THE ASTROPHYSICAL JOURNAL, 974:12 (19pp), 2024 October 10
© 2024. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /ad6905

CrossMark

Massive White Dwarfs in the 100 pc Sample: Magnetism, Rotation, Pulsations, and the

Merger Fraction

4

, Simon Blouin® , Warren R. Brown

, and Marcel A. Agl’ieros7

, Mukremin Kilic! , Pierre Bergeron2 , Adam Moss'
Alekzander Kosakowski® , Silvia Toonen®

Gracyn J ewett'

Département de Physique, Université de Montréal, C.P. 6128, Succ. Centre-Ville, Montréal, QCH 3C 3J7, Canada
3 Department of Physics and Astronomy, University of Victoria, Victoria, BC VW 2Y2, Canada
“ Center for Astrophysics, Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA
3 Department of Physics and Astronomy, Texas Tech University, Lubbock, TX 79409, USA
6 Anton Pannekoek Institute for Astronomy, University of Amsterdam, 1090 GE Amsterdam, The Netherlands
7 Department of Astronomy, Columbia University, 550 West 120th Street, New York, NY 10027, USA
Received 2024 April 4; revised 2024 July 2; accepted 2024 July 2; published 2024 October 1

Abstract

We present a detailed model atmosphere analysis of massive white dwarfs with M > 0.9 M, and T > 11,000 K in
the Montreal White Dwarf Database 100 pc sample and the Pan-STARRS footprint. We obtained follow-up optical
spectroscopy of 109 objects with no previous spectral classification in the literature. Our spectroscopic follow-up is
now complete for all 204 objects in the sample. We find 118 normal DA white dwarfs, including 45 massive DAs
near the ZZ Ceti instability strip. There are no normal massive DBs: the six DBs in the sample are strongly
magnetic and/or rapidly rotating. There are 20 massive DQ white dwarfs in our sample, and all are found in the
crystallization sequence. In addition, 66 targets are magnetic (32% of the sample). We use magnetic white dwarf
atmosphere models to constrain the field strength and geometry using offset dipole models. We also use mag-
netism, kinematics, and rotation measurements to constrain the fraction of merger remnant candidates among this
population. The merger fraction of this sample increases from 25% for 0.9-1 M, white dwarfs to 49% for
1.2-1.3 M. However, this fraction is as high as 78'3% for 1.1-1.2 M., white dwarfs. Previous works have
demonstrated that 5%-9% of high-mass white dwarfs stop cooling for ~8 Gyr due to the **Ne distillation process,
which leads to an overdensity of Q-branch stars in the solar neighborhood. We demonstrate that the overabundance
of the merger remnant candidates in our sample is likely due to the same process.
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1. Introduction

White dwarfs are the end state for the vast majority of stars
(Fontaine et al. 2001), and studying populations of white
dwarfs can reveal their origins. While we expect the majority of
single white dwarfs to have evolved in isolation, population
synthesis models predict that 10%—30% of single white dwarfs
have a binary origin (Temmink et al. 2020). This is consistent
with the observed discrepancies between the binary fractions of
the local white dwarf sample (~25%; Holberg et al. 2016;
Toonen et al. 2017) and their typical A-type star progenitors
(~45%; De Rosa et al. 2014). This discrepancy implies a
significant fraction of binaries are lost to mergers during their
post-main-sequence evolution.

Observations allow us to constrain the evolutionary path-
ways that can produce a single white dwarf from a binary
system. The most common pathway is the merger of a post-
main-sequence and a main-sequence star, but for white dwarfs
with a mass larger than 0.9 M, (referred to as massive white
dwarfs in this article), the dominant channel is the merger of
double white dwarfs. Temmink et al. (2020) estimate that 30%—
50% of single massive white dwarfs form through a binary
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merger, a fraction that is significantly higher than that for the
more common 0.6 M, white dwarfs.

To better understand the overall population of massive white
dwarfs in the solar neighborhood, and specifically the merger
rate among single massive white dwarfs, we have undertaken a
spectroscopic survey of M >0.9 M. white dwarfs in the
Montreal White Dwarf Database (MWDD; Dufour et al. 2017)
100 pc sample and the Pan-STARRS footprint.

The identification of binary merger remnants in the local
white dwarf population is possible, but not trivial. Perhaps the
most well-known examples of merger remnants are the hot
carbon-dominated atmosphere DQ white dwarfs with
Ters ~ 18,000-24,000 K (Dufour et al. 2008). Hot DQs are
massive (M > 0.8 M), and they have unusual atmospheric
composition, high incidence of magnetism, rapid rotation, and
relatively large tangential velocities that are more consistent
with a kinematically old population. These properties indicate a
merger origin (Dunlap & Clemens 2015; Coutu et al. 2019;
Kawka et al. 2023). Warm DQs with T.¢~ 10,000-18,000 K
display many similarities with the hot DQ population (Coutu
et al. 2019; Koester & Kepler 2019). A recent analysis of the
DAQ and warm DQ white dwarfs by Kilic et al. (2024) shows
that hot and warm DQs are related and that both populations
are likely white dwarf merger remnants.

Besides hot and warm DQs, other merger products among the
local white dwarf sample can be identified based on their mag-
netism, kinematics, or rapid rotation. Garcia-Berro et al. (2012)
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Figure 1. Color-magnitude diagram of the 100 pc Montreal White Dwarf
Database (MWDD) sample in the Pan-STARRS footprint (gray points) along
with the M > 0.9 M, white dwarfs with T > 11,000 K (blue stars) selected
for spectroscopic follow-up. The green, magenta, and red lines show the
evolutionary sequences for 0.9, 1.1, and 1.3 M., white dwarfs for reference.
The solid portions of the sequences represent Tg > 11,000 K, as in our target
selection.

demonstrate that the differentially rotating convective outer
layers of a double white dwarf merger remnant can indeed
produce a strong magnetic field (see also Briggs et al. 2014).
However, there are other explanations for the emergence of
magnetic fields in white dwarfs, including fossil fields and
crystallization-induced dynamos (Ferrario et al. 2015; Isern et al.
2017; Schreiber et al. 2021; Ginzburg et al. 2022). On the other
hand, the presence of a strong field in a relatively hot (young)
and massive white dwarf is a strong indication of a merger origin
(Bagnulo & Landstreet 2022).

Cheng et al. (2020) show that binary merger remnants are
expected to have a higher velocity dispersion because they are
older, and use a sample of high-mass white dwarfs identified in
Gaia Data Release 2 (DR2) to estimate a double white dwarf
merger fraction of ~20% among 0.8-1.3 M., white dwarfs.
Merger products are also expected to rotate rapidly. Schwab
(2021) predicts that single white dwarfs formed from double
white dwarf mergers have rotational periods of ~10 minutes.
Rapid rotation is common among hot DQ white dwarfs (Williams
et al. 2016), and we have recently seen a surge in the number of
rapidly rotating white dwarfs found with strong magnetic fields
and/or with unusual atmospheric compositions (e.g., Pshirkov
et al. 2020; Caiazzo et al. 2021; Kilic et al. 2021; Moss
et al. 2023).

Empirical constraints on the fraction of mergers among the
local white dwarf population are valuable for understanding the
common-envelope evolution and the contribution of double
white dwarfs to the Type la supernovae rate (e.g., Cheng et al.
2020). A recent analysis of the 25 most massive white dwarfs
in the 100pc sample found that as much as 5677,% of
M = 1.3 M., white dwarfs may form through mergers (Kilic
et al. 2023b). This value is higher than the values predicted by
the default binary population synthesis models, and favor
efficient orbital shrinkage during the common-envelope
evolution.

Here, we present the results of our spectroscopic survey of
M > 0.9 M, white dwarfs in the MWDD 100 pc sample and the
Pan-STARRS footprint. We limit our follow-up to objects with
estimated temperatures higher than 11,000 K so that helium
lines can be detected, if present in the atmosphere. Figure 1
shows a Gaia color—magnitude diagram of this sample. We
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identify 212 massive white dwarf candidates, 109 of which
lacked spectral classification in the literature.

We discuss the selection criteria for the sample and the
follow-up observations in Section 2, and we present the model
atmosphere analysis in Section 3. In Section 4, we present
white dwarfs with photometric variability. We discuss the
magnetic objects, kinematics, and the merger fraction in
Section 5, and state our conclusions in Section 6.

2. Sample Selection and Observations
2.1. Sample Selection

We selected M > 0.9 M, white dwarf candidates from the
MWDD 100 pc sample. We limited our selection to the Pan-
STARRS footprint so that we could take advantage of the Pan-
STARRS grizy photometry in our model fits. The Montreal
database selection is based on the Gaia DR2, and includes
white dwarf candidates within 100 pc of the Sun (but allowing
for the error on the parallax measurement) with >100 sig-
nificant parallax and photometry (Dufour et al. 2017).

