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Abstract. We select a sample of radio galaxies at high redshifts (z ! 1) in the COSMOS field, by cross-matching optical and
infrared (IR) images with the FIRST radio data. The aim of this study is to explore the high-z radio-loud (RL) AGN population
at much lower luminosities than the classical samples of distant radio sources and similar to those of the local population
of radio galaxies. Precisely, we extended a previous analysis focused on low-luminosity radio galaxies by Chiaberge et al.
(2009) and Baldi et al. (2013). The wide multiwavelength coverage provided by the COSMOS survey allows us to derive
their Spectral Energy Distributions (SEDs). We model them with our own developed technique 2SPD that includes old and
young stellar populations and dust emission. When added to those previously selected we obtain a sample of 74 RL AGN. The
SED modeling returns several important quantities associated with the AGN and host properties. The resulting photometric
redshifts range from z∼0.7 to 3. The sample mostly includes compact radio sources, but also 21 FR IIs sources; the radio power
distribution of the sample covers ∼1031.5

− 1034.3 erg s−1 Hz−1, thus straddling the local FR I/FR II break. The inferred range
of stellar mass of the hosts is ∼1010

− 1011.5 M⊙. The SEDs are dominated by the contribution from an old stellar population
with an age of ∼ 1 − 3 Gyr for most of the sources. However, UV and mid-IR (MIR) excesses are observed for half of the
sample. The dust luminosities inferred from the MIR excesses are in the range Ldust ∼ 1043

− 1045.5 erg s−1, associated with
temperatures approximately of 350-1200 K. Estimates of the UV component yield values of ∼ 1041.5

− 1045.5 erg s−1 at 2000 Å.
UV emission is significantly correlated with both IR and radio luminosities, the former being the stronger link. However, the
origin of UV and dust emission, whether it is produced by the AGN of by star formation, is still unclear. Our results show that
this RL AGN population at high redshifts displays a wide variety of properties. Low-power radio galaxies, associated with UV-
and IR-faint hosts are generally similar to red massive galaxies of the local FR Is. At the opposite side of the radio luminosity
distribution, large MIR and UV excesses are observed in objects consistent with quasar-like AGN, as also proved by their high
dust temperatures, more similar to local FR IIs.
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1. Introduction

The advent of multiband dataset from large area surveys
marked the starting point of a new scientific approach based on
large samples of sources through a multiwavelength analysis.
The immense number of sources as well as the completeness
of the sample is fundamental for obtaining results with high
statistical foundations. Clear examples are represented by large
surveys, such as Sloan Digital Sky Survey (SDSS) (York et al.
2000) and COSMOS (Scoville et al. 2007) which provide wide
multi-wavelength coverage. The association of targets at dif-
ferent wavelengths helps us to determine the properties of the
sources and, especially to derive their SEDs.

Among the most energetic phenomena in the Universe,
radio galaxies occupy an important position in the study of
the fundamental issues of modern astrophysics, such as ac-
cretion onto black holes (BH), the co-evolution between the
host galaxy and BH, the feedback process of the AGN on the
interstellar and intercluster medium (e.g. Hopkins et al. 2006;
Fabian et al. 2006). In this context, the cross-match of radio and
optical surveys specifically provides a unique tool in the anal-
ysis of the RL AGN. It consists in identifying optically large
numbers of radio sources, to obtain spectroscopic/photometric
redshifts, and finally to investigate the links between the ra-
dio structures, associated with the central engine, and the host
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galaxies. For example, Best et al. (2005a,b) selected a sample
of radio galaxies by cross-correlating optical SDSS, and radio
NVSS (Condon et al. 1998) and FIRST (Becker et al. 1995)
catalogs. This sample constitutes a very good representation
of radio galaxies in the local Universe. Recently, the advent of
the COSMOS survey which give X-ray, UV, optical, infrared,
and radio data all at once, facilitates the community to select
large sample of sources on a wider range of wavelengths even
then SDSS, but on a 2 deg2 area of the sky.

Since the COSMOS catalogs are available for the commu-
nity, several studies have already been carried out on radio
sources. Schinnerer et al. (2004, 2007) selected ∼3600 radio-
emitting galaxies (starburst and AGN) in the COSMOS field
based on VLA radio maps at 1.4 GHz. Smolčić et al. (2008)
explore the properties of the sub-mJy radio population, using
the VLA-COSMOS dataset, separating star-forming galaxies
from AGN, reaching L1.4GHz ∼ 1033 erg s−1 Hz−1. Their sample
is a mixture of objects with z " 1.2 where AGN dominate over
star-bust galaxies for L1.4GHz > 1031erg s−1 Hz−1. Bardelli et al.
(2010) investigate the properties and the environment of ra-
dio sources, at z < 1, by combining the VLA-COSMOS
dataset and the redshift-survey zCOSMOS (Lilly et al. 2007).
This sample includes low-luminosity radio-emitting objects
(L1.4GHz < 1032erg s−1 Hz−1) associated with red massive (∼
7 ×1010 M⊙) hosts in over-dense regions.

The basic idea of this study is to select a sample represen-
tative of the RL AGN population at z ! 1, in order to investi-
gate the properties of the radio galaxies in a cosmic era, where
the AGN activity plays a fundamental role in the galaxy for-
mation. Such a sample can be used to answer to different as-
trophysical questions, such as, cosmological evolution of radio
galaxies, study of their luminosity function, comparison with
local active and quiescent galaxies, all in light of the symbiotic
relation between AGN and host. For this purpose we choose
the COSMOS field because the large multi-wavelength dataset
provided by the survey consists in a unique tool to perform a
multi-band selection procedure.

The main problem of the selection of sources at high red-
shifts is represented by the observational bias which makes
flux-limited samples more abundant of powerful sources due
to the tight redshift-luminosity dependence. In fact available
samples of RL AGN at z ! 1 (e.g., 3CR and its deeper
successors) mostly include powerful ’edge-brightened’ (FR II,
Fanaroff& Riley 1974) objects. This implies that our knowl-
edge about the high-z RL AGN population misses a fundamen-
tal piece, consisting of the weak ’edge-darkened’ radio galax-
ies (FR I). Unlike previous studies, in this work we pay much
attention to include the low-power radio sources in order to sat-
isfy the sample requirements of completeness and homogene-
ity, as needed. The first steps in that direction were done by
Chiaberge et al. (2009) (hereafter C09). They selected in the
COSMOS field the first seizable sample of FR I candidates at
z!1. Such a research is motivated by the peculiarity of this
class of sources. In fact in the local Universe, FR Is typically
live in massive early-type galaxy in clusters. This behavior, if
shared by their high-z counterparts, will help the community to
address a number of other unsolved problems in current astro-
physics, such as the evolution of the elliptical galaxies, assess-

ing the relationship between giant elliptical and their central
BH at low nuclear luminosities, searching for cluster to study
their formation and evolution, and studying the possible FR I-
QSO association, not common in the local Universe.

In order to study the overall high-z RL AGN population, we
deem necessary to relax the selection criteria and include radio
sources regardless of their morphology and radio flux. In par-
ticular we also include FR II radio sources as well as those with
a flux higher than 13 mJy, the high flux threshold used by C09.
This resulting sample will include, by definition, the low-power
radio galaxies selected by C09, despite of the different goals of
selection. As we will show later, the selection procedure yields
a sample of radio sources of much lower luminosity than clas-
sical samples of distant radio sources (approximatively 2.5 or-
ders of magnitude fainter, e.g., Willott et al. 2001 for z!0.7)
and similar to those of the local population of radio galaxies.

Once the sample is selected, we will study the multi-
wavelength properties (from radio to IR) of the high-z RL
AGN population . We will address different studies of such a
population in forthcoming papers. Precisely, in this work, we
will also perform an analysis analogous to what Baldi et al.
(2013) (hereafter B13) operated on the sample selected by C09.
B13, taking advantage of the large multi-wavelength cover-
age provided by the COSMOS survey, carefully identified the
correct counterparts of the selected radio sources at different
wavelengths to derive their genuine emission. They thus con-
structed their SEDs from the FUV to the MIR wavelengths.
The SED modeling with stellar templates returned their photo-
z and their AGN and host properties. Their main results are
the following. The resulting photometric redshifts range from
∼ 0.7 to 3. The radio power distribution of their sample,
∼ 1031.5

− 1033.3erg s−1 Hz−1 at rest-frame 1.4 GHz, indicates
that their radio power is indeed mostly consistent with local
FR Is. Yet, a small contribution of sources show larger radio
power, above the local FR I/FR II break.1 Most of the hosts of
these high-z low-luminosity radio sources are massive galaxies
(∼7×1010 M⊙) dominated by an old stellar population (a few
Gyr) but significant excesses in either the UV or in the MIR
band are often present.

In this paper we select a sample of RL AGN in the
COSMOS field with a multiwavelength identification of their
hosts described in Section 3 and Section 4. Since the entire
sample includes the FR I candidates selected by C09 and their
properties are already studied by B13, we initially study the
’newly selected’ radio sources following B13 and then we con-
sider the entire sample. Using the FUV-MIR data provided by
the COSMOS survey, we derive their SED (Section 5) and we
model them using 2SPD (2 Stellar Population and Dust com-
ponent) technique for the radio sources selected in this work.
The results returned from the SED modeling are presented in
Section 6: the photometric redshifts, and the host properties,
such as stellar ages, masses and dust, and UV components.

1 FR I galaxies typically have a radio power lower than that of FR II
sources, with the FR I/FR II break set at L178MHz ∼ 2×1033erg s−1 Hz−1

(Fanaroff & Riley 1974) . The transition is rather smooth and both ra-
dio morphologies are present in the population of sources around the
break.
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In Section 7 we gather the entire sample of distant RL AGN
in the COSMOS field to study their radio power distribution
(Section 7.1) and global properties (Section 7.2). In Section 7.3
we look for relations between radio, IR, and UV luminosities
to investigate the origin of their emission at these wavelengths.
In Section 8, we summarize the results and we discuss our find-
ings.

We adopt a Hubble constant of H0 = 71 km s−1 Mpc−1,
Ωm = 0.27 and Ωvac = 0.73, as given by the WMAP cosmology
(e.g., Spergel et al. 2003; Jarosik et al. 2011). All the magni-
tudes are in AB mag system, if not otherwise specified.

2. Dataset
The photometric data used to derive the SEDs of our sources
are taken from the COSMOS survey (Scoville et al. 2007). This
survey comprises ground based as well as imaging and spectro-
scopic observations from radio to X-rays wavelengths, cover-
ing a 2 deg2 area in the sky.

Optical and IR observations and data reduction are
presented in Capak et al. (2007), Capak et al. (2008) and
Taniguchi et al. (2007). A multiwavelength photometric cata-
log was generated using SExtractor (Bertin & Arnouts 1996)
and includes objects with total magnitude I< 25.2 The sur-
vey includes HST/ACS data (Koekemoer et al. 2007) which
provides the highest angular resolution (∼ 0.′′09) among the
COSMOS images. Furthermore, the survey gathers data from
GALEX, Subaru, CFHT, UKIRT, NOAO, and Spitzer.

The COSMOS collaboration provides different cata-
logs. For this optical identification we use the COSMOS
Intermediate and Broad Band Photometry Catalog 2008
(Capak et al. 2008)3 from which we take the broad-band mag-
nitudes of our sources from the FUV to the K bands. At IR
wavelengths, we also used the S-COSMOS IRAC 4-channel
Photometry Catalog June 2007 and S-COSMOS MIPS 24
Photometry Catalog October 2008 (or S-COSMOS MIPS
24um DEEP Photometry Catalog June 2007) to search for the
Spitzer/IRAC and MIPS counterparts (Sanders et al. 2007).

The selection of the sample is also based on radio data from
the FIRST survey (Becker et al. 1995). The data are obtained
with the VLA in B configuration with an angular resolution of
∼5′′and reach a flux limit of ∼1 mJy. We also used data from
the NVSS survey (Condon et al. 1998) (VLA in D configura-
tion). The NVSS has a lower spatial resolution (∼45 ′′) and
with a higher flux density limit (∼2.5 mJy) than the FIRST sur-
vey, but these data are useful since they are more sensitive to
diffuse low surface brightness radio emission that the FIRST
data. We will also use data from the VLA-COSMOS Large and
Deep Projects (Schinnerer et al. 2004, 2007), i.e. VLA obser-
vations (in A-C array) of the COSMOS field at a resolution of
1.′′5 and with a mean rms noise of ∼ 10 µJy/beam.

The COSMOS survey also provides spectroscopic data
from the Very Large Telescope (VLT) (zCOSMOS, Lilly et al.
2007) and from the Magellan (Baade) telescope (Trump et al.

2 The COSMOS catalog is derived from a combination of the CFHT
i∗ and Subaru i+ images, to which the authors refer as I-band images

3 http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd

2007). In addition, the COSMOS collaboration performed
their own photo-z derivation mostly for sources with i+ <
25.5 with a relative redshift accuracy of 0.007 at i+ < 22.5
(Ilbert et al. 2009) and, also, for optically identified sources
detected with XMM, achieving a relative accuracy of 0.014
for i+ < 22.5 (Salvato et al. 2009). The COSMOS Photometric
Redshift Catalog Fall 2008 (mag I = 25 limited) gathers the
photometric redshifts measured from those authors.

3. The sample
The aim of the project is to select the RL AGN population in
the COSMOS field at high redshifts. With respect to the objects
considered in C09 and studied by B13, we relax the selection
criteria in order to include not just high redshift FR I candi-
dates, but all radio sources likely to be associated with galaxies
at z ! 1. Differently from C09 we did not set a high radio flux
limit (they only included objects with a FIRST flux ranging be-
tween 1 and 13 mJy) and we also decided not to exclude u-band
dropout galaxies.

We then simply search for sources with FIRST radio emis-
sion larger than 1 mJy over the COSMOS field. The total num-
ber of FIRST radio detection sources in a circular area of ra-
dius 5100 arcsec4 is 515.5 This number also includes the ra-
dio sources selected by C09. Given that the radio morphology
is fundamental to identify the host galaxy, we only consider
FIRST sources which have VLA-COSMOS counterpart. This
strongly facilitates the host identification because of its higher
spatial resolution than FIRST images. In 10 objects the VLA
image does not show any radio emission in correspondence of
the FIRST source. These are probably diffuse objects not visi-
ble in the VLA-COSMOS image due to its higher spatial reso-
lution. Such radio sources have FIRST radio flux less than 3.74
mJy (typically ∼1.2 mJy).

