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ABSTRACT

Context. The Southern Photometric Local Universe Survey (S-PLUS) is a project to map ~9300 sq deg of the sky using twelve bands
(seven narrow and five broadbands). Observations are performed with the T80-South telescope, a robotic telescope located at the Cerro
Tololo Observatory in Chile. The survey footprint consists of several large contiguous areas, including fields at high and low galactic
latitudes, and towards the Magellanic Clouds. S-PLUS uses fixed exposure times to reach point source depths of about 21 mag in the
griz and 20 mag in the u and the narrow filters.

Aims. This paper describes the S-PLUS Data Release 4 (DR4), which includes calibrated images and derived catalogues for over
3000 sq deg, covering the aforementioned area. The catalogues provide multi-band photometry performed with the tools DoPHOT and
SExtractor — point spread function (PSF) and aperture photometry, respectively. In addition to the characterization, we also present
the scientific potential of the data.

Methods. We use statistical tools to present and compare the photometry obtained through different methods. Overall we find good
agreement between the different methods, with a slight systematic offset of 0.05 mag between our PSF and aperture photometry. We
show that the astrometry accuracy is equivalent to that obtained in previous S-PLUS data releases, even in very crowded fields where
photometric extraction is challenging. The depths of main survey (MS) photometry for a minimum signal-to-noise ratio S /N = 3 reach
from ~19.5 for the bluer bands to ~21.5 mag on the red. The range of magnitudes over which accurate PSF photometry is obtained
is shallower, reaching ~19 to ~20.5 mag depending on the filter. Based on these photometric data, we provide star-galaxy-quasar
classification and photometric redshift for millions of objects.

Results. We demonstrate the versatility of the data by presenting the results of a project to identify members of four Abell galaxy
clusters in the Local Universe. The S-PLUS DR4 data allow for a reliable assessment of cluster membership out to a large radius
corresponding to 5 X rpg9. The S-PLUS DR4 can be accessed through the survey data portal. All the software used to generate the
catalogues for this release and the scientific investigation presented is available in the collaboration GitHub repository.

Conclusions. The S-PLUS DR4 consists of a large, calibrated public dataset, providing powerful ways for studying Galactic and
extra-galactic objects through an extensive set of (broad and narrow) filters.

Key words. catalogs — surveys — stars: abundances — stars: general — Magellanic Clouds — galaxies: photometry

1. Introduction

The Southern Photometric Local Universe Survey (S-PLUS) is
a wide-area, multi-filter, ongoing photometric survey aiming to
observe nearly 9300 sq deg in the sky using the T80-South
robotic telescope located at the Cerro Tololo Inter-American

* Corresponding author; fabio.herpich@ast.cam.ac.uk;
claudia.oliveira@iag.usp.br

Observatory, Chile (CTIO). The instrumentation, strategies, and
goals of the survey are described in Mendes de Oliveira et al.
(2019, hereafter MO19). S-PLUS is one of the many projects
that follow the success of the Sloan Digital Sky Survey (SDSS;
York et al. 2000), which opened a new era of large photo-
metric surveys, such as Two Micron All Sky Survey (2MASS;
Skrutskie et al. 2006), the Galaxy Evolution Explorer (GALEX;
Morrissey et al. 2007), the VLT Survey Telescope ATLAS
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(Shanks et al. 2015), the Panoramic Survey Telescope and Rapid
Response System (PanSTARRS; Chambers et al. 2016), the
Dark Energy Survey (DES; Abbott et al. 2018), the SkyMapper
Southern Sky Survey (Wolf et al. 2018), the Legacy Survey
of Space and Time (LSST; Ivezi¢ et al. 2019), among many
others. The different instrument designs, strategies, and tele-
scope locations make these surveys unique in specific ways,
each presenting its characteristics regarding the covered area,
photometric depth, wavelength range, and observation cadence,
making them complementary.

The most outstanding characteristic of S-PLUS is the use of
the Javalambre 12-filter photometric system, which includes four
SDSS-like (griz) bands, the Javalambre u-band (uJAV A, which
we call u for simplicity throughout this work), and seven nar-
row bands (J0378: [O111], J0395: Ca HK, J0410: Hé, J0430:
G-band, J0515: Mg-triplet, J0660: He, JO861: Ca-triplet)
designed to capture key stellar spectral features (Marin-Franch
et al. 2012). In terms of instruments, S-PLUS is a duplicate of
the Javalambre Photometric Local Universe Survey (J-PLUS;
Cenarro et al. 2019), which is contained in the framework of the
multi-filter surveys of the Observatorio Astrofisico de Javalam-
bre and includes the Javalambre Physics of the Accelerating
Universe Astrophysical Survey (Dupke et al. 2019). While sim-
ilar to J-PLUS regarding the main design and equipment, the
tiling, and the exposure times, S-PLUS follows a different strat-
egy during observations by deploying the software chimera to
automate them as well as for calibration with the use of the detec-
tion image (see Section 2) for the dual-mode photometry. Since
there are no plans for an S-PLUS-like project for the southern
hemisphere at the moment, the latter will remain the wide-area
survey using the biggest number of photometric filters in the near
future.

The first S-PLUS Data Release (DR1; MO19) covered 336 sq
deg in the SDSS STRIPE 82 region. The second data release
(DR2) expanded the coverage to more than 1000 sq deg by
including observations in the high-latitude (b > 15°) regions
(Almeida-Fernandes et al. 2022, hereafter AF22). The third data
release (DR3) further added about 700 sq deg, including obser-
vations around the Hydra supercluster (Kraan-Korteweg 2000;
Hopp & Materne 1985; da Costa et al. 1987; Strauss et al. 1992;
Santiago et al. 1995; Kaldare et al. 2003; Proust et al. 2006).
DR3 shares the same data reduction and photometric calibration
strategy as DR2, only extending the area of the latter'. Still, both
DR2 and DR3 deploy significant improvements relative to DRI,
for which we refer the reader to AF22 for a discussion on the
differences.

The approximately 1800 sq deg available in previous
releases, in addition to about 1200 sq deg that will be presented
here, have provided important results in different areas of astron-
omy, most notably low-metallicity stars (Placco et al. 2021, 2022,
2023; Almeida-Fernandes et al. 2023), characterization of high-
velocity stars (Quispe-Huaynasi et al. 2024), halo stars in the
neighbourhood (Whitten et al. 2021) and stellar clusters in the
Small Magellanic Cloud (Fabiano de Souza et al. 2024), detec-
tion of globular clusters (Buzzo et al. 2022), identification of
multiple stellar populations in globular clusters (Hartmann et al.
2022), spectral energy distribution (SED) fitting, stellar popu-
lations and emission lines (Thaind-Batista et al. 2023), galaxy
morphologies (Bom et al. 2021, 2024), galaxy cluster member

' For this reason DR3 has not been presented in a standalone paper. For
authors using DR3 data for publication, we recommend citing either this
work and/or AF22.
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selection (Olave-Rojas et al. 2023), and the galaxy environment
(clusters and groups Lima-Dias et al. 2021, 2024; Werner et al.
2023; Montaguth et al. 2023). These findings complement and
extend the scope of the previous works already cited in AF22,
further enhancing the overall impact of our research.

In this paper, we describe and characterize the S-PLUS
Fourth Data Release (S-PLUS DR4), as well as the changes
implemented in the pipeline that make it possible to obtain and
calibrate the photometry in regions of high interstellar extinc-
tion parametrized in terms of E(B — V), and high stellar density.
The main additions to the footprint are ~300 sq deg (150 fields)
covering the Small and Large Magellanic Clouds and the bridge
between them (hereafter, the MC region) and ~340 sq deg
(171 fields) in the region of the Galactic plane (I € [220°,275°],
b € [-15°,5°], hereafter the Disk region). With ~400 sq deg
added to the main area of the survey (henceforth, the Main
region), the total area of DR4 is of ~3000 sq deg, composed of
1629 fields, each with a field-of-view of =2 sq deg in the sky. It
contains the observations from previous DRs, with the addition
of data from the MC, the Disk, and 409 new fields, along with
improvements to the photometric calibration. The whole dataset
was (re)processed using the same reduction pipeline version and
configuration as for DR2 and DR3 (presented in AF22), with
improvements implemented primarily in the calibration pipeline.

The main changes implemented in DR4 regarding images
and catalogues are described in Section 2, while details of the
photometric calibration are presented in Section 3. In Section 4,
the characterization of the data is discussed. The content of
the S-PLUS catalogues, as well as the Value Added Cata-
logues (VACs), are presented in Section 5, while data access
is described in Section 6. Finally, Section 7 showcases a sci-
ence case made possible with the DR4 data. In Section 8 we
summarize our findings.

2. The S-PLUS DR4

In this section, we present details of the images and catalogues of
DR4 in the 12 optical bands: u, J0378, J0395, J0410, J0430, g,
JO515, r, J0O660, i, JO861, and z (see Appendix A for description
of the S-PLUS filter transmission curves along with the several
parameters estimated for them). The data set has been calibrated
using a modified version of the calibration technique described
in AF22. Below we list the features included to tackle the chal-
lenges faced upon the inclusion of crowded areas such as the MC
region and disk fields:

— PSF photometry: Obtaining the aperture photometry of the
most crowded regions is often not feasible, thus demand-
ing techniques that better deal with source detection and flux
measuring in these regions (Alonso-Garcia et al. 2018). We
perform PSF photometry on crowded S-PLUS images using
the code DoPHOT (Schechter et al. 1993; Alonso-Garcia et al.
2012), as detailed in Section 2.3.2.

— Interstellar medium (ISM) extinction correction: The cali-
bration pipeline now considers ISM extinction maps avail-
able in the literature (Schlegel et al. 1998; Goérski et al. 2020;
Gaia Collaboration 2018). However, the final magnitudes are
not corrected for ISM extinction. A column is provided with
the dataset containing the reference value for the sources that
the user can apply when needed (see Appendix C for the
columns description).

— Single mode photometry: Detections and measurements
are obtained individually for each filter using Source
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Fig. 1. Calendar of observations of the DR4 data. Blue squares repre-
sent nights where at least one observation occurred, with darker colours
representing more data collected for a given night.

Extractor (Bertin & Arnouts 1996, SExtractor here-
after). The single-mode photometry is included in DR4 in
addition to the dual-mode used in previous data releases,
which is obtained using a reference image to obtain the
detection list for which the fluxes will be extracted through
all filters. The dual-mode photometry is still available as
usual;

— Use of weight maps during aperture photometry: The pho-
tometry obtained using SExtractor now considers the
individual uncertainties in each pixel, resulting in better-
estimated magnitude errors.