We limited our sample to objects with T > 11,000 K so
that helium lines would be visible, if present in the atmosphere.
This selection results in 212 candidates, including 13 objects in
common with the ultramassive white dwarf sample presented in
Kilic et al. (2023b). We are missing 12 objects from that
sample, either because they have effective temperatures below
our cutoff or they are outside of the Pan-STARRS footprint.

We further remove eight objects from our sample. Two
objects, Gaia DR2 161053615673941248 (WD J044831.34
+320652.18) and Gaia DR2 3966679722679277824 (LSPM
J11214-1417), are IR-faint white dwarfs. These objects were
originally included in the sample because of their unusual blue
colors, but they are clearly much cooler than 11,000 K (Bergeron
et al. 2022). One object, Gaia DR2 166587938734739328
(WD J041642.45+321120.76), is 1”9 away from a late-type
star and is missing photometry in the redder Pan-STARRS
bands. Three additional DA white dwarfs, Gaia DR2
692134843040270080 (WD J090734.274-273903.44), Gaia
DR2 4281190419601308672 (WD J185450.45+041125.90), and
Gaia DR2 2024985481361040384 (WD J193618.584-263255.78),
fall below our mass cut after a detailed model atmosphere
analysis (see below). Finally, Gaia DR2 129352114170007680
(WD J025431.454-301935.38) and Gaia DR2 1845487489350432128
(WD J205351.744-270555.07) are DC white dwarfs where the
surface temperature is either very close to or below our temp-
erature cutoff depending on the assumed composition (Kilic
et al. 2021). Hence, our final list includes 204 targets. Table 1
presents the observational properties of our massive white dwarf
sample, including the Gaia source ID, astrometry, and photo-
metry for each star.

2.2. Spectroscopy

We used six telescopes to obtain follow-up optical
spectroscopy of 109 targets with missing spectral types in the
literature. We used the Apache Point Observatory (APO) 3.5 m
telescope equipped with the Kitt Peak Ohio State
Spectrograph  (KOSMOS; Martini et al. 2014) to obtain
spectroscopy of the majority of our targets. We used the blue
grism with a 2” slit in the high or center slit positions, which
cover the wavelength ranges 4150-7050 and 3800-6600 A,
respectively. We binned the CCD by 2 x 2. We started our
follow-up program using the high slit position, but switched to
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Table 1
Observational Properties of Our Massive White Dwarf Sample Based on Gaia DR3

Object Name Gaia ID R.A. Decl. Parallax URA. [Decl. G Ggp Grp

(deg) (deg) (mas) (masyr™)  (masyr)  (mag)  (mag)  (mag)
J0006+3104 2861452348130844160 1.65808 31.07098 10.19 £ 0.06 21.7 —25.8 16.80 16.69 17.00
J0012—0606 2443419990050464128 3.08603 —6.10606 14.62 £+ 0.07 123.5 14.2 16.35 16.31 16.42
J0029+-3648 366784816895496064 7.49632 36.80948 17.01 £ 0.06 90.9 —45.9 16.42 16.31 16.66
J0039—-0357 2527618112309283456 9.78326 —3.95607 11.30 £+ 0.22 54.5 —41.8 18.61 18.62 18.67
J0043—1000 2377863773908424448 10.94092 —10.00754 32.12 £ 0.04 —145.6 —134.9 14.53 14.43 14.70
J0045—-2336 2348747743931814656 11.36596 —23.60878 21.17 £ 0.07 283.6 —1454 16.64 16.65 16.64
J0049—-2525 2345323551189913600 12.32153 —25.43257 10.03 £ 0.25 22.5 —28.3 19.03 19.08 19.04
JO050+3138 360858960322547968 12.57920 31.64609 13.27 £ 0.13 —90.1 —38.7 18.08 18.06 18.17
J0050—-0326 2529337507976700928 12.69082 —3.44882 12.58 + 0.08 —23.6 —18.3 16.79 16.67 17.01
J0050—2826 2342438501397962112 12.71700 —28.43495 11.07 £ 0.11 69.3 16.1 17.81 17.86 17.80

(This table is available in its entirety in machine-readable form in the online article.)

the center slit soon after to increase the blue coverage of the
spectra. This setup provides spectra with a resolution of 1.4 A
per pixel.

At the Fred Lawrence Whipple Observatory (FLWO) 1.5 m
telescope, we used the FAst Spectrograph for the Tillinghast
Telescope (FAST; Fabricant et al. 1998) with the 300 1mm ™'
grating and the 1”5 slit to obtain a spectral resolution of 3.6 A
over the wavelength range 3500-7400 A.

At the MDM 2.4 m telescope, we used the Ohio State Multi-
Object Spectrograph (OSMOS; Martini et al. 2011) with the
blue volume-phase holographic grism and the 1”2 inner slit to
obtain a spectral resolution of 3.3 A over the wavelength range
3975-6865 A. These observations were done as part of the
MDM OSMOS queue.

At the 6.5 m MMT, we acquired a spectrum of J0655+2939
using the Blue Channel spectrograph (Schmidt et al. 1989) with
the 500 1 mm™ ! grating and the 1”25 slit. This setup provided
45A spectral resolution over 3850 < A < 7000 A

We obtained follow-up optical spectroscopy of 11 targets
using the Gemini North and South 8 m telescopes equipped
with the Gemini Multi-Object Spectrographs (GMOS) as part
of the queue programs GN-2023A-Q-329 and GS-2023A-Q-
328. We observed 10 of these targets at Gemini South with the
B600 grating and a 1” slit, providing wavelength coverage
from 3670 to 6800 A and a resolving power of R=2844. We
observed one target at Gemini North using the B480 grating,
which provides a resolving power of R =761.

We obtained spectra for several additional targets at the
6.5 m Magellan telescope with the MagE spectrograph. We
used the 0”85 slit, providing wavelength coverage from about
3400 to 9400 A with a resolving power of R = 4800.

3. Model Atmosphere Analysis
3.1. Fitting Method

We use the photometric technique as detailed in Bergeron
et al. (2019), Genest-Beaulieu & Bergeron (2019), and Blouin
& Dufour (2019). We use Sloan Digital Sky Survey (SDSS) u-
band (if available) and Pan-STARRS grizy photometry along
with the Gaia Data Release 3 (DR3) parallaxes to constrain the
effective temperature and the solid angle, W(R/D) where R is
the radius of the star and D is its distance. We include Galaxy
Evolution Explorer (GALEX) photometry, when available, to
use as an indicator of the atmospheric composition, but not in
the fits themselves. Since the distance is precisely known from
Gaia parallaxes, we can constrain the radius of the star directly,

and therefore the mass based on the evolutionary models for
white dwarfs. Since our sample is restricted to 100 pc, we
ignore reddening.

We convert the observed magnitudes into average fluxes
using the appropriate zero-points, and compare with the aver-
age synthetic fluxes calculated from model atmospheres with
the appropriate chemical composition. A x* value is defined in
terms of the difference between the observed and model fluxes
over all bandpasses, properly weighted by the photometric
uncertainties, which is then minimized using the nonlinear
least-squares method of Levenberg—Marquardt (Press et al.
1986) to obtain the best-fitting parameters. Here, we supple-
ment our model grid with the warm DQ/DAQ white dwarf
models from Blouin & Dufour (2019) and Kilic et al. (2024).
We also rely on the evolutionary models described in Bédard
et al. (2020) with CO cores, g(He) = logM y./M, = 1072,
g(H)=10"* and 10~'°, which are representative of hydrogen
and helium atmosphere white dwarfs, respectively.

3.2. Summary of the Spectroscopic Survey

Our follow-up spectroscopy observations show that there are
170 DA white dwarfs in our sample, including two He-DAs,
and 50 objects that are either confirmed or suspected to be
magnetic. The He-DA spectral type represents the two DAs
that show relatively weak Balmer lines for their effective
temperatures which are best explained by helium-dominated
atmospheres (see also Rolland et al. 2018). There are only six
massive DB white dwarfs, but none are normal: one is a rapidly
rotating DBA (Pshirkov et al. 2020) and five are magnetic.
There are eight DC white dwarfs; given their effective tem-
peratures are above 11,000 K, those must be strongly magnetic
so that their absorption features are shifted and distorted to the
point where the spectrum becomes essentially a featureless
continuum. The remaining 20 targets in our sample have car-
bon-rich atmospheres. There are 14 warm DQ/DQA, five DAQ
white dwarfs, and one hot DQ. Table 2 presents the spectral
types and the best-fitting model parameters, including the
effective temperature, mass, and the cooling age (assuming CO
cores) for each target, which we now discuss in turn.

