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Abstract

We present a comprehensive recalibration of narrowband/medium-band and broadband photometry from the
Southern Photometric Local Universe Survey (S-PLUS) by leveraging two approaches: an improved Gaia XP
synthetic photometry (XPSP) method with corrected Gaia XP spectra, and the stellar color regression (SCR)
method with corrected Gaia Early Data Release 3 photometric data and spectroscopic data from LAMOST Data
Release 7. Through the use of millions of stars as standards per band, we demonstrate the existence of position-
dependent systematic errors, up to 23 mmag for the main survey region, in the S-PLUS iDR4 photometric data. A
comparison between the XPSP and SCR methods reveals minor differences in zero-point offsets, typically within
the range of 1-6 mmag, indicating the accuracy of the recalibration, and a twofold to threefold improvement in the
zero-point precision. During this process, we also verify and correct for systematic errors related to CCD position.
The corrected S-PLUS iDR4 photometric data will provide a solid data foundation for conducting scientific
research that relies on high-precision calibration. Our results underscore the power of the XPSP method in
combination with the SCR method, showcasing their effectiveness in enhancing calibration precision for wide-field
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surveys when combined with Gaia photometry and XP spectra, to be applied for other S-PLUS subsurveys.

Unified Astronomy Thesaurus concepts: Stellar photometry (1620); Astronomy data analysis (1858);

Calibration (2179)

1. Introduction

Accurate and uniform photometric calibration presents a
challenging task, yet it is crucial for wide-field surveys due to
rapid fluctuations in Earth’s atmospheric opacity on timescales
of seconds to minutes, instrumental effects (e.g., flat-field
corrections), and electronics instability (e.g., variation in
detector gain over time). Traditional optical photometric
calibration relies on networks of standard stars with well-
determined photometry, such as those of Landolt (1992,
2009, 2013) and Stetson (2000). However, the limited number
of standard stars hinders traditional methods from meeting the
calibration accuracy expectations of modern wide-field photo-
metric surveys.

Over the past two decades, significant advancements have
been made in achieving high-precision calibration using
various methods, broadly categorized into ‘“hardware-driven”
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and “software-driven” approaches, as discussed by Huang &
Yuan (2022). Hardware-driven methods include the ubercali-
bration method (Padmanabhan et al. 2008), the hypercalibra-
tion method (Finkbeiner et al. 2016), and the forward global
calibration method (Burke et al. 2018). Software-driven
approaches involve techniques such as the stellar locus
regression method (High et al. 2009), the stellar color
regression (SCR) method (Yuan et al. 2015), and the stellar
locus method (L6pez-Sanjuan et al. 2019).

The central idea of the SCR method is to predict the intrinsic
colors of stars by utilizing stellar atmospheric parameters,
which has proven to be particularly effective in the photometric
recalibration of wide-field surveys. For instance, when applied
to Sloan Digital Sky Survey (SDSS; York et al. 2000) Stripe 82
(Ivezi¢ et al. 2007), it achieved a precision of 2-5 mmag in the
SDSS colors. Additionally, it has been employed for data from
Gaia Data Release 2 (Gaia Collaboration et al. 2018) and Early
Data Release 3 (EDR3; Gaia Collaboration et al. 2021a, 2021b)
to correct for magnitude/color-dependent systematic errors in
the Gaia photometry (Niu et al. 2021a, 2021b), yielding an
unprecedented precision of 1 mmag.
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Huang et al. (2021) utilized the SCR approach to recalibrate
the second data release of the SkyMapper Southern Survey
(SMSS; Wolf et al. 2018), revealing large zero-point offsets in
the u and v bands. Huang & Yuan (2022) applied the method to
SDSS Stripe 82 standard-star catalogs (Ivezi¢ et al. 2007;
Thanjavur et al. 2021), achieving a precision of 5 mmag in the
SDSS u band and of 2 mmag in the griz bands (Yuan et al.
2015). In addition, Xiao & Yuan (2022) and Xiao et al. (2023b)
applied the SCR method to the Pan-STARRS1 (PS1; Tonry
et al. 2012) data, effectively correcting for significant large-
scale and small-scale spatial variations in the magnitude offsets
and magnitude-dependent systematic errors. Other applications
include that of Xiao et al. (2023c), who used the SCR method
to perform recalibration on the J-PLUS Data Release 3 (DR3)
photometric data, accurately measuring and correcting for PS1
systematic errors and metallicity-dependent systematic errors
present in the data. Xiao et al. (2023a) also performed
photometric calibration of the Nanshan 1 m wide-field
telescope gri-band imaging data of the Stellar Abundance
and Galactic Evolution Survey (SAGES; Zheng et al.
2018, 2019) using the SCR method, achieving 1-2 mmag
precision in the zero-points.