Similarly to the selection procedure performed by C09, we
use the assumption that the properties of the host galaxies of
the RL AGN population at high redshifts are similar to those
of distant FR IIs. Typical FR II radio galaxy at 1 < z < 2 has
a K-band magnitude fainter than 17 (Willott et al. 2003). Since
the typical I − K color for FR II host is not smaller than 4, this
assumption sets a lower limit on the I-band magnitude of the
host of 21 (in the Subaru or CFHT images). We use this opti-
cal limit to select the optical counterparts of the FIRST radio
sources. In such a process, we perform a rough identification
of the I-band counterpart. In fact a more detailed host identifi-
cation is aim of the next step of the selection. Furthermore, we
also include in the sample radio sources which satisfy the radio
selection but are either spectroscopically classified as QSO or
candidates QSO based on the point-like appearance in the ACS
images. Such objects might have I< 21, since the AGN emis-
sion out-shines the galaxy emission in optical band. Excluding

4 We consider a radius of 5100 arcsec because it corresponds to
the radius of a circle which circumscribes the ’squared’ COSMOS
field. This allows us to include all the radio sources which satisfy our
selection criteria but are located at the edges of the COSMOS field.

5 This number corresponds to each FIRST radio detection.
Therefore, it does not correspond to the total number of radio sources,
since double or even triple FIRST radio sources are present.
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Table 1. Identified radio galaxies

n radio ID RA DE Nc FFIRST FNVSS radio morph host ID magi zphoto zspec
1 J100046.91+020726.5 10 00 46.944 +02 07 26.02 1 1.79 2.6 compact 766333 22.28 1.2101.50

1.19 1.1577a
2 J100109.28+021721.7(2) 10 01 09.280 +02 17 21.49 1 3.21 3.7 FR II − <26.72 − −

3 J100101.26+020118.0 10 01 01.258 +02 01 16.98 1 1.68 <2.5 compact 756907 24.97 1.8762.35
1.45 −

4 J100016.57+022638.4 10 00 16.575 +02 26 38.28 1 5.18 5.1 compact − 25.90 − −

5 J100114.85+020208.8(4) 10 01 14.942 +02 02 21.48 2 4.78 6.2 FR II 754529 21.21 1.1201.15
1.10 0.9707a

6 J100114.12+015444.3(6) 10 01 14.542 +01 54 51.72 2 4.99 6.2 FR II 526188 23.30 1.4261.48
1.35 −

7 J100058.05+015129.0(4) 10 00 58.107 +01 51 41.15 2 10.10 12.4 FR II 534525 25.24 1.4552.29
1.26 −

8 J100201.17+021327.1(3) 10 02 01.235 +02 13 26.67 1 4.89 6.3 FR II 952745 21.45 0.8320.85
0.81 0.8357a

9 J095959.16+014837.8(2) 09 59 59.127 +01 48 37.79 1 7.70 8.4 FR II 591011 25.80 − −

10 J100120.06+023443.7 10 01 20.090 +02 34 43.62 1 9.07 9.6 compact 1425414 26.82 − −

11 J100140.12+015129.9(4) 10 01 39.193 +01 51 39.49 1 7.85 11.1 FR II 509607 23.22 0.9591.01
0.93 −

12 J100006.17+024000.5 10 00 06.137 +02 40 00.13 1 3.47 * compact − 25.95 − −

13 J100007.29+024049.8(2) 10 00 07.294 +02 40 49.79 1 3.47 * FR II 1703047 23.99 1.2381.43
0.93 −

14 J095835.44+020543.7 09 58 35.473 +02 05 43.81 1 11.73 13.1 compact 845386 24.58 1.2591.91
1.10 −

15 J095927.25+023729.2(3) 09 59 27.221 +02 37 37.32 1 1.94 5.9 FR II 1490892 22.66 1.0061.04
0.98 −

16 J100137.77+014811.7 10 01 37.793 +01 48 11.38 1 2.60 <2.5 compact 517639 21.87 0.8360.86
0.81 0.8442b

17 J100230.11+020912.4(5) 10 02 29.915 +02 09 10.72 2 6.40 6.3 FR II 939988 24.08 1.4581.58
1.32 −

18 J100007.90+024315.4(4) 10 00 07.835 +02 43 10.52 2 9.99 12.0 FR II 1695922 22.38 1.4831.63
1.44 −

19 J100218.03+015555.7 10 02 18.083 +01 55 56.85 1 1.04 <2.5 compact − 21.52 − −

20 J100212.06+023134.8(4) 10 02 11.867 +02 31 34.40 2 16.28 17.4 FR II 1408636 23.81 1.0141.21
0.91 −

21 J100159.82+023904.8 10 01 59.861 +02 39 04.53 1 2.67 4.3 compact 1633838 22.40 0.8130.84
0.79 −

22 J095837.11+023549.0 09 58 37.168 +02 35 49.37 1 1.05 <2.5 compact 1519463 24.91 2.6042.86
2.25 −

23 J100028.31+013507.8(5) 10 00 26.611 +01 35 27.67 2 14.65 26.6 FR II 115652 22.42 0.8350.86
0.82 0.83933b

24 J095826.95+023711.7 09 58 26.966 +02 37 11.55 1 2.24 3.0 compact 1516040 25.63 − −

25 J100124.09+024936.3(4) 10 01 24.122 +02 49 36.58 1 3.39 3.9 FRI/FRII 1874867 21.21 0.8250.84
0.81 0.82510b

26 J095756.52+022717.3 09 57 56.541 +02 27 17.25 1 2.57 2.3 compact 1319327 21.14 0.7310.75
0.72 −

27 J095908.87+013606.6 09 59 08.861 +01 36 06.64 1 5.46 6.5 compact 159456 25.22 − −

28 J095839.24+013557.8(4) 09 58 39.742 +01 35 56.85 1 2.56 4.9 FR II 182240 24.27 1.6762.06
1.40 −

29 J095821.65+024628.1 09 58 21.700 +02 46 28.07 1 4.62 10.3 compact-QSO 1738294 19.35 0.7810.79
0.77 1.4050c

30 J095838.01+013217.1 09 58 37.991 +01 32 17.12 1 4.21 4.3 extended − <26.10 − −

31 J095835.71+025328.9 09 58 35.719 +02 53 28.67 1 3.61 3.5 extended 1957693 25.84 − −

32 J095738.38+023837.7∗ 09 57 38.375 +02 38 37.62 1 2.78 3.2 extended 1780946 24.35 − −

33 J100331.82+014901.4∗ 10 03 31.849 +01 49 01.77 1 1.08 2.7 extended − <25.40 − −

34 NVSS J100250+013017 10 02 50.681 +01 30 19.26 1 8.61 7.0 extended 61719 24.07 1.3881.46
1.26 −

35 J100217.97+015836.4 10 02 17.988 +01 58 36.13 1 26.83 26.3 compact 714756 21.63 0.9020.91
0.89 −

36 J095803.21+021357.7 09 58 03.223 +02 13 57.58 1 24.71 25.2 compact 1103009 24.89 2.2182.77
1.91 −

37 J095908.32+024309.6(4) 09 59 07.629 +02 43 02.59 3 55.92 59.4 FR II-QSO 1721832 19.20 0.7870.80
0.78 1.3197c

38 NVSS J095758+015832∗ 09 58 00.807 +01 58 56.75 3 43.91 52.2 FR II 887322 23.89 2.3682.76
2.19 −

39 J100252.88+015549.7 10 02 52.887 +01 55 49.66 1 16.65 16.7 compact 477930 25.72 − −

40 J095908.95+024813.4(3) 09 59 09.143 +02 48 16.45 2 20.66 28.8 FR II 1947189 23.06 1.1111.15
1.08 −

41 J095742.30+020426.0 09 57 42.313 +02 04 25.97 1 18.63 18.5 extended 873336 22.39 0.8580.87
0.85 −

42 J100153.77+024954.0 10 01 53.822 +02 49 53.94 1 16.77 16.0 compact 1852665 23.29 1.1121.24
1.06 −

43 J100303.66+014736.0(6) 10 03 04.903 +01 47 24.21 2 23.88 32.6 FR II 454341 22.97 1.1921.37
0.89 −

44 J100251.11+024248.5(4) 10 02 50.858 +02 42 50.14 2 176.05 174.3 FR II 1599142 22.95 1.1851.21
1.16 −

45 J095741.10+015122.509(6) 09 57 39.795 +01 51 41.87 3 31.17 43.2 FR II 657685 22.59 0.8201.01
0.79 −

46 J095822.30+024721.3(5) 09 58 22.881 +02 47 28.14 2 17.36 22.7 FR II 1736088 22.57 0.9070.94
0.85 0.8784a

Column description: (1) identification number; (2) COSMOS-VLA (Large Project) ID number of the object (Schinnerer et al. 2007). In case of
multiple objects, the number of components is shown on the superscript. The obejcts marked with ∗ are identified in the COSMOS-VLA Deep
Project (Schinnerer et al. 2004). The object 34 has the NVSS ID; (3)-(4) right ascension and declination of (one of the components of) FIRST
radio source; (5) number of matches found in the FIRST catalog associated with the same radio galaxy; (6) (total) FIRST radio flux (mJy) of
the entire radio source; (7) NVSS radio flux (mJy). The two objects, 12 and 13, are included in the same NVSS radio sources with a flux of 7.6
mJy. (8) COSMOS-VLA radio morphology; (9) ID number of the host associated with the radio galaxy from the COSMOS Intermediate and
Broad Band Photometry Catalog 2008 ; (10) Subaru i+, CFHT i∗ or ACS/HST F814W magnitude of the host galaxy from the the COSMOS
catalog or measured on the image; (11) photometric redshift with 99% confidence-level errors; (12) spectroscopic redshift from the zCOSMOS
catalog (Lilly et al. 2007) marked with a, the Magellan catalog (Trump et al. 2007) marked with b, and SDSS QSO spectra (Hewett & Wild
2010) marked with c.
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the sources of the C09 sample, the new selected objects in the
COSMOS field based on the radio emission and on the I-band
magnitude are 566

We identify the optical/infrared counterpart to the radio
emission, by checking the multi-wavelength images of each ra-
dio source. Details of the host identification are in Section 4.
For 46 objects this procedure is successful (see Table 1),
while for 10 FIRST radio sources we do not trust much in
the host identification because of the complexity of the radio
morphology or the ambiguity of the correct optical counter-
part. Therefore we prefer to leave these 10 sources out. Those
sources are presented in Table 2.

The sample of 46 members includes 2 spectroscopically
confirmed QSOs from the SDSS catalog (Hewett & Wild
2010). From the point of view of the radio morphology clas-
sification, the sample includes 18 compact (or marginally re-
solved at the resolution provided by the COSMOS-VLA im-
ages) radio structures, 6 slightly extended sources, one inter-
mediate FR I/FR II, and 21 FR IIs (see Sect 7.1). Nine of the
sources we selected as part of this work have properties that
satisfy the selection criteria of C09. These objects were not in-
cluded in that sample most likely because their radio flux in the
version of the FIRST catalog those authors used was not listed
as > 1 mJy. This is due to the continuously ongoing updating
of the FIRST catalog over the years.7

The COSMOS collaboration performed a similar radio se-
lection in the COSMOS field, called the VLA-COSMOS Large
Project (Schinnerer et al. 2007). It consists of identification of
radio-emitting sources at 1.4 GHz observed with the VLA at
higher radio resolution (A and C arrays) than NVSS and FIRST
we used. However, our selection procedure is more sensitive
to low brightness radio sources than that used by the VLA-
COSMOS Large Project. In fact we detect radio sources in
FIRST which do not show emission in the VLA-COSMOS im-
ages. Most of our sources are included in the VLA-COSMOS
catalog (Table 1). However, those not included are still visible
in the VLA-COSMOS radio maps. Therefore our sample does
not totally overlap with the catalog created by Schinnerer et al.
(2007). This suggests that our careful visual inspection is fun-
damental to identify weak sources. Furthermore, differently
from the VLA-COSMOS catalog, we perform a multi-band
cross-matching to isolate the distant radio sources and exclude
the possible star-forming galaxies.

4. Multi-band counterparts identification
The radio morphology of the source plays a fundamental role
in this procedure. In order to inspect that of our sources, we
mainly use the radio maps (180 arcsec, corresponding to a
size of ∼1.5 Mp at z=1) from the VLA-COSMOS Large and
Deep Projects in comparison with the low-resolution FIRST
and NVSS images. The VLA-COSMOS images provide suf-
ficient angular resolution to recognize the presence of radio

6 To identify the sources, we use for simplicity a number ranging
from 1 to 56. This number does not correspond to the nomencla-
ture used by C09. In fact, the sources selected by C09 are named as
’COSMOS-FR I’.

7 http://sundog.stsci.edu/first/catalogs/

cores, useful (but not necessary) to identify the corresponding
host galaxies.

The VLA-COSMOS radio morphologies of the selected
sample are variegated (see Figure A.1 and A.2 and Table 1). 21
FR IIs with their classical double-lobed structures clearly stand
out. One source, namely 25, shows an intermediate FR I/FR II
radio morphology, since its two-sided jets show surface bright-
ness peaks approximately at half of its radio extended size.
Conversely, no ’bona-fide’ FR I structures are present. Half of
the sample appears as compact sources (unresolved, or slightly
resolved at the resolution of the VLA-COSMOS survey, 1.′′5). 6
objects show only slightly elongated radio structures. One QSO
is associated with a FR II, while the other has a compact radio
morphology. Unfortunately, we leave out 10 sources because
we fail in the host identification. These sources show compact,
complex and FR II radio morphologies (see Figure A.3 and
Table 2).

A further tool of identification is given by the high-
resolution HST/ACS images, which allow us to locate the host
associated with the radio source and distinguish it from pos-
sible mis-identified companions. All the sources, but 8 ob-
jects, have HST/ACS images. Further five objects are not bright
enough to be detected in the HST/ACS maps. For these objects
i+-band Subaru images represent the best alternatives for their
larger sensitivity despite lower resolution than HST/ACS. For
one source (namely 33), HST/ACS and i+-band Subaru images
are not present, but i∗-band CFHT observation.