— Improved detection image: The detection image is now pro-
duced using SWARP (Bertin et al. 2002), and weight maps are
considered for the dual mode photometry. This image is the
result of the combination of the griz filters, as in former data
releases.

— Data catalogues and columns: With the addition of single-
mode aperture and PSF photometry, the data structure was
slightly modified for the new data release (see Section 5).
This means the queries to download the data must be
adjusted accordingly.

2.1. Observations and coverage

The observations span a broad time window, the majority from
August 2016 to February 2021 (with a few fields observed later in
2021). Fig. 1 shows the distribution of observations throughout
the years. There were two significant interruptions: i) between
April and November 2017, when technical issues were identified
and subsequently fixed during the science verification phase, and
ii) between March and October 2020, when COVID-19 restric-
tions forced the interruption of the observing activities. The DR4
contains observations of 1629 pointings (hereafter, fields) taken
during 642 nights, corresponding to a total exposure time of
~2525 h (considering science images for the 12 filters). Figure 1
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Fig. 2. Distribution of the characterized FWHM for the broadbands (top
panel) and the narrow bands (bottom panel) for the whole DR4.

shows nights where at least one DR4 observation occurred,
with darker colours representing more observations during a
particular night.

The S-PLUS MS is performed under good seeing condi-
tions (typically smaller than 2""), dark or grey moon (moon
brightness <80%), and photometric conditions. This ensures the
MS data set has the best quality that the T80-South can pro-
vide. Fig. 2 shows the distribution of mean full width at half
maximum (FWHM), in arcsec, for the whole DR4. It is notice-
able that bluer bands tend to have bigger FWHM. This effect is
mainly due to the larger observations’ exposure times, although
other factors such as focus or distortions can play a role in this
regard, especially on the borders.

2.2. Reduction and astrometry

No changes relative to DR2 and DR3 were implemented in the
reduction and astrometric calibration, which have already been
described in AF22. In summary, the reduction of individual
images follows the usual sequence of overscan subtraction, trim-
ming, bias subtraction, masterflat division, cosmetic corrections
(removing satellite tracks and cosmic rays), and fringing subtrac-
tion, as described in MO19 and AF22. In general, three dithered
observations are coadded using SWARP to produce a single sci-
ence image for each filter, although some tiles and/or filters
my contain less or more than three observations, depending on
technical and/or weather conditions at the time of acquisition.
During the coadding, SWARP resamples the images and generates
weight maps, providing the variance for each pixel. SExtractor
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Fig. 3. Astrometric precision of the DR4 PSF data compared to Gaia
coordinates of over 4 million sources. Main panel: distribution of the
sources colour-codded by the absolute value of the proper motion |u|
obtained from the Gaia data. The contours represent 1o (cyan), 20
(yellow), and 30 (green) of the distribution. The histograms show
the respective distributions for each axis with the dashed lines corre-
sponding to 1o, 207, and 30-. The histogram labels show the respective
distribution’s median and o.

uses these weight maps to estimate the uncertainties relative
to the sources during the photometric estimation. The weight
maps are not considered in the case of the PSF photometry (see
Section 2.3.2).

The accuracy of the astrometric solution for high latitudes is
the same as in AF22. For crowded fields (i.e. fields with over
300000 sources or smaller regions densely populated by stars
and galaxies, like the centre of globular clusters, the inner parts
of the Small and Large Magellanic Clouds and the fields of low
Galactic latitude), however, the astrometry might get slightly
worse due to difficulties in matching the sources with the ref-
erence catalogue, hence not being able to properly address the
distortions of the images primarily at the edges of the field.
This, in turn, can introduce more significant positional errors
for the PSF photometry, which we addressed by calculating the
astrometric differences relative to Gaia Data Release 3 (Gaia
DR3; Gaia Collaboration 2023) similarly to those for the DR2
and DR3. The results are shown in Fig. 3, where the sources
of PSF DR4 r-band catalogues are compared with correspon-
dent stars retrieved from Gaia data. The match is done using
a radius of 5” and subsequent constraints are applied to remove
high-proper motion stars, sources with parallax error <0.2”, plus
14 < r < 18 mag, and S/N > 20. As for the proper motion, we
discarded the 5% of the objects with the higher absolute proper
motions |u|, where |u| = |[ARA| + |ADec|, to avoid statistical inter-
ference from outliers that could affect our estimation (and this is
the reason for the diamond-like shape of the scatter in Fig. 3).
We notice that there are low-proper motion objects outside the
main distribution region which we identified as outliers with a
poorly defined centroid when obtaining their photometry. In gen-
eral, they are related to fainter sources that are not necessarily
detected in the same position depending on the filter considered.
They are spread through the entire sample and correspond to
less than 0.01% of the sources. In the same analysis, we also
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see in Fig. 3 a sample of correlated points forming a bar-like
structure extending from the main scatter. These objects account
for less than 0.02% of the sample and are exclusively located
at the corner of the images that compose the Large Magel-
lanic Cloud’s centre, where crowding increases the astrometric
solution’s errors. They are most likely associated with poorly
defined centroids during photometry measuring due to internal
astrometric inconsistencies.

2.3. Photometry

This section details the techniques employed for photometry
determination in DR4. The photometry is obtained in several dif-
ferent ways, all of them with their pros and cons. At the first level,
the two different photometry modes available are the aperture
and PSF, as described in Sections 2.3.1 and 2.3.2, respectively.

2.3.1. Aperture photometry

Aperture photometry corresponds to adding up the detected
flux within a specified radius centred on an object (in DR4,
images are already sky-subtracted during the coadding process).
This measured flux is then used to calculate an instrumental
magnitude with SExtractor. Aperture photometry performs
better in non-crowded fields, which is the case for most S-PLUS
observations.

Single and Dual modes: the aperture photometry is further
divided into two categories: (i) in single mode, detections and
measurements are independently obtained for each filter; and (ii)
in dual mode, all detections are first characterized using a ref-
erence ‘detection image’ and the same centroids and apertures
found for the sources are used for the measurements in all filters.
In previous data releases, only dual-mode aperture photometry
has been provided.

Using a detection image has the advantage of increasing the
detection S/N while ensuring that the measurements in all fil-
ters for a given source are equivalent in position and aperture
size (for the adaptive aperture). In S-PLUS, the detection image
is obtained by coadding the images of the griz filters, which,
for DR4, is done with SWARP considering the individual weight
maps for each filter. A weight map is also produced for the
detection image at the end of this process.

Despite improving the detection thresholds, this dual
approach can result in biases, favouring redder sources due to
our choice of detection image. It is also not the best approach
to detect sources that can be bright in a particular narrow band
while being faint in the broadbands (e.g. H 11 regions with emis-
sion lines detectable in the J0660 filter), in which cases the
single-mode aperture photometry is expected to perform better.
The drawback, in this case, is that an extended source will not
necessarily be detected in the same position, and will likely have
adaptive apertures of different sizes for each filter, as the shape
of the source may depend on the observed wavelength (a sin-
gle source in one filter may even be split into multiple sources
on another filter), reason why single-mode photometry should
always be used with this in mind.

Fixed and Adaptive apertures: for both the single- and dual-
mode photometries, the measurements are performed in several
different apertures for each detected source. The aper_3 and
aper_6 magnitudes correspond to measurements in fixed cir-
cular apertures of 3- and 6-arcsec diameter around the source.
At the same time, the auto and Petro are adaptive ellip-
tical apertures based on the Kron and the Petrosian radius
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(Petrosian 1976; Kron 1980; Bertin & Arnouts 1996), respec-
tively. The latter modes depend on the angular size and shape
of the source, being more suitable for extended objects. The iso
aperture measures the flux based on the sum of the counts, but
only for pixels attributed to a given source whose values are
above a detection threshold. This better preserves the shape of
an extended source at the cost of using fewer pixels to measure
the flux (Bertin & Arnouts 1996).

The aperture correction and the PSTotal magnitude: in the final
catalogues, we include only the 3- and 6-arcsec diameter fixed-
circular apertures, but during the photometry estimation, we
measure the magnitude at 32 different circular apertures between
1 and 50” in diameter. These apertures are used to build a growth
curve for each filter at each observation (see AF22), representing
how much the magnitude changes, on average, when increasing
the aperture. For the estimation of the growth curve, we only use
sources classified as stars (CLASS_STAR> 0.9), which are nei-
ther too faint (S/N > 30) nor too bright (S/N < 1000). From
this curve, the aperture correction is obtained relative to the 3”
measure, corresponding to the value that must be added to this
restricted value to get the total magnitude of the source. Since
the growth curve directly results from the PSF, this correction
is only reliable for point sources (hence the name PSTotal).
The PSTotal magnitude best represents the total magnitude
of a point source while maintaining the high S/N of the very
restricted 3-arcsec aperture. Whenever the aperture photometry
is available for a given field, this is the instrumental magnitude
used during the calibration process.

2.3.2. PSF photometry

PSF photometry consists of fitting a point-spread function to the
light distribution around the detection centroid. The DR4 PSF
photometry is measured using DoPHOT (Schechter et al. 1993;
Alonso-Garcia et al. 2012) and is available for all fields in DR4.
The process of selecting the stars to be used as a reference to
calculate the PSF of the observation is performed automatically
by DoPHOT. Figure 4> shows the colour-magnitude diagram
of the globular cluster Messier 2 (M2) located in the S-PLUS
STRIPES2-0119° field. Fig. 4 was composed by selecting all stars
within a region of 1 sq deg centred in the cluster coordinates
for both PSTotal and PSF modes. The selection of M2 mem-
bers was based on the work of Hartmann et al. (2022) queried
directly from Vizier*, and matching the resulting catalogue with
Gaia DR3 sources. With the proper motion measurements for
the stars in the region, we limited the M2 sample to y, = 3.51 +
0.5 mas/yr and 5 = —2.16 £ 0.5 mas/yr, where the mean values
for the cluster were taken from Baumgardt et al. (2019). PSTotal

2 The code used to select the sample and produce Fig. 4 is available on
the S-PLUS official GitHub repository for the DR4 https://github.
com/splus-collab/codes-dr4-paper

3 As listed in MO19, S-PLUS main survey is divided in four named
areas: Stripe82, Hydra cluster, MC, and “Remaining S-PLUS”. By
internal convention, the tiles/fields of each of these areas are named
accordingly, e.g. STRIPE82-0k, HYDRA-0k, and MCOk, where (k)y,,,
with N being the total number of tiles per area. The “Remaining S-
PLUS” tiles are named SPLUS-mjgl, where m = n or m = s if the tile
is north or south of the galactic plane, respectively, (j)5,, where L is the
number of rows of tiles, ¢ = n or ¢ = s if the tile is north or south of
the celestial equator, respectively, and (/)§;, where C is the number of
columns of tiles.

