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ABSTRACT

Context. The TESS space mission has recently demonstrated its great potential to discover new pulsating white dwarf and pre-white
dwarf stars, and to detect periodicities with high precision in already known white-dwarf pulsators.

Aims. We report the discovery of two new pulsating He-rich atmosphere white dwarfs (DBVs) and present a detailed asteroseismo-
logical analysis of three already known DBV stars employing observations collected by the TESS mission along with ground-based
data.

Methods. We processed and analyzed TESS observations of the three already known DBV stars PG 1351+489 (TIC 471015205),
EC 20058-5234 (TIC 101622737), and EC 04207-4748 (TIC 153708460), and the two new DBV pulsators WDJ152738.4-50207.4
(TIC 150808542) and WD 1708-871 (TIC 451533898), whose variability is reported for the first time in this paper. We also carried
out a detailed asteroseismological analysis using fully evolutionary DB white-dwarf models built considering the complete evolution
of the progenitor stars. We constrained the stellar mass of three of these target stars by means of the observed period spacing, and
derived a representative asteroseismological model using the individual periods, when possible.

Results. We extracted frequencies from the TESS light curves of these DBV stars using a standard pre-whitening procedure to derive
the potential pulsation frequencies. All the oscillation frequencies that we found are associated with g-mode pulsations with periods
spanning from ~ 190 s to ~ 936 s. We find hints of rotation from frequency triplets in some of the targets, including the two new
DBVs. For three targets, we find constant period spacings, which allowed us to infer their stellar masses and constrain the harmonic
degree ¢ of the modes. We also performed period-to-period fit analyses and found an asteroseismological model for three targets,
with stellar masses generally compatible with the spectroscopic masses. Obtaining seismological models allowed us to estimate the
seismological distances and compare them with the precise astrometric distances measured with Gaia. For two stars (PG 1351+489
and EC 20058-5234), we find discrepancies with the astrometric distances, while for one star (EC 04207-4748) the agreement is
very good.

Conclusions. The high-quality data from the TESS mission continue to provide important clues to determine the internal structure of
pulsating pre-white dwarf and white dwarf stars through the tools of asteroseismology.

Key words. stars — pulsations — stars: interiors — stars: evolution — stars: white dwarfs

1. Introduction multiperiodic brightness fluctuations, with periods in the range
. . . 100 — 7000 s, and amplitudes up to 0.4 mag, are due to low-
Pulsating white dwarfs (WD) and pre-WDs constitute one of degree ({ < 3) nonradial gravity (g) mode pulsations. These

the most thoroughly studied classes in the zoo of pulsating stars  1odes are excited by a driving mechanism related to the par-
(see, e.g, Catelan & Smith 2015; Aerts 2021; Kurtz 2022). Their
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tial ionization of the dominant chemical species in the zone
of driving, which is located at the outer regions of these stars
(Winget & Kepler 2008; Fontaine & Brassard 2008; Althaus
et al. 2010). The most populous class of pulsating WDs is that of
the ZZ Ceti or DAV stars, which are DA-type —hydrogen(H)-
rich atmospheres— at Teg ~ 10500 — 13 000 K, of which ~ 500
objects are known so far (Cérsico et al. 2019; Vincent et al. 2020;
Guidry et al. 2021; Romero et al. 2022). At higher temperatures
(Teg ~ 21000 — 30000 K), and with helium (He)-dominated
atmospheres, we find the pulsating WDs called V777 Her or
DBVs. Although not many DBVs are known at present (47 ob-
jects; see Corsico et al. 2019; Duan et al. 2021; Vanderbosch
et al. 2022), these compact pulsating stars are very interesting
because their origin is not entirely clear. They are probably de-
scendants of the PG 1159 stars (oxygen (O)-, carbon (C)-, He-
rich atmospheres) after going through the DO WD (very hot He-
rich atmospheres) stage (Dehner & Kawaler 1995; Althaus et al.
2005; Battich et al. 2020; Bédard et al. 2022b,a), or the result of
two WD mergers (Webbink 1984; Lauer et al. 2019).

DBV stars are found to pulsate with periods between 120
and 1080 s (Winget & Kepler 2008). Their existence was antici-
pated theoretically (Winget et al. 1982b) before being discovered
shortly after (Winget et al. 1982a). g modes in DBVs are thought
to be excited by a combination of the xk mechanism acting in the
He partial ionization zone — and thus setting the blue edge of the
DBV instability strip (Winget et al. 1983), and the “convective
driving” mechanism (Brickhill 1991) which is possibly domi-
nant once the outer convection zone has deepened enough (Van
Grootel et al. 2017).

At the beginning of the exploration of pulsating WDs, the
discovery of variable objects with single-site observations (e.g.
Landolt 1968; Winget et al. 1982a) and even with multi-site cam-
paigns like those of the Whole Earth Telescope (WET; Nather
et al. 1990; Winget et al. 1994), was challenging and slow. A
very interesting account of those early days can be found in the
article of Bradley (2021). Later on, discoveries of pulsating WDs
increased enormously thanks to the identification of candidates
from the Sloan Digital Sky Survey (SDSS, York et al. 2000;
Kleinman et al. 2013; Kepler et al. 2015, 2016, 2019a), and in re-
cent years, with space missions. In particular, the Kepler/K2 mis-
sion (Borucki et al. 2010; Howell et al. 2014) allowed the study
of 32 ZZ Ceti stars and three DBV stars (@stensen et al. 2011;
Bell et al. 2015; Hermes et al. 2017a,b; Bell et al. 2017; Corsico
2020; Duan et al. 2021). That mission ended in 2018. The Tran-
siting Exoplanet Survey Satellite (TESS mission, Ricker et al.
2015), on the other hand, is currently in its fourth year of oper-
ation and has completed its initial 2-year mission in 2019 and
2020 to observe ~ 85% of the whole sky in search of small
planets orbiting nearby stars. The mission is planned to observe
69 sectors of the sky, covering it completely. Currently (April
2022), the mission is observing sector 51. TESS has allowed the
discovery of pulsating stars, and in particular, pulsating WDs and
pre-WDs with magnitude G<16-17.

The first pulsating WD observed extensively with TESS was
the DBV pulsator EC 0158—-160 (TIC 257459955), which was
studied and modeled in detail by Bell et al. (2019). Recently, a
thorough asteroseismological analysis of the DBV star GD 358
—the archetype of the class— based on the observations gath-
ered by the TESS mission combined with data taken from the
Earth has been carried out by Corsico et al. (2022). The au-
thors detected 26 periodicities from ~ 422 s to ~ 1087 s, along
with eight combination frequencies with periods between ~ 543
s and ~ 295 s. These data, combined with a huge amount of
ground-based observations (Bischoff-Kim et al. 2019), allowed
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Cérsico et al. (2022) to find a constant period spacing of 39.25
s, compatible with a stellar mass of M, = 0.581 + 0.031 M.
Also, they found an asteroseismological model for GD 358 with
a stellar mass M, = 0.584f8:8%gMo, compatible with the stel-
lar mass derived from the period spacing, and in agreement with
the spectroscopic mass (M, = 0.560 + 0.028M,,). The seismo-
logical distance of GD 358, dgjs = 42.85 + 0.73 pc, is in very
good agreement with the precise astrometric distance measured
by Gaia (EDR3), dgaia = 43.02 + 0.04 pc.

In this work, we present new TESS observations of the
already known DBV stars PG 1351+489, EC 20058-5234,
and EC 04207-4748. In addition, we report for the first time
the variability of the DB WDs, WDJ 152738.4-450207.4, and
WD 1708-871. With the discovery of these two new DBVs, the
number of known stars of this class increases to 49. We perform
a detailed asteroseismological analysis of these stars on the ba-
sis of the fully evolutionary models of DB WDs computed by
Althaus et al. (2009). The present study is the fifth in our se-
ries of papers devoted to the study of pulsating H-deficient WDs
observed with TESS. The first article is focused on six already
known GW Vir stars (Corsico et al. 2021), the second one is
devoted to the discovery of two new GW Vir stars, specifically
DOVs (Uzundag et al. 2021), the third paper is dedicated to the
DBYV star GD 358 (Cérsico et al. 2022), and the fourth one is fo-
cused on the discovery of two additional GW Vir stars (Uzundag
et al. 2022).

The paper is organized as follows. In Section 2 we provide a
brief account of the main characteristics of the studied DB stars.
In Sect. 3, we describe the methods we apply to obtain the pul-
sation periods of each target star. A brief summary of the stellar
models of DB WD stars employed for the asteroseismological
analysis of these stars is provided in Sect. 4. Sect. 5 is devoted to
the asteroseismological modelling of the target stars, including
the search for a constant period spacing in the sets of periods of
each star by applying statistical tests, the assessing of the stellar
mass of each object through the use of the period spacing when
possible, and by performing period-to-period fits with the aim
of finding an asteroseismological model for each DBV star. Fi-
nally, in Sect. 6, we summarize our main results and make some
concluding remarks.

2. The target stars

In this study, we announce the discovery of two new DBVs,
WD J152738.4-450207.4, and WD 1708-871 (L 7-44), and
also report new TESS observations of the already known DBV
stars PG 1351+489, EC 20058-5234, and EC 04207-4748.
The location of the five stars in the log T versus log g dia-
gram is displayed in Fig. 1. These stars were classified as white
dwarf candidates with a a probability of being a white dwarf
Pwp = 0.99 by Gentile Fusillo et al. (2019) based on their colors
and Gaia DR2 parallaxes. The Gaia DR3 parallaxes and corre-
sponding distances are given in Table 1 from Bailer-Jones et al.
(2021). We also describe the basic characteristics of these stars
below and summarize their stellar properties in Table 1.

PG 1351+489 (hereafter PG 1351; aka TIC 471015205,
V*EM UMa) is an already known DBV star discovered by
Winget et al. (1987). Since the beginning, it was realized that it
could be a candidate for the first measurement of a rate of period
change in a DBV star, because its power spectrum is dominated
by a single high-amplitude pulsation mode with a period at ~
489 s. This star was reanalyzed by Redaelli et al. (2011), provid-
ing more precise periods and also an additional low-amplitude
mode. More importantly, it was possible to obtain, for the first
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Fig. 1. Location of DB WDs in the T.¢ — log g diagram (Kepler et al. 2019b), marked with small black circles. Also depicted is the location of
the published DBV stars (gray circles), according to the compilation by Cdrsico et al. (2019) and including also the newly discovered DBV stars
by Duan et al. (2021) and Vanderbosch et al. (2022). The target stars of the present paper are highlighted with red circles corresponding to three
already known DBVs, and with blue circles associated to the two new DBVs observed with TESS and reported here for the first time. The DB WD
evolutionary tracks of Althaus et al. (2009) are displayed with different colors according to the stellar-mass values (in solar units). The blue-dashed
line represents the theoretical dipole (¢ = 1) blue edge of the DBV instability strip, according to Cérsico et al. (2009).

time for a DBV star, an estimate of the rate of period change for
the period at ~ 489 s of IT = (2.0 + 0.9) x 10~"* s/s (Redaelli
et al. 2011). Regarding the effective temperature and gravity of
PG 1351, there are several spectroscopic determinations for this
star. The first detailed analysis Beauchamp et al. (1999) provided
Ter = 22600 + 700 K, logg = 7.90 + 0.03 using pure He at-
mospheres, and T = 26100 + 700 K, logg = 7.89 = 0.03
employing atmospheres with impurities of H. The analysis of
Bergeron et al. (2011) indicates that T = 26010 + 1536 K,
log g = 7.91+0.07 (see Fig. 1), obtained by assuming H contam-
ination (log H/He = —4.37 £ 0.82). Koester & Kepler (2015) es-

timate T = 28434+124,logg = 7.89+0.02,logH/He < -3.1,
and log Ca/He < —4.0. PG 1351 has been asteroseismologically
modeled by Cérsico et al. (2014), and were able to place con-
straints on the neutrino magnetic dipole moment. The star has
also been used to infer bounds to the axion mass by Battich et al.
(2016).