3.3. DA White Dwarfs

The majority of the massive white dwarfs in the solar
neighborhood are DA white dwarfs. Figure 2 shows the model
fits for one of these targets. The top panel shows the predicted
fluxes from the best-fitting pure hydrogen (filled dots) and
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Table 2

The Physical Parameters for Massive White Dwarfs with M > 0.9 M, and Tee > 11,000 K in the 100 pc MWDD Sample and the Pan-STARRS Footprint

Object name Composition Spectral Type Tesr Mass Cooling Age Merger
(K) M) (Gyr) Evidence

J0006+3104 H DC 25442 + 522 1.138 £ 0.010 0.20 £+ 0.01 MR
J0012—0606 H DA 13730 £ 119 0.902 £ 0.006 0.55 +0.01
J0029+3648 H DA 25858 + 313 1.284 £ 0.004 0.42 +0.02
J0039—-0357 H DA 11871 £ 214 1.271 + 0.009 2.09 £+ 0.06
J0043—1000 log(H/He) = —2.00 DBAH 18381 £ 371 1.077 £ 0.014 0.43 £0.03 MR
J0045—-2336 log(H/He) = —4.00 DQ 11540 + 43 1.126 £ 0.004 1.80 £+ 0.02 AV
J0049—-2525 H DA 13018 + 460 1.312 £ 0.010 1.72 £ 0.10
JO050+3138 log(H/He) = —3.00 He-DA 12519 + 221 1.215 £ 0.009 1.67 £0.05
J0050—0326 H DC 23916 + 355 1.213 £+ 0.006 0.33 £ 0.02 MR
J0050—2826 H DA 11320 + 155 1.061 £ 0.011 1.72 £ 0.08

Note. Merger evidence: A = atmospheric composition, M = magnetism, R = rapid rotation, V = (large tangential) velocity.

(This table is available in its entirety in machine-readable form in the online article.)
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Figure 2. Model fit to the DA white dwart J0135+2229. The top panel shows
the best-fitting pure hydrogen atmosphere (filled dots) and helium-dominated
atmosphere (open circles) white dwarf models to the photometry (error bars).
Gaia Source ID, object name, and the photometry used in the fitting are
included in this panel. The middle panel shows the predicted spectrum (red
line) in the Ha region based on the pure hydrogen atmosphere solution. The
bottom panel shows the entire spectrum.

(The complete figure set (190 images) is available in the online article.)

helium-dominated (open circles) atmosphere models. The latter
include trace amounts of hydrogen, since the split in the Gaia
white dwarf sequence requires the presence of hydrogen or
other electron donors in helium-dominated atmosphere white
dwarfs (Bergeron et al. 2019; Blouin et al. 2023a, 2023b;

Camisassa et al. 2023). The black error bars show the SDSS u-
band and Pan-STARRS grizy photometry, and the red show
GALEX far-UV (FUV) and near-UV (NUV) photometry. We
label the Gaia DR3 source ID, object name, and the photometry
used in the fitting also in this panel. The middle panel high-
lights the Ha region of the spectrum, with the predicted
spectrum based on the pure hydrogen solution. The bottom
panel shows the entire spectrum available for this source.

JO135+2229 is a relatively warm DA with several Balmer
lines visible in its APO spectrum, and a significant Balmer
jump also visible between its UV and optical photometry.
J01354-2229 has GALEX FUV and NUV (red error bars)
photometry available. Note that the UV photometry is not used
in the model fits, but it is extremely valuable for discerning the
atmospheric composition. The ugrizy photometry and Gaia
DR3 parallax indicate a pure hydrogen atmosphere with
Terr= 14,299 £ 208 K and M =0.904 +0.011 M. The pre-
dicted Ha line profile for these parameters provides an excel-
lent match to the observed spectrum, indicating that this is a
pure hydrogen atmosphere white dwarf.

The fits shown in Figure 2 are representative of the entire
DA white dwarf population in our sample. Because our sample
is restricted to T > 11,000K, all of the DA white dwarfs
show relatively strong Balmer lines and the Balmer jump (if the
SDSS u band or GALEX UV photometry is available). The UV
photometry is generally consistent with the pure hydrogen
atmosphere model predictions for the DA white dwarfs in our
sample (see, e.g., Figure 2 in Wall et al. 2023). However, the
FUV photometry is brighter than expected for J0135+42229.
The source of this discrepancy is unclear, though there are two
FUV measurements available in the GALEX database, and
they also differ from each other at the 20 level.

3.4. He-DA White Dwarfs

There are two DA white dwarfs in our sample where the
Balmer lines are significantly weaker than expected for pure
hydrogen atmosphere white dwarfs. Figure 3 shows the model
fits for these two stars. For J00504-3138 (left panels), the pure
hydrogen atmosphere solution requires a surface temperature
around 16,000 K. However, the observed spectral energy dis-
tribution (SED), especially in the GALEX FUV and NUV
bands, is incompatible with that solution, and instead favors a
helium-dominated atmosphere. Both the optical and UV pho-
tometry and the observed Balmer-line profiles for J0050+-3138
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Figure 3. Model fits to the two He-rich DA white dwarfs in our sample. The top panels show the best-fitting pure hydrogen (filled dots) and mixed helium/hydrogen
(open circles) atmosphere white dwarf models to the photometry (error bars). The middle panels compare the observed Hf line profiles with those predicted from the
mixed-atmosphere solutions (red line). The bottom panels show the entire spectral range of our observations.

can be explained by a mixed-atmosphere model with logH/
He= -3, Tor=12,519 £ 221K, and M =1.215+0.009 M,...
The middle panel in Figure 3 shows that this model provides an
excellent match to the HS line profile, which is also asym-
metric. Such asymmetric hydrogen absorption features are seen
in other He-DA white dwarfs as well (Caron et al. 2023).
Hydrogen lines in these stars are heavily broadened through
van der Waals interactions in helium-dominated atmospheres.

UV photometry for JO317—2916 (right panels) is unavail-
able. Even though we cannot clearly distinguish between the
pure hydrogen and mixed hydrogen/helium atmosphere solu-
tions based on the available photometry, the observed spectrum
is very similar to JO050+3138 (left panels). The relatively
weak Ha and HQ lines and the asymmetry of the HS line
(middle panel) all point to a mixed composition. A model with
logH/He = —3, T.;=11,165+346K, and M=1.156+
0.020 M, provides an excellent match to the observed SED of
J0317-2916.

3.5. Magnetic White Dwarfs

There are 50 DA and five DB white dwarfs in our sample
that are either confirmed or suspected to be magnetic, plus three
magnetic DQs and eight magnetic DCs. We model the magn-
etic DAH and DBH white dwarfs using a theoretical approach
similar to that described in Moss et al. (2024) where the total
line opacity is calculated as the sum of the individual Stark-
broadened Zeeman components. We use the line displacements

and oscillator strengths of the Zeeman components of Ha
through Hé and the neutral He lines kindly provided to us by
S. Jordan (see also Hardy et al. 2023). For both H and He lines,
the total line opacity is normalized to that resulting from the
zero-field solution. The specific intensities at the surface, I(v, u,
7, = 0), are obtained by solving the radiative transfer equation
for various field strengths and values of p (1 = cos 6, where 6
is the angle between the angle of propagation of light and the
normal to the surface of the star). The details of these magnetic
models are further discussed in Moss et al. (2024).

We created a model grid of magnetic spectra for each object
using offset dipole models and the effective temperature and
surface gravity obtained from the photometric method. These
grids sample three parameters: the magnetic dipole field
strength (B,), the inclination between the line of sight and the
dipole axis (i), and the dipole offset (a., in stellar radii). We
used separate grids for magnetic DA and DB white dwarfs.
Using this method, we are able to find excellent solutions for
DA white dwarfs with B < 100 MG. Above this limit, the
spectra become mostly featureless or the observed absorption
features are relatively broad, making it difficult to find a unique
field geometry. Without spectropolarimetry, we are therefore
limited in our ability to constrain the strengths of the largest
fields observed in white dwarfs.

Figure 4 shows our best photometric and spectroscopic fits to
three of the DAH white dwarfs in our sample, all with
B < 100 MG. The Zeeman-split Ha and H/3 lines are clearly
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Figure 4. Example model fits to three of the magnetic DA white dwarfs in our sample. Top row: results from our photometric fits, which we use to constrain the
effective temperature and surface gravity of each object. Middle row: results from the spectroscopic fits, and the parameters for the best-fitting offset dipole models.
Bottom row: the full available spectrum. Model fits for all magnetic white dwarfs are available in the online version of this article.

visible for JO150+2835 and J0547—1250 (left and middle
panels). Our magnetic DA model fits produce excellent solu-
tions for both objects, constraining the field strength to 8 and
21 MG, respectively. For JO151+2435 (right panels), the
absorption features are more complex. However, thanks to the
UV photometry from GALEX, the photometric fit clearly
favors a pure hydrogen solution, and our magnetic model fits
under the assumption of a pure hydrogen atmosphere provide
an excellent match to the observed spectrum for a dipole field
strength of 60 MG.