4 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=]/MNRAS/515/4191/ngc7089
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Fig. 4. Comparison between PSF and aperture photometry in S-PLUS
DR4. Top panels represent the spatial distribution of sources, while the
bottom panels are colour-magnitude diagrams of the M2 globular clus-
ter in the S-PLUS STRIPES82-0119 field. The blue points represent the
sources detected using aperture photometry in the dual mode, and the
magenta points are the ones obtained with the PSF photometry. Back-
ground grey dots are field detections for the respective photometric
mode.

photometry was further constrained to contain only objects with
photometric flags 0, 1, 2 or 35, This comparison between the PSF
and the aperture (PSTotal) magnitudes shows how better is the
PSF approach when working with denser regions.

Since the PSF photometry is based on fitting the point-
spread function to the light distribution of each source, it is only
reliable as a measurement of the total flux for point sources,
which can be selected according to the CLASS_STAR parame-
ter (see Section 5.2). For the MC and Disk areas, where the
aperture photometry is unreliable due to crowding, we adopt
the instrumental PSF magnitudes instead of PSTotal as the
base instrumental magnitudes for the calibration. These corre-
spond to 213 fields for which we only include PSF photometry
in DR4.

24. IDs

With the addition of single mode and PSF photometry, the defini-
tion of a single ID for the same object in different filters becomes
more complex and arbitrary. In dual mode, the detection’s cen-
troid and adaptive aperture size are the same in all filters, so there
is no ambiguity regarding what constitutes a source in each cat-
alogue. For most applications, this ID column is still sufficient
to correctly identify each individual source. In the newly added

5 We refer the reader to the SExtractor manual https:
//sextractor.readthedocs.io/en/latest/Flagging.html?
highlight=flags#extraction-flags-flags for the description
of the photometric flags.
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modes, however, detections are independent in each filter, and,
particularly for extended sources, a single object in one filter may
be detected as multiple objects in another. Moreover, it may not
be straightforward to identify the same source detected in differ-
ent modes. For these reasons, an arbitrary definition of a source
is necessary.

In DR4, three different levels of IDs are associated with the
RA and Dec coordinates:

1. {filter}_ID_{photometry}: corresponds to the detec-
tion in a given filter and photometry that has the asso-
ciated RA and Dec coordinates measured for the source.
This ID is unique for the source only in a specific fil-
ter catalogue and has no relation to any other IDs in
different filter/photometry catalogues. This ID cannot be
used for any crossmatch. Example: “DR4_3_STRIPES2-
0001 _single_r_0000005” is the r_ID_single for the
S5th source detected by SExtractor in the single
mode photometry for the field “STRIPE82-0001" in the
r-band.

2. PHOT_ID_{photometry}: for dual mode IDs are obtained
from the detection catalogue, which results from the detec-
tion image, and all sources are associated homogeneously
across all filters. In the case of single and PSF photom-
etry, this ID is generated by crossmatching the 12 filter
catalogues with a tolerance of 3", meaning that if a source
has a position within this radius for multiple filters, the
same PHOT_ID_{photometry} is assigned to it in all fil-
ters considered. This ID can be used for crossmatch between
filters in the same photometry. Since this method com-
bines measurements that can have different positional val-
ues, the corresponding PHOT_ID_{photometry}_RA and
PHOT_ID_{photometry}_DEC is defined by the coordi-
nates of the detection in the filter with the highest effec-
tive wavelength. Example: the same source of the previous
example has a PHOT_ID_SINGLE of “DR4_3_STRIPES2-
0001_single_0114776”, which is the same for all 12 filters
in single mode photometry.

3. ID: this ID is generated from the crossmatch between the
PHOT_ID_{photometry} for all photometry modes avail-
able for a given field, with a tolerance of 5”. This means that
a given source within five arcsec in the PSF, single and
dual mode photometries will be assigned to the same ID.
The corresponding ID_RA and ID_DEC are also arbitrarily
defined as the coordinates of the PHOT_ID_{photometry}
source, following a priority for detection in dual > single >
PSF. This ID can be used for crossmatching between dif-
ferent photometries. Example: the source in the previous
examples has an ID of “DR4_3_STRIPES§2-0001_0000001"
which, following the criteria described in this section, identi-
fies this same source across the three photometry modes and
all filters.

For the three points above, {filter} is used as a replacement for
any S-PLUS filter and {photometry } represents any of the photo-
metric modes used, namely dual, single, and PSF. While these
different IDs are meant to facilitate the crossmatch between the
different catalogues and allow access to different photometries
for the same source, we highlight that the definition of what
constitutes a single source is arbitrary, and our choices of the
tolerance of 3" for the PHOT_ID_{photometry} and 5" for the
ID may not be ideal for all science cases. For the single and
PSF photometries, in cases where these tolerances may be too
large, we also recommend crossmatching between different
filters/photometries using the RA_{filter} and
DEC_{filter} coordinates listed in each catalogue.
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Fig. 5. Distribution of the Gaia-scale calibration ZPs for the fields in
the main survey (blue), MC (pink), and disk (green).

3. Photometric calibration

The calibration of DR4 follows the same main steps as the pre-
vious data releases described in AF22, with some improvements
highlighted in this section. S-PLUS magnitudes are calibrated
to the AB system. At the same time, corrections are applied
to ensure that the calibration of all fields is on the same scale,
even when different calibration strategies are used in different
regions. Since the template-fitting-based calibration is anchored
in the magnitude of stars in the same observation as the science
images, the air-mass correction is unnecessary once it is already
included in the zero points (ZPs).

3.1. Calibration

The calibration method of the DR4 data is similar to what is
described in detail in AF22 for the DR2. However, for DR4, a
subdivision in several more areas/strategies and additional steps
were necessary. The main steps can be summarized as follows:

External calibration: a synthetic photometry library (see
Section 3.3) is combined with a reference catalogue to pre-
dict the expected calibrated magnitudes for hundreds of selected
sources in a field. ZPs are obtained from the difference between
these predicted and the instrumental magnitudes.

Stellar locus calibration: this step is only used for the Mainp,
MCp, and Disky strategies (see Section 3.4 for an in-depth def-
inition of the strategies), and is used to calibrate the filters u,
J0410, and J0430 when the external calibration step is not
available for one or more of these filters.

Internal calibration: this step is a refinement of the previous
calibration (from 0.01 to 0.02 mag), and takes advantage of the
pre-calibrated narrow bands of S-PLUS to better constrain the
synthetic models. For the strategies that use the stellar locus step
(e.g. when calibration of the u band is not feasible via the refer-
ence catalogue), filters J0378 and J0395 are only calibrated in
this step.

Gaia-scale calibration: in this final calibration stage, the
synthetic library is combined with the S-PLUS magnitudes to
predict the Gaia magnitudes (BP, G, RP) for hundreds of sources
in the field. The average offset is applied to the ZP of each cor-
responding field for all data composing the release. Fig. 5 shows
the distribution of the Gaia-scale offsets for different regions in
DR4: the offset is of the order of —60, —40, and 20 mmags for
the fields in the Disk, MC, and MS, respectively.

3.2. Main improvements for DR4

The most important change is related to the ISM extinction. In
DR2 and DR3, the grid of synthetic stellar photometry included
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Table 1. List of the different calibration strategies ' used in DR4.

Calibration strategy  # of fields

Reference

ISM Extinction map

Main, @ 151
Maing @ 19
Maing @ 1050
Mainp, @ 82
Maing @ 4
MC,® 111
MCp® 20
MC,-® 16
MCp,® 3
Disky ® 174

SDSS (Ivezic) [1]

SDSS (DR12) [3]
ATLAS-REFCAT?2 [4] + GALEX DR6/7 [5]
ATLAS-REFCAT?2 [4]

Skymapper (DR1.1) [6]
ATLAS-REFCAT?2 [4] + GALEX DR6/7 [5] (DR1.1) [6]
ATLAS-REFCAT? [4] (DRI1.1) [6]
Skymapper (DR1.1) [6]

Skymapper (DR1.1) [6]
ATLAS-REFCAT?2 [4]

Schlegel+98 [2]
Schlegel+98 [2]
Schlegel+98 [2]
Schlegel+98 [2]
Schlegel+98 [2]
Schlegel+98 [2]
Gorski+20 [7]
Schlegel+98 [2]
Gorski+20 [7]
Guaia (DR2) [8]

Notes. MReferences: [1] Ivezié et al. (2007), [2] Schlegel et al. (1998), [3] Alam et al. (2015), [4] Tonry et al. (2018), [5] Bianchi et al. (2017), [6]
Wolf et al. (2018), [7] Gérski et al. (2020), [8] Gaia Collaboration (2018). > Aperture (dual mode). ®’PSF.

models with ISM extinction, in terms of E(B — V) (Calzetti et al.
1994), varying between 0 and 1. However, some fields in DR4
can reach values as high as 5, and extending the grid while
dealing with denser regions would result in prohibitive com-
putational costs. Given this constraint, we chose to apply the
extinction correction in the instrumental magnitudes used in the
calibration. However, to account for errors in the extinction cor-
rection, we still allow some variation in the ISM extinction for
the synthetic magnitudes. In the case of DR4, the grid range is
E(B - V) € [-0.1,0.1]. The negative values allow the grid to
still have suitable data points for cases when the extinction of
the source is over corrected.

3.3. Synthetic photometry library

The calibration pipeline relies on a synthetic photometry library
to convert magnitudes between different filter sets by finding
the model that best represents a source in a given system. This
synthetic library was constructed by convolving the synthetic
spectral library of Coelho (2014) with the transmission curves of
all the different reference catalogues and the S-PLUS filter sys-
tem. We adopted the extinction curve from Cardelli et al. (1989)
with Ry = 3.1.

