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ABSTRACT

Aims. We used the Javalambre Photometric Local Universe Survey (J-PLUS) second data release (DR2) photometry in 12 optical
bands over 2176 deg? to estimate the fraction of white dwarfs with the presence of Ca 11 H+K absorption along the cooling sequence.

Methods. We compared the J-PLUS photometry against metal-free theoretical models to estimate the equivalent width in the J0395
passband of 10 nm centered at 395 nm (EW jp395), a proxy to detect calcium absorption. A total of 4399 white dwarfs with effective
temperatures within 30000 > T.g¢ > 5500 K and masses of M > 0.45 M, were analyzed. Their EW jy395 distribution was modeled
using two populations, corresponding to polluted and non-polluted systems, to estimate the fraction of calcium white dwarfs (fc,) as a
function of T.4. The probability of each individual white dwarf presenting calcium absorption, pc,, was also computed.

Results. The comparison of EW jp395 with both the measured Ca/He abundance and the identification of metal pollution from spec-
troscopy shows that EW ;395 correlates with the presence of Ca 11 H+K absorption. The fraction of calcium white dwarfs changes along
the cooling sequence, increasing from fc, = 0 at Teg = 13500 K to fc, = 0.15 at Ty = 5500 K. This trend reflects the selection func-
tion of calcium white dwarfs in the optical. We compare our results with the fractions derived from the 40 pc spectroscopic sample and
from Sloan Digital Sky Survey (SDSS) spectra. The trend found in J-PLUS observations is also present in the 40 pc sample; however,
SDSS shows a deficit of metal-polluted objects at T < 12000 K. Finally, we found 39 white dwarfs with pc, > 0.99. Twenty of them
have spectra presented in previous studies, whereas we obtained follow-up spectroscopic observations for six additional targets. These
26 objects were all confirmed as metal-polluted systems.

Conclusions. The J-PLUS optical data provide a robust statistical measurement for the presence of Call H+K absorption in white
dwarfs. We find a 15 + 3% increase in the fraction of calcium white dwarfs from 7.z = 13500 K to 5500 K, which reflects their

selection function in the optical from the total population of metal-polluted systems.
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1. Introduction

The presence of metals in the atmosphere of cool white dwarfs is
ascribed to the accretion of material from the ancient planetary
system (disrupted planets, asteroids, comets) of the degenerate
star (e.g., Jura 2003, 2008; Farihi et al. 2010). The presence of
metals is indicated by the detection of absorption lines in the
white dwarf spectrum. Modeling the metal lines with a care-
ful treatment of diffusion timescales from theory permits one
to derive the chemical abundances of the planetary debris (e.g.,
Koester 2009; Hollands et al. 2017; Turner & Wyatt 2020; Blouin
2020) and the accretion rates (e.g., Koester & Wilken 2006;
Hollands et al. 2018a; Blouin & Xu 2022). Thus, the study of
metal-polluted white dwarfs provides clues about the formation
and evolution of exoplanetary systems.

The fraction of metal-polluted white dwarfs can be as high
as 30-50% when the white dwarf population is analyzed with
ultraviolet spectroscopy (Koester et al. 2014) or high-resolution
(R = 20000) optical spectroscopy (Zuckerman et al. 2003, 2010;
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Koester et al. 2005). However, the discovery of these systems
has been mainly serendipitous from Sloan Digital Sky Sur-
vey (SDSS) medium-resolution (R~2000) optical spectroscopy
(Kleinman et al. 2013; Kepler et al. 2015, 2016, 2019), which
is affected by nontrivial selection effects. This hampers the
interpretation and representativeness of the measured chemical
abundances and accretion rates from the roughly one thousand
metal-polluted white dwarfs available in the literature (Coutu
et al. 2019).

The main selection bias for metal-polluted systems is the
ability to detect absorption lines. The most prominent feature
in the optical corresponds to the Calr H+K line, whose equiva-
lent width (EW) depends on both the effective temperature (7eg)
and the atmospheric calcium abundance. This is convolved with
the resolution and the signal-to-noise (S/N) of the spectrum,
defining a minimum EW for detection which effectively sets an
observational limit for Ca in white dwarfs. In addition, the tar-
get selection for the spectroscopic observations also impacts the
calcium detectability. In this context, white dwarfs with the pres-
ence of calcium absorption in the optical, also known as calcium

A211, page 1 of 16

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202451226
https://orcid.org/0000-0002-5743-3160
https://orcid.org/0000-0001-9873-0121
https://orcid.org/0000-0003-0928-4065
https://orcid.org/0000-0002-9074-4833
https://orcid.org/0000-0003-3656-5524
https://orcid.org/0000-0003-3135-2191
https://orcid.org/0000-0002-2573-2342
https://orcid.org/0000-0002-9026-3933
https://orcid.org/0000-0002-0358-8503
https://orcid.org/0000-0002-3029-5853
https://orcid.org/0000-0002-9013-1316
https://orcid.org/0000-0001-9490-899X
https://orcid.org/0000-0002-6985-9476
https://orcid.org/0000-0002-6713-4754
https://orcid.org/0000-0003-2953-3970
mailto:clsj@cefca.es
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Lépez-Sanjuan, C., et al.: A&A, 691, A211 (2024)

vMa2
72444-1030

6000 8000

Wavelength [A]

4000

- B LP 401-31

:L<C 0.6 73715-747

;

Tm 0.4 B

80

[}

T

S 0.2+ ™

& L™
4000 6000 8000

Wavelength [A]

Fig. 1. Spectral energy distribution of van Maanen 2 (left panel) and LP 401-31 (right panel), two metal-polluted white dwarfs. The colored
symbols in both panels are the 3 arcsec diameter aperture photometry corrected to total flux from J-PLUS: squares for broad bands, ugriz; circles
for medium bands of width ranging from 10 nm to 40 nm, J0378, J0395, J0410, J0430, J0515, J0660, and JO861 (see Table A.1 for details). The
passband J0395 of 10 nm width is the most sensitive to the presence of Call H+K absorption. The brown line shows the spectrum of the source
from the Gaia spectro-photometric standard stars survey (Pancino et al. 2012, 2021, left panel) and Limoges et al. (2015, right panel). The unique
J-PLUS identification, composed of the TILE_ID of the reference r-band image and the NUMBER assigned by SExtractor to the source, is reported

in the panels for reference.

white dwarfs, are a subsample of the complete metal-polluted
white dwarf population.

A novel way to analyze the incidence of calcium white
dwarfs is using photometric surveys with passbands sensitive
to the presence of calcium absorption, such as the Javalambre
Photometric Local Universe Survey (J-PLUS, 12 optical fil-
ters including the J0395 passband of 100 A width centered at
3939 A, Fig. 1; Cenarro et al. 2019), the Southern Photomet-
ric Local Universe Survey (S-PLUS, with the same filter system
as J-PLUS; Mendes de Oliveira et al. 2019), Pristine (a unique
CaHK filter of 98 A width centered at 3952 A; Starkenburg
et al. 2017), and the Javalambre Physics of the Accelerating Uni-
verse Astrophysical Survey (54 contiguous filters of 140 Ain the
optical, including two passbands centered at 3900 and 4000 A;
Benitez et al. 2014; Bonoli et al. 2021). The medium-band pho-
tometry in these surveys typically has a poorer sensitivity than
spectroscopy for the detection of Ca1l H+K absorption, but it
enables a homogeneous selection over the surveyed area.

In this work, we provide observational constraints on the cal-
cium white dwarf fraction detected in the optical at 30000 >
T > 5500 K as a proxy to understand the selection of metal-
polluted systems. We used the J-PLUS second data release
(DR2; Lépez-Sanjuan et al. 2021) covering 2176 deg? to supple-
ment the white dwarf catalog presented in Gentile Fusillo et al.
(2021, GF21 hereafter), which is based on Gaia EDR3 (Gaia
Collaboration 2016, 2021). The J-PLUS photometric results are
complemented with the spectroscopic data of the 40 pc sample
(O’Brien et al. 2023) and the SDSS DR16 spectra (Ahumada
et al. 2020) compiled in the GF21 catalog.