Let us focus on the identifications. 21 targets show a com-
pact (unresolved, or slightly resolved at the resolution of the
VLA-COSMOS survey, 1.′′5), and another 6 sources show ex-
tended structures on a scale of ∼3-4′′. For such objects, we
start the multiband identification process looking for a I-band
counterpart to the radio source within a 0.′′3 radius from the
radio position in the COSMOS catalog. Then we check the
co-spatiality of the position of the optical host, the VLA ra-
dio source and the IRAC infrared emission. If this occurs with
a separation of less than 0.′′5 (the astrometry accuracy of IRAC
maps), the three counterparts are considered as associated with
the same source. The majority of the radio sources are optically
identified at distances smaller than 0.′′1 from the radio source.
We also use the Spitzer data to search for the infrared coun-
terparts. In such case we use a larger search radius (2′′) due to
their coarser resolutions. For 2 compact radio sources the host
identification failed because of the presence of multiple optical
sources falling within the radio structure. In Fig. A.1 we show
the successful identification, while the two ’failed’ objects are
shown in Fig. A.3.

Considering the sources which show extended radio emis-
sion, the sample selected in this work also includes sources
with a FR II morphology, contrary to the C09 sample. The op-
tical identification for those extended radio objects is clearly
more difficult than for the compact ones. In order to strengthen
the host identification, we visually check the counterparts in
each image available from the UV to the IR band.

In 11 cases, the radio source has a triple structure with
a central unresolved radio component (most likely the radio
core) associated with an optical/IR counterpart (see Fig. A.1).
In these cases we proceed as above, using the location of the
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central component as reference for the optical/IR counterpart
(Fig. A.2).

Conversely, in the remaining 18 radio sources the associa-
tion is less obvious. This is the case of 2 objects with a com-
plex radio morphology (object 49 and 50), of 14 double radio
sources (without radio core), or of 2 sources with a triple mor-
phology, but where the central component is extended. For the
2 triple sources (objects 7 and 17), the central radio compo-
nent indicates the approximative location of the radio core and
it is probably elongated due to the contribution of a radio jet.
We look for an optical/IR host in this area and indeed a single
bright galaxy is found in both cases, which we identify as the
counterpart.

For the remaining 14 FR IIs we look for the host galaxy
along a straight line connecting the hot spots in the VLA-
COSMOS images. In 8 cases we identify as host galaxy the
brightest optical/IR counterpart which also corresponds to the
closest to the center of the radio structure as shown in Fig. A.2.
Conversely, in objects 47, 48, and 52 there is no visible op-
tical/IR source between the lobes; finally, in objects 54, 55,
and 56, the association is not univocal since several optical/IR
sources are present. These 6 objects are shown in Fig. A.3 to-
gether with the 2 complex radio sources, which we exclude
from the sample.

Clearly, while the identifications of the hosts of 10 (2 triples
and 8 doubles) FR II are plausible, having excluded the less
convincing ones, we cannot exclude that there might still be
spurious associations. This is most likely the case of radio
sources of large angular size and where the host is far from
the center of the radio structure, such as object 46. However,
in most cases the proximity of the radio lobes reduces signifi-
cantly such a risk since the host search area is limited to only a
few squared arcseconds.

Summarizing, the identification is successful for 46 objects.
All but 6 are present in the COSMOS broad band Photometry
catalog. Furthermore, each radio source has a Spitzer infrared
counterpart. For the identified objects, we take from these cat-
alogs the 3′′-aperture photometric magnitudes from ∼ 0.15
µm to 24 µm. The careful visual inspection of the images of
the identified sources enables us to recognize the presence of
three sources associated with a stellar-like optical counterpart
(see Sect. 6.2 for details). This might indicate a compact nu-
cleus out-shining the host galaxy, sign of the presence a quasar
in the center. In fact two of them are spectroscopically con-
firmed QSOs (namely, 29 and 37). Unfortunately, the third ob-
ject (namely, 35) does not have any available spectroscopic in-
formation. It is associated with a compact radio source. All the
sources are detected in optical band, but three objects (namely,
2, 30, and 34) which are only detected at longer wavelengths.

The COSMOS catalogs are affected by the limitations typi-
cal of multiband surveys, such as misidentification of targets
with close neighbor or the contamination by nearby bright
sources. We then check the multi-band counterpart identifica-
tion of each source by visually inspecting its multiband images,
rather than blindly using the data provided by the COSMOS
catalog. More specifically, we identify all objects where i)
nearby sources are present within the 3′′ radius used for the
aperture photometry (thus contaminating the genuine emission

from the radio galaxies) or when ii) the counterparts to the i-
band object does not correspond to the same object over the
various bands. In these circumstances, 1) in case of contamina-
tion from a nearby source(s), we subtract from the flux resulting
from the photometry centered on the radio source the emission
from the neighbor(s), 2) we perform a new 3′′-aperture pho-
tometry properly centered on the position of the radio source.
When needed, we applied the required aperture corrections (see
B13).

When an object cannot be separate from a close compan-
ion or when the counterpart is not visible in a given band, we
measure a 2-σ flux upper limit. Six sources are visible in the
optical band (Subaru or CFHT) but they do not reach the flux
threshold of the COSMOS broad band Photometry catalog, or
are contaminated by a companion, or are wrongly identified by
the COSMOS catalog. In only three cases (namely, 2, 30, and
33) instead, no i-band identification is possible, but the identi-
fication with the radio source is nonetheless straightforward in
the infrared images.

As already outlined in B13, in some cases, the GALEX and
MIPS catalog photometry returns apparently wrong identifica-
tion. However, we visually check all the counterparts to con-
firm the UV and IR identifications. If a source is not detected in
GALEX we prefer not to include upper limits in our analysis,
because the corresponding NUV or FUV flux is substantially
higher than the detections at larger wavelengths and are not
useful to constrain the SED. For six sources, we measure the
24µm flux when not detected by the catalog. Furthermore, we
compute the photometry correction to the COSMOS UKIRT
J-band magnitudes as observed by B13.

The corrected 3′′-aperture photometric measurements of all
46 sources are tabulated in Tables A.1 and A.2 and includes
all the multi-band magnitudes associated with the optical/IR
counterparts of the radio galaxies.

5. SED fitting
The SEDs are derived by collecting multiband data from the
FUV to the MIR wavelengths. Since not all of the objects are
detected in the entire set of available bands, the number of data-
points used to constrain the SED fitting ranges from 19 (object
29) to 2 (object 33). However, the upper limits to the magni-
tudes, especially in blue and IR band, can, at least, roughly
constrain the contribution of the YSP and dust component.

As discussed in B13, the residuals of the SED fitting be-
comes smaller when a second stellar component and dust emis-
sion are included. Taking into account the larger number of pa-
rameters in the fit than in the case of a single stellar population
(such as Hyperz, Bolzonella et al. 2000), the fitting improve-
ment is basically due to the fact that two different stellar pop-
ulations, typically one younger and one older (YSP and OSP,
respectively) can reproduce better the complex morphology of
the SED, which might represent the complex star formation
history of the galaxy. Furthermore, the dust emission is neces-
sary to account for the MIR component, not compatible with
stellar emission. The simultaneous inclusion of such compo-
nents is allowed by our developed code 2SPD (see B13 for de-
tails on the code) which we prefer to use in this work rather
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Table 2. Radio galaxies with no clear host identification

n radio ID RA DEC Nc FFIRST FNVSS radio morph
47 J100102.38+020529.1(3) 10 01 02.402 +02 05 26.77 1 2.68 2.3 complex
48 J095949.80+015650.7(2) 09 59 49.787 +01 56 49.97 1 1.77 <2.5 FR II
49 J100049.58+014923.7(4) 10 00 48.705 +01 49 22.29 2 5.48 12.4 composite
50 J100129.35+014027.1(2) 10 01 29.328 +01 40 27.01 1 1.69 7.2 complex
51 J095856.19+024127.9 09 58 56.220 +02 41 27.39 1 3.67 4.2 compact
52 J095901.52+024740.6(4) 09 59 01.632 +02 47 39.82 2 4.69 6.7 FR II
53 J100320.60+021608.9∗ 10 03 20.613 +02 16 08.99 1 3.38 3.9 compact
54 J100245.39+024519.8(2) 10 02 44.947 +02 45 00.99 2 20.00 28.2 FR II
55 J095822.93+022619.8(6) 09 58 24.989 +02 26 49.36 2 84.73 103.2 FR II
56 J100243.20+015942.1(3) 10 02 42.622 +01 59 37.74 2 53.52 58.7 FR II

Column description: (1) identification number increasing with the distance from the center of the COSMOS field; (2) COSMOS-VLA (Large
Project) ID number of the object. In case of multiple objects, the number of components is shown on the superscript. The obejcts marked with
∗ are identified in the COSMOS-VLA Deep Project; (3)-(4) right ascension and declination of (one of the components of) FIRST radio source;
(5) number of matches found in the FIRST catalog associated with the same radio galaxy; (6) (total) FIRST radio flux (mJy) of the entire radio
source; (7) NVSS radio flux (mJy); (8) COSMOS-VLA radio morphology.

thanHyperz. Since we use stellar templates, we left out the two
spectroscopically confirmed QSOs from this procedure.

The stellar synthetic models used are from
Bruzual & Charlot (2009) (priv. comm.) and Maraston
(2005), the two sets differing for their Initial Mass Function
(IMF) (Salpeter 1955; Kroupa 2001; Chabrier 2003). We
considered models of solar metallicity, single stellar popula-
tion with ages ranging from 1 Myr to 12.5 Gyr. We adopt a
dust-screen model for the extinction normalized with the free
parameter AV , and the Calzetti et al. (2000) law. On the other
hand, we model the dust component with a single (or, in some
cases, two) temperature black-body emission.

The code 2SPD searches for the best match between the
sum of the different components and the photometric points
minimizing the appropriate χ2 function. 2SPD returns the fol-
lowing free parameters: z, AV , the age of the two stellar pop-
ulations, the temperature of the dust component(s), and the
normalization factors. For the 9 objects whose spectroscopic
redshifts are available, we prefer to keep fixed their redshifts
as the observed values, since in the case of free parameter, as
performed in B13, the photo-z obtained are always consistent
with the spectroscopic redshifts. From the fit we measure the
stellar mass content of the two stellar populations at 4800 Å
rest frame. However, caution should be exerted before asso-
ciating these values to physical quantities because of degen-
eracy in the parameter space, apart from the photometric red-
shifts (Table 3). Furthermore, since the infrared excess is not
often evident, the dust emission is usually poorly constrained.
Thence we prefer not to give any particular physical meaning
to each value of the dust parameters (temperature and lumi-
nosity). We will return to the dust properties in more detail in
Sect. 6.3.

To estimate the errors on the photo-z and mass derivations,
we measure the 99%- confident solutions for these quantities.
This is computed by varying the value of the parameter of in-
terest (photo-z or mass), until the χ2 value increases by ∆χ2 =

6.63, corresponding to a confidence level of 99% for that pa-
rameter.

Figure A.4 shows the plots of the SED fitting, while Table 3
presents the resulting parameters of the fit.

6. RESULTS
The SED modeling process has been performed for all the
46 objects (except for the spectroscopically-confirmed QSO,
namely 29 and 37), by using the template-fitting techniques,
2SPD. We also model the SED of object 35, although it is opti-
cal appearance and its SED shape suggests an identification as
a QSO.

The SEDs for approximately half of the sample show a
’bell’ shape. Such a behavior is ascribed to the dominance of
the OSP over the YSP and dust component(s). However, the
other half of the sample show excesses in UV and/or MIR
wavelengths.

Generally, the number of photometric detections is crucial
for the SED fitting reliability. The case of 33 is a clear exam-
ple. The object is detected only in 3.6 and and 5.8 µm IRAC
bands, because the source is on the border of the COSMOS
field. Furthermore, since the OSP is the component which fits
the SED on a larger range of wavelengths than YSP and dust,
the dominance of the OSP over the other two components de-
termines the quality/reliability of the modeling. In fact another
aspect crucial for the fitting is the intrinsic prominence of some
spectral properties of the OSP: the 4000 Å break and the blue
or infrared part of the spectrum. If these features are not evident
in the SED because the YSP and/or dust component dominate
over the OSP, the resulting fit is not unique and thus is not re-
liable. This is the case of the objects 10, 22 and 35. Therefore,
for these four radio sources (including object 33), we do not
consider reliable the SED model we obtain with the 2SPD tech-
nique.

6.1. Photometric redshifts
The photometric redshifts obtained with 2SPD (Table 3) for the
46 objects selected in this work range between ∼0.8 and 2.4. 13
out of 46 sources are not present in the COSMOS photo-z cat-
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Fig. 1. Comparison of the photometric-z measured with 2SPD
with those obtained by the COSMOS collaboration (Ilbert et al.
2009; Salvato et al. 2009). The dashed line is the bisector of the
plane.

alog mainly because their I-band magnitudes are beyond the
I = 25 limit of the COSMOS Photometric Redshift Catalog
and, marginally because of the mis-identification of the pho-
tometric counterparts (see B13 for details). For such objects
we do not have another photo-z measurement apart from our
derivation.

In order to test the reliability of our photo-z derivation,
we first compare the photometric redshifts measured with
2SPD with those obtained with the template-fitting technique
performed by the COSMOS collaboration (Ilbert et al. 2009;
Salvato et al. 2009) (Fig. 1). Obviously, we do not consider for
the comparison the objects 10, 22, 33, and 35 (for the reasons
explained in Sect. 6), the sources not included in the COSMOS
photo-z catalog, and those whose spectroscopic redshifts are
available. Generally, our photometric redshifts are consistent
with the COSMOS photo-z within the errors. On average, our
photo-z uncertainties are slightly smaller than those provided
by the COSMOS collaboration. This indicates that the red-
shift does not depend much on the single changes in the dat-
apoints. However, our SEDs are more realistic because of our
careful visual inspection of the multi-band counterpart identi-
fications. The normalized redshift differences (∆z/(1 + z), be-
tween our values and the COSMOS photo-z) are smaller than
0.08, similar to what B13 found, for all but 3 objects that reach
∆z/z ∼ 0.22 − 0.27 (objects 6, 13, and 18).

