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ABSTRACT

In the context of the VLA-COSMOS Deep project, additional VLA A array observations at 1.4 GHz were obtained
for the central degree of the COSMOS field and combined with the existing data from the VLA-COSMOS Large
project. A newly constructed Deep mosaic with a resolution of 2.′′5 was used to search for sources down to 4σ
with 1σ ≈ 12 μJy beam−1 in the central 50′ × 50′. This new catalog is combined with the catalog from the Large
project (obtained at 1.′′5 × 1.′′4 resolution) to construct a new Joint catalog. All sources listed in the new Joint
catalog have peak flux densities of �5σ at 1.′′5 and/or 2.′′5 resolution to account for the fact that a significant
fraction of sources at these low flux levels are expected to be slightly resolved at 1.′′5 resolution. All properties
listed in the Joint catalog, such as peak flux density, integrated flux density, and source size, are determined in the
2.′′5 resolution Deep image. In addition, the Joint catalog contains 43 newly identified multi-component sources.
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1. INTRODUCTION

In recent years, several cosmological deep fields have been
imaged at 20 cm (e.g., Richards 2000; Bondi et al. 2003;
Condon et al. 2003; Hopkins et al. 2003; Seymour et al. 2004;
Norris et al. 2005; Huynh et al. 2005; Fomalont et al. 2006;
Simpson et al. 2006; Ivison et al. 2007; Schinnerer et al.
2007; Miller et al. 2008; Owen & Morrison 2008) providing
a few thousand radio sources down to flux limits of a few
10 μJy. These deep radio imaging data are sensitive enough to
detect star-forming galaxies with star formation rates of several
10–100M⊙ yr−1 out to and beyond a redshift of z ∼ 1. Similarly,
radio galaxies can be seen out to redshifts of z ∼ 5 and the most
luminous ones even well into the epoch of reionization. Thus,
deep radio images in conjunction with deep imaging data at
X-ray, optical, and infrared wavelengths are ideal to investigate
the dust-unbiased star formation, the evolution of radio(-loud)
active galactic nucleus (AGN), as well as the population mix of
radio sources in the first place.

In order to study the cosmological evolution of galaxies and
black holes, it is not only important to overcome the effect
of cosmic variance (e.g., by studying a large enough area)
but also to understand the effect of large-scale structure on
the evolution (e.g., by covering a large contiguous area). To
address the second effect in particular, the Cosmic Evolution
Survey (COSMOS)8 collaboration has conducted panchromatic
imaging and spectroscopy of an equatorial field with a size
of 2 deg2 (for an overview, see Scoville et al. 2007b) ranging
from X-ray XMM-Newton and Chandra (Hasinger et al. 2007;
Elvis et al. 2009), UV GALEX (Zamojski et al. 2007), optical
and near-infrared ground-based (Taniguchi et al. 2007; Capak
et al. 2007), optical Hubble Space Telescope (Scoville et al.

8 http://cosmos.astro.caltech.edu

2007a; Koekemoer et al. 2007), mid- to far-infrared Spitzer
(Sanders et al. 2007), millimeter (Bertoldi et al. 2007; Scott et al.
2008), and radio VLA (Schinnerer et al. 2004, 2007) imaging
to extensive optical spectroscopy using the VLT/VIMOS and
Magellan/IMACS instruments (Lilly et al. 2007; Trump et al.
2007). Most of these data sets are now publicly available from
the COSMOS archive at IPAC/IRSA.9

The VLA-COSMOS survey at 20 cm is part of the overall
imaging effort and its scientific goals and motivation have
been described in detail by Schinnerer et al. (2007). Initial
observations from a pilot project testing the mosaicking strategy
and giving a first source catalog are presented by Schinnerer
et al. (2004). As a large NRAO/VLA program, the VLA was
used in A and C configuration to cover the entire COSMOS
field resulting in an image with uniform noise properties in the
central 1 × 1 deg2 and an average rms of 10.5 μJy. Schinnerer
et al. (2007) provide a detailed description of the survey setup,
the data reduction, as well as the testing and construction
of the final VLA-COSMOS Large project catalog (hereafter:
Large catalog). Subsequently, Bondi et al. (2008) derived the
completeness of the Large catalog and also analyzed the effect of
bandwidth smearing (BWS) on the derived source flux densities
to obtain the source counts. Although the VLA-COSMOS Large
project data set has been used for several scientific results on,
e.g., the faint radio population, the radio-derived star formation
rate density, the radio AGN population, and stacking of high-z
galaxy populations (Smolčić et al. 2008, 2009a, 2009b; Carilli
et al. 2007, 2008), the need for deeper radio imaging data became
apparent during the search for radio counterparts to millimeter
sources from the COSMOS MAMBO mapping data (Bertoldi
et al. 2007); the Large project only provided counterparts for
about half of the millimeter sources. Thus, the Deep project

9 http://irsa.ipac.caltech.edu/Missions/cosmos.html
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Table 1

VLA Pointing Centers for VLA-COSMOS Deep Project

Pointing R.A. (J2000) Decl. (J2000)

F07 10:00:58.62 +02:25:20.42

F08 09:59:58.58 +02:25:20.42

F11 10:01:28.64 +02:12:21.00

F12a 10:00:28.60 +02:12:21.00

F13 09:59:28.56 +02:12:21.00

F16 10:00:58.62 +01:59:21.58

F17 09:59:58.58 +01:59:21.58

Notes. The naming convention of the VLA-COSMOS Large

project (Schinnerer et al. 2007) has been kept for the pointing

centers of the VLA-COSMOS Deep project at 1.4 GHz.
a COSMOS field center.

was initiated with the aim of doubling the integration time for
the central seven pointings which fully cover the MAMBO
1.2 mm map of the COSMOS field. These new observations
are described here.

This paper is organized as follows. After a description of the
new observations and the data reduction (Section 2), the revision
of the Large catalog (leading to a new version of v2.0) and the
construction of the new Deep catalog are outlined in Sections 3
and 4. In Section 5 we explain the construction of the final Joint
catalog which is described in detail in Section 6 where we also
present all the tests and corrections involved. A summary is
given in Section 7.

2. OBSERVATIONS AND DATA REDUCTION

The central seven pointings of the mosaic for the
VLA-COSMOS Large project (pointing numbers: F07, F08,
F11, F12, F13, F16, F17; see Schinnerer et al. 2007) were ob-
served using the VLA A configuration in 2006 February and
March. The observations were executed on 11 days, typically
lasting for a total of six hours starting at 07 hr Local Sidereal
Time (LST). The exact coordinates of the pointing centers are
listed in Table 1. We used the same spectral setup and set of
calibrators as for the VLA-COSMOS Large project to allow
for an easy combination of the data from the two projects:
the VLA standard L-band continuum frequencies of 1.3649
and 1.4351 GHz in multi-channel continuum mode, the quasar
0521+166 (3C 138) for flux and bandpass calibration at the
beginning of each day, and the quasar 1024−008 as phase cal-
ibrator. In order to obtain a good sampling of the uv-plane, we
cycled three times through the pointings each day with a total
integration time per pointing of ∼45 minutes. The final result-
ing integration time per pointing was ∼8.25 hr. In addition, we
changed the order of the observations of the individual pointings
each day to sample the uv-plane uniformly in all pointings.

During the data reduction process, we excluded all EVLA
antennas10 that were present in the array during the observations.
We followed the data reduction procedure adopted for the Large
project (Schinnerer et al. 2007) which uses the Astronomical
Imaging Processing System (AIPS; Greisen 2003). UV data
points affected by radio-frequency interference (RFI) were
again flagged by hand using the task TVFLAG and by excluding
amplitudes greater than 0.55 Jy. The flux density of the phase
calibrator 1024−008 was found to be close to its previous value
in the season of 2004/2005. After final calibration, the Deep data

10 A total of three EVLA antennas were included in the array at the time of the
observations.

Figure 1. VLA-COSMOS Deep image at 2.′′5 resolution.

were combined with the uv data of the corresponding pointings
from the Large project.

The final imaging was performed using the task IMAGR with
the same settings as for the Large project, i.e., the same tiling of
the individual pointings and the associated CLEAN boxes were
used, the flux cutoff was kept at 45 μJy, and the restoring beam
was again set to 1.′′5 × 1.′′4. The robust parameter was changed
from 0 to 0.25 to obtain a dirty beam as close as possible to the
final CLEAN beam. As for the Large project, each polarization
for each intermediate frequency (IF) was CLEANed separately
and combined afterward in the image plane. The final seven
new fields were combined with the existing 16 fields from the
Large project to obtain a mosaic covering the full 2 deg2 of the
COSMOS field. The average rms achieved in the central 30′

was 8 μJy beam−1 at the resolution of the Large project. In
order to mitigate the effect of BWS on the derived peak flux
densities during source extraction (see Section 6.1), the final
mosaic was convolved to a lower resolution of 2.′′5 (Figure 1)
leading to an increase of the rms to ∼12 μJy beam−1. We tested
several convolution kernels by comparing the source fluxes
and the number of sources extracted for two representative
sub-images of the mosaic. The resolution of 2.′′5 provided
the best compromise between minimizing the flux losses and
maximizing the number of extractable sources. We verified that
the noise distribution in the Deep image follows a Gaussian
distribution as expected (Figure 2). This Deep mosaic was used
for source detection and extraction (see Section 4). Figure 3
shows the fractional area covered as a function of rms for the
Deep and Large mosaics.

