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ABSTRACT
We present the first release of GTC OSIRIS broad-band data archive. This is an effort conducted
in the framework of the Spanish Virtual Observatory to help optimize science from the Gran
Telescopio Canarias Archive. Data Release 1 includes 6788 broad-band images in the Sloan
griz filters obtained between 2009 April and 2014 January and the associated catalogue with
roughly 6.23 million detections of more than 630 000 unique sources. The catalogue contains
standard PSF and Kron aperture photometry with a mean accuracy better than 0.09 and
0.15 mag, respectively. The relative astrometric residuals are always better than 30 mas and
better than 15 mas in most cases. The absolute astrometric uncertainty of the catalogue is of
0.12 arcsec. In this paper we describe the procedure followed to build the image archive and
the associated catalogue, as well as the quality tests carried out for validation. To illustrate
some of the scientific potential of the catalogue, we also provide two examples of its scientific
exploitation: discovery and identification of asteroids and cool dwarfs.
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1 INTRODUCTION

Astronomical data archives and catalogues have become a new
paradigm in the astrophysics research. Reduced (photometrically
and astrometrically corrected images, spectra ready for immedi-
ate scientific exploitation,...) and high-level (catalogues, mosaics,
stacked images,...) data products are of fundamental importance for
archives as they enhance their use by the community. Moreover,
these science-ready data products provide a higher visibility of
the project results as clearly demonstrated by the large number of
refereed papers based on archived data from projects like SDSS
(York et al. 2000), 2MASS (Skrutskie et al. 2006), UKIDSS
(Lawrence et al. 2007), and WISE (Wright et al. 2010a), to name
a few. By using these resources, astronomers are able to conduct
research projects that would otherwise be very time-consuming or
completely unaffordable.

The Gran Telescopio de Canarias1 (GTC), with its 36 individual
hexagonal segments acting as a 10.4 m diameter single mirror,
is currently the largest optical-infrared telescope in the world.
Operated by the Instituto de Astrofı́sica de Canarias, it is located at
the Observatorio del Roque de Los Muchachos in La Palma (Spain),
which provides excellent observing conditions.

� E-mail: mcortes@cab.inta-csic.es
1http://www.gtc.iac.es/

OSIRIS (Optical System for Imaging and low-Intermediate-
Resolution Integrated Spectroscopy) is an imager and spectrograph
for the optical wavelength range, located in the Nasmyth-B fo-
cus of GTC. OSIRIS allows broad-band imaging over a field of
view of 7.8 × 7.8 arcmin unvignetted covering a spectral range
from λλ 3 650 to 10 000, with a high transmission coefficient, in
particular at longer wavelengths. The spectral range is covered by
the Sloan system broad-band filters: u’ (3 500 Å), g’ (4 750 Å), r’
( 6 300 Å), i’ (7 800 Å), z’ (9 250 Å). The filter transmission and
detector efficiency curves, taken from the Filter Profile Service
maintained by the Spanish Virtual Observatory,2 are shown in Fig. 1.
More information on the OSIRIS capabilities can be found at the
GTC web page.3

The GTC archive4 is in operation since 2011 and is hosted by
the Spanish Virtual Observatory (SVO5), one of the 21 national and
trans-national Virtual Observatory initiatives distributed worldwide
and coordinated by the International Virtual Observatory Alliance.6

This paper presents the first release of the OSIRIS broad-band
data. We begin in Sections 2 and 3 with a description of the

2http://svo2.cab.inta-csic.es/theory/fps/
3http://www.gtc.iac.es/instruments/osiris/
4http://gtc.sdc.cab.inta-csic.es/
5http://svo.cab.inta-csic.es/main/index.php
6http://ivoa.net
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Figure 1. Transmission curves of the Sloan g’ (blue), r’ (yellow), i’ (green),
and z’ (red) filters and the OSIRIS detection efficiency curve (dashed black).

data curation, preparation, and processing of the images, followed
by the source extraction in Section 4. We present astrometric
and photometric calibrations in Sections 5 and 6. We then turn,
in Section 7, to a description of the catalogue sources and a
photometric validation exercise in which Pan-Starrs DR1 data are
compared to OSIRIS observations. In Section 8, we introduce two
science cases carried out with the catalogue as an attempt to show its
potential for science exploitation. The paper ends with a description
on how to access the data and a summary in Sections 9 and 10,
respectively.

2 DATA CURATION AND PREPARATION

The first step consisted in the data selection and curation. Large
facilities such as GTC produce vast amount of data coming from
different instruments and observing modes. Since the goal of the
present project is to deliver science grade products of the broad-
band images, we therefore rejected spectroscopic observations and
tunable filter observations taken with OSIRIS.