Since the sample includes spectroscopically-confirmed
QSOs and other potential QSOs whose SEDs appear power-
law dominated, we use the method to derive the photometric
redshifts, introduced by Richards et al. (2001a,b) for quasars.
They construct an empirical color-redshift relation based on the
median colors of quasars from the SDSS survey as a function
of redshift. Photometric redshifts are then determined by mini-
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Fig. 3. Flow-chart describing our selection procedure. The
number of sources that survive each step is reported inside each
circle. See text for more details.

mizing the χ2 between all four observed colors and the median
colors (obtained by combining the five SDSS magnitudes, u′,
g′, r′, i′, and z′) as a function of redshift.

We apply this method to the sources which show a QSO-
like SED and detected in at least 2 SDSS bands, i.e. objects
22 and 35 (object 10 is excluded for this reason). As a sanity
check, we include in this analysis the two spectroscopically-
confirmed QSO, namely 29 and 37. We also decided to re-
analyze objects with similar spectral shapes found by B13,
namely COSMOS-FR I 32, 37, 226, because they are po-
tentially QSO for their power-law spectral behavior, and the
spectroscopically-confirmed QSO, COSMOS-FR I 236.

Table 4 reports the SDSS colors for these 8 objects and
Figure 2 shows their χ2 curves. The χ2 minima smaller than
the unity are not considered statistically significant. For the
three spectroscopic QSO (29, 37 and COSMOS-FR I 236), the
χ2 minima is consistent with the spectroscopic redshifts. For
object 35 the χ2 minimum indicates a redshift of 1.8, differ-
ent from that we derive from the SED modeling (1.03). We
then finally change the classification of this source to QSO
because of its SED and optical appearance and use as red-
shift z = 1.80+0.40

−0.40. Conversely, for the objects 22 and 33 and
COSMOS-FR I 32, 37, and 226, the SDSS color fitting does not
produce a reliable evidence for a redshift within the range of
our interest. Therefore, we finally exclude these 6 objects (in-
cluding object 10 not detected in SDSS bands) from the entire
sample since their photometric derivation is not convincing.

Summarizing, after the SED quality test the sample se-
lected in this work is reduced to 43 objects and we also exclude
three sources from the sample studied by B13. Figure 3 sum-
marizes our selection procedure, providing the number of the
sources selected in each step of the selection.

6.2. Host galaxy properties
We now focus on the properties of the host galaxies inferred
from the SED modeling and in particular on their stellar pop-
ulations for the 43 sources selected in this work, similarly to
what done by B13.

The stellar mass of the galaxy, M∗, is one of the most ro-
bust result of the modeling. However, as discussed in B13, the
presence of additional dust component to the OSP might affect
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Fig. 2. Distribution of the χ2 function (see text) at varying redshift for objects 22, 29, 35, and 37 and for COSMOS-FR I 32, 37,
226, and 236 obtained from the color-redshift relation using SDSS colors (Richards et al. 2001b).

the stellar mass estimate more than the inclusion of a YSP. The
inferred mass range is ∼1010

− 1011.5 M⊙ (Fig. 4), reported in
Table 3.

Although the other host parameters derived from the SED
modeling are less constrained than the estimate of the stellar
content in the galaxy, we can globally state that the hosts are
dominated by an OSP with an age of ∼ 1−3 × 109 years, simi-
lar to the results obtained by B13. Assuming that the emission
at short wavelengths is associated with a YSP, the most signifi-
cant UV component are reproduced by stellar populations of a
few Myr (Table 3), with a contribution to the total mass of the
galaxy less than 1%.

In order to qualitatively study the host type, the optical
HST/ACS images provides the highest resolution view of the
galaxy, although the maps are single orbit pointings. For the
remaining (Subaru, CHFT, and Spitzer), optical and infrared
images can only provide a tentative indication of the host mor-
phology for all the sources, apart from the four QSO which
show a point-like optical nucleus outshining the weaker galaxy.

With a visual inspection of the multi-band counterparts of the
host, we can attempt to recognize the presence of clear spi-
ral/disk galaxies or galaxies which clearly differ from smooth
ellipticals as observed at z∼1 (e.g., Huertas-Company et al.
2007). We do not see any evident late-type galaxy, but gener-
ally we can tentatively classify them as bulge-dominated ob-
jects. Only four sources (namely 18, 19, 38 and 41) show
more irregular morphologies than classical undisturbed ellip-
ticals (Fig. 5), which might be possible sign of an interaction
with companion(s). In fact, the optical images of several ob-
jects show rich environments in their surroundings, similarly
to what C09 found for the COSMOS-FR I sources.

6.3. Dust emission

Concerning the 43 objects selected in this work, dust emission
is required to adequately model the SEDs of 16 objects (not
considering the three QSOs) due to the detection of emission
at 24 µm, and significant excesses above the stellar emission
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Fig. 4. Distribution of stellar masses (in M⊙) of our sample ob-
tained with 2SPD. The solid line represents the sample of ra-
dio galaxies selected in this work. The forward-slash shaded
histogram represents the HPs, while the back-slash shaded his-
togram the FR IIs. The dashed histogram represents the entire
COSMOS RL AGN sample at high redshifts.

18 413819

3" 4" 2.4" 6.6"

Fig. 5. HST/ACS images of the four sources which show irreg-
ular optical morphologies. The image size is indicated in the
panel. The white circle locates the position of the radio source.

are observed also at shorter infrared wavelengths in 8 of these
galaxies. However, as discussed in Sect. 5, the results of the
SED fitting concerning the dust components should not be used
to infer dust properties. In order to explore the dust properties
we estimated the residuals between the best fitting stellar model
and the data-points, looking for an excess at the Spitzer wave-
lengths. We then integrated the residuals (by assuming that the
spectrum is represented by a multiple step function) to obtain
the infrared excess luminosity, LIR excess in the range covered
by the Spitzer data, i.e. ∼ 3 - 26 µm (see B13 for the details).
The estimated dust properties are reported in Table 3.

The analysis misses the information on the dust content for
the quasars, because they have been treated differently from
the rest of the sample. In fact we do not model their SEDs with
stellar templates. Therefore, for the three QSO selected in this
work, we estimate the dust luminosities with the method men-
tioned above and by assuming that the emission at the Spitzer
wavelengths has only a dust origin. We also estimate the dust

component for the QSO selected by C09 (COSMOS-FR I 236)
with the same method. Table 5 shows the inferred IR luminosi-
ties for the quasars.

The dust luminosities of the sample selected in this work,
expressed as infrared excess luminosities, are in the range
LIR excess ∼ 1043

− 1045.5 erg s−1, similar to that found for the
low-power radio galaxies studied by B13. FR IIs cover the en-
tire range of IR excess luminosities, showing also non detec-
tions at 24 µm.

Similarly to what done by B13, we also measured the spec-
tral index of the infrared residuals over the OSP between 8 µm
and 24 µm, αIR. Taking into account only significant (> 3 σ)
excesses at 8 µm, this value can be estimated in 8 cases, with
values spanning between αIR ∼ 1 and -1. For other 8 objects
with only a 24 µm detection, the upper limit to the 8 µm flux
translates into a lower limit of αIR ! −1. For the four QSO (29,
35, 37, and COSMOS-FR I 236), we derive again the spectral
index assuming that the emission at 8 µm has only a dust origin
(Table 3 and 5).

Since the temperatures associated with the thermal compo-
nent are poorly constrained, we prefer to crudely estimate the
overall dust temperature from the spectral index αIR. By as-
suming a single black-body dust component, the values of αIR
translate into a temperature range of 750-1200 K and 350-600
K for αIR = −1 and 1, respectively. The derived temperature
depends on redshift, with the lower (upper) values of T being
derived for z = 0.8 (z = 3).

6.4. UV excess

Inspection of the SED fits obtained with 2SPD indicates that
the UV excesses (above the contribution of the OSP) are usu-
ally poorly constrained. Furthermore, the very stellar origin is
not granted and the UV excess might be due to an AGN con-
tribution. It is necessary to introduce a model-independent cri-
terion to assess which sources really show an UV excess and
to estimate its luminosity. We visually check all SEDs, search-
ing for sources with a substantial flattening in the SED at short
wavelengths or with a change of the slope between the OSP and
the emission in the UV band. A clear (marginal) UV excess in
seen in 18 (12) sources, properly marked in Table 3. The re-
maining SEDs drop sharply in the UV and are well reproduced
by the emission from the OSPs.

In order to quantify the UV contribution, for the objects
showing an UV excess we measure the flux at 2000 Å in the
rest frame, LUV, from the best fitting model, similarly to what
done by B13. For the UV-faint sources, we estimate an upper
limit on the UV emission. For the four QSOs, we measure the
flux at 2000 Å by using a power-law fit on the photometric
data-points in the UV. In addition, we measure the upper limits
to the UV excess also for the UV-faint objects studied in B13.
The new UV excess measurements, included in the observed
range 1041.5 " LUV " 1045.5 erg s−1, are reported in Table 5.
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7. The RL AGN population at z ! 1 in the COSMOS
field

The final sample of radio galaxies selected in the COSMOS
field at z ! 1 counts 74 objects (precisely, 43 selected in this
work plus 31 from B13). It includes 4 QSO, namely 29, 35, 37,
and COSMOS-FR I 236. Figure 3 summarizes the selection
procedure which drives to the final sample. The redshifts of
the entire sample range between ∼0.7 and ∼3 with a median
of 1.2. In the next sections we will study the properties of the
entire population, gathering the results obtained in this work
and those obtained by B13. Table 5 collects the information on
the members of the sample.

7.1. Radio properties

Considering all the radio sources selected in the COSMOS field
(see Table 5), most of them appear compact or marginally ex-
tended. Although it is possible that the non-detection of large-
scale structures is a result of the high radio frequency at which
the VLA-COSMOS catalog is carried out, it is likely that the
compact sources are intrinsically small, with sizes smaller than
a few tens of kpc. The FR IIs, which show structures of, at
most, some hundreds of kpc, are approximately one third of
the entire sample, while the bona-fide FR Is are two (both in
C09 sample).

In Fig. 6 (left panel) we show the histograms of rest-frame
(using a radio spectral index α = 0.8) radio powers at 1.4
GHz measured with FIRST and NVSS, reported in Table 5.8
The resulting luminosities are in the range 1031.5

− 1034.3 erg
s−1 Hz−1, straddling the local FR I/FR II break (L1.4 GHz ∼

1032.6 erg s−1 Hz−1 converting from 178 MHz to 1.4 GHz,
Fanaroff& Riley 1974). For the entire population of high-z RL
AGN in the COSMOS field, the median FIRST luminosity is
1032.59 erg s−1 Hz−1.

The radio luminosities of our sample are far larger than
∼1030 erg s−1 Hz−1, the radio luminosity below which starburst
activity may significantly contribute (e.g., Mauch & Sadler
2007; Wilman et al. 2008). Therefore, we can be confident that
our sources are associated with RL AGN, where radio emis-
sion has a non-thermal synchrotron origin from the relativistic
jets. Furthermore, the radio-loudness parameter (here measured
as the radio-to-UV flux ratio, White et al. 2007) is always far
higher than the threshold that separates radio-quiet from RL
AGN.

Similarly to the approach used by B13, we prefer to sep-
arate the sample in high and low power (HP and LP, respec-
tively) using the local FR I/FR II break as divide (see Table 5).
This helps us to investigate the properties of the sample and the
role of the AGN, whose radio luminosity is a good estimator of
its power. 40 out of 74 objects are HPs. All FR IIs are HPs, with
only 3 exceptions (namely 5, 13, and 15) although still with ra-
dio luminosities larger than 1032 erg s−1 Hz−1. With respect to
B13, the inclusion of sources of higher fluxes corresponds to a

8 For the objects 12 and 13 we cannot measure their NVSS lumi-
nosities because their NVSS emissions are incorporated in the same
source.

broader range of luminosity at each given redshift (Fig. 6, right
panel), thus improving our ability to explore the properties of
high-z radio galaxies. Furthermore, it is noteworthy the redshift
coverage of the FR II as broad as the entire observed range.

7.2. Global photometric properties of the sample

The radio galaxies at z!1 selected in the COSMOS field are
associated with hosts which are in first approximation early-
type galaxies. However, a further study is necessary to investi-
gate quantitatively the morphology of the hosts to classify them
more precisely. This will be addressed in a forthcoming paper.

Another important result is that the galaxies which harbor
our sample of distant RL AGN are massive and old. In fact
the median stellar mass of the hosts of these RL AGN is 5.8
× 1010 M⊙. Figure 7 does not show any significantly evident
relation between the stellar content and the radio power and
the redshifts. In fact, if we divide the sample in LPs and HPs
or FR IIs and no-FR IIs, no clear differences in stellar masses
are present. Furthermore, the typical age of the dominant stellar
population in those galaxies is a few Gyr-yr old.

The dust luminosities of the sample cover the range be-
tween 1043 to 1046 erg s−1, with a median value of 7 × 1043

erg s−1 (Fig. 8, left panel). Considering the radio classes, the
LP and HP difference in dust luminosity is a factor ∼3.3. FR IIs
cover the entire range of IR excess luminosities, showing also
non detections at 24 µm.

Figure 8 (right panel) shows a broad overlapping between
the radio classes in dust luminosities and in IR spectral indices.
This indicates that an increase of the AGN power (Lradio) is not
necessarily associated with an increase of the dust luminosity
and/or temperature. This denotes different possible contribu-
tion for the IR emission, star-formation and/or AGN. However,
we will focus on the association between the dust and the AGN
in Sect. 7.3.

The UV luminosities of the radio population range between
LUV ∼ 1041.5 and 1045.5 erg s−1 (Fig. 9), with a median value of
6 × 1042 erg s−1. Most of LPs are faint in UV, while HPs show
UV luminosities larger than LPs by a factor ∼6. HPs include
most of the significant UV detections. FR II sources cover the
entire range of UV luminosities, showing also upper limits.

The global picture emerging from the high-z RL AGN pop-
ulation is substantially a mild bimodality. The LP are typically
UV- and IR-faint, while the HPs are on the opposite side of
the luminosity range. This behavior is not clearly a one-to-one
relation and needs to be statistically tested (see next section).

