
Publication Year 2015

Acceptance in OA 2020-03-26T09:06:30Z

Title Variability-selected active galactic nuclei in the VST-SUDARE/VOICE survey of the COSMOS 

field

Authors De Cicco, D., Paolillo, M., Covone, G., Falocco, S., Longo, G., GRADO, ANIELLO, Limatola, L., 

BOTTICELLA, MARIA TERESA, Pignata, G., CAPPELLARO, Enrico, Vaccari, M., Trevese, D., 

Vagnetti, F., Salvato, M., RADOVICH, MARIO, Brandt, W. N., Capaccioli, M., NAPOLITANO, 

NICOLA ROSARIO, SCHIPANI, Pietro

Publisher's version (DOI) 10.1051/0004-6361/201424906

Handle http://hdl.handle.net/20.500.12386/23583

Journal ASTRONOMY & ASTROPHYSICS

Volume 574



A&A 574, A112 (2015)
DOI: 10.1051/0004-6361/201424906
c© ESO 2015

Astronomy
&

Astrophysics

Variability-selected active galactic nuclei in the

VST-SUDARE/VOICE survey of the COSMOS field⋆,⋆⋆

D. De Cicco1, M. Paolillo1,2,3, G. Covone1,2, S. Falocco1,2, G. Longo1,4, A. Grado5, L. Limatola5, M. T. Botticella5,

G. Pignata6,7, E. Cappellaro8, M. Vaccari9, D. Trevese10, F. Vagnetti11, M. Salvato12, M. Radovich8, W. N. Brandt13,14,

M. Capaccioli1, N. R. Napolitano5, and P. Schipani5

1 Department of Physics, University of Napoli “Federico II”, via Cinthia 9, 80126 Napoli, Italy
e-mail: demetra.decicco@unina.it

2 INFN – Sezione di Napoli, via Cinthia 9, 80126 Napoli, Italy
3 ASI Science Data Center, via del Politecnico snc, 00133 Roma, Italy
4 Visiting associate – Department of Astronomy, California Institute of Technology, CA 90125, USA
5 INAF – Osservatorio Astronomico di Capodimonte, via Moiariello 16, 80131 Napoli, Italy
6 Departamento de Ciencias Fisicas, Universidad Andres Bello, Avda. Republica 252, Santiago, Chile
7 Millennium Institute of Astrophysics, Santiago, Chile
8 INAF – Osservatorio Astronomico di Padova, vicolo dell’Osservatorio 5, 35122 Padova, Italy
9 Astrophysics Group, Department of Physics, University of the Western Cape, Private Bag X17, 7535 Bellville, Cape Town,

South Africa
10 Department of Physics, University of Roma “La Sapienza”, Piazzale Aldo Moro 2, 00185 Roma, Italy
11 Department of Physics, University of Roma “Tor Vergata”, via della Ricerca Scientifica 1, 00133 Roma, Italy
12 Max Planck Institut für Extraterrestrische Physik, Giessenbachstraße 1, 85748 Garching bei München, Germany
13 Department of Astronomy and Astrophysics, The Pennsylvania State University, University Park, PA 16802, USA
14 Institute for Gravitation and the Cosmos, The Pennsylvania State University, University Park, PA 16802, USA

Received 2 September 2014 / Accepted 27 November 2014

ABSTRACT

Context. Active galaxies are characterized by variability at every wavelength, with timescales from hours to years depending on the
observing window. Optical variability has proven to be an effective way of detecting AGNs in imaging surveys, lasting from weeks to
years.
Aims. In the present work we test the use of optical variability as a tool to identify active galactic nuclei in the VST multiepoch survey
of the COSMOS field, originally tailored to detect supernova events.
Methods. We make use of the multiwavelength data provided by other COSMOS surveys to discuss the reliability of the method and
the nature of our AGN candidates.
Results. The selection on the basis of optical variability returns a sample of 83 AGN candidates; based on a number of diagnostics,
we conclude that 67 of them are confirmed AGNs (81% purity), 12 are classified as supernovae, while the nature of the remaining 4
is unknown. For the subsample of AGNs with some spectroscopic classification, we find that Type 1 are prevalent (89%) compared
to Type 2 AGNs (11%). Overall, our approach is able to retrieve on average 15% of all AGNs in the field identified by means of
spectroscopic or X-ray classification, with a strong dependence on the source apparent magnitude (completeness ranging from 26%
to 5%). In particular, the completeness for Type 1 AGNs is 25%, while it drops to 6% for Type 2 AGNs. The rest of the X-ray selected
AGN population presents on average a larger rms variability than the bulk of non-variable sources, indicating that variability detection
for at least some of these objects is prevented only by the photometric accuracy of the data. The low completeness is in part due to the
short observing span: we show that increasing the temporal baseline results in larger samples as expected for sources with a red-noise
power spectrum. Our results allow us to assess the usefulness of this AGN selection technique in view of future wide-field surveys.