This paper is organized as follows. In Sect. 2, we detail the
J-PLUS photometric data and the reference white dwarf cata-
log used in our analysis. The estimation of the EW in the J0395
filter and the atmospheric parameters of the white dwarfs are
presented in Sect. 3. We compare the estimated EWs and effec-
tive temperatures derived from photometry with spectroscopic
measurements from the literature in Sect. 4. The evolution in the
fraction of calcium white dwarfs with the effective temperature
by a Bayesian analysis is presented in Sect. 5. The compari-
son with the spectroscopic samples and the discussion about
the selection function in the detection of metal-polluted white
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dwarfs are detailed in Sect. 6. We devote Sect. 7 to deriving the
individual probability of having calcium absorption and present
the spectroscopic follow-up of our most probable candidates.
Finally, the summary and conclusions are presented in Sect. 8.
All magnitudes are expressed in the AB system (Oke & Gunn
1983).

2. Data
2.1. J-PLUS photometric data

J-PLUS' is being conducted at the Observatorio Astrofisico de
Javalambre (OAJ, Teruel, Spain; Cenarro et al. 2014) using the
83 cm Javalambre Auxiliary Survey Telescope (JAST80) and
T80Cam, a panoramic camera of 9.2k x 9.2k pixels. The T80cam
camera at JAST80 provides a 2 deg” field of view (FoV) with a
pixel scale of 0.55 arsec pix~! (Marin-Franch et al. 2015). The
J-PLUS photometric system (Table A.l) comprises five SDSS-
like (ugriz) and seven medium-band filters centered at key stellar
features, such as the 4000 A break (J0378, J0395, J0410, and
J0430), the Mg b triplet (J0515), Ha at rest-frame (J0660),
or the calcium triplet (J0861). The most relevant passband in
this work is J0395, the third filter in ascending order of cen-
tral wavelength, which is sensitive to the presence of Ca Il H+K
absorption, as is illustrated in Fig. 1. The observational strat-
egy, image reduction, and scientific goals of the survey are
summarized in Cenarro et al. (2019).

The J-PLUS DR2 comprises 1088 pointings (2176 deg?)
observed, reduced, and calibrated in all survey bands (Lépez-
Sanjuan et al. 2021). The limiting magnitudes (5o, 3 arsec
aperture) are ~22 mag in the g and r passbands, and ~ 21 mag in
the other passbands. The median point spread function full width
at half maximum (FWHM) in the r band is 1.1 arcsec. Source
detection was done in the r-band images using SExtractor
(Bertin & Arnouts 1996), and the fluxes measured in the 12 J-
PLUS images using the position of the detected sources. Those
objects close to bright stars, near to the borders of the images,
or affected by artifacts were masked from the initial footprint,

' https://www.j-plus.es
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providing a high-quality area of 1941 deg?. The DR2 is publicly
available on the J-PLUS website”.

We used 3 arcsec diameter aperture photometry to analyze
the white dwarf population. The observed fluxes were stored
in the vector f = {f;}, and their uncertainties in the vector
oy = {o;}, where the index, j, runs over the J-PLUS passbands
(Table A.1). The uncertainty vector includes the errors from
photon counting, sky background, and photometric calibration
(Lopez-Sanjuan et al. 2021). We note that J-PLUS covers the
Milky Way halo, so crowding does not affect the quality of the
3 arcsec photometry.

2.2. White dwarf catalog

We based our study on the J-PLUS + Gaia white dwarf cat-
alog defined by Loépez-Sanjuan et al. (2022a). This sample
was extracted from the Gaia EDR3 catalog of white dwarfs
presented in GF21 and complemented with the J-PLUS DR2 12-
band photometry. The sample comprises 5926 white dwarfs with
probability Pwp > 0.75 in GF21, r < 19.5 mag, and parallax
1 < @w < 100 mas. We refer the reader to Lopez-Sanjuan et al.
(2022a) for an extended description of the sample, including the
Bayesian classification of the sources in H- and He-dominated
atmospheres.

2.3. Spectroscopic information

The GF21 catalog also gathers the available spectroscopic infor-
mation from SDSS DR16 (Ahumada et al. 2020), including an
updated spectral classification of the white dwarfs. The main
types in the catalog are DA (hydrogen lines), DB (helium lines),
DC (featureless continuum), DZ (metal lines), and DQ (carbon
lines). We found 1393 sources with S/N > 5 in common with
our white dwarf sample, including 59 objects with signs of metal
pollution.

We also searched for objects in Coutu et al. (2019). The
authors perform a detailed abundance analysis of 1023 metal-
polluted DZ and DBZ white dwarfs, providing an estimation of
their effective temperature and the calcium-over-helium abun-
dance, noted as Ca/He. There are 47 common sources between
both datasets.

Finally, we also used the 40 pc sample presented in O’Brien
et al. (2024). This volume-limited sample was selected from
GF21 candidates and comprises 1076 white dwarfs with both
dedicated spectroscopy and ancillary data (Limoges et al. 2015;
Tremblay et al. 2020; McCleery et al. 2020; O’Brien et al. 2023).
There are 119 metal-polluted white dwarfs in the sample. We
refer the reader to the aforementioned papers for an extensive
discussion of the 40 pc sample.

3. Estimation of the J0395 equivalent width

We aim to detect the presence of calcium absorption in the
sample of 5926 white dwarfs presented in Lopez-Sanjuan et al.
(2022a). A possible approach is to analyze the J-PLUS pho-
tometry using a set of theoretical models with and without
metal-polluted atmospheres. This provides the likelihood for the
presence of metals, at the cost of increasing the number of free
parameters in the fitting procedure with the abundances of the
main polluting elements (i.e., Ca, Mg, and Fe). The relative
abundances of these elements can be fixed to those measured in

2 https://www.j-plus.es/datareleases/data_release_dr2

Solar System chondrites (e.g., Lodders 2003), reducing the extra
parameters in the analysis to the calcium abundance.

Even in the simplified case, there are two drawbacks: the
relative low fraction of metal-polluted systems with strong opti-
cal features, ranging from 5% to 15% (Hollands et al. 2018b;
McCleery et al. 2020; O’Brien et al. 2023), and the larger sen-
sitivity of the J0395 filter to the presence of calcium absorption
with respect the other J-PLUS passbands. In this scenario, half
of the white dwarfs would have a larger likelihood of being
metal-polluted just because of the random errors in the J0395
photometry of normal, non-polluted systems. In other words, we
face a highly degenerate problem.

To solve this statistical challenge, a proper prior is needed in
the fraction of calcium white dwarfs as a function of the white
dwarf properties; for example, the effective temperature. This is
precisely the main goal of the present paper. We circumvented
this circular argument by simplifying the analysis as much as
possible, defining a proxy for the presence of calcium absorption
avoiding theoretical modeling of metal-polluted white dwarfs.
The adopted proxy was the EW in the J0395 filter:

Do) ) m

J0395

EW ;o395 = 100 X (l -

where fjo39s is the observed flux in the J0395 passband and

o565 is the expected continuum flux in absence of metal pollu-
tion. The estimation of the continuum flux is detailed in the next
section and the goodness of EW ;g395 as a proxy for the presence

of calcium is shown in Sect. 4.

3.1. Estimation of the continuum flux in JO395

The first step to determine the expected continuum flux in the
absence of polluting metals for each white dwarf in the sample
is the estimation of the following probability density function
(PDF),

PDF (1,0 f,0p) oc L(f|t,0,0f) X P(6), )

where 6 are the parameters in the fitting, ¢ are the different non-
polluted atmospheric compositions considered in our analysis,
L is the likelihood of the data for a given set of parameters
and composition, and P is the prior probability. The parame-
ters in the fitting were 6 = {Te, log g, @}, corresponding to the
effective temperature, surface gravity, and parallax. We explored
two atmospheric compositions, corresponding to hydrogen- and
helium-dominated atmospheres, ¢ = {H, He}. The final PDF is
normalized to one by definition.