3. THE REVISED LARGE PROJECT CATALOG

The original source catalog for the VLA-COSMOS Large
project presented by Schinnerer et al. (2007) was created by the
following procedure: (1) the AIPS task SAD extracted candidate
components down to a peak flux density limit of 3σ , (2) after fits
to the peaks of these candidates using MAXFIT only those with
a measured (rather than the fitted Gaussian) peak flux density
of �4.5σ were kept, (3) components potentially missed by SAD
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Figure 2. Distribution of the noise in the VLA-COSMOS Deep mosaic. Pixel
values extracted from a 52′ × 52′ box centered on the COSMOS field center
show a Gaussian distribution in agreement with our assumption of Gaussian
noise. The fitted Gaussian (dashed line) has an rms of 12.09 μJy beam−1 (σ ).
The tail at high flux densities is consistent with the presence of sources in the
image which were not excluded during the extraction process.

were recovered with JMFIT which was used to fit a Gaussian to
all peaks above our detection threshold that were not included
in the SAD component list, and finally (4) components not in the
SAD list but with non-zero major axes found in step 3 were added.
This component catalog was transformed into a source catalog,
after multi-component sources, e.g., large radio galaxies, were
identified by visual inspection. Since in the case of faint sources,
the position and peak values of a Gaussian parametric fit might
not be a good representation of the real values, the position and
value of the peak found by MAXFIT replaced the results from the
Gaussian fit. Furthermore, all sources classified as unresolved
(for our methodology, see Section 6.2 in Schinnerer et al. 2007)
had their integrated flux density set equal to the peak flux density.
The final VLA-COSMOS Large project catalog (v1.0) has a total
of 3601 entries.

Subsequent use of the Large catalog in conjunction with
the COSMOS optical and (near- to mid-)IR catalogs and
images showed that the fraction of spurious sources increases
significantly below 5σ . Spurious sources in our definition are
sources that lie in a noisier environment than expected for a
>4.5σ detection, i.e., three or more 3σ peaks are present in a
10′′ × 10′′ box centered on the source. The misidentification
is likely due to a mismatch in the derived rms value (in a
17.′′5 × 17.′′5 box) and the local rms distribution at the exact
position of the source. This finding is also confirmed by a
comparison of sources present in the Large and Deep catalogs
(see Section 5.2.1). Thus, we exclude all sources below 5σ from
the revised Large catalog. In addition, the correction for BWS
as derived by Bondi et al. (2008) has been applied to the peak
flux densities and the classification into resolved and unresolved
sources has been modified accordingly (for details, see Bondi
et al. 2008). The revised version of the VLA-COSMOS Large
project catalog (hereafter: Large catalog (v2.0)) contains a new
total of 2417 sources. The revised VLA-COSMOS Large project

Figure 3. rms level vs. the cumulative (left axis) and relative area (right axis)
covered by the VLA-COSMOS Large (at a resolution of 1.′′5 × 1.′′4) and Deep
(with a resolution of 2.′′5 × 2.′′5) project mosaics.

catalog (v2.0) has been publicly released to the COSMOS
archive at IPAC/IRSA.11

4. IDENTIFICATION OF DEEP PROJECT SOURCES

As the rms is less uniform in the Deep mosaic than in the
Large mosaic and shows a steep increase toward the edges,
applying a simple flux density cut for source detection is not
possible. In order to use the AIPS source/component finding
task SAD, a signal-to-noise ratio (S/N) map was created. First,
a sensitivity map (Figure 4) was constructed using the AIPS
task RMSD with a box size of 105′′ × 105′′ to estimate the rms
and a sampling step size of 2.′′45 in both R.A. and decl. To
obtain the final input S/N map for SAD, the Deep image was
divided by the sensitivity map and blanked at the edges where
the rms values in the sensitivity map exceeded 34 μJy beam−1

(the largest rms value present in the Large mosaic). This last
step allowed us to search for sources in the corners/edges of
the mosaic, whereas the area corresponding to the COSMOS
field was searched for the construction of the Large catalog (see
Schinnerer et al. 2007).
SAD was set to search for sources in six iterations with cutoff

levels for the peak of 10σ , 8σ , 7σ , 6σ , 5σ , and 4σ . The derived
values in units of S/N were converted to mJy beam−1 using the
corresponding rms values from the sensitivity map. As in the
case of the Large project sources with complex structures—e.g.,
radio galaxies—were fitted by multiple Gaussian components,
such that the derived catalog contains components rather than
real sources. In order to identify these multi-component sources,
we compared by eye the location of the multi-component
sources from the Large catalog (v2.0) with the component
list obtained for the Deep image to identify the components
belonging to the same source. During the comparison with
the Large catalog (v2.0), it was noticed that several slightly
extended sources were fitted by two separate components with
a typical separation of ∼1′′ (hereafter: “twin” sources). In order
to determine the nature (simple extended Gaussian versus truly
non-Gaussian geometry) of these “twin” sources, a single Gauss
component was fitted to these sources using JMFIT. If the

11 http://irsa.ipac.caltech.edu/data/COSMOS/tables/vla/

http://irsa.ipac.caltech.edu/data/COSMOS/tables/vla/
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Figure 4. Sensitivity map of the area covered by the VLA Deep project, derived
using the AIPS task RMSD (see the text for details). The rms is fairly uniform
except for areas around strong radio sources. Lighter shades indicate lower rms
noise values. The contours correspond to rms levels of 10, 12, 15, 20, 25, 30,
34, and 40 μJy beam−1. The search for radio sources was limited to the area
enclosed by the (light gray) 34 μJy beam−1 contour. For comparison, the dashed
box indicates the area used to construct the catalog of the Large project.

integrated flux density of this single Gaussian fit was consistent
within the formal errors with the combined integrated flux
densities of the two components derived by SAD, we replaced
the “twin” sources by a single object.

5. CONSTRUCTION OF THE JOINT SOURCE LIST

Based on the size distribution of faint radio sources (e.g.,
Muxlow et al. 2005; Fomalont et al. 2006; Owen & Morrison

2008; Bondi et al. 2008), a significant fraction of sources should
be resolved at our flux limit and resolution. Owen & Morrison
(2008) showed that source extraction at different resolutions is
ideal to maximize the number of sources found. Therefore, the
combination of the VLA-COSMOS Large and Deep catalogs
is ideal to find a maximum number of sources for inclusion in
a joint catalog. In the following we describe the steps taken to
identify such radio sources in the VLA-COSMOS mosaics.

In order to construct a list of radio sources from the two
separate catalogs, we used the following process that is de-
scribed in detail below. First, sources present in both catalogs
were included (Section 5.2), then selected sources detected only
in the Large project mosaic were added (Section 5.3.1), as
were—finally—a number of sources present only in the Deep
catalog (Section 5.3.2). In order to minimize the inclusion of
spurious sources at the low significance end, the local rms was
re-examined at 1.′′5 and 2.′′5 resolutions. All sources having a
final peak S/N � 5 at least at one resolution were included.

An overview of the number of sources selected from the
Large (v2.0) and Deep catalog for inclusion in the Joint catalog
is given in Table 2, together with a listing of some key
properties.

5.1. Estimate of the Local Background Noise

Based on the experience with the Large catalog (v1.0), it
is important to obtain an accurate estimate of the local rms
to properly measure the S/N of individual radio sources. In
order to find the optimal box size for the local rms estimate, we
compared the value in the rms map used for source detection
(see Section 4) to that obtained if a smaller box is used. We
chose a box size of 50 pixel (=17.′′5) to obtain a good estimate
of the rms around compact sources. Figure 5 shows the different
rms values obtained with a 105′′ box and a 17.′′5 box for a
number of low S/N sources from the deep catalog and highlights
the importance of deriving an accurate local rms estimate. The
choice was based on the finding that a box size of 17.′′5 used
for the Large catalog still resulted in a number of spurious
sources at the low S/N end and the requirement that at 2.′′5

Table 2

Source Numbers in the VLA-COSMOS Catalogs

Catalog Type No. of of Objects Remarks

Deep Project Componentsa 3744 4σ (∼45 μJy); total

Deep Project Sourcesb 3441 4σ (∼45 μJy); total

Large Project (v1.0) Sources 3643 4.5σ ; total

1226 < 5σ

Large Project (v2.0) Sources 2417 5σ (∼60 μJy); total

1611 Unresolved sources

806 Resolved sources

78 Multi-component sources

Joint Sources 2865 Total; combined Large (v2.0) and Deep Project

2159 Detected in both Large (v1.0) and Deep image

392 From Large Project (v2.0) catalog

314 From Deep Project source catalog

2329 Unresolved sources

405 Resolved sources

131 Multi-component sources (including 43 new ones)

Notes. See the text for details.
a Direct product of running the AIPS task SAD on the Deep image.
b Cleaned for multi-component and “twin” sources.
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Figure 5. Comparison of the noise estimate in the rms map used to generate the
S/N map for source detection in the 2.′′5 resolution Deep image (original rms)
and in the local rms map generated with a 50 pixel mesh size (corresponding to
17.′′5). Contours illustrate the distribution of points in the most densely populated
part of the scatter plot.

resolution the number of pixels outside the source should still be
sufficient.12

We constructed new rms maps at 1.′′5 and 2.′′5 resolutions using
a box size of 50 pixels with the task RMSD and subsequently used
them to estimate the local rms. We refer to this revised S/N as
the “local” S/N (S/N

17.′′5). All sources with an S/N
17.′′5 � 5

will be included in the joint source list.