A significant fraction of magnetic white dwarfs are variable
on a short timescale (Brinkworth et al. 2013; Moss et al. 2023),
and therefore our spectra most likely represent the average of
the magnetic field distribution across the entire surface. It is
beyond the scope of this paper to obtain phase-resolved
spectroscopy, and our field-strength estimates are likely a proxy
for the overall magnetic field strength of each star. It is also
possible that we are missing additional magnetic white dwarfs
with lower field strengths, as low-resolution spectroscopy is
insensitive to fields smaller than about 100 kG in massive DA
white dwarfs (see, e.g., Kilic et al. 2015).

Table 3 shows the results from our analysis of the magnetic
DAH and DBH white dwarfs in the sample. In addition to the
dipole field strength (B,), the inclination (i), and the offset (a,)
from our best-fitting models, we also provide the dipole field
strength as reported in the literature for the same stars. We do
not report model fits to stars where the spectra are almost
featureless, since we do not trust the constraints based on the
relatively broad and shallow features observed in these stars.

There are several magnetic white dwarfs that require further
work to get a better fit to their spectra. The first one, J0043
—1000, is the well-known patchy atmosphere DBAH white
dwarf Feige 7 (Liebert et al. 1977; Achilleos et al. 1992), where
variable surface abundances of hydrogen and helium are
observed as the star rotates. J0216+3541 is similar, as it also
shows both hydrogen and helium features. While we assign a
helium composition to J1046—0518 and J2012+3133, we
suspect that they also have patchy atmospheres. For J0602

+4652 and J1849+6458, it is impossible to match the observed
features using the pure hydrogen or the helium solution, so we
suggest that these objects are potentially magnetic DQ white
dwarfs. We plan on investigating these objects in future work.

Eighteen targets have a field measurement in the literature
(Angel et al. 1985; Berdyugin & Piirola 1999; Schmidt et al.
2001; Kiilebi et al. 2009; Caiazzo et al. 2021; Amorim et al.
2023; Hardy et al. 2023). Our results are remarkably similar to
the overall literature values. The largest difference is for J2257
+0755, where our model fit indicates an 8.8 MG field, whereas
Kiilebi et al. (2009) obtained 17.39 MG for the same star.
However, they obtained an inclination angle of 74.9° and an
offset of 0.15. It is likely that due to the large degeneracies in
spectral fitting of magnetic white dwarfs, we can achieve
excellent spectral fits even with different parameters.

Interestingly, none of our magnetic model fits require a
negative dipole offset (a, <0). In fact, the majority of our
targets are best explained with offset dipoles with a, = +0.3.
This is similar to the results from Hardy et al. (2023), who
found a positive offset for 131 of the 140 magnetic white
dwarfs with good solutions. In their sample, 97 of the 140
objects have a, > +0.25. It is not clear why this offset is
generally positive. One possibility is that positive a, makes the
central 7 component appear deeper/stronger than the split o
components (see Figure 4 in Bergeron et al. 1992), which may
make it easier to identify the shifted features in magnetic white
dwarfs in the presence of noise. However, a more likely
explanation is that these are not simple offset dipoles, and that
the models we use only serve as a proxy to the true field
geometry. More work is required for understanding the source
of this bias in a,.

3.6. DC White Dwarfs

There are eight DC white dwarfs in our sample with fea-
tureless optical spectra. These objects are J0006+3104, JO050
—0326, J032742227, J0707+5611, J0718+3731, J1010
—2427, J1537+8419, and J2026+1848. They have best-fitting
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Table 3

Results from the Model Fits to the Magnetic White Dwarfs in Our Sample

Object Name Spectral Type B, By it i a, References
MG) MG) (deg) R

J0043—1000 DBAH 34 39 60 0.19 Hardy et al. (2023)
JO118—-0156 DAH
JO150+2835 DAH 8 60 0.30
JO151+2435 DAH 60 45 0.10
JO211+2115 DAH 207 166 45 0.40 Kiilebi et al. (2009)
J0216+-3541 DBAH 235 30 —0.30
J0230+3842 DAH 65 e 30 0.30
J0249—-1831 DAH 30 15 0.30
J0256—-1515 DAH 45 45 0.30
J0257+0308 DAH 65 . 60 0.30
J0319+4628 DAH 189 60 0.36
J0326+1331 DAH 4 15 0.30
J0507+2645 DAH 5 e 60 0.30
J0547—-1250 DAH 21 60 0.30
J0547+1501 DAH 8 60 0.30
J0601+3726 DAH 3.4 2.3 60 0.30 Hardy et al. (2023)
J0602+4652 DQH?
J0607+3415 DAH 32 45 0.30
J0625+1902 DAH 168 e 30 0.34
JO705—-2046 DAH 30 e 45 0.30 e
JO803+1229 DAH 35 39 15 0.30 Hardy et al. (2023)
J0842—-0222 DAH?
J0851+41201 DAH 1.8 2 60 0.30 Hardy et al. (2023)
J0951—-1517 DAH 382 45 0.30
J1014—-0417 DAH 2 60 0.30
J1034+0327 DAH 13 13.3 75 0.30 Amorim et al. (2023)
J1046—-0518 DBH 820 Schmidt et al. (2001)
J1054+5523 DAH: 0.2 30 0.30
J1105+5225 DAH?
J1107+8122 DAH 30 45 0.30
J1214—-1724 DBH 62 15 0.35
J1217+0828 DAH 32 35 60 0.30 Hardy et al. (2023)
J1333+6406 DAH 13 13 75 0.30 Hardy et al. (2023)
J1339-0713 DAH 30 45 0.30
J1440—-1951 DAH?
J1459—-0411 DAH 52 30 0.30
J1543+-3021 DAH 160 15 0.30
J1548+-2451 DAH 6.4 7 60 0.20 Hardy et al. (2023)
J1621+0432 DAH
J1630+2724 DAH 35 35.6 45 0.30 Amorim et al. (2023)
J1659+4401 DAH 3.8 4 60 0.30 Hardy et al. (2023)
J1707+3532 DAH 2.8 2 60 0.30 Hardy et al. (2023)
J1719—1446 DAH?
J1723+0836 DAH 44 15 0.15
J1849+6458 DQH?
J1900+7039 DAP 164 320 15 0.20 Angel et al. (1985)
J1901+1458 DAH 600-900 Caiazzo et al. (2021)
J1924-2913 DAH 30 30 0.00
J2012+3113 DBP 520 Berdyugin & Piirola (1999)
J2035—-1835 DAH 104 15 —0.10
J2100+5142 DAH 60 15 0.10
J2111+1102 DAH 3.6 2.8 60 0.30 Amorim et al. (2023)
J2148—-1629 DAH 32 75 0.30
J2204+2543 DAH
J2221+4406 DAH 11 e 45 0.30
J2255+0710 DAH 230 0 0.21
1225740755 DAH 8.8 17.39 0 0.10 Kiilebi et al. (2009)

Note. We present the results from both our offset dipole fits (By, i, a,) and the literature (B, 1), if available.

(This table is available in machine-readable form in the online article.)
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Ters > 14,000 K, regardless of their atmospheric composition
(pure hydrogen or helium-dominated atmospheres). Hence, the
only way for these stars to have a featureless spectrum is if they
are strongly magnetic: their absorption features are shifted and
spread out beyond recognition.

More importantly, five of these objects also show photo-
metric variability due to rapid rotation in the Transiting Exo-
planet Survey Satellite (TESS) or the Zwicky Transient Facility
(ZTF) data. JOO06+3104, JO050—0326, J0327+2227, J0707
45611, and JO718+4-3731 show significant photometric varia-
tions with periods of 23.15, 40.31, 58.6, 63, and 11.27 minutes,
respectively (see below). Such rotation periods are common
among magnetic white dwarfs (Kawka 2020), and the varia-
bility is likely due to changes in the magnetic field structure
and/or an inhomogeneous atmosphere (Moss et al.
2023, 2024).