We defined the likelihood of the data given a set of parame-
ters and composition as

12

L1000 =] ]Pa il £ 0, 3)
j=1
J#3

where the index, j, runs over the J-PLUS passbands (Table A.1)
excluding J0395, the function, Pg, defines a Gaussian probabil-
ity distribution,

1 — 2
Pg (x|p,0) = Nors exp —(XZO_'L;) ], 4)
o

and the model flux was estimated as

2 aper
f]m"d (t,60) = (%) F,,j (Tegr, log g) 10704k EB-V) 100.4c/P . 5)
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Fig. 2. Illustrative example for the estimation of the J0395 EW, EW 43¢5, in WD 1529+428, a DZ with spectroscopic information from SDSS (left
panel). Symbols are showing the J-PLUS photometry as in Fig. 1. The gray diamonds connected with a solid line in the right panel depict the
best-fit solution to J-PLUS photometry but the J0395 passband, with the derived parameters and their uncertainties labeled: effective temperature
(Teg), surface gravity (log g) and parallax (@). The white diamond represents the expected continuum flux in the J0395 filter in absence of polluting
metals from the fitting process, see Eq. (7). The estimated J0395 EW is also presented in the panel.

where F;; is the theoretical absolute flux emitted by a white
dwarf of type ¢ located at 10 pc distance, ; is the extinction coef-
ficient of the passband, E(B — V) is the color excess of the white
dwarf, and C;Per is the aperture correction needed to translate
the observed 3 arcsec diameter magnitudes to total magnitudes.
The estimation of the color excess and the aperture correction
are detailed in Lopez-Sanjuan et al. (2022a).

The H-dominated atmospheres were described with pure-H
models (r = H, Tremblay et al. 2011, 2013), while mixed models
with H/He = 107 at T > 6500 K and pure-He models at T <
6500 K were used to describe He-dominated atmospheres (¢ =
He, Cukanovaite et al. 2018, 2019). We assumed the mass-radius
relation of Fontaine et al. (2001) for thin (He-atmospheres) and
thick (H-atmospheres) hydrogen layers. A discussion of these
models is presented elsewhere (e.g., Bergeron et al. 2019; Gentile
Fusillo et al. 2020; McCleery et al. 2020).

A Gaussian prior probability for the parallax was used,

P(w) = Pg (w| @EpR3, 0 w), (6)

where @wgprs and 0, are the parallax and its error obtained from
Gaia EDR3 (Gaia Collaboration 2021; Lindegren et al. 2021b).
The published values of the parallax were corrected by the Gaia
zero-point offset following the prescription by Lindegren et al.
(2021a). Finally, a flat prior for 7.4 and log g was assumed.

At this stage, we had the PDF of the atmospheric parameters
and the composition for each white dwarf. The photometry in the
J0395 passband was not used in the fitting process, and the PDF
of the expected continuum flux was estimated as

PDF (fios) = Y, [ PDF (0.0) X L - £ .00 . (1)

where § is the Dirac delta function and }‘6‘;‘;5 is the model flux for

the J0395 passband following Eq. (5). The final value of f5o5s
and its uncertainty were estimated as the median and the dis-
persion of the best-fit Gaussian to the distribution PDF( f;¢395).
We found that this process provides a proper description of the
posterior and permits the measurement of the J0395 EW using
Eq. (1).

The measurement process is illustrated in Fig. 2 with the J-
PLUS source 66690-7017 (WD 1529+428). This white dwarf

is classified as DZ (Eisenstein et al. 2006) and presents an
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intense Call H+K absorption, as is highlighted by the SDSS
spectrum. The measured EW was EW jg395 = 41.2 + 4.2 A ora
100 detection for the presence of polluting metals using J-PLUS
photometry.

3.2. White dwarf parameters and summary statistics

In addition to EW j395, we also estimated the effective tempera-
ture and the mass of the analyzed white dwarfs. We marginal-
ized over surface gravity, parallax, and composition to obtain
PDF (T.g), and used the mass-weighted version of Eq. (7) to
estimate the mass posterior,

PDF (M) = Z f PDF (1, 6) X 5[M — M™ (¢, 6)] d6. (8)

The retrieved parameters and their uncertainties were again
the median and the dispersion of the best-fit Gaussian to the
posterior distributions.

The catalog with the parameters used in the present work
is publicly available at the J-PLUS database and the Centre de
Données astronomiques de Strasbourg (CDS). The description
of the catalog is presented in Appendix B.

4. Correlation of EW y395 with calcium abundance

In this section, the reliability of EW ;o395 as a proxy for the pres-
ence of calcium absorption in white dwarfs is evaluated. We
compare the calcium abundance and the temperature from Coutu
et al. (2019) with their photometric counterparts in Sects. 4.1
and 4.2. The EW ;o395 of those white dwarfs with metal pollu-
tion from the GF21 classification using SDSS DR16 data are
presented in Sect. 4.3.

4.1. Ca/He abundance versus effective temperature

We found 47 sources in common between our J-PLUS + Gaia
sample and the white dwarfs analyzed by Coutu et al. (2019).
They report an EW detection limit of 0.5 A for their sample,
well below the J-PLUS detection limit, providing a proper ref-
erence sample to test EW jg395 as a proxy for the presence of
calcium absorption. The calcium abundance, log Ca/He, as a
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common with the J-PLUS + Gaia sample (circles). The solid line in both panels shows the expected detection limit for EW jp395 = 13.5 A derived

from theoretical models with log g = 8. Left panel: the color scale represents EW jg395, with white symbols having EW ;o395 < 0 A. Right panel: the
color scale represents S /N in the J0395 EW with two discrete possibilities, being larger or lower than S/Ngw = 2.3. This value corresponds to a

99% detection or EW jg395 ~ 13.5 A given the uncertainties in the measurements.
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Fig. 4. Effective temperature from J-PLUS photometry, T2F*US, as a function of the value derived by Coutu et al. (2019), TS (left panel). The
dashed black line marks the one-to-one relation and the dotted red line a 4% overestimation from J-PLUS with respect to the temperature from
Coutu et al. (2019). Right panel: relative difference between effective temperatures as a function of Tecﬂ!g. The dashed black line marks a zero

difference and the dotted red line a 4% overestimation. The red area encloses 68% of the points and it is equivalent to a 3% dispersion.

function of T.g from the spectroscopic analysis of Coutu et al.
(2019) is presented in Fig. 3. The common white dwarfs cover
a wide range of properties, with 5000 < T < 15500 K and
—11 < logCa/He < —7 dex. Low-abundance systems are only
present at cool temperatures due to observational bias: the cal-
cium absorption strengthens at low temperatures, making its
detection feasible.

The measured EW jo395 shows the expected behavior, with
larger values for larger calcium abundances at a given effective
temperature (Fig. 3, left panel). The typical uncertainty in the
measured EW 395 of these sources is ogw = 5.9 A, which
translates to a 99% confidence (i.e., S/N > 2.3) in the detection
of calcium absorption for systems with EW o395 = 13.5 A.
We tested this limit by computing EW p395 from the syn-
thetic J-PLUS photometry performed in a set of theoretical
models (Koester 2010; Koester et al. 2011) for pure-He atmo-
spheres polluted by metals at different effective temperatures
(4000 < Teg < 10000 K in 100 K steps) and calcium abun-
dances (—11 < logCa/He < —6 dex in 0.2 dex steps). The
models had a fixed surface gravity of logg = 8 dex and the
abundance of other metals was set to that in the Solar System
chondrites (Lodders 2003). Then, we found at each T.g the cal-
cium abundance that produces EW jg395 = 13.5 A. The selection
limit at temperatures larger than T.g > 10000 K was estimated

from the values in Coutu et al. (2019), properly scaled to match
the selection limit from our models at the common temperature
range, 8000 < T < 10000 K. The combined selection curve
agrees well with the 99% confidence detection for the data
(right panel in Fig. 3). We also found that EW 395 departs
from the expectations at T < 5500 K, where the presence of
metals greatly modifies the spectrum even at low abundances
and the fitting to the J-PLUS photometry assuming unpolluted
atmospheres is not valid anymore. Thus, we set T,z = 5500 K
as the lower temperature limit in our study.