Key words. galaxies: active – X-rays: galaxies – quasars: general – supernovae: general – surveys

1. Introduction

It is now widely accepted that the engine powering an active
galactic nucleus (AGN) is an accreting supermassive black hole
(SMBH) at the center of the active galaxy. Several empirical
relations connect some of the properties and physical quan-
tities of the central black hole and the galaxy: e.g., correla-
tion between black hole mass and stellar velocity dispersion
(e.g., Ferrarese & Merritt 2000), or between black hole mass

⋆ Observations were provided by the ESO programs 088.D-0370 and
088.D-4013 (PI G. Pignata).
⋆⋆ Table 3 is available in electronic form at http://www.aanda.org

and galaxy luminosity (e.g., Kormendy & Ho 2013; Kormendy
& Richstone 1995); furthermore, evidence exists for a co-
evolution of the quasi-stellar object (QSO) luminosity function
and the star formation rate (SFR) with cosmic time (e.g., Fiore
et al. 2009). Such relations support the existence of a tight feed-
back between SMBH and galaxy evolution. Since most massive
galaxies host a SMBH, an extensive knowledge of the black
hole demography is of primary importance to increase our un-
derstanding of galaxy evolution.

Several methods have been developed to identify AGNs; a
single identification technique is generally not sufficient for a
complete and bias-free census of the AGN population. X-ray
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emission is at present the most effective instrument for AGN
identification: AGN spectra are broadband and are character-
ized by a considerable X-ray component, which is generally
comparable to optical emission as regards its spectral extent
and, above a certain luminosity, constitutes unequivocal evi-
dence of the active nature of a galaxy (e.g., Brandt & Hasinger
2005). Remarkable advantages of using X-ray emission to find
AGNs are the high penetrating power, allowing us to detect even
those AGNs that are obscured at other wavelengths, and the
large-amplitude and fast variability. However, the space obser-
vations that are required to detect X-ray radiation have a higher
cost and a more limited field of view (FoV) than ground-based
observations.

The spectra of most AGNs are also characterized by promi-
nent emission lines, broader than those found in the spectra
of normal galaxies. Several diagnostics, e.g., the BPT diagram
(Baldwin et al. 1981), allow us to identify these types of AGNs
by means of the properties of their emission lines, provided that
obscuration in the wavelength range of interest is not signfi-
cant; unfortunately, spectroscopy is a time-consuming technique
for AGN identification, especially when dealing with very large
samples and faint sources.

Provided that multicolor data are available, color selection
is a widespread technique to find AGNs at UV/optical/IR wave-
lengths (e.g., Fan 1999). Given their different spectral energy
distributions (SEDs), the amount of light in the UV and IR bands
is much higher for AGNs (unobscured, in the first case) than for
stars or non-active galaxies, hence the corresponding flux ratios
will be different and a color–color diagram will reveal the nature
of different sources depending on their position in the plot (e.g.,
Richards et al. 2001). The technique can be refined by making
use of a multidimensional color space; it is widely used as a few
images suffice to get information about a large number of can-
didates. Nonetheless, several biases affect the method: first, the
non-stellar nature of their color can only be used to identify those
AGNs that are bright enough to outshine the host galaxy, while
it does not work with faint1 AGNs because emission from the
host galaxy dominates, swamping the nuclear light. In general,
the classification of objects by means of color selection criteria
needs great accuracy in order to minimize the contamination by
stars. One more difficulty in AGN selection through color is ab-
sorption, which is attributable to the presence of dust in the plane
of the Galaxy (affecting low-latitude observations) and also to
extinction, intrinsic to the AGN itself or the host galaxy, whose
importance increases with redshift (e.g., Krolik et al. 1991).

Variability is a defining feature of AGN emission at all wave-
bands. Luminosity variations generally affect both continuum
and broad-line emission; the timescales range from hours to
years, depending on the observing wavelength (e.g., Ulrich et al.
1997; Gaskell & Klimek 2003). Currently, variability is gener-
ally attributed to instabilities in the AGN accretion disk (e.g.,
Pereyra et al. 2006), possibly associated with other phenom-
ena, such as changes in the accretion rate, presence of obscuring
medium, star disruption, and gravitational microlensing (e.g.,
Aretxaga & Terlevich 1994). Variability measurements can help
in understanding the underlying emission mechanism, constrain-
ing the size and structure of the emitting region. Most QSOs
typically exhibit continuum variations on the order of 10% over
months to years, while blazars show even more substantial vari-
ations on much shorter timescales (sometimes even on the order
of minutes; see, e.g., Albert et al. 2007). The extent of variations

1 Faint AGNs are characterized by a nuclear absolute magnitude in the
r band MR & −21.5 mag (Boutsia et al. 2009).

is not the same at all wavelength ranges. Optical continuum
variability seems to be a universal feature of broad-line AGNs
(BLAGNs) on timescales from months to years (e.g., Webb &
Malkan 2000), with variations ranging from 10−2 to 10−1 mag,
while a magnitude variation around 30% is common in the X-ray
region (Paolillo et al. 2004).