Recently, Gaia DR3 (Carrasco et al. 2021; Gaia Collaboration
et al. 2023) was released, which provides ultra-low-resolution
(A/AX~50) BP/RP (XP) spectra for roughly 220 million
sources, with the majority having magnitudes G < 17.65. The
XP spectra cover wavelengths from 336 to 1020 nm, and have
undergone precise internal (Carrasco et al. 2021; De Angeli et al.
2023) and external calibrations (Montegriffo et al. 2023).
Unfortunately, the Gaia XP spectra exhibit systematic errors
that depend on magnitude and color, particularly at wavelengths
below 400 nm (see, e.g., Montegriffo et al. 2023; Huang et al.
2024).

More recently, comprehensive corrections to the Gaia XP
spectra have been provided by Huang et al. (2024), utilizing
spectra from CALSPEC (Bohlin et al. 2014; Bohlin &
Lockwood 2022) and Hubble’s Next Generation Spectral
Library (NGSL; Koleva & Vazdekis 2012). In this process, the
spectroscopy-based SCR method (Yuan et al. 2015) was
employed as well. Based on the corrected Gaia XP spectra,
Xiao et al. (2023c) further developed the XP spectra—based
photometric synthesis (XPSP) method, and applied it to the
photometric calibration of J-PLUS DR3 data. The consistency
between the J-PLUS zero-points predicted by the XPSP method
after XP spectrum correction and the SCR method is better than
5 mmag, which represents a twofold improvement as compared
to the consistency between the J-PLUS zero-points predicted
by the XPSP method with uncorrected XP spectra and the SCR
method.

Conducted at the Cerro Tololo Inter-American Observatory,
the Southern Photometric Local Universe Survey (S-PLUS15 ;
Mendes de Oliveira et al. 2019) employs an 83 cm telescope to
obtain images on a single CCD. The photometric calibration of
S-PLUS Internal Data Release 4 (iDR4) is carried out using
photometric data from the Galaxy Evolution Explorer, SDSS,
Pan-STARRS, SkyMapper, and so on, along with spectral
energy distribution (SED) information for calibration sources
(Almeida-Fernandes et al. 2022). However, this method (i)
relies on reference catalogs that do not have uniform calibration
precision across the S-PLUS footprint; (ii) relies on synthetic

15 http://splus.iag.usp.br
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stellar models, and will inherit any systematic errors present in
these (for instance, Almeida-Fernandes et al. 2022 observed
zero-point offsets as high as 50 mmag for the J0395 band just
by changing the synthetic spectral library); (iii) relies on the
Schlegel et al. (1998) extinction maps, and thus fails at low
Galactic latitudes, and exhibits spatially dependent systematic
errors, up to 0.02 mag (Sun et al. 2022); and (iv) uses aperture
corrections for the determination of aperture magnitudes.
Improvement of the photometric calibration of S-PLUS is
crucial, given the importance of high-precision investigations,
particularly those that seek accurate determinations of stellar
parameters and elemental abundances.

In this study, we utilize both an improved XPSP method and
the SCR method to conduct photometric recalibration of the
S-PLUS iDR4 data (F. R. Herpich et al. 2024, in preparation),
aiming to achieve uniform photometry with accuracy better
than 1%. The structure of this paper is as follows. We present
the data used in this work in Section 2. Predictions of the
S-PLUS magnitudes with the XPSP method and the SCR
method are presented in Section 3, followed by a description of
systematic errors present in the S-PLUS iDR4 data in
Section 4. A discussion is carried out in Section 5. Finally,
we provide brief conclusions in Section 6.

2. Data
2.1. S-PLUS iDR4

S-PLUS iDR4 encompasses 1629 pointings with both
aperture photometry (PStotal) and point-spread function
(PSF) photometry, covering approximately 3000 deg” of the
southern sky, including the main survey with PStotal and PSF
photometry, the Magellanic Clouds (MCs) with PStotal and
PSF photometry, and the disk survey with PSF photometry
(F. R. Herpich et al. 2024, in preparation). The PStotal
photometry was the one used for calibration, and is the best
representation of the total magnitude of a point source in the
S-PLUS catalogs (for the aperture photometry). The S-PLUS
data were obtained using the T80-South telescope.'® The
panoramic camera features a single charge-coupled device
(CCD) with 9.2k x 9.2k pixels, a field of view measuring
1%4 x 1°4, and a pixel scale of 0.55” pix ' (Benitez et al.
2014). It employs five broadband filters (uJAVA, gSDSS,
rSDSS, iSDSS, and zSDSS) and seven narrowband/medium-
band filters (J0O378, J0395, J0410, J0430, JO515, JO660, and
JO861) within the optical range. It is essential to note that
the S-PLUS iDR4 magnitudes mentioned in this paper refer
to the magnitudes calibrated following Almeida-Fernandes
et al. (2022).

