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Abstract

We employ the corrected Gaia Early Data Release 3 photometric data and spectroscopic data from the Large Sky
Area Multi-Object Fiber Spectroscopic Telescope (LAMOST) DR7 to assemble a sample of approximately
0.25 million FGK dwarf photometric standard stars for the 12 J-PLUS filters using the stellar color regression
(SCR) method. We then independently validate the J-PLUS DR3 photometry and uncover significant systematic
errors: up to 15 mmag in the results from the stellar locus method and up to 10 mmag primarily caused by
magnitude-, color-, and extinction-dependent errors of the Gaia XP spectra as revealed by the Gaia BP/RP (XP)
synthetic photometry (XPSP) method. We have also further developed the XPSP method using the corrected Gaia
XP spectra by B. Huang et al. and applied it to the J-PLUS DR3 photometry. This resulted in an agreement of
1-5 mmag with the SCR method and a twofold improvement in the J-PLUS zero-point precision. Finally, the zero-
point calibration for around 91% of the tiles within the LAMOST observation footprint is determined through the
SCR method, with the remaining approximately 9% of the tiles outside this footprint relying on the improved
XPSP method. The recalibrated J-PLUS DR3 photometric data establish a solid data foundation for conducting
research that depends on high-precision photometric calibration.

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

Calibration (2179)

Supporting material: machine-readable table

1. Introduction

Current and next-generation wide-field imaging surveys,
exemplified by missions such as the Sloan Digital Sky Survey
(SDSS; York et al. 2000), the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS; Kaiser et al. 2002), the
Chinese Space Station Telescope (Zhan 2018), the Javalambre
Photometric Local Universe Survey (J-PLUS; Cenatro et al.
2019), the Southern Photometric Local Universe Survey
(Mendes de Oliveira et al. 2019), the Legacy Survey of Space
and Time (Ivezi¢ et al. 2019), the Multi-channel Photometric
Survey Telescope (Yuan et al. 2020), and the SiTian project
(Liu et al. 2021), play a pivotal role in contemporary astronomy
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in the discovery and characterization of celestial objects and
related phenomena.

Accurate and consistent photometric calibration poses
formidable challenges, in particular for wide-field surveys.
The relative photometric calibration of ground-based wide-field
imaging surveys faces a “10mmag accuracy bottleneck”
(Stubbs & Tonry 2006) for three main reasons: difficulty in
accurately correcting the flat fields, rapid changes in the Earth’s
atmospheric transparency on temporal spans of seconds to
minutes, and instability of detector electronics.

Over the past two decades, a number of techniques have
emerged, aiming to attain precise calibration. These methods
can be broadly categorized into two groups: “hardware-driven”
strategies, including approaches like the ubercalibration
method (Padmanabhan et al. 2008), the hypercalibration
method (Finkbeiner et al. 2016), and the forward global
calibration method (Burke et al. 2018), and “software-driven”
methodologies, encompassing techniques such as the stellar
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locus regression method (High et al. 2009), the stellar color
regression (SCR) method (Yuan et al. 2015a), and the stellar
locus (SL) method (L6pez-Sanjuan et al. 2019). Huang et al.
(2022) offers a comprehensive review of these approaches,
delving into their strengths, limitations, and potential avenues
for future development.

With the release of high-precision photometric data from
missions such as Gaia and the commencement of large-scale
spectroscopic sky surveys such as SDSS (York et al. 2000) and
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), the SCR method has demonstrated remarkable
effectiveness in (re)calibrating photometry for wide-field surveys.
One of the key techniques of the SCR method is to predict the
intrinsic colors of stars with existing observational data, such as
stellar atmospheric parameters provided by SDSS and LAMOST.
After undergoing high-precision extinction correction, which is
the second key technique, the standard stars can be assembled for
color calibration. By incorporating high-precision photometric
data, such as from Gaia Early Data Release 3 (EDR3; Gaia
Collaboration et al. 2021a, 2021b), into the colors, standard stars
can be transformed into photometric standard stars for photometric
calibration. For example, the SCR method applied to SDSS Stripe
82 (Ivezi¢ et al. 2007) resulted in achieving precision levels of
2-5mmag (a threefold improvement) for the Stripe 82 colors
(Yuan et al. 2015a). Note that the SCR method has already played
a pivotal role in Gaia Data Release 2 (Gaia Collaboration et al.
2016, 2018) and Gaia EDR3, effectively correcting magnitude-
and color-dependent systematic errors in Gaia photometry (Niu
et al. 2021a, 2021b; Yang et al. 2021), reaching an unprecedented
precision of 1 mmag, and paving the way for the use of Gaia
photometric data in high-precision photometric calibration.

Other efforts, such as Huang et al. (2021), have successfully
employed the SCR approach to recalibrate the DR2 of the
SkyMapper Southern Survey (Wolf et al. 2018), revealing
substantial zero-point offsets in the u and v bands. Moreover,
Huang & Yuan (2022) utilized this method on SDSS Stripe 82
standard-star catalogs (Ivezi¢ et al. 2007; Thanjavur et al.
2021), attaining precision levels of 5 mmag in the u band and
2 mmag in the griz bands and a threefold improvement in zero-
point consistency. Additionally, Xiao & Yuan (2022) and Xiao
et al. (2023b) applied the SCR method to one of the best
ground-based photometric data sets, Pan-STARRS1 (PS1;
Tonry et al. 2012) DR1, effectively rectifying significant large-
and small-scale spatial variations in the magnitude offsets and
magnitude-dependent systematic errors, attaining a precision of
1-2 mmag at a spatial resolution of 14'.