EC 20058-5234, also known as QU Tel (henceforth
EC 20058; aka TIC 101622737) is an already known DBV star
whose variability was reported by Koen et al. (1995), who found
that the pulsation spectrum appeared to be stable. This star was
long scrutinized by Sullivan (2003, 2005), Sullivan et al. (2007,
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Table 1. The list of six DBV (V777 Her) stars studied in this work. Columns 1, 2, 3, 4, 5, and 6 correspond to the TESS input catalog number,
name of the object, effective temperature, surface gravity, parallax, and distance, respectively. For details, see the text.

TIC Name Teqr log g g d
(K] [cgs] [mas] [pc]
471015205 PG 1351+489 26010+ 1536  7.91 +0.07 5.69f8:8§ 175.73f}:§§
101622737 EC 20058-5234 25500 + 500 8.01 £ 0.05 8.48’:8:82 117.95t8:§§
153708460 EC 04207-4748 27288 +£545  7.808 £0.058 10.93*003  91.48+02
150808542  WDJ 152738.4-450207.4 25228 +630  8.124+£0.010 10.57*007  94.62%03
451533898 L 7-44=WD 1708-891 23980+ 1686  8.05+0.03 1447302 69.09%013

2008), and Sullivan (2017). In particular, Sullivan et al. (2008)
increased the number of detected frequencies and performed an
asteroseismic global-model analysis. Interestingly, these authors
found that EC 20058 had very stable pulsation periods, which
meant that, in principle, it could be possible to measure the rate
of period change to place constraints on the plasma neutrino
emission rate (Winget et al. 2004; Dalessio et al. 2010). How-
ever, Dalessio et al. (2013) found that the pulsation frequencies
of this star undergoes secular changes that are inconsistent with
simple neutrino plus photon-cooling models. A detailed astero-
seismological analysis of EC 20058 was carried out by Bischoft-
Kim & Metcalfe (2011) to place constraints on helium diffu-
sion in WD envelopes. The effective temperature and gravity of
EC 20058 are T = 25500 + 500 K and logg = 8.01 + 0.05
(Koester et al. 2014) with H and C impurities.

EC 04207-4748 (hereafter EC 04207; aka TIC 153708460)
is an already known DBV WD whose variability was discovered
by Kilkenny et al. (2009), who found a pulsation spectrum dom-
inated by a period of ~ 447 s. The star was re-observed by Chote
et al. (2013) who found at least four independent eigenmodes in
the star with the dominant mode having a period of ~ 447 s. The
light-curve exhibits distinct non-sinusoidal shapes, which results
in significant harmonics of the dominant frequency appearing in
the Fourier transforms. The effective temperature and gravity of
EC 04207 are Ter = 27288 + 545 K and log g = 7.808 + 0.058,
respectively (Voss et al. 2007). However, (Koester et al. 2014)
quote Ter = 25970 K and log g = 7.79, with log H/He of —5.0.

WD J152738.4-450207.4 (hereafter WD J1527; aka
TIC 150808542) is a new DB WD star. We observed WD J1527
with the Southern Astrophysical Research (SOAR) Telescope, a
4.1-meter aperture optical and near-infrared telescope (Clemens
et al. 2004), situated at Cerro Pachén, Chile.The Goodman spec-
trograph with a setup of 400 1/mm grating with the blaze wave-
length 5500 A (M1: 3000-7050 A) with a slit of 1 arcsec was
used. The signal to noise ratio of the final spectrum is ~150 at
4250 A.The atmospheric parameters for WD J1527 are derived
by fitting synthetic spectra to the newly obtained low-resolution
spectra as described by Koester (2010). The reduced spectrum
is demonstrated in Fig.2 with blue line and the model fits is
shown with red line. WD J1527 has T.g = 25228 + 630K and
log g = 8.124+0.010, with minor H contamination. At that effec-
tive temperature, the star is well within the DBV instability strip,
so we expected it would exhibit DBV-type pulsations, which is
confirmed by observations in Sectors 12 and 38 of TESS, show-
ing brightness variations with periods in the range 229 — 1170 s.
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Fig. 2. Optical spectra from SOAR (blue line) of the new DBV
WD J1527. Overplotted is the best-fit model atmosphere solution (red
line).

The location of this star in the T.g — log g diagram is displayed
in Fig. 1.

WD 1708-871 (hereafter L 7—44; aka TIC 451533898) is
a DB WD star characterized by Ty = 23980 = 1686 K and
log g = 8.05 +0.03 (Rolland et al. 2018) and only an upper limit
for possible H contamination. Observations in Sectors 12, 13,
and 39 of TESS show luminosity variations with periods in the
range 466 — 937 s. The location of this star in the T — log g
diagram is displayed in Fig. 1.

3. Observations and data reduction

Our analysis is based on 2-min short-cadence (SC) TESS data
for all targets, or 20-sec ultra-short-cadence when available. We
used the pre-search data conditioned simple aperture photome-
try (PDCSAP) data (Jenkins et al. 2016) downloaded from the
"Barbara A. Mikulski Archive for Space Telescopes" (MAST)'.
We extracted times in barycentric corrected Julian days ("BJD -
245700"), and fluxes (“PDCSAP FLUX”) by using the Python
package lightkurve (Lightkurve Collaboration et al. 2018).
Afterwards, we removed outliers by applying a running So clip-
ping mask. The fluxes were normalized and transformed to am-

! http://archive.stsci.edu
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Table 2. The list of the five DBV (V777 Her) stars reported in this paper from TESS observations, including observed sectors, TESS magnitude
along with name of the targets, the date and length of the runs (columns 1, 2, 3, 4, 5 and 6). After Fourier transform, three different set of
parameters (resolution, average noise level of amplitude spectra and the detection threshold which is defined as 0.1% false alarm probability (FAP)

are presented in columns 7, 8 and 9, respectively.

TIC Name Tnag Obs. Start Time Run Length Resolution Average Noise 0.1% FAP
Sector (BJD-2457000) [d] uHz Level [ppt] [ppt]
471015205 PG 13514489 17 16, 22,23 1738.6492 74.86 0.15 1.32 6.3
101622737 EC 20058-5234 16 13,27 1653.9251 52.74 0.22 0.66 2.54
153708460 EC 04207-4748 15 4,5, 30, 31, 32 1410.9047 137.48 0.08 0.42 1.79
150808542 WD J1527-4502 16 12,38 1627.6494 25.24 0.45 4.90 20.7
451533898 L7-44 15 12,13, 39 1624.9589 84.40 0.14 0.28 1.39

plitudes in parts-per-thousand (ppt) units. We also detrended the
light curves applying a Savitzky—Golay filter with a three-day
window length to remove any additional low-frequency system-
atic. The target pixel files (TPFs) are examined to estimate the
amount of contamination from nearby unresolved targets. We
have checked the contamination by looking at the CROWDSAP
parameter, which is the ratio between target flux and total flux
in the aperture. If the CROWDSAP is significant (< 0.5), then we
used Gaia EDR3 parallaxes to look at the contaminant targets in
the field of view. Severe contamination affects the average noise
level in Fourier space and thus affects also the false-alarm prob-
ability (FAP) thresholds as described in Bognar et al. (2020).
After creating the final light curves, we calculated their Fourier
transforms (FTs) to search for periodic signals. The detection
thresholds were defined as 0.1% FAP significance level so that
there is a 0.1% chance that the peaks are caused by the noise
fluctuations. 0.1% FAP thresholds were calculated by random-
ization of the data 1000 times, as described in Kepler (1993)
(see Baran & Koen 2021). We identified frequency, amplitude
and phase of each pulsation mode using a nonlinear least square
(NLLS) method. Also, we computed sliding FTs to inspect the
temporal evolution of the detected frequencies. In Table 2 we list
the six DBV stars studied in this paper from TESS observations,
including observed sectors, TESS magnitude along with name
of the targets, the date and length of the runs.

3.1. PG 1351

PG 1351 (T'mag = 16.7) was observed in short cadence (SC, 120s
exposures) mode during sector 16 between September 11 and
October 07, 2019, for 23.04 days. PG 1351 was also observed
during Sector 22 and 23 (2020-Feb-18 to 2020-Apr-16) in SC,
providing another 54.74 days of observations. It was also ob-
served in fast cadence (20 s exposures) in Sectors 49 and 50
(2022-Feb-26 to 2022-Apr-22), 51.11 days of observations. We
examined the field of view (FOV) of PG 1351 and saw that there
is a bright star that is 1.44 arcsec away from PG 1351 in sector
16. The problem is that the nearby star is about 2.4 magnitudes
brighter than PG 1351, dominating the pixels. The CROWDSAP
parameter is around 0.3, meaning that only 30 percent of the
light is coming from PG 1351, affecting the average noise level
of the FT, as shown in Table 2. Including all sectors, PG 1351
was observed for 128.89 days in total. From these observations
of PG 1351, we extracted only two periodicities from the light
curve. The main pulsation frequency at 2043.9 uHz is present in
all sectors with S/N > 19. In Fig. 3, we present the temporal FT
(upper panel) and sFT (bottom panel) for 2043.9 yHz. The other
peak at 4087.8 uHz, which has a lower S/N of about 5.75, is a

Table 3. Identified frequencies and combination frequencies, periods,
amplitudes (and their uncertainties) and the signal-to-noise ratio in the
data of PG 1351.

Peak % II A S/N
(1uHz) (s) (ppt)

f 2043.901 (20) 489.260(22) 25.78(1.05) 19.8

2f, 4087.802(87) 244.630(22)  6.57(1.05) 5.1

Table 4. Independent frequencies, periods, and amplitudes (and their
uncertainties) and the signal-to-noise ratio in the data of EC 20058.

Peak v I A S/N
(uHz) ) (ppt)

f, 3558.935(27) 280.983(20) 4.31(53) 6.5

f, 3893.289(28) 256.852(20) 4.25(53) 6.4

combination frequency (2 x2043.9 uHz). These two identified
frequencies are listed in Table 3.

3.2. EC 20058

EC 20058 was observed in sector 13 (2019-Jun-19 to 2019-Jul-
18) in camera 2. It was also observed in sector 27 (2020-Jul-
04 to 2020-Jul-30) in camera 2. Sector 13 contains 19582 mea-
surements that span 28.4 days, while sector 27 includes 16745
measurements that span 24.3 days. There are two stars within
5 arcsec with brightnesses of 15.7 mag and 16.4 mag close to
EC 20058. These two stars have only a modest effect on the
noise level of the FT. The FT average noise level of sector 27
is 0.61 ppt, while it is 0.66 ppt in sector 13. We first examined
the Fourier transform from each sector. Sector 13 shows two fre-
quencies at 3558 and 3893 uHz, which are above the 0.1% FAP
of 2.54 ppt. These two peaks are also present in sector 27 above
the 0.1% FAP of 2.3 ppt. We also examined the FT of both sec-
tors together, as shown in Fig. 4. These two detected frequen-
cies are given in Table 4. This target is known to have signif-
icant phase and amplitude variations. The sFT of two reported
frequencies was calculated. However, the signal-to-noise ratio is
insufficient to show and assess these substantial variations.