2.2. Gaia EDR3

Gaia EDR3 (Gaia Collaboration et al. 2021a, 2021b; Riello
et al. 2021) provides the most precise photometric data available
to date for approximately 1.8 billion stars. The magnitudes in the
G, Ggp, and Ggrp bands have been uniformly calibrated with
accuracy at the millimagnitude level (e.g., Abbott et al. 2021;
Niu et al. 2021c). To address magnitude-dependent systematic
errors, which are estimated to be around 1% in these bands for
Gaia EDR3, Yang et al. (2021) utilized approximately 10,000
Landolt standard stars from Clem & Landolt (2013). In our

16 https://noirlab.edu/public/programs /ctio/t80-south-telescope /
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study, we adopt the magnitudes of G, Ggp, and Ggp as corrected
by Yang et al. (2021) by default.

2.3. Gaia DR3

Gaia DR3 (Gaia Collaboration et al. 2023), based on 34 months
of observations, provides ultra-low-resolution (A\/AM~ 50) XP
spectra for approximately 220 million sources, with the majority
having magnitudes G < 17.65. The XP spectra cover a
wavelength range of 336 to 1020nm, and have undergone
precise internal calibrations (Carrasco et al. 2021; De Angeli et al.
2023), as well as external calibrations (Montegriffo et al. 2023).
However, it is crucial to note that Gaia XP spectra are subject to
systematic errors that depend on magnitude, color, and extinction,
especially at wavelengths below 400 nm (see Montegriffo et al.
2023; Huang et al. 2024). A comprehensive set of corrections,
based on reference spectra from CALSPEC and NGSL, have been
provided by Huang et al. (2024). In this paper, the term “corrected
Gaia XP spectra” refers to the Gaia XP spectra as rectified by
Huang et al. (2024).

2.4. LAMOST Data Release 7

The Large Sky Area Multi-object Fiber Spectroscopic
Telescope (LAMOST; Cui et al. 2012; Deng et al. 2012; Zhao
et al. 2012; Liu et al. 2014) is a quasi-meridian reflecting
Schmidt telescope equipped with 4000 fibers and a field of
view spanning 20 deg”. LAMOST’s Data Release 7 (DR7; Luo
et al. 2015) presents a comprehensive data set comprising
10,640,255 low-resolution spectra, over the full optical
wavelength range of 369 to 910 nm, with a spectral resolution
of R~ 1800. To derive fundamental stellar parameters,
including effective temperature (7.¢), surface gravity (logg),
and metallicity ([Fe/H]), the LAMOST Stellar Parameter
Pipeline (LASP; Wu et al. 2011) has been employed. The
internal precision typically attained for these parameters is
approximately 110 K for T, 0.2 dex for log g, and 0.1 dex for
[Fe/H] = —2.5 (Luo et al. 2015).

3. Predictions of S-PLUS Magnitudes

In this section, we describe how to obtain the predicted
magnitudes for the 12 photometric bands of S-PLUS using the
improved XPSP method and SCR method.

3.1. The XPSP Method with Corrected Gaia XP Spectra

The synthetic photometry method (Bessell & Murphy 2012;
Gaia Collaboration et al. 2023) involves projecting the SED at
the top of the atmosphere of a source onto the transmission
curve of the photometric system. Following Xiao et al. (2023c),
we compute the synthetic magnitude in the AB system (Oke &
Gunn 1983; Fukugita et al. 1996) for each S-PLUS band.

To account for the uJAVA band’s wavelength range
(322-382 nm), slightly bluer than that of the Gaia XP spectra
(336 to 1020nm), we perform numerical extrapolation to
extend the Gaia XP spectra. For each source, we obtain a linear
function for the Gaia XP spectra's flux density with wavelength
through fitting of the Gaia XP spectral data over the range of
336 nm to 382 nm for individual stars. This approach has been
proposed and validated in the process of recalibration of
J-PLUS photometry, after evaluation of multiple extrapolation
methods (Xiao et al. 2023c¢).

Xiao et al.

In this study, we select calibration samples satisfying the
following constraints: magnitude errors are less than 0.02 mag
for the uJAVA, J0378, and JO395 bands, the bluest ones, and
less than 0.01 mag for the others. Consequently, we obtain
1,522,862, 1,319,587, 1,002,181, 597,486, 696,915, 2,567,317,
1,325,138, 3,843,548, 3,636,016, 3,984,143, 2,687,153, and
3,391,692 calibration stars in the uJAVA, J0378, J0395,
J0410, J0430, gSDSS, J0515, rSDSS, J0660, iSDSS, J0861,
and zSDSS bands, respectively. We conduct a count of the
standard stars on each image, and present histograms of their
distribution in Figure 1.

We emphasize that all the results in this paper are based on
the corrected XP spectra of version V1.0 not on the original
version V0.1, although the calibration differences between the
two versions are negligible (much smaller than 1 mmag in the
S-PLUS zero-points).

3.2. The SCR Method with Gaia Photometry and LAMOST
Spectra

In principle, the spectroscopy-based SCR method could
provide accurate calibrations of zero-points of S-PLUS
photometry, just as we have done for the J-PLUS data recently
(Xiao et al. 2023c). However, corrections of spatial-related
systematics for S-PLUS require a large number of stars targeted
by spectroscopic surveys in the southern sky, which is
unfortunately not available at present. For this reason, the
SCR method is adopted here as an independent way to cross-
validate the zero-points derived from the XPSP method.