We obtain 27 470 raw broad-band images from the GTC Public
Archive acquired between 2009 April and 2014 January in the griz
bands. A total of 5638 among them were obtained using windowing
(moving target images) and were discarded for the present release.
The vast majority of them were targeting a few transiting targets
requiring a high temporal frequency, and the loss in spatial coverage
is minimum. Thus, it is important to remark that the absence of a
source in the catalogue does not imply the absence of GTC OSIRIS
observations in that position of the sky. To check this point, the GTC
Archive must be used.

A significant number (13 230) of early images were missing the
standard MJD-OBS keyword giving the precise acquisition date,
which is crucial for many studies focusing on the time-domain.
Although it is possible to recover the missing information through
other non-standard FITS keywords (e.g. OPENTIME), we will focus
in this first data release on the 8602 (27 470 - 5 638 - 13 230) images
with the standard MJD-OBS keyword. Among them, there are 858
calibration images that will not be included in the catalogue. Hence,
we process 7744 OSIRIS images in the griz filters.

3 DATA PROCESSING

The individual raw images were processed using an upgraded
version of ALAMBIC (Vandame 2002), a software suite developed
and optimized for the processing of large multi-CCD imagers, which
was adapted for OSIRIS. ALAMBIC includes standard processing
procedures such as overscan, bias, and dark subtraction for each
individual readout ports of each CCD, flat-field correction, bad pixel
identification and masking, CCD-to-CCD gain harmonization, and
fringing correction in the z-band. ALAMBIC also combines the flat-
field and bad pixel mask into a weight map for each individual
data set, and estimates the sky background in each image using
an iterative multiresolution median filtering. The method is very
efficient, fast, and robust for most stellar or extragalactic fields, but
will produce artefacts for input images including large extended
sources, as well as around the halo of very bright stars. Images
and catalogues including large extended sources (i.e. covering
a significant fraction of the field-of-view) should therefore be
considered with caution, and probably reprocessed from scratch
by the user.

Flat-fields were computed using the best twilight flat-field frames
obtained over time windows of 15 d, since the OSIRIS flat-fields are
considered to be very stable over periods of several weeks.

4 SOURCE EXTRACTION

Sources brighter than the 3-σ noise of the local background were
detected and their photometry and position were measured using
SEXTRACTOR (Bertin & Arnouts 1996) and PSFEX (Bertin 2013).
The weight-maps were used to properly modulate the detection
threshold over the image. Three fixed apertures were used:

(i) 21, 31, and 41 pixels in 1 × 1 binning mode, corresponding
to 2.66, 3.94, and 5.21 arcsec, respectively

(ii) 11, 15, and 21 pixels in 2 × 2 binning mode, corresponding
to 2.79, 3.81, and 5.33 arcsec, respectively.

In addition to these three fixed apertures, the Kron or automatic
aperture as by SEXTRACTOR (MAG AUTO), the PSF (MAG PSF),
and the model (MAG MODEL) photometry were also measured. A
PSF model was fitted to the data with PSFEX using a second-order
polynomial to model the PSF variations across the field-of-view.
The PSF model was then used to fit every source using:

(i) standard PSF fitting
(ii) a 2D Sérsic model convolved with the PSF model

The SEXTRACTOR model (i.e. PSF + Sérsic) parameters offer the
advantage of being suited for both point-like and extended sources.
Most galaxies are indeed resolved under sub-arcsecond seeing, and
the PSF will not give a good fit.

Saturation was set at 62 000 counts, even though the detector
is expected to behave linearly up to the 16 bits encoding limit.
This is an approximate value and, therefore, some saturated sources
may still be present in the catalogue of extracted sources (see
Section 7.1.1). For a better identification of saturated pixels we
will use MAXIMASK (Paillassa, Bertin & Bouy 2019) in future data
releases.

A few morphometric parameters were also extracted. SEX-
TRACTOR offers the possibility to measure the Full-width at half-
maximum (FWHM), the flux radius (defined as the circular aperture
radius enclosing half the total flux), the elongation and the ellipticity.
The model fitting also provides useful information about the mor-
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Figure 2. Distribution of average FWHM measured in the images them-
selves by PSFEX.

phometry and is particularly interesting for extended and saturated
sources (Bouy et al. 2013). Fig. 2 shows the distribution of FWHM
as measured by PSFEX. The distribution peaks around 1 arcsec and
more than half of the images were obtained under sub-arcsecond
seeing. Note that the distribution extends far towards large values
thanks to the GTC filler program specifically designed to make use
of poor ambient conditions.

The SEXTRACTOR and PSFEX configuration files used to produce
the catalogues, as well as the parameters obtained are given in
Tables A1, A2, and A3.