3.3. EC 04207

EC 04207 was first observed in SC during cycle 1 in sector 4 and
5 (2018-Oct-18 to 2018-Dec-11). Since in sector 4 the scatter is
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Fig. 3. Tor: Main pulsational mode in PG 1351 presented in Table 3.
The red dashed line denote the 0.1% FAP. Borrom: Sliding Fourier
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Fig. 4. Main pulsational modes (f; and f;) in EC 20058 presented in
Table 4. The red dashed line denote the 0.1% FAP.

much higher between 1422.61 d and 1423.51 d, and between
1436.60 d and 1436.82 d, we removed these regions. Then, we
added sector 5 and calculated the Fourier transform of 53 days
of data detecting five independent frequencies above 0.1% FAP
confidence level, which corresponds to 1.79 ppt. The FT me-
dian noise level is 0.39 ppt. The S/N of the detected frequencies
ranges from 5 to 69. EC 04207 was also observed during three
consecutive sectors (30, 31 and 32) of the extended mission in
ultra-short-cadence (USC) mode. These observations started on
4 July 2020 and ended on 26 August 2020. From this 84-day
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Table 5. Identified frequencies (combination frequencies), periods, and
amplitudes (and their uncertainties) and the signal-to-noise ratio in the
data of EC 04207. The frequencies that are detected only in sector 4 and
5 are unmarked. Frequency and amplitude from sector 30, 31 and 32 are
marked with f. Frequency and amplitude that are detected in all sectors
marked with f+.

Peak v I1 A S/N
(uHz) (s) (ppt)
i 2236.165(00) 447.194(02) 22.87(26) 69.3
£, 2359.142(18) 423.882(34) 2.1433) 5.3
£ 2361.678(03) 423.427(06) 5.66(26) 17.1
Al 2972.672(04) 336.397(05) 4.44(26) 13.4
s 3861.026(13) 258.998(09) 3.06(33) 7.6
2ff 4472.332(03) 223.597(02) 5.18(26) 15.7
(fi+£,)"  4597.837(10) 217.493(05) 1.93(26) 5.8
(fi+£)7  5208.833(10) 191.981(04) 1.89(26) 5.7

data set, we calculated the FT of the USC data up to the Nyquist
frequency of 25 000 pHz. In this way, we resolved three combi-
nation frequencies beyond 4167 uHz, which is the Nyquist re-
gion for SC data. These combination frequencies are given in
Table 5. In Fig. 5, we compare the two data sets showing the
FT from 120 s-resolution (upper panel) and 20 s-resolution data
(lower panel). From the USC data, we extracted three indepen-
dent periodicities at 2236 yHz (f;), 2361 uHz (f3) and 2972 yHz
(f4). 2359 pHz (f;) and 3861 pHz (fs) are not detected in USC
data. The frequencies at 2359.142 and 2361.678 uHz can be con-
sidered as two components of a rotationally split dipole mode. If
we assume that the central azimuthal component (i = 0) is miss-
ing, then the rotation period of EC 04207 would be 2.28 d. On
the other hand, if the missing frequency was one of the side com-
ponents (m = +1 or —1), then the rotation period of EC 04207
would be 1.14 d. This solution is consistent with what has been
discovered for other types of pulsating WDs, such as GW Vir
pulsating stars, which range from 5 hours to a few days (Cérsico
et al. 2019, 2021; Uzundag et al. 2022) and DAV pulsating stars,
which range from 1 hour to a 4.2 days (Kawaler 2015; Hermes
et al. 2017a).

Combining the results from sector 4, 5, 30, 31 and 32, we
detect five independent frequencies which are concentrated be-
tween 2236 uHz and 3861 uHz. We also detect three combina-
tion frequencies beyond 4400 yHz. The extracted frequencies
are listed in Table 5 with their associated errors and S/N.

3.4. WDJ152738.4-450207.4

WD J1527 is a new pulsating DBV star that was observed in
sector 12 (2019-May-21 to 2019-Jun-19, cycle 1) and in sector
38 (2021-Apr-28 to 2021-May-26) with 20-sec cadence. Within
21 arcsec, the field of view (FOV) includes 21 targets. All these
targets are fainter than G,,,, = 18, which is beyond the detection
limit of TESS. The crowded field causes enough light contam-
ination to significantly raise the FT noise level, as reported in
Table 2. From the short-cadence observations, we detect two sig-
nificant frequencies near 1341 and 1539 yHz (f; and fs in Table
6) above the 0.1%FAP level of 20.7 ppt.

The data from sector 38 have a time span of 26.33 d (97.5%
duty cycle) including 109476 data points. The frequency resolu-
tion is 0.44 uHz. We detect two independent frequencies near
1422 and 1425 uHz. Moreover, we detect a combination fre-
quency at 2845.25 uHz (=1422 x2). All the detected frequencies
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Fig. 5. Top: Fourier transform of data taken in sector 4 and 5 of
EC 04207. Borrom: Fourier transform of data taken in sector 30, 31
and 32 of EC 04207. The horizontal red line indicates the 0.1% FAP
level.

of WD J1527 are reported in Table 6. In Fig. 6 we display the
Fourier transform of data taken in sector 12 (upper panel) and
sector 38 (lower panel) of WD J1527. The horizontal red line
indicates the 0.1% FAP level. In sector 38, a clear triplet pattern
can be seen from the sliding FT of the ultra-short-cadence data of
WD J1527. We detect a rotational triplet (£ = 1) at 1419.97 (f,),
1422.69 (f3) and 1425.00 uHz (f4) with a rotational splitting of ~
2.51 pHz. The lower-frequency component at ~1420 uHz is not
present in overall FT, while it is clearly seen in the sFT as shown
in Fig. 7. Therefore, even though this side component is below
the detection threshold, we include it in our final frequency list
with a S/N of 3.5. Multiplets in the frequency spectrum of a pul-
sating WD are useful both to identify the harmonic degree of the
pulsation modes and to measure the rotation period of the star.
We show in Fig. 7 the rotational triplet detected in WD J1527.
The average of the splitting is ~ 2.51 pHz, which translates into
a rotation period P ~ 2.3 days for WD J1527. Since the fre-
quency spectrum of WD J1527 is admittedly scarce, so that we
cannot search for a dipole or quadrupole period spacing using
only these three periods extracted from the TESS data.

Finally, we performed time series photometry with the IXON
camera on the 1.6-m Pekin Elmer Telescope at the Pico Dos Dias
Observatory during two nights, one in April and one in June
2021. We observed a total of ~6 h, with integration times from
6 s to 12 s, using a red blocking filter BG40. We reduced the
data with the software IRAF, using the task DAOFOT and ob-
tain a light curve using differential photometry. Finally, we ob-
tained the Fourier Transform using the software PERIODA4. The
list of frequencies, periods and variation amplitudes are listed in
table 7.

Table 6. Identified frequencies (combination frequencies), periods, and
amplitudes (and their uncertainties) and the signal-to-noise ratio in the
data of WD J1527. The frequencies that are detected only in sector 12
are unmarked. Frequency and amplitude from sector 38 are marked with

T,

Peak % II A S/N

(uHz) (s) (ppt)

f, 1340.703(28) 745.877(15) 33.89(4.04) 7.1
fyr 1419.967(55) 704.241(27) 6.91(1.61) 3.5
{3+ 1422.687(02) 702.895(01) 17.28(1.61) 8.5
£y 1425.000(25) 701.754(12) 15.24(1.61) 7.5
fs 1539.889(25) 649.397(11) 38.14(4.04) 7.9
2f;  2845.254(42) 351.462(05) 8.94(0.31) 4.6
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Fig. 6. Top: Fourier transform of data taken in sector 12 of WD J1527.
The horizontal red line indicates the 0.1% FAP level. Borrom: Fourier
transform of data taken in sector 38 of WD J1527. The horizontal red
line indicates the 0.1% FAP level.

Table 7. Detected periods for WD J1527 from ground-based observa-
tions perform at the Pico do Dias observatory.

% I1 A
(uHz) ()  (ppH)
14257 7014 242
2290.6 436.6 5.7
28312 3532 56
42839 2334 4.7

3.5. L7-44

L 7-44 is also a new pulsating DBV star, which was observed
by TESS in SC mode during sector 12 and 13 between 21 May
2019 and 18 July 2019, covering about 57 days. This provides a
frequency resolution of 0.14 yHz. The FT average noise level is
0.28 ppt. The 0.1% FAP confidence level is 1.39 ppt. We detect
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Fig. 7. Detected rotational triplet in WD J1527. Top panel shows Fourier
transform of data taken in sector 38. The horizontal red line presents the
0.1% FAP level. We indicated the azimuthal orders (vertical red lines)
of dipole modes and the rotational splitting. Bottom panel depicts sFT
of the same sector covering the same frequency region. The color-scale
shows amplitude in ppt units.

three frequencies at 1067.52 (f;), 1094.50 (f4) and 2141.81 uHz
(£5).

L 7-44 was also observed in sector 39 in 20-sec cadence dur-
ing 27 d. The frequency resolution of this dataset is 0.41 uHz. We
identified four frequencies above 0.1% FAP confidence level of

Frequency (uHz)

Fig. 8. Top: Fourier transform of sector 39 data of L. 7—44. The hori-
zontal red line indicates the 0.1% FAP level. The magenta line is the
residual after extraction of the signals. Borrom: Sliding Fourier trans-
form of sector 39 data of L 7—44. The color-scale illustrates amplitude
in ppt units.

Table 8. Independent frequencies, periods, and amplitudes (and their
uncertainties) and the signal-to-noise ratio in the data of L 7—44. Fre-
quency and amplitude from both short and ultra-short cadence data are
marked with {{. Frequency and amplitude from sector ultra-short ca-
dence data are marked with . The frequencies that are detected only in
sector short-cadence data are unmarked.

1.84 ppt, which are listed in Table 8. We found a complicated Peak v II A S/N
pattern around 1092 uHz, that is depicted in Fig. 8. This un- (uHz) (s) (ppt)
resolved structure is most likely due to frequency and/or phase

variations over the length of the data. Also, it could be caused fi 981.221(21)  1019.138(21)  1.64(31) 4.6
by mode incoherence, that is, since this is the lowest frequency f2 1067.521(19)  936.750(17)  1.8031) 4.7
pulsation mode in this sample, it could be incoherent because it f3: 1091.211(28)  916.413(23)  2.4930) 7.1
is reflecting off the moving base of the outer convection zone, f4s 1093.003(27)  914.910(23)  2.53(30) 7.2
as described for DAVs in Montgomery et al. (2020). We ex- fsi 1094.528(35)  913.636(29)  1.96(30) 5.6
tracted three frequencies (f,, f3 and f4) from this region. How- foir 2141.813(16) 466.894(4) 2.0931) 55

ever, only f3 will be used for the asteroseismic modeling of this
star since it is the highest FT peak. Since the frequency spec-
trum of L 7—-44 is rather poor, it prevents us from searching for
a dipole or quadrupole period spacing using only these three pe-
riods extracted from the TESS data.

