.62 8.1
SDSS J105731.16+405646.1 0.025 44.8 189.5 12.916 2.00 283 3.08 38.98 39.46 8.7
SDSS J111113.18+284147.0 0.029 41.1 196.5 13.480 1.92 216 2.89 39.07 39.60 8.3
SDSS J111622.70+291508.2 0.045 71.5 86.0 13.773 2.00 276 2.91 39.71 39.64 8.7
SDSS J111700.10+323550.9 0.035 17.6 298.7 13.905 1.86 204 3.28 38.87 39.95 8.2
SDSS J112029.23+040742.1 0.050 7.5 142.0 14.276 1.97 230 2.41 38.81 39.95 8.4
SDSS J112039.95+504938.2 0.028 24.5 136.5 14.251 1.96 259 3.22 38.80 39.40 8.6
SDSS J112256.47+340641.3 0.043 16.6 199.3 13.477 2.01 270 3.23 39.02 39.96 8.7
SDSS J112625.19+520503.5 0.048 9.0 85.2 15.336 1.93 172 3.39 38.87 39.70 7.9
SDSS J112727.52+400409.4 0.035 13.8 178.4 14.749 1.94 144 3.48 38.76 39.72 7.6
SDSS J113446.55+485721.9 0.032 13.2 101.1 13.924 1.94 252 3.27 38.65 39.39 8.5
SDSS J113449.29+490439.4 0.033 33.0 61.2 13.183 2.00 299 3.33 39.10 39.22 8.8
SDSS J113637.14+510008.5 0.050 9.0 35.7 14.818 1.93 223 3.39 38.90 39.35 8.3
SDSS J114230.94-021505.3 0.047 8.8 73.8 14.385 1.92 216 3.04 38.84 39.62 8.3
SDSS J114232.84+262919.9 0.030 42.0 39.3 13.028 2.02 324 3.20 39.12 38.95 9.0
SDSS J114804.60+372638.0 0.042 29.1 54.0 13.818 1.89 281 3.18 39.25 39.37 8.7
SDSS J115531.39+545200.4 0.050 31.2 94.1 14.869 1.96 236 3.16 39.43 39.77 8.4
SDSS J120551.46+203119.0 0.024 89.9 126.5 13.776 1.94 190 3.27 39.24 39.24 8.0
SDSS J120607.81+400902.6 0.037 9.5 163.4 13.636 2.00 233 3.17 38.66 39.75 8.4
SDSS J121329.27+504429.4 0.031 96.5 574.2 12.825 1.87 277 3.04 39.50 40.12 8.7
SDSS J121951.65+282521.3 0.027 8.7 46.8 14.247 2.06 234 3.18 38.32 38.90 8.4

Notes. Column description: (1) source name; (2) redshift; (3) NVSS 1.4 GHz flux density [mJy]; (4) [O III] flux [in 10−17 erg cm−2 s−1 units];
(5) SDSS DR7 r band AB magnitude; (6) concentration index Cr; (7) Dn(4000) index; (8) stellar velocity dispersion [ km s−1]; (9) logarithm of
the NVSS radio luminosity [erg s−1]; (10) logarithm of the [O III] line luminosity [erg s−1]; (11) logarithm of the black hole mass [in solar units].
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Table A.1. continued.