5.2. Sources Present in Both Catalogs

For many sources in the Deep catalog, it was possible to
identify counterparts in the Large catalog (Schinnerer et al.
2007) down to 5σ or even 4.5σ . The successfully matched
sources include all but one of the objects already known from
the Large project to consist of multiple Gaussian components
and the majority (∼60%) of the single-component sources in
the Large catalog (v1.0).

5.2.1. Identification of Single-component Sources

To identify radio sources present in both the Deep and Large
catalogs, we used the Large catalog down to 4.5σ . We matched
the two catalogs with a search radius of 1.′′5 to account for offsets
between the peak positions for extended objects. The spatial
characteristics of the noise in the Deep and Large images differ

12 At an image resolution of θB (FWHM), a 17.′′5 rms box holds

Nbeam = (17.′′5)2/Ωbeam × ηh = (17.′′5)2/kpθ2
B × ηh (1)

independent, hexagonally packed beams. Here, ηh ≈ 0.9 is the circle packing
density (e.g., Wells 1981, p. 30) and kp = 1.13 for an aperture with a Gaussian

power pattern (Ko 1964; Otoshi 1981). Hence, as Nbeam(2.′′5) ≈ 40, the 5σ rms

estimate has an uncertainty of about 5σ/
√

40 ≈ 0.8σ , which implies that the
local S/N could be 4.2σ or less in some regions of the mosaic. To get an upper
bound on how many of our sources that were only detected with S/N

17.′′5 � 5

at a resolution of 2.′′5 might be affected by this, we checked which also had
S/N � 5 in 105′′ rms boxes and found that 61% also satisfied the latter
criterion. These were assigned a flag “det” = 1 in the Joint catalog, while the
remaining sources are given “det” = 2, see Section 6.4 and Table 3.

Figure 6. Correspondence of the detection thresholds used for the Deep and
Large catalogs. (a) Peak flux densities from the Large catalog (v1.0) are
compared to the mean rms noise level (rms, averaged in concentric rings of
width 2′), and the detection thresholds applied in the VLA-COSMOS Large
(light gray curves) and Deep mosaics (dark gray curve). A cubic spline fit to
the measured rms around the bump at r ≈ 45′ gives an estimate of the minimal
average noise level at a given radial distance from the center (solid lines at the
bottom of the panel). (b) Fraction of sources in the Large catalog (v1.0) at a
given radial distance r that have an S/N smaller than 4 σDeep in the Deep mosaic.

due the additional coverage of the central seven pointings by the
Deep project and due to the differences in the final resolution
(2.′′5 in the Deep mosaic versus ∼ 1.′′5 in the Large mosaic; see
Section 2).

As mentioned in Section 3, the occurrence of spurious sources
in the Large catalog is significantly reduced by omitting sources
in the range S/NLarge ∈ [4.5, 5[. The added depth gained with the
Deep project observations in the central 40′ (Figure 6) should
increase the reliability of sources with S/NLarge < 5 in the
Large project catalog (v1.0) within this area. Figure 6 shows
the corresponding detection thresholds of the two images. The
peak flux densities of sources in the Large catalog (v1.0) are
plotted as a function of their radial distance from the field center,
their lower envelope roughly tracing the average S/N detection
threshold of 4.5σ (used as cut for the Large catalog (v1.0)).
The radial evolution of the mean rms (rms) was calculated
in concentric rings with a width of 2′ using the respective
sensitivity maps for both images (Figure 4 for the Deep mosaic
and Figure 12 in Schinnerer et al. 2007 for the Large one). The
“bump” in the measured mean noise level at a radius r ≈ 45′

is due to the sensitivity maps’ rectangular geometry. In order
to obtain an estimate of the minimal average noise level at this
distance from the field center, we fitted a cubic spline to the
measured rms in this region. The resulting curve for the Large
mosaic, when scaled to 4.5σ , defines a lower envelope to the
measurements (ignoring detections in sites with locally lower
rms noise). The 4σ limit of the Deep catalog corresponds to the
4.5σ limit of the Large catalog for the inner radii with r � 15′,
while it increases to the 5σ limit of the Large catalog at larger
radial distances.
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Figure 7. Fraction of sources in the VLA-COSMOS Large catalog (v1.0) which
could (solid black line) or could not (dashed black line) be successfully assigned
a counterpart within 1.′′5 in the VLA-COSMOS Deep catalog. The effective
success rate (gray line) is determined by accounting for the fraction of sources
that lie below 4σ in the Deep image (compared to panel (b) of Figure 6) and
thus cannot be included in the Deep catalog. The vertical axis is normalized to
the total number of sources in the catalog that lie in a given concentric ring of
width 2′.

The fraction of sources in the VLA-COSMOS Large catalog
(v1.0) which are at a given distance from the field center and
have Speak < 4σDeep is shown in Figure 6(b). The increase of
this fraction with distance from the field center will affect the
radial dependence of the number of successful matches between
the two catalogs. We verified that the success rate of the catalog
matching shows no distance dependence (Figure 7). While the
fraction of sources in the Large catalog (v1.0) for which a
counterpart could be identified decreases at larger distances
(solid black line), the effective matching success rate defined
as the ratio of the measured matching success rate and the
fraction of sources with peak flux densities below 4σ in the
Deep mosaic stays basically constant (thick gray line) within a
range of 60%–80%.

Thus, we conclude that the direct positional correlation of cat-
alog entries has not caused sources to be systematically missed
as a function of (radial) field distance in the VLA-COSMOS
Deep mosaic.

Before final inclusion in the source list, we checked for each
of the successfully matched sources that it met our selection
criterion of peak S/N

17.′′5 � 5 at either 1.′′5 or 2.′′5 resolution
in the deep data. If this requirement was not satisfied, the
corresponding source was not considered any further.

5.2.2. Identification of New Multi-component Sources

As already stated above, all but one of the multi-component
sources listed in the Large catalog (v2.0) were also present in the
Deep catalog. However, during the merging of the two catalogs
43 new multi-component sources were identified. Image cutouts
of all new multi-component sources are shown in Figure 8.

During the cross-correlation of the Large and Deep cata-
logs, several sources were recognized to constitute sources
made up of several (Deep) rather than just a single (Large)
Gaussian component during visual inspection of all sources.
In addition to this, several Deep sources found in the neigh-
borhood of multi-component objects (identified in the Large
catalog) were subsequently assigned to these sources as ad-
ditional components of their extended emission. In one in-
stance, two of the former multiple-component sources were

joined to form a new, larger multiple-component source (a
bipolar jet with nucleus assigned the new Joint catalog ID
COSMOSVLADP_J095758.04+015825.2—the three merged
components have the following IDs in the VLA-COSMOS
Large project catalogs: COSMOSVLA_J095755.84+015804.2,
J095758.04+015825.2, and J095800.79+015857.1). Besides
these newly identified or augmented multi-component sources,
there were also a small number of multi-component sources that
had either (1) not been previously listed in the Large catalog or
(2) are situated outside the area searched during the construction
of the Large catalog.

5.3. Sources Present in Only One Catalog

Apart from the sources that are present in both catalogs,
objects present only in one of the two catalogs have been added
to the list as well (see Figures 9 and 10). The exact procedures
adopted are described in the following.

5.3.1. Sources Identified in the Large Image Only

All sources in the Large catalog (v2.0) with an S/NLarge � 5
but without a match in the Deep catalog are in principle valid
candidates for inclusion in the joint source list, provided they are
not flagged as detections potentially due to side lobes of strong
radio sources. Since SAD tries to fit Gaussians to all peaks above
a certain limit, the fact that certain sources were not found by
SAD during the construction of the Deep catalog suggests that
some of these objects might be mere noise peaks or have very
unusual morphologies. Similarly, we expect that a fraction of
the sources with S/N < 4.5 might be real.

Therefore, we measured for all sources in the Large catalog
(v1.0) without a match in the Deep catalog the peak flux density
in the Deep image at 1.′′5 and 2.′′5 resolutions according to the
positions from the Large catalog following the steps described
in Section 6.2.1 and subsequently discarded 959 candidates with
S/N

17.′′5 < 5 at both resolutions, while it was possible to keep
393 of the unmatched sources with S/NLarge � 4.5 from the
Large catalog (v1.0).

5.3.2. Sources Identified in the Deep Image Only

One thousand one hundred and fifty-five objects—predomi-
nantly in the range of 4 � S/NDeep < 8—were detected in the
Deep mosaic which did not have a counterpart in the original
Large catalog (v1.0). In order to assess the significance of these
sources which are potentially new detections due to the differ-
ent source extraction area for the Deep catalog, the increased
sensitivity in the central square degree and the fact that the
larger beam is more sensitive to slightly extended sources (as
SAD works with peak fluxes), we adopted the approach outlined
below. While the S/NDeep = 4 cut corresponds at least to the
detection threshold used for the original Large catalog, our ex-
perience with this catalog showed that the number of spurious
sources rises significantly below S/N < 5 due to small mis-
matches between the real local rms and the estimated value in
the constructed rms map.