We prefer to address the comparisons of our results with
other samples of distant and local radio galaxies in a forthcom-
ing paper.

7.3. The connection between radio, dust, and UV
emission

In this section we focus on the possible link between the nu-
clear and host properties for the entire sample of high-z RL
AGN in the COSMOS field. The key point is to understand the
origin of the IR and UV emission which might be stellar or as-
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Fig. 6. Left panel: distribution of the rest-frame total radio luminosity (in erg s−1 Hz−1) at 1.4 GHz from the FIRST data (upper
panel) and NVSS data (lower panel). The dashed lines correspond to the local FR I/FR II break used to separate the sample in
HP and LP sources. The FR IIs distribution is represented by the back-slash shaded histogram. The dashed histogram represents
the entire COSMOS RL AGN sample at high redshifts. Right panel: redshifts versus the rest-frame FIRST radio luminosity at
1.4 GHz (in erg s−1 Hz−1). The empty points are the LPs and the full points are the HPs. The FR IIs are the triangles. The red
squared points represent the sample studied by B13: LPs are the empty points, and HPs the filled ones. The solid line represents
the luminosity-redshift relation corresponding to the flux limit of the FIRST survey (between 1-0.6 mJy but for the plot we use
0.75 mJy.)

Fig. 7. Stellar masses (in M⊙) measured with 2SPD in relation with the rest-frame FIRST radio powers (in erg s−1 Hz−1) (left
panel) and redshifts (right panel) of the sample. Black empty points are LPs, while filled black points are HPs. The FR IIs are the
black triangles. The red squared points represent the sample studied by B13: LPs are the empty points, and HPs the filled ones.
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Fig. 8. Infrared excess luminosity ( erg s−1) versus (left panel) rest-frame FIRST radio luminosity ( erg s−1) and (right panel)
spectral index from 8 to 24 µm estimated from the IR excess in the SED above the stellar emission (right panel). Black empty
points are LPs, while filled black points are HPs. The FR IIs are the black triangles. The red squared points represent the sample
studied by B13: LPs are the empty points, and HPs the filled ones. The radio-IR correlation is the dashed line and its parameters
are shown in Table 6.

sociated with the AGN. The radio luminosity is a fundamental
indicator of the output energetics for a RL AGN. The IR and
UV luminosities can provide clues on the amount of dust, of
star formation and AGN contribution.

Figure 8 (left panel) and Fig. 9 compare the radio, IR, and
UV luminosities, showing broad relations between them, al-
though the dataset includes a large number of upper limits.
A statistical approach which takes into account the censored
data is necessary to analyze the significance of such trends. We
performed a statistical analysis using the Astronomy Survival
Analysis (ASURV) package (Lavalley et al. 1992). We used the
schmittbin task (Schmitt 1985) to calculate the associated linear
regression coefficients for two sets of variables. Operatively,
we carried out this procedure twice, obtaining two linear re-
gressions: first, considering the former quantity as the indepen-
dent variable and the latter as the dependent one and second
switching the roles of the variables. The best fit is represented
by the bisector of these two regression lines. This followed the
suggestion of Isobe et al. (1990) that considers such a method
preferable for problems that require a symmetrical treatment of
the two variables. In order to estimate the quality of the lin-
ear regression, we used the generalized Spearman’s rank order
correlation coefficient, using the spearman task (Akritas 1989).
Furthermore, since the sample covers a large range of redshifts,
we tested the effects of such a quantity in driving these correla-
tions (both luminosities depend on z2) estimating the Spearman

Partial Rank correlation coefficient.9 All the statistical parame-
ters obtained are reported in Table 6.

Firstly, let us consider the relation between IR excess lumi-
nosity and 1.4-GHz FIRST power (Fig. 8, left panel). Using the
generalized Spearman’s ρ test, the probability that a fortuitous
correlation is P = 0.0007. However, considering the common
dependence of the two luminosities on redshift, such a proba-
bility increases to P = 0.193.

Secondly, we focus on the UV excess and its possible link
with radio power and dust luminosity (Fig. 9, left and right pan-
els). For the radio-UV relation, the generalized rank coefficient
ρ returns a probability of no correlation of P = 0.0001. The
exclusion of the common redshift dependence with the partial
rank coefficient yields a probability, P = 0.019 that a fortuitous
correlation appears. Instead, for the UV-IR relation, according
to the generalized Spearman’s rank coefficient, the probability
that there is no correlation between the variables is P < 0.0001.
The effect of the redshift which might stretch the relation is
negligible as the value of the partial ρ slightly changes and the
associated probability is still very small (P = 0.0007).

Since the four QSO present in the sample are among the
brightest sources in the UV and IR bands, they potentially
might drive the relations we find. We then re-measure the cen-

9 The Spearman Partial Rank correlation coefficient estimates the
linear correlation coefficient between two variables taking the pres-
ence of a third into account. If X and Y are both related to the
variable z, the Spearman partial correlation coefficient is ρXY,z =
ρXY−ρXzρYz

[(1−ρ2Xz)(1−ρ
2
Yz)]

1/2
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Fig. 9. UV luminosity ( erg s−1) measured at 2000 Å versus: (left panel) rest-frame FIRST radio luminosity ( erg s−1), and (right
panel) infrared excess luminosity ( erg s−1). Black empty points are LPs, while filled black points are HPs. The FR IIs are the
black triangles. The red squared points represent the sample studied by B13: LPs are the empty points, and HPs the filled ones.
The dashed lines represent the linear correlations whose parameters are reported in Table 6.

sored statistics parameters by excluding them. We obtain that
the relations improve, apart from the radio-IR trend that slightly
worsens. This indicates that the QSOs are not responsible to
drive the relations in the radio-IR-UV planes.

Summarizing, these tests enable us to conclude that the
UV emission is significantly correlated with both the IR and
the radio luminosities, the former being the stronger link.
Conversely, the radio-IR relation might be real, but it has a not
negligible probability of being just driven by the common red-
shift dependence.

8. Summary and conclusions
We select a sample of radio sources in the COSMOS field look-
ing for objects at high redshifts (z!1), and extending a previous
analysis focused on low-luminosity radio galaxies selected by
C09 and studied by B13. While C09 selected the sample with
the aim of searching for FR I candidates, we relaxed the C09
selection criteria in order to include all radio sources likely to
be associated with galaxies at z ! 1, independently of the ra-
dio morphology. In particular we include in this analysis also
objects with a FR II radio morphology and we do not set a high
limit to the radio flux in order to obtain a complete view of the
RL AGN phenomenon in this cosmological era. We then con-
sider all radio sources with a flux > 1 mJy looking for faint
optical counterparts (I > 21), typical of radio galaxies in the
redshift region of interest. We take advantage of the COSMOS
multiband survey to select and identify their host galaxies with
a careful visual inspection of the multiwavelength counterparts.
The wide spectral coverage from the FUV to the MIR enables

us to derive their SEDs and model them with our own code,
2SPD, which includes two stellar population of different ages
and dust component(s). We obtained a sample formed by 74
members, most of them indeed having z ! 1.

The sample displays a large variety of radio and photomet-
ric properties, such as, compact radio sources, FR Is, FR IIs
and QSOs. We analyzed the properties of the SEDs of the sam-
ple analogously to what done by B13. Here we summarize the
main properties of the entire high-z COSMOS RL AGN popu-
lation and briefly discuss them.

– The photometric redshifts of the sample range between
∼ 0.7 and 3, with a median of z = 1.2. Most of the sources
have already a photo-z derivation from the COSMOS col-
laboration, but some do not mainly because their I-band
magnitudes are beyond the I = 25 limit of the COSMOS
photometric redshift catalog. Our photo-z measurements
are in agreement with those present in literature, but more
robust because of the careful visual inspections of the
multi-band counterparts. For those source not present in the
COSMOS catalog, we provide new photo-z estimates.

– Once we obtain the photo-z, we infer their radio luminosi-
ties starting from their FIRST and NVSS radio fluxes. The
rest-frame 1.4-GHz radio power distribution of the sample
covers the range from 1031.5 to 1034.3 erg s−1 Hz−1, strad-
dling the local FR I/FR II break (L1.4 GHz= 1032.6 erg s−1

Hz−1). Based on such a separation we divide the sample
in low- and high-power (LP and HP) sources. The radio
sources are mostly compact (or slightly resolved) with sizes
smaller than a few tens of kpc. Nevertheless, 21 objects
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show FR II radio morphology and are mostly HPs. Three
QSOs show compact radio structure, while one is associ-
ated with the center of a FR II.

– The most robust result of the SED modeling is the deriva-
tion of the host stellar mass. The stellar content distribution
covers values from ∼1010 to 1011.5 M⊙ with a median value
of 6 × 1010 M⊙. LP and HP sources have similar stellar
mass distributions.

– Most sources show SED dominated by an old stellar pop-
ulation with an age of ∼ 1-3 Gyr. However, significant ex-
cesses above the old stellar population are often observed
in the IR and/or UV part of the SEDs.

– A dust component is necessary to account for the 24µm
emission in 32 objects in the sample and significant infrared
excesses even at shorter wavelengths are observed in 13 of
these galaxies (not considering the four QSOs). The dust lu-
minosities derived from these infrared excesses range from
∼1043 to 1045.5 erg s−1. The dust temperatures estimated for
these 13 objects are 350-1200 K, values dependent on the
MIR spectral shape and redshifts.

– The UV excess are present significantly in 30 sources and
marginally in 19 sources. Estimates of the UV luminosities
measured at 2000 Å (at rest frame) yield values in the range
of 1041.5-1045.5 erg s−1.

– We test the statistical significance of the radio-IR-UV lu-
minosity relations, taking into account censored statistics
and the influence of the common dependence of luminosi-
ties on redshift. The UV emission is significantly correlated
with both the IR and the radio luminosities, the former be-
ing the stronger link. Conversely, more doubts are present
for the radio-IR relation.

It is important to further address at this stage the sample
completeness and purity, an essential issue for any future sta-
tistical study.

A potential worry concerns the completeness at low fluxes.
Indeed, a radio source with a total flux exceeding the adopted
flux threshold of 1 mJy, might be split into two separate compo-
nents both below the flux limit. Such objects would not be in-
cluded causing incompleteness for radio fluxes between 1 and
2 mJy. We looked for sources in the COSMOS field between
0.6 (the FIRST catalog flux limit) and 1 mJy, and then focused
on the 20 objects detected by the COSMOS-VLA images. 13 of
them have clear optical/IR counterparts and thus are unlikely to
be one component of a double radio source. None of remaining
7 shows evident FIRST double morphology on a scale of 180
arcsec. This suggests that the incompleteness caused by this
effect is negligible.

A further problem appears to exist at higher radio fluxes.
20 FIRST radio sources, including extended radio sources, are
not part of the final sample: 10 of them were discarded because
they are not detected in the VLA-COSMOS survey, while in
another 10 cases the association with an optical/IR counterpart
is not possible or univocal. On the other hand, the identification
of further 10 FR II appears to be much more convincing. We
do not expect more than a few false positive among them. With
this approach we favor the sample purity over its complete-
ness. Another 6 objects were instead excluded, despite a suc-

cessful counterpart identification, because the obtained model-
ing of their SEDs is less convincing than the others. We then
conclude that while no more than a few per cent of interlop-
ers might be present (and all at high radio fluxes), a fraction as
high as ∼25% of incompleteness may affect the sample.

The total radio power distribution of the sample is rather
broad and straddle the luminosity separation between FR Is
and FR IIs in the local Universe. Note that the selected sample
is, as planned, of much lower luminosity than classical sam-
ples of radio sources at similar redshifts and comparable to
those of the local population of radio galaxies. However, the
radio luminosities of our sample are far larger than the level at
which starburst activity may significantly contribute and this
indicates that they are genuine RL AGN. Unfortunately, we
cannot establish the radio morphological classification for most
of the sources; furthermore, the separation between the two FR
types is less sharp at higher radio frequencies, considering that
the rest-frame of these observations is ∼ 3 GHz (at z=1.2).
Nonetheless, for the objects for which this is possible the ra-
dio power generally predicts correctly their FR classification.
In particular all FR IIs are HPs, with only 3 exceptions that
still have radio luminosities larger than 1032 erg s−1 Hz−1. Also
local FR II radio galaxies exist at this lower radio power (e.g.,
Zirbel & Baum 1995; Best et al. 2005b).

The hosts of these high-z low-luminosity radio sources are
massive (likely, early-type) galaxies, M∗ ∼1010 to 1011.5 M⊙.
These values are similar with those derived for ellipticals in
the COSMOS field in a similar range of redshifts (Ilbert et al.
2010). However, they display a wide range of properties. On
the one hand, roughly half of the sample appears to be simi-
lar to those of local FR Is which live in red massive early-type
galaxies (e.g., Zirbel 1996; Best et al. 2005a; Smolčić 2009;
Baldi & Capetti 2010). Indeed, among the least radio luminous
objects, 28 sources are faint in both the UV and MIR bands.
On the other hand, significant excesses in the UV and/or in the
MIR band are often present. These excesses are observed in
LP and HP sources, in contrast to low-z FR I which are typ-
ically UV faint and poor in dust (e.g., Chiaberge et al. 2002;
Baldi & Capetti 2008; Hardcastle et al. 2009). These photo-
metric properties are, instead, more familiar to local FR IIs,
which typically show bluer color (e.g., Baldi & Capetti 2008;
Smolčić 2009) and larger amount of dust (e.g., de Koff et al.
2000; Dicken et al. 2010) than FR Is. These two behaviors cor-
respond, but only approximatively, to the two radio classes, LPs
and HPs. In fact, overall, LPs (HPs) seem to better conform
with the local FR Is (FR IIs) than HPs (LPs).