5 ASTROMETRIC CALIBRATION

A precise astrometric calibration was computed using SCAMP

(Bertin 2006). The 2MASS catalogue was used as reference for
most frames, except when too few 2MASS sources were available
in the field-of-view to derive a proper astrometric solution. In
those cases, the SDSS (DR10) (Ahn et al. 2014) or USNO-B1
(Monet et al. 2003) catalogues were used. The absolute astrometric
accuracy is therefore set by these catalogues and is expected to be
better than 0.1 arcsec. Non-linear geometric distortions were fitted
using a third-order polynomial, as illustrated in Fig. 3. The internal
accuracy is estimated to be better than 30 mas in all cases, and
better than 15 mas in most cases. Celestial coordinates are given at
the observing epoch and Equinox J2000.0.

The astrometric calibration allowed us to detect 530 problematic
images, typically including technical images with no sources at all,
images obtained during a tracking failure or having suffered a read-
out failure. The total number of remaining images added to 7 214,
distributed over the entire northern sky accessible from La Palma,
as illustrated in Fig. 4.

This figure reflects the patchy nature of the OSIRIS observations,
with a modest fraction (0.02 per cent) of the full sky being covered
(8.05 deg2). This is a primary difference with typical survey projects
covering a regular geometric pattern in the sky and with uniform
properties, such as exposure time and filter set.

Individual astrometrically calibrated images can be easily down-
loaded from the GTC archive and stacked to make a larger and/or
deeper mosaic of a given field. Because the astrometric calibration
was obtained using the AstrOmatic software suite, we recommend to

use SWARP (Bertin et al. 2002) for the stacking. SWARP will indeed
properly interpret the astrometric solution included in the image
headers and the weight map delivered with every individual image
by simply using the ‘-WEIGHT TYPE MAP WEIGHT’ option.

6 FLUX CALIBRATION

The set of OSIRIS images used to build the catalogue constitute,
by definition, a heterogeneous collection where the variety of
observational parameters (e.g. exposure times) reflect the diversity
of science cases carried out with them. While images with the
shortest exposure times typically present bright sources and few
or no faint objects, images with the largest exposure times, aimed
at reaching fainter sources, usually include saturated objects. This
wide range of exposure times reflects both the potential and the
challenge of the associated catalogue.

We adopted the Pan-STARRS DR1 survey (PS1 hereafter)
(Kaiser et al. 2010; Chambers et al. 2016) as the reference to
photometrically calibrate GTC OSIRIS images. The PS1 catalogue
includes PSF and Kron photometric measurements, which we
will use to calibrate our MAG PSF and MAG AUTO photometry,
respectively.

In order to obtain the calibration parameters, we searched for
counterparts to each OSIRIS source in PS1 within 1.0 arcsec. If
more than one counterpart exists in the search radius we took the
nearest one. Each individual CCD subimage has been calibrated
independently. For a source to be considered as a calibration source,
it must fulfill the following requirements:

(i) PS1 sources must be point-like sources with PSF-
Kron<0.05 mag (Chambers et al. 2016), and Qual flag equal to
52.

(ii) PS1 sources must be within the saturation and detection limits
of the survey as stated in Chambers et al. (2016).

(iii) Magnitude errors, both in PS1 and OSIRIS , must be smaller
than 0.2 mag.

(iv) In order to avoid spikes and extended sources, we select in
our catalogue sources whose FWHM, elongation, and ellipticity do
not significantly deviate from the median value of all sources in the
subimage.

With the selected sources, we carried out a sigma-clipping linear
fit in each subimage, after which we performed the calibration only
if there were more than six calibrating stars satisfying the criteria
listed above. Besides, we provide calibrated magnitudes only if the
Pearson correlation coefficient (r) of the linear fit is greater than
0.98. Of the 14 428 subimages available (7 214 × 2), we calibrated
13 555 and 13 403 in MAG PSF and MAG AUTO photometry, respec-
tively. Of them, 12 454 and 11 614 have a correlation coefficient r
≥ 0.98 (82 per cent and 87 per cent, respectively). A total number
of 11 045 subimages have both, PSF and automatic photometric
calibrations with r ≥ 0.98. The differences in the number of
calibrated subimages arise, on one hand, from the discrepancies
in magnitude errors in PSF and AUTO photometry, which prevent
the same detection to pass the magnitude cuts in both photometries.
On the other hand, the different procedures of flux measurements
by SEXTRACTOR in few cases lead to a wrong measure of the
FLUX PSF but not of FLUX AUTO for the same source and vice
versa. We could therefore obtain a varying number of sources in the
same subimage for PSF and AUTO calibrations. The fact that the
OSIRIS observations lie within the Pan-STARRS footprint ensures
that, in all cases, the lack of photometric calibration is not due to
a different spatial coverage of the two surveys but to the absence
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Figure 3. Distortion map for the i-band filter as measured by SCAMP.