J-PLUS'®(Cenarro et al. 2019) employs an 83 cm telescope
located at the Observatorio Astrofisico de Javalambre (OAJ;
Cenarro et al. 2014). Given the importance of high-precision
investigations on various science applications (e.g., Yang et al.
2022; B. Huang et al., in preparation), improving the
photometric calibration of J-PLUS is crucial. Recently, J-PLUS
Data Release 3 (DR3) was made public, calibrated through the
use of the SL method and the Gaia BP/RP (XP; Carrasco et al.
2021) spectra-based synthetic photometry (XPSP) method
(Gaia Collaboration et al. 2023a), as described by Loépez-
Sanjuan et al. (2023, hereafter L23). The SL approach
employed PS1 photometry as a reference to calibrate J-PLUS

16 http://www.j-plus.es
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DR3 photometric data while also considering the effects of
metallicity (similar to Lépez-Sanjuan et al. 2021).

Unfortunately, it is worth noting that the spatial- and
magnitude-dependent systematic errors in PS1 can impact the
quality of the J-PLUS DR3 data. On the other hand, the XPSP
method utilized the code GaiaXPy (Ruz-Mieres 2022) for
retrieving J-PLUS synthetic magnitudes of calibration stars.
During this stage, L23 found that the XPSP-based results
revealed both magnitude and color terms when compared with
J-PLUS instrumental photometry. An empirical correction was
applied to all bands through consideration of G magnitude
terms and Ggp — Ggp color terms as part of the study by L23. It
is important to note that the existence of magnitude and color
terms is primarily due to the suboptimal calibration of the Gaia
XP spectra. A description of the systematic errors in Gaia XP
spectra can be found in Figure 25 of Montegriffo et al. (2023).

Most recently, B. Huang et al. (2023, in preparation)
conducted a comprehensive correction of the magnitude-,
color-, and extinction-dependent systematic errors in the Gaia
XP spectra, drawing upon data from CALSPEC (Bohlin et al.
2014; Bohlin & Lockwood 2022) and Hubble’s Next
Generation Spectral Library (Koleva & Vazdekis 2012). This
correction process also incorporated the spectroscopy-based
SCR method (Yuan et al. 2015a). The systematic errors in the
Gaia XP spectra depend on the normalized spectral energy
distribution (SED), which is simplified by considering two
“colors,” as well as the G magnitude. To validate the
correction, B. Huang et al. (2023, in preparation) conducted
independent assessments using the Medium-resolution Isaac
Newton Telescope library of empirical spectra (MILES;
Sanchez-Blazquez et al. 2006) and a library of empirical
medium-resolution spectra by observations with the NAOC
Xinglong 2.16 m and YNAO Gaomeigu 2.4m telescopes
(LEMONY; Wang et al. 2018). These assessments revealed a
notable reduction in systematic errors, especially in the
Ggp — Grp color and G magnitude, particularly in the near-
ultraviolet range. In the wavelength range of 336-400 nm, the
corrected Gaia XP spectra exhibited an improvement of over
2% in their agreement with the MILES and LEMONY spectra,
along with a 1% enhancement for the redder wavelengths. A
global absolute calibration was performed by comparing the
synthetic Gaia photometry derived from the corrected XP
spectra with the corrected Gaia DR3 photometry (Yang et al.
2021).

In this study, we employ both the SCR method and the
corrected Gaia EDR3 photometric data (Gaia Collaboration
et al. 2021a, 2021b) by Yang et al. (2021) and spectroscopic
data from LAMOST Data Release 7 (DR7; Luo et al. 2015), as
well as the improved XPSP method with corrected Gaia XP
spectra by B. Huang et al. (2023, in preparation), to conduct a
photometric recalibration of the J-PLUS DR3 data.

The structure of this paper is as follows. We present the data
used in this work in Section 2, followed by a description of the
calibration methods in Section 3. Next, we present and discuss
our results in Section 4. Finally, we provide our conclusions in
Section 5.

2. Data
2.1. J-PLUS DR3

The J-PLUS DR3 spans 1642 pointings across 3284 deg” of
sky, captured by the Javalambre Auxiliary Survey Telescope
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(JASTS80) equipped with the T80Cam. This panoramic camera
hosts a single CCD of 9.2 x 9.2k pixels, a field of view of
2 deg?, and a pixel scale of 0”55 pixel ' (Marin-Franch et al.
2015), observed with five broadband (u, g, r, i, and z) and
seven narrow/medium-band (J0378, J0395, J0410, J0430,
JO515, J0660, and JO861) filters within the optical range. The
DR3 data provide limiting magnitudes (50, 3” aperture) of
around 20-22 mag in all 12 bands, as listed in Table 1 of L23.
Magnitudes are presented in the AB system (Oke &
Gunn 1983). The J-PLUS DR3 magnitudes obtained with a
6" aperture that underwent aperture correction and calibration
using the SL method serve as the defaults in this work.