3.4. Calibration strategy

The current version of the calibration relies on the chosen ref-
erence catalogue, the ISM extinction map, and the instrumental
photometry used for the base of the calibration. We call each of
these sets of configurations a calibration strategy. In the cases of
DR2 and DR3, only three different strategies had to be applied.
Still, the larger range of observational properties present in DR4
required the application of 10 different strategies, which are
listed in Table 1.

The choice of strategy depends on the availability of ref-
erence catalogues and extinction maps in the region and how
crowded the fields are (e.g. low/high galactic fields). The base
photometry corresponds to which instrumental magnitudes of
S-PLUS were used as the base for the calibration. In most
cases, the calibration is done relative to the dual mode aper-
ture photometry, but for crowded regions, the PSF photometry
is used instead. Fig. 6 presents the spatial distribution for each
calibration strategy.

The use of distinct strategies could result in offsets in the
photometric calibration between different observations. To avoid

this, we have calibrated the STRIPES2 region using all calibra-
tion strategies to estimate their average offset. The calibration of
STRIPES2 using the Ivezi¢ et al. (2007) catalogue corresponds
to the primary strategy used in the previous data releases and
is considered the base calibration of S-PLUS. These offsets are
corrected during the external calibration step. In Fig. 7, we show
the distribution of the differences in the ZPs for each strategy
and filter compared to the Mainy calibration for the DR4.

In general, the offsets (mean differences) are smaller than
10 mmags for all calibrations, and the scatter (standard deviation)
is usually smaller than 10 mmags for the red filters (g to z). For
the blue filters (# to J0430), the scatter is slightly bigger but
still below 30 mmags in most cases. For the strategies Maing,
MC¢, and MCp, this scatter in the blue bands can be as large
as 60 mmags. However, these strategies are only applied to a
few fields (4, 16, and 3, respectively), where the other strategies
could not be applied.

4. Data characterization

In this section, we present the characterization of the DR4. We
discuss the ZP distribution, photometric depths, S/N, the com-
pleteness for each filter when compared to the r band detections,
and the AB calibration of the u filter.

4.1. ZP distribution

Fig. 8 shows the ZP distributions for all 1629 fields in DR4,
where we can see from the violin-shaped distributions that
the ZPs may differ as much as one magnitude for distinct
fields/observations for the same filter. The main contributor
to these variations is the use of different CCD configurations
throughout the survey’s history, which accounts for the doubled
(and sometimes tripled) peak distributions in Fig. 8. Within each
peak, the variation is caused by multiple factors, including the
atmospheric conditions, observation airmass and variations in
the instrument responses over time. All these effects are indi-
rectly considered during the photometric calibration by ensuring
that our magnitudes are calibrated to the same scale as a
reference catalogue and later refined to the scale of the Gaia
calibration, which is assumed to be uniform across the sky.

The Gaia-scale correction corresponds to the average dif-
ference between the real and the predicted Gaia magnitudes.
The predicted magnitudes are determined by fitting the syn-
thetic photometry to the 12 S-PLUS magnitudes (averaged for
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Fig. 6. Footprint of S-PLUS (grey squares) with the pointings of the DR4 coloured by the calibration strategy adopted for the calibration.
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Fig. 7. Average differences between the ZP for the Main, and each strat-
egy applied in 151 fields in the STRIPES82 region, for each of the 12
filters. The mean values for each distribution are shown in black near
each data point. The error bar represents the standard deviation of the
distribution, which is also listed in the blue text below each bar. Both
sets of values are in mmag.
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throughout the survey lifespan.
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Table 2. Photometric depths from Petro magnitudes for different the
S/N considered in a set of 1306 MS fields.

Filter SN >3 SN >5 SN>10 SN>50
u 20831030 20071033 19.29+033  17.4]+031
JO378 20.19j8:§3 19.48f8:i‘2‘ 18.69f8j§ 16.77f8ﬁg
J0395 19.67° 8:?& 18.99j8:fv31 18.1 8j8jz 16.21j8;§2
J0410 19.78j8:ig‘ 19.12f8:f§ 18.31f8j(5) 16.38j8§(1)
J0430 19.82f8f’é 19.157* 8%(5) 18.37* 8:2? 16.46* 8;28
g 21.10j8:i‘7‘ 20.37f8:ig 19.54fg:ﬁ 17.81j8:i‘5‘
JO515  20.057° 81{ 19.35j8:;121 18.57 ’jgfé 16.74j8§8
r 21.18j8:§2 20.41f8:§j 19.50f8§§ 17.78j8:§g
J0660 20.98f8;§2 20.26f8§2 19.34* 8%? 17.617F 832
i 20~79i83411 20.05f8:§i 19.1 3j8§j 1 7.50j8:§§
J0861 19.78j8:§j 19.05f8§§ 18.25f8:§2 16.59j8:§§
Z 20.03* 8;3;‘ 19.30j8:§;‘ 18.46j8:§g 16.88j8:§;

the three Gaia filters between hundreds of stars in each field).
Even though, as mentioned above, the ZPs of all fields may vary
by up to 1 mag (see Fig. 8), the corrections needed to bring the
magnitude of all sources across the footprint to the Gaia sale are
only approximately 20, 40 and 60 mmags for the MS, the MC,
and the disk regions, respectively. This indicates that even with
significant differences in the ZPs, the resulting magnitudes for
the sources are within the expected precision of the observations.

The variations in the Gaia-scale correction as a function of
region can be explained by the use of different base photometries
and extinction maps between these calibrations. This correction
is expected to bring all the calibrations to the same level.

4.2. Photometric depths

We determined the photometric depths from the Petro mag-
nitudes of objects in the MS’s 1306 fields. This accurately
represents the typical survey depth but does not include the Disk
and MC, for which the depth is expected to be shallower (due to
crowding).

The measurements were done in the following way: for each
field, the photometric depths were calculated for all 12 bands for
S/N 3, 5, 10, and 50. Then, we accounted for the depths of all
fields to characterize the depth of the MS. The kernel density
estimator method is used to evaluate the peak of the magnitude
distribution for each field, filter, and S/N threshold. This peak
value represents the photometric depth, listed in Table 2 and
shown by Fig. 9.

We observed that when the S/N is above 5, the depths for the
blue filters (u, J0378, J0395) are approximately 20.1, 19.5, and
19 mag, reaching upper limits around 21, 20.4, and 19.7 mag,
respectively. For J0410, J0430, and g, the respective depths
are in the neighbourhood of 19.1, 19.2, and 20.4 mag, and the
maximum values are around 20.1, 20.1, and 21.2 mag. As for
JO515, r, and J0660, we obtained depths of 19.4, 20.4, and
20.3 mag, reaching upper limits around 20.3, 21.1, and 21 mag.
Meanwhile, for the redder filters i, JO861, and z, we obtained
approximately 20.1, 19.1, and 19.3 mag, with maximum values
around 20.7, 20, and 20 mag, respectively.

4.3. Completeness

Fig. 10 presents the completeness of photometric detections
across various filters. The completeness is plotted against the
magnitude in 7 for PSF, single, and dual photometry methods,
revealing the impact of exposure times and filter sensitivities.
Each filter’s subplot demonstrates the proportion of sources
detected in r that are also observed in that filter.

For an additional representation of the total numbers associ-
ated with the detection, we refer the reader to the S-PLUS DR4
documentation®.

4.4. AB calibration of the u-band

As an additional check for the accuracy of the calibration, we
employed a Bayesian SED-fitting strategy to obtain estimates of
atmospheric parameters (7., logg, and [Fe/H]) for DR4 stars
using as inputs all 12 S-PLUS bands. The method consists of
maximizing the posterior considering a likelihood based on the
difference between the input and the predicted magnitudes of
the SEDs, and a prior, based on the frequency of the parameters
on a simulated sample of stars using MIST isochrones (Dotter
2016). As an exercise, we used this process to check the accu-
racy of the broadband’s calibration by replacing the magnitudes
of one S-PLUS filter with the corresponding data from SDSS.
The difference in the transmission curves was considered dur-
ing the SED-fitting process. We repeated the process five times,
replacing one of the broadbands in each iteration.

We noticed that replacing the ¢, r, i, and z bands of S-
PLUS with their counterparts from SDSS yields no significant
difference in the estimated atmospheric parameters. However, a
notable distinction arises in the case of the u-band. To investi-
gate whether this dissimilarity could be attributed to an offset
in the ZPs, we systematically applied a range of offsets for this
band (6u), varying from —0.09 to +0.4 and repeating the process
of SED fitting. Subsequently, we computed the disparity between
the parameters obtained with the corrected magnitudes and those
derived using the SDSS u-band.

Fig. 11 shows the normalized standard deviation and the off-
set of the differences between the parameters obtained in the case
where we use u + ou and the case using SDSS wu-band as an
input for the template fitting, which we adopt as reference val-
ues. For the log g (top panel), we found that a bias from —0.04 to
—0.05 mags minimizes the difference and the standard deviation
to the reference result. In the case of [Fe/H], a bias in the range
—0.03 to —0.04 produces the best result. We thus recommend
adding —0.04 mags to u to correct it to the AB system.

The cause of this offset is outside of the scope of this arti-
cle and still needs further thorough evaluation. It is important to
mention that 40 mmag is still within the uncertainties associated
with the u-band in this data release.

5. Catalogues

In this section, we present the structure of the data available
in DR4, the CLASS_STAR parameter, and the description of
the value-added catalogues (VACs). Along with these, we also
provide some useful information regarding the best practices
suggested when using the catalogues.

6 https://splus.cloud/documentation/DR4
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Fig. 9. 12 panels showing the depths for one of the S-PLUS filters using the 1306 fields in the DR4 MS. Each histogram is constructed using the
calculated photometric depths from the peak values of the Petro magnitude distribution for a given field, filter, and S/N threshold of 3, 5, 10, and
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Fig. 11. Standard deviation versus offset (both normalized by their
respective step in the model grid) of the difference between the fitted
atmospheric parameters in each case (with ' = u + 6u) and the ones
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shows the effects on logg and the lower panel on [Fe/H]. Each point
represents a different ou value, indicated on the corresponding label. A
value of —0.04 mags is an appropriate correction for u that would put
the parameters closer to those fitted using SDSS.

5.1. Data structure

The data structure is similar to that of the former data releases,
with the addition of the single mode and the PSF photometries.
The DR4 is divided into four schemas: i) DR4_dual contains
tables related to the dual mode photometry; ii) DR4_single con-
tains tables related to the single mode; iii) DR4_psf contains
tables related to the PSF; iv) DR4_vacs contains the value-added
catalogue tables, and will be expanded as the VACs are pro-
duced for DR4. Appendix C includes a brief description of each
table’s columns. Further information can be found in the S-PLUS
documentation’.