Figure 4. Location of the 7214 OSIRIS pointings overplotted on an all-sky 857GHz Planck map.
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Figure 5. Comparison between PS1 and OSIRIS magnitudes of the sources used for the PSF (top first and second panels) and AUTO (third and fourth panels)
photometric calibrations with r > =0.98. The black filled circles represent the average difference of magnitudes in bins of 0.2 mag. Only bins with more than
ten sources are represented.

of sources fulfilling the criteria listed above or to the bad quality of
the fit.

Fig. 5 shows the differences between PS1 and OSIRIS calibrated
magnitudes of the calibration sources as a function of PS1 magni-
tudes and the distributions of the absolute values of the magnitude
differences taken from the 12 454 and 11 614 subimages with good
linear fit in PSF (top first and second panels) and AUTO (third
and fourth panels) photometry, respectively. The few number of
outliers existent in the first and the third panels, typically associated
to sources with larger magnitude errors that pass the criteria
listed above and that remain after the linear fit within 3σ , have
a minor impact in the calibration as we are using a weighted
linear fit where the weight is inversely proportional to the error
in magnitude. We show in the first and third panels the average
magnitude differences in bins of 0.2 mag. Only bins with more
than ten points are shown. In all bands, these values are larger
for faint sources (over ∼21.5 mag in g, r, and i bands, and over
∼20.0 mag in the z band). We also observe an increasing trend
towards the bright edge of the plots. This behaviour is observed in
magnitude intervals with less than 100 sources, very few compared
to the several thousands included at intermediate magnitude bins.

These averaged differences of magnitudes remain under 0.1 mag
in PSF and under 0.2 mag in AUTO comparisons for all bands.
On average, AUTO photometry presents larger scatter compared
with PSF. Mean magnitude absolute differences (second and fourth
panels) are marginal. They vary from 0.063 to 0.079 mag in PSF
photometry and from 0.096 to 0.098 mag in AUTO photometry,
depending on the filter.

The difference in the filter transmission curves of the PS1
and OSIRIS filters do also contribute to the discrepancy between
magnitudes. Fig. 6 shows the comparison between the transmission
curves for each filter. In both cases, the throughput of the instrument
is considered. In the case of the PS1 curves, taken from the
SVO Filter Profile Service, we removed the contribution of the
atmosphere, for comparison with OSIRIS’ curves. While the g-
band filters match fairly well, OSIRIS includes redder wavelengths
in the r, i, and z bands. To assess these differences in the calibrated
photometry, we address a colour dependence test in Section 7.2.2.

The number of calibration sources per subimage ranges from 7
to 1510 for MAG PSF and from 7 to 1323 for MAG AUTO, with a
mean number of 68 and 65 stars, and a standard deviation of 113
and 107, respectively.
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Figure 6. Comparison between the transmission curves of OSIRIS and PS1 in each band.

Figure 7. Histogram of the exposure times of MAG PSF (red) and
MAG AUTO (blue) calibrated subimages with r > =0.98.

The contribution to the total error budget of the calibration errors
is, on average, between 0.05 and 0.07 mag in MAG PSF and between
0.09 and 0.12 mag in MAG AUTO, depending on the filter.

Fig. 7 shows the exposure time distributions of the calibrated
subimages in MAG PSF and MAG AUTO photometry. In the whole

catalogue, exposure time ranges from 0.5 to 900 s. From the mean
value of the distributions (∼100 s) we can estimate the mean limiting
magnitudes of the catalogue at 24.4, 23.9, 23.3, 22.1 mag at S/N=5,
and 23.6, 23.1, 22.6, 21.4 mag at S/N = 10 for g, r, i, and z,
respectively. However, for the longest exposures, these magnitudes
can reach 25.8, 24.1, 23.6, and 22.4 magnitudes for griz at
S/N = 5.

To assess the photometric quality of our calibrations, we selected
all calibration sources with magnitudes in the range (18.5, 18.5,
18.5, 18.0) < (g,r,i,z) < (22.0, 22.0, 22.0, 21.5) and with at least
five detections with PSF and AUTO photometry, separately. These
intervals of magnitudes were chosen in order to get a representative
sample of the sources used for the calibration (over 90 per cent
for each filter and photometry), and to avoid saturation and very
faint sources. We obtained the standard deviations of the measured
magnitudes for each of the repeated sources. The median of the
standard deviations in each filter are (σ g, σ r, σ i, σ z) = (0.034, 0.026,
0.038, 0.034) magnitudes for PSF and (σ g, σ r, σ i, σ z) = (0.043,
0.038, 0.053, 0.056) magnitudes for AUTO photometry. These low
values reflect the good performance of the calibration parameters
over time despite the assorted character of the observations.

We summarize in Table 1 the detailed numbers of the associated
contribution of the calibration to the photometric errors, the range
of exposure time, the mean limiting magnitudes at SNR=5 and
SNR = 10, and the typical magnitude deviations for the repeated
sources in the above defined sample, for each filter.
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Table 1. Summary of the photometric properties of the calibrated subimages.