A key issue is to establish the origin of the MIR and UV
emission, i.e. whether they are produced by the AGN and/or by
star formation within the host. The statistical analysis indicates
a connection between these two processes. However, this does
not directly imply that for each source the IR and UV emis-
sion have the same origin. If we focus on the 13 sources which
show the significant MIR excess (to which we add the 4 QSOs)
the dust temperatures crudely derived from the spectral in-
dices indicate values that largely exceed those measured in star
forming galaxies (where Tdust " 200 K, e.g., Dunne & Eales
2001; Hwang et al. 2010). This warrants that in these objects
we deal with a dust heating mechanism from the AGN, where
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Tdust ! 300 K (e.g., Ogle et al. 2006). The UV properties of
these sources are complex: two of them are undetected, while
the remaining galaxies show a large scatter in the MIR/UV ra-
tio. Furthermore, for our sample of radio galaxies this ratio is
LIR excess/LUV ∼ 1 − 100, much higher than typical for QSO
(Elvis et al. 1994). This suggests that nuclear obscuration also
plays an important role, an indication also supported by their
resolved optical appearance. The observed UV emission might
still be nuclear in origin (e.g., due to scattering) but we cannot
exclude a contribution (even dominant) from star formation.

For the remaining 57 objects, the situation is even more
complex, with the only common feature of an absence of an
excess in the IRAC bands. In fact, some of them show a 24
µm detection but not always accompanied with an UV ex-
cess, and viceversa. The upper limits on the dust temperature
for the galaxies detected in Spitzer are not sufficiently strin-
gent to exclude an AGN origin. However, for the 28 objects
which are faint in UV and IR band, the emission in such bands
is likely ascribed to the galaxy and/or synchrotron radiation
from the jet, as seen in local FR Is (e.g., Chiaberge et al. 2002;
Baldi & Capetti 2008; Baldi et al. 2010).

The correlation between radio and UV indicates that a more
powerful AGN has a larger probability to be associated with
bluer host, but it remains unclear whether this is due to a larger
star formation rate in the host or to a brighter AGN. The con-
nection between radio and IR correlation has a significantly
larger dispersion. A similar scatter is found also in the local
RL AGN population (Dicken et al. 2009); here, this is clearly
related to the different properties of the various classes of RL
AGN.

In summary, the sample of the high-z RL AGN population
in the COSMOS field includes active galaxies in which the con-
tribution from AGN and stellar emission may largely different
from one object to the other. Weak AGN dominated by an old
stellar population, bright quasar-like AGN, and star formation
are the fundamental ingredients for the ’recipe’ to account for
the range of properties of the sample, as broad as their radio
morphology variety.

A further study is clearly necessary to investigate the prop-
erties of this sample which also includes information on the X-
ray and radio core data, already available from the COSMOS
survey. Furthermore, a more detailed and quantitative compar-
ison of this sample of RL AGN at high redshifts with samples
of local and distant radio galaxies as well as with population of
quiescent galaxies at high z is required to explore their differ-
ences and the similarities in order to shed further light on the
galaxy-BH evolution across the cosmic time.
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Appendix A: Radio maps, host identifications and
SEDs

In this Appendix we include the Tables A.1 and A.2 which
present the final magnitudes and fluxes of the multi-band coun-
terparts of the radio sources of the sample. Figures A.1, A.2,
and A.3 show the VLA-COSMOS radio maps and the opti-
cal/IR images of the sources, for which we easily identify the
host, for the FR IIs lacking of a clear point-like emission from
the radio core, and for the sources we fail in the host identifi-
cation, respectively. Figure A.4 collects the modelled SEDs of
the radio galaxies selected in this work.
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Fig.A.1. Images of the radio sources selected in the COSMOS field associated with a host galaxy with I > 21 (see Table 1). The
left image for each source is from the VLA-COSMOS survey; the right image shows radio contours and the host identification in
the band labelled on top. The image size in arcsec is marked on the bottom of each panel. When necessary we mark the identified
host galaxy with a white circle.
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Table 3. 2SPD SED fitting

ID redshift YSP OSP log M∗ Dust IR excess UV
zphot Age AV fYSP Log M∗ Age AV Tdust Ldust LIR exc. α8−24 LUV

1 1.1577s 0.004 0.73 21.9% 0.14% 2.0 0.72 11.31+0.04
−0.04 118-528 224.5-213.8 45.74 -0.87 43.51

2 1.767+0.570
−0.236 0.006 1.24 23.8% 0.14% 3.0 1.21 10.67+0.05

−0.05 181 17.0 <43.96 <42.00
3 1.983+0.34

−0.37 0.001 1.07 21.8% 0.51% 2.0 0.81 10.79+0.06
−0.05 166 29.4 44.15 >-0.42 42.98

4 1.104+0.76
−0.28 0.003 1.24 6.6% 0.04% 3.0 0.94 10.32+0.16

−0.18 179-468 24.8-2.5 44.41 0.62 <41.43
5 0.9707s 0.002 0.76 27.3% 0.49% 4.0 0.10 11.17+0.09

−0.10 134-911 3.8-6.8 44.22 -0.53 43.80
6 1.963+0.24

−0.28 0.003 0.49 32.1% 0.30% 3.0 0.21 10.85+0.05
−0.05 189 11.0 43.79 >-0.38 43.47

7 1.384+0.16
−0.06 0.004 1.31 28.1% 0.09% 4.0 1.30 10.89+0.06

−0.06 123 4.8 <43.49 42.19
8 0.8357s 0.002 2.80 10.3% 1.7% 4.0 0.13 11.59+0.07

−0.07 151-769 2.8-4.2 <44.10 <42.20
9 2.152+0.17

−0.44 0.003 0.98 10.4% 0.22% 1.0 0.62 10.60+0.05
−0.06 200 26.2 <44.15 42.83

10 1.268+0.30
−0.33 0.002 1.5 34.9% 1.88% 1.0 1.19 9.42+0.08

−0.08 221-720 3.8-1.8 44.11 -0.24 41.65
11 1.018+0.15

−0.08 0.004 1.38 9.8% 0.18% 0.8 1.21 10.69+0.06
−0.06 122 4.2 <43.44 42.23m

12 1.860+0.73
−0.56 0.009 1.47 48.8% 2.09% 2.0 1.19 10.49+0.10

−0.09 119 10.2 <43.66 42.38
13 1.018+0.02

−0.05 0.004 1.61 13.0% 0.44% 0.7 0.99 10.16+0.04
−0.04 128 2.3 <43.16 41.88m

14 1.377+0.27
−0.103 0.001 1.09 3.3% 0.09% 2.0 0.54 10.92+0.07

−0.08 131 10.3 43.87 >-0.12 42.34
15 1.015+0.03

−0.02 0.004 1.45 0.6% 0.02% 1.0 0.58 10.76+0.03
−0.03 139 2.1 <43.15 <42.06

16 0.8442s 0.003 1.10 1.6% 0.03% 1.0 0.71 10.78+0.06
−0.06 124 3.1 43.26 >-0.59 <42.22

17 1.391+0.22
−0.11 0.002 0.84 7.4% 0.14% 2.0 0.46 10.89+0.04

−0.04 185 9.3 <43.83 42.87
18 1.193+0.123

−0.16 0.008 1.36 59.0% 3.15% 2.0 0.64 10.94+0.03
−0.04 198-643 26.6-3.3 44.71 0.43 43.30

19 0.932+0.03
−0.01 0.003 2.26 5.3% 0.33% 2.0 0.28 11.26+0.03

−0.03 110 8.9 43.66 >0.91 <42.20
20 1.016+0.20

−0.09 0.001 0.88 4.6% 0.16% 0.9 0.86 10.33+0.08
−0.08 210 4.5 <43.52 42.33m

21 0.894+0.06
−0.062 0.004 0.91 3.8% 0.04% 2.0 0.27 10.71+0.04

−0.04 196 3.2 <43.42 42.20m
22 2.393+1.3

−0.88 0.002 0.56 31.5% 2.21% 0.9 0.07 9.77+0.15
−0.17 181-932 3.0-6.6 44.40 0.28 43.32

23 0.8393s 0.004 1.17 5.6% 0.12% 0.8 0.79 10.50+0.02
−0.02 135 2.6 <43.30 42.25m

24 2.006+0.30
−0.27 0.002 0.84 7.1% 0.10% 2.0 0.71 11.08+0.04

−0.04 178 98.1 44.69 >0.66 42.91
25 0.825+0.03

−0.03 0.003 3.02 25.8% 3.04% 2.0 0.60 11.17+0.02
−0.02 134 3.1 43.27 >2.50 <41.98

26 0.830+0.11
−0.11 2.0 0.10 11.04+0.06

−0.06 125 2.9 <43.32 <42.07
27 2.523+0.68

−0.32 0.004 0.57 10.7% 0.17% 1.0 0.30 10.68+0.07
−0.07 131 33.8 <44.17 43.22

28 1.788+0.43
−0.33 0.005 0.69 34.7% 0.67% 2.0 0.08 10.51+0.09

−0.08 212-505 5.2-1.9 44.12 -0.23 43.30
29 1.4050s QSO
30 2.268+0.56

−0.21 0.005 1.53 49.3% 0.80% 2.0 1.22 10.74+0.05
−0.05 161 25.7 <44.16 42.53m

31 1.698+0.49
−0.19 0.001 1.08 15.1% 0.25% 2.0 1.04 10.65+0.05

−0.05 227 16.9 <44.06 42.57
32 1.067+0.32

−0.10 0.003 2.08 64.8% 3.27% 1.0 1.75 10.08+0.07
−0.07 206 5.2 <43.59 42.05m

33 1.421+0.67
−0.61 0.003 1.32 4.9% 0.03% 3.0 1.01 10.92+0.07

−0.07 179 19.1 <44.02 <41.79
34 1.402+0.31

−0.32 0.002 0.67 0.8% 0.03% 0.9 0.30 10.65+0.23
−0.29 204-731 14.4-18.0 44.61 -1.08 <42.63

35 1.028+0.27
−0.17 0.006 0.45 59.2% 0.96% 3.0 0.09 10.71+0.06

−0.06 206-625 5.1-7.4 44.34 -0.69 43.89
36 2.255+0.70

−0.35 0.04 0.31 34.3% 1.50% 2.0 0.71 10.91+0.07
−0.07 155 25.1 <44.09 43.37

37 1.3176s QSO
38 2.355+0.45

−0.16 0.009 0.47 22.5% 0.48% 2.0 0.31 11.09+0.04
−0.04 132 67.0 44.42 >0.58 43.70

39 1.851+0.36
−0.30 0.006 1.24 11.0% 0.16% 3.0 0.34 10.94+0.07

−0.06 155 17.7 <43.94 42.34m
40 1.110+0.24

−0.20 0.7 0.73 10.70+0.12
−0.11 155 4.6 <43.51 <42.24

41 1.028+0.07
−0.18 0.001 0.14 3.0% 0.16% 0.07 1.40 10.22+0.19

−0.07 211-646 26.4- 1.9 44.69 0.15 43.27
42 1.137+0.44

−0.30 0.003 1.10 4.4% 0.10% 0.9 0.68 10.75+0.16
−016 156 4.9 <43.66 42.58m

43 1.247+0.46
−0.44 0.005 1.00 2.9% 0.06% 0.9 0.64 11.03+0.19

−0.32 96 9.9 <43.63 42.68m
44 1.062+0.14

−0.05 0.003 0.15 4.0% 0.04% 1.0 0.48 10.61+0.03
−0.04 189-644 8.2-1.6 44.37 0.53 43.12

45 0.918+0.07
−0.07 0.003 1.04 2.0% 0.04% 0.8 0.94 10.74+0.05

−0.05 101 4.9 <43.35 42.28m
46 0.8784s 0.007 1.35 10.7% 0.49% 0.8 0.78 10.47+0.09

−0.13 100 4.4 <43.29 42.27m

Results from the analysis of the SEDs with 2SPD. Column description: (1) ID number of the object; (2) photometric redshift measured with
2SPD; (3)-(4)-(5)-(6) age in Gyr, AV , flux fraction and mass fraction of the young stellar population (YSP) at 4800 Årest frame; (7)-(8) age in
Gyr and AV of the old stellar population (OSP); (9) the total stellar mass of the galaxy in M⊙; (10)-(11) the effective temperature (in K) of the
one or two dust components and their luminosities, Ldust (in units of 109 L⊙); (12)-(13) the infrared excess luminosity (in erg s−1) defined in the
text (Section 6.3) and the spectral index measured on the infrared excess at 8 and 24µm; (14) UV luminosity at 2000 Å in the rest frame in erg
s−1. The marginal UV excesses are marked with a m. The objects with the ID in bold charachter (namely, 10, 22, and 33) are excluded from the
final sample for their ambiguous SED properties.
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Table 4. COSMOS SDSS color

Object u′ g′ r′ i′ z′ zzphot,SDSS
22 <23.50 25.41±1.02 24.70±0.82 <23.00 <22.20
29 20.01±0.01 19.81±0.01 19.54±0.01 19.37±0.01 19.37±0.03 1.50+0.30

−0.55
35 22.18±0.09 22.09±0.04 21.96±0.06 21.54±0.06 21.65±0.28 1.80+0.40

−0.40
37 19.31±0.01 19.21±0.01 18.88±0.01 18.75±0.01 18.80±0.01 1.40+0.20

−0.40
COSMOS-FR I 32 <23.50 <23.90 24.86±0.61 23.99±0.41 <22.20
COSMOS-FR I 37 23.70±0.48 22.78±0.08 22.06±0.06 21.68±0.08 21.22±0.26
COSMOS-FR I 226 24.41±0.65 <23.90 23.84±0.28 24.90±1.31 <22.20
COSMOS-FR I 236 20.89±0.03 20.44±0.01 20.17±0.01 20.04±0.02 19.58±0.04 2.40+0.30

−0.35

SDSS color, u′, g′,r′, i′, and z′, for the sources which show ’power-low’ SEDs and the photometric redshifts, zzphot,SDSS , derived using SDSS
color (see Section 6.1).
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Table 5. The radio-loud AGN population in the COSMOS field at z ! 1

ID redshift radio log M∗ Dust UV
zphot LFIRST LNVSS radio class radio morph M⊙ LIR exc. α8−24 LUV

