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Abstract

We search for an optimal filter design for the estimation of stellar metallicity, based on synthetic photometry from
Gaia XP spectra convolved with a series of filter-transmission curves defined by different central wavelengths and
bandwidths. Unlike previous designs based solely on maximizing metallicity sensitivity, we find that the optimal
solution provides a balance between the sensitivity and uncertainty of the spectra. With this optimal filter design,
the best precision of metallicity estimates for relatively bright (G ~ 11.5) stars is excellent, op. /i = 0.034 dex for
FGK dwarf stars, superior to that obtained utilizing custom sensitivity-optimized filters (e.g., SkyMapper v). By
selecting hundreds of high-probability member stars of the open cluster M67, our analysis reveals that the intrinsic
photometric-metallicity scatter of these cluster members is only 0.036 dex, consistent with this level of precision.
Our results clearly demonstrate that the internal precision of photometric-metallicity estimates can be extremely
high, even providing the opportunity to perform chemical tagging for very large numbers of field stars in the Milky
Way. This experiment shows that it is crucial to take into account uncertainty alongside the sensitivity when
designing filters for measuring the stellar metallicity and other parameters.

Unified Astronomy Thesaurus concepts: Fundamental parameters of stars (555); Metallicity (1031); Astronomy

data analysis (1858); Photometry (1234)

1. Introduction

Accurate and precise determinations of stellar parameters for
large samples of stars play a vital role in numerous fields of
astronomy, including stellar physics and various Galactic studies.
At present these parameters, especially metallicity, are mainly
derived via spectroscopy. In the past decades, stellar parameters
for over 10 million stars have been obtained from massive
ground-based spectroscopic surveys, such as the Sloan Extension
for Galactic Understanding and Exploration (Yanny et al. 2009;
Rockosi et al. 2022), the Radial Velocity Experiment (Steinmetz
et al. 2006), the Apache Point Observatory Galactic Evolution
Experiment (Majewski et al. 2017), the Large Sky Area Multi-
Object Fiber Spectroscopic Telescope (LAMOST; Cui et al. 2012;
Zhao et al. 2012), the Galactic Archaeology with HERMES (De
Silva et al. 2015), and the Dark Energy Spectroscopic Instrument
(DESI Collaboration et al. 2016). Numerous additional massive
spectroscopic surveys are soon to begin (e.g., MOONS, WEAVE,
4MOST, Prime Focus Spectrograph; Cirasuolo et al. 2014;
Dalton 2016; Tamura et al. 2016; de Jong et al. 2019), which will
significantly expand these numbers. However, the total stellar
targets observed by such present and future spectroscopic surveys
will still lag far behind the numbers of stars with astrometric
parameter estimates measured by the Gaia mission (Gaia
Collaboration et al. 2023).
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The efficiency of obtaining stellar-parameter estimates can
be significantly enhanced through a photometric approach
utilizing specially designed filter systems (e.g., Huang et al.
2022). The best known is the Stromgren uvby System
(Stromgren 1963), which achieved remarkable success in
deriving stellar-atmospheric parameters for the Geneva-Copen-
hagen survey of the Solar Neighborhood (Nordstrom et al.
2004). In addition to this system, Bessell et al. (2011) designed
the SkyMapper filter set by inserting a v-band filter between the
Sloan Digital Sky Survey (SDSS)-like u- and g bands to obtain
high-sensitivity to metallicity, and a Stromgren-like « band to
provide sensitivity to both temperature (for hot stars) and
surface gravity (for A/F/G/K-type stars). This system has
been adopted by the SkyMapper Southern Survey (SkyMapper;
Wolf et al. 2018) and the Stellar Abundances and Galactic
Evolution Survey (SAGES; Fan et al. 2023), yielding stellar-
parameter estimates for about 50 million stars covering almost
37 steradians of sky (Huang et al. 2022, 2023). To minimize
the influence of molecular bands from carbon and nitrogen, the
Pristine survey (Starkenburg et al. 2017) has proposed a
narrower filter specifically centered on the wavelengths of the
Ca II H&K doublet lines, hereafter referred to as the Ca HK
band.” Utilizing CFHT/MegaCam, the Pristine survey has
observed over 6500 degrees” of the Northern sky with this
specialized filter (Martin et al. 2023). Interestingly, the Galaxy
Evolution Explorer (GALEX) near-ultraviolet band is the most

7 This technique was first explored by Anthony-Twarog et al. (1991, 2000),
Twarog & Anthony-Twarog (1995), and Anthony-Twarog & Twarog (1998).
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sensitive filter for metallicity estimation explored to date (Lu
et al. 2024). Using GALEX and Gaia EDR3 data, Lu et al.
(2024) have estimated metallicities with a precision of 0.11 dex
for about 4.5 million dwarfs and 0.17 dex for approximately
0.5 million giants.