2.2. LAMOST DR7

LAMOST (Cui et al. 2012; Deng et al. 2012; Zhao et al.
2012; Liu et al. 2014) is a quasi-meridian reflecting Schmidt
telescope featuring 4000 fibers and a 20 deg” field of view. Its
DR7 (Luo et al. 2015) comprises an extensive data set with
more than 10 million low-resolution spectra spanning the entire
optical wavelength range from 369 to 910 nm, achieving a
spectral resolution of R~ 1800. To derive key stellar
parameters, including effective temperature (7.g), surface
gravity (log g), and metallicity ([Fe/H]), the LAMOST Stellar
Parameter Pipeline (Wu et al. 2011) is employed. This process
typically yields precisions of around 110K, 0.2dex, and
0.1dex for T, logg, and [Fe/H], respectively (Luo et al.
2015).

2.3. Gaia EDR3

The Gaia EDR3 (Gaia Collaboration et al. 2021a, 2021b)
delivers the most precise photometric data available, covering
approximately 1.8 billion stars. These data have been uniformly
calibrated to within millimagnitude precision in the G, Ggp,
and Ggrp bands. The magnitude-dependent systematic errors of
approximately 1% in these bands for Gaia EDR3 are measured
and corrected by Yang et al. (2021), who employed around
10,000 Landolt standard stars (Clem & Landolt 2013). For this
study, the Gaia EDR3 photometry has been corrected by
default.

2.4. Gaia Data Release 3

Based on 34 months of observations, the Gaia DR3
(Carrasco et al. 2021; Gaia Collaboration et al. 2023b) provides
very low resolution (A\/AX~ 50) XP spectra for roughly 220
million sources, with the majority having G < 17.65. The XP
spectra cover wavelengths from 336 to 1020nm and have
undergone precise internal (Carrasco et al. 2021; De Angeli
et al. 2023) and external (Montegriffo et al. 2023) calibrations.
Unfortunately, Gaia XP spectra exhibit systematic errors that
depend on magnitude, color, and extinction, particularly at
wavelengths below 400nm in the Gaia XP spectra (see
Montegriffo et al. 2023; B. Huang et al. 2023, in preparation).
The term “corrected Gaia XP spectra” mentioned in this paper
refers to the Gaia XP spectra that have been corrected by B.
Huang et al. (2023, in preparation).

3. Photometric Homogenization

In this study, we make use of the SCR and improved XPSP
methods based on the corrected Gaia XP spectra to perform
photometric homogenization of J-PLUS DR3. The flowchart

Xiao et al.
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|
(d) I
Correct for the position-dependent errors
in the zero-point fitting residual

Figure 1. A flowchart illustrating the use of the SCR and improved XPSP
methods in this work.

presented in Figure 1 illustrates the steps taken to apply the
photometric homogenization.

3.1. The SCR Method with Gaia and LAMOST

This section describes our use of the spectroscopy-based
SCR method, which combines spectroscopic data from
LAMOST DR?7 with photometric data from the corrected Gaia
EDR3. The SCR method is described in detail below.

(a) For calibration samples, we select main-sequence stars
(logg > —3.4 x 107* x Ty + 5.8) with the following
constraints.

(1) Magnitude errors of less than 0.03 mag for the
u, J0378, and JO395 bands; less than 0.02 mag for the
J0410, J0430, and g bands; and less than 0.01 mag for
the JO515, r, JO660, i, JO861, and z bands.

(2) phot_bp_rp_excess_factor < 1.3 4+ 0.06 x
(Ggp — Ggrp)? to filter out stars with unreliable Gaia
photometric data.

(3) 5500 K < Ter < 6500 K and [Fe/H] > —1 to
strike a balance between maintaining an adequate stellar
sample size and constraining the parameter space for
accurate fitting of the intrinsic colors alongside the
atmospheric parameters.

(4) Signal-to-noise ratio for the g-band (S/N,) of
the LAMOST spectra of more than 20 pixel .

Finally, in the u, J0378, J0395, J0410, J0430, g,
JO515, r, JO660, i, JO861, and z bands, we have
acquired calibration stars numbering 237,123, 243,654,
249,026, 260,919, 264,886, 268,756, 278,101, 280,202,
263,991, 275,380, 253,039, and 262,594, respectively.

(b) Twelve colors are adopted for the J-PLUS bands:
C = Ggp/rp — Myprys = [Gpp — u, Gpp — J0378, Gpp —
J0395, Ggp—J0410, Ggp—J0430, Ggp—g, Ggp—
10515, GRP —r, GRP — .]0660, GRP — 1, GRP — J0861,
Grp — z]T. Note that C is a column vector.
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To account for reddening corrections, we refrain from
relying on the dust-reddening map provided by Schlegel et al.
(1998), primarily due to its limitations at low Galactic latitudes
and the presence of spatially dependent systematic errors (Sun
et al. 2022). Instead, we opt for the star-pair method (Yuan
et al. 2013; Zhang & Yuan 2020) to determine the values of
E(Ggp — Grp). The reddening coefficient R relative to
E(Ggp — Grp) is derived from H. Yuan et al. (2023, in
preparation). The coefficients for the u, JO378, J0395, J0410,
J0430, g, JO515, r, J0660, i, JO861, and z bands are as follows:
—1.08, —0.95, —0.89, —0.71, —0.60, —0.24, —0.064, —0.49,
—0.32, —0.02, 0.25, and 0.32, respectively. The basic
procedure for calculating the reddening coefficients in H. Yuan
et al. (2023, in preparation) is as follows. First, a relationship
between intrinsic stellar colors and stellar atmospheric para-
meters is established using low-extinction samples. Then, this
relationship is applied to a large sample of stars with known
atmospheric parameters using linear regression to estimate the
reddening coefficients. The final reddening coefficients are
obtained through iteration.