4. Evolutionary models and spectroscopic masses

We employ a set of state-of-the-art DB WD stellar models that
take into account the complete evolution of the progenitor stars.
The models were extracted from the evolutionary calculations
of Althaus et al. (2009) produced with the LPCODE evolutionary
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code (see that paper for details). These DB WD models have
been employed in the asteroseismic analyses of the DBV stars
KIC 8626021 (Cérsico et al. 2012), KUV 05134+2605 (Bognar
et al. 2014), PG 1351+489 (Cérsico et al. 2014), WD 0158—-160
(Bell et al. 2019), and GD 358 (Cérsico et al. 2022). The se-
quences of DB WD models have been obtained taking into ac-
count a complete treatment of the evolutionary history of progen-
itors stars, starting from the zero-age main sequence (ZAMS),
through the thermally pulsing asymptotic giant branch (TP-
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AGB) and born-again (VLTP; very late thermal pulse) phases to
the domain of the PG 1159 stars, and finally the DB WD stage.
As such, they are characterized by evolving chemical profiles
consistent with the prior evolution. We varied the stellar mass
and the effective temperature in our model calculations, while
the He content, the chemical structure at the CO core, and the
thickness of the chemical interfaces were fixed by the evolu-
tionary history of progenitor objects. The models employ the
ML2 prescription of convection with the mixing length parame-
ter, «, fixed to 1 (Bohm & Cassinelli 1971; Tassoul et al. 1990).
Specifically, we considered nine DB WD sequences with stellar
masses of: 0.515,0.530,0.542,0.565, 0.584, 0.609, 0.664, 0.741,
and 0.870M,. These DB WD sequences are characterized by the
maximum He-rich envelope that can be left by prior evolution
if we assume that they are the result of a born-again episode.
The value of envelope mass ranges from My./M, ~ 2 X 1072
(M. = 0.515M;) to Mye/M. ~ 1 x 107> (M, = 0.870Mo).
In Figure 1 we show the complete set of DB WD evolutionary
tracks (with different colors according to the value of the stel-
lar mass) along with the location of all the DBVs known to date
(Cérsico et al. 2019; Duan et al. 2021; Vanderbosch et al. 2022)
and the two new DBVs reported in this paper for the first time.
We computed ¢ = 1,2 g-mode pulsation periods in the range
80 — 1500 s with the adiabatic and nonadiabatic versions of
the pulsation code LP-PUL (Cdrsico & Althaus 2006; Cdérsico
et al. 2006) and the same methods we employed in the pre-
vious works of La Plata Stellar Evolution and Pulsation Re-
search Group”. Employing the evolutionary tracks presented in
Fig. 1 and the values of the spectroscopic surface gravity and
temperature, we derive a value of the spectroscopic mass of
each of the five analyzed stars by interpolation. It is worth not-
ing that we use the same set of DB WD models both for esti-
mate the spectroscopic mass and also to assess the stellar mass
from the period spacing (next Section). For PG 1351 we obtain
M, =0.558+0.027 M. In the case of EC 20058 and EC 04207,
we derive M, = 0.614 +0.030 M and M, = 0.515+0.023 M,
respectively. Finally, we obtain M, = 0.675 + 0.022 M, for
WD J1527, and M, = 0.630+0.016 M, for L 7—44. The uncer-
tainties in the stellar mass are estimated from the uncertainties in
T and log g by adopting the extreme values of each parameter
when interpolating between the evolutionary tracks of Fig. 1.

5. Asteroseismological analysis

The asteroseismological methods we use in this paper to ex-
tract information of the stellar mass and the internal structure of
the DBV stars PG 1351, EC 20058, EC 04207, WD J1527, and
L 7—44 are the same used in, for instance, Corsico et al. (2022)
for the DBV star GD 358 observed with TESS.

First, we attempt to infer the stellar mass, when possible, by
comparing the observed mean period spacing, AIl, with the av-
erage of the computed period spacings (All). The mean period
spacing is assessed by means of the Kolmogorov-Smirnov (K-
S; Kawaler 1988), and the inverse variance (I-V; O’Donoghue
1994) significance tests. On the other hand, the average of
the computed period spacings is calculated as AIl; = (N —
1)~!' 3, ATl;, where the "forward" period spacing (AIl) is de-
fined as Al = Il — [I; (k being the radial order) and N is the
number of computed periods laying in the range of the observed
periods. The present method relies on the spectroscopic effective
temperature, so the results are unavoidably affected by its asso-
ciated uncertainty. This method takes full advantage of the fact

2 http://fcaglp.fcaglp.unlp.edu.ar/evolgroup/

that the period spacing of DBV stars primarily depends on the
stellar mass and the effective temperature, and very weakly on
the thickness of the He envelope (see, e.g., Tassoul et al. 1990).

Another asteroseismological tool to disentangle the internal
structure of DBV stars is to seek theoretical models that best
match the individual pulsation periods of the target star. To mea-
sure the goodness of the match between the theoretical pulsa-
tion periods (Ilz) and the observed individual periods (I17), we
compute the quality function )(Z(M*, Ter) = % Zf\i , min[(TTgy —
Hj’)z], where N is the number of observed periods. In order to
find the stellar model that best fits the observed periods exhib-
ited by each target star — the “asteroseismological” model —,
we evaluate the function X2 for stellar masses 0.515 < M, /My <
0.870. For the effective temperature we employ a much finer grid
(AT.g = 10— 30 K). For each target star, the DB WD model that
shows the lowest value of y? is adopted as the best-fit astero-
seismological model. To quantitatively assess the quality of our
period fit, we compute the average of the absolute period dif-

ferences, oI1; = ( fil |6H,~|) /N, where 6I1; = (Ilg; — I17), and

the root-mean-square residual, o = w/(Zfi . |6TL2)/N = \/)7

To have a global indicator of the goodness of the period fit that
takes into account the number of free parameters, the number
of fitted periods, and the proximity between the theoretical and
observed periods, we compute the Bayes Information Criterion

(BIC; Koen & Laney 2000), defined as BIC = n, (101ng) +logo?,

where n,, is the number of free parameters of the models, and N
is the number of observed periods. The smaller the value of BIC,
the better the quality of the fit. In our case, n, = 2 (stellar mass
and effective temperature). Note that this criterion penalizes for
an excess of parameters. Below, we employ the tools described
above to extract information from the DBV stars considered in
this work.

5.1. PG 1351

For this star, TESS detects a single period of 489.26 s which is
likely associated to an eigenmode of the star (see Table 3). The
other period present (~ 244.630 s) corresponds to twice the fre-
quency of that single period. The period of ~ 489 s is present
also in the data acquired through the ground-based monitoring
by Redaelli et al. (2011), who identified four independent pe-
riods (see their Table 2). In Fig. 9 we schematically show the
period spectrum detected with TESS (upper panel), and the pe-
riods detected by Redaelli et al. (2011) (lower panel), with am-
plitudes set to unity to facilitate visualization. Unfortunately, the
TESS data does not broaden the period spectrum of PG 1351 in
relation to the periods already known with observations from the
ground. The list of periods of the star is shown in Table 9. With
this very limited list of periods, we have tried to find a possi-
ble mean period spacing to infer some hint of the stellar mass of
PG 1351.

In Fig. 10 we show the results of applying the I-V and K-S
statistical tests to the set of four periods of Table 9. We are aware
that with only four periods, it is feasible to find different period
spacing values that fit the distribution of those periods. Indeed,
the two tests show hints of several possible constant period spac-
ingsof ~ 11s,~ 14s,~ 19s,~ 25s, ~ 31 s, and another at ~ 50
s. Since the period spacing in DB WDs depends mainly on the
stellar mass and the effective temperature, we can explore which
of these possible period spacings are compatible with the range
of stellar masses of DB WDs. We have computed the average

of the theoretical period spacings for £ = 1 and ¢ = 2, All, in
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Table 9. List of periods of PG 1351 available for the asteroseismological analysis. Column 1 corresponds to four £ = 1 periods measured by
Redaelli et al. (2011) (REA11), and column 2 corresponds to the single period detected by TESS (Table 3). The third, fourth and fifth columns
give the theoretical periods of the asteroseismological model of PG 1351, the harmonic degree and the radial order, respectively. Columns 6 and 7
correspond to the period difference (611, = Hf’ — II;) and the rate of period change, respectively. Finally, the last column gives information about
the pulsational stability or instability nature of the modes.

Hlo Hlo Hg,k 4 k 5Hg,k Hg,k Unstable
(s) (s) (s) (s) (1077 s/s
REA1l1 TESS
335.26 336.81 2 13 -1.55 0.60 yes
489.33 489.26 | 48947 1 11 -0.21 0.81 yes
584.68 586.99 2 25 -231 1.02 yes
639.63 63937 1 15 0.26 1.19 yes
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Fig. 9. Schematic distribution of the pulsation periods of PG 1351 ac-
cording to TESS (6 periods, black lines, upper panel), and according to =,
Redaelli et al. (2011) (4 periods, blue lines, lower panel). The ampli- A
tudes have been arbitrarily set to one for clarity. 5
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: Fig. 11. Dipole (upper panel) aﬂquadrupole (lower panel) average of
the computed period spacings, Ally, assessed in a range of periods that
includes the periods observed in PG 1351, shown as curves of different
colors according to the different stellar masses. We consider the effec-

g tive temperature Ty = 26010 + 1536 K (Bergeron et al. 2011), and the

L possible period spacing values derived from the four periods of PG 1351
K Smi Test | according to Table 9. We include the error bars associated to the uncer-
.o ”i‘og.oro}" Imll'r|10V| e? N T R tainties in AIl; and Teg.
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Fig. 10. I-V (upper panel) and K-S (lower panel) significance tests to
search for a constant period spacing in PG 1351. The tests are applied
to the set of 4 pulsation periods of Table 9, that includes the TESS and
Redaelli et al. (2011)’s periods. Several possible constant period spac-
ings are evident, the most notorious being that of ~ 50 s. See text for
details.

terms of the effective temperature for all the masses considered
and a period interval of 300 — 650 s. In Fig. 11 we show AIl
with curves of different colors to distinguish the different stellar
masses, corresponding to £ = 1 (upper panel) and £ = 2 (lower
panel) modes. We note that the only period spacings compatible
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with reasonable stellar masses are ~ 31 s for£{ = 1 and ~ 19 s
for ¢ = 2. Both possible period spacings point to a stellar mass
somewhat high for DB WD standards, but still possible, in the
range 0.74 — 0.87M,>. However, since the number of available
periods is very low, the derivation of the period spacing is not
robust, and our assessment of the stellar mass by this mean is
only tentative.

3 Note that there is also a possible period spacing of ~ 25 s. If this
were a £ = 1 period spacing, the mass of PG 1351 should be very high
(~ 1My). Alternatively, if this were a £ = 2 period spacing, then the
mass of PG 1351 should be too low (~ 0.40M,). Both cases have to
be discarded because they are in serious conflict with the spectroscopic
determination of log g, that indicates a stellar mass in the range 0.53 <
M, /M < 0.59 (see Fig. 1).
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Fig. 12. Chemical profiles (upper panel) and the squared Brunt-Viisila
and Lamb frequencies for £ = 1 and £ = 2 (lower panel) corresponding
to our asteroseismological DB WD model of PG 1351 with a stellar
mass M, = 0.664M, and an effective temperature T.¢ = 25775 K.

Table 10. The main characteristics of the DBV star PG 1351.

Quantity Spectroscopy ~ Asteroseismology
Astrometry
Tes [K] 26010 = 1536 25775 = 150
M, [My] 0.558 + 0.027 0.664 + 0.013
log g [cm/s?] 7.91 +0.07 8.103 £ 0.020
log(L«/Le) —-1.244 +0.03
log(R4/Ro) 1.912 £0.015
(Xc, Xo0)e 0.32,0.65
Mye/M, . 5.42x107°
d [pc] 175.731?;“” 146 £ 5
7 [mas] 5.69 +0.05@ 6.9+03

References: (a) Gaia EDR3.