3.7. Warm DQs

The most common DQ white dwarfs in the solar neighbor-
hood are cool DQs with temperatures below 10,000 K. The
trace amounts of carbon seen in these stars is well explained by
the convective dredge-up of carbon from the deep interior in
helium-dominated atmospheres (Pelletier et al. 1986; Bédard
et al. 2022). Blouin et al. (2023a, 2023b) show that carbon
dredge-up is ubiquitous in hydrogen-deficient white dwarfs,
and that dredge-up of optically undetectable traces of carbon is
crucial for explaining the bifurcation seen in the Gaia Hertz-
sprung—Russell diagram.

Hot and warm DQs are remarkably different to the cool DQs
(Dufour et al. 2008). Hot DQs with T, = 18,000-24,000 K
and warm DQs with T~ 11,000-18,000 K are massive, they
have unusually carbon-rich or carbon-dominated atmospheres,
have large tangential velocities, and some show evidence of
rapid rotation or magnetism (Coutu et al. 2019; Koester &
Kepler 2019; Kawka et al. 2023). These properties all point to a
common origin in white dwarf mergers (Dunlap & Clemens
2015).

We identify 20 DQ white dwarfs (including the two magn-
etic DQH candidates discussed above) in our survey, 12 of
which are new discoveries. There is only one hot DQ known in
this sample, J1819—1208 (Kilic et al. 2023b). Hence, our
survey has more than doubled the sample of warm DQs within
100 pc. In addition, there was only one DAQ white dwarf
known prior to this work, J05514-4135 (Hollands et al. 2020).
We identified four additional DAQ white dwarfs within 100 pc,
three of which are presented in a separate publication by Kilic
et al. (2024).

The last DAQ to be identified is J06554-2939, which pro-
vides an interesting story. J0655+4-2939 was classified as a DA
white dwarf by Kilic et al. (2020) based on a relatively noisy
spectrum that clearly showed Balmer lines. Wall et al. (2023)
compared the best-fitting parameters for DA white dwarfs
derived from optical only and optical+-UV data, and identified
five outliers in the 100 pc sample, including J0655+2939 (see
their Figure 2). The other four outliers are either magnetic or
have mixed atmospheres. J06554-2939 is more than a factor of
2 fainter than expected in the FUV band, assuming a pure
hydrogen atmosphere composition. Wall et al. (2023) further
investigated this object by obtaining a new spectrum at the
APO 3.5m telescope, and confirmed the DA spectral type.
They concluded that the source of the FUV flux discrepancy is
unclear. Looking at this relatively noisy spectrum shown in
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Figure 5. Model atmosphere fits to the MMT spectum of the newly discovered
DAQ J0655+2939. The top panel shows the photometric fit, and the bottom
panel shows the spectroscopic fit.

their Figure 3, we noticed that there may be weak carbon
features near HG. This prompted us to observe J0655+2939
once more, but at a bigger telescope. We were able to obtain a
better quality spectrum at the 6.5 m MMT in 2024 May using
the same setup as described in Section 2.2.

Figure 5 presents the MMT spectrum of J0655+2939 along
with our model atmosphere fits. There is a simple explanation
for the discrepant GALEX FUV photometry: J0655+2939 is a
DAQ white dwarf with a hydrogen and carbon atmosphere.
The best-fitting DAQ model has log C/H=-0.40,
Terr= 17020 £ 412 K, and M = 1.189 & 0.009 M. This model
provides a much better fit to the entire SED, including the FUV
photometry.

Kilic et al. (2024) demonstrated that there is a range of
hydrogen abundances among the warm DQ population, and the
distinction between DAQ and warm DQ white dwarfs is arti-
ficial. The DAQs simply represent the most hydrogen-rich stars
among the warm DQ population, but otherwise they belong to
the same population. In fact, most warm DQs do show
hydrogen lines in their spectra (Coutu et al. 2019; Koester &
Kepler 2019).

For the model atmosphere analysis of warm DQs, we rely on a
distinct model atmosphere grid based on the calculations of
Blouin & Dufour (2019). The model grid covers the range
T.=10,000K (500K) 16,000 K, logg = 7.0 (0.5) 9.0, log He/
H=1.0 (1.0)4.0, and log C/He = —5.0 (0.5) 1.0. We also rely on
the evolutionary models described in Bédard et al. (2020) with CO
cores, g(He) = 102 and qH) = 10~'°, which are representative of
helium atmosphere (or thin hydrogen atmosphere) white dwarfs.

Koester & Kepler (2019), Hollands et al. (2020), and Kilic
et al. (2024) discuss in detail the issues with the atomic data
for carbon. We exclude the carbon lines with quality flags “D”
and “E” in the NIST database, and othe two absorption features
in the models near 5268 and 5668 A from our fits, as the latter
are not observed. In addition, Kilic et al. (2024) show that
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Figure 6. Example model atmosphere fits for a warm DQ (left), a DQA (middle), and a magnetic DQH (right panels). The top and middle panels show the photometric
and the spectroscopic fits, respectively. The blue lines in the middle panels mark the locations of the Ha, H, and He 1 A5876 A features. Model fits for all warm DQs

are available in the online version of this article.

the helium abundance is unconstrained in warm DQs,
and that atmosphere models with no helium result in model
fits that are just as good as the atmosphere models including
helium. Because we do not observe a He line at 5876 A in
warm DQs, we can only set an upper limit on the He abun-
dance. For this analysis, we adopt a grid with a fixed value of
log C/He = 0, and then fit for H/He (or H/C if a helium-poor
composition is assumed) to match Ha. This method enables
us to constrain the hydrogen abundance using spectroscopic
observations.

We show representative fits to three warm DQs in Figure 6,
including a DQ (left), a DQA (middle), and a magnetic DQH
(right panels). For the DQ and the DQA, we assume equal
amounts of carbon and helium in the atmosphere. The blue
lines mark the locations of the Ha, HB, and the He I A5876 A
features. Our model fits indicate that J1925—0346 and J2011
+4910 are warm DQs with M =1.13-1.15M,, and logH/
He ~ —2. The former is slightly more hydrogen-rich, which
depicts itself as a stronger Ha feature, hence the DQA classi-
fication. We classify J2011+4910 as a DQ rather than a DQA
because of its very weak Ha line, whereas the DQAs clearly
show Ha in their spectra.

The parameters of the magnetic DQ J1758+5906 shown in
the right panel are outside of our model grid for DQA white
dwarfs. Hence, we used the DAQ model grid to fit this object.
Since these models are not magnetic, the model fit to the J1758
45906 is not perfect, but it provides a decent match to the
overall carbon features, indicating that this is a carbon-domi-
nated atmosphere white dwarf with a temperature above
17,000 K, hence very close to the artificial separation between
the hot and warm DQ white dwarfs.

We do not have an optical spectrum of the DQ white dwarf
J0045—-2336 (G268-40; Koester et al. 1982) available. We
assume the same composition as the other warm DQs in our
sample, log C/He =0, and adopt a grid with the smallest trace
of hydrogen, which result in best-fitting parameters of
Torr=11,540 £ 43K, and M =1.126 £ 0.004 M, for JO045

—2336. These parameters should be used with caution. We
provide the model fits for all other DQ and DQA white dwarfs
in the online version of this article, but we adopt the parameters
of the hot DQ and four of the DAQs in our sample from Kilic
et al. (2023b) and Kilic et al. (2024), respectively, as they use
better optical spectra for these objects.

4. Photometric Variability
4.1. Rotation Periods

To search for photometric variability among our massive
white dwarf sample, we checked both the TESS 20s and
2 minutes cadence data, and the ZTF data for each object.
Table 4 presents the photometric periods for our targets from
TESS, ZTF, and the literature. We exclude previously known
pulsating DAV white dwarfs from this list, as they are dis-
cussed below.

Eight of our targets have rotation periods reported in the
literature with periods ranging from 5.9 to 131.6 minutes.
These include two DAH, two DAQ, one DBA, one DBAH, one
DC (which has to be magnetic, given its effective temperature),
and one DA. Interestingly, all but one of these objects with
previous rotation measurements are either magnetic or have
unusual atmospheric composition. Note that even though DBA
white dwarfs are common among the DB white dwarf popu-
lation, DB white dwarfs themselves are unusually rare among
massive white dwarfs. The DA white dwarf J1529+4-2928 is the
only “normal” white dwarf in this sample that shows photo-
metric variability with a period of 38 minutes. Even though
J1529+2928 is near the ZZ Ceti instability strip, the observed
period is too long to be due to pulsations, and it is clearly due
to spots in this otherwise normal white dwarf (Kilic
et al. 2015).