Then, we fit the intrinsic color as a function of T and
[Fe/H] using a two-dimensional polynomial. Alternatively, we
use second-order polynomials for Ggp — i, Grp — J0861, and
Grp — 7z and third-order polynomials for the other colors. The
intrinsic colors (Cyp) can then be estimated using the equation

Cy=C — R x E(Ggp — Grp), (1)

where R represents the reddening coefficients relative to
E(Ggp — Grp), and E(Ggp — Grp) denotes the reddening value
of the Ggp — Ggp color.

Having obtained the intrinsic color-fitting functions, we
apply them to the calibration stars to obtain the derived
magnitudes mgcr for each tile using the equation

mscr = Ggpre — C™ (Tir,  [Fe/H])
— R x E(GBP — GRP)~ (2)

(c) To obtain the stellar flat field for each image, we fit a
second-order polynomial to the difference between the
model magnitude and the J-PLUS magnitude. After flat-
field correction, the corrected magnitude is obtained as
m*" =m+ f(X, Y). We iterate this procedure to obtain
the final second-order polynomial coefficients, repre-

senting the zero-point in each tile.

3.2. The Improved XPSP Method with Corrected Gaia XP
Spectra

(a) We select calibration samples with the same magni-
tude-error cuts as in Section 3.1. A final sample of about
two million calibration stars is assembled in the
12 bands.

(b) In the synthetic photometry approach, we project the
SED of stars at the top of the atmosphere onto the
transmission curve of the J-PLUS system and then
integrate both components to derive the source’s
magnitude. Following the methodology outlined by
Bessell & Murphy (2012), we calculate the synthetic
magnitude in the AB system (Oke & Gunn 1983;
Fukugita et al. 1996) for each J-PLUS band x. This
calculation is based on the corrected Gaia XP spectra

Xiao et al.

and the transmission function, which takes into account
the influence of Earth’s atmosphere, optical system,
filters, and detector.'” To perform this calculation, we
employ the following equation:

H VS AA

migep = —2.51g=% — 48.60. 3)

—1
CLS()\))\ dA

Here, f\(\) denotes the observed flux at the top of the
atmosphere in cgs units, while S,()\) represents the
transmission function. The variable A signifies wave-
length in angstroms, and ¢ stands for the speed of light.
The f\(\) is derived from the Gaia XP spectra, which
have been corrected by B. Huang et al. (2023, in
preparation) and are initially in SI units. Alternatively, it
is conceivable to input the Gaia XP spectra in SI units
and replace the constant term in Equation (3) with
56.10, as suggested by Gaia Collaboration et al.
(2023a), although this approach lacks physical
significance.

To address the slight discrepancy between the wave-
length range of the u band (322-382 nm) and that of the
Gaia XP spectra (336-1020 nm) in the blue end, we
employ numerical extrapolation techniques to extend
the Gaia XP spectra. After evaluating various extra-
polation methods, we determine a linear function for the
flux density of Gaia XP spectra as a function of
wavelength through fitting of the Gaia XP spectral data
over the range of 336-382 nm. Using this functional
relationship, we extrapolated the spectral flux density
for individual stars within the wavelength range of
322-336 nm. This approach provides results based on
the Gaia XP spectra before correction that exhibit a high
degree of consistency with those obtained through
GaiaXPy.

(c) To obtain the stellar flat field for each tile, we fit a
second-order polynomial to the difference between the
model magnitude of mypgp and the J-PLUS magnitude
and extract the final second-order polynomial coeffi-
cients as the zero-point in each tile.

(d) The SCR method achieves zero-points for 91% of the
tiles, while the XPSP method can obtain the zero-points
of all of the observed images. The ultimate J-PLUS
calibration zero-point is a composite of the predictions
derived through the SCR method within the LAMOST
footprint and the XPSP method outside the LAMOST
footprint. By combining the standard stars from both
methods, we can correct the remaining position-
dependent errors in the zero-point fitting residuals. For
a detailed discussion, refer to Section 4.

4. Results and Discussion
4.1. Intrinsic Color Fitting in the SCR Method

Figure 2 displays the fitting results of the intrinsic colors as a
function of (T [Fe/H]), with the corresponding fitting
parameters listed in Table 1. After applying the flat-field
corrections, the intrinsic color-fitting residuals are reduced from

17 http://www.j-plus.es/survey /instrumentation
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Figure 2. Polynomial fits of the intrinsic colors with respect to T and [Fe/H] for the calibration stars used in the SCR method. The intrinsic colors include Ggp — u,
Ggp — J0378, Ggp — J0395, Ggp — J0410, Ggp — J0430, Ggp — g, Gpp — J0515, Grp — 1, Grp — J0660, Grp — i, Grp — J0861, and Grp — z. The fit results after
30 clipping are shown in the first column, with the red and blue curves representing results for [Fe/H] = 0 and = —1, respectively. The fitting residuals are labeled in
red. In the second to sixth columns, residuals are plotted as functions of T, [Fe/H], position on the CCD (X, Y), and extinction (Ggp — Grp)o. The zero-residual lines

are denoted by black dashed lines.