We conclude that the measured EW jp395 provides a proxy
for the presence of calcium absorption in metal-polluted white
dwarfs, showing the expected trends with 7. and Ca/He.

4.2. Comparison between effective temperatures

We aim to estimate the dependence in the fraction of calcium
white dwarfs with the effective temperature. The temperatures
from J-PLUS photometry assuming no metal pollution are com-
pared with the values from Coutu et al. (2019), as is presented
in Fig. 4. We found an overestimation from J-PLUS of 4%, with
no dependence on the effective temperature in the range 5000 <
Ter < 15000 K. This suggests a systematic difference due to
our simplified models that assume white dwarfs atmospheres
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Fig. 5. Left panels: EW ;395 as a function of the effective temperature from J-PLUS photometry (black bullets). The top panels show the 38 white
dwarfs with a metal dominant type (DZ, DZA, DZB, etc.) and the bottom panels the 21 white dwarfs with a non-dominant metal type (DAZ, DBZ,
etc.) as purple circles. The spectroscopic type is from GF21 for SDSS DRI16 spectra with S/N > 5. Right panels: camulative distribution function
(CDF) in EW jp395 for the total sample (black) and the metal-polluted sample (purple). The black and purple circles with error bars depict the

median and the [16,84] percentiles of the distribution.

without metals. For consistency, we used the photometric effec-
tive temperatures from J-PLUS in the study of the calcium white
dwarf population (Sect. 5).

4.3. EW 395 distribution of metal-polluted white dwarfs

In this section, we present the distribution of EW j395 for the
general white dwarf population and for those systems classified
as metal-polluted in the GF21 catalog. Prior to this analysis, we
selected white dwarfs with 5500 < T. < 30000 K to ensure that
EW ;0395 is a proper proxy for the calcium absorption (Sect. 4.1)
and the uncertainty in the measured effective temperature is
below the 5% level (Lopez-Sanjuan et al. 2022a). We also
selected objects with M > 0.45 M, to discard low-mass systems
from binary evolution and unresolved double degenerates. The
final sample comprises 4399 white dwarfs.

The EW ;o395 as a function of g for the final sample is pre-
sented in Fig. 5. The general distribution of the population is
well described by a Gaussian with median y = 0.5 A and disper-
sion o= = 8 A. The 38 white dwarfs dominated by the presence
of polluting metals (DZ, DZA, DZB, etc.), following the GF21
classification, are located at Te < 15000 K and EW jo305 > 0 A.
Their distribution is asymmetric, with a median of EW ;p395 =
17 A and 16% to 84% of the distribution within [7,53] A. A
two-sized Kolmogorov-Smirnov test yields a probability lower
than 10~'# that the general and the metal-dominated populations
are drawn from the same parent sample.

The 21 white dwarfs with a subdominant presence of metals
(DAZ, DBZ, etc.) in the GF21 classification present lower values
of EW 0395 and cover a larger temperature range, reaching Teg ~
20000 K. This is the expected trend, with a shallower calcium
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absorption than the DZ systems. The median and the [16%,84%]

range are EW jo395 = 4 A and [1,10] A, respectively. In this case,
the Kolmogorov-Smirnov test provides a probability of 0.006, or
a 2.50 difference, between the general and the metal-polluted
population.

The measured EW jg395 has the expected behavior with the
spectral type, presenting positive values for objects where the
optical spectrum is dominated by metal lines and larger values
for those classified as DZ. We note that EW jy395 is statisti-
cally positive even for DAZ and DZB hybrid types. Interestingly,
Fig. 5 also shows that white dwarfs with significantly positive
EW o395 and without an SDSS spectroscopic counterpart are
present in the J-PLUS + Gaia sample.

As a summary, we found that the EW ;o395 and Teq derived
from J-PLUS photometry and Gaia parallaxes are good proxies
for the effective temperature and the Ca/He abundance derived
from the spectra. Moreover, the EW jp395 distribution of the
metal-polluted systems presents a positive value and differs from
the general population, dominated by non-polluted white dwarfs.
The next step in our study was to model the observed EW jo395
distribution, as is detailed in the next section, to estimate the
fraction of white dwarfs with calcium absorption in J-PLUS as a
function of Teg.

5. Evolution in the fraction of calcium white dwarfs
with the effective temperature

In the previous section, we demonstrated that EW jp395 is
a good proxy to unveil the presence of calcium absorption
in white dwarfs. However, the uncertainties in the measure-
ments can blur the difference between genuine metal-polluted
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systems with EW jo395 > 0 A and non-polluted white dwarfs
with EW jg30s = 0 A. This limitation was solved with a Bayesian
modeling of the observed EW ;o395 distribution that includes the
effect of the uncertainties and permits one to recover the real,
underlying EW ;o395 distribution. The 4399 white dwarfs with
30000 > Teg > 5500 K and M > 0.45 M, were used in the
following analysis.

5.1. Modeling of the distribution

The real distribution of EW j395 in the absence of observational
uncertainties is

D(EW 4.510), )

where O is the set of parameters that define the distribution. The
function was normalized to have a unity integral. To simplify the
notation, we omit the normalization constants in the following.

The real values of EW jp395 are blurred during the measur-
ing process due to the observational uncertainties. Thus, the
probability of observing an EW for a given set of parameters
is

P (EW j0305 | ©®, opw)

- f DEWS . 1©) P (EW os0s |EWS, | o) dEWTS,
(10)

where Gaussian uncertainties were assumed. Combining the
individual probabilities for the white dwarf population, the
likelihood of the parameters is obtained as

LEW 1030510, 55w) = [ | PEW 1305 10, 0y, (1n)

where the index i runs over the white dwarfs in the sample, and
EW o395 and ogw are the vectors that comprise the individual
measurements and their uncertainties, respectively. The poste-
rior probability of the parameters was obtained by applying the
priors,
PDF (©) o< L(EW jo305 | ©, 0gw) P (O). (12)
We explored the parameters space with the emcee code
(Foreman-Mackey et al. 2013), a Python implementation of the
affine-invariant ensemble sampler for the Markov chain Monte
Carlo (MCMC) technique proposed by Goodman & Weare
(2010). The emcee code provides a collection of solutions, noted
as ®yc, with their density being proportional to the posterior
probability of the parameters. We obtained the central values of
the parameters and their uncertainties from a Gaussian fit to the
distribution of the solutions, noted as ®yc and o, respectively.
To compare the different models, we used the Bayesian
information criterion (BIC, Schwarz 1978), defined as

BIC = Nlogn — 21og L (EW o305 | Oy, oew). (13)
where N is the number of parameters in the model and n the
number of white dwarfs in the sample. A BIC difference between
models larger than 10 is a strong support for the model with the
lower BIC.

Table 1. Results of the Bayesian fitting to the observed EW ;o305
distribution.

Model Fitting results logL BIC ABIC
Omce + 0o

Dy e 0 0

D, fca =0.016 £0.007 1815 -3622 -3622

D) f&, =0.002 +0.002 0 8 8

p, TS ELON 183 3647 25
a=0.18+0.03

D; b=0.067+0011 1872 -3719 -72

a = -0.047 £ 0.007

Notes. The last column displays the difference in the Bayesian informa-
tion criteria (BIC) between consecutive models. Negative values favor
the model with lower BIC.

5.2. Temperature-independent models

Models that do not depend on T.; were explored first. This
provided us with an initial guess about the relevance of the
metal-polluted population. The results for the different models
are summarized in Table 1.

The baseline model assumes a unique population of white

dwarfs without metal pollution. This is described with a Dirac
delta function,
Dy = 6 (EW jo305). (14)
This model has no free parameters and its likelihood was used
to normalize all the models in the following. This implies
log Ly = 0 and BIC = 0. We note that the notation was sim-
plified by omitting the dependent variable EereOa3195 and only the
parameters of the distribution were explicit.