PSF AUTO
g r i z g r i z

Contribution to the
photometric error (mag) 0.06 0.07 0.05 0.05 0.12 0.012 0.09 0.10
Exposure times (s) 1–900 1–360 0.5–360 0.5–300 1-900 1–542 0.5–360 0.5–30
Mean limiting magnitudes
at SNR = 5 (mag) 24.4 23.9 23.3 22.1 – – – –
Mean limiting magnitudes
at SNR = 10 (mag) 23.6 23.1 22.6 21.4 – – – –
Limiting magnitudes for the
longest exposures and SNR = 5 (mag) 25.8 24.1 23.6 22.4 – – – –

Photometric quality
Magnitude interval (mag) 18.5–22.0 18.5–22.0 18.5–22.0 18.0–21.5 18.5–22.0 18.5–22.0 18.5–22.0 18.0–21.5
Median of the std. dev. σ (mag) 0.034 0.026 0.038 0.034 0.043 0.038 0.053 0.056

7 CATALOGUE SOURCES

7.1 Construction

7.1.1 Removal of spurious and saturated detections

To build the cleanest possible catalogue, we first removed sources
with PSF instrumental magnitude errors equal to zero, larger than
1 mag, or equal to 99 (meaning that SEXTRACTOR PSF fit did
not converge). We also discarded sources with the SEXTRACTOR

keywords FLUX MAX, FLUX RADIUS (defined as the half-light
radius in Section 4) and FWHM IMAGE smaller than or equal to
zero, FLAGS WEIGHT (weighted extraction flag related to the
presence of close neighbours bright enough to significantly bias
the photometry, bad pixels, blended objects, saturated pixels or
other features) equal to two (note that we do not impose any
condition on the extraction flags FLAGS parameter), and SNR WIN
(the window-based signal-to-noise ratio) smaller than five or equal
to 1e30 (the latter, related to a bad extraction of the source). The
limit in SNR WIN at five is set to avoid sources with very poor
photometry.

Although a saturation limit was set at 62 000 counts when
extracting the sources from the images, few saturated sources
remain. Therefore, for each subimage in the catalogue, we removed
saturated sources as well as bad pixels, cosmic rays, and artefacts by
accounting for the linear relation between the flux at the peak of the
distribution (FLUX MAX) and the integrated flux (FLUX PSF), as
shown in Fig. 8. The procedure to remove spurious sources on each
subimage consisted of running an iterative process that discards
first all detections which ratio FLUX MAX/FLUX PSF deviates by
more than 2σ from the mean value. With the mean and standard
deviation values of the remaining detections, we define a critical
value of FLUX MAX/FLUX PSF equal to the mean value plus
3σ . From the original catalogue of sources of the subimage, we
removed all detections which flux ratio is greater than this critical
value. The rejected detections are represented with blue points in
Fig. 8.

Once the removal of spurious sources has been completed, we
removed saturated sources by identifying the position in the relation
FLUX MAX versus FLUX PSF at which the detector breaks linearity.
To determine this position, we iteratively performed a linear fit
starting with sources with the lowest FLUX MAX and increasing
towards higher values of FLUX MAX. We consider that linearity
starts to fail when the Pearson correlation coefficient r is lower than
0.98 and keeps decreasing. When there were no data available, we

Figure 8. Maximum flux at the peak (FLUX MAX) versus FLUX PSF in
logarithmic scale for detections in one subimage. The blue points represent
spurious detections, red points represent saturated sources, and green points
stand for valid detections.

decreased the correlation coefficient to 0.96. We then selected the
upper half of the sample with highest FLUX MAX to avoid non-
linear behaviour at low fluxes (i.e. faint sources) and followed two
complementary approaches:

(i) On one hand, we took the maximum number of sources which
linear fit provides a correlation coefficient greater than 0.98 (or
0.96 if it is the case). Since this condition itself does not ensure
the removal of all saturated sources, we defined a subset with the
detections above that maximum number (i.e. sources with higher
flux) and established a cut in FLUX MAX defined as the minimum
value of the FLUX MAX in the subset minus its standard deviation.

(ii) On the other hand, we looked for the position at which
the slope of the fit starts to decrease and defined a subset with
detections starting at that point and with increasing fluxes. We again
established a cut in FLUX MAX defined as the minimum value of
the FLUX MAX in the subset minus its standard deviation. When
the standard deviation was smaller than 2000 counts, we subtracted
twice the value of the standard deviation to ensure the removal of
all controversial sources.