28,30, 27,15,14,7,9,7,7, 6, 8, and 8 mmag to 23, 21, 20, 11,
6, 8,7, 6, 6, 6, and 6 mmag for the Ggp — u, Ggp — JO378,
Ggp — J0395, Ggp — J0410, Ggp — J0430, Ggp — g, Ggp — JOS15,
Ggrp — 1, Grp — J0660, Ggrp — i, and Ggp — JO861 colors, respec-
tively. This suggests that J-PLUS magnitudes can be predicted for
individual stars with a precision of 6-20 mmag using LAMOST
and Gaia data. Furthermore, the residuals exhibit no dependence on
T, [Fe/H], position of the CCD (X, Y), and E(Ggp — Ggp).

In the first column of Figure 2, the red and blue lines
correspond to the color relationships for metallicity values of
[Fe/H] = 0 and —1, respectively. It is apparent that the colors
are more sensitive to changes in metallicity in the bluer bands,
as the narrow/medium-band metallicity sensitivity is stronger
than that in the broad band for filters with similar central
wavelengths, as has been previously noted (e.g., Beers &
Christlieb 2005; Yuan et al. 2015b; Huang et al. 2019,
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Table 1
Polynomial Coefficients Used to Obtain Intrinsic Colors as Functions of T and [Fe/H] in the 12 Bands

Intrinsic Color ag a a, as ay as ag a; ag ag

(Gpp — u)o +1.069¢10 —0.011 —4.801e9 —2.001e5 —2.264e6 —0.022 +2.788e4 +0.016 —1.869 —38.942
(Gep — &) +2.622el1 +0.006 —1.848¢8 +3.263e6 —4.955e7 —0.022 +2.307e4 +0.003 —-0.739 —6.982
(Grp — 1o +2.222el1 +0.015 —9.482¢9 —1.826e5 —4.272¢7 +0.117 +9.344e5 +0.003 —0.224 —6.794
(Grp — 0)o —4.984¢9 —0.003 —3.588¢e6 +0.001 +0.014 —0.525
(Grp — 2)0 +2.094e8 —0.006 —4.102e6 —0.001 +0.003 +0.805
(Gpp — J0378), +5.528el1 +0.018 +4.274e8 —2.639e5 —1.388e6 +0.042 —1.967¢e4 +0.011 —0.764 —30.759
(Gpp — J0395), +9.942¢11 +0.104 +2.450e8 —4.636e5 —1.969¢6 +0.334 —2.787¢e4 +0.013 +0.491 —32.098
(Gpp — J0410), +7.455el1 -+0.009 —5.720e8 +6.473e5 —1.472¢6 —0.423 +8.124¢4 +0.009 —2.956 —23.054
(Ggp — J0430), +1.972e13 +0.039 —8.575¢9 +1.572e6 —9.15%¢8 +0.027 +1.523e4 +0.001 —0.683 —5.411
(Gpp — J0O515), +7.078el1 —0.002 —2.988e8 +6.783e6 —1.314e6 —0.048 +3.741e4 +0.008 —1.173 —16.771
(Grp — J0660), +1.246el1 +0.004 —1.848e8 —2.576e5 —2.497e7 +0.154 +1.884¢4 +0.001 —0.461 —4.262
(Grp — J0861), +1.384e8 —0.006 —2.211e4 —0.001 +0.066 +0.469

mod

Note. In the table, the symbol ei represents 10~ C§
and y is [Fe/H].

(This table is available in machine-readable form.)

3 3
=ap-x t+a,-y +ax-

2022, 2023). Figure Al illustrates the sensitivity of stellar
colors to metallicity for the six bluer bands (u, J0378, J0395,
J0410, J0430, and g).

4.2. Dependence of the Magnitude Offsets on Magnitude and
Color

Figure 3 displays the dependence of the magnitude offsets
between those predicted by the SCR method and the J-PLUS
magnitudes on the G magnitude and intrinsic color
(Ggp — GRrp)o of the calibration samples. As anticipated, no
dependence is observed on either the G magnitudes or
(Ggp — GRrp)p color. This suggests that the detector exhibits
a high level of linearity.

4.3. Zero-point Offsets between the SCR Method and the SL
Method

To determine the difference in zero-points between the SCR
method (Section 3.1) and the SL method in L23, we selected
20 x 20 evenly distributed points in the CCD position space for
each image and used the median values of the zero-points at
400 locations as the zero constant. As shown in Figure 4, we
observe strong spatial variations in the difference of the zero-
points, caused by calibration errors in J-PLUS, which are
stronger in the blue filters than the others.

To quantitatively estimate calibration errors in the J-PLUS
DR3 data, we plot histograms of the difference in the zero-
point offsets between the SCR and SL methods, as shown in
Figure 5 (blue histogram). By fitting a Gaussian distribution,
we estimate the standard deviations for each band, 11.9, 15.2,
133, 7.2, 6.5, 3.2, 3.3, 3.3, 3.6, 2.4, 3.2, and 3.9 mmag,
corresponding to the u, J0378, J0395, J0410, J0430, g, JO515,
r, J0660, i, JO861, and 7 filters, respectively, as also mentioned
in L23. These values indicate an internal precision of about
2-4 mmag for the griz filters, 7-15 mmag for the blue filters,
and about 3—7 mmag for the red filters using the SL method.