The next step was to include a second population with pos-

itive values of EW jg395. Our first attempt was to assume a
constant density,
D1 (fca) = (1 = fea) Do + foa HEW jo395), (15)
where fc, is the total fraction of white dwarfs with calcium
absorption and H is the Heaviside step function. A prior in
fca was applied to restrict its value between zero and one.
This model is overwhelmingly favored by the data, with BIC =
—3622. The obtained fraction of calcium white dwarfs was
fca = 0.016 £ 0.002. We discounted this positive signal being
due to systematics in the measurements or in the uncertainties
by testing the presence of nonphysical calcium emitters,
D’ (f&) = (1 = f&) Do + f& H(=EW j305). (16)
We found log L = 0 and a fraction of calcium emitters that
tend to zero. Because the model has one parameter, we obtain
BIC = 8 and the baseline model is favored. Hence, we found
that the EW ;395 distribution presents a relevant population of
metal-polluted white dwarfs with calcium absorption.

Then, a dependence on EW was included as

D> (fca, @) = (1 = fca) Do + fca Dea (@), an
where
Dc, (@) = exp(@ EW jo305) H(EW jo395). (18)
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Fig. 6. Probability distribution function of the observed EW jp395 (black histogram). The left panel shows the best-fit D, model and its 68%
confidence interval with the red line and area, respectively. The best-fit parameters are labeled in the panel. The purple line and area show the
median distribution and its 68% confidence interval obtained from 5000 random samples extracted from D, and affected by the same uncertainties,
Ogw, as the observations. The right panel is similar to the left panel but for the baseline model, Dy.

We found that the data favor a decrease in the number of calcium
white dwarfs with EW, @ = —0.042 + 0.007 and ABIC = -25
with respect to the model D;. The total fraction of white dwarfs
with calcium absorption in this model was fc, = 0.035 = 0.007.

A key aspect of the performed analysis is the accounting for
the impact of the observational errors in the broadening of the
distributions. We highlight this point by comparing the observed
EW o395 distribution and the best D, distribution in Fig. 6.
At first glance, both distributions seem to differ significantly.
Nevertheless, the model must be convolved with the same obser-
vational uncertainties in EW jo395 for a proper comparison with
the observed distribution. Thus, we extracted 5000 random sam-
ples of n = 4399 sources from D,, which correspond to EW%‘;QS
in Eq. (9). Then, we randomly assigned to them the ogw from the
observations, and extracted a random value from a Gaussian with
median EW%“;95 and dispersion ogw. Finally, the histograms of
the random samples were estimated to obtain the median simu-
lated distribution and its uncertainty. The comparison between
the simulated and the observational distributions is excellent
(Fig. 6), demonstrating the goodness of the fitting process and
the impact of the errors in the underlying, real distribution of
EW 030s.

As a final test, we repeated the procedure above with the
baseline model Dy; that is, assuming that there are no objects
with calcium absorption in the sample. In this case, the negative
range is recovered, but the positive range presents a clear excess
of objects with large EWs. This visually supports the BIC results
summarized in Table 1.

5.3. Temperature-dependent model

The final step in the modeling of the EW j39s distribution was
to include a dependence on the effective temperature for the
fraction of calcium white dwarfs,

D3 (Teff, Cl, b» a)
=[1 = Fca(Teq,a,b)] Do + Fca(Ter, a, b) Dy (@),
(19)

where

Teﬁ
FeuTarab) = b= ax (o5t 1)
The model D3 has three free parameters, as the effective tem-
peratures of the white dwarfs were measured. We assumed Teg
without error in the fitting process.

(20)
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Fig. 7. Fraction of white dwarfs with calcium absorption (fc,) as a
function of the effective temperature (7). The best-fit Fc, model and
its 68% confidence interval are shown with the purple line and area,
respectively. The parameters of the linear trend from Eq. (20) are pre-
sented in the panel. The purple dots depict the fractions obtained with
the temperature-independent model D, at different 7. intervals.

The main result of the present paper is the change in the
fraction of white dwarfs with calcium absorption along the
cooling sequence from Eq. (20). We found b = 0.067 + 0.011
and a = 0.18 £0.03, as is presented in Fig. 7. The significance in
the slope parameter, a, is at a 60 level, with a larger fraction
of calcium white dwarfs at lower temperatures. The BIC dif-
ference with respect to the best temperature-independent model
is ABIC = —72, implying that the evolution in the fraction of
calcium white dwarfs with the effective temperature is largely
supported by the data.

We also tried a model with temperature variation in the «
parameter. The obtained BIC difference with the model D; was
3 and there is therefore no evidence for a significant temperature
variation in the parameter a. The best-fit value from model D;
was @ = —0.047 + 0.007.

We complemented the result by computing fc, at differ-
ent temperature ranges with model D, and fixing @ = —0.047.
The derived fractions are summarized in Table 2 and shown in
Fig. 7. The fractions from the individual temperature ranges are
compatible with the inference from the global analysis.

The trend in Fig. 7 should be understood as a reflection
of the selection effects discussed in Sects.l and 4. Assuming
a total fraction of metal-polluted white dwarfs of 30%-50%
(Zuckerman et al. 2003, 2010; Koester et al. 2014) without any
effective temperature dependence, the change in the EW detec-
tion limit with T.¢ (Fig. 3) naturally creates the observed trend.
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Table 2. Fraction of calcium white dwarfs measured at different effective temperature intervals.

J-PLUS 40 pc spectroscopic sample SDSS spectroscopy

Té?fin Ténffax (Tefr) fCa (Ter) fCa fCa fCa S /Nmin (Tefr) fCa

kK) (kK) (kK) (kK) Tier 1,2,3 Tier 1,2 Tier 1 (kK)

55 8 6.8 0.14 £ 0.02 6.5 0.13+£0.02 0.12+0.02 0.10+0.02 15 7.1 0.085 +£0.011
8 10 9.1 0.08 +£0.02 9.0 0.13 £0.03 0.07f8:8; 0.07f8:8§ 14 9.0 0.074 £ 0.008
10 12 11.0 0.04 +£0.01 10.9 0.07j8:8‘3‘ 0.0ng:gg‘ 0.06f8:8§ 13 11.0 0.068 + 0.009
12 15 13.3 0.01 +£0.01 14.4 0.0ngzgg 0.01f8:8% 0.01f8:8% 10 13.5 0.049 + 0.005
15 18 16.3 0.01 £0.01 16.1 0.06j8:8§ 0.02f8:8‘2‘ 0.02f8:8‘2‘ 6 16.4 0.020 = 0.003
18 30 21.3 0.01 £0.01 21.2 0.0ngzgg 0.02f8:83 0.02f8:8‘2‘ 5 22.2 0.005 +0.001

We stress that the fc, obtained from the modeling of the EW j395
distribution is not equivalent to the fraction of white dwarfs
above a given EW, but proportional due to the functional form
assumed to describe the population of white dwarfs with calcium
absorption in Eq. (18).

The key point of our result is that the observed fc, encodes
the selection function of calcium white dwarfs in the optical
from the total population of metal-polluted systems. Hence, the
comparison of the J-PLUS results with the fraction of calcium
white dwarfs obtained from spectroscopic samples permits one
to better understand the impact of the target selection in the
spectroscopic case, as is explored in the following section.

6. Selection function in the detection of
metal-polluted white dwarfs

We complemented the photometric results from J-PLUS in the
previous section with the spectroscopic values from the 40 pc
sample (Sect. 6.1), derived from heterogeneous spectroscopy
with a variety of sensitivities, and the SDSS DR 16 spectroscopic
sample (Sect. 6.2), which presents a homogeneous sensitiv-
ity. The three samples under study originated from the GF21
catalog and were selected by distance (40 pc sample), magni-
tude (r < 19.5 mag, J-PLUS), and colors (SDSS). Thus, we
can combine the three datasets to learn about the selection of
metal-polluted white dwarfs in the optical and better under-
stand the impact of color selections on the SDSS spectroscopic
sample.