On the other hand, metallicity can be precisely derived from
broadband filters with moderate sensitivity to metallicity (e.g.,
SDSS u) or very weak sensitivity but are observed with
extremely high photometric precision (e.g., Ggp). For example,
Yuan et al. (2015a) determined metallicities for about
0.5 million stars with 1% photometric precision from the
SDSS Stripe 82 by Yuan et al. (2015b). Xu et al. (2022)
acquired photometric metallicities with a typical precision of
about 0.2 dex for 27 million FGK stars from Gaia Early Data
Release 3 (Gaia Collaboration et al. 2021a, 2021b). Using
corrected Gaia DR3 XP spectra (Huang et al. 2024), B. Huang
et al. (2024, in preparation) synthesize Gaia 3-band photometry
to estimate metallicities for approximately 100 million stars,
with a precision(~0.07 dex) 3 times better compared to Xu
et al. (2022).

Although massive efforts have been carried out, the optimal
design of filters for accurately deriving stellar parameters still
remains to be fully explored. This important question is not
easy to address, since the optimal design should consider not
only the parameter sensitivity but also the levels of uncertainty
(including photon noise and calibration uncertainty) in the
chosen filters, which limits the depth to which such surveys can
be used. The latter is dependent on various factors, including
the observing conditions and the survey strategies employed
(e.g., the number of visits and the exposure times).

As a first exploration, here we attempt to identify an optimal
filter design for the derivation of stellar metallicity based on
synthetic photometry from Gaia XP spectra (Carrasco et al.
2021; Huang et al. 2024) convolved with a series of filter-
transmission curves defined by different central wavelengths
(A.) and bandwidths (AM). This approach enables the
identification of the highest-precision metallicity estimates in
the A\—A diagram, leading to optimal selections of A, and A\
for a given filter. The achieved precision is as good as
otre/u) ~ 0.03-0.04 dex, even better than that using the full
information content of Gaia XP spectra (Andrae et al. 2023).
Optimal filter designs for other stellar parameters (e.g., log g,
[a/Fe], [C/Fe]) can be determined in the same manner.
Moreover, this analysis methodology can also be applied to any
ground-based photometric surveys by simulating the parameter
precision with synthetic photometry from theoretical spectra,
with noise properly considered.

The organization of this Letter is as follows. Section 2
describes the data and methods employed. Results and a
discussion are presented in Section 3. Our conclusions are
provided in Section 4.

2. Data and Methods
2.1. “Corrected” Gaia XP Spectra

In addition to accurate astrometric information for over a
billion stars, Gaia DR3 (Gaia Collaboration et al. 2023)
released ultra-low-resolution (A\/ A ~ 50) prism spectra cover-
ing extremely wide bands in the blue (BP band) and red
(RP band), collectively referred to as XP spectra, for around
220 million stars, mostly with G < 17.65. The XP spectral
range spans from 336 to 1020 nm. Recently, systematic errors
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in the XP spectra have been carefully recalibrated by Huang
et al. (2024). By utilizing well-calibrated fluxed spectra from
CALSPEC (Bohlin & Lockwood 2022), NGSL (Koleva &
Vazdekis 2012), and LAMOST (Cui et al. 2012), systematic
offsets in the color, magnitude, reddening, and wavelength
spaces have been thoroughly examined and corrected. In this
study, unless otherwise specified, the adopted Gaia XP spectra
are the corrected version presented by Huang et al. (2024).