z NVSS [O III] mr Dn σ∗ Cr νLr L[O III] MBH

SDSS J122421.31+600641.2 0.044 6.1 57.7 14.043 2.04 283 3.46 38.61 39.44 8.7
SDSS J123011.85+470022.7 0.039 93.8 264.0 13.570 1.91 231 2.94 39.70 40.00 8.4
SDSS J124318.73+033300.6 0.048 63.5 211.5 14.310 1.94 223 3.13 39.71 40.08 8.3
SDSS J124633.75+115347.8 0.047 61.2 354.5 14.021 1.90 260 3.09 39.68 40.30 8.6
SDSS J125027.42+001345.6 0.047 54.5 310.1 15.380 1.73 196 3.35 39.62 40.23 8.1
SDSS J125409.12-011527.1 0.047 7.7 66.6 14.743 1.92 196 3.30 38.78 39.57 8.1
SDSS J130404.99+075428.4 0.046 10.5 128.2 13.618 1.97 278 3.18 38.89 39.84 8.7
SDSS J130837.91+434415.1 0.036 58.4 366.3 13.438 1.89 255 2.89 39.41 40.06 8.6
SDSS J133042.51+323249.0 0.034 17.9 218.5 14.256 1.85 179 3.30 38.85 39.79 7.9
SDSS J133455.94+134431.7 0.023 39.4 335.7 12.854 2.02 285 3.18 38.85 39.64 8.7
SDSS J133621.18+031951.0 0.023 30.4 258.8 13.280 1.96 212 3.22 38.73 39.52 8.2
SDSS J133737.49+155820.0 0.026 26.9 235.8 12.968 2.02 257 2.90 38.79 39.58 8.6
SDSS J134159.72+294653.5 0.045 10.4 81.8 14.463 1.85 196 3.02 38.87 39.62 8.1
SDSS J135036.01+334217.3 0.014 101.3 677.6 12.524 2.00 199 3.16 38.84 39.52 8.1
SDSS J135226.71+140528.5 0.023 25.5 133.5 12.971 2.07 307 3.40 38.66 39.23 8.9
SDSS J140528.32+304602.0 0.025 7.4 93.2 14.159 1.97 129 3.03 38.19 39.15 7.4
SDSS J141451.35+030751.2 0.025 26.7 370.8 13.025 1.88 207 3.13 38.76 39.76 8.2
SDSS J141517.98-022641.0 0.047 18.9 126.2 14.192 2.03 280 3.22 39.17 39.85 8.7
SDSS J142724.23+372817.0 0.032 20.8 72.5 13.721 2.05 301 3.43 38.87 39.27 8.8
SDSS J143156.59+164615.4 0.048 8.7 42.7 13.956 2.04 266 3.27 38.86 39.40 8.6
SDSS J143312.96+525747.3 0.047 15.6 93.3 15.076 1.57 232 3.35 39.09 39.72 8.4
SDSS J143424.79+024756.2 0.028 7.3 82.4 14.106 1.99 201 3.23 38.28 39.19 8.1
SDSS J143620.38+051951.5 0.029 18.7 212.1 13.337 1.97 284 3.35 38.73 39.64 8.7
SDSS J144745.52+132032.2 0.044 6.7 158.1 15.126 1.93 186 3.10 38.66 39.89 8.0
SDSS J145216.49+121711.5 0.031 8.0 76.7 14.222 1.94 188 3.23 38.43 39.26 8.0
SDSS J145243.25+165413.4 0.046 17.5 149.2 14.001 1.94 272 3.17 39.11 39.90 8.7
SDSS J145616.20+203120.6 0.045 25.8 65.1 13.922 1.98 326 3.35 39.25 39.51 9.0
SDSS J150152.30+174228.2 0.047 18.6 85.0 14.411 1.92 224 3.00 39.16 39.67 8.3
SDSS J150425.68+074929.7 0.049 7.8 54.5 14.979 2.04 226 3.13 38.82 39.52 8.3
SDSS J150601.89+084723.2 0.046 8.3 41.8 14.225 1.93 240 3.30 38.79 39.35 8.4
SDSS J150636.57+092618.3 0.028 27.8 73.9 14.329 1.68 141 2.94 38.87 39.15 7.5
SDSS J150808.25+265457.6 0.033 20.3 87.4 15.185 2.00 198 3.54 38.87 39.36 8.1
SDSS J152010.94+254319.3 0.034 18.3 120.9 13.756 2.05 263 3.41 38.85 39.52 8.6
SDSS J152151.85+074231.7 0.044 11.7 35.8 13.855 2.02 260 2.85 38.90 39.24 8.6
SDSS J153016.15+270551.0 0.033 13.3 195.8 14.309 1.85 205 3.08 38.69 39.71 8.2
SDSS J154147.28+453321.7 0.037 8.9 117.6 14.094 1.91 215 3.44 38.62 39.59 8.3
SDSS J154426.93+470024.2 0.038 17.6 177.5 13.642 1.98 264 3.11 38.94 39.80 8.6
SDSS J154451.23+433050.6 0.037 11.5 129.3 13.646 1.92 217 3.27 38.73 39.63 8.3
SDSS J155951.61+255626.3 0.045 144.7 43.3 14.516 1.89 252 3.18 40.00 39.33 8.5
SDSS J155953.99+444232.4 0.042 59.5 158.9 14.474 1.89 182 3.26 39.56 39.84 8.0
SDSS J160426.51+174431.1 0.041 96.0 276.4 15.416 1.89 226 2.32 39.75 40.06 8.3
SDSS J160523.84+143851.6 0.041 8.6 55.8 13.705 2.01 259 3.04 38.70 39.36 8.6
SDSS J160616.02+181459.8 0.037 396.0 143.1 13.507 1.78 273 3.24 40.27 39.68 8.7
SDSS J160641.83+084436.8 0.047 9.3 87.1 14.452 1.93 188 2.51 38.86 39.69 8.0
SDSS J161238.84+293836.9 0.032 27.4 147.3 14.036 1.93 242 3.44 38.99 39.57 8.5
SDSS J161256.85+095201.5 0.017 21.7 323.8 12.856 2.07 203 3.39 38.33 39.35 8.2
SDSS J162146.06+254914.4 0.048 9.1 70.9 14.168 1.95 198 2.94 38.87 39.61 8.1
SDSS J162549.96+402919.4 0.029 97.5 43.3 13.121 1.97 245 2.91 39.45 38.95 8.5
SDSS J162846.13+252940.9 0.040 25.2 111.4 14.281 1.96 250 3.39 39.15 39.65 8.5
SDSS J162944.98+404841.6 0.029 7.7 77.9 16.542 1.98 263 2.14 38.36 39.21 8.6
SDSS J164925.86+360321.3 0.032 11.9 114.4 14.121 1.99 199 3.23 38.61 39.45 8.1
SDSS J165830.05+252324.9 0.033 13.1 181.9 14.326 1.93 219 3.43 38.68 39.68 8.3
SDSS J170358.49+241039.5 0.031 32.7 196.3 13.369 2.02 290 3.33 39.03 39.66 8.8
SDSS J171522.97+572440.2 0.027 57.2 174.0 12.560 1.97 292 2.81 39.16 39.50 8.8
SDSS J172215.41+304239.8 0.046 8.1 32.7 13.689 2.05 269 3.07 38.78 39.24 8.6
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