A detailed asteroseismological analysis of PG 1351 employ-
ing the same DB WD models considered in this paper was al-
ready carried out by Cérsico et al. (2014). The only difference
is that in that work, the authors used a period of 489.33 s, in-
stead of 489.26 s as in the present paper (see Table 3). Since this
difference is completely negligible to the limit of our investiga-
tion, the asteroseismological model that we obtain in this work
is the same as in Coérsico et al. (2014) and we will not repeat
that analysis here. We show in Table 9 the theoretical periods
and the harmonic degree and radial order of this model, along
with the period differences and the rates of period change. We
obtain 6II; = 1.08 s, o = 1.40 s, and BIC= 0.59 for the astero-
seismological model. We note that Cdrsico et al. (2022) obtain
BIC = 1.13 for the asteroseismological model of GD 358 and
Bischoft-Kim et al. (2019) obtain BIC = 1.2 for their best period
fit to the same star. So, the low value of BIC obtained in this work
for PG 1351 indicates that our period fit is very good. We show
the characteristics of this model (M, = 0.664M, Teg = 25775

K) in Table 10*, and we plot its internal chemical profiles (upper
panel) and the logarithm of the squared Brunt-Viiséld and Lamb
frequencies (lower panel) in Fig. 12.

We have examined the pulsational stability/instability nature
of the modes associated with the periods fitted to the observed
ones. We adopted the frozen-in convection approximation (Unno
et al. 1989). In particular, we examined the sign and magnitude
of the linear nonadiabatic growth rates, n, = —3(o%)/R(o),
where R (o) and J(o) are the real and the imaginary parts, re-
spectively, of the complex eigenfrequency o. We find that the
periods of the asteroseismological model of PG 1351 are asso-
ciated with unstable modes, in line with the observational evi-
dence. A common fact in all nonadiabatic calculations of pulsa-
tions in WDs, but also in any other class of pulsating stars, is
that in general the models predict many more unstable modes
than are observed. PG 1351 is no exception. There must be some
(unknown) filter mechanism that selects some unstable modes
and gives them large, observable amplitudes, while the other un-
stable modes never reach those amplitudes and are not observed.

Finally, using the asteroseismological model of PG 1351, we
can assess the seismic distance of the star. The luminosity of
the asteroseismological model is log(L,/Ls) = —1.244 + 0.03.
Using a bolometric correction BC = —2.71° (Bergeron et al.
2011), the absolute magnitude is My = Mp — BC, where
Mp = M — 2.5 log(L4/Le). The solar bolometric magnitude
is Mo = 4.74 (Cox 2000). Then the seismological distance d
is derived from the relation: logd = [my — My + 5]/5. We use
the apparent visual magnitude my = 16.38 + 0.01 (Bergeron
et al. 2011), and obtain the seismological distance and parallax
d = 146 £ 5 pc and 7 = 6.9 + 0.3 mas. The uncertainty in the
seismological distance comes from the uncertainty in the lumi-
nosity of the asteroseismological model. The seismological dis-
tance is ~ 10 — 20% closer than that derived by Bergeron et al.
(2011) (166 pc) and the astrometric distance measured by Gaia
EDR3 (176 % 2 pc). If we assume the distance determined by
Gaia to be true, we can derive the absolute magnitude and lumi-
nosity that the star should have. In this case, using our DB WD
evolutionary tracks, we find that the mass of PG 1351 must be
~ 0.540M,,. This is slightly lower than, but consistent with, the
spectroscopic mass (0.558 + 0.027). The discrepancy between
the seismological distance and that derived from Gaia could be
due to uncertainties in the spectroscopic determination of the ef-
fective temperature and gravity®.

Because TESS has detected a single eigenfrequency in
PG 1351 (v ~ 2044 u Hz), we have not been able to confirm
(nor discard) the rotation period of 8.9 h derived by Redaelli
etal. (2011).

5.2. EC 20058

Similar to the case of PG 1351, the pulsation spectrum of
EC 20058 detected by TESS is not rich. Indeed, TESS detected
only two large-amplitude periods, compared to a total of 11 pe-
riods measured with observations from the ground by Sullivan
et al. (2008) (see Table 11). In Fig. 13 we schematically show
the two periods detected with TESS (upper panel), and the pe-
riods detected by Sullivan et al. (2008) (lower panel). For our
analysis, in the case of the two periods that are common to both

4 Here, My./M, is the total mass content of He in units of the stellar
mass.

5 https://www.astro.umontreal.ca/~bergeron/CoolingModels/

6 See Duan et al. (2021); Vanderbosch et al. (2022) for a discussion
about the current difficulties in determining the T for a DBV WD.
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Fig. 13. Schematic distribution of the pulsation periods of EC 20058
according to TESS (2 periods, black lines, upper panel), and accord-
ing to Sullivan et al. (2008) (11 periods, blue lines, lower panel). The
amplitudes have been arbitrarily set to one for clarity.

sets, we adopt those detected by TESS, as they are more accu-
rate.

In Fig. 14 we display the results of applying the statistical
tests to the set of 11 periods of the first column of Table 11.
The tests show hints of several possible constant period spac-
ings, AIl = 12.78,15.84,23.90,26.36,41.11,47.67 s (empha-
sized with vertical arrows in the figure), suggesting that no sim-
ple pattern of period spacing is apparent in the EC 20058 spec-
trum, in line with previous works (Sullivan et al. 2008). Fig. 15

depicts AIl; (computed considering a period interval of 200—600
s) with curves of different colors to distinguish the different stel-
lar masses, corresponding to £ = 1 (upper panel) and £ = 2
(lower panel) modes. On the basis of this figure, the possible
extreme values for constant period spacings, that is 12.78 s and
47.67 s, can be discarded from the analysis because they im-
ply a mass too high or extremely low, respectively. The remain-
ing four values could actually be constant period spacings, and
they are plotted in Fig. 15 with red small circles. Concentrat-
ing on the upper panel (dipole modes), we see that a possible
spacing of periods of 41.11 s s would indicate a stellar mass of
~ 0.55M if it corresponds to modes with £ = 1. Regarding the
lower panel (¢ = 2), we can discard the possible period spac-
ing of ~ 26 s because it would indicate a very low mass for
EC 20058 (< 0.4M,,). The possible solutions that remain indi-
cate a stellar mass of ~ 0.530M,, if AIl = 23.90 s, or a stellar
mass ~ 0.95M,, if AIT = 15.84 s. We note that a stellar mass as
high as ~ 0.95M,, is not compatible with the spectroscopic mass
of this star, ~ 0.61 M. On the other hand, such massive DB WDs
are very unusual. For these reasons, we discard the possible so-
lution of ~ 16 s for the period spacing. Then, we are left with the
possible period spacing of 23.90 s and ¢ = 2.

In summary, the two most probable period spacings present
in the star are All,-; = 41.11 s and All,—, = 23.90s. We im-
mediately note that 41.11/23.90 = 1.72, which is very close to
the asymptotic prediction, All,—; /All,—; = V3 ~1.732 (Tassoul
etal. 1990). While it is appealing to conclude that the pulsational
spectrum of EC 20058 is composed of two patterns of periods,
one with ¢ = 1 and the other with £ = 2, it is not trivial to ex-
plain why both patterns suggest different stellar masses (~ 0.53
and ~ 0.55M,,). Despite this difficulty, the fact that the ratio of
the period spacings is so close to that predicted by the asymptotic
theory is quite encouraging, and prompts us to try to identify the
harmonic degree of each period of EC 20058. To determine the
precise period spacings, we performed linear least-squares fits
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Fig. 14. I-V (upper panel) and K-S (lower panel) significance tests to
search for a constant period spacing in EC 20058. The tests are applied
to the set of 11 pulsation periods of Table 11, that includes the TESS
plus Sullivan et al. (2008)’s periods. Possible values of constant period
spacing are marked with arrows in the upper panel.
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Fig. 15. Dipole (£ = 1, upper panel) and quadrupole (£ = 2, lower
panel) average of the computed period spacings, All;, assessed in
a range of periods that includes the periods observed in EC 20058,
shown as curves of different colors according to the different stellar
masses. We consider the effective temperature T.¢ = 25500 + 500 K
(Koester et al. 2014), and the possible period spacing values AIl =
12.78,15.84,23.90,26.36,41.11,47.67 s (see Fig. 14). For a discussion,
see the text.

(plotted in the upper panel of Fig. 16) using three periods for
the case of £ = 1, and four periods for the case of ¢ = 2, marked
with a single asterisk and two asterisks, respectively, in Table 11.
We obtain a dipole period spacing All,-; =41.41 +0.39 s and a
quadrupole period spacing All,—, = 23.80+0.28 s. We have four
remaining periods (204.6 s, 286.6 s, 333.5 s, and 539.8 s) that do
not fit in any of the two period spacing patterns found. They
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Table 11. Enlarged list of periods of EC 20058. Column 1 corresponds to 11 £ = 1 periods derived by Sullivan et al. (2008) (SEAO0S; see also
Table 1 of Bischoff-Kim & Metcalfe 2011), and column 2 corresponds to two periods detected by TESS (Table 4). The periods with one (two)
asterisk(s) are used in a linear least square fit for modes with € = 1 (¢ = 2).

I1° (s)
SEAO08

I1° (s)
TESS

=1
I ()

SII= (s) M2 (s) o2 (s) (°

195.0(*) 193.662
204.6
207.6(**)
256.9
274.7(%)
281.0
286.6
333.5
350.6(+*)
525.4(%)
539.8

256.852(**)
276.485
280.983(**)

524.954

1.338

208.572
256.162

-0.972
0.69
—-1.785

279.957 1.026

351.342  -0.742

0.446

ECREN S EEUREEOR NS R (ST (SRR

could have harmonic degree ¢ = 1 and/or ¢ = 2 and the reason
for their deviation from the spacings derived for both £ = 1 and
¢ = 2 modes could be that they are affected by mode trapping
(see, e.g., Bradley et al. 1993).

A completely different assumption than the one described
above is that the period spectrum of EC 20058 has a combina-
tion of £ = 1 and ¢ = 2 modes, but with the possible presence
of rotational frequency multiplets. It has been the hypothesis
favoured by Sullivan et al. (2008) (see their Fig. 8). In this sce-
nario, the frequency 4816.8 uHz (period 207.6 s) could be one
component of a rotational triplet centered at 4887.8 uHz (204.6
s), the other component being inhibited by an unknown mecha-
nism, and the frequencies 3640.1 uHz (274.7 s) and 3489.0 uHz
(286.6 s) could be the two non-zero m components of a rota-
tional triplet centered at 3558.935 pHz (280.983 s). Implicitly,
the periods 204.6 s and 280.983 are assumed here to be £ = 1.
Using a mean frequency splitting of ~ 70 yHz and the asym-
metry observed in the frequency splitting of the triplet centered
at the frequency 3558.935 uHz, Sullivan et al. (2008) derived a
rotation period of ~ 2 hours and a magnetic field of ~ 3 kG for
EC 20058. Under the present hypothesis, it is interesting to look
for a constant period spacing with the statistical tests, this time
neglecting the periods 207.6 s, 274.7 s, and 286.6 s. Our exer-
cise does not indicate any clear constant period spacing in this
reduced set of periods. The non-existence of a constant period
spacing could be explained by the fact that some of the periods
exhibited by the star are not in the asymptotic regime.

Putting it all together, we face two possible scenarios for
EC 20058. According to one of them, we are seeing a combi-
nation of (m = 0) € = 1 and £ = 2 excited modes, that conform
two patterns of constant period spacing. In this scenario, no fre-
quency multiplets due to rotation are present. In this case, the
assignment of the ¢ value for some of the periods is that of Ta-
ble 11 (column 7). On the other hand, following Sullivan et al.
(2008), we can assume the existence of rotational triplets, in this
way identifying the periods 204.6 s and 280.983 s with m = 0
¢ = 1 modes. We cannot rule out or accept conclusively either
of these two scenarios. Thus, when performing the period-to-
period fits (see below), we have to consider both possibilities for
the identification of the harmonic degree of the modes.