2.2. LAMOST Data Release 10

LAMOST is a 4 m quasi-meridian reflecting Schmidt telescope
equipped with 4000 fibers distributed over a field of view of 20
degrees” (Cui et al. 2012). Starting from Phase-II, the LAMOST
survey collected both low- (R~ 2000) and medium-resolution
optical spectra (R~ 7500). In this study, we adopt the low-
resolution data from LAMOST DR10, which has released over
10 million low-resolution spectra, with reliable stellar-parameter
estimates for about six million unique stars. The stellar-atmo-
spheric parameters used here are derived from the official pipeline
—the LAMOST Stellar Parameter Pipeline (Wu et al. 2011; Luo
et al. 2015). By using multiple observations, the internal precision
is found to be 0.10, 0.06, 0.04, and 0.02 dex for stars with spectral
signal-to-noise ratio (S/N) of 10-20, 2040, 40-80, and greater
than 80. As examined by Huang et al. (2022), the LAMOST
metallicity is robust over a wide range, with the metal-poor end
extending to [Fe/H]~ —2.5. For the purpose of deriving
metallicities for the rare extremely metal-poor ([Fe/H] < —3.0)
stars, samples constructed with special pipelines appropriate for
lower-metallicity stars are required (see details in Huang et al.
2022, 2023), beyond the scope of the present study.

2.3. Training and Testing Sets

The LAMOST DR10 catalog is crossmatched to the Gaia
DR3 XP spectra with a distance radius of 1”. In total, 5,571,175
dwarf stars are successfully matched. To define the high-quality
training sample, the following criteria are then applied:

(1) Main-sequence ~ stars with Mg = —(Ggp — Ggp)> +
6.5 x (GBp — GRP) — 1.8 and 4500< Teff< 6500 K are
selected;

(2) To avoid contamination from binary stars, we require a
Gaia renormalized unit error weight smaller than 1.2;

(3) Spectral S/N within the LAMOST g band >50;

(4) Distances from the Galactic plane |Z| >300pc and
E(B—V)<0.01 to minimize uncertainties due to
reddening corrections. The extinction values are taken
from the dust map of Schlegel et al. (1998; hereafter
E(B — V)srp), which is sufficient for stars in low-
reddening regions.

After the application of the above criteria, a total of 8107
stars remain. Around two-thirds (5107/8107) are selected as
the training set. The remaining 3000 stars, along with 25,254
stars selected in the same way, but with S/N between 10 and
50, are adopted as the test set.

2.4. Methods

The underlying physics to design a metallicity-sensitive filter
is based on the so-called “blanketing effect”—metals in stellar
atmospheres mainly absorb radiation energy in the blue to
near-ultraviolet region. This effect can be clearly seen over
much of the entire blue region, shown in the upper-left panel of
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Figure 1. Upper-left panel: the gray shadowed region (3360 A-4640 A) represents the window over which we search to find the optimal design of a metallicity-
sensitive filter. The red rectangle shows the region examined for the best design according to the algorithm described in Section 2. Two synthetic spectra are plotted,
one with (Ty, log g, [Fe/H]) = (5500 K, 4.5, 0.0) (blue line), and the other with (5500 K, 4.5, —1.5) (green line), taken from Goéttingen Spectral Library (Husser
et al. 2013), in order to demonstrate the “blanketing effect”. The transmission curves of the SkyMapper v band, SAGES v band, and Pristine Ca HK band are also
shown. The dark purple line represents the typical error of Gaia XP spectra taken from Huang et al. (2024; see the green line in their Figure 8). Upper-right panel:
metallicity-dependent stellar loci of training-set stars in the plane of (m — Ggp)o and (Ggp — Ggrp)o, color-coded by [Fe/H] as shown in the color bar. Here m
represents the synthetic magnitudes from the red rectangle region in the upper-left panel. The black lines represent our best fits for [Fe/H], with values ranging from
+0.5 (top) to —2.0 (bottom), in steps of 0.5 dex, as described by Equation (1). The standard deviation of the fitting residuals, marked as R (in magnitudes), is labeled
in the bottom-right corner. Bottom-left panel: variations of the stellar loci A(m — Ggp)o, as a function of (Ggp — Grp)o, for different metallicities (as marked by
different colors) relative to the locus at [Fe/H] = —0.5. Bottom-right panel: comparison of the metallicity estimated from this work and LAMOST DR10. The
standard deviation oy, ) of the metallicity differences is marked in the top-left corner.