The SCR method comprises two key techniques: intrinsic-
color prediction and reddening correction. The former can be
performed based on either spectroscopic or photometric data,
while the latter necessitates precise measurement of the
reddening coefficients relative to the extinction values. The
SCR method typically involves defining the relationship
between the intrinsic colors and the physical quantities using
a sample of low-extinction stars, which is then applied to the
entire sample to obtain predicted magnitudes. A detailed
description of the SCR method is as follows.

First, we select calibration samples with the same constraints
on photometric recalibration as those of J-PLUS, as in Xiao
et al. (2023c¢), by requiring stars with magnitude errors smaller
than 0.02 mag for the uJAVA, J0378, and JO395 bands, and
less than 0.01 mag for the remainder; a phot_bp_rp_excess_
factor smaller than 1.3 + 0.06 x (Ggp — Ggrp)?%; a signal-to-
noise ratio for the g band of the LAMOST spectra higher than
20; 5500 < Tor < 6500 K; and [Fe/H] > —1.

Ultimately, we obtain 13,869, 12,714, 10,954, 8814, 9873,
16,301, 14,049, 16,558, 16,522, 16,464, 15,974, and 16,402
calibration stars in the uJAVA, J0378, J0395, J0410, J0430,
gSDSS, J0515, rSDSS, J0660, iSDSS, J0861, and zSDSS
bands, respectively. Then, we consider 12 colors for the 12
S-PLUS bands when combined with Gaia photometry, denoted
as C= GBP/RP — MgpLys = (GBp — MJAVA, GBp — J0378,
Ggp —J0395, Ggp—J0410, Ggp—J0430, Ggp— gSDSS,
Ggp — J0515, Ggrp —rSDSS, Ggrp —J0660, Ggp — iSDSS,
Grp — J0861, and Grp — zSDSS).

To correct for reddening, we adopt the same procedure as that in
Xiao & Yuan (2022) and Xiao et al. (2023c). We adopt the values
of E(Ggp — Ggp) obtained with the star pair method (Yuan et al.
2013; Zhang & Yuan 2020), and the reddening coefficients with
respect to E(Ggp — Ggp) for the 12 colors constructed by H. Yuan
et al. (2024, in preparation). Under the assumption that the intrinsic
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Figure 1. Histograms of the number of standard stars for the XPSP method in each image. The bands are labeled in each panel.

2000 O 1000

colors are the same for stars with identical stellar atmospheric
parameters, the star pair method allows us to derive the intrinsic
colors of a reddened star from control pairs or counterparts that
share the same atmospheric parameters. In H. Yuan et al. (2024, in
preparation), the reddening coefficients for each color are obtained
by conducting a linear fit of the calibrated sample’s reddening
values in relation to E(Ggp — Ggrp).

For each color, we fit the intrinsic color as a function of T
and [Fe/H] using a two-dimensional polynomial. Specifically,
we use second-order polynomials for the Ggrp—1,
Grp — J0861, and Ggp — 7 colors, and third-order polynomials
for the other colors. The intrinsic colors (Cp) can then be
estimated using the observed colors C minus the product of the
reddening coefficients and extinction E(Ggp — Grp)-

The fit results of the intrinsic colors, as a function of T,
[Fe/H], and extinction of E(Ggp— Ggrp), are shown in
Figure 2, and the corresponding fitting parameters are listed in
Table 1. The intrinsic-color fitting residuals are, respectively,
49, 60, 60, 26, 26, 25, 28, 22, 26, 20, 19, and 18 mmag for the
GBP - MJAVA, GBP — JO378, GBP — .10395, GBP — JO410,
GBP - JO430, GBP — gSDSS, GBP — 10515, GRP — rSDSS,
GRP — JO660, GRP — lSDSS, GRP — J0861, and GRP — zSDSS
colors, suggesting that S-PLUS magnitudes can be predicted
for individual stars with a precision of 20 to 60 mmag using the
Gaia and LAMOST data. Furthermore, the fit residuals exhibit
no dependence on T, [Fe/H], and E(Ggp — Ggp)-

Having obtained the intrinsic-color fitting functions, we
apply them to the calibration stars to obtain the derived
magnitudes mgcg for each image using Equation (1):

mscr = Gppre — C™(Tuyr, [Fe/H])
—R x E(GBP — GRP) . (1)

gSDSS

2000 0 1000
Number of standards

iSDSS 2SDSS

2000 0 1000 2000
Number of standards Number of standards

4. Systematic Errors in S-PLUS iDR4

In this section, we present the process of accurately
measuring systematic errors in the S-PLUS photometric data,
as well as their origin and correction.

4.1. Dependence on G and Ggp — Ggp

Figure 2 illustrates the relationship between the magnitude
offsets predicted by the SCR method and the S-PLUS
magnitudes, considering the G magnitude and intrinsic color
(Ggp — Grp)p of the calibration samples. We observe no
discernible dependence with respect to either the G magnitudes
or the (Ggp — Grp)y color. This indicates that the detector
possesses excellent linearity.