It is not yet clear whether optical variability is an intrinsic
phenomenon, or if it originates in the reprocessing of X-ray
emission from the inner regions of the disk; several models
have been developed, attempting to investigate a possible re-
lation between optical/UV and X-ray variability. One of the
most widespread theories explains the first as a consequence
of the reprocessing of the second: according to this interpreta-
tion, X-ray radiation interacts with the surrounding, cooler mat-
ter (disk, torus), thus losing energy (e.g., Krolik et al. 1991).
Conversely, other models suggest that X-ray emission follows
from optical/UV radiation, because of the Comptonization of
optical/UV photons by relativistic electrons. Since results from
different observing campaigns are conflicting (see, e.g., Uttley
2006), no theory dominates at present and it is likely that both
processes occur at the same time.

Optical variability has been widely used to identify unob-
scured AGNs in multiepoch surveys (e.g., Bershady et al. 1998;
Klesman & Sarajedini 2007; Trevese et al. 2008; Villforth et al.
2010); the techniques based on optical variability allow the sur-
veying of extended areas by means of ground-based telescopes
and do not miss those sources that are characterized by an un-
usually low X-ray to optical flux ratio (X/O) and hence are
not detected by X-rays surveys; furthermore, as several stud-
ies (e.g., Barr & Mushotzky 1986; Lawrence & Papadakis 1993;
Cristiani et al. 1996) support the existence of an anti-correlation
between AGN luminosity and the amplitude of variability, low-
luminosity AGNs (LLAGNs) can be identified more effectively.

The present work aims at detecting AGNs in the COSMOS
field on the basis of their optical variability, and at verifying the
effectiveness of this method against other traditional approaches,
taking advantage of the extensive multiwavelength coverage.
The AGN search was conducted exploiting the data acquired by
the COSMOS extension of the SUDARE supernova survey pro-
gram (see Sect. 2) by the VLT Survey Telescope (VST); with its
five-month baseline, the program is a suitable tool for the selec-
tion of variable sources in the optical wavelength range, given
the typical timescales on the order of days. The COSMOS field
is one of the most widely surveyed areas in the sky; data from
multiwavelength surveys are used to confirm the nature of our
sample of AGN candidates.

The paper is organized as follows: in Sect. 2 we introduce the
telescope and the survey and describe our dataset; Sect. 3 illus-
trates the procedure used to select our sample of optically vari-
able sources and how we refine it in order to get a reliable AGN
candidate sample; in Sect. 4 we deal with the other COSMOS
catalogs and the diagnostics we made use of to confirm the na-
ture of the sources in our sample; and in Sect. 5 we discuss our
findings and final results.

2. The SUDARE survey with the VST

The VLT Survey Telescope (VST; Capaccioli & Schipani 2011)
is located at Cerro Paranal Observatory; it is a joint venture
between the European Southern Observatory (ESO) and the
INAF-Osservatorio Astronomico di Capodimonte (OAC) in
Napoli. The telescope is 2.65 m in diameter and is equipped with
the single focal plane detector OmegaCAM (Kuijken 2011): a
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mosaic of 32 CCD detectors made up of 268 megapixels in total,
corresponding to a 26 cm × 26 cm area and a 1◦ × 1◦ FoV, the
resolution being 0.214′′/pixel. The VST is dedicated to surveys
in the wavelength range 0.3–1.0 µm.

At present the VST is involved in many Galactic and extra-
galactic survey programs; the present work is based on the analy-
sis of images from the SUpernova Diversity And Rate Evolution
(SUDARE) survey (Botticella et al. 2013). SUDARE is a super-
nova search program designed to measure the rates of the differ-
ent supernova (SN) types at medium redshifts (0.3 < z < 0.8)
and investigate their correlation with the properties of the host
galaxies. SUDARE observations cover two different sky re-
gions, centered on the COSMOS field (named after the Cosmic
Evolution Survey; see Scoville et al. 2007b) and the Chandra
Deep Field South (CDFS). The CDFS field is also covered by the
VST Optical Imaging of the CDFS and ES1 (VOICE; Vaccari
et al., in prep.) survey, providing deep ugri stacks over a 2 square
degree area centered on the CDFS. Our analysis concerns the
COSMOS field; a complementary study focusing on the CDFS
region will be presented in Falocco et al. (2015).