Figure 1, until the wavelength approaches ~4300 A. We then (Ggp — Grp)o and [Fe/H], for the stars in the training
explore the optimal design of a metallicity-sensitive filter in the set:
following manner: 3
(1) The transmission-curve filter is assumed to have a top-hat fxy) = ZZ dijoi XY (D
shape, determined by two parameters: central wavelength J=0i=0
Ac and bandwidth A\ We tested different . values, where x and y refer to (Ggp — Grp)o and [Fe/H],
ranging between 3360 A and 4000 A, in steps of 10 A. respectively. It is worth noting that the optimal design
For each choice of M., AX can vary from 20A to may change slightly if adopting other broadband filter
(2A.—3360) A, in steps of 20A. The reddening systems (e.g., SDSS g- and i bands).
coefficient of each filter is derived by convolving its An example of the fitting result is shown in the upper-
transmission curve with the Fitzpatrick extinction law right panel of Figure 1; the standard deviation of the fitting
assuming an Ry = 3.1 (Fitzpatrick 1999). residual is denoted by R. The bottom-left panel of
(2) Convolve the Gaia XP spectra with the above-specified Figure 1 displays the variations in color (m — Ggp)g
transmission curves to calculate the synthetic magnitudes, across different metallicities for different stars represented
m. Similarly, we predict synthetic magnitudes for the by different colors (Ggp — Grp)o- Specifically, we define
Gaia G, Ggp, and Ggp bands. The reddening coefficient the metallicity sensitivity (denoted as S) as the variation of
for Ggp — Ggp is derived from Zhang & Yuan (2023). (m — Gpp)o between [Fe/H] =+0.5 and [Fe/H] = —0.5
(3) Similar to Yuan et al. (2015a) and Huang et al. (2022), for solar-type stars with (Ggp — Ggrp)o = 0.80.
metallicity-dependent stellar loci of the dereddened colors (4) Using the above empirical stellar loci represented by
(m — Ggp)o and (Ggp — GRrp)o are defined in order to Equation (1), we determine the stellar-metallicity estimate
estimate stellar metallicity. A third-order 2D polynomial for each star in the test sample from its colors (m — Ggp)g
(with 10 free parameters, including cross terms) is and (Ggp — GRrp)o using a numerical nonlinear equation
adopted to fit the color (m — Ggp)y, as a function of root-finding algorithm (the Muller method; Muller 1956).
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Figure 2. Left panel: the metallicity sensitivity S in the A, and A\ plane. The sensitivity is significantly higher in the region with A, 4+ & < 4250 A, indicated by the

black dashed line. The peak sensitivity centers around the wavelength of the Ca 11 K line (as indicated by the white arrow). A cut at )\ > 3360 + % (gray dashed

line) is adopted, given the blue boundary of the Gaia XP spectra. Middle panel: similar to the left panel, but for the scatter of the fitting residuals R. The smallest
scatter (<1%) tends to be in the region with A¢ + % > 4050 A. Right panel: similar to the left panel, but for the metallicity precision oy, u;. The shaded regions
indicate the areas of poorer (largest) metallicity-precision estimate, while the nonshaded region indicates the better (lowest) metallicity-precision estimate. The yellow
star marks the location of the optimal filter design with a central wavelength of 3790 A and a width of 640 A. The black, blue, and white stars indicate the locations of
the SkyMapper v band, SAGES v band, and Pristine Ca HK band, respectively.

A comparison between the photometric-metallicity esti-
mates and the spectroscopic estimates obtained from
LAMOST is shown in the bottom-right panel of
Figure 1. The standard deviation oyg s of the differences
in metallicity, determined from Gaussian fitting, serves as
the most important indicator (hereafter metallicity preci-
sion) for defining the optimal design of the metallicity-
sensitive filter.

3. Results and Discussion

Figure 2 illustrates the metallicity sensitivity S, scatter of
fitting residuals R, and photometric precision og. /g for a series
of filter designs characterized by the passband central wave-
length A\, and width A.. As clearly shown in the plot, S is

significantly enhanced for those filters with A, 4+ 22 < 4250 A,

except for several clumps at 3400, 3530, and 3750 A, caused by
the large errors in the Gaia XP spectra (indicated by the dark
purple line in the upper-left panel of Figure 1). The peak
sensitivity is located at 3910-3950 A, corresponding to the
wavelength of the Ca II K line. This location is also close to the
central wavelength of most custom metallicity-sensitive filters
(e.g., the SkyMapper v band and Pristine Ca HK band).

On the other hand, the scatter of the fitting residuals R tends
to be smaller than 1% for those filters with A, + Az’\ > 4050 A.
This is because the uncertainty in the Gaia XP spectra
significantly decreases from 10% (at 3900 A) to 2%-3% (at
4050 A), as shown again by the dark purple line in the upper-
left panel of Figure 1.