In both cases, we removed all detections with FLUX MAX above
those limits.
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Figure 9. Maximum flux at the peak (FLUX MAX) versus FLUX PSF
in logarithmic scale for detections in one subimage after the removal of
spurious and saturated detections following the first two steps. The green
points represent valid non-saturated source detections and the red point
stands for a saturated source that follows the linear behaviour between
fluxes and that accounts with more than 9000 counts in FLUX MAX with
respect to the maximum flux of the brightest non-saturated source in the
subimage.

Despite the completion of these steps, we still found a few satu-
rated sources that happen to follow the linear relation between fluxes
as shown in Fig. 9 and, therefore, have not been automatically re-
moved. We observed that saturated sources have fluxes (FLUX MAX)
more than ≈9000 counts higher than the corresponding flux to the
brightest non-saturated source in the subimage. Hence, we removed
detections which FLUX MAX is at least 9000 counts greater than the
brightest, non-saturated source in the subimage.

The above described procedure does only relate to PSF pho-
tometry. Hence, in parallel to this, we built a second catalogue
considering exclusively calibrated MAG AUTO magnitudes and fol-
lowing similar steps than before. The only difference comes from
the identification of saturated sources, because the relation between
FLUX MAX and FLUX AUTO displays a higher dispersion and,
therefore, executing the procedure to remove saturated sources as
described above prevented us from obtaining a complete catalogue
in AUTO photometry, since sources in more than 50 per cent of the
calibrated subimages did not fulfill the required criteria. Therefore,
for each subimage, we took the cuts in FLUX MAX determined when
removing saturated sources from PSF photometry and eliminated all
sources in this second catalogue with FLUX MAX higher than those
values. This approach limits the AUTO photometry to the 11 045
subimages that have both, PSF and AUTO calibrated photometry.

Moreover, we included a photometric flag to each detection in
the catalogue to account for magnitudes beyond the magnitude
coverage of the PS1 sources used in the photometric calibration in
PSF (Flag psf) and AUTO (Flag auto) photometry. ‘B’ and
‘C’ stand for magnitudes fainter and brighter than the magnitude
coverage of PS1, respectively. Detections with magnitudes in
between are flagged with ‘A’.

7.1.2 Morphologic classification

In a second step, we evaluated in our catalogue the magnitude
difference limit PSF − AUTO at 0.05 mag proposed in the PS1

catalogue (Farrow et al. 2014) to separate point-like (PSF − AUTO
<0.05 mag) and extended sources (PSF − AUTO >0.05 mag). Of
the OSIRIS detections in the g-band under 21 mag (limit above
which the high dispersion makes this classification unreliable)
and over ∼17 mag (magnitude limit imposed by PS1) with PS1
counterparts and that satisfy PS1 gmag − gKmag <0.05 mag (i.e.
point-like sources), 95.5 per cent were also classified as point-
like sources following the same criterion with OSIRIS photometry
(i.e. had PSF − AUTO <0.05 mag). Hence, we could consider
this photometric criterion to be valid to select point-like sources.
However and due to its magnitude restriction, we do not ascribe
an extended or point-like source flag in the catalogue following
this rule. We evaluated instead the separation between point-like
and extended sources at any magnitude range by looking into the
FWHM IMAGE, elongation and ellipticity parameters. To
do so, we selected sources in each subimage with PSF calibrated
magnitudes between 17 and 21 mag (regardless the filter) and with
magnitude differences PSF − AUTO<0.05 mag, and compute their
FWHM IMAGE, elongation, and ellipticity mean values
and standard deviations. Sources in the subimages which parameter
values differed by more than the mean value within 2σ were tagged
as extended sources and as point-like sources otherwise.

To assess the goodness of this criterion, we compared both,
the OSIRIS photometric and morphometric classifications, in the
interval between 17 and 21 mag. In all bands, more than 92 per cent
of the sources identified photometrically as point-like were also
labelled as point-like using morphometric parameters. Moreover,
extended sources were also in agreement in more than 75, 83, 74,
and 72 per cent of the cases in the g, r, i, and z bands, respectively. We
therefore conclude that the morphometric criterion can be extended
to all detections in the catalogue, regardless their magnitudes, to
tabulate them as point-like or extended sources.

For 1378 subimages in the four bands, we could not apply this
selection because of the lack of automatic (Kron) magnitudes due to
the absence of photometric calibration, or the lack of sources with
magnitude differences under 0.05 mag and magnitudes between 17
and 21 mag. Since the number of subimages without any classifica-
tion was significantly large, we decided to use PS1 magnitudes
to identify point-like sources and compute their FWHM IMAGE,
elongation, and ellipticity mean and standard deviations
values to be used as a reference for the classification of all detections
in the subimage. In these cases, the classification is noted in the
catalogue as ‘P∗’ for point-like and ‘E∗’ for extended sources.

After this, there are still 77 subimages (39 246 detections repre-
senting 0.6 per cent of the catalogue) for which we were not able to
ascribe any classification.