6.1. J-PLUS and the 40 pc sample

The results from the 40 pc sample are presented in Fig. 8 and
Table 2. We used the effective temperature and the mass derived
using Gaia photometry and astrometry by GF21 assuming pure-
H models for DA as principal type, and pure-He models at
Ter < 6600 K and mixed models with logH/He = -5 other-
wise for non-DAs. These choices were similar in the case of
J-PLUS (Sect. 3), minimizing systematic differences in Tt and
mass between both datasets. The same T.g bins and mass limit,
M > 0.45 M, as in the J-PLUS analysis were used to compute
the fraction of white dwarfs with signs of metal pollution (DZ,
DZA, DZB, DAZ, DBZ, and other hybrid types). Because of the
low number statistics, the uncertainties were computed using the
Bayesian binomial recipe in Cameron (2011). We find fc, =~ 0.05
at T > 13500 K, an increase in the fraction up to fc, = 0.13 at

Tex ~ 8000 K, and then a new plateau at lower temperatures. The
fraction from the 40 pc sample is larger than in J-PLUS except at
the lower temperature bin.

As is discussed in O’Brien et al. (2023), the detectability of
metals in the spectra has a dependence on the resolution of the
data: the larger the resolution, the lower the EW of the calcium
(or any other metal) absorption than can be detected. Taking this
into account, a mismatch between J-PLUS and the 40 pc sample
is not surprising, and an offset is expected due to the different
selection limits of both datasets. In this regard, an offset of +0.04
applied to the J-PLUS results reconciles the measurements at
T > 8000 K.

However, the different sensitivity with the spectral resolu-
tion also affects the 40 pc sample, which gathers information
from several instruments and works obtained with a diversity of
configurations. We defined three tiers based on the resolution
and the sensitivity to detect the presence of metal lines: tier 1
is composed by those data with R ~ 500-2000; tier 2 by the
X-Shooter spectra, with a resolution of R = 5400 in the blue;
and tier 3 by those classifications based on R > 18500 spec-
tra and with a measured calcium EW lower than 0.5 A. When
tier 3 objects are assumed as white dwarfs without metal pol-
lution, this is, calcium should not be detected with the tier 1
and 2 configurations, we obtained a lower fc, at all tempera-
tures (fop right panel in Fig. 8). Indeed, all the metal-polluted
objects at Teg > 12000 K belong to tier 3 and fc, ~ O at the
high-temperature end, in agreement with the J-PLUS results.
The fractions at lower temperatures also agree with the J-PLUS
model. As was stated before, the match between both works
should be considered circumstantial and the relevant result is the
consistent increase in the fraction of calcium white dwarfs found
at Teg < 13500 K by both datasets.

Finally, we also removed from the metal-polluted sample the
white dwarfs in the tier 2 observed by X-Shooter (bottom left
panel in Fig. 8). Following the previous discussion, the fraction
of metal-polluted objects decreases in the lower temperature
bins, the range where the X-Shooter spectra are concentrated.
The trends are similar to the previous case, and therefore the
conclusions are the same.

The fraction of calcium white dwarfs based on spectroscopy
has a dependence on the instrumental setup of the observations.
Nevertheless, the volume-limited 40 pc sample with heteroge-
neous spectroscopic information provides a consistent picture
with the photometric results from J-PLUS, showing an increase
in fc, at Teg < 13500 K.
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Fig. 8. Fraction of white dwarfs with calcium absorption (fc,) as a function of the effective temperature (7). The J-PLUS model and its 68%
confidence interval are shown with the purple line and area, respectively. The squares show the fractions derived from the 40 pc sample for three
different tiers with increasing sensitivity to the presence of metal lines (see text for details). The pentagons are the fractions estimated with the
SDSS DRI16 spectra gathered in the GF21 catalog. The dashed line depicts the J-PLUS model with an addition of 0.06.

6.2. J-PLUS and the SDSS spectroscopic sample

We repeated the estimation in the fraction of calcium white
dwarfs using the SDSS DRI16 spectroscopic information
included in the GF21 catalog. As in the 40 pc sample, the atmo-
spheric parameters from GF21 were used, and the same effective
temperature and mass ranges than in J-PLUS were assumed. In
this case, all the SDSS DR 16 data have a similar resolution. We
minimized the impact of the different EW limit for spectra with
different S /N by using only sources with S/N > S /Np, at each
temperature bin. We set S/Npyi, to have a mean S/N =~ 22.5 in
all the considered bins. We also tested a common limit for all
the sources and the results were similar. We summarized the
obtained fraction of metal-polluted white dwarfs from SDSS
DR16 spectroscopy in the bottom right panel of Fig. 8 and
Table 2.

Compared with J-PLUS, the SDSS-based fractions are larger
at T.g > 10000 K and smaller at lower effective temperatures.
The trend is not consistent with the results from J-PLUS and
the 40 pc sample, with an increase below T.g ~ 20000 K and
a plateau of fc, = 0.075 at Tex < 12000 K. The SDSS spec-
tra share a similar resolution and S /N; thus, the main difference
with respect to J-PLUS and the 40 pc sample is the additional
color selection of SDSS spectroscopy. We recall that the three
samples under consideration were initially selected from the
GF21 catalog.

As was discussed in the previous section, an offset between
the spectroscopy and J-PLUS is expected due to the different
sensitivities. We can match J-PLUS and SDSS-based fractions
at Teg > 12000 K by including a 0.06 increase to the J-PLUS
fitting. However, the extrapolation of the J-PLUS trend to lower
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temperatures implies that SDSS spectra are selected against cool
metal-polluted white dwarfs and the incompleteness at Teg ~
7000 K could reach 50%.

The SDSS selection against cool, metal-polluted white
dwarfs was already pointed out by Dufour et al. (2007) and
Hollands et al. (2017). The SDSS programs for white dwarfs
target the color space where non-polluted objects are expected
(e.g., Kepler et al. 2016). Metal-polluted white dwarfs tend to
have redder (u — g) colors and the cooler ones have been dis-
covered in SDSS spectra targeting quasars at redshifts larger
than 2.5 (Hollands et al. 2017), far from the expected locus of
non-polluted white dwarfs. Our results support this scenario.

6.3. Summary and future prospects

We found an increase in the fraction of white dwarfs with
Ca11 H+K absorption along the cooling sequence, growing from
Jca = 0 at Tep = 13500 K to fc, = 0.15 at Tey = 5500 K.
This trend is observed in J-PLUS photometric data and in the
40 pc spectroscopic sample, both selected from the GF21 cat-
alog. The SDSS DR16 spectra of the GF21 catalog present a
deficit of metal-polluted white dwarfs at T.¢ < 12000 K. We
conclude that this is due to the color selections affecting SDSS
spectroscopy.

We discount the observed trends being dictated by the par-
allax (distance) distribution of the samples, as is presented in
Fig. 9. On the one hand, the 40 pc has @ > 25 mas by definition.
On the other hand, the J-PLUS and SDSS samples present simi-
lar distributions with a peak at @ ~ 3 mas and a steady decrease
at larger parallaxes. Despite the evident difference in the distance
distribution, J-PLUS and the 40 pc provide compatible results.



Lépez-Sanjuan, C., et al.: A&A, 691, A211 (2024)

= J-PLUS
0.20F K = (GF21 - SDSS DR16
? === 40 pc sample
.7
0.10F Ié,
0.05F %
0-00 0 20 40 60
w [mas]

Fig. 9. Probability distribution function of the parallax (@) for the J-
PLUS sample (purple), the 40 pc sample (red), and the SDSS DR16
spectroscopic sample gathered in the GF21 catalog (black).

This reinforces the color selection in SDSS spectroscopy as the
source of the observed discrepancy.