Finally, the precision of metallicity oy p is determined by
the combination of metallicity sensitivity S and the scatter of
the fitting residuals R. As expected the best precision is
achieved by those filters with 4050 A< 4+ 44 < 4250 A.
Quantitatively, the optimal design is the filter with a central
wavelength of 3790 A and a width of 640 A, yielding an
overall metallicity precision as good as 0.05 dex, associated
with the ratio of % As a comparison, the well-known

Table 1
Metallicity Sensitivities S, Scatter of Fitting Residuals R, and Metallicity
Precision og./p for the Optimal Filter Design in This Work and Three Custom

Filters

Filter R S O[Fe/H]

(mag) (dex) (dex)
This work 0.0094 0.186 0.051
SkyMapper v 0.0154 0.247 0.068
SAGES v 0.0140 0.190 0.075
Pristine Ca HK 0.0208 0.231 0.108
Gaia broad bands 0.0003 0.004 0.068

metallicity-sensitive filters generally have higher sensitivity S
but larger scatter /R. The overall precision of those filters is all
worse than the optimal one found in this work (see Table 1).

We perform both internal and external checks to validate the
precision of our derived photometric metallicity. First, the
differences between the photometric-metallicity estimates and
the LAMOST metallicity estimates, as a function of intrinsic
color (Ggp — Grp)o, LAMOST [Fe/H], and E(B — V)sgp, are
shown in Figure 3. No obvious systematic trends on
[Fe/H]amost and E(B — V)sgp are found for both the training
and testing samples. The dependence on (Ggp — Ggrp)y at
(Ggp — Grp)o > 0.9 is also ignorable.

Second, member stars of the open cluster NGC 2682
are selected to independently check the precision of our
photometric-metallicity estimates for solar-metallicity stars.
We select NGC 2682 stars with membership probability

Prem = 0.9 provided by Jaehnig et al. (2021). All of these
member stars are required to be brighter than G = 14 and have
Gaia XP spectra. By adopting a cluster distance of 1100 pc
(Souto et al. 2019) and a reddening of E(B — V)sgp, the
absolute magnitudes Mg and intrinsic color (Ggp — Ggp)y Of
these member stars are derived. A cut in the Mg—(Ggp — GRrp)o
diagram is applied to exclude giant stars (see the left panel of
Figure 4). A total of 203 NGC 2682 members remain. As
shown in the right panel of Figure 4, a tiny dispersion of
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The 1o values from the fits are labeled in the upper-right corner.

ofre/i) = 0.036 dex is found for our photometric metallicities
for those member stars. In contrast, the scatter of the
photometric metallicities achieved by the well-known Sky-
Mapper v band (synthetically generated using the same method
outlined in Section 2) is 0.049 dex. The median photometric
metallicity of [Fe/H] = —0.038 is very close to the value of
[Fe/H] = —0.031 measured from high-resolution spectroscopy
(Souto et al. 2019).

Finally, using the testing sample of FGK dwarf stars
(4500 < T < 6500 K), Figure 5 shows the metallicity preci-
sion of our photometric-metallicity estimates, as a function of
G-band magnitude. At the bright end, the uncertainty is only
oresm = 0.034 dex for G<11.5, slightly increases to
o) = 0.039 dex at G=12.0, exhibits a plateau of
Otre/m) = 0.044 dex for 12 <G <14, and quickly grows to
Otre/m) > 0.1 dex toward the faint end at G ~ 16.8. Similarly,
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the metallicity precisions derived from custom metallicity-
sensitive filters,” i.e., the SkyMapper v band, Pristine Ca HK
band, SAGES v band, and Gaia broad bands (B. Huang et al.
2024, in preparation), are shown for comparison. From
inspection of the precisions listed in Table 1, the results for
the SkyMapper v band, the SAGES v band, and Gaia broad
bands are nearly identical, whereas those for the Pristine Ca HK
band is significantly worse; all are worse than the precision
achieved by the optimal filter design in this study. The four
theoretical precision values at G=12.5, 13.5, 14.5, and
15.5 mag are also shown in Figure 5, which are calculated
using the method in the Appendix. Our estimates are consistent
with the theoretical predictions.