The standard SExtractor photometric FLAGS are included
in the catalogues. These flags are renamed SEX_FLAGS_DET
for the dual mode photometry and SEX_FLAGS_{filter} for
single mode. This bit-flag indicates several issues that can
occur during photometry estimation, and the meaning of each
bit can be found in the SExtractor manual. In addition, we also
include another bit flag produced during the visual inspection of
the calibrated catalogues. The listed value for a particular object
corresponds to the sum of all flags occurring for the respective
observation tile. Each bit represents the following:

0- All good.
1- Unusual offset between PSF and dual modes magnitudes in
at least one filter.
2- Larger than usual scatter between PSF and dual mode
magnitudes in at least one filter.
4- Large offset between the field and the reference stellar locus.
8- Larger than usual scatter in the stellar locus.
16- Unreliable CLASS_STAR and/or FWHM.
32- Correlation between the ZP offset and the magnitude in at
least one filter.
64- Other.

5.2. The CLASS_STAR parameter

For the aperture photometry, SExtractor produces a
CLASS_STAR probability that ranges between 0 and 1 and
indicates if the source behaves as a point source. However,

7 https://splus.cloud/documentation

this feature is not available in DoPHOT. In this case, the PSF
catalogue provides a star-galaxy classification obtained by an
arbitrary selection considering the FWHM of the images. We
made sure to be very inclusive in classifying the stars, only
because we preferred to include misclassified sources instead of
losing them. This value uses the same limits as the SExtractor
CLASS_STAR but, in this case, is a binary instead of a range,
where 1 classifies the object as star and O otherwise.

This classification is compatible with the one found by
the star-galaxy-quasar classification (see Section 5.3.1) for all
12 filters, with the differences between the two classifica-
tions as a function of the magnitude shown by Fig. 12. We
can see that, although both classifications are the same for
most sources, they tend to differ from each other for fainter
objects. In fact, only 13% of the sources with r < 20 are mis-
classified by the CLASS_STAR (by misclassification we mean
objects with CLASS_STAR —PROB_STAR > 0.5 or CLASS_STAR —
PROB_STAR < -0.5), where PROB_STAR comes from the star-
galaxy-quasar classification.

Moreover, the difference between CLASS_STAR and
PROB_STAR is near 1 when we classify our sources using the
PSF photometry. Still, they have a low probability of being stars
in the star-galaxy-quasar approach. The opposite condition hap-
pens less often, meaning fewer stars are misclassified as galaxies
by the PSF flag, where CLASS_STAR — PROB_STAR ~ —1. The
latter is expected by construction, given that the PSF class was
tuned to avoid losing stars.

5.3. Value-added catalogues
5.3.1. Star-galaxy-quasar classification

Photometric classification of stars, galaxies, and quasars is pro-
vided for all sources in DR4, including the estimated probabili-
ties for each class. The classification is performed by two Ran-
dom Forest algorithms that were trained with dual-photometric
information of spectroscopically confirmed objects by SDSS
DR16. For crowded fields, one should rely on CLASS_STAR for a
star-galaxy classification, as previously described in Section 5.2.

The first model is trained with 12 S-PLUS iso magnitudes
and four morphological features (FWHM_n, A, B, KRON_RADIUS).
The second model includes the same features plus W1 and W2
magnitudes from AIIWISE (Cutri et al. 2013), which constrains
the dataset but increases the performance. We deliver the class
estimated by the first model if a source does not have a WISE
(Wright et al. 2010) counterpart (in either W1 or W2 bands). A
column named model_flag indicates which model was used,
for which 1 means that the first model was considered, and 0
otherwise. Full details about data pre-processing and training
strategy can be found in Nakazono et al. (2021), as we kept
the same strategy of DR2 and DR3. The columns provided by
the DR4 star-galaxy-quasar VAC are listed in Table C.5, and the
updated performance is shown in Table 3.

5.3.2. Photometric redshifts for galaxies

S-PLUS provides the single-point estimates (SPEs) of the pho-
tometric redshifts and probability distribution functions (PDFs)
based on galaxy spectroscopy for all objects. These photometric
redshift estimates are obtained using a Bayesian Mixture Den-
sity Network model (Bishop 1994, 1997), which is a supervised
machine learning algorithm. More details can be found in Lima
et al. (2022).
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Table 3. Classification performance for DR4 in terms of the precision
(P), recall (R), and F-score (F).

Feature space CLASS P(%) R (%) F %)
S-PLUS + AIWISE QSO 95.83 96.46 96.14
S-PLUS + AIIWISE STAR 99.50 98.60 99.05
S-PLUS + AIWISE GAL 9841 98.96 98.68
S-PLUS only QSO 67.03 93.02 7792
S-PLUS only STAR 96.16 76.70 85.34
S-PLUS only GAL 83.45 86.32 84.86

Notes. It is important to note that the performances for the “S-PLUS
only” feature space were calculated in a testing set containing only
sources that do not have a WISE counterpart, i.e. most are at fainter
sources, hence the decreased performance.

For the supervised learning models, we assembled a train-
ing sample containing input properties and a target. The input
features combine photometric features (magnitudes and colours
in the aper_6 aperture) and non-photometric features (detec-
tion radius). The photometry from S-PLUS is complemented by
J, H, and K magnitudes from the 2MASS (Skrutskie et al. 20006),
and W1 and W2 magnitudes from the unWISE (Lang 2014) cat-
alogues. The model aims to predict the redshift of galaxies based
on a compilation of spectroscopic catalogues (Lima et al., in
prep.).

The final training sample contains 299 602 galaxies after pre-
processing. This sample is split into training, validation, and
testing sets, with 81, 9, and 10% objects, respectively. The per-
formance metrics reported in this work are calculated using the
testing set.

The model is trained on a sample containing only galaxies
with 14 < r < 21.3 mag and respective errors below 0.5 mag.
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Any estimate made for objects beyond these ranges may be con-
sidered extrapolation, and caution is advised. If an estimate for
such objects is desired, we recommend evaluating the value of
the odds for that prediction, which is the quantity that represents
the area of the probability distribution function inside the inter-
val zpno £ 0.002, for which we suggest a value of 0.4 or higher to
be used.

The results of the testing sample show that our model can
provide accurate and low-biased single-point estimates while
also generating well-calibrated probability distribution func-
tions, which can reliably account for the uncertainties in the
estimates. Fig. 13 shows the prediction scatter coloured by num-
ber density in logarithmic scale and by the value of the odds
(Benitez 2000). The metrics used and the performance cal-
culated for the single-point estimates and probability density
functions are presented in Appendix B.

Our analysis also shows that the photometric redshifts should
not be used for objects with redshifts below 0.007 or above 0.6.
Both limits are defined due to the bias in the estimates, defined
in Eq. (B.7) and calculated using a testing sample. For the lower
end, the bias is of the same order as the redshift measurement
itself, while for the upper end, we see an increase in this metric
(as shown in panel (b) of Fig. B.1). Both situations arise due to
the lack of training data in these regions of the featured space.
Future S-PLUS data releases, which will cover a larger area in
the sky, will improve the model’s performance in these cases
due to the larger quantity of overlapping objects, which leads to
a larger training sample for the model.

5.3.3. Photometric redshifts for quasars

The photometric redshifts focusing on quasars are also avail-
able for the DR4. We use three different machine learning codes,
namely Random Forest (Breiman 2001), Bayesian Mixture Den-
sity Networks (based on Lima et al. 2022; see Section 5.3.2),
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and FlexCoDE (Izbicki & Lee 2017). These models are trained
on a spectroscopic dataset from the SDSS DR16 Quasar Cata-
logue (Lyke et al. 2020). More details can be found in Nakazono
et al. (2024). In DR4, we provide the SPEs for all meth-
ods and the PDFs for the Bayesian Mixture Density Networks
and FlexCoDE. The provided columns are fully described in
Table C.7.

5.3.4. Stellar parameters using CNN

This catalogue provides effective temperature (7.g), metallicity
([Fe/H]), and surface gravity (log g) for approximately 3.5 mil-
lion stars in S-PLUS DR4. The parameters were determined
using a one-dimensional convolutional neural network (CNN)
architecture. The CNN was trained using the 12-band photom-
etry data from S-PLUS as features and T.g, [Fe/H], and (logg)
from LAMOST DRS as labels. After the application of quality
cuts, the common sample between these catalogues consists of
around 55000 stars, of which 80% were used for training and
20% for testing. The mean differences between the values esti-
mated by the CNN and the LAMOST data for the test sample
are approximately zero, and the o-scatter are around 115 K for
Tesr, and 0.2 dex for both [Fe/H] and logg. Additional details
regarding the CNN architecture, application intervals, and qual-
ity cut-offs applied to both the training and test data can be found
in Quispe-Huaynasi et al. (2024). The columns available in this
VAC are presented in Table C.8.

5.3.5. Stellar parameters using SPHINX

We also obtained stellar parameters for S-PLUS DR4 by apply-
ing the same technique described in the work of Whitten et al.
(2021) for the S-PLUS DR2. We only considered sources classi-
fied as stars by the star-galaxy-quasar classification (CLASS = 1),
with a detection S/N of s2n_DET_auto > 3, and PSTotal mea-
surements in all 12 S-PLUS filters. The parameters are obtained
using the Stellar Photometric Index Network Explorer (SPHINX).
SPHINX is an algorithm based on a consensus procedure for a
set of Artificial Neural Networks (ANN), in which each ANN
sub-unit is fed with a unique combination of S-PLUS colours.

A more complete description of SPHINX is presented in Whitten
et al. (2019).

This dataset provides effective temperature, T.g, metallicity,
[Fe/H], and absolute carbon abundance, A(C)%, for approxi-
mately 4.3 million stars. The catalogue also contains estimated
errors and the number of ANN sub-units used for the estima-
tion of each parameter. As described in Whitten et al. (2021),
different ANN structures are used for [Fe/H] and A(C) depend-
ing on the temperature range ([4250, 5750] K, and [5500, 7000]
K). For stars within the overlap region of the two sets ([5500,
5750] K) the reported value corresponds to the average of the two
estimates (these cases are indicated by a flag included in these
data). A description of each column in this VAC is presented in
Table C.9.