As a consequence, the accretion rates and metal abundances
of the white dwarf population based on SDSS spectroscopy
should be affected by the aforementioned selection effect. The
ongoing and future observations from the SDSS-V Milky Way
mapper (Kollmeier et al. 2017), the William Herschel Telescope
Enhanced Area Velocity Explorer (WEAVE, Dalton et al. 2012),
the Dark Energy Spectroscopic Instrument (DESI, Allende
Prieto et al. 2020), and the 4-meter Multi-Object Spectrograph
Telescope (4AMOST, Chiappini et al. 2019), which plan to follow
up one hundred thousand white dwarfs from the GF21 cata-
log, will provide homogeneous spectroscopic datasets with a
well-defined selection function to overcome the current SDSS
limitations. In addition, these spectroscopic samples will test the
trend found by both J-PLUS and the 40 pc sample.

Recently, the early data release (EDR) of DESI presented
spectra for 2706 white dwarfs (Manser et al. 2024b). This per-
mitted to analyze the metal-polluted fraction for objects with
helium-dominated atmospheres, finding a nearly constant value
of 0.21 £+ 0.03 along the cooling sequence (Manser et al. 2024a).
The comparison with DESI is beyond the scope of the present
paper, and will be explored in the future.

Finally, the low-resolution (R ~ 30-90) blue and red pho-
tometer (BP and RP) spectra from Gaia DR3 (De Angeli et al.
2023; Montegriffo et al. 2023) have been used to select new
metal-polluted candidates (Garcia-Zamora et al. 2023; Vincent
et al. 2024; Kao et al. 2024). This will provide additional data to
estimate the fraction of calcium white dwarfs along the cooling
sequence.

7. Probability of presenting calcium absorption

As an application of our results, we estimated the probability
of each individual white dwarf having calcium absorption. We
assumed that a white dwarf can be in two states, s = {0, 1},
corresponding to the absence (state 0) or presence (state 1) of
calcium absorption. Using the results from the model D; pre-
sented in Sect. 5.3, the probability of having calcium absorption
was defined as

_ P (1) P(EW o395 1, 0EW)
P (0) P(EW jo305 | 0, 0gw) + P (1) P (EW 305 | 1, 0pw)’
(21)
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Fig. 10. Fraction of white dwarfs with metal-pollution from spec-
troscopy as a function of the probability of having calcium absorption
from J-PLUS photometry, pc, (purple dots). The gray areas show the
four intervals in pc, analyzed. The dashed line marks the one-to-one
relation.

where P (1) = Fca(Teg,a,b) is the prior for having calcium
absorption, P(0) = 1 — P (1), and P (EW jg395 | 5, 0gw) Was esti-
mated with Eq. (10) using D = Dy for s = 0 and D = Dc, for
s=1.

The obtained pc, has two practical applications: it can be
used to properly weigh and study the properties of the cal-
cium white dwarf population (Sect. 7.1) and to provide high-
confidence candidates of metal-polluted white dwarfs for spec-
troscopic follow-up (Sect. 7.2). These two applications also help
to test the reliability of the results presented in Sect. 5.3.

7.1. Comparison with the spectroscopic classification

The performance of a binary classification problem can be
assessed with the purity, completeness, and other summary
statistics for a given selection threshold in the probability. Nev-
ertheless, we are interested in the reliability of the computed
probabilities, pc,. It can be estimated by comparing the fraction
of spectroscopic metal-polluted white dwarfs for a spectroscopic
sample selected in a range of pc, against the median pc, in
that range. A one-to-one relation translates to a well-calibrated
probability that provides the right fraction of true positives for a
given pc,.

We used the 1393 white dwarfs with SDSS DR16 spec-
troscopic classification and S/N > 5 in the GF21 catalog of
the sample with M > 0.45 Mg and 5500 < T < 30000 K.
We found 59 metal-polluted systems and 1334 white dwarfs
without metal pollution, including DAs, DBs, DCs, DQs, and
hybrid types without evidence of metals. The fraction of spec-
troscopic white dwarfs with metals as a function of pc, is
presented in Fig. 10. The number of metal-polluted objects
is limited, so we used four ranges with boundaries at pc, =
[0,0.15,0.5,0.85,1]. The uncertainties were estimated from
bootstrapping. The obtained values are compatible with the
desired one-to-one relation, demonstrating the reliability of the
computed pc, and reinforcing the temperature evolution derived
in Sect. 5.3.

The probabilities, pc,, can therefore be used as priors in
the analysis of the J-PLUS photometry when models of metal-
polluted atmospheres are used, properly weighting the likelihood
of different spectral types and solving the degeneracy problem
exposed in Sect. 3. This will be addressed in a future work.
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Table 3. White dwarfs in J-PLUS DR2 with a probability of having calcium absorption of pc, > 0.99.

Tile — number RA Dec EW 0395  Spectroscopic type Reference
(deg) (deg) (A)
62448-492 109.5152 24.1653 49+7
62877-17245 140.6428 30.6357 63 +38 ‘e e
63200-15839  132.6463 32.1344 20«3 DABZ 1
63260-7923 141.3462  31.5048 93+ 14 DZ 2
64175-5622 131.6842 35.6424 55+1 DZA 3
64246-13960  211.0440 36.3488 78 +8 DZ 2
64391-23916 121.5123 377889  49+9 DZ 4
65004-14325 155.7131 39.0699 32 +5 DZ 5
65191-37967 275.1556 39.0642 19«5 ‘e ‘e
65287-10021 110.2899 39.9275 565 DZ 6
65538-13754 147.8326  40.5561 22+3 DZ 4
65573-5008 152.5324 39.8144 55«4 DZA 7
65703-11332 179.9955 40.7614 49 +8 DZ 8
66232-18038  153.9924 41.6920 46=x7 DZA 7
66690-7017 232.8718 42.6710 41 +4 DZ 4
66878-54289  280.1593 43.5647 47 +3 DZA This work
67798-3868 231.3645 48.1478 58 +8 DZ This work
67870-21693 277.6252 48.6408 67+ 15 e e
67940-5203 225.5978 49.5532 48 +8 DZ 9
68119-45138 284.6112 50.2898 23 +3 DZ This work
68360-9741 136.4838 525925 71+x6 DZ 10
68984-28039  208.0738 55.3940 75+6 e e
69864-7931 190.8573 60.8745 50+ 10 ‘e ‘e
70349-1777 155.3859 674214 57+3 DZ This work
70362-19530  156.3670 68.7340 44 +9 e e
71303-24934  261.5943 79.6338 43 +3 ‘e ‘e
71463-9516 1.4895 0.3092 37+6 DZ 10
71774-945 25.7520 1.2322 55«13 DZ 2
71823-6314 1.5127 2.9625 75+7 DZ This work
71837-6175 3.2641 3.0511 66 + 14 e e
72226-12752 22.1569 5.1495 66 + 12 e e
72766-4002 11.6858 7.0743 28+ 6 DZ 11
73076-14122 337.0782 10.6686 647 DZ This work
73205-4997 336.0876  11.1704 42 +6 e e
73205-23737 337.0084 12.1257 53 %2 DZ 4
73715-747 345.0930 22.0713 35+4 DZ 12
74106-16189 358.9366 29.7721 41 £ 8 DZ 13
74780-6928 31.8918  33.5248 21«5 ‘e ‘e
74934-1784 372103  36.0513 45«3

Notes. (1) Kong et al. (2019); (2) Koester et al. (2011); (3) Giammichele et al. (2012); (4) Eisenstein et al. (2006): (5) Limoges et al. (2015); (6)
Kepler et al. (2015); (7) Dufour et al. (2007); (8) Kleinman et al. (2013); (9) Kilic et al. (2020); (10) Kleinman et al. (2004); (11) Gentile Fusillo

et al. (2015); (12) Limoges et al. (2013); (13) Carter et al. (2013).

7.2. Spectroscopic confirmation of new metal-polluted white
dwarfs

As a direct application of the derived probabilities, we selected
white dwarfs with pc, > 0.99 from the final sample. We obtained
a total of 39 high-confidence candidates, as is summarized in
Table 3. We searched for information in the Montreal white
dwarf database® (Dufour et al. 2017) and Simbad* (Wenger et al.
2000), finding spectroscopic information for 20 of them. All are
classified as metal-polluted white dwarfs.