In the second part of our analysis of EC 20058, we have per-
formed period fits considering two sets of periods and identifi-
cations. One of them corresponds to that indicated in Table 12
(case 1), in which we follow the ¢ identification derived from
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Fig. 16. Upper panel: linear least-squares fits to the three dipole periods
of EC 20058 marked with an asterisk and the four quadrupole peri-
ods marked with two asterisks in Table 11. The derived period spacings
from these fits are All,—; = 41.4115 + 0.3864 s and All,-; = 23.795 +
0.284 s, respectively. Middle panel: residuals of the £ = 1 period distri-
bution relative to the dipole mean period spacing. Lower panel: resid-
uals of the £ = 2 period distribution relative to the quadrupole mean
period spacing. Modes with consecutive radial order are connected with
a thin black line.

the period spacing analysis (see Table 11), and the other one to
that shown in Table 13 (case 2), that corresponds to the identi-
fication assumed by Sullivan et al. (2008). We show our results
in Figs. 17 and 18, where we display the inverse of the quality
function for case 1 and case 2, respectively. Focusing on case 1,
there is no good possible seismological solution in the range of
effective temperatures allowed by spectroscopy, so we can adopt
a relatively good fit model with 7.z = 26380 K (slightly out-
side the allowed range of T.g) and M, = 0.664M, marked
with a down arrow in Fig. 17. The non-existence of a defined
and clear seismological model in this case would indicate that
the identification of the modes established in Table 11 based on
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Table 12. Observed and theoretical periods of the asteroseismological solution for EC 20058 in the case 1, using 11 periods [M, = 0.664M, Tex =
26380 K]. Periods are in seconds and rates of period change (theoretical) are in units of 10~# s/s. 6I1; = Hio — I, represents the period differences,
¢ the harmonic degree, k the radial order, m the azimuthal index. The last column gives information about the pulsational stability/instability nature

of the modes.

Hlo £° 11, 4 k m ol Hk Unstable
(s) (s) () (107" s/s)

195.0 1 19339 2 6 O 1.61 3.97 yes
204.6 ?7 120419 1 3 0 041 4.41 yes
207.6 2 120645 2 7 0 1.15 4.69 yes
256.852 2 | 24842 2 9 0 843 6.00 yes
274.7 1 127587 1 5 0 -1.17 5.34 yes
280983 2 | 27587 1 5 0 5.1 5.34 yes
286.6 ? 129303 2 11 0 -643 6.92 yes
333.5 ?7 133228 2 13 O 1.22 7.49 yes
350.6 2 135248 2 14 0 -1.88 6.19 yes
525.4 1 52405 1 12 O 1.35 11.10 yes
539.8 ?7 153801 2 23 O 1.79 12.38 yes

Table 13. Same as Table 12, but for case 2, in which eight periods are employed in the period fit. The possible asteroseismological solution for
EC 20058 corresponds in this case to a DB WD model with M, = 0.664M, T = 25467 K.

I° £0 I, ¢ k m O I, Unstable
(s) (s) (s) (107" s/s)

195.0 27119699 2 6 0 -1.99 2.86 yes
204.6 1 (20824 1 3 0 -3.64 3.28 yes
256852 7 | 25422 2 9 0 263 4.79 yes
280983 1 [ 28094 1 S5 0 004 4.19 yes
333.5 ? 133906 2 13 0 =556 5.36 yes
350.6 7 134946 1 7 0 1.14 429 yes
525.4 2 152618 2 22 0 -078 9.21 yes
539.8 2153471 1 12 0 509 8.77 yes

possible period spacings with £ = 1 and € = 2 could not be
robust. In case 2, however, it is possible to find a small fam-
ily of possible seismological solutions consisting of models with
M, = 0.664M; and Teg in the range 25 000 — 26 000 K. In par-
ticular, there is a good asteroseismological solution for a model
with Teg = 25467 K (marked with a down arrow in Fig. 18), well
within the allowed range. Curiously, the mass of this seismolog-
ical model is the same as that of the model with good period fit
in case 1, although with a much lower effective temperature and
in excellent agreement with the spectroscopic Teg of EC 20058
(Teg = 25500 £ 500 K). The theoretical periods of the models
selected for case 1 and case 2 are included in Tables 12 and 13,
along with the harmonic degree, the radial order, the difference
with the observed periods, the rates of period change, and the
pulsational stability nature of the modes. In particular, our iden-
tification of the harmonic degree and radial order of the modes
for the asteroseismological solution of case 2 is remarkably simi-
lar to the Sullivan et al. (2008)’s identification (see their Table 5),
even though those authors used DB WD models completely dif-
ferent than ours. Similar considerations hold when we compare
the results of our case 2 with the results of Bischoff-Kim & Met-
calfe (2011). A similar overall agreement between seismologi-
cal results derived using the La Plata group evolution/pulsation
models (using the LPCODE and LP-PUL numerical codes) and
those from the Texas group (using the WDEC code) has been found
in the case of the DBV pulsator WD 0158160 (TIC 257459955),
the first DBV studied with TESS (Bell et al. 2019). This agree-
ment is encouraging, since the global asteroseismological results
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are not severely dependent on the WD modeling and period-fit
methods used, which makes this type of analysis more robust.

We have also carried out period fits assuming that all the
modes exhibited by EC 20058 are £ = 1, but we have not found
any possible seismological solution. Indeed, in general it is not
possible with our models to reproduce the periods satisfactorily
if they are considered as ¢ = 1 only. This confirms that the pul-
sation spectrum of EC 20058 must be a mixture of dipole and
quadrupole modes. Finally, we have tried leaving the identifica-
tion free of all the modes (allowing themtobe £ = 1 or £ = 2
from the outset). In this case, we find the same asteroseismologi-
cal model as in case 2, although with a slightly poorer agreement
between observed and theoretical periods.

In view of this analysis, we adopt the DB WD model with
M, = 0.664M and T = 25467 K, that corresponds to the best
fit of periods of the case 2 (see Table 13), as the asteroseismo-
logical model for EC 20058. We obtain 6_1'1, =2.61s,0=3.22s,
and BIC= 1.24. We show the characteristics of this model in Ta-
ble 14. The internal chemical profiles and the Brunt-Viiséla and
Lamb frequencies of this model are quite similar to those corre-
sponding to the asteroseismological model of PG 1351 (Fig. 12).
Indeed, the only difference between both models is the effective
temperature (AT.g ~ 300 K), which has a negligible impact on
the chemical profiles and critical frequencies. Thus, Fig. 12 is
also representative of the seismological model of EC 20058. We
mention that the possible asteroseismological solution for case
1 is characterized by o11; = 2.77 s, o = 3.74 s, and BIC= 1.34,
which reflects that the period fit is worse than that of the adopted
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Fig. 17. The inverse of the quality function of the period fit in terms of
the effective temperature, shown with different colors for the different
stellar masses, corresponding to case 1 (11 periods). The vertical black
dashed line corresponds to the spectroscopic Teg of EC 20058 and the
vertical dotted lines its uncertainties (T, = 25500 + 500 K; Koester
et al. 2014). A local maxima (marked with an arrow), corresponds to
a possible asteroseismological solution compatible with spectroscopy
(see the text).
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Fig. 18. Same as in Fig. 17, but for case 2, which involves eight periods.
A clear maxima for a model with 7. = 26 080 K and M, = 0.664M,,
compatible with the spectroscopic effective temperature of EC 20058,
is marked with an arrow (see the text).

asteroseismological model (case 2). In addition, the model asso-
ciated to the possible solution for case 1 is outside the range of
the effective temperature allowed by spectroscopy.

Regarding the stability/instability of the modes of the astero-
seismological model, we find that all the periods of EC 20058 are
predicted to be excited according to our nonadiabatic computa-
tions, in line with the very existence of these oscillation periods
in the spectrum of EC 20058 (see last column of Table 13). The
same happens with regard to the possible seismological solution
in case 1 (see last column of Table 12).

Based on the asteroseismological model for EC 20058,
we can derive a seismological distance, as we did for
PG 1351. Using the luminosity of the asteroseismological model
[log(Ly/Ly) = —1.223 + 0.03], a bolometric correction BC =

Table 14. The main characteristics of the DBV star EC 20058 according
to the adopted asteroseismological model (case 2).

Quantity Spectroscopy ~ Asteroseismology
Astrometry
Teq [K] 25500 = 500 25467 + 130
M, [Ms] 0.614 + 0.030 0.664 +0.013
logg [cm/s?] | 8.01 +0.05 8.062 + 0.020
log(Ly/Le) -1.223 +0.03
log(R«/Ro) —-1.901 £ 0.015
(Xc, Xo)e 0.32,0.65
Mye/My e 5.42x 1073
d [pc] 117.95f81§§(“) 80.3+29
7 [mas] 8.48 + 0.05@ 12.45 +0.47

References: (a) Gaia DR3.

Table 15. Enlarged list of periods of EC 04207. Column 1 corresponds
to four periods derived by Chote et al. (2013), and column 2 corresponds
to four periods detected by TESS (Table 5). In the case of the couple of
periods of TESS of 423.882 s and 423.427 s, we adopt a single value
of 423.655 s (see the text). The periods with one asterisk are used in a
linear least square fit.

I° (s) I1° (s) Mg (s)  oIl(s) £©
CEAI3  TESS

258.998% | 259.648 -0.650 1
3364  336.397*% | 335.035 1362 1
423.5 423.655 ?
4472  447.194% | 448.116 -0922 1
599.1% 598.801 0209 1

—2.717 (Bergeron et al. 2011), and an apparent visual magnitude
my = 15.03 £ 0.01 (Montreal White Dwarf Database; Dufour
etal. 2017), we getd = 80.3 £ 2.9 pc and m = 12.45 + 0.47 mas.
The seismological distance is in disagreement with that mea-
sured by Gaia EDR3 (118.84 + 0.5 pc). Had we adopted the
seismological solution of case 1, this discrepancy would remain.
As in the case of PG 1351, the seismological distance predicted
by our analysis is substantially closer (~ 30 %) than the astro-
metric distance. We note that EC 20058 has two neighbours with
similar brightness within 5". One is a background object, while
the other is a star with the same parallax and proper motion, so
EC 20058 is a resolved binary. However, at that wide separa-
tion it should not affect the parallax, since any small anomaly
would probably be absorbed in the proper motion. Thus, we can
consider the astrometric distance of EC 20058 derived by Gaia
to be safe. However, if we take that distance as certain, we find
that the star should have a mass less than ~ 0.15M, which is
inconsistent with all the other observational parameters, such as
T and log g. We emphasize that, even considering the case in
which the uncertainties in 7. Were enormous (even comparable
to the width of the instability strip of the DBVs), the parallax of
Gaia would be indicating a mass of EC 20058 that is too low.
This problem deserves to be investigated further.

5.3. EC 042074748

In Fig. 19, we schematically show for the DBV star EC 04207
the periods detected with TESS (upper panel), and the periods
detected by Chote et al. (2013) (lower panel). There are three

7 https://www.astro.umontreal.ca/~bergeron/CoolingModels/
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Fig. 19. Schematic distribution of the pulsation periods of EC 04207 ac-
cording to TESS (5 periods, black lines, upper panel), and according to
Chote et al. (2013) (4 periods, blue lines, lower panel). The amplitudes
have been arbitrarily set to one for clarity.
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Fig. 20. I-V (upper panel) and K-S (lower panel) significance tests to
search for a constant period spacing in EC 04207. The tests are applied
to the set of 5 pulsation periods of Table 15, that includes the TESS
plus Chote et al. (2013)’s periods. A period spacing of ~ 38 s and its
sub-harmonic of ~ 19 s are evident.

periods detected in both data sets (~ 336 s, ~ 423 s, and ~ 447
s), there is a new period detected by TESS (~ 259 s), and finally
a period detected by Chote et al. (2013) (~ 599 s) but not by
TESS. In the case of the three periods that are common to both
data sets, we adopt for analysis those detected by TESS as they
are more precise. In summary, we have five periods in total to
carry out the asteroseismological analysis. In the TESS data, the
period of ~ 423 s are actually two periods very close to each
other, of 423.882 s and 423.427 s. Assuming that they are the
m = —1 and m = +1 component of a rotational triplet, the period
corresponding to the central component (m = 0) is 423.655 s.
We adopt this value of the period for this mode in the following
analysis.