5.3.6. Best practices with VACs

Each VAC has its limitations due to the chosen algorithm and its
respective training set. Here, we provide some recommendations
on how to define selection criteria that align with the algorithm’s
expected performance.

For the star-galaxy-quasar classification, we recommend
using only sources with SEX_FLAGS_r = 0 and 13 < r <
21.3 mag with a respective error of 0.2 mag or less. For the pho-
tometric redshifts it is important to note that, even though this
VAC is available for all objects independent of their classifica-
tion, the training sample only consists of galaxies, thus redshifts
for objects classified as stars must be ignored. Predictions for
quasars might not be sufficiently reliable and we recommend the
reader to query the quasars VAC instead (see Section 5.3.3).

We also recommend using the FlexCoDE SPEs and PDFs for
quasars, given that they provide the lowest loss function and pre-
cision of oyap® = 0.042. Most confident predictions are for
sources within 17.5 £ r £ 19.5, with a precision up to 0.02.
Sources beyond the r depth should be used with caution, as the
accuracy ranges from 0.06 to 0.12.

8 A(C) = log(nc/ny) + 12, where nc and ny represents the number
densities of Carbon and Hydrogen species, respectively.
9 Normalized Mean Absolute Deviation.
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6. Data access
6.1. The splus.cloud database: Data and image access tools

All S-PLUS data, including previous data releases, are hosted in
the collaboration server splus.cloud'’. In the Tools section of the
website, the reader can find several tools for different tasks, as
follows:

— Image Tools > 1 Filter Image: Download a PNG cut-
out of a single filter.

— Image Tools > 3 Filters Image: Download a
coloured PNG cut-out by choosing one filter for each
channel.

— Image Tools > 12 Filters Image: Download a
coloured PNG cut-out by choosing a combination of filters
for each channel.

— Image Tools > FITS image: Download a FITS image
cut-out for a selected filter.

— Image Tools > Field FITS image: Download the
11000 x 11000 pixels FITS coadded image of a given field
for a selected filter. Weight images are also available.

— Catalogue Tools > Check Coordinate: check if a pair
of coordinates is present in this or previous data releases.

In addition, splus.cloud integrates the Table Access Protocol
(TAP), conforming to the standards set by the International Vir-
tual Observatory Alliance (IVOA), described in Louys et al.
(2017). TAP facilitates efficient access to the database, enabling
users to execute adhoc queries in the SQL-like Astronomical
Data Query Language (ADQL) against the data tables stored in
the database. This feature is particularly useful for researchers
requiring customized data retrieval and analysis. A walk-through
to access the data is available at DR4 documentation page''.

6.2. The splusdata python package

The splusdata Python module provides integration with
splus.cloud, enabling direct data access and manipulation within
Python. This module supports automated data retrieval and pro-
cessing, which is important to researchers needing streamlined
workflows and advanced data analysis capabilities, including
machine learning applications. Installation options include pip
and direct download from GitHub'?.

7. The feasibility of the identification of galaxy
cluster membership using S-PLUS DR4

As a case test, we used a DR4 sample selected from the
splus.cloud to identify galaxy cluster members in the low- and
mid-redshift regimes (0.05 < z < 0.3, respectively), showcas-
ing the versatility of the S-PLUS data. Our approach involved
selecting four Abell clusters (1300, 3158, 3880, and 1644) and
obtaining their photometry and photometric redshifts from the
splus.cloud database using a cone-search centred at their right
ascension and declinations with a 1.5 deg radius for the first
cluster, and 5 X ryq for the others.

After downloading the data, we selected only objects with
PROB_GAL > 0.5 and r_aper_6 < 21, and created a histogram
of the photometric redshifts, shown by Fig. 14. In this plot, we
identify a peak in the distribution close to the expected cluster
redshifts. A fit of a single Gaussian distribution to these peaks
allows us to find the mean and standard deviations of the cluster’s

0 https://splus.cloud/
' https://splus.cloud/documentation/DR4?Catalogs
12 https://github.com/Schwarzam/splusdata
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Table 4. Spectroscopic and mean photometric redshifts with their
respective standard deviations obtained with a Gaussian fit for the four
clusters studied in this work: Abell 1300, Abell 3158, Abell 3880, and
Abell 1644.

Cluster Spectroscopic redshift Photometric redshift
Abell 1300 0.304 + 0.009 0.313 £ 0.035
Abell 3158 0.060 + 0.004 0.060 = 0.008
Abell 3880 0.057 + 0.003 0.060 = 0.007
Abell 1644 0.047 + 0.004 0.054 + 0.009

photometric redshifts, which we then used to select all objects
within the 20 range. The spectroscopic and mean photometric
redshifts and standard deviations obtained from the Gaussian
fit for each cluster are listed in Table 4. With this simplistic
approach, we can select a sample of probable cluster members
that spans to bigger radii and a larger number of members than
those available in the current spectroscopic samples. The rele-
vance of this kind of application is to provide a larger sample
of candidates belonging to a cluster in outskirts regions (up to
5 X ry0), facilitating the study of the environment and its relation
to the galaxies therein.

8. Summary

In this work, we presented the S-PLUS’s fourth data release,
which includes sky-subtracted images and catalogues with pho-
tometric characterization and calibrated AB magnitudes in 12 fil-
ters (seven narrow and five broadbands). These data cover
3022.7 sq deg in the southern sky. This area includes and
expands the regions covered in the previous data releases along
with new areas introduced in the DR4, namely fields with low
galactic latitude in the anti-centre direction of the Galaxy and
the Magellanic Clouds.

This is also the first S-PLUS data release to include PSF pho-
tometry, which is the optimal option for the crowded regions
introduced in this dataset. In addition to the dual-mode pho-
tometry presented in the previous releases, DR4 includes single-
mode aperture photometry, where each filter’s measurements
and detections are computed independently. We employed the
same photometric calibration technique used in the previous
releases, with improvements in treating the ISM extinction dur-
ing the calibration process. We note, however, that the published
magnitudes are not corrected by ISM extinction.

Different calibration strategies (in terms of reference cat-
alogues, base instrumental photometry, and selection of ISM
extinction map) were required for the calibration of different
regions of the survey. We applied these strategies to the same
fields in the STRIPES2 region to estimate the internal errors
among the methods. For the strategies used in the MS, we find
that, in general, the expected errors are $20 mmags for the blue
filters (u, JO378, J0395), and £10 mmags for the others. The
errors are slightly higher for the regions of the disk and MC,
where the ISM extinction is larger. In the case of the Disk, the
internal errors of the ZPs are ~30 mmags for the blue filters
(u, J0O378, J0395) and £15 mmags for the remaining. These
uncertainties are similar to those found in the calibration of the
MC, except when the calibration is based on SkyMapper DR1.1
(Wolf et al. 2018)'3, which results in slightly larger uncertainties:
<60 mmags (for u, J0378, J0395), £35 mmags (for J0410 and
J0430) and $15 mmags for all others.

13 SkyMapper DR1.1 Catalogue DOL: 10.4225/41/593620ad5b574.
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The absolute error of the calibration was estimated by
converting S-PLUS photometry to the Gaia DR2 system and
comparing the results to the published Gaia magnitudes. The
average offsets are 0.017 + 0.006, —0.040 = 0.007, and —0.059 =
0.014 for the MS, MC and disk, respectively. These offsets are
already adhoc corrected in the reported magnitudes.

The photometric depths of all MS fields and bands were cal-
culated using the Petro magnitudes. Each field had a different
depth calculated by the peak of the magnitude distribution for all
12 bands for four different S /N ratios: 3, 5, 10, and 50. Then, we
accounted for the depths of all fields to characterize the whole

MS. For a S/N threshold of five, we had a minimum depth of
~19 mag for the J0395-band and a maximum of ~20.4 mag for
the r-band. The typical dispersion in depths is around 0.4 mag,
with higher dispersion for bluer bands (e.g. ~0.4 mag for J0430)
and smaller for redder bands (e.g. ~0.2 mag for the z-band).

As an application of DR4, we have shown that we can
identify additional members of the clusters Abell 1300, Abell
1644, Abell 3158, and Abell 3880 through an analysis of the
photometric redshifts in the line of sight of these systems,
allowing us to measure their redshifts (0.313, 0.054, 0.060, and
0.060, respectively). The main advantage of this approach is
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the use of photometric redshifts obtained for a large number of
galaxies in an extended region, not limited to the inner parts
of the clusters (as usually is the case in spectroscopic stud-
ies). This result shows that S-PLUS can be used to identify
and characterize new galaxy clusters, considering the environ-
ment’s properties, while also expanding the cluster members
away to distances far from the centre, enabling studies about their
outskirts.

S-PLUS is soon entering its 8th year of operation (science
operations started in August 2017, MO19) with over 70% of
the originally planned footprint already observed (with about a
third of the area becoming public now). The availability of such
a large dataset will deliver on the promises outlined in MO19
on the possible synergies, such as with the Gaia mission and
other ongoing and upcoming photometric and spectroscopic
wide-area surveys, such as SDSS V (Almeida et al. 2023),
DESI (DESI Collaboration 2024), Euclid (Euclid Collaboration
2022), and LSST. The majority of the southern 10- and 30-meter
class photometric and spectroscopic facilities will have a
substantial overlap with the planned S-PLUS footprint, thus
holding promising prospects in the upcoming years.

Data availability

All the data in this article has been made publicly available
as of Dec. 18th, 2023, at the S-PLUS database splus.cloud',
which follows the standards defined for the Virtual Observatory
environment and data accessibility.
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Appendix A: The S-PLUS filter curves

The S-PLUS project received the laboratory measures of the
filter transmission from the Centro de Estudios de Fisica del
Cosmos de Aragén (CEFCA) in 2015. Using these measure-
ments, we calculated the convolved curves after including the
atmospheric transmission (Noll et al. 2012), the CCD efficiency
measured by e2v'”, and mirror reflectivity measured at the CTIO
in 2016, which resulted in the curves used since then, which
were published in MO19. More recently, we encountered some
inconsistencies between our measurements of central lambdas
and those estimated by external sources using the same trans-
mission curves, thus raising the need to revisit these calculations
and make this an official release of the parameters related to the
S-PLUS filters. In addition to calculating the central lambdas
and the FWHM already published in MO19, we calculated the
lambda mean, mean width, lambda pivot, and the A,/Ay using
the extinction curves of Fitzpatrick (1999)'® and Cardelli et al.
(1989). The resulting transmission curves from this exercise are
shown in Fig. A.1.