In order to trace the systematic errors in the SL procedure,
we plot the correlation between the zero-point offsets for each
band pair in Figure 6, along with their corresponding
correlation coefficients. The observed systematic errors typi-
cally arise from at least two origins. For the panel of AJ0660
versus Ar, we observe points distributed along the y = x line

xz-y+a3~x~y2+a4~x2+a5~y2+a6~x-y+a7~x+a3~y+a9,wherexisTeff,

and present a moderate correlation. This is caused by the
systematic errors in the PS1 photometric data (Xiao &
Yuan 2022; Xiao et al. 2023b). In Figure 7, we compare the
systematic errors between the J-PLUS r band and the PS1 r
band and observe that both points were distributed around
y=x. We then quantify the histogram of the systematic
difference between the J-PLUS and PS1 r bands by fitting a
Gaussian distribution and find that the agreement between the
two is better than 2 mmag.

In the case of panels exhibiting correlation coefficients
greater than 0.8, we performed linear fitting and plot the fitting
lines depicting the trends of the points as red lines in Figure 6.
The corresponding slopes are also marked. The zero-points of
these highly correlated bands have a common source of
metallicity-dependent systematic errors. For example, as seen
in Figure Al, the metallicity sensitivity in Ggp —J0378 is
slightly stronger than that for Ggp — u, resulting in a fitting line
with a slope slightly larger than 1 in the AJ0378 versus Au
panel. Similarly, for the AJ0410 versus AJ0378 panel, the
metallicity sensitivity in Ggp —J0410 is clearly less than
Ggp — J0378, resulting in a fitting line with a slope smaller
than 1. This indicates that the J-PLUS DR3 photometric data,
which have been calibrated by the SL. method based on the PS1
photometry, have metallicity-dependent and PS1 spatially
dependent systematic errors.

4.4. Zero-point Offsets between the SCR Method and the XPSP
Method

Figure 8 shows a comparison of the zero-point offsets
between the SCR method (Section 3.1) and the XPSP method
before the XP spectra correction in L23 for all 12 J-PLUS
filters. As shown, all points are distributed along the y = x line
for each band. To establish quantitative consistency between
the SCR and XPSP methods, we plot histograms of the
difference in the zero-point offsets between the SCR and XPSP
methods in Figure 5 (orange histogram). We estimate the
standard deviations for each band using Gaussian fits, as
follows: 9.4, 8.5, 8.3, 4.0, 3.5, 1.7, 2.4, 1.7, 2.1, 1.4, 1.5, and
1.6 mmag, corresponding to the u, J0378, J0395, J0410,
J0430, g, JO515, r, JO660, i, JO861, and z filters, respectively,
as also mentioned in L23. These values suggest that the
comparison of zero-point offsets between the SCR and XPSP
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Figure 3. Variations of the magnitude offsets as a function of G magnitude (left
column) and intrinsic color (Ggp — Grp)p (right column). From top to bottom,

the u, J0O378, J0395, J0410, J0430, g, JO515, r, JO660, i, JO861, and z bands
are shown. The black dashed lines denote the zero-residual lines.

methods is within 1-2 mmag for the griz filters, 4-9 mmag for
the blue filters, and 2—4 mmag for the red filters.

In Figure 9, we observe moderate spatial variations in the
difference of the zero-point offsets between the SCR and XPSP
methods, which are also stronger in the blue filters compared to
the other filters. Figure 10 depicts the variations of the
difference of the zero-point offsets between the SCR and XPSP
methods, as a function of E(Ggp — Ggp), for all 12 bands. We
observe a moderate dependence of the difference in the zero-
points on E(Ggp — Grp), such as for the J0410 band.

As an example, we examine the flat-field fitting residuals
with extinction for over 1600 tiles in the J0410 band to
investigate if the differences in zero-points are influenced by
possible systematic errors in the reddening corrections. We find
that, for more than 99% of the tiles, the fit residuals exhibit no
dependence on E(Ggp — Ggrp). In less than 1% of the tiles, the
fit residuals show small dependences on E(Ggp — Ggp) for stars
with E(Ggp — Ggrp) > 0.12, such as in tile 84278, as shown in
Figure A2. The median extinction value for stars in each tile
was taken, and Figure 11 displays the variation of the zero-

Xiao et al.

point offsets as a function of R, (estimated by Zhang et al.
2023) for tiles with median values greater than 0.12. We can
observe correlations in some bands, in particular the J0395
band, indicating that systematic errors in the reddening
correction leading to spatial variation in the extinction laws
mainly affect the zero-point offsets in regions with high
extinction, as expected.

To examine the differences between the two methods in the
low-extinction sky region, we obtained correction relations for
the magnitude term and the color term based on the low-
extinction sample. These correction relations were then applied
to all stars to obtain residuals, where the residual in each tile is
the median value of all the stars in that tile. We estimate the
dependence of the median values on E(Ggp — Grp) of the
residuals for all tiles, which are plotted in Figure 10 as blue
curves. Interestingly, we find that the dependence of the
residuals on E(Ggp — Grp) and the zero-point offsets are
consistent for most bands when E(Ggp — Grp) < 0.12. This
suggests that, within the low-extinction region, discrepancies in
zero-points between the two methods stem from the correction
procedure of the magnitude and color terms in L23, primarily
resulting from the imperfect calibration of the Gaia XP spectra.

4.5. Consistency Assessment of the Zero-points between the
SCR Method and the Improved XPSP Method

In the previous section, we established that the differences
between the zero-points of the SCR method and the XPSP
method arise mainly from magnitude-, color-, and extinction-
dependent systematic errors in the XP spectra. However, how
much improvement is there in the consistency between the
zero-points of the XPSP method based on the corrected XP
spectra and the SCR method? Here, the zero-points predicted
by the improved XPSP method come from Section 3.2.