We identify 14 additional photometrically variable systems
using TESS and ZTF. Figure 7 shows the light curves, Lomb—
Scargle periodograms, and phase-folded light curves for these
targets. In TESS, we searched for periods ranging from 1 to
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Table 4
Photometric Rotation Periods for Our Targets from TESS, ZTF, and the
Literature
Object Spectral Period Source
Type (minutes)
JO006+3104 DC 23.15 TESS
J0043—1000 DBAH 131.6 Liebert et al. (1977)
J0050—0326 DC 40.31 TESS
JO118—0156 DAH 54.69 TESS
J0256—1515 DAH 29.16 TESS
J0327+2227 DC 58.6 ZTF
JO707+5611 DC 63 Kilic et al. (2023b)
J0718+3731 DC 11.27 TESS
J0831—-2231 DAQ 10.7 Kilic et al. (2024)
J1154+3650 DA 35.6 ZTF
J1214—1724 DBH 107.36 TESS
J1529+2928 DA 38 Kilic et al. (2015)
J1543+43021 DAH 78.33 TESS
J1659+4401 DAH 42.24 TESS
J1707+3532 DAH 34.72 ZTF
J1719—1446 DAH? 5.5 ZTF
J1832+0856 DBA 59 Pshirkov et al. (2020)
J1901+1458 DAH 6.9 Caiazzo et al. (2021)
J2100+5142 DAH 149.1 ZTF
J2204+2543 DAH 415.22 TESS
J2257+0755 DAH 22.8 Williams et al. (2022)
J2340—1819 DAQ 12.1 Kilic et al. (2024)

Note. All five DCs in this table are warmer than 11,000 K regardless of their
atmospheric composition. Hence, they must be strongly magnetic.

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

684 minutes using the 20 s cadence data, and 5 to 684 minutes
using the 2 minutes cadence data. In ZTF, we searched for
periods ranging from 3 to 684 minutes. With TESS short-
cadence data, we found eight objects with periods ranging from
11 to 107 minutes, and one more longer-period system, J2204
42543, which has a rotation period of 415.22 minutes (=7 hr).
With ZTF, we identified five additional variable targets with
periods ranging from 5.5 to 149 minutes. Four objects show
clear variations in both TESS and ZTF data. In all four cases,
due to worse aliasing in ground-based observations, the ZTF
data favor the first harmonic of the period measured from the
TESS data. We adopt the TESS value as the true period for
those objects.

Out of the 22 objects shown in Table 4, 20are either
magnetic or have unusual atmospheric composition, and the
remaining twoare DA white dwarfs. J1529+2928 is
discussed above. The remaining DA, J1154+3650, has T =
26,115+ 411K and M =1.251+0.006 M, and shows sig-
nificant variability at a period of about 35.6 minutes. It is
clearly outside of the ZZ Ceti instability strip. Hence, the
variability in J11544-3650 and the rest of the objects in this
table (and Figure 7) are clearly due to rotation. J11544-3650
appears to be a spotted DA white dwarf just like J1529+2928,
where the variability is likely caused by the rotation of a star
with a relatively weak magnetic field (B < 100kG) and/or an
inhomogeneous atmosphere.

Short rotation periods can indicate a merger origin. Hermes
et al. (2017) found that white dwarfs with masses 0.51 <
M /M, <0.73 have an average rotation period of 35 hr. These
average-mass white dwarfs likely formed via single star
evolution. On the other hand, Schwab (2021) predicts merger
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products from two CO white dwarfs to have a rotation
period as short as 10-20 minutes. Magnetic white dwarfs
tend to have higher masses (~0.8 M,; Ferrario et al. 2015)
than nonmagnetic objects, as well as shorter rotation periods
(~less than 10 hr; Kawka 2020). Magnetism in relatively hot
(young) and massive white dwarfs is therefore a strong indi-
cator of a merger origin (Bagnulo & Landstreet 2022). All of
the objects shown in Table 4 have rotation periods less than
8 hr. Hence, these relatively hot, young, and restless stars are
consistent with being white dwarf merger remnants (see
Section 5.1).

4.2. Pulsating White Dwarfs

Several objects in our sample have time-series photometry
reported in the literature and have either been confirmed as
pulsators or reported as not observed to vary (so-called NOV).
Table 5 presents the list of eight previously known pulsating
massive white dwarfs and 14 NOVs in this sample. All but one
of these pulsators had a spectral classification available in the
literature. J0204+-8713 was previously classified as a pulsating
77 Ceti based on the detection of a single mode at 330s
(Vincent et al. 2020), but there was no spectroscopy available.
Our follow-up spectroscopy confirms that J0204+4-8713 is
indeed a massive DA white dwarf.

In addition, to confirm that the variability is due to pulsa-
tions, we acquired high-speed photometry of J0204+4-8713
using the APO 3.5 m telescope with the Agile frame transfer
camera (Mukadam et al. 2011) and the BG40 filter on UT
2023 April 15. We obtained back-to-back exposures of 10s
over 2.1 hr. We binned the CCD by 2 x 2, which resulted in a
plate scale of 0”258 per pixel. Figure 8 shows the APO light
curve for J0204+8713 along with its Fourier transform. We
detect two significant modes at frequencies of 245.0 and
253.5 cycles day ' with amplitudes of 5 mma, confirming that
the variability is due to pulsations and not rotation.

Figure 9 shows the masses and effective temperatures for our
massive DA white dwarf sample along with the ZZ Ceti white
dwarfs from Vincent et al. (2020). There are 45 DAs within or
near the boundaries of the ZZ Ceti instability strip, including
the spotted white dwarf J1529+2928 discussed above, and the
eight pulsators and 14 NOVs presented in Table 5. The most
massive pulsating white dwarf known is J0049—-2525. J0959
—1828 is also close in mass, and potentially variable, but
previous observations were inconclusive (Kilic et al. 2023a,
2023b).

Interestingly, there are 22 ZZ Ceti candidates with no time-
series follow-up as of yet. Table 6 provides a list of these
massive ZZ Ceti candidates. Four of these objects have M >
1.2 M, under the assumption of CO cores. These objects are
J0039—-0357 (Gaia DR3 2527618112309283456) with To4=
11,871 £214K and M=12714+0.009 M., J0127-2436
(Gaia DR3 5040290528701395456) with T.¢= 11,236 £214K
and M =1.284 + 0.009 M, J0912—2642 (Gaia DR3 56498087
20867457664) with Tor=12,973 £ 115K and M=1.262+
0.002 M., and J15524-0039 (Gaia DR3 4410623858974488832)
with Teee = 13,508 233 K and M =1.245+ 0.011 M.

In addition, there are several NOVs from Vincent et al. (2020)
that fall right in the middle of the ZZ Ceti strip; one of the most
interesting is JO135+5722 (Gaia DR3 412839403319209600)
with Top=12,415£ 87K and M =1.153 £0.004 M,,. Vincent
et al. (2020) did not detect any significant variations in this star at
the 7.8% level, hence low-level variability could easily be missed
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Figure 7. Light curves (top panels), Lomb—Scargle periodograms (middle panels), and phase-folded light curves based on the highest peak in the periodograms
(bottom panels) for 15 newly identified variable white dwarfs using the TESS 20 s or 2 minutes cadence data and ZTF photometry. TESS light curves for 10 stars are
shown first, followed by five targets with ZTF data. Red data points in the TESS frames represent the original data binned by 100, whereas the green, red, and yellow
symbols in the ZTF panels show the g-, r-, and i-band photometry. The dashed line is the 1% false-alarm probability rate, and the dotted line is the 5% false-alarm

probability rate.

in those initial observations. In fact, preliminary observations of
this target at the APO 3.5 m reveal significant variability at the
10mma (1%) level in a single mode at 2.6 minutes period.
However, additional observations are needed to confirm and
constrain multimode pulsations in this object. Follow-up time-
series observations of these candidates would be invaluable in
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finding additional massive pulsating white dwarfs, and probe their
interiors through asteroseismology.
5. Discussion

Our results are summarized in Figure 10, where we show the
stellar masses as a function of effective temperature for our
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massive white dwarf sample (top-left corner of this plot) along
with the MWDD 100 pc sample (Kilic et al. 2020). Objects of
particular astrophysical interest are also identified in this figure,
which we discuss in turn.

5.1. Magnetism

Our spectroscopic follow-up of the relatively hot and massive
(Tege> 11,000K and M > 0.9 M) white dwarfs in the MWDD
100 pc sample within the Pan-STARRS footprint reveals an
unusual mix of spectral types. We find only six massive DB
white dwarfs, but none are normal. One of these is a rapidly
rotating DBA (Pshirkov et al. 2020), and the remaining five are
magnetic. Massive DBs seem to be very rare. For example,
O’Brien et al. (2024) find only two massive DBs (both near
1.1 M; see their Figure 5) in the 40 pc sample. On the other
hand, massive DQs are more common: There are 20 massive
DQ white dwarfs in our sample, including five DAQs. In total,
we find 66 magnetic white dwarfs (32% of the sample); there are
50 DA and five DB white dwarfs in our sample that are either
confirmed or suspected to be magnetic, eight DC white dwarfs
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that must be magnetic to have featureless
Teer > 11,000 K, and three magnetic DQs.