The survey provides data in the g, r, and i bands, with
an observing frequency of approximately ten days for the g
and i bands and three days for the r band, depending on the
various observational constraints. We discuss here the analy-
sis of 28 epochs in the r band, for which we have the best
temporal sampling. The observations cover the period from
December 2011 to May 2012. Each epoch is made up of five
dithered exposures of the field, for a total exposure time of
1800 s per epoch2. We also obtained a stacked image, combin-
ing all the exposures (55 in total) with a seeing FWHM < 0.8′′,
corresponding to a total exposure time of 19 800 s. The limiting
magnitude of the stacked image at ∼5σ above the background
rms is r(AB) ≈ 26 mag, while for single epochs it is generally
r(AB) . 25 mag. The chosen parameters for source extraction
are not the best to take advantage of the full depth of the survey,
but are suitable to our variability analysis, which is focused on
rather bright sources (r(AB) < 23 mag; see below); the full cat-
alogs will be presented in forthcoming papers (Vaccari et al., in
prep.). Throughout our analysis we used the coordinates of the
sources detected in the stacked image as reference coordinates
for catalog matching. Table 1 gives the names, dates, and see-
ing FWHM of the individual epochs and the stacked image used
in our variability analysis. We excluded one epoch (correspond-
ing to the OB 611379) since the exposures are strongly affected
by aesthetic artifacts. The data regarding the excluded epoch are
given in Table 1 as well.

The individual exposures were reduced and combined in
single epoch images by making use of the VST-Tube pipeline
(Grado et al. 2012), developed for the data produced by the
VST telescope. A short description of the processing steps fol-
lows; details are given in Grado et al. (in prep.). The instrumen-
tal signature removal includes overscan, bias and flat-field cor-
rection, CCD gain harmonization, and illumination correction.
Hereafter, the procedure secures relative and absolute astrom-
etry, photometric calibrations, and the final co-addition of the
images for each epoch. The overscan correction is applied by
subtracting the median bias value measured over a proper over-
scan region from the images; the master-bias is calculated as a
sigma-clipped average of bias frames and subtracted from each
image. The master-flat is a combination of a master twilight flat,

2 Throughout the present paper, the word “epoch” will always refer to
the combination of five images – hereafter exposures – corresponding
to the same observing block (OB).

Table 1. COSMOS dataset.

Epoch OB-ID Obs. date Seeing (FWHM)
(arcsec)

1 611279 2011-Dec.-18 0.64
2 611283 2011-Dec.-22 0.94
3 611287 2011-Dec.-27 1.04
4 611291 2011-Dec.-31 1.15
5 611295 2012-Jan.-02 0.67
6 611299 2012-Jan.-06 0.58
7 611311 2012-Jan.-18 0.62
8 611315 2012-Jan.-20 0.88
9 611319 2012-Jan.-22 0.81

10 611323 2012-Jan.-24 0.67
11 611327 2012-Jan.-27 0.98
12 611331 2012-Jan.-29 0.86
13 611335 2012-Feb.-02 0.86
14 611351 2012-Feb.-16 0.50
15 611355 2012-Feb.-19 0.99
16 611359 2012-Feb.-21 0.79
17 611363 2012-Feb.-23 0.73
18 611367 2012-Feb.-26 0.83
19 611371 2012-Feb.-29 0.90
20 611375 2012-Mar.-03 0.97

excluded 611379 2012-Mar.-06 0.82
21 611387 2012-Mar.-13 0.70
22 611391 2012-Mar.-15 1.08
23 611395 2012-Mar.-17 0.91
24 768813 2012-May-08 0.74
25 768817 2012-May-11 0.85
26 768820 2012-May-17 0.77
27 768826 2012-May-24 1.27

stacked 0.67

to correct for pixel-to-pixel sensitivity variation, and a super sky-
flat, made from a combination of science images, accounting for
low spatial frequency gain variation. The master twilight and
master sky-flat are produced using a robust sigma clipped av-
erage of overscan and bias corrected twilight frames and science
frames, respectively. Wherever possible the master frames have
been produced independently for each epoch.

Differences in electronic amplifiers are reflected in differ-
ent CCD gains. To have the same zero-point for all the mosaic
chips, a gain harmonization procedure was applied. The proce-
dure finds the relative CCD gain coefficients which minimize
the background level differences in adjacent CCDs. The next
correction applied to the images is due to scattered light. This
is a common feature of wide-field imagers where telescope and
instrument baffling is demanding. The scattered light adds a spa-
tially varying component to the background. After flat-fielding,
the image background will appear flat, but the photometric re-
sponse will be position dependent (Andersen et al. 1995). Such
an error in the flat-fielding can be mitigated through the determi-
nation and application of the illumination correction (IC) map.
The IC map is obtained by choosing some standard fields and
comparing the instrumental magnitudes with those of a reference
catalog of stars uniformly spread across the field. Specifically we
used the point spread function (PSF) magnitudes from the Data
Release 8 (Aihara et al. 2011) of the Sloan Digital Sky Survey
(SDSS). The differences in magnitude ∆mag(x, y) as a function
of the position are fit with a generalized additive model (GAM;
Wood 2011) in order to obtain the illumination correction map.
The GAM allows us to generate a well-behaved fitting function
even when the ∆mag(x, y) does not uniformly sample the whole
mosaic and, generally, the resulting fit surface shows smoother
behavior at the frame edges compared to a simple surface poly-
nomial fit. After the IC corrected flat-fielding, the images will
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recover a uniform zero-point over the field, but still the back-
ground will not be flat. To achieve a flat background, the IC sur-
face, properly rescaled, is also subtracted from the images.