Table A.1 lists the aforementioned measurements. All values
were calculated over the convolved curves to reflect the reality
of the filters. The Agengral cOrresponds to the mean point at half
the curve’s height. A linear interpolation was used to get the
most accurate wavelength and decrease the dependence on the
granularity of the data. The FWHM is exactly what its defini-
tion represents, the width at half the height. Aean and Adyea, are
defined by Eq. A.1.

[ AT (d)da
[Tda~

[ T(da
Max(T()’

mean —

(A1)
Adean =
where A is the wavelength and 7'(2) is the transmission 7'(1) =

AR(A) with R(1) being the filter response. The Ay is calculated
following Eq. A.2, and is the parameter used to estimate A, /Ay.

[ T(da
J () da

All calculations, codes, and measurements used to define the
filter transmissions are available at the S-PLUS collaboration
GitHub page'®.

/lpivot = (A2)

Appendix B: Photometric redshift performance
metrics

To quantify the performance of the photometric redshifts, we
selected two different sets of metrics: one for the probability dis-
tribution functions and another for the single-point estimations.
For the probability distribution functions, it is recommended to
analyse more than one metric to evaluate the quality of the PDFs
(Schmidt et al. 2020). For this reason we calculate the Probabil-
ity Integral Transform (PIT, Polsterer 2017), Highest-Probability
Density Credible Interval (HPDCI, Ferndndez-Soto et al. 2002),

7 https://www.teledyne-e2v.com/

18 The opacity spectrum from Fitzpatrick (1999) and Indebetouw et al.
(2005) was obtained directly from the Spanish Virtual Observatory
hosted at https://svo.cab.inta-csic.es/main/index.php.

Y https://github.com/splus-collab/splus_filters
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Continuous Ranked Probability Score (CRPS, Hersbach 2000),
and the odds distribution (Benitez 2000). These metrics are
defined by Eq. B.1 to B.4.

spec
PIT = f PDF;(z) dz, B.1)
0
where PDF;(z) is the PDF of the object i,
¢ = PDF(2), (B.2)

z € PDF;(z) > PDF;(Zgpec,i)

where ¢; is the confidence interval for the PDF of object i which,
ideally, should be equal to the empirical cumulative distribution
function F(c),

CRPS, = f [CDFi(2) - CDFypec()]” . (B.3)

00

where CDF;(z) is the cumulative distribution function for the
object i and CDFgpec(z) is the same for the spectroscopic redshift,
represented here by a Heaviside function at zZgpec,

Zpeak TAZ
odds = f p(2) dz.

Zpeak —AZ

B4

where Zpea is the photometric redshift that corresponds to the
peak of the PDF and Az = 0.002.

For the single-point estimates we use the normalized mean
absolute deviation (c’nmap, Brammer et al. 2008), the absolute
bias (u), and the outlier fraction (1, Ilbert et al. 2006), defined
by Eq. B.5 to B.8.

6Z = Zphot — Zspec> (B.5)
6z — median(6.
oAb = 1.48 X median (M) (B.6)
1+ Zspec
u = median(6z), and B.7)
0.
= 193] > (.15, respectively. (B.8)
1+ Zspec

We present the metrics calculated in a randomly selected
testing sample in Fig. B.1 for the single-point estimates and in
Fig. B.2 for the probability distribution functions. In panels (a)
and (d) of Fig. B.I we can see that the scatter of the SPEs
increases as the sources get fainter. This is expected since the
photometric errors increase with the magnitude, and this hin-
ders the model’s learning process. From panels (b) and (e) we
note that the absolute bias is low for all ranges of magnitude and
spectroscopic redshifts, except for objects with redshifts over 0.6,
where we lack enough training samples. Panels (c¢) and (f) illus-
trate that the outlier fractions remain low for all magnitude and
redshift ranges.

Fig. B.2 shows the results for the PDF metrics calculated in
the testing set. From panel (a) we note that most of the objects
have odds above 0.5, which means that at least half of the area of
their PDFs falls inside the region defined in Eq. B.4. The CRPS
can be seen in panel (b), in which we get a distribution that peaks
with values close to zero, indicating a low difference between the


https://www.teledyne-e2v.com/
https://svo.cab.inta-csic.es/main/index.php
https://github.com/splus-collab/splus_filters
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Fig. A.1. S-PLUS convolved transmission curves after accounting for the instrumental and atmospheric contributions.
Table A.1. Central wavelengths of the S-PLUS filters obtained via the different definitions described in this section.
Filter /lcegltral FWOHM /lniean A/lxonean /lpci)vot A/l / A Vv A/l / A Vv
[A] [A] [A] [A] [A]  (Fitzpatrick 1999) (Cardelli et al. 1989)
u 3577 325 3542 323 3533 1.610 1.584
JO378 3771 151 3774 136 3773 1.518 1.528
J0395 3941 103 3941 101 3941 1.459 1.483
J0410 4094 200 4096 193 4095 1.403 1.434
J0430 4292 200 4293 195 4292 1.334 1.364
g 4774 1505 4821 1312 4758 1.199 1.197
JO515 5133 207 5134 204 5133 1.098 1.085
r 6275 1437 6296 1274 6252 0.864 0.866
J0660 6614 147 6614 147 6614 0.798 0.810
i 7702 1507 7710 1438 7671 0.648 0.646
JO861 8611 410 8610 402 8607 0.539 0.518
z 8882 1270 8986 1308 8941 0.512 0.484

cumulative distribution function and a real CDF, described by
the Heaviside function in Eq. B.3. Panel (c) reflects how well-
calibrated the PDFs are in terms of width, as our results follow
the ideal uniform distribution. Panel (d) shows the HPDCI curves
obtained for different magnitude bins in the r-band, and we note
that, although objects with magnitudes between 16 and 17 have
their PDFs with slightly lower accuracy, the curves for the other
bins indicate that the PDFs can reliably represent the uncertainty
in the estimates.

Appendix C: Column descriptions

In this section, we describe the columns of the DR4 schemes.
To simplify the notation, {aperture} corresponds to each of the
apertures available in the single and dual mode photometry
(PSTotal, aper_3, aper_6, auto, Petro, iso); and {filter}
corresponds to each of the S-PLUS filters (u, J0378, J0395,
J0410, J0430, g, JO515, r, J0660, i, JO861, 7). We list the
available DR4 schemes below:

The dual mode photometry schema (DR4_dual) contains 13
tables: one for the columns related to the catalogue produced
from the detection image, and one for the catalogue of each
of the 12 filters. Tables C.1 and C.2 list the characteristics for
each of the columns in the dual-mode schema.

The  single-mode  aperture  photometry  schema
(DR4_single) contains 12 tables, corresponding to
each S-PLUS filter. Table C.3 lists all the parameters
available.

The PSF photometry schema (DR4_psf) also contains 12
tables, corresponding to each S-PLUS filter. Table C.4 lists
the characteristics of each column for this mode.

Table C.5 lists the descriptions of the columns present in the
star/galaxy/quasar classification VAC.

Tables C.6 and C.7 describe the columns of the galaxies and
quasars photometric redshifts VAC, respectively.

Tables C.8 and C.9 describe the columns of the Convo-
lutional neural network and the SPHINX stellar parameters
VACs, respectively. For comparison, Whitten et al. (2021)
computed 0.25 and 0.35 dex residuals for [Fe/H] and A(C),
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Fig. B.1. Results for the single-point estimates. From left to right: the scatter (conmap), absolute bias (i), and outlier fraction (7). The top row shows
the results as a function of the r_aper_6 magnitude and the bottom row shows the results as a function of the spectroscopic redshift.
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Fig. B.2. Results for the probability distribution functions. The panels (a), (b), and (c) show the odds, CRPS, and PIT distributions, respectively.
Panel (d) shows the HPDCI curves for different bins of magnitude.

which can be considered by the user when querying the DR4

data.
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Table C.1. Description of the columns of the detection image catalogue for the dual mode photometry.

Column Description Unit

Field Name of S-PLUS field

ID Object ID in a given field

ID_RA Right ascension (J2000) associated with this ID [deg]
ID_DEC Declination (J2000) associated with this ID [deg]
PHOT_ID_dual Same as DET_ID_dual

PHOT_ID_RA_dual Same as RA [deg]

PHOT _ID_DEC_dual Same as DEC [deg]
DET_ID_dual Generated ID for the source in the detection catalogue

RA Right ascension of barycenter (J2000) of the source in this filter [deg]

DEC Declination of barycenter (J2000) of the source in this filter [deg]
SEX_NUMBER_DET SExtractor’s Running object number

SEX_FLAGS_DET SExtractor’s Extraction flags

calib_strat Name given to calibration strategy used in this field

X Object position along x [pixel]

Y Object position along y [pixel]

A Profile RMS along major axis [deg]

B Profile RMS along minor axis [deg]

THETA Position angle (CCW/World-x)

ELONGATION A_IMAGE/B_IMAGE

ELLIPTICITY 1 - B_LIMAGE/A_IMAGE

ISOarea Isophotal area above ANALYSIS_THRESH [deg?]
KRON_RADIUS Kron radius in units of A or B

PETRO_RADIUS Petrosian apertures in units of A or B

FLUX_RADIUS_20 Radius enclosing 20% of the total flux

FLUX_RADIUS_50 Radius enclosing 50% of the total flux

FLUX_RADIUS_70 Radius enclosing 70% of the total flux

FLUX_RADIUS_90 Radius enclosing 90% of the total flux

CLASS_STAR S/G classifier output (1: star; O: non-star)

FWHM FWHM assuming a Gaussian core [deg]
FWHM_n Normalized FWHM assuming a Gaussian core

MU_MAX_INST Instrumental Peak surface brightness above the background [instrumental]
MU_THRESHOLD_INST Instrumental Detection threshold above background [instrumental]
BACKGROUND Instrumental background at centroid position [instrumental]
THRESHOLD Instrumental detection threshold above background [instrumental]
s2n_DET_ {aperture} signal to noise ratio of aperture measurement

EBV_SCH extinction E_{B-V} given by Schlegel et al. (1998) maps for the source’s [mag]

RA DEC’
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Table C.2. Description of the columns of the catalogues for the dual-mode photometry, where {filter} represents any of the 12 S-PLUS bands (u,
J0378, ...), and {aperture} represent any of the apertures (auto, petro, aper_3).