1 1.1577s 32.07 32.23 LP compact 11.31+0.04
−0.04 45.74 -0.87 43.51

2 1.767+0.570
−0.236 32.76 32.82 HP FR II 10.67+0.05

−0.05 <43.96 <42.00
3 1.983+0.34

−0.37 32.59 <32.77 HP compact 10.79+0.06
−0.05 44.15 >-0.42 42.98

4 1.104+0.76
−0.28 32.48 32.47 LP compact 10.32+0.16

−0.18 44.41 0.62 <41.43
5 0.9707s 32.13 32.24 LP FR II 11.17+0.09

−0.10 44.22 -0.53 43.80
6 1.963+0.24

−0.28 32.75 32.84 HP FR II 10.85+0.05
−0.05 43.79 >-0.38 43.47

7 1.384+0.16
−0.06 32.76 32.85 HP FR II 10.89+0.06

−0.06 <43.49 42.19
8 0.8357s 32.50 32.61 HP FR II 11.59+0.07

−0.07 <44.10 <42.20
9 2.152+0.17

−0.44 33.34 33.37 HP FR II 10.60+0.05
−0.06 <44.15 42.83

11 1.018+0.15
−0.08 32.58 32.73 HP FR II 10.69+0.06

−0.06 <43.44 42.23m

12 1.860+0.73
−0.56 32.84 HP compact 10.49+0.10

−0.09 <43.66 42.38
13 1.018+0.02

−0.05 32.22 LP FR II 10.16+0.04
−0.04 <43.16 41.88m

14 1.377+0.27
−0.103 33.06 33.11 HP compact 10.92+0.07

−0.08 43.87 >-0.12 42.34
15 1.015+0.03

−0.02 31.97 32.45 LP FR II 10.76+0.03
−0.03 <43.15 <42.06

16 0.8442s 31.90 <31.88 LP compact 10.78+0.06
−0.06 43.26 >-0.59 <42.22

17 1.391+0.22
−0.11 32.81 32.80 HP FR II 10.89+0.04

−0.04 <43.83 42.87
18 1.193+0.123

−0.16 32.84 32.92 HP FR II 10.94+0.03
−0.04 44.71 0.43 43.30

19 0.932+0.03
−0.01 31.61 <31.99 LP compact 11.26+0.03

−0.03 43.66 >0.91 <42.20
20 1.016+0.20

−0.09 32.89 32.92 HP FR II 10.33+0.08
−0.08 <43.52 42.33m

21 0.894+0.06
−0.062 31.97 32.18 LP compact 10.71+0.04

−0.04 <43.42 42.20m

23 0.8393s 32.64 32.90 HP FR II 10.50+0.02
−0.02 <43.30 42.25m

24 2.006+0.30
−0.27 32.73 32.86 HP compact 11.08+0.04

−0.04 44.69 >0.66 42.91
25 0.825+0.03

−0.03 31.99 32.05 LP FR I/FR II 11.17+0.02
−0.02 43.27 >2.50 <41.98

26 0.830+0.11
−0.11 31.88 31.83 LP compact 11.04+0.06

−0.06 <43.32 <42.07
27 2.523+0.68

−0.32 33.35 33.42 HP compact 10.68+0.07
−0.07 <44.17 43.22

28 1.788+0.43
−0.33 32.67 32.95 HP FR II 10.51+0.09

−0.08 44.12 -0.23 43.30
29 1.4050s 32.68 33.03 HP compact QSO 45.27 -0.92 45.69
30 2.268+0.56

−0.21 33.13 33.14 HP extended 10.74+0.05
−0.05 <44.16 42.53m

31 1.698+0.49
−0.19 32.77 32.75 HP extended 10.65+0.05

−0.05 <44.06 42.57
32 1.067+0.32

−0.10 32.17 32.23 LP extended 10.08+0.07
−0.07 <43.59 42.05m

34 1.402+0.31
−0.32 32.95 32.86 HP extended 10.65+0.23

−0.29 44.61 -1.08 <42.63
35 1.80+0.40

−0.40 33.70 33.69 HP compact QSO 44.89 -0.78 44.66
36 2.255+0.70

−0.35 33.89 33.90 HP compact 10.91+0.07
−0.07 <44.09 43.37

37 1.3176s 33.70 33.72 HP FR II QSO 45.47 -0.95 45.55
38 2.355+0.45

−0.16 34.17 34.24 HP FR II 11.09+0.04
−0.04 44.42 >0.58 43.70

39 1.851+0.36
−0.30 33.52 33.52 HP compact 10.94+0.07

−0.06 <43.94 42.34m

40 1.110+0.24
−0.20 33.08 33.23 HP FR II 10.70+0.12

−0.11 <43.51 <42.24
41 1.028+0.07

−0.18 32.96 32.96 HP extended 10.22+0.19
−0.07 44.69 0.15 43.27

42 1.137+0.44
−0.30 33.02 33.00 HP compact 10.75+0.16

−016 <43.66 42.58m

43 1.247+0.46
−0.44 33.27 33.40 HP FR II 11.03+0.19

−0.32 <43.63 42.68m

44 1.062+0.14
−0.05 33.97 33.96 HP FR II 10.61+0.03

−0.04 44.37 0.53 43.12
45 0.918+0.07

−0.07 33.07 33.21 HP FR II 10.74+0.05
−0.05 <43.35 42.28m

46 0.8784s 32.77 32.88 HP FR II 10.47+0.09
−0.13 <43.29 42.27m

COSMOS-FR I 1 0.8827s 31.78 <31.93 LP compact 10.08+0.04
−0.04 <43.31 <41.92

COSMOS-FR I 2 1.33+0.10
−0.09 32.02 32.40 LP extended 11.00+0.04

−0.04 <43.65 42.53
COSMOS-FR I 3 2.20+0.32

−0.44 33.10 33.19 HP compact 10.59+0.08
−0.10 45.27 -0.01 43.21

COSMOS-FR I 4 1.37+0.10
−0.06 32.77 32.86 HP FR I 11.16+0.04

−0.03 <43.55 42.71
COSMOS-FR I 5 2.01+0.22

−0.35 32.47 32.89 HP compact 11.49+0.04
−0.03 44.76 >0.49 <43.00

COSMOS-FR I 11 1.57+0.14
−0.09 32.18 <32.52 LP compact 10.98+0.10

−0.05 <43.80 <42.11
COSMOS-FR I 13 1.19+0.08

−0.11 32.02 32.22 LP compact 10.72+0.04
−0.03 44.23 -0.41 42.65m

COSMOS-FR I 16 0.9687s 32.38 32.27 LP compact 10.74+0.06
−0.06 43.60 >-0.12 42.42m

COSMOS-FR I 18 0.92+0.14
−0.11 32.22 32.28 LP extended 10.02+0.08

−0.08 <43.96 <42.23
COSMOS-FR I 20 0.88+0.02

−0.02 31.66 <31.93 LP extended 11.03+0.02
−0.03 <43.02 42.25m

COSMOS-FR I 22 1.30+0.05
−0.04 32.38 <32.34 LP compact 11.16+0.02

−0.03 43.87 >0.66 <41.79
COSMOS-FR I 25 1.33+0.11

−0.13 32.29 32.39 LP compact 10.75+0.04
−0.05 43.75 >0.26 42.87m

COSMOS-FR I 26 1.09+0.12
−0.07 32.02 32.25 LP extended 11.12+0.04

−0.04 <43.45 42.50m

COSMOS-FR I 28 2.90+0.20
−0.26 32.99 33.13 HP compact 11.38+0.04

−0.04 44.28 >0.22 <43.35
COSMOS-FR I 29 1.32+0.23

−0.24 32.28 32.31 LP compact 10.03+0.05
−0.05 <43.68 42.83

COSMOS-FR I 30 1.06+0.11
−0.07 31.83 32.11 LP compact 11.03+0.05

−0.05 <43.47 <41.81
COSMOS-FR I 31 0.9132s 32.14 32.18 LP compact 10.75+0.03

−0.03 <43.35 42.86
COSMOS-FR I 34 1.55+0.41

−0.19 32.84 32.77 HP compact 10.99+0.07
−0.07 <44.04 42.82

COSMOS-FR I 36 1.07+0.10
−0.04 32.23 32.25 LP compact 10.83+0.02

−0.03 43.46 >0.20 <41.91
COSMOS-FR I 38 1.30+0.17

−0.28 32.94 33.00 HP compact 10.65+0.07
−0.07 43.77 0.45 43.03

COSMOS-FR I 39 1.10+0.05
−0.05 31.90 <32.16 LP compact 10.88+0.03

−0.03 <43.20 <42.23
COSMOS-FR I 52 0.7417s 31.54 <31.73 LP compact 10.78+0.10

−0.10 43.33 0.61 42.96
COSMOS-FR I 70 2.32+0.53

−0.20 33.12 33.18 HP compact 10.65+0.07
−0.03 44.07 >-0.50 43.54

COSMOS-FR I 202 1.31+0.09
−0.12 31.98 32.46 LP extended 10.86+0.03

−0.06 <43.66 42.21
COSMOS-FR I 219 1.03+0.02

−0.04 31.96 <32.09 LP compact 10.67+0.03
−0.03 <43.32 42.69m

COSMOS-FR I 224 1.10+0.10
−0.04 32.28 32.27 LP extended 10.71+0.03

−0.04 <43.53 42.53m

COSMOS-FR I 228 1.31+0.05
−0.07 32.25 32.51 LP compact 11.06+0.03

−0.03 <43.64 <41.91
COSMOS-FR I 234 1.10+0.14

−0.08 32.41 32.48 LP FR I 10.83+0.04
−0.04 <43.52 <42.02

COSMOS-FR I 236 2.1318s 33.29 33.29 HP compact QSO 45.45 -1.01 45.60
COSMOS-FR I 258 0.9009s 31.90 32.12 LP compact 10.64+0.08

−0.09 <43.41 43.27
COSMOS-FR I 285 1.10+0.13

−0.08 32.23 32.31 LP extended 10.43+0.04
−0.04 43.73 -0.22 43.08

Column description: (1) ID number of the object; (2) photometric or spectroscopic (if available) redshift; (3)-(4) FIRST and NVSS radio luminosities; (5) classification based on the radio power: low or high power
(LP or HP) radio sources; (6) radio morphology based on the VLA-COSMSO images; (7) the total stellar mass of the galaxy in M⊙; (8)-(9) the infrared excess luminosity (in erg s−1 ) and the spectral index measured
on the infrared excess at 8 and 24µm; (10) UV luminosity at 2000 Å in the rest frame in erg s−1 . The marginal UV excesses are marked with a m .
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Table 6. Statistics

X Y ρXY PρXY ρXY,z PρXY,z Slope Intercept
Log L1.4 GHz FIRST Log LIR, excess 0.396 0.0007 0.151 0.193 1.3±0.3 -9±19
Log L1.4 GHz FIRST Log LUV 0.456 0.0001 0.273 0.0188 1.5±0.4 -19±24
Log LIR, excess Log LUV 0.509 <0.0001 0.397 0.0007 1.0±0.3 -2±17

Column description: (1)-(2) the two variables of the considered relation; (3)-(4) the generalized Spearman correlation coefficient (computed
including upper limits) and the probability that there is no correlation between the variables; (5)-(6) the partial rank coefficient after excluding
the common dependence of redshift and the probability that there is no correlation between the variables; (7)-(8) the slope and the intercept
with their errors of the possible linear correlation.
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Table A.1. COSMOS multiwavelength counterparts of the sample

ID u∗ BJ g+ VJ r+ i∗ i+ F814W z+ J KS K

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

1 23.88±0.04 23.50±0.03∗ 23.54±0.03∗ 23.20±0.03 22.91±0.02 22.28±0.04 22.28±0.02 22.10±0.07 21.50±0.01 20.71±0.11∗ 19.21 ±0.01

2 <27.40 <28.30 <28.00 <27.60 <27.45 <25.90 <26.72 <26.22 <26.20 <24.25 22.85±0.10

3 <27.10∗ 26.47±0.37∗ <26.02∗ 25.83±0.35∗ 25.81±0.30∗ 25.20±0.75∗ 24.97±0.20∗ 25.34±0.85 24.53±0.40∗ 23.81±0.50∗ 22.43±0.10∗

4 <27.40 <28.30 <28.00 <27.60 <27.14∗ <25.55∗ 25.90±0.30∗ <25.34 <24.70∗ 23.90±0.40∗ 22.06±0.20∗

5 22.14±0.03∗ 22.04±0.02 22.016±0.01 21.59±0.01 21.62±0.01 21.19±0.03 21.21±0.01 21.01±0.04 20.49±0.01 20.01±0.10 19.01±0.01

6 24.27±0.04 24.27±0.05 24.50±0.12∗ 24.02±0.05∗ 23.69±0.03∗ 23.31±0.22 23.30±0.03 23.37±0.18 23.06±0.04 22.33±0.23∗ 21.14±0.10∗ 21.36±0.23

7 <27.40 26.89±0.24 <26.25∗ 25.97±0.14 25.70±0.11 <25.03∗ 25.24±0.12∗ 25.23±0.96 24.25±0.09 23.13±0.20∗ 21.51±0.03∗ 21.43±0.27

8 26.00±0.20∗ 25.08±0.08 24.81±0.06 23.63±0.03 22.72±0.02 21.44±0.03 21.45±0.01 21.18±0.04 20.64±0.01 20.16±0.20∗ 19.15±0.01 19.22±0.04

9 <27.40 <26.70∗ <26.48∗ 26.43±0.35∗ 26.05±0.25∗ <25.40∗ 25.80±0.15∗ 24.85±0.80 25.05±0.25∗ 23.80±0.35∗ 21.17±0.11∗

10 <27.40 <28.30 <28.00 27.60±0.50∗ 27.21±0.36 <25.90∗ 26.82±0.35 <26.24 <25.91∗ <24.70∗ 23.53±0.30∗

11 26.57±0.19 26.04±0.15 26.27±0.20 25.48±0.10 24.52±0.05 23.22±0.20 23.22±0.03 22.86±0.13 22.23±0.02 21.43±0.15∗ 20.30±0.01 20.25±0.09

12 <27.40 <28.30 <28.00 <27.19∗ 26.30±0.55 <25.50∗ 25.95±0.45∗ <25.20∗ <25.21∗ <24.03∗ 22.65±0.25

13 <27.40 26.93±0.26 26.49±0.19 26.22±0.17 25.36±0.09 24.14±0.37 23.99±0.04 23.96±0.24 23.12±0.04 22.40±0.15∗ 21.41±0.03 21.63±0.32