We also investigate the differences between the XPSP
method magnitude predictions and the S-PLUS magnitudes as
functions of the G magnitude and Ggp — Ggrp color. There is a
slight dependence on Ggp — Grp color, especially in the bluer
and redder ranges, in the uJAVA and g bands, as shown in
Figure 3. There is no dependence on G magnitude for all the
filters. We attribute this effect to measurement errors in the
response curve of the S-PLUS iDR4 uJAVA and gSDSS filters,
or in the Gaia XP spectra themselves. Certainly, we should not
overlook the influence that arises from extrapolating the XP
spectra beyond the uJAVA band. Additional details regarding
the influence of the response curve on the XPSP method can be
found in Xiao et al. (2023c).

For the calibration of the uJAVA and gSDSS bands, we
selectively choose stars from specific Ggp — Ggrp ranges of
(0.5, 1.2) and (0.5, 1.8), respectively. Moreover, the fraction of
stars falling outside the prescribed color range is only 2%—3%.
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Figure 2. Two-dimensional polynomial fits of the intrinsic colors with respect to T and [Fe/H] for the calibration stars in the SCR method. The intrinsic colors include
Ggp — uJAVA, Ggp — J0378, Ggp — J0395, Ggp — J0410, Ggp — J0430, Ggp — gSDSS, Ggp — JO515, Grp — rSDSS, Grp — J0660, Ggp — iSDSS, Grp — J0861, and
Grp — zSDSS. The fit results after 3¢ clipping are shown in the first column of panels, with the red and blue curves representing results for [Fe/H] = 0 and [Fe/H] = —1,
respectively. The fit residuals are labeled in red. In the second to sixth columns of panels, the residuals are plotted against T, [Fe/H], extinction of E(Ggp — Grp), G
magnitude, and (Ggp — Grp)o color, respectively. Zero residuals are denoted by black dashed lines.

4.2. Spatial Variations

We consider the spatial distribution of the difference
between zero-points for the XPSP method and the S-PLUS
aperture magnitudes for the main survey, as shown in Figure 4.
The results for the MCs with aperture photometry, the main
survey with PSF photometry, the MCs with PSF photometry,
and the disk survey with PSF photometry are plotted in

Figures Al, A2, A3, and A4, respectively, in the Appendix.
The difference in zero-points between the XPSP method and
the S-PLUS magnitudes is computed as the median value of the
difference between the XPSP-predicted magnitudes and the
S-PLUS magnitudes on each image. We observe strong spatial
variations in the difference of the zero-points, caused by
calibration errors in S-PLUS, which are more pronounced in
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represent the density of points, and the bands are indicated in each panel. Zero residuals and two color cuts are denoted by black and green dashed lines, respectively.
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Table 1
Coefficients Used to Obtain Intrinsic Colors as Functions of T, and [Fe/H] in the 12 Bands

Intrinsic Color ag a, a, as as as ag az ag ay

(Ggp — uJAVA), —6.140el 1 +0.006 +5.692e8 +1.269e5 +6.605¢e7 —1.901el —3.964e4 —8.742¢4 —0.028 —6.650
(Grp — J0378)0 —1.392e10 +0.023 +9.537e8 —1.723e5 +1.984¢6 +7.471e5 —8.069¢4 —8.177e3 +1.026 +6.731
(Grp — J0395), —2.697el1 +0.075 —1.265¢8 —1.121e5 +2.235¢e7 +1.053el +0.0002 +7.561e4 —0.746 —7.669
(Ggrp — J0410), —1.376e12 —0.002 —3.555e8 +6.523e5 —1.614e7 —4.446¢el +5.634¢e4 +2.398e3 —2.244 —8.709
(Grp — J0430), —3.228el1 +0.022 —9.292¢9 —8.655¢e6 +4.584¢e7 +5.971e2 +1.536e4 —1.705e3 —0.676 +0.345
(Ggp — gSDSS)o +1.745e11 +0.004 +2.991e9 —4.360e6 —3.311e7 +1.609¢e2 —9.492¢6 +2.158e3 —0.067 —4.891
(Grp — JO515)0 +3.762e11 +0.007 —8.821e9 +2.966¢e6 —7.439¢7 —2.790e2 +1.346¢e4 +4.886¢3 —0.493 —10.589
(Grp — rSDSS)y —9.563e12 +0.018 +1.687e8 —1.396e5 +1.278e7 +9.315e2 —0.0002 —3.890e4 +0.555 —0.624
(Grp — J0660) —8.887e12 +0.015 +1.730e9 —1.054e5 +1.206e7 +7.299¢2 —3.287e5 —4.427e4 +0.142 —0.185
(Grp — iSDSS)g —1.038¢e9 —3.942¢3 +2.666e6 +1.701e5 —-0.019 —0.402
(Ggp — J0861), +1.110e8 —3.099¢4 —4.378e6 —1.853e4 +0.015 +0.365
(Grp — zSDSS)g +1.630e8 —1.335¢3 +3.958e6 —0.853e4 —-0.029 +0.639

Notes. The notation ei represents x 107", Cé“"d =ay-xX +a -y3 +a- X y+as -)c-y2 +ay- X +as -y2 +ag-x-y+a;-x+ag-y—+ ao, where xis To and y is [Fe/H].

the blue filters. Simultaneously, we notice spatial correlations
in the differences in zero-points between the different S-PLUS
bands. The reasons for this are discussed in detail in
Section 4.3.