The absolute photometric calibration was computed on the
photometric night 2011-Dec.-17 by comparing the observed
magnitudes of stars in photometric standard fields with SDSS
photometry. The simultaneous fit for the zero-point and color
term gives values of zp(r) = 24.631 ± 0.006 and ct(g −
r) = 0.040 ± 0.016, respectively. The extinction coefficient
was taken from the extinction curve M.OMEGACAM.2011-12-
01T16:15:04.474 provided by ESO. The relative photometric
correction among the exposures was obtained by minimizing
the quadratic sum of differences in magnitude between overlap-
ping detections. The rms of the magnitude residuals taking only
the sources with a high (>90) signal-to-noise ratio (S/N) into
account is 0.039 mag. The absolute astrometric accuracy com-
pared to the reference 2MASS (Skrutskie et al. 2006) catalog is
0.28′′, while the relative astrometric accuracy, computed as the
quadratic sum of the errors along RA and Dec, is 0.06′′; the tool
used for these tasks is SCAMP (Bertin 2006). The tool SWARP
(Bertin et al. 2002) was used for the image resampling in order
to apply the astrometric solution and to produce the final com-
bined, single-epoch, and stacked images, obtained by means of
a weighted average.

3. Selection of variable sources

For the variability selection we followed an approach similar, but
not identical (see below), to the one proposed in Trevese et al.
(2008).

We extracted a catalog of sources by running SExtractor
(Bertin & Arnouts 1996), deriving total, isophotal, and aperture
magnitudes through a set of fixed apertures for all epochs. The
optimal aperture size for AGN identification should include most
of the flux from the central source and minimize the contamina-
tion from nearby objects or the host galaxy itself. We therefore
selected a 2′′ diameter aperture, centered on the source centroid,
which on average encloses about 70% of the flux from a point-
like source in our catalogs, and we performed an aperture cor-
rection to take the effects of seeing into account, by means of
growth curves of bright stars across the FoV; the stars chosen
are isolated, non-saturated, and distant from regions affected by
defects (image edges, reflections, bright star halos, etc.).

We determined, for each epoch, the ratio of the flux from the
reference star enclosed in a 2′′ diameter aperture and the flux
corresponding to an aperture enclosing 90% of the total flux,
thus deriving the aperture correction factor for each epoch, that
we then applied to our sources. The correction technique is based
on the assumption that the source is point-like; hence, it does
not work reliably with very faint AGNs – where the host galaxy
contribution is considerable even in a 2′′ diameter aperture – be-
cause it overestimates variability by improperly correcting part
of the flux from the galaxy. We find that the average variability of
the most extended sources is ≤0.01 mag higher than for the most
compact sources as an effect of the over-correction; this con-
tributes to raising the variability threshold, when all the sources
(variable and non-variable) are taken into account, returning a
conservative sample of optically variable objects. The finding
that most of our candidates are compact (Sect. 4.4) confirms that
we are not severely overestimating the variability of extended
sources. We also tested the alternative method used by Trevese
et al. (2008, see also references therein) where each source mag-
nitude is normalized to a reference epoch using the average mag-
nitude of non-variable sources. In principle, the two methods

can return different results for extended sources; nonetheless,
we verified that this is not the case, since both the results are
consistent within the adopted magnitude limit. Our approach is
straightforward and easier to apply when dealing with wide-field
images, which are characterized by PSF variations across the
FoV; on the other hand, the method used in Trevese et al. (2008)
is more sensitive to LLAGNs, but different corrective factors are
required for extended sources with different profiles (e.g., early-
vs. late-type galaxies). Thus, although the present paper mostly
concentrates on star-like sources, the method is suitable for ap-
plication to LLAGNs, which constitute a poorly known fraction
of the AGN population; a more refined analysis that focuses
specifically on the search for LLAGNs may be implemented in
a future work.

Since our observations date back to the first period of activity
of the VST, the data were affected by several aesthetic and elec-
tronic problems (as detailed below) due to the lack of knowledge
of the corrective factors detailed in the previous section, and of
the detector response, most of which were fixed in the follow-
ing months. For this reason, in this work we decided to use a
conservative approach aimed at minimizing the number of spu-
rious sources in the final sample of AGN candidates; hence, we
excluded from our analysis all those regions such as the edges
(an area approximately ranging from 1◦ × 125′′ to 1◦ × 270′′ de-
pending on the side) of each epoch, where the S/N is typically
very low, together with all the areas affected by the presence of
residual satellite tracks or bright star halos, as well as regions
affected by scattered light from bright stars just outside the FoV.
Furthermore, the weight maps of six epochs revealed that one of
the CCDs is affected by sudden and unpredictable variations in
its gain factor due to electronic problems3. As a consequence,
we excluded the corresponding area from all epochs, to limit
the presence of spurious variable sources. The exclusion of ad-
ditional regions was necessary in three epochs, because of the
presence of arcs due to scattered light of bright stars outside the
FoV, and, in two cases, because of the contamination by the laser
guide star for atmospheric distortion corrections from the nearby
VLT, which happened to fall in the VST FoV4. Overall, we ex-
cluded about 23% of the surveyed area. In particular, to remove
the stellar halos and diffraction spikes of bright stars we used the
masks created by means of the procedure by Huang et al. (2011),
which automatically accounts for the position of the star inside
the FoV and the field orientation.