To quantitatively estimate this consistency, we plot histo-
grams of the difference in zero-point offsets between the SCR
method and the improved XPSP method, as shown in Figure 5
(green histogram). Gaussian fitting was used to estimate
standard deviations, resulting in values of 5.1, 5.4, 4.4, 2.7,
24,1.6,19,1.1, 1.1, 0.9, 1.3, and 1.2 mmag for the u, JO378,
J0395, J0410, J0430, g, JO515, r, JO660, i, JO861, and z bands,
respectively. These values suggest that the comparison of the
zero-point offsets between the the SCR method and the
improved XPSP method is around 1 mmag for the griz filters,
3-5 mmag for the blue filters, and 1-2 mmag for the red filters.
In summary, the consistency between the zero-points of the
SCR method and the improved XPSP method has improved by
approximately twofold compared to that before the corrections
were applied.

Figure 12 displays the spatial variations of the differences
between the SCR method and the improved XPSP method,
with the same axis and color range as in Figure 9. We observe
smaller dispersions in each panel of Figure 12 compared to
Figure 9.

Figure 13 shows the dependence of the zero-point offsets
between the SCR method and the improved XPSP method for
all 12 J-PLUS filters on E(Ggp — Grp). We observe that the
trends are significantly weaker than those shown in Figure 13
for each band. However, there is still a slight dependence on
extinction in the blue bands.
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Figure 5. Histograms of the difference in zero-points between the SCR method and the SL method (blue), the SCR method and the XPSP method (red), and the SCR
method and the improved XPSP method (green). The bands are marked in the top right corner of each panel. The Gaussian fitting results are plotted as gray, orange,
and black dashed curves, respectively. The sigma values are marked in the top left corner of each panel with the same colors.

4.6. Comparison of the Photometry with the XPSP Method
before and after the Improvement

In this section, the synthetic photometry with the XPSP
method before and after the improvement is obtained by

GaiaXPy and Section 3.2, respectively. The samples used in
this section are the stars in common in the calibration sample
for both the SCR method and the XPSP method. We assume
that the J-PLUS magnitudes predicted by the SCR method are
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Figure 9. Same as Figure 4 but for the SCR method vs. the XPSP zero-points.

the true magnitudes. The dependence of the difference between
the synthetic magnitudes obtained by the XPSP method before
and after the improvement and the SCR magnitudes on color
and magnitude are shown in Figures A3 and A4, respectively.
The synthetic photometric improvements arising from the Gaia

10

XP spectra correction (B. Huang et al. 2023, in preparation) in

all bands are shown in Figure AS.
Here, we focus on the u band. As mentioned earlier, the

consistency between the magnitudes of the SCR method and
the improved XPSP method is a factor of 2 after the Gaia XP
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Figure 12. Same as Figure 4 but for the difference between the SCR method and the improved XPSP method. The gray dashed lines denote zero offsets.
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Figure 13. Same as Figure 10 but for the difference between the SCR method and the improved XPSP method. The gray dashed lines denote zero offsets.
spectra correction in the u band. Figure 14 illustrates the SCR and improved XPSP magnitudes exhibits a slight color-
dependence of the magnitude offsets between the XPSP dependent term and no dependence on magnitude. For instance,
method before and after the improvement and the SCR method the difference in magnitudes between the two methods is
on the color and magnitude. We can see that the offset between reduced from —0.25 to 0.04 mag at Ggp — Grp=1.1. The
the SCR and XPSP methods has a strong dependence on both slightly color-dependent systematic errors may be caused by
color and magnitude, with an overall bias of —0.09 mag. measurement errors in the transmission curve or stem from the
Following the XP spectra correction, the difference between the Gaia XP spectra themselves. Numerical extrapolation may also
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Figure 14. An example showing the variations of the magnitude offsets between the SCR method and the XPSP method before (top panels) and after (bottom panels)
the improvements are applied as a function of Ggp — Ggp color (left panels) and G magnitude (right panels) for the # band. The color represents the number density of
stars in each panel. The comparisons for all the bands are shown in Figure A3 and A4. The gray dashed lines denote zero offsets.

potentially influence the u band. Furthermore, even though it is
not essential for the process of relative photometric calibration,
the overall bias is reduced to —0.01 mag.

The XPSP method relies on the projection of the stellar SED
onto the transmission curve of a photometric system. This
method requires two key elements: well-calibrated seamless
spectral data, such as the corrected Gaia XP spectra by B.
Huang et al. (2023, in preparation), and an accurately measured
transmission curve that incorporates atmospheric effects,
optical systems, optical filters, and the efficiency of multipixel
detectors. However, obtaining an accurately measured trans-
mission curve for ground-based systems is complicated due to
the following factors.

1. The transmission curve’s dependence on the airmass due
to the transmission efficiency of the Earth’s atmosphere is
related to the incident angle of light.

2. The opacity of Earth’s atmosphere varies on short time
scales, from seconds to minutes. This means that every
exposure taken will have a slightly different transmission
function.

3. For multipixel imaging detectors, like CCDs, each pixel
is approximately equivalent to a separate detector (refer to
Xiao et al. 2021 and Hogg 2022). Therefore, every pixel
of the imaging system has a slightly different transmis-
sion function.