To quantitatively estimate calibration errors in the S-PLUS
photometry, we consider histograms of the difference in zero-
points between the XPSP method and the S-PLUS magnitudes,
as shown in Figure 5. By fitting a Gaussian distribution, we
estimate the standard deviations for each band. Here, to better
illustrate the effect, we forcibly set the overall zero-point
difference to zero. During the recalibration process, we
calibrate the zero-point of the S-PLUS magnitudes to the
XPSP method. These values indicate the internal precision of

S-PLUS iDR4, as mentioned in Almeida-Fernandes et al.
(2022), and listed in Table 2.

4.3. Origin and Correction of Systematic Errors

In order to trace the origin of the systematic errors in the
S-PLUS photometry, we plot correlations between the zero-
point offsets for each band pair in Figure 6, along with their
corresponding correlation coefficients when the correlation
coefficients are greater than 0.7. We find a strong correlation
between photometric bands with similar central wavelengths
(e.g., AiSDSS versus AzSDSS): the data points are distributed
closely along the one-to-one line. This phenomenon is
predominantly driven by systematic errors in the reference



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 271:41 (15pp), 2024 April Xiao et al.

[ — S s R - 0.020
O =wsmmgaomez Gl EEEeE TR 2., 1 STEmRmess—s b s
0 ArSDSS AiSDSS
ﬁ —20F r i i 0.015
o —40f " "
L0.010
60} : a : a o
- - <
O sospammyesinms B —= N r0.005 é
% AuJAVA AJ0395 AJ0410 ' 3
3 r r |
= H0.000 ”
3 N
o) r r \
&
L-0.005 Z
| : o
, N
T =TT = ., TS I B
. s ~0.010
=0 AJ0430 AJ0515 AJ0660 - AJ0861
C i |
N— - -
- ~0.015
2 - = ]
ol - ol ‘ = ] ‘ = ‘ ~0.020
200 0 100 200 0 100 200 0 100 200
RA (deg) RA (deg) RA (deg)

Figure 4. Spatial variations of the difference between the XPSP zero-points and the S-PLUS zero-points in each image of the main survey, using PStotal photometry
from S-PLUS. The bands are marked in each panel in red, and the color bar indicating the differences is shown on the right.

ArSDSS AgSDSS AiSDSS AzSDSS

4001 g\z :0.006 1 aili“ :0.008 1 ah}j :0.006 1 0’{}1 :0.006 |
oye :0.010 oye :0.013 oye :0.011 oyve :0.009
olek £0.012 ok £0.016 oitk 10.013 oiek £0.012
200r ok - 0.007 T o :0.008 T o :0.007 T one:0.007 1
oS8 0.012 olSr:0.011 ol 0.013 ol 0.008
0 - : } ;
AuJAVA AJ0378 AJ0395 AJ0410
5 400_0%3’;':0.021 __a%i;‘::o.ow __U%Z,E:o.ow __a%’g:o.ou |
e oyvie :0.021 oyie :0.015 oye - 0.020 oy :0.014
g orek 10.027 obek 10.028 otpk 10.027 otek 10.020
Z, 2001 ofit :0.019 T ohd :0.015 T ot :0.021 T e :0.014 ]
olSF:0.034 of8F:0.032 ol 0.066 oS 0.012

AJ0861
i +0.006
1 ol -0.008
oSk £0.012
Tobid :0.006

oSF0.009

AJ0430 AJ0515 AJ0660
i :0.014 ain 0.009 it + 0.006
400 | o2 0.010 1 oeer 0,011 | oteer0.013
oSk £0.019 ork 10.017 otk 10.014
200 ofiE :0.010 T o 0.010 T oy 0.007

oS 0.015 o8 0.014 oS 0.017

disk

005 0.00 0.05 =005 0.00 0.05 005 0.00 0.05
AZP (mag)

Figure 5. Histograms of the residuals in the zero-points between the XPSP magnitudes, along with the S-PLUS magnitudes. The results shown are for the main survey
with PStotal photometry (light red), the MCs with PStotal photometry (dark red), the main survey with PSF photometry (purple), the MCs with PSF photometry (blue),
and the disk region with PSF photometry (light blue). The bands are labeled in the top-left corner of each panel. Gaussian fitting results are plotted with the same
colors, using solid and dashed curves for PStotal photometry and PSF photometry, respectively. The sigma values are labeled on the left side of each panel with the

same colors.