The catalogs of sources from each epoch were matched us-
ing a matching radius of 1′′. To ensure a robust light curve
variance measurement and to exclude fast transients, we re-
stricted our analysis to the objects detected in at least six epochs
(37 699 sources). The six epoch threshold is an arbitrary choice,
approximately corresponding to a detection in 20% of the epochs
(6 out of 27); if modified, the number of sources constituting the
sample changes by a few percent, and the corresponding sub-
sample of variable objects changes by just a few units.

From the light curve of each source i we defined an average
magnitude magi and the corresponding rms deviation σi,
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3 Recently this flaw has been fixed.
4 In the early operation phase the software system designed to prevent
this type of problem was not operational yet.
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frequent, color measurements are also very useful. In general,
SNe and variable AGNs are easily separated because the lat-
ter have erratic light curves on long timescales. However, in a
few cases the distinction between AGNs and SNe, especially
for Type IIn SNe with slowly evolving light curves, may be
impossible especially if detection occurs at the edge of the search
window, i.e., in the very early or late epochs. Supernova classifi-
cation is obtained by comparing the observed light curves in dif-
ferent bands to those of template objects, allowing for three free
parameters, which are redshift, epoch of explosion, and extinc-
tion. The fit is facilitated by constraining the redshift to the range
of uncertainty of the host galaxy redshift that for the COSMOS
field is available to very deep limits through photometric tech-
niques (Muzzin et al. 2013). All together, in the observing sea-
son 28 SNe were classified (with an additional nine classified as
uncertain) by fitting the light curves with different templates. At
the same time, about 80 events were labeled as variable AGNs
mainly on the basis of their erratic light curves and associa-
tion with a QSO or galaxy nucleus. It is worth noting that the
transient selection algorithm of this search is optimized for SNe
and therefore is not expected to be complete or robust for the
identification of variable AGNs. However, we point out that all
the events that are labeled as possible AGNs by Cappellaro and
collaborators and that satisfy our selection criteria (detection in
6+ epochs, magnitude r(AB) < 23 mag, location in non-masked
areas) are classified as AGNs in our work; on the other hand, of
our list of 83 optically variable sources, 87% are also found in
the list of transients by Cappellaro and collaborators.

We took advantage of the results from the SN pipeline to
identify the SNe in our secure sample. A visual inspection of the
light curves of the 83 sources in our sample showed ten objects
with typical SN light curves, hence we marked them as possi-
ble SNe; we then cross-matched our list of possible SNe to the
sample of classified sources from the SN search by Cappellaro
and collaborators, and found that eight of them were classified
as SNe as well, while the remaining sources are not in their
list. There are two additional objects belonging to our secure
sample and classified as a SN and a possible SN by Cappellaro
and collaborators; the light curves that we obtained for those
two sources alone do not allow any guesses about their nature.
Hereafter, we will label as SNe all eight sources identified in
both works, plus the one classified as SN by Cappellaro and
collaborators, while the other three (two from our classification
plus one from their list) will be considered as possible SNe. A
detailed list of the sources in our secure sample, including the
SNe, can be found in Table 3 at the end of this paper.

4.2. X-ray counterparts

The presence of X-ray emission, especially when coupled
with variability, constitutes strong evidence of the presence of
AGN activity. This is why, when investigating the properties of
our sample, we made wide use of the available X-ray catalogs
of COSMOS objects:

– the Chandra-COSMOS Identification catalog (Civano et al.
2012), containing 1761 X-ray sources spread over a
0.9 square degree area, with a 160 ks depth in the inner
region (0.5 square degrees), and 80 ks depth in the re-
maining 0.4 square degrees (Elvis et al. 2009). The limit-
ing depths in soft (0.5–2 keV) and hard (2–10 keV) X-rays
correspond to fluxes of 1.9 × 10−16 erg cm−2 s−1 and 7.3 ×
10−16 erg cm−2 s−1, respectively, while the depth for the full
(0.5–10 keV) X-ray band is 5.7 × 10−16 erg cm−2 s−1. The
catalog provides, among other data, optical counterparts

for the 1761 sources; it also includes a spectroscopic
classification (BLAGN, non-BLAGN, star) for about half
the sources in the catalog, and a photometric classification
through SED fitting for 94% of the objects;