The privileged location and weather conditions of the Obser-
vatory favour astronomical observations with a typical seeing of
1 arsec and reaching often lower values. Detections with FWHM
below 0.5 arcsec were removed as they were just simply artefacts.
Detections with FWHM over 7 arcsec and/or with ellipticities over
0.7 were also removed. The mean ellipticity measured in point-like
sources is 0.11 ± 0.07 with just a 1.9 per cent showing an ellipticity
worse than e > 0.3. This confirms the good performance of the GTC
tracking capability.

7.1.3 Resulting catalogue

The next step is to build a science-ready, user-friendly catalogue
containing both astrometric and photometric information as well as
flags to warn about quality issues.
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Table 2. Number of subimages and detec-
tions per filter in the catalogue.

Filter Number of Number of
subimages detections

Sloan g 1328 532 760
Sloan r 2866 1 585 249
Sloan i 3825 2 041 184
Sloan z 4390 2 067 327

Table 3. Number of sources detected in
one to four bands.

Number of Number of
bands sources

4 19 991 (3.2 percent)
3 64 350 (10.2 percent)
2 106 747 (16.8 percent)
1 442 471 (69.8 percent)

In summary, the catalogue contains 6 226 520 detections cor-
responding to 633 559 different sources in 12 409 subimages.
Detections were merged into sources by performing an internal
match of the whole catalogue (this is, regardless the photometric
band) within 0.5 arcsec using STILTS (Taylor 2006). This value is a
trade-off between completeness and reliability. Larger values may
allow unrelated detections to be linked in the same source while
smaller values would pose problems for faint sources with large
centroiding errors. A detailed description of each column in our
detection catalogue is given in Table B1.

Table 2 lists, for each filter, the number of subimages and
detections contained in the catalogue.

Table 3 summarizes the number of sources that have been detected
in one, two, three, or the four bands, regardless which bands are they.
Near 30 per cent of the sources in the catalogue has been detected
in two or more bands and only 3.2 per cent has been detected in the
four bands.

Astrometric errors in the catalogue were computed from the
quadratic sum of the windowing position errors (i.e. the errors in
the ellipse parameters reported by SEXTRACTOR) and the estimated
absolute astrometric calibration uncertainty mentioned in Section 5.
The mean accuracy in the catalogue is 0.12 arcsec.

In order to provide accurate photometry at a single epoch, we
identified the best detection for each source, hereafter refereed to
as primary detection. The criteria used to select the best detection
were to have signal to noise ratio above the mean value for that
source, and the least relative PSF or AUTO magnitude error. A
total of 1 209 058 primary detections satisfied the above criteria.
Primary detections are flagged in the catalogue as p while the rest
of detections are flagged with s under Flag source.

In addition, we composed a source catalogue with these primary
detections of each source, for the user to easily access the best
photometry. It contains selected data such as the source identifier,
equatorial coordinates, PSF, and AUTO calibrated magnitudes with
their corresponding flags, epochs, and url of the associated image
in each band, and a source class parameter (cl) defined as the ratio
between the number of detections classified as point-like (‘P’ or
‘P∗’) and the total number of detections. The source class parameter
takes values between 0 and 1, being 0 when the source has always

been identified as extended and 1 when it has always been identified
as point-like.

This source catalogue is complementary to the previously defined
one containing all detections, magnitudes, and parameters. Table B2
contains a detailed description of each column in the source
catalogue.

Typical saturation and limiting magnitudes in the catalogue in
each filter are 13.1–24.6 mag in g, 13.6–24.5 mag in r, 13.1–
23.9 mag in i, and 12.0–22.7 mag in z, respectively. Saturation
magnitudes correspond to the minimum value of the PSF magnitude
in the catalogue and limiting magnitudes correspond to the 90th
percentile, per each filter. This means that the magnitude limits in
the OSIRIS catalogue are between 1.4 and 2 magnitudes brighter
and between 0.4 and 1.4 magnitudes fainter than PS1, depending on
the filter. Fig. 10 shows a GTC OSIRIS image together with all PS1
and GTC sources in the field of view. The increased depth of the
OSIRIS catalogue (1 378 objects) compared to PS1 (366 objects) is
clearly seen. The catalogues have 208 sources in common. There
are 158 sources that are in PS1 and not in our catalogue due to
saturation or Flags weight parameter equal to two (see the first
paragraph in Section 7.1.1). Magnitudes of the 1170 sources in our
catalogue that are not in PS1 range from 20.0 to 25.4 mag, which
depending on the filters, would be beyond the magnitude limit of
PS1.