Thus, the local S/N was checked at 2.′′5 resolution as well as
at 1.′′5 resolution. All sources with S/N

17.′′5 � 5 were included
in the joint list. In total, 178 of 283 unmatched Deep detections
with S/NDeep � 5 were taken over in the Joint catalog. Of 872
sources with 4 � S/NDeep < 5, some 136 met our selection
criteria.
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Figure 8. Radio sources newly fitted with multiple Gaussian components in the VLA-COSMOS Deep image (compared to Figure 16 of Schinnerer et al. 2007 for
images of all previously identified multi-component sources). The source name is specified at the top of the individual panels. The gray scale ranges from −2σ to 7σ

of the local rms (Table 3). The contours start at 3σ and increase to a maximum of 11σ in steps of 2σ . The circular beam with FWHM of 2.′′5 is shown for reference in
the lower left corner of each panel.
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Figure 8. (Continued)
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Figure 8. (Continued)
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Figure 8. (Continued)

6. JOINT CATALOG

In the following, we describe how the flux densities and all
other measurements provided in the catalog were derived and
which corrections have been applied to the tabulated values.

6.1. Correction for Bandwidth Smearing

BWS can occur in radio synthesis imaging when a finite
frequency range is observed. It causes a radial smearing that
becomes more severe with increasing distance from the phase
center (or center of a pointing), as the phase calibration is
mathematically speaking only correct for a given frequency
at the phase center. Thus, the effect is similar to chromatic
aberration in optical imaging. A detailed explanation and
discussion of the effect of BWS for the VLA is given, e.g.,
by Thompson (1999) and Bridle & Schwab (1999).

For the VLA-COSMOS project with an observed bandwidth
of 3.125 MHz for a single channel, a (final) radial smearing of

2.′′25 is expected at a radial distance of 15′ from the pointing
center, i.e., close to the cutoff radius of the individual pointings
used when creating the mosaic (for equations and details, see
Bridle & Schwab 1999). This BWS effect also causes a decrease
of the peak flux density as the emission is now distributed over
a larger area. The integrated flux density, however, will not be
affected. As sources in the final mosaic can be covered by up to
seven individual pointings, the impact of BWS strongly varies
at each location in the mosaic as a given source is separated by
a different amount from the centers of the individual pointings.

Thus, the effect of BWS depends on the resolution of the
image. In correcting the measurements presented in the Large
catalog (v2.0) for the BWS effect, Bondi et al. (2008) adopted
the approach of boosting the measured values of the peak flux
density Speak by different amounts depending on the distance
from the center of the VLA-COSMOS field. The boost factors
were derived from tests comparing the peak flux densities of
sources at the centers in individual pointings and the derived
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Figure 9. Distribution of the “local” S/N measure, S/N
17.′′5, for sources present

only in the Large (top) or Deep (bottom) catalog. The highest measured S/N
17.′′5

was adopted for each source (i.e., the larger of the two S/N values determined at
1.′′5 or 2.′′5 resolution, S/N

17.′′5[1.′′5] and S/N
17.′′5[2.′′5], respectively). All sources

with S/N
17.′′5 � 5 have been included in the Joint catalog. Gray histograms

show the distribution of objects which are only detected at 2.′′5 resolution and
for which the detection threshold is only reached in the rms box of 17.′′5 (flag
“det” equals 2 in the Joint catalog; see Table 3 and the end of Section 5.2.1 for
additional explanations), but not in the 105′′ rms box used for the initial source
extraction in the Deep mosaic.

flux densities in the final Large mosaic. This approach can be
used because the sensitivity map (compared to Figure 12 in
Schinnerer et al. 2007) for the VLA-COSMOS Large project
is fairly uniform over significant areas, i.e., all locations suffer
similarly from the combined BWS effect of the contributing
pointings. However, the additional data for the central seven
pointings for the Deep project changed the uniformity of
the sensitivity distribution over the COSMOS field. We thus
examine both the method of Bondi et al. (2008) as well as an
alternative based on a modeled sensitivity map for the VLA-
COSMOS Deep project.

The model sensitivity distribution for an individual pointing
was constructed using the beam pattern for a VLA antenna at
1.465 GHz, as specified in the help page for the AIPS task
PBCOR:

1−1.343×10−3
X

2 + 6.579×10−7
X

4−1.186×10−10
X

6, (2)

whereX is the product of the distance from the pointing center in
arcminutes with the observing frequency in GHz. The full model
sensitivity map (Figure 11) was then assembled by adding the
individual beam patterns which were weighted according to the
observation time dedicated to each pointing (i.e., the central
seven pointings were weighted more strongly than the others by
a factor of 1.4).

To estimate the magnitude of the required BWS correction, we
closely follow the procedure described by Bondi et al. (2008).
In brief, a primary beam correction was applied to the images of
the 23 individual pointings and they were convolved to the same
resolution of FWHM 2.′′5 as the Deep mosaic. Then we measured
the peak flux densities of selected sources in these individual

Figure 10. Spatial distribution of sources in the VLA-COSMOS Joint catalog
that were either not listed in the Deep (light gray) or Large catalog (v1.0; dark
gray). The size of the sign scales with the significance of the detection (see the
scheme at right). Note that the newly identified bright sources along the eastern
and western edges of the field did not figure in the VLA-COSMOS Large project
catalog as the search area was previously restricted to the nominal size of the
COSMOS field (see Figure 4). This geometric restriction was dropped in the
detection of sources in the mosaic of the Deep project.

Figure 11. Model map used for the correction of the BWS effect. The model
map is based on the sensitivity drop due to the shape of the primary beam
response. The intensity scale is normalized to the sensitivity at the center of the
field. The contour levels are at 0.1, 0.3, 0.5, 0.7, and 0.9. The area used to extract
sources (r � 8′) in each individual pointing for the analysis of Section 6.1 is
indicated with dashed white circles.

images and compared their values with those obtained from the
same measurement carried out at the corresponding position in
the mosaic.

At this stage, it is mandatory to use sources with a peak flux
density that has not been significantly diminished by the BWS

effect. The dimensionless parameter β = ∆ν
ν0

θ0

θFWHM
(see Bridle &

Schwab 1999 and the VLA observational status summary13)
makes it possible to infer the amount by which peak flux

13 http://www.vla.nrao.edu/astro/guides/vlas/current/node15.html

http://www.vla.nrao.edu/astro/guides/vlas/current/node15.html
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Figure 12. Comparison of two different approaches to correct for the BWS effect (see the text for details).

densities are reduced. In the case of the VLA-COSMOS Large
image with an adopted beam width of θFWHM ∼ 1.′′5, the peak
flux densities of sources within 5′ of the pointing centers are
expected to be reduced by less than 5%. At a resolution of
θFWHM ∼2.′′5, as in the case of the Deep image, the same small
decrease still exists as far as 8′ from the pointing center. Thus, we
were able to use a contiguous area covering a significant fraction
of the entire VLA-COSMOS mosaic (see the area indicated by
dashed white circles in Figure 11). A correspondingly larger
number of sources could thus be used to check the validity
of the adopted method for BWS correction. In the following,
we will quantify the magnitude of the BWS effect using only
sources within 5′ of the center of either of the 23 VLA-COSMOS
pointings—this ensures that peak flux densities measured on
individual pointings should differ by less than 2% from the
nominal value—and we will use the larger number of sources

out to 8′ to check the quality of the approach. Since the aim
is to correct for the BWS effect introduced by overlapping
pointings, strictly speaking no (valid) corrections can be derived
for sources located in the edges (i.e., those covered by only single
pointing; see Figure 12).

Figure 12 shows the comparison of the two different
methods to correct for the BWS effect. It should be noted
that the maximum decrease observed is only 10%. The top
row displays the uncorrected values of the quantity S =
Speak, mosaic/Speak, pointing, i.e., the ratio of the peak flux densi-
ties measured in the mosaic and in an individual pointing, as a
function of normalized sensitivity (left column) and radial dis-
tance from the field center (right column). The median ratio 〈S〉
of peak flux densities in a specific bin is marked by an open cir-
cle. The associated error bars span the interquartile range of S

within a bin in distance or model sensitivity. Median and errors
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are reported in red when only sources within 5′ of the center of
one of the 23 pointings are used (i.e., only the red points) and
in black when all sources within 8′ are considered (i.e., the red
and gray points).

It is obvious from the upper row of Figure 12 that the effect
of BWS disappears14 (i.e., the value of the ratio S approaches
unity) toward the edge of the field where there are no overlapping
pointings or, conversely, at lower sensitivity values which stem
from regions in the field covered by only one pointing. The
best-fitting linear trends define which BWS correction should be
applied to sources lying at a given distance or within a region of a
specific sensitivity value, depending on the method considered.
In the middle row, the ratios Ssensitivity correction are corrected
according to the second method using the model sensitivity map
(Figure 11), i.e., the slope of the line as a function of sensitivity
(upper left panel). Thus, the distribution of S is necessarily flat
when plotted as a function of model sensitivity. This flatness is
also preserved when the corrected peak flux densities are plotted
against distance from the center of the field. The BWS correction
(third row) based on the comparison of the peak flux density
ratios as a function of distance from the center of the VLA-
COSMOS field following Bondi et al. (2008) also fares well in
straightening the distribution of corrected ratios Sdistance correction

with respect to both distance (again, a requirement) and model
sensitivity. However, a weak correlation of peak flux density
ratios with sensitivity is still present after the application of
this method. Therefore, we conclude that the sensitivity-based
approach is slightly better for BWS correction and will use it to
compute the corrected peak flux density, Speak, corr., provided in
the Joint catalog (see also Table 3).

6.2. Catalog Entries

6.2.1. Single-component Sources

Ninety-five percent of the sources in the VLA-COSMOS
Joint catalog are well fit by a single Gaussian component. The
following five steps were required to obtain the position, peak
and integrated flux densities, as well as the size for each source.
All measurements described in the following were carried out
on the Deep mosaic. In particular, this also applies to those
sources which were not part of the initial Deep catalog (see
Section 5.3.1).