In Fig. 20 we show the statistical tests applied to the set
of five periods marked with an asterisk in Table 15. The tests
strongly suggest a possible constant period spacings of AIl ~ 38
s. There is another possible period spacing at ~ 19 s, but this
is nothing other than the harmonic of the main period spac-
ing, AIl/2 ~ 38/2 s. In view of Figs. 11 and 15, we can an-
ticipate that a period spacing of ~ 38 s is only compatible
with £ = 1 modes for realistic values of stellar mass. We per-
formed a linear least-squares fit using the four periods marked
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Fig. 21. Dipole (¢ = 1) average of the computed period spacings,
AT, assessed in a range of periods that includes the periods ob-
served in EC 04207, shown as curves of different colors according
to the different stellar masses. We consider the effective temperature
Ter = 27288 + 545 K (Voss et al. 2007), and the period spacing value
AIl = 37.6937 + 0.1857 s (see Fig. 20).
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Fig. 22. The inverse of the quality function of the period fit in terms
of the effective temperature, shown with different colors for the dif-
ferent stellar masses, corresponding to the five periods of EC 04207
in Table 15. The vertical black dashed line corresponds to the spec-
troscopic T of EC 04207 and the vertical dotted lines its uncertainties
(T = 27288+545 K; Voss et al. 2007). The local maxima marked with
a blue arrow corresponds to a good-fit WD model with a Ty compati-
ble with spectroscopy, and the brown arrow corresponds to the best-fit
model selected for EC 04207.

with an asterisk in Table 15. We obtain a dipole period spacing
Allp=; = 37.69 £0.19 s. In Fig. 21 we display the average of the

computed period spacing AIl; (computed considering a period
interval of 200 — 600 s) with curves of different colors to distin-
guish the different stellar masses, corresponding to £ = 1 modes.
The stellar mass of EC 04207 according to its period spacing is
Mg = 0.60 = 0.01M,, substantially larger than the spectroscopic
mass (Mg = 0.515 £ 0.023M,.). We have repeated this same
analysis from the beginning, adopting either the period 423.882
or the period 423.427 (assuming that one of them can be the cen-
tral component m = 0 of a rotational triplet). In these cases, the
results do not change appreciably compared to the case in which
we adopt a period of 423.655 s.

We have performed a period-to-period fit employing the five
observed periods of EC 04207 from Table 15. We have fixed
the harmonic degree £ = 1 for the all the periods except for
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the period ~ 423 s, that does not fit the pattern of dipole period
spacing derived above. This can be a mode with £ = 1 which
is strongly affected by mode trapping effects, or alternatively
it can be a mode with £ = 2. The results of our period fit are
shown in Fig. 22. Contrary to what might be naively expected,
the best fit corresponds to a model with a mass of 0.664M,
but an effective temperature T = 23440 K, too low to be
representative of EC 04207. There are also other possible so-
lutions for (M, /Mg, Ter/K) = (0.584,26271), (0.609, 25 446),
and (0.741,21 543). None of these potential seismological solu-
tions is compatible with the spectroscopic Tt of EC 04207 to
within 1o Finally, there is a solution for a mass M, = 0.565M,,
and Tex = 27095 K, admittedly of worst quality, but compatible
with the mass estimate based on the period spacing, and with a
T in agreement with the spectroscopic one. In view of these
results, if we restrict ourselves to models that reproduce well
the observed periods and simultaneously satisfy the constraint
of the star’s effective temperature and its uncertainties, we can-
not adopt a robust asteroseismological model for this star. We
have repeated the analysis leaving free the harmonic degree of
the five periods of EC 04207, that is, disregarding the constraints
imposed by the period spacing derived above. In this case (not
shown), we find multiple potential solutions involving period fits
of very similar quality, for a variety of stellar masses and effec-
tive temperatures. In this case, we also find the same solution of
0.565M, and T as before. Again, in this case, we cannot adopt
a robust asteroseismological model for EC 04207.

If we now relax the condition that the seismological model
has to be a temperature within the range allowed by spec-
troscopy, and we allow that T.g be within 20~ off the value of
Tex = 27288 K of EC 04207, then the model with the best pe-
riod fit is the one with (M, = 0.584M; and T = 26271 K
(vertical brown arrow in Fig. 22). In Table 16 we show a com-
parison of the observed and theoretical periods and mode iden-
tifications, along with the theoretical rate of period change and

stability nature of each mode. We get, for this model, 6I1; = 2.10
s, o = 2.52 s, and BIC= 1.08. We show the characteristics of
this model in Table 17. The chemical composition profiles and
the Brunt-Viisidld and Lamb frequencies of this model are dis-
played Fig. 23). We find that all the periods of EC 04207 are un-
stable according to our nonadiabatic computations, in line with
the fact that we observe these oscillation periods in the pulsation
spectrum of this star (see last column of Table 16).

Based on the asteroseismological model for EC 04207, we
can assess a seismological distance, as we did for PG 1351
and EC 20058. Using the luminosity of the asteroseismologi-
cal model is log(Ls/Ls) = —1.122 £+ 0.020, a bolometric cor-
rection BC = —2.70° (Bergeron et al. 2011), and an apparent
visual magnitude my = 15.24 + 0.01 (Montreal White Dwarf
Database; Dufour et al. 2017), we obtain d = 99.77*23) pc and
m = 10.02 £ 0.27 mas. The seismological distance is compati-
ble with the distance derived from the Gaia EDR3’s parallax, of
91.48+*022 pe.

5.4. WDJ152738.4-450207 .4

This is a new DBV star discovered with the TESS data. The
star exhibits 5 periods between ~ 649 s and ~ 746 s (Table
6). Three periods (701.754 s, 702.895 s, and 704.241 s) appear
to be the components of a rotational triplet, suggesting a rota-
tion period of Py, ~ 2.3 d. This rotation-period value is within
what is usual to find in WDs (from 1 h to 4.2 d; see Kawaler
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Fig. 23. Chemical profiles (upper panel) and the squared Brunt-Véisald
and Lamb frequencies for £ = 1 and ¢ = 2 (lower panel) corresponding
to our asteroseismological DB WD model of EC 04207 with a stellar
mass M, = 0.584M; and an effective temperature T.¢ = 26272 K.
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Fig. 24. The inverse of the quality function of the period fit in terms of
the effective temperature, shown with different colors for the different
stellar masses, corresponding to three of the five periods of WD J1527
in Table 6. The vertical black dashed line corresponds to the spectro-
scopic Teq of WD J1527 and the vertical dotted lines its uncertainties
(Tegr = 25228 + 630 K). A local maxima (marked with a green arrow),
corresponds to a possible representative model for WD J1527 compati-
ble with spectroscopy (see the text).

2015; Hermes et al. 2017a). In summary, we have only three
independent pulsation periods (assumed to be m = 0 modes)
of WD J1527 available from TESS for our asteroseismological
analysis. In some cases, such a low number of available peri-
ods is useful for put strong asteroseismological constraints to the
internal structure of WDs. This occurs when these few periods
are associated to very low radial-order modes (see, for exam-

8 https://www.astro.umontreal.ca/~bergeron/CoolingModelsple, the cases of the ZZ Ceti stars G226—29, G117-B15A, and
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Table 16. Observed and theoretical periods of the asteroseismological solution for EC 04207 [M, = 0.584M,, Tex = 26272 K]. Periods are in
seconds and rates of period change (theoretical) are in units of 107'3 s/s. 6T, = H? — I, represents the period differences, ¢ the harmonic degree,
k the radial order, m the azimuthal index. The last column gives information about the pulsational stability/instability nature of the modes.

H? £° I, ¢ k oIl I, Unstable
(s) (s) (s) (107" s/s)
258998 1 | 256332 1 4  2.666 1.034 yes
336.397 1 | 332771 1 6  3.626 1.261 yes
423.655 7 | 423957 2 16 -0.302 1.234 yes
447194 1 | 446593 1 9  0.601 1.673 yes
599.100 1 | 602420 1 13 -3.320 1.613 yes
Table 17. The main cha}racterist_ics of the DBV star EC 04207 according A I L B L‘7Ir4;‘- T |'= 1‘ 2‘
to the adopted asteroseismological model. ) I ! '
[~ 0.542 ! %
e 0565 i
Quantity Spectroscopy  Asteroseismology . 0.ce4 H | 1
Astrometry o H !
Torr [K] 27288 + 545 26272 £ 190 i | | ]
M, [Ms) 0.515 + 0.023 0.584+9:025 o | H | .
log g [cm/s?] | 7.808 + 0.058 7.959f§:§f§ = L “ i |
10g(Lx/Lo) ~1.122 £ 0.020 1 ;
log(R4 /Rs) -1.878 £ 0.017 L | \ ; |
(Xc, Xo)e 0.21,0.77 | | :
Mye/M, ... 1.03 x 1072 05 | | 7
d [pe] 01480 09773 : | o
7 [mas] 10.93 + 0.03@ 10.02 £ 0.27 T S A P o, e 1 )
References: (a) Gaia DR3. 33000 30000 28000 $60E)£] 24000 2200 20000

R 548; Fontaine et al. 1992; Kepler et al. 1995; Bradley 1998).
However, in the case of WD J1527, the three periods probably
correspond to g modes with intermediate and high radial orders,
and thus, their asteroseismological potential is likely less use-
ful. In view of this, in addition to those three periods, we will
consider also the periods detected from ground-based observa-
tions (1.6 m OPD Telescope) of 233.4 s, 352.2 s, 436.6 s, and
701.4 s. They complement the periods detected by TESS in such
a way as to cover the short-period regime of the pulsation spec-
trum of the star. The addition of the short periods of 233.43 s,
352.48 s,437.06 s enables an asteroseismological analysis. Since
the period of 701.26 s detected from the ground corresponds to
the rotationally triplet centered at 702.895 s, we will not take it
into account in our period fit. First, we have searched for a uni-
form period spacing in the pulsational spectrum of WD J1527
by employing the statistical tests, but we did not find any con-
clusive result. Then, we performed a period-to-period fit, assum-
ing that the period 702.895 s corresponds to a mode with £ = 1,
m = 0 (the central component of a rotational triplet), and leaving
free the value of ¢ for the other five periods (233.43 s, 352.48 s,
437.06 s, 649.397 s and 745.877 s). Our results for the inverse of
the quality function versus the effective temperature for different
stellar masses are shown in Fig. 24. There are several models
that reproduce well the three periods of WD J1527, particularly
a model with a stellar mass M, = 0.609M at Tog = 23658 K.
However, its effective temperature is not in good agreement with
the spectroscopic effective temperature. Restricting ourselves to
models that provide good agreement with the observed periods
(local maxima of the inverse of y?) but at the same time sat-
isfy the effective-temperature constraint, the best-fit model has
M, = 0.542M; and T.x = 25780 K (green arrow in Fig. 24).
We note that the mass of this model is substantially smaller than
the spectroscopic mass of M, = 0.675 = 0.022M,,. In Table 18
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Fig. 25. The inverse of the quality function of the period fit in terms of
the effective temperature, shown with different colors for the different
stellar masses, corresponding to three of the five periods of L 7-44
in Table 8. The vertical black dashed line corresponds to the spec-
troscopic Ter of L 7—44 and the vertical dotted lines its uncertainties
(T = 23980 + 1686 K; Rolland et al. 2018). A local maxima (marked
with a violet arrow), corresponds to a possible representative model for
L 7-44 compatible with spectroscopy.

we compare the observed pulsation periods of WD J1527 with
the theoretical periods of this representative model and their ¢
and k values. The asymptotic period spacing of this model is
AIT* = 42.107 s. Clearly, more observations of the WD J1527
variability from space and/or from the ground will be necessary
to be able to analyze this DBV star in depth.