The systematic error in the transmission curve (as a function of
airmass, time, position of multipixel detectors, and so on) will
lead to color-dependent systematic errors in the synthetic
photometry, even if the measurements of stellar SEDs have
excellent accuracy.

13

4.7. Spatial Distribution of Stellar Flat-field Correction
Residuals

To check the spatial distribution of the stellar flat-field
correction residuals (SFCRs) on the CCD position, we stack the
SFCRs of all images taken in each band and present them in
Figure 15. The SFCRs exhibit different spatial structures in
different bands, such as regular rings and irregular clumps,
which was also found in the photometric calibration of the
SAGES Nanshan One-meter Wide-field Telescope gri imaging
data, as reported by Xiao et al. (2022). It appears that the
SFCRs of two filters with central wavelengths close to each
other are correlated.

The spatial structure presented by the flat field is
characteristic of the large-scale flat field, which is not well
corrected in the process of skylight flat-field correction and
cannot be well corrected by low-order polynomials in the
process of stellar flat-field correction. Consequently, we
corrected each scaled image by means of linear interpolation
based on Figure 15.

5. Conclusions

In this study, we have used the SCR method based on
corrected Gaia EDR3 photometric data and spectroscopic data
from LAMOST DR7 to assemble about 0.25 million FGK
dwarf photometric standard stars per band. We then performed
an independent validation of the J-PLUS DR3 photometry and
found significant systematic errors in the J-PLUS DR3
photometry calibrated by both the SL method and the XPSP
method using Gaia XP spectra without the improvements.
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Figure 15. Spatial variations of the stellar fitting residuals for all bands. For each panel, the band and standard deviation are marked in the top left and top right
corners, respectively. The color bar showing the size of the residuals is plotted on the right.

When comparing the zero-points between the SCR method
and the SL method with PS1 photometric data, we observed
significant spatially dependent systematic errors in the zero-
point offsets, up to 2—4 mmag for the griz filters, 7-15 mmag
for the blue filters, and 3—7 mmag for the red filters. These
errors are primarily caused by the calibration errors in the PS1
data and the incomplete consideration of the metallicity-
dependent color locus in the SL. method. The calibration errors
in the PS1 data have a significant impact on the » band, while
the incomplete consideration of the metallicity-dependent color
locus has a greater effect on the bluer bands.

Similarly, when comparing the zero-points between the SCR
method and the XPSP method with uncorrected Gaia XP
spectra, we found moderate spatial variations of the zero-point
offsets, up to 1-2 mmag for the griz filters, 4-9 mmag for the
blue filters, and 2—4 mmag for the red filters. These variations
are primarily due to magnitude-, color-, and extinction-
dependent calibration errors of the Gaia XP spectra and spatial
variations in the extinction laws for less than 1% of the tiles.

To address these issues, we further developed the XPSP
method, based on corrected Gaia XP spectra from B. Huang
et al. (2023, in preparation), and applied it to the J-PLUS DR3
photometry. We found that, after correction, the consistency of
the zero-points between the SCR method and the XPSP method
improved to about 3—5 mmag for the blue filters and 1-2 mmag
for the other filters. This implies that the accuracy of the
J-PLUS photometry after recalibration is about 1-5 mmag.
Compared with the results of the XPSP method, the color and
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magnitude terms in the synthetic photometry with the XPSP
method after XP spectra correction diminished considerably.

Finally, approximately 91% of the tiles located within the
LAMOST observation footprint have their zero-point deter-
mined using the SCR method, while approximately 9% of the
tiles outside the LAMOST observation footprint have their
zero-point calibration determined using the improved XPSP
method. We also identified the spatial structure of the stellar
flat-field fit residuals for each band, caused by incomplete sky
flat-field correction, and corrected them using numerical
interpolation. It is worth noting that J-PLUS has achieved an
absolute calibration using the white dwarf locus; more details
can be found in L23.
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Appendix

The appendix provides several examples discussed in the
paper. These include sensitivity of metallicity to the J-PLUS
bluer bands (Figure Al), variations in the fitting residuals of
stellar flat-field in the SCR method (Figure A2), comparison of
the J-PLUS zero-points predicted by the XPSP (Figures A3 and
A4) and the SCR methods, as well as the differences in
photometry of J-PLUS 12 bands after Gaia XP spectra
correction (Figure AS).
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Figure A1l. Variations of stellar loci for different metallicities relative to the corresponding ones of [Fe/H] = 0.0 for the u, J0378, J0395, J0410, J0430, and g bands.
The difference between the results of [Fe/H] = —1.0, —0.5, 0.0, and +0.5 and [Fe/H] = 0.0 for each panel is represented by the red, green, orange, and blue curves,

respectively.
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Figure A2. An example showing the variations of stellar flat-field fitting residuals in the SCR method as a function of the extinction E(Ggp — Ggp) for the J0410 band

for 140 (1%) of the tiles. The tile IDs are marked in the bottom right corner of each panel. The gray dashed lines denote zero offsets.
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Figure A3. The variations of magnitude offsets between the SCR method and the XPSP method prior to the improvement as a function of the Ggp — Ggp color (upper
panels) and G magnitude (lower panels) for all bands. The bands are marked in the top left corners; the color represents the number density of stars in each panel.
Color bars are plotted in the bottom left corner of each panel. The gray dashed lines denote zero offsets.
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