1. The (parametric) integrated flux Stotal was derived using the
task SAD. In the case of the “twin” sources, JMFIT was used
instead (for details, see Section 4). At the same time, the
convolved shape parameters were determined.

2. The peak flux density was obtained using the taskMAXFIT.15

The square search box for MAXFIT was centered on the
position of the Gaussian fit from the previous step. We used
an initial box size of 3 pixels that was increased in steps of
2 pixels if MAXFIT did not converge. The measured peak
flux density Speak was corrected for the effects of BWS (see
Section 6.1) resulting in the corrected measured peak flux
density Speak, corr..

3. The source position was set to the position of the MAXFIT

peak.

14 Note that at these radial distances the BWS effect can no longer be
determined due to the lack of overlapping fields.
15 Note that MAXFIT derives the maximum by fitting a quadratic function to a
3 × 3 pixel map. Given that our Large (Deep) CLEAN beam is well sampled
with at least 4 (7) pixels per axis the map value and the MAXFIT value agree
within ∼0.2% .

Figure 13. Ratio of total Stotal and peak flux density Speak, corr. (BWS corrected)
as a function of the detection S/N, defined as the ratio of the (uncorrected)
peak flux density and the local (17.′′5 box) rms. The solid lines show the upper
and lower envelopes of the region defined to contain unresolved sources (small
dots), based on the simulations presented in the Appendix. Sources lying above
the upper envelope are considered resolved (large dots).

4. As a significant fraction of sources is resolved at the
faint flux levels probed here, it is necessary to classify
the sources into resolved and unresolved. We followed
the approach used by Schinnerer et al. (2007) and Bondi
et al. (2008). The method relies on the fact that the ratio
between integrated and peak flux density is a measure of
the spatial extent of a radio source. A detailed description
of the method is given in the Appendix together with a
description of a suite of Monte Carlo simulations which
we use to calibrate our classification scheme. Figure 13
is the diagnostic diagram used to identify the resolved
sources based on our simulations. The line defining the
lower boundary to the locus of resolved sources in Figure 13
is given by the following equation:16

Stotal/Speak,corr. = 0.35−11/(S/N)1.45

. (3)

A discussion on possible systematic biases inherent to this
method is presented in the Appendix. We performed an
independent check of this classification method by adopting
the JMFIT approach used by, e.g., Miller et al. (2008)
and Owen & Morrison (2008). As JMFIT also derives
upper and lower limits on the deconvolved size of the
major and minor axes of a source, these limits can also
be used to divide sources into resolved and unresolved. If
the upper limit of the major axis was set equal to zero, a
source is considered unresolved. Comparison between both
methods shows that <1% of our resolved sources would
be considered unresolved using the JMFIT criterion, while
66% of the unresolved sources would be resolved. Thus, the
total fraction of resolved sources would increase to ∼70%
similar to the fractions found by Miller et al. (2008) and
Owen & Morrison (2008). Using Equation (3) we have
found 405 resolved sources for which the integrated flux

16 Note that in previously published catalogs (see references above) using this
approach, the line described by Equation (3) follows from logarithmically
mirroring a lower envelope to the points below the line Stotal/Speak, corr. = 1
above this very line. In Figure 13, we show that the negative mirror image of
Equation (3) is a very conservative lower envelope of the kind just described.
As a consequence, the classification into resolved/unresolved sources adopted
in this paper based on the simulations in the Appendix leads to a significantly
larger fraction of sources being classified as “unresolved” in the Joint catalog.
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Table 3

1.4 GHz Joint Source Catalog of the VLA-COSMOS Project (Abridged)

Name Former Name R.A. Decl. R.A. Decl. σR.A. σDecl. Speak Speak, corr.
a Stotal rms θM, dec θm, dec PAdec Flags

(in Large Project catalog, v2) [deg], (J2000.0) [deg], (J2000.0) (J2000.0) (J2000.0) [′′] [′′] (mJy beam−1) (mJy beam−1) (mJy) (mJy beam−1) [′′] [′′] [◦] resb multc membd dete

COSMOSVLADP_J095821.65+024628.1 COSMOSVLA_J095821.65+024628.1 149.5902208 2.7744972 09 58 21.653 +02 46 28.19 0.25 0.25 5.218 ± 0.029 5.218 5.218 ± 0.029 0.029 0.00 0.00 0.00 −1 0 0 0

COSMOSVLADP_J095821.78+024820.6 COSMOSVLA_J095821.78+024820.6 149.5907833 2.8057333 09 58 21.788 +02 48 20.64 0.35 0.36 0.201 ± 0.035 0.201 0.201 ± 0.035 0.035 0.00 0.00 0.00 0 0 −1 0

COSMOSVLADP_J095821.81+014550.7 COSMOSVLA_J095821.82+014550.8 149.5908875 1.7640944 09 58 21.813 +01 45 50.74 0.38 0.41 0.079 ± 0.018 0.081 0.081 ± 0.018 0.018 0.00 0.00 0.00 0 0 0 −1

COSMOSVLADP_J095821.82+014724.1 COSMOSVLA_J095821.81+014724.2 149.5909333 1.7900389 09 58 21.824 +01 47 24.14 0.26 0.26 0.267 ± 0.014 0.274 0.328 ± 0.034 0.014 1.43 0.97 60.80 1 0 0 0

COSMOSVLADP_J095821.94+020707.7 COSMOSVLA_J095821.94+020707.7 149.5914333 2.1188167 09 58 21.944 +02 07 07.74 0.27 0.27 0.179 ± 0.016 0.182 0.182 ± 0.016 0.016 0.00 0.00 0.00 0 0 0 0

COSMOSVLADP_J095822.11+014058.9 COSMOSVLA_J095822.10+014058.7 149.5921333 1.6830278 09 58 22.112 +01 40 58.90 0.29 0.27 0.154 ± 0.016 0.154 0.154 ± 0.016 0.016 0.00 0.00 0.00 0 0 0 0

COSMOSVLADP_J095822.18+014524.3 COSMOSVLA_J095822.18+014524.3 149.5924333 1.7567500 09 58 22.184 +01 45 24.30 0.29 0.30 0.181 ± 0.017 0.185 0.341 ± 0.057 0.017 3.04 1.99 94.80 1 0 0 0

COSMOSVLADP_J095822.25+013512.3 COSMOSVLA_J999999.99+999999.9 149.5927083 1.5867500 09 58 22.250 +01 35 12.30 0.44 0.38 0.135 ± 0.026 0.135 0.135 ± 0.026 0.026 0.00 0.00 0.00 −2 0 1 1

COSMOSVLADP_J095822.30+024721.3 COSMOSVLA_J095822.30+024721.3 149.5929250 2.7892583 09 58 22.302 +02 47 21.33 −99.00 −99.00 −99.000 −99.000 30.120 0.083 35.97 9.90 −99.00 1 1 0 −99

COSMOSVLADP_J095822.57+020239.1 COSMOSVLA_J095822.57+020239.1 149.5940667 2.0441972 09 58 22.576 +02 02 39.11 0.27 0.29 0.153 ± 0.017 0.157 0.157 ± 0.017 0.017 0.00 0.00 0.00 0 0 0 0

Notes. VLA-COSMOS Joint catalog of radio sources at 1.4 GHz representing all reliable radio sources from the Large catalog and a search for sources in the Deep mosaic (see the text for details). All measurements were made on the 2.′′5 × 2.′′5 Deep image. The complete table is available

via the link to a machine-readable version in the online journal and/or at the COSMOS archive at IPAC/IRSA (http://irsa.ipac.caltech.edu/data/COSMOS/tables/vla/).
a Peak flux value corrected for the BWS effect.
b Flag for resolved sources (based on Figure 13): (−2) if unresolved only in the VLA-COSMOS Deep image; (−1) if resolved only in the VLA-COSMOS Large image; (0) if unresolved in both the VLA-COSMOS Large and Deep images; (1) if resolved in both the VLA-COSMOS Large

and Deep images; (2) if resolved only in the VLA-COSMOS Deep image. Note that the flag value of “−2” is only assigned to sources that were not in the VLA-COSMOS Large Project catalog. The flag “−1,” on the other hand, is used for sources that were classified as resolved in the Large

Project catalog but are listed as unresolved in the Joint catalog.
c Flag for distinction between sources consisting of multiple components (1) or a single component (0).
d Flag identifying whether the source was only detected in the VLA-COSMOS Large image (−1), in both the VLA-COSMOS Large and Deep images (0), or only in the VLA-COSMOS Deep image (1).
e Flag specifying if the source was detected with S/N

17.′′5 � 5 only at 1.′′5 resolution (−1); with S/N
17.′′5 � 5 at a resolution of both 1.′′5 and 2.′′5 (0); or only at a resolution of 2.′′5, either in both the large- and small-scale rms maps (1), or only in the small-scale rms map (2).

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

http://irsa.ipac.caltech.edu/data/COSMOS/tables/vla/
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is given by the total flux of the Gaussian SAD/JMFIT fit,
and 2329 unresolved sources for which the integrated flux
is a posteriori set equal to the corrected peak flux density.
These numbers correspond to 14% and 81% of the sources
in the Joint catalog (see Figure 14), respectively, while
the remaining 5% represent radio sources with multiple
Gaussian components (see the following section).

5. The deconvolved source size parameters (major axis θM, dec,
minor axis θm, dec, and position angle PAdec) were calculated
for the resolved sources according to the algorithms of the
AIPS task JMFIT. For unresolved sources all three are set
to zero.