Several theories exist in the literature regarding how magnetic
fields are produced in white dwarfs. Magnetic fields could be
fossil in origin in remnants from highly magnetic Ap/Bp main-
sequence stars (Tout et al. 2004). However, these progenitors
typically have main-sequence masses of 2-3 M, which would
produce lower-mass white dwarfs than what are analyzed in this
work. In addition, the fraction of magnetic stars among the more
massive O and B stars is relatively low (6% =+ 3%; Scholler et al.
2017). A dynamo generated via crystallization has been invoked
for many cooler white dwarfs (Isern et al. 2017). Bagnulo &
Landstreet (2022) detail a scenario where the magnetic field
takes 2—-3 Gyr to propagate to the surface after forming in the
interior. They find that strong magnetic fields are very common
in massive white dwarfs and appear immediately after the for-
mation of the star, whereas magnetic fields appear in lower-mass
white dwarfs only when they are older. They attribute the former
to mergers and the latter to a crystallization-induced dynamo in
lower-mass white dwarfs. Blatman & Ginzburg (2024) estimate
a delay between the onset of crystallization and field breakout of
order a few billion years.

spectra  at
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Table 5
Previously Known Pulsating White Dwarfs and NOVs in Our Sample
Pulsators References NOVs References
J0049-2525  Kilic et al. (2023a) JO135+5722  Vincent et al. (2020)
J0204+8713  Vincent et al. J0234—-0511  Gianninas et al.
(2020) (2011)
J0448—1053  Romero et al. J0347—1802  Guidry et al. (2021)
(2022)
J0551+4135  Vincent et al. J0408+2323  Vincent et al. (2020)
(2020)
JO856+6206  Vincent et al. JO538+3212  Vincent et al. (2020)
(2020)
J1106+1802  Guidry et al. (2021)  J0634+3848  Vincent et al. (2020)
J1659+6610  Hermes et al. J0657+7341  Vincent et al. (2020)
(2013)
J1812+4321  Romero et al. J1140+2322  Kilic et al. (2023b)
(2022)
J1243+4805  Vincent et al. (2020)
J1626+2533  Vincent et al. (2020)
J1655+2533  Curd et al. (2017)
J1813+4427  Vincent et al. (2020)
J1910+7334  Vincent et al. (2020)
J1928+1526  Vincent et al. (2020)

Note. Guidry et al. (2021) detected long-term variability in J0347—1802 from
transiting debris, but no pulsations.

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

Our massive magnetic white dwarf sample has a median
cooling age of 0.7 Gyr. In fact, all but one (J2255+4-0710) of the
magnetic white dwarfs in our sample have a cooling age
<1.8 Gyr based on the standard cooling tracks. In addition,
roughly a third of the magnetic white dwarfs in our sample also
show rapid rotation and/or large tangential velocities. There-
fore, mergers are more likely to explain the strongly magnetic
white dwarfs in our sample (Garcia-Berro et al. 2012; Briggs
et al. 2014). This channel gives rise to both higher-mass objects
and typically stronger magnetic fields (~megagauss scales)
than the aforementioned methods. However, there is a caveat in
this argument: The majority of the magnetic white dwarfs in
our sample are found in the crystallization sequence (see
Figure 10). If these stars also suffer from extra cooling delays
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due to distillation (Bédard et al. 2024), then their cooling ages
could be much longer than estimated, and we cannot rule out
the crystallization-induced dynamo as the source of magnetism.
In addition, ultramassive white dwarfs with ONe cores crys-
tallize much earlier, and the magnetic fields could be visible at
the surface within <1 Gyr. Hence, it is plausible that crystal-
lization-induced dynamos may explain at least a fraction of the
magnetic white dwarfs in our sample.

We investigate what fraction of our sample is magnetic and
if there are trends between magnetism, mass, and fast rotation.
To do this, we divide the sample into mass bins of equal width,
except for the most massive bin. This leaves us with bin widths
of 0.9-1.0 M, 1.0-1.1 M, 1.1-1.2 M, and 1.3+ M. There
are 48, 36, 58, 49, and 13 white dwarfs in each bin, respec-
tively. When calculating the fraction of magnetic objects, we
include all 66 objects either confirmed or suspected of
magnetism.

Figure 11 shows the fraction of magnetic white dwarfs as a
function of mass. Given the errors, we do not see a significant
increase in the magnetic fraction as a function of mass, except
for the 1.1-1.2 M. bin, which has a magnetic fraction of
43%19%. This is likely caused by mergers of average-mass white
dwarfs (Garcia-Berro et al. 2012), as the mass distribution of
DA white dwarfs strongly peaks at 0.59 M, (e.g., Kilic et al.
2020; O’Brien et al. 2024).

Bagnulo & Landstreet (2022) find that ~10% of the 40 pc
white dwarfs younger than 0.6 Gyr are magnetic. This is sig-
nificantly lower than the fraction of magnetic white dwarfs in
our massive white dwarf sample. Magnetic white dwarfs tend
to be more massive in general, hence the higher fraction of
magnetic objects in our sample is not surprising (Vennes 1999).
Looking at the fraction of magnetic white dwarfs in the 40 pc
sample as a function of mass, O’Brien et al. (2024) find that the
magnetic fraction goes up from about 6% for 0.6 M., white
dwarfs to about 14%, 18%, and 40% for 0.8, 1.0, and 1.2 M,
white dwarfs, respectively. For comparison, Kilic et al. (2023b)
also found a magnetic fraction of 40% among the most massive
white dwarfs (M ~ 1.3 M) in the solar neighborhood. Our
results shown in Figure 11 are consistent with the previous
estimates within the errors, but provide better constraints on the
fraction of magnetic white dwarfs at these relatively large
masses given the larger sample size for massive white dwarfs.

Figure 12 shows the magnetic field strength as a function of
mass for the 45 magnetic objects that we were able to suc-
cessfully fit. We do not see a trend in the magnetic field
strength as a function of mass. Hardy et al. (2023) analyzed 185
magnetic DA white dwarfs and similarly found no correlation
between mass and field strength, except for that the strongest
fields occur in the higher-mass white dwarfs. However, their
sample included objects down to 0.4 M., whereas we restrict
our sample specifically to those higher-mass objects.

If a significant portion of our magnetic objects come from
mergers, it appears that the masses of the binary components
does not affect the resulting magnetic field strength. Some
other mechanism would need to be attributed to why some
targets have field strengths on the order of a few megagauss,
while others have strengths on the order of tens or hundreds of
megagauss. Hardy et al. (2023) also looked for a correlation
between effective temperature and magnetic field strength to
potentially point to an origin of the magnetic field, but found no
relation. We also do not see any correlations between the
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Figure 9. Masses and effective temperatures for our massive DA white dwarf sample along with the previously known ZZ Ceti white dwarfs (green diamonds) from
Vincent et al. (2020). The blue and red lines show the empirical boundaries of the ZZ Ceti instability strip from the same work. Magenta diamonds and blue triangles
mark the massive DAVs and NOVs, respectively. J0959—1828 and J0135+5722 are potential variable white dwarfs marked by yellow pentagons, and objects in the
sample with no follow-up photometry are marked by black points. The red point marks the spotted white dwarf J1529+2928 that also falls within the instability strip

(Kilic et al. 2015).

Table 6
DA White Dwarfs in Our Sample That Are In/Near the ZZ Ceti Instability
Strip with No Time-series Follow-up

Object Name

J0039-0357 109490730 J1656+5719
J0050—-2826 J0950—-2841 J1722+3958
J0127-2436 J1052+1610 J1819+1225
J0154+4-4700 J11074-0405 J1929-2926
J0158—-2503 J1342—-1413 120262254
J0712—-1815 J1451-2502 1210747831
J0725+4-0411 J1552+0039 J2208+2059
J0912-2642

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

surface temperature and the field strength in our smaller
sample.

5.2. Kinematics

Kinematics can be helpful in identifying unusual objects in
the solar neighborhood; thick-disk and halo white dwarfs have
a higher velocity dispersion, and therefore can be identified
based on their transverse velocities. Given the relatively short
main-sequence lifetimes of their progenitors, massive white
dwarfs that formed through single star evolution in the thick
disk or halo should have cooled below T.;= 11,000 K in the
distant past. Hence, the only way for thick-disk or halo white
dwarfs to be included in our sample is if their evolution is reset
by a merger event in their recent history.