Thus, we have 19 high-confidence candidates for new, metal-
polluted systems. We performed the observing run GTC111-21A

3 http://www.montrealwhitedwarfdatabase.org
4 http://simbad.u-strasbg.fr/simbad
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with the Optical System for Imaging and low-Intermediate-
Resolution Integrated Spectroscopy (OSIRIS) instrument at
Gran Telescopio Canarias (GTC) to follow up on six of these
sources. The R1000B grism covering the 3600 A to 7500 A
range and a long slit of 0.6 were used, providing a dispersion
of 2.1 A pix~! at 5455 A. Three exposures per target with an
on-source time ranging from 100 s to 750 s each, depending on
the magnitude of the source, were acquired. A standard reduc-
tion, including wavelength and flux calibration, was performed.
The spectra confirmed all the candidates as metal-polluted white
dwarfs (Fig. 11). The analysis of the abundances in these systems
deserves a dedicated work.

With the addition of our new objects, 26 of the 39 high-
confidence candidates have spectroscopic information with a
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Fig. 11. Six metal-polluted white dwarfs from the high-confidence J-PLUS sample confirmed with spectra from OSIRIS at GTC (brown lines).
The symbols showing the J-PLUS photometry follow Fig. 1. The spectra have been scaled to the r-band flux from J-PLUS.

purity of 100% for the presence of polluting metals. This was
expected due to the high probability imposed for the presence of
calcium absorption.

8. Conclusions

We used the J-PLUS DR?2 photometry in 12 optical bands over
2176 deg? to estimate the fraction of white dwarfs with presence
of Ca 11 H+K absorption along the cooling sequence. The 100 A
width J0395 passband in J-PLUS is sensitive to calcium absorp-
tion. We compared the photometry in the remaining 11 J-PLUS
passbands using metal-free models to estimate the expected
unpolluted continuum at J0395. This continuum was compared
with the observed J0395 flux to estimate its EW, EW jp395. In
addition, the effective temperature and the mass were estimated.

The J-PLUS + Gaia sample of 5926 white dwarfs presented
in Lépez-Sanjuan et al. (2022a) was analyzed. We compared our
photometric measurements with the Ca/He abundances and the
effective temperatures from the spectroscopic study of Coutu
et al. (2019) for the 47 objects in common between both sam-
ples. We found that EW (395 is a robust proxy for the presence of

Call H+K absorption. In addition, the J-PLUS temperatures are
4% larger than those in Coutu et al. (2019).

Accounting for the limitations in our methodology and to
avoid double degenerate systems, a total of 4399 white dwarfs
with effective temperatures of 30000 > T > 5500 K and
masses of M > 0.45 M were finally used. Their EW ;395 dis-
tribution was modeled with two populations, corresponding to
polluted and non-polluted systems, to estimate the fraction of
calcium white dwarfs (fc,) as a function of T.g. The observa-
tional errors were accounted for in the process by adopting a
Bayesian formalism.

We found that the fraction of calcium white dwarfs varies
along the cooling sequence, increasing from fc, = 0 at Teg =
13500 K to fca = 0.15 at T = 5500 K. This trend reflects the
selection function of metal-polluted systems in the optical, with
an increase in the Ca1l H+K EW at a fixed abundance toward
lower effective temperatures. We compared our results with the
fractions obtained from the 40 pc spectroscopic sample and the
SDSS DR16 spectra gathered by GF21. The J-PLUS trend is also
present in the 40 pc sample; however, SDSS presents a deficit
of metal-polluted objects at T < 12 000 K, probably due to the
color selection of SDSS spectroscopic targets.
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Finally, the probability of having calcium absorption for
a white dwarf, pc,, was computed. The comparison with the
spectral classification shows that the derived probabilities are
reliable, providing the right fraction of true positives for a given
Pca. We selected 39 white dwarfs with pc, > 0.99, 20 of which
have available spectra from the literature and six of which were
followed up with OSIRIS at GTC. We confirm that all 26 of these
objects are metal-polluted systems.

Our results imply that the distributions of accretion rates and
metal abundances of the white dwarf population based on SDSS
spectroscopy are affected by the color selection. The ongoing
and future spectroscopic observations from SDSS-V Milky Way
mapper, WEAVE, DESI, and 4-MOST will gather homogeneous
spectroscopic datasets to overcome the current SDSS limitations.
In addition, the low-resolution (R ~ 30-90) BP and RP spectra
from Gaia DR3 and future data releases will also provide valu-
able information for the white dwarf population (Carrasco et al.
2014; Gaia Collaboration 2023; Jiménez-Esteban et al. 2023;
Torres et al. 2023; Garcia-Zamora et al. 2023; Vincent et al.
2024; Kao et al. 2024).

As a final consideration, a precise characterization of the
selection function of the GF21 catalog is also essential. The G21
catalog is based on Gaia EDR3 and is used by the aforemen-
tioned spectroscopic projects as a parent sample to select their
targets. We envision the J-PAS photometric data as the most
promising tool to derive the selection function of present and
future Gaia-based catalogs for white dwarfs. As is illustrated
by Lépez-Sanjuan et al. (2022b) with miniJPAS data, the first
square degree observed with the 54 narrow bands of J-PAS to
a nominal depth (Bonoli et al. 2021), the J-PAS low-resolution
(R ~ 50) photo-spectra are able to provide atmospheric compo-
sitions (H- and He-dominated) and detect metal pollution down
to r = 21.5 mag for 22000 > T.x > 7000 K white dwarfs.
Moreover, a pure photometric analysis using J-PAS data alone
is able to distinguish between white dwarfs and extragalactic
quasars. Because J-PAS is deeper than Gaia, it will provide
an independent dataset to test the Gaia selection function of
metal-polluted white dwarfs and unique, faint candidates for
spectroscopic follow-up.

Data availability

The catalog with the parameters of the analyzed white
dwarfs is available both on the jplus.WhiteDwarf table
at J-PLUS database and at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/691/A211.
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Appendix A: J-PLUS filter system

The J-PLUS passbands, including the filter transmission, CCD
efficiency, telescope optics, and atmosphere, are presented in
Table A.1.

Table A.1. J-PLUS filter system.

Passband Index Effective FWHM

j wavelength

[nm] [nm]
u 1 353.3 50.8
J0378 2 378.2 16.8
J0395 3 393.9 10.0
J0410 4 410.8 20.0
J0430 5 430.3 20.0
g 6 479.0 140.9
JO515 7 514.1 20.0
r 8 625.7 138.8
J0660 9 660.4 13.8
i 10 765.6 153.5
J0861 11 861.0 40.0
z 12 896.5 140.9

Appendix B: Catalog of white dwarf parameters

In this appendix, we describe the data of the 5926 white dwarfs
analyzed in the present paper. The gathered information is in the
J-PLUS database at the table jplus.WhiteDwarf, also acces-
sible through virtual observatory table access protocol (TAP)
service. The catalog is also provided at CDS. The description
of the columns is provided in Table. B.1.

The information in the catalog is also accessible with the J-
PLUS explorer for individual objects, including a graphical view
of the best-fit solution as in Fig. 2.

Table B.1. White dwarf catalog of atmospheric parameters and calcium
EWs.

Heading Units Description

TILE-ID  --- Tile image where the object was detected.
NUMBER --- Number identifier of the object.
RAdeg deg Right ascension (J2000).
DEdeg deg Declination (J2000).
pca -+ Probability of having Ca 11 H+K absorption.
EWJ0395 A EW of the J0395 passband.
e_EWJ0395 A Error in EWJ0395.
Teff K  Effective temperature (Te).
e_Teff K  Uncertainty in Teff.
Mass My Mass (M).
e_Mass My Uncertainty in mass.

Notes. The effective temperature and the mass were obtained from J-
PLUS photometry but J0395 passband and using a Gaussian prior in
parallax from Gaia EDR3.
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