6.2.2. Multi-component Sources

For sources consisting of multiple Gaussian components, the
integrated flux density was manually measured on the VLA-
COSMOS Deep image with the AIPS task TVSTAT in order
to encompass all the emission from these irregularly shaped
sources. As the individual components all have flux density
peaks of their own, no peak value is specified for multi-
component sources in Table 3. Positions were adopted from
the VLA-COSMOS Large project catalogs whenever possible.
In all other cases, the position was chosen on an individual
basis based on the radio morphology of the sources. In practice,
this usually corresponds to a luminosity weighted mean of the
positions of the subcomponents (as already done for the multi-
component sources in the Large project catalog; see Section 6
of Schinnerer et al. 2007).

Measurements of the major and minor axes along the direction
of maximal extension of the source and at right angles to the
latter, respectively, are provided for multi-component sources.
However, no estimate of the position angle is provided as it
is usually impossible to define for the complex geometry of
these sources. Note that while the coordinates were taken over,
fluxes and dimensions of multi-component objects adopted from
the Large catalog (v2.0) were re-measured in the Deep project
mosaic at 2.′′5 resolution.

6.3. Errors on the Catalog Entries

Below we summarize how the errors on the source properties
listed in the VLA-COSMOS Joint catalog were computed. In
the case of the single-component objects, analytic formulae from
the literature are adopted. For the multi-component objects that
have a manually measured integrated flux density Stotal, the
accuracy is about 10% based on the comparison of repeated
flux measurements on the same objects by different people. For
multi-component objects, no error estimates are provided for the
source shape parameters as these are meant as a rough measure
of the angular size of the source. For the same reason, we also
do not provide values for the error on the major and minor axes
of the Gaussian single-component sources.

The error on the peak flux density of single-component
sources is defined as the local rms noise at the position of
the source. For unresolved sources, the integrated flux density
and peak flux density are identical and hence the error on the
integrated flux density also corresponds to the local rms noise.

In calculating the error σStotal
for resolved sources in the VLA-

COSMOS Joint catalog, we follow the approach of Hopkins
et al. (2003; see also Bondi et al. 2003; Schinnerer et al. 2004)
based on the assumption that the relative uncertainty σStotal

/Stotal

in the integrated flux density is due to uncertainties μdata in the

Figure 14. Number distribution of unresolved and resolved sources in the VLA-
COSMOS Joint catalog as a function of corrected peak (top) and integrated flux
densities (bottom). Sources with Speak, corr. or Stotal > 1 mJy are added to the
rightmost bin of the histograms. In panel (b), the dashed line (normalized to the

counts at 0.1 mJy) illustrates the decline of the integral source counts ∼ S−1
total

which is expected from the flat part of the Euclidian source counts present at
low flux levels (e.g., Bondi et al. 2008).

data and uncertainties μfit in the Gaussian fit:

σStotal

Stotal

=

√

(

μdata

Stotal

)2

+

(

μfit

Stotal

)2

. (4)

The two factors beneath the square root in the equation are
(see Windhorst et al. 1984 and Condon 1997, as well as the
explanations in Schinnerer et al. 2004)

μdata

Stotal

=
√

(S/N)−2 + 0.012 (5)

(where S/N = Speak/rms) and

μfit

Stotal

=

√

2

ρ2
S

+

(

θBθb

θMθm

) (

2

ρ2
M

+
2

ρ2
m

)

. (6)

Here, θB and θb are the major and minor axes of the beam
(in the present case of a circular beam, θB = θb = 2.′′5) and,
analogously, θM and θm are the major and minor axes of the
measured (i.e., convolved) flux distribution. The S/N values of
the fit—ρS , ρM, and ρm—are parameter-dependent:

ρ2
X =

θMθm

4θBθb

(

1 +
θB

θM

)α (

1 +
θb

θm

)β (

S

N

)2

, (7)

with α = β = 1.5 for ρS , α = 2.5 and β = 0.5 for ρM, and α =
0.5 and β = 2.5 for ρm.

The errors on the position of single-component sources are

∆α =

√

ǫ2
α +

θ2
M

4ln(2)ρ2
S

sin(PA)2 +
θ2

m

4ln(2)ρ2
S

cos(PA)2 (8)
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∆δ =

√

ǫ2
δ +

θ2
M

4ln(2)ρ2
S

cos(PA)2 +
θ2

m

4ln(2)ρ2
S

sin(PA)2, (9)

where ǫα = ǫδ = θB/10 ≈ 0.′′25 are the positional calibration
errors on right ascension and declination and PA is the measured
position angle of the Gaussian fit.

6.4. Description of the VLA-COSMOS Joint Catalog

The information on the procedures and equations used to
calculate each entry in the VLA-COSMOS Joint catalog has
been presented above. For each source we list the source
name, the ID of the source in the VLA-COSMOS Large
project catalogs (where available), as well as the derived source
properties and the associated errors. Furthermore, the source
properties and flags associated with each object are explained.
All 2865 radio sources in the VLA-COSMOS Joint catalog are
listed by increasing right ascension in Table 3 with the following
columns.

Column 1: source name.
Column 2: source name in the VLA-COSMOS Large project

catalog (set to J999999.99+999999.9 if not present in the VLA-
COSMOS Large catalog).

Column 3: right ascension (J2000.0) in degrees.
Column 4: declination (J2000.0) in degrees.
Column 5: right ascension (J2000.0) in hexagesimal format.
Column 6: declination (J2000.0) in hexagesimal format.
Column 7: rms uncertainty in right ascension in arcseconds.
Column 8: rms uncertainty in declination in arcseconds.
Column 9: peak flux density and its rms uncertainty in mJy

beam−1.
Column 10: peak flux density corrected for BWS in mJy

beam−1.
Column 11: integrated flux density and its rms uncertainty in

mJy.
Column 12: rms measured in the RMSD sensitivity map in mJy

beam−1.
Column 13: deconvolved major axis size θM, dec in arcseconds.
Column 14: deconvolved minor axis size θm, dec in arcseconds.
Column 15: deconvolved position angle of source PAdec

(counterclockwise from north) in degrees.
Column 16: flag for resolved and unresolved sources:17

−2 – unresolved only in the VLA-COSMOS Deep image;

−1 – resolved only in the VLA-COSMOS Large image;

0 – unresolved in both the VLA-COSMOS Large and Deep
images;

1 – resolved in both the VLA-COSMOS Large and Deep
images;

2 – resolved only in the VLA-COSMOS Deep image.

Column 17: flag for distinction of multi-component and
single-component sources:

0 – single-component source;

1 – multi-component source identified in the VLA-
COSMOS Large image;

17 Note that the flag value of “−2” is only assigned to sources that were not in
the VLA-COSMOS Large project catalog. The flag “−1,” on the other hand, is
used for sources that were classified as resolved in the Large project catalog
but are listed as unresolved in the Joint catalog.

Figure 15. Comparison of the peak flux densities Speak (both BWS corrected)
in the VLA-COSMOS Large (v2.0) and Joint catalogs. The inset covers the
entire range of peak flux densities, while the main part of the figure is limited
to peak flux densities less than 4 mJy beam−1. The measured values of sources
classified as unresolved in both the Large (v2.0) as well as the Joint catalog
are in good agreement (gray dots). Sources classified as resolved in the Joint
catalog tend to have larger values, as the Deep image has a higher sensitivity to
extended emission.

2 – multi-component source identified in the VLA-
COSMOS Deep image.

Column 18: flag for catalog membership:

−1 – only detected in the VLA-COSMOS Large image;

0 – detected in both the VLA-COSMOS Large and Deep
images;

1 – only detected in the VLA-COSMOS Deep image.

Column 19: flag specifying at which resolution the source
was detected with S/N

17.′′5 � 5:

−1 – detected with S/N
17.′′5 � 5 only at a resolution of 1.′′5;

0 – detected with S/N
17.′′5 � 5 at both 1.′′5 and 2.′′5

resolutions;

1 – detected with S/N � 5 only at a resolution of 2.′′5, but
in both the large- and small-scale (105′′ × 17.′′5 box size,
respectively) rms map;

2 – detected only with S/N
17.′′5 � 5 (but not in the large-

scale rms map) at a resolution of 2.′′5.

6.5. Comparison between Large (v2.0) and Joint Catalogs

We compared the source properties in the flux-limited Large
catalog (v2.0) and in the Joint catalog for those 2256 catalog
entries which are common to both catalogs. The different
resolution in the VLA-COSMOS Deep and Large mosaics leads
to a different sensitivity to extended emission. Hence, source
shape parameters cannot be expected to show exact agreement
between the two catalogs. Therefore, the comparison is limited
to the peak and integrated flux densities. The results of the
comparison are illustrated in Figures 15 and 16 for the peak
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Figure 16. Comparison of the integrated flux Stotal in the VLA-COSMOS Large
(v2.0) and Joint catalogs (the layout of the figure matches that of Figure 15).
The majority of the multi-component sources (dark gray crosses) have larger
measured integrated fluxes in the Joint catalog as the Deep mosaic is more
sensitive to extended emission. Most other sources lie along the diagonal bisector
of the plot (indicating a good correspondence between the catalogs), except for
sources that were previously classified as unresolved in the Large catalog (v2.0)
and are now classified as resolved in the VLA-COSMOS Joint catalog (light
gray points).

and integrated flux densities, respectively. In particular, it is
instructive to compare the peak values of sources that are
classified as unresolved in both catalogs. These sources are
highlighted in light gray in Figure 15 and are seen to scatter
well around the diagonal line of 1:1 correspondence between
the measurements from the Joint and Large mosaics. The
comparison of the integrated flux densities (Figure 16) shows
that there is a small population of objects (light gray points)
lying above the diagonal (i.e., their integrated flux density is
higher in the Joint catalog). These objects are sources that were
previously classified as unresolved but have acquired the status
of resolved in the Joint catalog, implying that their integrated
flux densities have necessarily increased when measured in
the Deep mosaic. This class of objects accounts for nearly
all of the outliers in the plot. Multi-component sources (dark
gray crosses), in general, lie also above the diagonal bisector,
reflecting the enhanced sensitivity to extended emission in the
Deep image. For most other objects, the new and previous
estimate of integrated flux density is in good agreement and
hence also with flux density estimates of the NVSS and FIRST
surveys as shown in Schinnerer et al. (2007).