– the XMM-COSMOS Point-like Source catalog (Brusa et al.
2010), made up of 1674 X-ray sources. The correspond-
ing program is shallower (60 ks), but wider (2 square de-
gree area) than Chandra; the catalog has a flux limit of
≈1.7 × 10−15 erg cm−2 s−1, ≈9.3 × 10−15 erg cm−2 s−1 and
≈1.3 × 10−14 erg cm−2 s−1 over 90% of the area, in the 0.5–
2 keV, 2–10 keV and 5–10 keV energy bands, respectively.
Spectroscopic classification is provided for approximately
half the sample, and a best-fit SED template by Salvato et al.
(2009) was found for 97% of the objects. There is also an ad-
ditional catalog of 545 Type 1 AGNs (Lusso et al. 2010) from
the XMM-COSMOS survey, made up of ∼60% spectroscop-
ically confirmed AGNs; for the others, a reliable photometric
estimate of their redshift exists, and their AGN nature is con-
firmed by their broadband SEDs.

The COSMOS fields as surveyed by different observatories gen-
erally do not overlap perfectly. In Fig. 3 we show the superposi-
tion of the fields as imaged by the VST and by both the Chandra
(left panel) and XMM (right panel) telescopes.

On the whole, the X-ray catalogs provide information about
2628 X-ray emitters, of which 1517 fall in the VST FoV, in non-
masked areas. To investigate the nature of our sample of vari-
able sources, we matched our VST complete sample to the opti-
cal counterparts of the X-ray sources (as derived in Capak et al.
2007; and Ilbert et al. 2009; see also Brusa et al. 2010, and refer-
ences therein for the counterparts of XMM sources) and brighter
than r(AB) = 23 mag; this subsample of X-ray emitters con-
sists of 548 objects (hereafter X-ray sample). The rest of the
unmatched X-ray sources are missed because:

– 526 have an optical VST counterpart, but the magnitude of
their counterpart is r(AB) > 23 mag, i.e., beyond the com-
pleteness limit of our single-epoch catalogs;

– one source has an optical VST counterpart and r(AB) <
23 mag, but the counterpart is detected in less than six
epochs;

– 442 do not have an optical VST counterpart in the 6+ epoch
catalog, or in any of the single epoch catalogs. Both the
Chandra and XMM catalogs are at least two magnitudes
deeper than ours, hence we certainly miss the fainter sources
in the field. Since our analysis is limited to the objects with
r(AB) < 23 mag, we matched the list of 442 objects with
several COSMOS optical catalogs (e.g., Capak et al. 2007;
Ilbert et al. 2008) providing measures of Subaru r(AB) mag-
nitudes and SDSS r(AB) magnitudes, and we found that all
but 30 out of the 442 sources have optical magnitudes fainter
than 25 mag (i.e., the limiting magnitude of our single epoch
catalogs). With respect to the 30 objects, we noticed that they
are generally on the edge of a masked region or very close to
a brighter source, where the completeness is lower, thus they
are likely missed because of incompleteness.

To summarize, the VST sources with r(AB) < 23 mag and
with an X-ray counterpart are 548 out of 18 282 (3%); among
them, 63 belong to our secure sample, so we can state that 76%
of the secure sample is made up of X-ray sources and also
that the X-ray sources with an optically variable counterpart
are 11% of 548; their X-ray emission, coupled with their opti-
cal variability, is a clue to their AGN nature. Further evidence
comes if we look at their X-ray luminosity, both in the 0.5–2
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(e.g., U − B vs. B − V), selecting sources redder than the galaxy
locus in Fig. 6, we point out that a sizable fraction of AGNs have
colors consistent with normal galaxies and would have been lost
without the variability criterion. Furthermore, the lost fraction is
larger for fainter AGNs (LLAGNs), where the host galaxy con-
tamination is more severe.

5. Discussion and conclusions

In the present work we derived a sample of optically variable
sources and validated the nature of 94% of them, as summarized
below. Sixty-six objects in the sample turned out to be AGNs,
proving the strength of optical variability as an AGN selection
technique. This number corresponds to a density of 86 AGNs
per square degree. None of the nine sources that we assumed to
be SNe has a counterpart in the X-ray catalogs, and no evidence
against the assumption that they are SNe was found; as a conse-
quence, we confirm their classification as SNe, and classify the
remaining three as possible SNe.

The purity8 of our sample of optically variable sources is
80%, and it rises to 93% if we do not include the confirmed
or possible SNe in our sample of AGN candidates; the contam-
ination of the sample ranges from 14% to 20% depending on
whether we exclude or not the five non-classified sources from
the contaminants.