—-0.05 0.00 0.05



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 271:41 (15pp), 2024 April

5’3 0.02}
& 0.00 |-
VQJ -0.02f

L 0.02F
r@ 0.00F
VN ~0.02F "

Xiao et al.

088l 093]

0..78- /,,,,,

L 0,75

—0.02.000.02  —0.02.000.02 —0.0D2.000.02 —0.0D.000.02 —0.0D.000.02 -0.0D.000.02 —-0.09.000.02 —0.0D.000.02 —0.02.000.02 —0.02.000.02 —0.02.000.02

ArSDSS AgSDSS AiSDSS AzSDSS AuJAVA AJ0378 AJ0395 AJ0410 AJ0430 AJO515 AJ0660

Figure 6. Correlation plots between the zero-point offsets. The correlation coefficients are shown when they have values greater than 0.7. The colors in each panel
indicate the number density of stars, and the dashed black lines represent the one-to-one line.

photometric data in the respective bands. For example, the
systematic errors in the S-PLUS i and z bands are predomi-
nantly influenced by the systematic errors in the Pan-STARRS
and SDSS photometric data (e.g., the color and photometric
recalibration of SDSS Stripe 82 can be found in Yuan et al.
2015 and Huang & Yuan 2022, while the photometric
recalibration of PS1 can be found in Xiao & Yuan 2022 and
Xiao et al. 2023b).

To correct the above systematic errors, we perform a
smoothed interpolation algorithm with a linear kernel for each
image. The magnitude correction of a certain star in the field of
view is obtained by taking the magnitude offsets of the adjacent
20 calibration stars. The corrected magnitude m“" can be
computed as

me™ = m° + Am(R.A ., decl.), )

where m°® is the observed magnitude from S-PLUS iDR4,
and Am(R.A., decl.) is the position-dependent magnitude
offset. The recalibrated S-PLUS data will be released as a

value-added catalog of S-PLUS Data Release 4 by S-PLUS
Cloud."’

5. Discussion

This section applies to the S-PLUS iDR4 main survey data,
using it as an illustration for discussion.

5.1. Final Accuracies

The consistency between the photometry from the two
methods is adopted as a measure of accuracy, which provides a
reasonable approximation in the absence of a “reference truth”
to compare with.

Figure 7 shows a comparison of zero-points between the
XPSP method and the SCR method for all 12 S-PLUS filters.
The differences between these zero-points are computed as the
median value of the difference between the XPSP- and SCR-

17 https://splus.cloud/
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Figure 7. Comparison of the zero-points for each of the two methods based on stars common to both the XPSP and SCR methods' samples for all 12 bands. The

dashed black lines represent the one-to-one line.

predicted magnitudes for each image. From inspection, all the
points are consistently distributed along the one-to-one line for
each band.

To quantitatively estimate the final accuracies of the
recalibration in this work, we present the difference in zero-
points between the XPSP method and SCR method, as a
function of star number, in Figure 8. Notably, the standard
deviations start at higher values, then decrease and converge to
stable values as the number of stars increases. The convergence
value represents the recalibrated accuracy using the XPSP
method, which is 1-6 mmag for each of the 12 bands. For each
of 12 bands, the final accuracies of the S-PLUS iDR4 data are
similar in the main survey, the MCs, and the disk survey, as
listed in the last column of Table 2.

5.2. External Check by White Dwarf Loci

We provide an independent check of the recalibration using
a white dwarf (WD) locus, known for its stability and
uniformity at different spatial locations.

To accomplish this, we crossmatch the WD catalog
constructed by Gaia Collaboration et al. (2023) from Gaia
EDR3 with the S-PLUS iDR4 catalog. We impose the criterion
Galactic latitude |b| > 20° for the selected WDs to ensure that
the best photometry is used. Specifically, we focus on the
behavior of the uJAVA band, as the photometric systematics in
the other bands are relatively small and difficult to examine
with the WD locus. Additionally, we require that the
photometric uncertainties of the uJAVA band from S-PLUS
iDR4 be smaller than 0.01 mag. After the crossmatch, we retain
100 WDs with good photometric quality. The stellar loci,
G — uJAVA versus Ggp — Grp, of the selected WDs are shown
in Figure 9. From inspection, the WD locus from the S-PLUS
photometry for the uJAVA band with R.A.<90° and
decl. < —40° (red dots) significantly deviates from that with

Table 2
Internal Precision of the Photometric Calibration for the 12 S-PLUS Bands
Final
Filter Maina, Mainpsp  MCs,s, MCspse  Diskpse  Accuracy
(mmag)
gSDSS 6 12 10 7 12 0.8
rSDSS 8 16 13 8 11 1.6
iSDSS 6 13 11 7 13 1.0
zSDSS 6 12 9 7 8 0.6
uJAVA 21 27 21 19 34 6.1
JO378 23 28 15 15 32 5.7
J0395 19 27 20 21 66 4.1
J0410 14 20 14 14 12 1.9
J0430 14 19 10 10 15 2.8
JO515 9 17 11 10 14 1.1
JO660 6 14 13 7 17 2.6
J0861 6 12 8 6 9 0.9

R.A. > 180° and decl. > —30° (black dots). However, the WD
loci for different positions provided by our recalibrated
S-PLUS iDR4 photometry exhibit remarkable consistency,
demonstrating the efficacy of both the XPSP method and SCR
method in calibrating the photometric zero-points.