7. SUMMARY

Continued analysis of the VLA-COSMOS catalog presented
in Schinnerer et al. (2007) and the completion of the VLA-
COSMOS Deep project motivated the compilation of a new
radio catalog for the COSMOS field. The VLA-COSMOS Joint
catalog was generated by combining the catalogs of the VLA-
COSMOS Large project with a newly created source catalog
(Deep catalog) from the 2.′′5 resolution Deep mosaic. This
catalog is already available for download by the public at the

Figure 17. Comparison of representative radio surveys conducted at 20 cm
with the VLA and ATCA. Filled squares denote surveys that were conducted
in the VLA A configuration reaching resolutions of ≈2′′, while surveys having
resolutions of 5′′–10′′ (from the VLA B array and ATCA) are shown as filled
circles. The VLA-COSMOS surveys are marked by open squares (Deep: top;
Large: bottom), showing that they cover the largest area at their resolution and
sensitivity. In order to reasonably compare the different surveys, we used the
sensitivity that is achieved for at least 80% of the area covered. Thus, in the case
of surveys that have a non-uniform rms pattern the sensitivity value used here
can be significantly higher than the best value present in the deepest part of the
images (for detailed numbers see Table 4).

COSMOS archive at IPAC/IRSA.18 A comparison of the depth
and areal coverage for a representative sample of deep field radio
surveys at 1.4 GHz shows that the VLA-COSMOS covers the
largest area at its depth and angular resolution (Figure 17 and
Table 4). Thus, it should be well suited to also study effects of the
large-scale structure on the presence/absence of radio emission.

The reduction and analysis of the deeper 20 cm observations
of the central seven pointings of the VLA-COSMOS projects
using the VLA in A configuration have been described in detail
(also referred to as VLA-COSMOS Deep project). In order to
minimize the effect of BWS, the Deep mosaic has a resolution
of 2.′′5 (compared to 1.′′5 for the Large mosaic) and it was used
to create a corresponding source catalog using the task SAD.

An input list for the new Joint catalog was compiled by
combining the revised Large catalog (v2.0) and the new Deep
catalog. The criteria were set such that no particular bias against
slightly extended radio sources was present when selecting the
sources. All properties of the radio sources listed in the Joint
catalog have been derived in the 2.′′5 resolution Deep mosaic.

The construction of the Joint catalog was motivated by
the desire to provide a catalog of bona-fide radio sources in
the COSMOS field for distinct science applications that are
interested in the radio properties of certain populations of
galaxies. On the other hand, the revised Large catalog (v2.0) is
flux-limited (in radio), has a fairly uniform sensitivity coverage,
and its completeness is well characterized (see Bondi et al.
2008), thus it is well suited for, e.g., studies of the faint radio
population (such as, e.g., Smolčić et al. 2008, 2009a, 2009b).

18 http://irsa.ipac.caltech.edu/data/COSMOS/tables/vla

http://irsa.ipac.caltech.edu/data/COSMOS/tables/vla
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Table 4

Selected Radio Surveys at 1.4 GHz

Field Areaa rmsb Instrument Reference

(deg2) (μJy beam−1)

VLA-COSMOS (Deep) 1.7 27 VLA-A This paper

VLA-COSMOS (Large) 1.6 20 VLA-A Schinnerer et al. 2007

ECDF-S 0.23 8.5 VLA-A Miller et al. 2008

SSA 13 0.25 16 VLA-A Fomalont et al. 2006

FIRST 10,000 150 VLA-B Becker et al. 1995

FLS 5 23 VLA-B Condon et al. 2003

SXDF 1.1 27 VLA-A Simpson et al. 2006

VVDS 0.8 17 VLA-B Bondi et al. 2003

ATHDFS 0.19 80 ATCA Norris et al. 2005, Huynh et al. 2005

PDS 3.65 100 ATCA Hopkins et al. 2003

Notes. Radio surveys displayed in Figure 17. The values listed were derived from figures similar to Figure 3 presented in the

corresponding references, except for the FIRST and FLS surveys where the full areas are used.
a 80% of the area covered by the survey.
b Highest rms value occurring for 80% of the area covered.

Figure 18. Intrinsic source sizes of simulated Gaussian sources vs. their
detection S/N. The dashed line marks the upper expectation value θobs.

of the observed size of a point source of varying S/N in the Deep mo-
saic. At low S/N, point sources may be significantly larger than the beam
size, θB. The intrinsic (deconvolved) source size, θlimit, inferred from the dashed
line is shown in red. It defines an upper limit to the intrinsic source size be-
low which a conclusive classification as resolved or unresolved is no longer
possible. Potentially resolvable simulated sources are plotted in gray for easier
identification in Figure 19.

(A color version of this figure is available in the online journal.)
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Figure 19. Diagnostic diagrams for the separation of simulated Gaussian sources
into resolved and unresolved objects based on their location in Figure 18 (see
the text for details). The color of the dots matches that used in Figure 18. In
the upper panel, we show the fraction of sources in a given bin of S/N that
(1) have an intrinsic source size θ < θlimit but which nevertheless come to
lie above the curve—given by Equation (A2; see the lower panel)—separating
resolved (above curve) from unresolved (below curve) sources, or (2) have
θ > θlimit but are found in the area attributed to unresolved objects. (The curves
are discontinued at S/N = 100 because small number fluctuations dominate
beyond this value.)
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APPENDIX

BIAS ON THE ESTIMATION OF INTEGRATED FLUXES
AND SOURCE SIZES

At low signal to noise, source fitting algorithms (e.g., JMFIT)
are increasingly liable to return false results, an effect which
is further amplified by the fact that there are multiple free
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Figure 20. Comparison of the recovered total flux density Stout of simulated Gaussian sources with the input value, Stin. Top row: distribution of relative errors
(right) and plot of the relative errors as a function of signal-to-noise ratio (left) for all simulated sources after these have been classified as resolved or unresolved
using Equation (A2). (See also Figure 19.) Bottom row: close-up of the simulated sources in the bin with the smallest simulated S/N. Total flux densities tend to be
overestimated by an amount that increases toward lower S/N. The according average bias is listed in Table 5 for resolved sources as well as for the complete sample
of resolved and unresolved simulated sources.

parameters (e.g., total flux, two angular size components) which
cannot be legitimately fixed to make the fit more robust. This
appendix discusses biases in the total flux measurements in our
catalog which may arise as a consequence of this. We will not
study the uncertainties, systematic or not, which might affect
the angular source sizes we quote in the catalog, as we consider
these less important for most users of the Joint catalog. Since the
unresolved sources in the catalog have a differently determined
(MAXFIT) total flux, any biases in the Gaussian source fitting
will only be of importance for sources classified as resolved.
How many sources are affected is determined by the choice of
classification scheme (see Section 6.2.1). Part of this section
hence deals with our choice of a criterion that both limits flux
biases in the final sample and also performs satisfactorily when
it comes to separating resolved from unresolved objects.

We first describe our simulations. We performed a set of
Monte Carlo simulations following the approach used for the
Large project (Bondi et al. 2008). Circular mock sources with
random flux densities down to 30 μJy and sizes following the
measured radio source counts and an angular size distribution
〈θ〉 ∼ Sm with an exponent m = 0.5 (see Bondi et al. 2008,
for details) were inserted into the Deep mosaic. They are not
subject to BWS effects. We searched at the positions of these

16,000 sources using MAXFIT followed by the application of
JMFIT (single-component fit). We verified that this approach
gives the same results as using SAD. Roughly 6500 sources
could be recovered with an S/N � 5. We also ran simulations
with different source size distributions which all returned
qualitatively similar results. We would like to remind the reader
that the final numbers and errors quoted below are sensitive to
the adopted intrinsic angular size distribution and therefore also
to the resolution of the mosaic used.

As a significant fraction of sources is resolved at the faint flux
levels probed by the VLA-COSMOS project, it is necessary to
classify the sources into resolved and unresolved. We adopt the
approach used by Schinnerer et al. (2007) and Bondi et al. (2008)
(for applications to other radio surveys, see Prandoni et al. 2000;
Bondi et al. 2003). The method relies on the fact that the ratio
between integrated and peak flux density is a measure of the
spatial extent of a radio source (given by the major and minor
axes θM and θm) in comparison to the size of the synthesized
beam (with major and minor axes θB and θb):

Stotal/Speak = (θMθm)/(θBθb). (A1)

On the other hand, we can estimate the limiting (intrinsic) size
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Table 5

Median of Relative Error on Recovered Integrated Flux Densities for Simulated Gaussian Sources (see the Appendix)

S/N Range (Stin − Stout)/Stin (All Sources) (Stin − Stout)/Stin (Resolved Sources)

5–6 −0.05 ± 0.25 −0.17 ± 0.42

6–7 −0.02 ± 0.21 −0.28 ± 0.39

7–8 0.01 ± 0.17 −0.16 ± 0.33

8–9 −0.01 ± 0.17 −0.19 ± 0.29

9–10 −0.01 ± 0.15 −0.20 ± 0.23

10–15 0.01 ± 0.12 −0.10 ± 0.18

15–20 0.01 ± 0.10 −0.08 ± 0.15

Note. Errors span the range (+/−) containing 2/3 of the measurements.