55. L 7-44

This is another new DBV star discovered with the TESS obser-
vations. Similarly to WD J1527, the TESS light curve of L 7-44
shows six independent periods, although three of them seem to
belong to a rotational triplet (Table 8), corresponding to a rota-
tion period P, ~ 3.5 d, which is within the typical range of ro-
tation periods measured in WDs with asteroseismology (Cérsico
etal. 2019). The periods detected fall in the range 467 s — 1019 s.
Since all but one of the periods are quite long, and consequently
they are in the asymptotic regime of pulsations of DBV stars, this
set of periods is not potentially useful for a deep asteroseismo-
logical analysis. At variance with the case of WD J1527, for this
star we do not have additional periods detected with observations
from the ground available. With so few periods, for L 7-44 we
limited ourselves to perform an exploratory asteroseismological
analysis. We first tried to find evidence of uniform period spac-
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Table 18. Observed and theoretical periods of the representative model of WD J1527 [M, = 0.542M,, T.x = 25780 K]. Periods are in seconds
and rates of period change (theoretical) are in units of 107!% s/s. 6II; = H? — II; represents the period differences, £ the harmonic degree, k the
radial order, m the azimuthal index. The last column gives information about the pulsational stability/instability nature of the modes.

H? £° I, ¢ k oIl I, Unstable
(s) (s) (s) (1078 s/s)

233430 ? | 235619 2 7 -=-2.189 0.927 yes
352480 7 | 351457 2 12 1.023 1.340 yes
437.060 ? | 440544 2 16 -3.484  1.562 yes
649.397 7 | 646.283 2 25 3.114 2.282 yes
702.895 1 | 701.448 1 15 1.244 2.344 yes
745877 7 | 744651 1 16  1.226 2.751 yes

Table 19. Observed and theoretical periods of a representative model of L 7-44 [M, = 0.565M, Tegx = 24 690 K]. Periods are in seconds and
rates of period change (theoretical) are in units of 107'3 s/s. 6II; = H? — I, represents the period differences, ¢ the harmonic degree, k the radial
order, m the azimuthal index. The last column gives information about the pulsational stability/instability nature of the modes.

e £° I, ¢k ST, I, Unstable
(s) (s) (s) (1071 s/s)

466.894 ? 466.720 2 17 0.174 1.159 yes
914.955 1 914864 1 20 0.091 2.121 yes
936.750 ? 939.282 2 37 -2532 2.358 yes
1019.138  ? 1017.539 2 40 1.599 2.902 yes

ings, although we are aware that with only four periods we can-
not expect conclusive results. The application of the statistical
tests suggests a possible period spacing of around 21 s. A pos-
sible period spacing of this magnitude is only compatible with
¢ = 2 modes and suggests a mass of about 0.59M,. However, it
is difficult to conceive the existence of a quadrupole period spac-
ing in the complete absence of a dipole period spacing. Thus, a
stellar mass of ~ 0.59 M, for this star, which is somewhat lower
than the spectroscopic one (0.630M,,) should be considered as
tentative, at most.

We also tried a period-to-period fit for this star. We consid-
ered the period of 914.955 s as corresponding to a mode with
¢ = 1 since it is likely the central component (m = 0) of a
rotational triplet, being the other m # O components the peri-
ods 913.655 s and 916.436 s. Thus, we have four periods avail-
able for the period fit: 466.894 s, 914.955 s, 936.750 s, and
1019.138 s. We show in Fig. 25 the inverse of the quality func-
tion versus the effective temperature for different stellar masses,
along with the location of L 7—44 according to its effective tem-
perature. There are two models that reproduce very well the
periods of L. 7—44, but they have very high effective tempera-
tures. Among these two good fits, we have to discard that of
M, = 0.870M; at Ty = 30634 K, because it corresponds to
a model that is too massive and hot, in clear contradiction with
the spectroscopic mass and the effective temperature of the star,
M, = 0.630M, at Tz = 23980 + 1686 K. The other peak cor-
responds to a model with the stellar mass M, = 0.664M, at
T.x = 28 387 K, which provides the best agreement with the ob-
served periods. In the range of effective temperatures allowed by
spectroscopy, we find several small peaks associated to period
fits of low quality. Among them, we consider that correspond-
ing to a model with M, = 0.565M and T.gx = 24 690 K,since
it represents the best-fit model in the allowed interval of Teg.
In Table 19 we show a comparison between the detected pe-
riods of L 7—44 and the theoretical periods of the model with
M, = 0.565M,, at T = 24 690 K. The asymptotic period spac-
ing of this model is AIT* = 42.07 s. As in the case of WD J1527,

we emphasize that more short periods would be necessary before
we can place significative constraints on the structure of L 7-44
with asteroseismology.

6. Summary and conclusions

In this paper, we presented an analysis of five pulsating DBV
stars observed with the TESS mission. Three of the five analyzed
targets are the already known DBV stars PG 1351, EC 20058 and
EC 04207. The other two objects are new DBV discovered with
the TESS data: WD J1527 and L 7-44. With the discovery of
these two new DB Vs, the number of known stars of this class in-
creases to 49. We examined the variability of these five DBV
stars by analyzing their short and ultra-short-cadence single-
sector observations obtained with TESS and found 18 signifi-
cant independent oscillation frequencies. We detected and mea-
sured five combination frequencies for PG 1351, EC 04207 and
WD J1527. PG 1351 and EC 20058 have the fewest FT peaks,
showing one and two frequencies, respectively, while the rest of
the targets, EC 04207, WD J1527 and L 7—-44 have relatively
rich FT presenting five independent frequencies each. We also
examined the running Fourier transform (sFT) of each target to
see the temporal evolution of the pulsation modes. As in other
compact pulsating stars including sdBV, GW Vir, and DAV stars,
we find variable amplitudes in the sFTs of WD J1527 (Fig. 7)
and L 7—-44 (Fig. 8). For two targets, EC 04207 and WD J1527,
we estimated the potential rotation periods from g-modes. In the
former case, the rotation period of EC 04207 would be either
1.14 or 2.28 d depending on the missing azimuthal order. In the
latter case, the rotation period of WDJ1527 is constrained to 2.3
days. Fig. 7 shows a detected rotational triplet with a splitting of
~ 2.51 uHz for WD J1527. These findings are in line with what
has been discovered for other types of pulsating WDs, such as
GW Vir pulsating stars, which range from 5 hours to a few days
(Cérsicoetal. 2019, 2021; Uzundag et al. 2022) and DAV pulsat-
ing stars, which range from 1 hour to a 4.2 days (Kawaler 2015;
Hermes et al. 2017a). According to the atmospheric parameters
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derived for WD J1527 from spectroscopic data, we found that
the star is well within the DBV instability strip with an effective
temperature 25 228 K and surface gravity 8.124 dex.

We also performed a detailed asteroseismological analysis of
these stars on the basis of the fully evolutionary models of DB
WDs computed by Althaus et al. (2009). We summarize below
our findings for each star:

— PG 1351: TESS detected only one period for this star, which
agrees with one of the four periods detected from ground-
based observations. We searched for a constant period spac-
ing and found hints of a period spacing of ~ 31 s for £ = 1
modes and ~ 19 s for for = 2 modes. These possible pe-
riod spacings suggest a high mass for PG 1351, in the range
0.74 — 0.87M,,. The period-to-period fit carried out on this
star indicates an asteroseismological model with a stellar
mass of M, = 0.664 + 0.013M,, which is smaller than the
mass indicated by the period spacings, although larger than
the spectroscopic mass (M, = 0.558 = 0.027M,,). The as-
teroseismological model predicts a seismological distance of
146 + 5 pc, substantially lower than Gaia’s EDR3 distance of
the star (176 + 2 pc).

— EC 20058: For this star, TESS detected only two periods,
which are in perfect agreement with two of the 11 periods
found from ground-based observations. The search for con-
stant period spacings suggests the existence of a £ = 1 period
spacing of 41.4 s and a ¢ = 2 period spacing of 23.8 s, which
indicate a stellar mass of 0.53M, and 0.55M,,, respectively.
According to this analysis, the 11 periods of EC 20058 are
amix of £ = 1 and £ = 2 periods, without rotational split-
ting multiplets present. An alternative analysis, proposed by
Sullivan et al. (2008), consists of a period spectrum of both
dipole and quadrupole periods, but with the presence of rota-
tional triplets. A period-to-period fit analysis considering the
above two possibilities results in the adoption of an astero-
seismological model with a stellar mass of 0.664M, sub-
stantially larger than the mass range indicated by the pe-
riod spacings (0.53M, — 0.55M,,) and in agreement with the
spectroscopic mass, of M, = 0.614 + 0.030M,. The aster-
oseismological model indicates a seismological distance of
80.3 + 2.9 pc, significantly smaller than the astrometric dis-
tance of Gaia EDR3, of 118.8 + 0.5 pc.

— EC 04207: For this star, TESS detected four periods, three
of them in agreement with three of the four periods detected
from the ground. On the other hand, TESS has detected a
new period of ~ 259 s, but failed to detect a period mea-
sured from ground-based telescopes (~ 600 s). A search
for a constant period spacing strongly suggest a uniform pe-
riod separation of ~ 38 s, compatible with a stellar mass of
M, = 0.60 £ 0.01 M. A period-to-period fit analysis for this
star allowed us to find an asteroseismological model with a
stellar mass of 0.584 M, much higher than the spectroscopic
mass (0.515 +0.023M,,), but in excellent agreement with the
mass derived from the period spacings. Finally, the seismo-
logical distance derived using the luminosity of the seismo-
logical model is 99.774_%%) pc, compatible with the astromet-
ric distance of Gaia EDR3, of 91.48 + 0.23 pc.

— WD J1527: This is one of the new DBV stars discovered
with TESS. The star exhibits five periods between ~ 649
s and ~ 746 s, but three periods (701.754 s, 702.895 s, and
704.241 s) appear to be the components of a rotational triplet.
We have also considered three additional periods (233.43 s,
352.48 s, 437.0 s) detected with ground-based observations.
We have not found a robust period spacing, nor a conclu-
sive asteroseismological model. We have to wait for further
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observations of this star —either from space or from the
ground— in order to analyze it in depth.

— L 7-44: This is the other new DBV star discovered with
TESS. Similar to what happened in the case of WD J1527,
L 7—44 exhibits five periods, three of which seems to be part
of a rotational triplet. Thus, we have only three independent
periods. Clearly, this is insufficient for asteroseismological
modelling, so we are again limited to searching for a rep-
resentative model that replicates as closely as possible the
observed periods. For a deeper study, we will have to wait
for new observations of the star.

The results presented in this work demonstrate that TESS
is having a great impact in the asteroseismology of WDs and
pre-WDs —as well as in other classes of pulsating stars— as a
worthy successor to the Kepler/K2 mission. We envisage that,
as this mission continues to provide uninterrupted high-quality
photometric data of pulsating WD and pre-WDs, it will be pos-
sible to advance our understanding of the structure and evolution
of these stars.
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