14 <27.40 26.86±0.25 26.73±0.23 26.55±0.22 25.81±0.12 24.74±0.66 24.58±0.06 24.42±0.50 23.73±0.06 22.28±0.15∗ 21.05±0.02 20.92±0.14

15 <27.40 26.33±0.17 26.23±0.16 25.07±0.07 23.93±0.04 22.66±0.12 22.66±0.02 22.23±0.08 21.67±0.02 20.98±0.15 19.91±0.01 19.95±0.07

16 26.24±0.40∗ 25.50±0.30∗ 24.92±0.35∗ 23.99±0.30∗ 23.13±0.25∗ 21.94±0.25∗ 21.87±0.20∗ 21.68±0.25∗ 21.12±0.15∗ 20.60±0.25∗ 19.59±0.15∗ 19.48±0.20∗

17 26.05±0.13 25.66±0.10∗ 25.50±0.11 25.31±0.09 25.03±0.08 24.08±0.38 24.08±0.05 24.01±0.34 23.38±0.05 22.17±0.15∗ 20.94±0.02

18 24.72±0.06 24.02±0.10∗ 23.84±0.04 23.34±0.03 23.02±0.02 22.39±0.07 22.38±0.02 22.11±0.07 21.69±0.02 21.00±0.15∗ 19.74±0.01 19.70±0.06

19 26.79±0.35∗ 25.10±0.30∗ 24.40±0.40∗ 23.40±0.30∗ 22.54±0.25∗ 21.42±0.25∗ 21.52±0.20∗ 21.20±0.20∗ 20.87±0.20∗ 20.12±0.40∗ 19.03±0.20∗

20 26.29±0.16 26.23±0.20∗ 26.18±0.17 25.52±0.15∗ 24.91±0.15∗ 23.85±0.35 23.81±0.15∗ 23.49±0.22 23.00±0.15∗ 22.24±0.30∗ 21.21±0.12∗ 21.09±0.17

21 26.480±0.35∗ 26.12±0.15∗ 25.50±0.30∗ 24.39±0.20∗ 23.58±0.15∗ 22.42±0.13∗ 22.40±0.10∗ 22.28±0.11∗ 21.79±0.016 21.24±0.15∗ 20.18±0.01 20.28±0.07

22 26.42±0.42∗ 25.55±0.20∗ 25.75±0.20∗ 25.64±0.20∗ 25.38±0.15∗ 25.13±0.40∗ 24.91±0.10 24.72±0.66 25.02±0.20 24.08±0.50∗ 23.12±0.15

23 25.84±0.12 25.70±0.14 25.69±0.21 24.44±0.06 23.67±0.04 22.33±0.09 22.42±0.02 22.14±0.08 21.68±0.02 21.13±0.15∗ 20.21±0.01

24 <26.90∗ 26.73±0.24 26.40±0.18 26.11±0.16 25.77±0.11 <25.10∗ 25.63±0.15 25.40±0.40∗ 24.66±0.14 23.27±0.20∗ 21.67±0.04 21.60±0.30∗

25 26.69±0.35∗ 24.95±0.25∗ 24.65±0.30∗ 23.44±0.25∗ 22.50±0.23∗ 21.20±0.25∗ 21.21±0.20∗ 20.98±0.15∗ 20.46±0.10∗ 19.90±0.17∗ 18.96±0.10∗ 18.90±0.07

26 25.82±0.13 24.86±0.07 24.47±0.05 23.24±0.03 22.46±0.02 21.12±0.03 21.14±0.01 20.97±0.03 20.55±0.01 19.99±0.15 19.04±0.01 19.09±0.03

27 26.69±0.28 26.32±0.16 26.52±0.20 26.41±0.19 25.77±0.11 24.70∗ 25.22±0.10 24.74±0.59 24.79±0.14 24.20±0.45 22.30±0.20 22.31±0.41

28 26.20±0.35∗ 25.22±0.20∗ 25.15±0.25∗ 24.70±0.15∗ 24.59±0.15∗ 24.51±0.79 24.27±0.10∗ 23.85±0.07 22.83±0.15∗ 21.92±0.10∗ 21.78±0.33

29 19.89±0.01 19.73±0.01 19.67±0.01 19.60±0.01 19.48±0.01 19.35±0.01 19.27±0.01 19.42±0.01 19.47±0.10∗ 19.05±0.01

30 <27.40 <27.92∗ <27.45∗ <27.28∗ <26.72∗ <25.90 <26.10∗ 25.33±0.60∗ <24.00∗ 22.86±0.25

31 27.29±0.43 26.95±0.28 26.84±0.26 26.68±0.25 26.17±0.15 25.65±0.30∗ 25.84±0.17 25.48±0.28 <23.50∗ 22.46±0.09

32 <27.20 26.85±0.65∗ <25.38∗ <25.22∗ 25.40±0.40∗ 24.12±0.43 24.35±0.30∗ <23.11∗ <22.90∗ 22.20±0.20∗

33 <27.40 <28.30 <28.00 <27.60 <26.49∗ <25.40∗ <23.70∗ <22.90∗

34 <27.03∗ 26.20±0.50∗ <25.62∗ 25.64±0.35∗ 25.40±0.25∗ 24.19±0.48 24.07±0.15∗ 23.13±0.04 21.81±0.15∗ 20.56±0.02 20.63±0.14

35 22.72±0.020 22.30±0.02∗ 22.60±0.02∗ 22.19±0.02 22.05±0.02 21.63±0.05 21.56±0.05 21.49±0.01 21.00±0.10∗ 20.33±0.01 20.37±0.11

36 26.84±0.22 25.38±0.09 25.44±0.09 25.18±0.08 25.08±0.07 24.78±0.63 24.89±0.08 24.83±0.62 24.38±0.11 23.53±0.36∗ 22.14±0.06

37 19.65±0.01 19.86±0.01 19.55±0.01 19.39±0.01 19.30±0.01 19.20±0.01 19.16±0.01 19.26±0.01 18.88±0.10∗ 18.46±0.01

38 25.41±0.20∗ 24.60±0.20∗ 24.55±0.20∗ 24.29±0.15∗ 24.18±0.15∗ 23.86±0.32 23.89±0.04 24.09±0.36 23.69±0.06 23.80±0.50 21.43±0.03 21.67±0.32

39 <27.40 <28.30 <28.00 27.40±0.35∗ 26.42±0.22 <25.30∗ 25.72±0.17 25.83±0.35∗ 25.36±0.29 23.55±0.40∗ 21.53±0.06 21.57±0.29

40 <27.40 26.07±0.15 26.11±0.30 25.09±0.12 24.17±0.18 23.12±0.24 23.06±0.03 22.70±0.12 21.96±0.02 21.13±0.15∗ 20.23±0.01 20.42±0.18

41 24.18±0.04 23.81±0.04 23.97±0.04 23.59±0.03 23.14±0.03 22.41±0.07 22.39±0.02 21.84±0.02 21.30±0.20∗ 20.62±0.01 20.70±0.17

42 26.45±0.25∗ 25.70±0.15∗ 25.35±0.30∗ 24.85±0.11∗ 24.47±0.10∗ 23.25±0.20 23.29±0.10∗ 22.94±0.14 22.28±0.10∗ 21.30±0.20∗ 20.13±0.11∗ 20.25±0.14

43 26.61±0.35∗ 25.89±0.13 25.55±0.20∗ 25.21±0.08 24.24±0.05 23.03±0.17 22.97±0.02 22.64±0.11 21.954±0.02 20.89±0.04 19.76±0.01 19.91±0.08

44 24.73±0.15∗ 24.44±0.12∗ 24.61±0.12∗ 24.20±0.11∗ 23.80±0.10∗ 22.97±0.16 22.95±0.02 22.74±0.12 2.25±0.02 21.33±0.15∗ 20.31±0.01 20.42±0.09

45 26.05±0.15 25.61±0.11 25.62±0.11 24.79±0.06 23.83±0.04 22.62±0.11 22.59±0.02 21.63±0.01 20.95±0.06∗ 19.90±0.01 19.91±0.09

46 26.27±0.19 25.41±0.10 25.39±0.09 24.49±0.05 23.74±0.03 22.62±0.11 22.57±0.02 22.40±0.09 21.81±0.02 21.25±0.11∗ 20.34±0.01 20.42±0.12

Column description: (1) ID number of the object; (2) CFHT u∗ magnitude with its error; (3)-(4)-(5)-(6) Subaru BJ, g+, VJ , r+ magnitudes with
their errors; (7) CFHT i∗ magnitude with its error; (8) Subaru i+ magnitude with its error; (9) HST/ACS F814W magnitude with its error; (10)
Subaru z+ magnitude with its error; (11) UKIRT J magnitude with its error; (12) CFHT K magnitude with its error; (13) NOAOKS with its
error10. The values marked by ∗ are measured by our 3′′-aperture photometry on the images.
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Table A.2. COSMOS GALEX and Spitzer counterparts of the sample

ID FUV NUV IRAC1 IRAC2 IRAC3 IRAC4 MIPS
1 25.17±0.60∗ 415.89 ± 0.46 835.39±0.73 1431.50±1.92 2070.05±2.51 7.20±0.06
2 7.48±0.15 9.79±0.27 7.14±0.98 10.32±2.22 <0.15
3 11.96±0.15 14.94±0.26 13.26±0.91 9.02±2.13∗ 0.22±0.02
4 11.37 ±0.15 15.10±0.26 24.18±0.96 50.98±2.09 0.89±0.01
5 23.44±0.40∗ 179.79±0.29 149.72±0.35 121.56±1.05 122.63±2.12 0.48±0.02
6 25.97±0.16 29.95±0.25 29.85±1.00 23.57±1.93 0.16±0.04∗
7 24.54±0.16 28.28±0.25 28.45±1.00 13.74±1.92 <0.15
8 120.53±1.25∗ 90.79±1.32∗ 70.25±1.94∗ 49.12±3.50∗ <0.15
9 10.18±0.15 12.21±0.25 13.58±0.91 16.94±2.01 <0.15

10 6.66±0.14 10.09±0.24 13.51±0.89 33.11±2.04 0.23±0.02
11 55.75±0.19 42.22±0.28 24.53±0.94 12.45±2.06 <0.15
12 9.46±0.15 11.29±0.24 10.95±0.94 8.76±1.98 <0.08
13 17.10±0.15 14.62±0.27 7.18±0.92 7.88±2.22 <0.08
14 31.60±0.16 39.58±0.26 27.60±0.93 22.73±1.97 0.19±0.03∗
15 62.48±0.18 46.91±0.30 28.36±0.89 22.13±2.21 <0.08
16 73.50±0.40∗ 50.67±0.50∗ 40.40±1.60∗ 25.54±3.16∗ 0.15±0.02
17 30.72±1.75∗ 35.95±1.50∗ 28.05±1.90∗ 24.00±2.20∗ <0.15
18 93.82±0.35∗ 89.19±0.43∗ 83.76±1.13 133.58±2.46 1.43±0.01
19 144.75±0.26 115.41±0.30 75.15±1.04 48.2±1.98 0.30±0.02
20 22.54±0.40∗ 20.05±0.50∗ 16.15±2.00∗ 15.00±2.50∗ <0.15
21 44.56±0.18 30.88±0.25 17.57±0.99 22.25±2.06 <0.15
22 7.28±0.14 7.95±0.26 <9.81∗ 14.23±2.15 0.16±0.03∗
23 41.87±0.16 31.54±0.27 26.96±0.79 13.40±2.05 <0.15
24 22.21±0.16 27.75±0.29 37.36±0.84 27.45±2.40 0.67±0.05∗
25 144.73±0.26 96.56±0.33 75.37±1.03 34.72±2.45 0.17±0.05∗
26 109.67±0.22 66.80±0.27 46.35±0.93 23.93±1.94 <0.15
27 11.29±0.13 13.09±0.22 15.46±0.77 5.99±1.68 <0.15
28 10.48±0.14 13.85±0.21 16.98±0.88 22.97±1.66 0.13±0.03∗
29 24.07±0.09 20.62±0.02 140.90±0.23 226.38±0.37 316.10±1.02 446.18±2.18 1.49±0.02
30 7.85±0.16 9.91±0.23 15.63±1.08 14.24±1.78 <0.15
31 10.59±0.16 15.30±0.26 14.69±0.97 24.92±2.23 <0.15
32 11.63±0.14 9.35±0.23 8.76±0.84 13.57±1.87 <0.15
33 19.68±0.19 17.11±1.17 <0.30
34 62.26±0.46 88.70±0.58 96.12±1.16 108.93±2.14 0.27±0.02
35 23.42±0.06 52.47±0.20 71.41±0.30 81.98±1.10 100.70±2.17 0.40±0.02
36 14.83±0.14 16.54±0.26 19.27±0.88 13.52±2.05 <0.15
37 21.15±0.02 258.63±0.39 405.22±0.55 594.43±1.54 794.89±2.69 2.59±0.02
38 23.74±0.18 27.74±0.27 33.27±1.04 22.81±2.06 0.32±0.02
39 16.22±0.16 17.71±0.27 17.13±0.99 10.73±2.15 <0.15
40 53.68±0.19 42.13±0.29 22.46±1.07 16.74±2.31 <0.15
41 24.05±0.09 38.92±0.17 38.52±0.26 52.85±0.93 167.18±2.02 1.73±0.14
42 55.38±4.00∗ 49.06±5.00∗ 30.02±4.00∗ 27.03±5.00∗ <0.15
43 79.54±2.00∗ 69.96±3.00∗ 46.10±3.00∗ 36.23±4.00∗ <0.15
44 24.50±0.25∗ 49.14±0.18 44.33±0.28 36.46±0.97 65.43±2.26 0.84±0.10
45 66.08±0.19 51.05±0.25 34.95±0.94 24.60±1.78 <0.15
46 36.56±0.32∗ 25.53±0.48∗ 17.10±1.00∗ 12.70±2.00∗ <0.15

Column description: (1) ID number of the object; (2)-(3) GALEX FUV and NUV magnitudes with their errors; (4)-(5)-(6)-(7) Spitzer/IRAC
4-channel (3.6, 4.5, 5.8, and 8.0 µm) fluxes with their errors; (8) Spitzer/MIPS flux at 24µm with its error. The values marked by ∗ are measured
by our 3′′-aperture photometry on the images.