Photometric-metallicity estimates derived from the synthetic
Pristine Ca HK magnitudes, utilizing the Gaia XP spectra, are
independently derived by Martin et al. (2023). Their results are
crossmatched with the testing sample for calculating the
uncertainty as a function of G-band magnitude, which is very
close to that found by this work. In addition, the metallicities
estimated from the entire Gaia XP spectra (Andrae et al. 2023;
Zhang et al. 2023), utilizing machine-learning techniques, are
compared to our testing sample. These results are also shown in
Figure 5; note that the internal uncertainty of the LAMOST
metallicity estimates deduced from multiple observations has
been subtracted from the above uncertainties. The Pristine and
full XP precisions are all worse than our estimates across the
entire magnitude range. This result confirms the core conclu-
sion of this work—the precision of the metallicity estimates
(and presumably other stellar-atmospheric parameters) is the
combined outcome of sensitivity and photometric uncertainty.
Using this filter design, as well as Gaia broadband photometry,

8 Their synthetic photometry are also generated by convolving their

transmission curves with Gaia XP spectra. As in Section 2, we define the
metallicity-dependent stellar loci for these filters from the training sample, and
derive the photometric metallicities for stars in the testing sample.

we expect to achieve precise metallicity estimates for hundreds
of millions of stars with Gaia XP spectra available. The
precision is better than previous determinations by about a
factor of 2 over all magnitude ranges.

4. Conclusion

In this Letter, we perform an intial exploration of the optimal
filter design for deriving stellar metallicity, considering not only
the metallicity sensitivity but also the uncertainty, including both
calibration error and photon noise. Specifically, a series of filters
with top-hat transmission curves (determined by central
wavelength A, and passbandwidth A)) are convolved with
Gaia XP spectra. Using stars with available LAMOST spectro-
scopic metallicities as training and testing samples, the optimal
filter design (providing the best metallicity precision) is found
at (A, AN)=(3790, 640) A, which is a combined result of
metallicity sensitivity and uncertainty.

An internal check with metallicity estimates of LAMOST
FGK dwarf stars (4500 < 7.4 < 6500K) shows that the
precision is as good as opge ) = 0.034 dex at the bright end
(G 11.5), and is better than g ;= 0.15dex at the faint
end, with G~ 17. These precisions are superior to those
achieved by well-known custom filters such as the SkyMapper
and SAGES v band, the Pristine Ca HK band, and even by the
use of the entire XP spectra. An external test with over 200
member stars of the roughly solar-abundance open cluster NGC
2682 reveals a tiny scatter of oyg. /i = 0.036 dex in metallicity,
in excellent agreement with our internal check.

The method presented in this Letter can be used to yield the
most precise measurements of stellar elemental abundances
(e.g., metallicity, carbonicity, and the alpha elements) from XP
spectra, and offer critical insights into filter design for large-
scale survey projects. For instance, one can estimate the S/N at
each wavelength by considering various factors, such as the
telescope’s aperture, exposure time, atmospheric extinction at
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the observatory, seeing, the quantum efficiency of the detector,
and the transmission function of the telescope’s optical system.
Utilizing the model spectra, this approach enables the
prediction of the optimal design of filters for the estimation
of various stellar parameters. The result of this work also
highlights the need to achieve mmag level calibration precision
in near-UV filters.
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Appendix
Theoretical Precision Calculation

Assuming the covariance of spectral errors is negligible, the
theoretical precision of predicted metallicity using the optimal
filter can be computed by considering the photometric
uncertainty and sensitivity to metallicity. This can be calculated
using the equation:

Z (E(A)-F(/\)T(/\))z
A hv

Z GNFN)TWN) 2
A hv

O[Fe/H] — (A1)

where £(N), F(A), T(N\), G(N\), and hv denote the relative error,
flux, transmission function of the optimal filter, gradient spectra
at wavelength ), and energy of a photon, respectively. The
relative errors of Gaia XP spectra are ratios of the flux error to
the flux, both of which are derived by GaiaXPy (Ruz-Mieres
2024). Based on the same testing sample, we further compute the
ratio of the mean normalized spectra for [Fe/H]p amosT ranging
from —0.8 to +0.0dex in increments of (.1 dex, to the spectra
corresponding to [Fe/H]p amost = —0.8 dex. Subsequently, the
gradient spectrum is estimated as the mean rate of change of this
ratio with respect to [Fe/H] amost- Note that the yielded

Xiao et al.

gradient spectrum is consistent with the result of the 54 mini-
JPAS narrowband filters (Yuan et al. 2023).
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