θlimit at a given S/N above which a source could be classified
as resolved. The threshold θlimit is estimated using Equation
(16) of Condon (1997): according to this expression the error in
size (∆θsrc.) is proportional to (S/N)−1 (see Figure 18, dashed
line) and a point source would thus on average be liable to
have a convolved size θobs. = θB ± ∆θsrc.. All sources with
intrinsic sizes below the lower (red) line in Figure 18, i.e.,

θlimit =
√

θ2
obs. − θ2

B—the inferred size of a point source subject
to the S/N-dependent error ∆θsrc., cannot be expected to be
resolvable.

The ratio Stotal/Speak of our “unresolvable” (black; θ < θlimit)
and “resolvable” sources (gray; θ > θlimit) is plotted as a function
of the S/N with which the simulated sources are detected in
Figure 19. After calibration with the simulated sources, this
diagnostic diagram will be used to identify the unresolved
sources in the real catalog. By necessity, measured values with
Stotal/Speak < 1 are due to the influence of image noise on the
determination of source flux density and/or size. In general,
the noise can both lead to an artificial reduction or increase of
the true flux density ratio (as peak and integrated flux densities
are determined independently) implying that not all sources with
Stotal/Speak > 1 are genuinely resolved either. As can be seen
in Figure 19 there is a fairly well-defined locus above which
only few unresolvable sources occur. We approximate it by a
line with functional form Stotal/Speak = a−b/(S/N)c

. As our main
goal is to minimize total flux density biases, we define a rather
conservative separating line:

Stotal/Speak = 0.35−11/(S/N)1.45

. (A2)

This choice ensures that a minimal number of unresolvable
mock sources are classified as resolved (in the following a
“resolved” source is understood to lie above the line given
by Equation (A2) in Figure 19), especially at low S/N where
the errors on total flux measurements from Gaussian fits are
largest. A curve rising more slowly toward low S/N would have
raised the number of resolvable sources actually classified as
resolved. It would also, however, have increased the number of
misclassified unresolvable sources.

In the upper window of Figure 19, we illustrate which
fraction of resolvable (unresolvable) mock sources is classified
as unresolved (resolved) in a given range of S/N. In total,
∼38% of the resolvable and ∼3% of the unresolvable sources
are “misclassified,” leading to an overall success rate of nearly
87%.

Given the classification of our mock sources into resolved
and unresolved following Equation (A2), their total fluxes can
now be set to Stotal

.= SJMFIT and Stotal
.= Speak, respectively

(see Section 6.2.1), and any systematic flux biases at low S/N
quantified. In Figure 20, we show the difference between the

input (Stin) and output (Stout) integrated flux densities as a
function of S/N (left-hand column) and as histograms (right-
hand column). As the mock sources were randomly injected into
the mosaic and no attempt has been made to avoid confusion
with other sources, the outliers in the distributions can be
explained due to confusion with real sources. However, the
median derived from the distribution should be unaffected by
these outliers. The median relative offset between flux values in
different ranges of S/N is listed in Table 5. In our lowest S/N
bin (5 � S/N � 6), we detect a small bias of ∼5% (in the sense
that recovered fluxes overestimate the true value) for all sources
which becomes even more negligible for higher significance
sources. Although this bias is significantly larger for resolved
sources, its effect on statistical tools, such as source counts, is
minimal, as these use all sources and the fraction of resolved
sources at low S/N is very small. As the scatter in the derived
properties (at fixed S/N) is much larger, we conclude that a
systematic correction of the derived integrated flux on a source-
by-source basis is neither straightforward nor indispensable.
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Smolčić, V., et al. 2008, ApJS, 177, 14
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Smolčić, V., et al. 2009b, ApJ, 696, 24
Taniguchi, Y., et al. 2007, ApJS, 172, 9
Thompson, A. R. 1999, in ASP. Conf. Ser. 180, Synthesis Imaging in Radio

Astronomy II, ed. G. B. Taylor, C. L. Carilli, & R. A. Perley (San Francisco,
CA: ASP), 11

Trump, J. R., et al. 2007, ApJS, 172, 383
Wells, D. 1981, The Penguin Dictionary of Curious and Interesting Geometry

(London: Penguin Books)
Windhorst, R. A., van Heerde, G. M., & Katgert, P. 1984, A&AS, 58, 1
Zamojski, M. A., et al. 2007, ApJS, 172, 468

http://dx.doi.org/10.1088/0004-6256/136/5/1889
http://adsabs.harvard.edu/abs/2008AJ....136.1889O
http://adsabs.harvard.edu/abs/2008AJ....136.1889O
http://dx.doi.org/10.1051/aas:2000361
http://adsabs.harvard.edu/abs/2000A&AS..146...41P
http://adsabs.harvard.edu/abs/2000A&AS..146...41P
http://dx.doi.org/10.1086/308684
http://adsabs.harvard.edu/abs/2000ApJ...533..611R
http://adsabs.harvard.edu/abs/2000ApJ...533..611R
http://dx.doi.org/10.1086/517885
http://adsabs.harvard.edu/abs/2007ApJS..172...86S
http://adsabs.harvard.edu/abs/2007ApJS..172...86S
http://dx.doi.org/10.1086/424860
http://adsabs.harvard.edu/abs/2004AJ....128.1974S
http://adsabs.harvard.edu/abs/2004AJ....128.1974S
http://dx.doi.org/10.1086/516587
http://adsabs.harvard.edu/abs/2007ApJS..172...46S
http://adsabs.harvard.edu/abs/2007ApJS..172...46S
http://dx.doi.org/10.1111/j.1365-2966.2008.12989.x
http://adsabs.harvard.edu/abs/2008MNRAS.385.2225S
http://adsabs.harvard.edu/abs/2008MNRAS.385.2225S
http://dx.doi.org/10.1086/516580
http://adsabs.harvard.edu/abs/2007ApJS..172...38S
http://adsabs.harvard.edu/abs/2007ApJS..172...38S
http://dx.doi.org/10.1086/516585
http://adsabs.harvard.edu/abs/2007ApJS..172....1S
http://adsabs.harvard.edu/abs/2007ApJS..172....1S
http://dx.doi.org/10.1111/j.1365-2966.2004.07904.x
http://adsabs.harvard.edu/abs/2004MNRAS.352..131S
http://adsabs.harvard.edu/abs/2004MNRAS.352..131S
http://dx.doi.org/10.1111/j.1365-2966.2006.10907.x
http://adsabs.harvard.edu/abs/2006MNRAS.372..741S
http://adsabs.harvard.edu/abs/2006MNRAS.372..741S
http://dx.doi.org/10.1086/588028
http://adsabs.harvard.edu/abs/2008ApJS..177...14S
http://adsabs.harvard.edu/abs/2008ApJS..177...14S
http://dx.doi.org/10.1088/0004-637X/690/1/610
http://adsabs.harvard.edu/abs/2009ApJ...690..610S
http://adsabs.harvard.edu/abs/2009ApJ...690..610S
http://dx.doi.org/10.1088/0004-637X/696/1/24
http://adsabs.harvard.edu/abs/2009ApJ...696...24S
http://adsabs.harvard.edu/abs/2009ApJ...696...24S
http://dx.doi.org/10.1086/516596
http://adsabs.harvard.edu/abs/2007ApJS..172....9T
http://adsabs.harvard.edu/abs/2007ApJS..172....9T
http://adsabs.harvard.edu/abs/1999ASPC..180...11T
http://dx.doi.org/10.1086/516578
http://adsabs.harvard.edu/abs/2007ApJS..172..383T
http://adsabs.harvard.edu/abs/2007ApJS..172..383T
http://adsabs.harvard.edu/abs/1984A&AS...58....1W
http://adsabs.harvard.edu/abs/1984A&AS...58....1W
http://dx.doi.org/10.1086/516593
http://adsabs.harvard.edu/abs/2007ApJS..172..468Z
http://adsabs.harvard.edu/abs/2007ApJS..172..468Z

	1. INTRODUCTION
	2. OBSERVATIONS AND DATA REDUCTION
	3. THE REVISED LARGE PROJECT CATALOG
	4. IDENTIFICATION OF DEEP PROJECT SOURCES
	5. CONSTRUCTION OF THE JOINT SOURCE LIST
	5.1. Estimate of the Local Background Noise
	5.2. Sources Present in Both Catalogs
	5.3. Sources Present in Only One Catalog

	6. JOINT CATALOG
	6.1. Correction for Bandwidth Smearing
	6.2. Catalog Entries
	6.3. Errors on the Catalog Entries
	6.4. Description of the VLA-COSMOS Joint Catalog
	6.5. Comparison between Large (v2.0)
and Joint Catalogs

	7. SUMMARY
	APPENDIX. BIAS ON THE ESTIMATION OF INTEGRATED FLUXES AND SOURCE SIZES
	REFERENCES