Fig. 11 represents averaged PSF and AUTO magnitude errors
versus magnitude in bins of 0.5 mag, illustrating the sensitivity
reached in the catalogue on each of the four filters. The trend
is to increase with increasing magnitudes (i.e. towards fainter
sources). In all bands, mean magnitude errors are under 0.1 mag
up to 21.5 / 19 mag and do not exceed 0.30 / 0.35 mag, in PSF
/AUTO photometry, respectively. In PSF photometry, the mean
photometric accuracy of the catalogue is 0.09 and 0.15 mag in
AUTO photometry.

7.2 Catalogue quality assessment

7.2.1 Comparison with PS1

Top panel in Fig. 12 compares good quality PS1 sources (Qual equal
to 52) versus OSIRIS PSF magnitudes. We observe good agreement
up to PS1 ∼21.5 mag in the g and r bands, ∼21.0 mag in the i band
and ∼20.5 mag in the z band, magnitudes above which we observe a
tendency towards fainter OSIRIS magnitudes. Most outliers in these
plots do also mismatch when comparing their PS1 magnitudes with
clean (q mode equal to ‘ + ’) SDSS DR12 photometry (see bottom
panel in this figure). Note that the number of sources represented in
the plots of the bottom panel is lower than the number of sources
represented in the plots of the top panel due to the requirement of
having good PS1 and SDSS DR12 photometry. In the comparison
of PS1 with SDSS DR12 we observe as well the tendency towards
fainter magnitudes above 20–21.5 mag, depending on the filter.
Hence, we ascribe these magnitude differences to an intrinsic feature
of PS1 photometry.

Fig. 13 shows, for each filter, the normalized cumulative distri-
bution of the PSF magnitude absolute differences between OSIRIS
and PS1 sources with good quality flags (Qual equal to 52). For
90 per cent of the sample of sources in the magnitude interval
of linear behaviour, the photometric scatter in absolute values is
below 0.16, 0.19, 0.18, and 0.16 magnitudes in g, r, i, and z,
respectively. This reflects the good photometric agreement between
catalogues.
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Figure 10. Example of an OSIRIS image centred at 17:06:59.64 + 58:46:37.5 (top panel) overlayed with PS1 sources (bottom left-hand panel, blue open
circles) and OSIRIS sources (bottom right-hand panel, red open circles).

7.2.2 Colour dependence

To investigate the effect of a colour term in the photometric
calibration, we compared the colour differences between OSIRIS
and PS1 as a function of the calibrated magnitudes in the top panel
of Fig. 14. The large dispersion observed towards fainter sources

is likely associated to the already noticed magnitude differences
over 20–21.5 mag when comparing OSIRIS with PS1 (see Fig. 12).
Moreover, the number of sources with significantly high colour
differences is not statistically representative (less than 1 per cent
of the plotted sample). The bottom panel of the figure shows the
difference of magnitudes in the z band with respect to the PS1
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Figure 11. Photometric errors versus magnitudes for MAG PSF (top) and MAG AUTO (bottom) in the four bands. Bullets are the average values of the magnitude
errors in bin sizes of 0.5 mag and the error bars show the standard deviation.

Figure 12. Comparison, for each filter, of PSF PS1 magnitudes with PSF OSIRIS (top panel) and of PSF PS1 magnitudes with PSF SDSS DR12 (bottom
panel).

r − z (left) and i − z colours (right). In light of these plots, we do
not observe any colour dependence.

7.2.3 Binning mode and pixel position dependence

We verify whether the observed magnitude differences of sources
with PSF magnitudes fainter than 20.5–21.5 mag (depending on the
filter) when comparing with PS1 photometry have a relation with
the pixel position of the source in the CCD.

Fig. 15 shows, for each filter, the xy pixel position of sources
with PSF magnitudes fainter than 21.5 mag in g and r, 21.0 mag
in i, and 20.5 mag in z (i.e. sources with the largest magnitude
deviations) and with good quality PS1 photometry. OSIRIS standard
observing mode uses 2 × 2 binned pixels, this is, images of ∼
1 024 × 2 048 pixels size. This is the binning mode where the
majority of the observations were performed. In general, binning the
pixels aims to increase the signal to noise of measured images at a
cost of losing spatial resolution. In light of the random arrangement

of the sources in the CCD, we can conclude that there is no
dependence of the magnitude differences either with the binning
mode of observation or the pixel position.

7.2.4 Internal photometric precision

In order to estimate the internal photometric precision of the
catalogue, we compared for each filter the magnitudes of sources
observed more than five times. The relation between their standard
deviations and magnitudes is shown in Fig. 16. We also show in
this figure the averaged photometric errors of Fig. 11. The scatter
in the standard deviation of magnitudes increases towards fainter
magnitudes in both, PSF and AUTO calibrated magnitudes. Also
AUTO photometry shows slightly higher dispersion and error bars
than PSF photometry. Since SEXTRACTOR uses flexible elliptical
apertures for extracting AUTO photometry, this effect can be
attributed to the possibly different configurations applied to the
same source in different images and epochs that lead to different flux
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