Column Description Unit

Field Name of S-PLUS field

ID Object ID in a given field

ID_RA Right ascension (J2000) associated with this ID [deg]
ID_DEC Declination (J2000) associated with this ID [deg]
PHOT_ID_dual Same as DET_ID_dual

PHOT_ID_RA_dual Same as RA [deg]
PHOT_ID_DEC_dual Same as DEC [deg]
{filter}_ID_dual In dual mode, same as DET_ID_dual

RA Right ascension of barycenter (J2000) of the source in this filter [deg]

DEC Declination of barycenter (J2000) of the source in this filter [deg]
SEX_NUMBER_ {filter} SExtractor’s Running object number

SEX_FLAGS_{filter} SExtractor’s Extraction flags

calib_strat Name given to calibration strategy used in this field

FWHM_{filter} FWHM assuming a Gaussian core in this filter [deg]
FWHM_n_ {filter} Normalized FWHM assuming a Gaussian core

MU_MAX_ {filter} Peak surface brightness above background in this filter [mag/arcsec?]
MU_THRESHOLD_ {filter}  Detection threshold above background in this filter [mag/arcsec2]
BACKGROUND_ {filter} Instrumental background at centroid position in this filter [instrumental]
THRESHOLD_ {filter} Instrumental detection threshold above background in this filter  [instrumental]
{filter}_{aperture} AB-Calibrated magnitude for the {aperture} measurement [AB mag]
e_{filter}_{aperture} Error for {filter}_{aperture} magnitude [AB mag]

s2n_{aperture}_({filter}

Signal to noise ratio of {aperture} measurement
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Table C.3. Description of the columns of the catalogues for the single-mode photometry, where {filterz} represents any of the 12 S-PLUS bands
(u, JO378, ...), and {aperture} represent any of the apertures (auto, petro, aper_3).

Column Description Unit

Field Name of S-PLUS field

ID Object ID in a given field

ID_RA Right ascension (J2000) associated with this ID [deg]
ID_DEC Declination (J2000) associated with this ID [deg]
PHOT_ID_single Generated single mode photometry ID

PHOT_ID_RA_single Right ascension (J2000) associated with this PHOT_ID [deg]
PHOT_ID_DEC_single Declination (J2000) associated with this PHOT_ID [deg]
{filter}_ID_single Generated ID for the detection in this filter in single mode

RA_ {filter} Right ascension of barycenter (J2000) of the source in this filter [deg]

DEC_ {filter} Declination of barycenter (J2000) of the source in this filter [deg]
SEX_NUMBER_ {filter} SExtractor’s Running object number

SEX_FLAGS_ {filter} SExtractor’s Extraction flags

calib_strat Name given to calibration strategy used in this field

X_{filter} Object position along x in this filter [pixel]
Y_({filter} Object position along y in this filter [pixel]
A_{filter} Profile RMS along major axis in this filter [deg]
B_{filter} Profile RMS along minor axis in this filter [deg]
THETA_ {filter} Position angle (CCW/World-x) in this filter [deg]
ELONGATION_{filter} A_IMAGE/B_IMAGE

ELLIPTICITY_ {filter} 1 - B_IMAGE/A_IMAGE in this filter

ISOarea_{filter} Isophotal area above ANALYSIS_THRESH in this filter [degz]
KRON_RADIUS_ {filter} Kron radius in units of A or B in this filter

PETRO_RADIUS_ {filter} Petrosian apertures in units of A or B in this filter

FLUX_RADIUS_20_{filter} Radius enclosing 20% of the total flux in this filter

FLUX_RADIUS_50_{filter} Radius enclosing 50% of the total flux in this filter

FLUX_RADIUS_70_{filter} Radius enclosing 70% of the total flux in this filter

FLUX_RADIUS_90_{filter} Radius enclosing 90% of the total flux in this filter

CLASS_STAR_ {filter} S/G classifier output (1: star; 0: non-star) in this filter

FWHM_({filter} FWHM assuming a Gaussian core in this filter [deg]
FWHM_n_ {filter} Normalized FWHM assuming a Gaussian core

MU_MAX_ {filter} Peak surface brightness above background in this filter [mag/arcsec?]
MU_THRESHOLD_{filter}  Detection threshold above background in this filter [mag/arcsecz]
BACKGROUND_ {filter} Instrumental background at centroid position in this filter [instrumental]
THRESHOLD_ {filter} Instrumental detection threshold above background in this filter [instrumental]
{filter}_{aperture} AB-Calibrated magnitude for the {aperture} measurement [AB mag]
e_{filter}_{aperture} Error for {filter}_{aperture} magnitude [AB mag]
s2n_{aperture}_{filter} Signal to noise ratio of {aperture} measurement

EBV_SCH Extinction E_{B-V} given by Schlegel et al. (1998) maps for the mag

source’s RA_{filter}, DEC_{filter}
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Table C.4. Description of the columns of the catalogues for the PSF-mode photometry, where {filter} represents any of the 12 S-PLUS bands (u,
J0378, ...), and {aperture} represent any of the apertures (auto, petro, aper_3).

Column Description Unit
Field Name of S-PLUS field

ID Object ID in a given field

ID_RA Right ascension (J2000) associated with this ID [deg]
ID_DEC Declination (J2000) associated with this ID [deg]
PHOT_ID_psf Generated single mode photometry ID

PHOT_ID_RA_psf Right ascension (J2000) associated with this PHOT_ID [deg]
PHOT_ID_DEC_psf Declination (J2000) associated with this PHOT_ID [deg]
RA_ {filter} Right ascension of barycenter (J2000) of the source in this filter [deg]
DEC_ {filter} Declination of barycenter (J2000) of the source in this filter [deg]
DoPHOT_Star_number_{filter} DoPHOT star number for this filter

calib_strat Name given to calibration strategy used in this field

X_{filter} Object position along x in this filter [pixel]
Y_{filter} Object position along y in this filter [pixel]
CLASS_STAR_ {filter} S/G classifier output (1: star; 0: non-star) in this filter

{filter}_psf AB-Calibrated PSF-photometry magnitude [AB mag]
e_{filter}_psf Error for {filter}_PSF magnitude [AB mag]

s2n_psf_{filter}
EBV_SCH

Signal to noise ratio of PSF-photometry measurement
Extinction E_{B-V} given by Schlegel et al. (1998) maps for the mag
source’s RA_ {filter}, DEC_({filter}

Table C.5. Columns in the DR4 star-galaxy-quasar VAC.

Column Description

CLASS 0=QSO0, 1 =STAR, 2 = GALAXY
PROB_STAR Probability of a source being a star
PROB_QSO Probability of a source being a quasar
PROB_GAL Probability of a source being a galaxy
model_flag 0 = classified with S-PLUS + AlIWISE;

1 = classified with S-PLUS only

Table C.6. Description of the columns in the VAC photometric redshifts for galaxies.

Column Description

ID Identifier of the object in the dual photometry catalogue

RA Right ascension [degrees]

DEC Declination [degrees]

zml Single-point estimate of the photometric redshift, calculated as a maximum-a-
posteriori estimate from the PDF

zml_2.5q 2.5% percentile of the CDF of the object

zml_16q 16% percentile of the CDF of the object

zml_84q 84% percentile of the CDF of the object

zml_97.5q 97.5% percentile of the CDF of the object

odds Odds of the object, calculated as in Benitez et al. 2000

pdf_err Width of the PDF

pdf_peaks Number of peaks detected in the PDF

zml_second_peak
pdf_weights
pdf_means
pdf_stds

Single-point estimate of the redshift of the second peak, if one is detected
Seven components of weights for the PDF mixture

Seven components of means for the PDF mixture

Seven components of standard deviation for the PDF mixture
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Table C.7. Description of the columns provided in DR4 regarding quasar photometric redshifts, along with S-PLUS ID, RA, and Dec. All columns
are type float64.

Column Description

z_rf Photo-z estimated with RF

7_bmdn_peak Photo-z estimated with BMDN (peak of the PDF)
z_flex_peak Photo-z estimated with FlexCoDE (peak of the PDF)
7_mean Average of {z_rf, z_bmdn_peak, and z_flex_peak}

z_std Standard deviation of {z_rf, z_bmdn_peak, and z_flex_peak}

n_peaks_bmdn
7_bmdn_pdf_weight_[0-6]
z_bmdn_pdf_mean_[0-6]
z_bmdn_pdf_std_[0-6]
z_flex_pdf_[1-200]

Number of peaks for BMDN’s PDF

Weight of the [0-6]-th Gaussian distribution estimated with BMDN

Mean of the [0-6]-th Gaussian distribution estimated with BMDN

Standard deviation of the [0-6]-th Gaussian distribution estimated with BMDN
Probability for the [1-200]-th redshift within the interval [0.058, 6.999] estimated with
FlexCoDE

Table C.8. Columns in the DR4 CNN stellar parameters VAC.

Column Description

ID Identifier in S-PLUS DR4
RA Right ascension [degrees]
DEC Declination [degrees]
GAIJADR3_SOURCE_ID SOURCE ID from Gaia DR3
TEFF_CNN Effective temperature [K]
FEH_CNN Metallicity

LOGG_CNN Surface Gravity

Table C.9. Columns in the DR4 SPHINX stellar parameters VAC. Each reported parameter corresponds to the average of the ANN sub-unit
estimates, weighted by the validation scores. The reported errors correspond to the error propagation between the scatter among the individual
ANN sub-units and the standard deviation of the spectroscopic residuals of the validation stars. For the effective temperature, we computed a
residual of 120 K for the SEGUE DR12 adopted values. The cases when SPHINX does not provide an estimate for the parameter are represented as
—9999.

Column Description

ID Identifier of the object in the dual photometry catalogue

RA Right ascension [degrees]

DEC Declination [degrees]

NET_FEH Metallicity

NET_FEH_ERR Metallicity uncertainty

NET_ARRAY_FEH_FLAG Number of ANN sub-units used in the metallicity estimation
NET_AC Absolute carbon abundance

NET_AC_ERR Absolute carbon abundance uncertainty

NET_ARRAY_AC_FLAG
NET_TEFF
NET_TEFF_ERR
NET_ARRAY_TEFF_FLAG
NET_OVERLAP_FLAG

Number of ANN sub-units used in the absolute carbon abundance estimation
Effective temperature [K]

Effective temperature uncertainty [K]

Number of ANN sub-units used in the effective temperature estimation

0 = based on the architecture of only one temperature regime;

1 = [Fe/H] and A(C) values are the averages between the measurements from the two
temperature regimes
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