5.3. Residuals of the Flat-field Correction

S-PLUS utilizes the sky flat-fielding technique (Mendes de
Oliveira et al. 2019) for this correction. However, Almeida-
Fernandes et al. (2022) found spatial structures in the residuals
of the flat-field correction in the Galactic (X, Y) plane, and
corrected them with numerical interpolation. In this study, we
further investigate whether there are any related systematic
errors in this plane before and after recalibration of the S-PLUS
photometry. Specifically, we focus on the gSDSS, J0515, and
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Figure 9. The WD loci G — uJAVA vs. Ggp — Ggp before (left panel) and after (right) recalibration in the uJAVA band. The red and black points represent the
R.A. < 90° and decl. < —40° region and the R.A. > 180° and decl. > —30° region, respectively. The red dashed curve and the black curve correspond to the quadratic

polynomial fitting results for the red and black dots, respectively.

JO861 bands as examples. We select three images with IDs of
iDR4_3_HYDRA-0161, iDR4_3_HYDRA-0152, and
iDR4_3_HYDRA—-0145 for this investigation, because they
contain the largest number of reference stars, approximately
10,000 to 20,000 stars. The images can be retrieved from the
S-PLUS cloud."’

From Figure 10, we observe distinct spatial structures in the
stellar flat fields, with variations larger than 0.01 mag. Notably,
the structures for each image differ from one another. For
instance, the top panel (iDR4_3_HYDRA—0161) exhibits a trend
of larger values in the center and smaller values at the edges.
Conversely, the middle panel (iDR4_3_HYDRA—-0152) displays
a trend of smaller values in the center and smaller values at the

10

edges. Lastly, the bottom panel (iDR4_3_HYDRA —0145) shows
a trend of smaller values on the left side and larger values on the
right side. However, despite these variations, the structures are
consistent for different wavelength observations of each image.
These structures, which may occur as residual artifacts following
the sky flat-field correction, can be effectively corrected during
the recalibration process, as shown in Figure 11.

6. Conclusions

In this paper, we present a recalibration of S-PLUS
photometry using millions of standards constructed by the
XPSP method with corrected Gaia XP spectra. Additionally,
we employ the SCR method with corrected Gaia EDR3
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photometric data and spectroscopic data from LAMOST DR7 During the comparison of zero-points between the XPSP
to construct a sample of about 200 FGK dwarf standard stars method and S-PLUS photometric data, significant spatial
per band, providing an independent validation. variations of the zero-point offsets are identified, reaching up
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to 14-23 mmag for the blue filters (uJAVA, J0378, J0O395,
J0410, and J0430), 6-8 mmag for the SDSS-like filters
(gSDSS, rSDSS, iSDSS, and zSDSS), and 6-9 mmag for the
redder filters (JO515, J0660, and JO861).

Similarly, when comparing the zero-points between the
XPSP and SCR methods, we find minor differences in zero-
point offsets, approximately 3-6 mmag for the blue filters,
1-2 mmag for the SDSS-like filters, and 1-3 mmag for the
redder filters. These results show that the recalibration achieves
an accuracy of approximately 1 to 6 mmag, when using the
XPSP method in this work.

To validate our recalibration results, we examine the color
locus of WDs, and as expected, the distribution of WDs on the
color—color diagram appears more compact after recalibration
than before. Additionally, we discuss the minor systematic
errors related to CCD position, and identify almost no
remaining residuals in the flat-field correction of the S-PLUS
photometry. The corrected S-PLUS iDR4 photometric data will
provide a solid data foundation for conducting scientific
research that relies on high calibration precision.

Overall, our results underscore the effectiveness of the
improved XPSP method and the SCR method in improving
calibration precision for wide-field surveys, when combined
with spectroscopic data from spectroscopic surveys (LAMOST,
etc.), Gaia photometry, and XP spectra. We propose that future
releases of S-PLUS photometry should incorporate the XPSP
method paired with the SCR method in their calibration
process.
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Appendix

The spatial distributions of the difference between zero-
points for the XPSP method and the S-PLUS aperture
photometry for the MCs, the PSF photometry for the main
survey, the PSF photometry for the MCs, and the PSF
photometry for the disk survey are shown in Figures Al, A2,
A3, and A4, respectively. The zero-point offsets between the
XPSP method and the S-PLUS photometry for each band are
mainly caused by systematic errors in the calibration of the
S-PLUS photometry.
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Figure A4. Same as Figure 4, but for the disk survey with PSF photometry.
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