Most (66%) of the sources in the secure sample have been
confirmed by means of spectroscopic/SED classification, X/O,
and color–color diagrams as well. Of the remaining five non-
classified sources, one has an optical counterpart in various op-
tical catalogs (Capak et al. 2007; Ilbert et al. 2008; Koekemoer
et al. 2007; Scoville et al. 2007a); the remaining four objects do
not have any counterparts within a 1′′ radius, but we found that
one of them has a counterpart within 1.08′′ in all the just men-
tioned catalogs plus the XMM catalog. The source is spectro-
scopically classified as BLAGN in the XMM catalog, its X-ray
luminosity is LX > 1042 erg s−1, and its X/O (both soft and hard)
is in the range [−1; 1]; with respect to the r− z vs. z− k diagram,
the object is QSO-like, so we can state it is an AGN after all the
analyzed diagnostics. If we include this source in the confirmed
AGNs, the purity of our sample rises to 81%.

The nature of the other three variable sources is still un-
known: each of them is detected in 25 out of the 27 epochs con-
stituting our dataset; from Table 3 we can see that they all are
rather faint (r(AB) > 21.7 mag) and rather compact (stellarity
index >0.7). Two of them fall in the outer region of the Chandra-
COSMOS field, where the sensitivity is lower: the non-uniform
depth of the X-ray catalog is a possible explanation for the lack
of an X-ray counterpart. We compared the VST-COSMOS im-
ages to those from HST and CFHT, and did not find any of the
three objects although, given the depth of the observations, they
should have been easily observed. Thus we conclude that they
are real variable sources: either AGNs with weak X-ray emis-
sion or some other class of transient objects.

In Table 2 we list the number of sources confirmed by each
diagnostic or combination of them; the additional confirmed
AGN that we just mentioned is included. A complete list of the
83 sources in the secure sample is provided in Table 3: for each

8 We define the purity as the number of confirmed AGNs divided by
the number of AGN candidates (assuming that no information about
the SNe is available a priori, all the sources in the secure sample are
AGN candidates). Conversely, the contamination is defined as the num-
ber of confirmed non-AGNs divided by the number of AGN candidates.
Purity and contamination are, of course, complementary.

Table 2. Confirmed sources.

Confirmed sources (either AGNs or SNe) 79 (95% of 83)

confirmed AGNs 67 (81% of 83)
confirmed SNe 12 (14% of 83)

spectroscopic/SED validation (S) 63
X/O validation (X/O) 64

color-color diagram validation (C) 55

S+X/O+C validation 51
S+X/O validation 12
X/O+C validation 1
only C validation 3

classified sources
with no X-ray counterpart 15

Notes. We list the number of objects confirmed by each diagnostic
(lines 4 to 6), and also the number of sources (when it is not 0) con-
firmed by each combination of indicators (lines 7 to 10).

object we give the coordinates from the stacked image, the aver-
age magnitude, the light curve rms (ltc rms), the stellarity index
from the stacked image, the quality label that we attributed to
the source, the significance, the spectroscopic redshift, and the
source classification index, providing information about each di-
agnostic used to confirm each source.

The 63 X-ray emitting sources that are confirmed AGNs after
our variability analysis correspond to 15% of the X-ray emitters
in the X-ray sample that are also AGNs, confirmed by means
of spectroscopic classification and/or X-ray properties. This per-
centage defines the completeness9 of our secure sample with re-
spect to the X-ray sources that are confirmed AGNs. We also
computed the completeness in three magnitude bins of the same
size from r(AB) = 20 mag to r(AB) = 23 mag: it is 26% in
the 20–21 mag bin, then 23% in the following bin, and it drops
to 5% for fainter magnitudes. In an attempt to explain the low
completeness, we show in Fig. 7 (which is similar to Fig. 1) the
location of all the X-ray sources with VST counterparts and that
are also confirmed AGNs. It is apparent that most of them are
below the variability threshold, but on average they have larger
rms than the rest of the population; this means that they are of-
ten optically variable, although we cannot detect their variability
with the current photometric accuracy. The high average opti-
cal variability of the X-ray sources was proved by means of a
Kolmogorov-Smirnov (K-S), test where we compared the rms
of the sample of the VST non-variable sources to the rms of the
X-ray emitters with VST counterparts and with an X-ray lumi-
nosity LX > 1042 erg s−1; the test returned a probability P ≈ 10−7

that the two datasets were drawn from the same distribution. As
a further test, we made this same comparison in the above men-
tioned three magnitude bins: we noticed that the X-ray sample
is always characterized by an average optical variability higher
than the average rms of the optical source population. All the
performed tests show that the optical variability of the X-ray
sources can be overshadowed by the large uncertainties, espe-
cially when dealing with faint objects, and this explains the low
completeness with respect to the X-ray sample; we are there-
fore confident that a higher photometric accuracy would return
a higher completeness. This could also be achieved by lower-
ing the variability threshold, although it would be at the ex-
pense of the purity of the selected sample. The probability of the
K-S test changes if we restrict the comparison to the subsamples

9 We define the completeness as the number of confirmed AGNs di-
vided by the number of AGNs that were known a priori.
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