Wegg & Phinney (2012) noted that the ‘“‘smoking gun”
signature of merger remnants would be high-mass white dwarfs
traveling at >50kms~'. However, instead of an increase in
velocity, they found that the velocity dispersion of the Palomar-
Green and the SDSS white dwarf samples actually decreases
with increasing white dwarf mass, which prompted them to
conclude that the observed kinematics are consistent with the
majority of high-mass white dwarfs forming through single star
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evolution. In addition, they did not find any high-mass white
dwarfs moving with velocities above 50 kms ™.

Figures 13 and 14 show the tangential velocity distribution
of our sample of massive white dwarfs. We mark the magnetic
white dwarfs with red symbols, and DQs (including three
magnetic DQs) with green symbols. The average velocity of
the sample excluding 3¢ outliers is 28 kms ™', consistent with
the disk population. The magenta line shows the 50 km s~
velocity limit from Wegg & Phinney (2012).

Interestingly, we find 30 massive white dwarfs (15% of the
sample) with velocities larger than this limit. These include 12
warm DQs, one He-DA, five magnetic white dwarfs, and 12
normal DA white dwarfs. Hence, it appears that some of the
merger products in the solar neighborhood hide among the
normal DA population. There are eight objects with
Vian > 80km s~ !, three of which are DAQ/DQA, and five are
normal DAs. Surprisingly, these five DAs (J04014-2140, J0447
+4224, J0455—-0058, J0529+5239, and J1924—-2717) are
found in a relatively narrow mass and temperature range of
M=121-126 M. and T.;=16,700—20,800K, with esti-
mated cooling ages of <1 Gyr. Hence, with masses roughly
twice the mass of the most common white dwarfs in the solar
neighborhood, and with unusual kinematics for their ages,
these massive DA white dwarfs must be merger remnants.
Mergers can reset the white dwarf cooling clock, and they can
also change the composition of the remnant star in a way that it
then undergoes distillation and is therefore kinematically much
older than other warm white dwarfs (e.g., Cheng et al. 2019;
Bédard et al. 2024).

On the other hand, not all merger remnants show large
tangential velocities. Out of the 20 warm DQs in our sample,
12 move faster than the 50 km s~ limit (see also Kawka et al.
2023; Kilic et al. 2024). Those must be merger remnants in the
thick disk or the halo. Even though eight of these warm DQs
have relatively small tangential velocities, at least one has a
large radial velocity (JO5514-4135; Hollands et al. 2020) that
also indicates a kinematically old population. Hence, not all
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Figure 11. The fraction of magnetic white dwarfs as a function of mass for our
massive white dwarf sample. The horizontal error bars in this plot show the
width of the mass bins, and the vertical error bars were calculated using the
binomial probability distribution detailed in Burgasser et al. (2003). The mass
bins are equal in width except for M > 1.3 M.

merger remnants can be identified based on their tangential
velocities.

Since the nearby white dwarf population is dominated by the
thin disk, merger remnants in the disk would have a range of
formation times and cooling ages; some of these merger rem-
nants would be hot and young enough to be included in our
sample. In fact, the majority of the magnetic white dwarfs are
indistinguishable from the nonmagnetic objects in terms of
their kinematics, providing further evidence that a significant
fraction of merger remnants (like warm DQs or magnetic white
dwarfs) may not stand out in their kinematics.

L .
15000

Teff (K)

Figure 10. Stellar masses as a function of effective temperature for the MWDD 100 pc sample (white dots) along with our massive white dwarf sample (yellow dots).
Red, green, and cyan symbols mark the magnetic white dwarfs, hot/warm DQs, and objects with large tangential velocities or rapid rotation, respectively. Solid curves
are theoretical isochrones, labeled in units of Gyr, obtained from standard cooling sequences with CO-core compositions, g(He) = M(He)/M, = 1072, and
g(H) = 10~*. The lower blue solid curve indicates the onset of crystallization at the center of evolving models, while the upper one indicates the locations where 80%
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Figure 12. The magnetic field strength as a function of mass for the objects we
are able to successfully fit. Objects with rapid rotation and large tangential
velocities are marked by green and red dots, respectively.

5.3. The Merger Fraction

We seek to determine the merger fraction for the massive
white dwarfs in the MWDD 100pc sample in the Pan-
STARRS footprint. We can identify possible merger products
by signs of unusual atmospheric composition, magnetism,
rapid rotation, and high tangential velocity. For a full list of the
objects we identify as likely merger products, see Table 2,
where we use the following code to identify merger evidence:
“A” for an unusual atmospheric composition, “M” for mag-
netism, “R” for rapid rotation, and “V” for a high tangential
velocity.

Starting with the atmospheric composition, we classify the
20 massive hot and warm DQs in our sample as stars with an
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Figure 13. Tangential velocity vs. mass for our sample. Red and green points
mark the magnetic and DQ (including three magnetic DQ) white dwarfs,
respectively. The black points show the rest of the objects in the sample. The
dashed magenta line shows the 50 km s~ " limit.
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Figure 14. Tangential velocity distribution for our sample. We use the same
color scheme to highlight the magnetic, DQ, and the rest of the sample as in
Figure 13.

unusual atmospheric composition. As discussed in detail by
several authors (Dufour et al. 2008; Coutu et al. 2019; Koester
& Kepler 2019; Hollands et al. 2020; Kawka et al. 2023; Kilic
et al. 2024), hot DQs and warm DQs (including DAQ and
DQA white dwarfs) stand out among the solar-neighborhood
white dwarfs in terms of their atmospheric composition, rapid
rotation, and large tangential velocities.

While the source of magnetism in white dwarfs is unclear, it
is likely that several channels contribute to the emergence of
strong magnetic fields in white dwarfs. The 20 and 40 pc
samples discussed in Bagnulo & Landstreet (2022) are most
relevant for our purposes, as they found that large magnetic
fields in the most massive white dwarfs emerge at the stellar
surface shortly after the start of the cooling phase, whereas the
frequency of the magnetic white dwarfs grows slowly with time
for lower-mass white dwarfs. Hence, Bagnulo & Landstreet
(2022) favor a merger origin for relatively hot and massive
white dwarfs with strong fields. In total, we identify 66
magnetic white dwarfs in our sample, where all but one of them
have fields ranging in strength from 2 MG to hundreds of
megagauss. Out of these 66 objects, 20 also show rapid rotation
and/or large tangential velocities, and three are magnetic DQs.

Our best candidates for merger products show all of the
signatures discussed above. Kilic et al. (2021) presented J2211
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Figure 15. The merger fraction (black points) as a function of mass. For
comparison, the red points show the the magnetic fraction. The horizontal error
bars indicate the size of the mass bin, and the vertical error bars represent the
upper and lower 1o limits. Also shown are the predicted merger fractions from
Temmink et al. (2020) for three different models: the DM91 model is shown in
purple, the a-efficient in blue, and the a-inefficient in green.

Table 7
Number of Magnetic White Dwarfs and All Merger Remnants as a Function
of Mass
Mass No. of Magnetic Mergers
M) Stars Stars (All)
0.9-1.0 48 11 23*1%) 12 25*1%)
1.0-1.1 36 12 (3372%) 13 (3619%)
1.1-12 58 25 (4311 %) 45 (78+4%)
1.2-1.3 49 14 (2951 %) 24 (497%)
1.3+ 13 4 B1t18%) 5 381 13%)
Sample 204 66 (3274%) 99 (49+3%)

+1136, which has an unusual mixed hydrogen/helium
atmosphere, a high magnetic field strength, a rotation period of
only 70 s, and a large transverse velocity. There are four objects
in our sample that show three different symptoms of merger
remnants. Two of these are the DAQ white dwarfs JO831
—2231 and J2340—1819 with carbon and hydrogen atmo-
spheres, rapid rotation (11-12 minutes periods), and unusual
kinematics (Kilic et al. 2024). The other two, J1214—1724 and
J2257+0755, are strongly magnetic, have large tangential
velocities, and show photometric variability at ~1.8 hr and
22.8 minutes (Williams et al. 2022), respectively.

Binary mergers are expected to contribute 10%—-30% of all
observable single white dwarfs in the solar neighborhood
(Toonen et al. 2017; Temmink et al. 2020). These mergers are
dominated by binaries involving post-main-sequence and main-
sequence stars, with a contribution of <15% from double white
dwarf mergers. However, binary mergers are even more
important for M > 0.9 M, white dwarfs. Temmink et al. (2020)
predict that 30%-50% of single massive white dwarfs form
through mergers, with the dominant contribution from double
white dwarfs. In most of their simulated populations, double
white dwarf mergers contribute ~45% of the mergers that lead
to a single massive white dwarf.

Table 7 and Figure 15 present the fraction of mergers in our
sample along with the predictions from binary population
synthesis models. These models depend heavily on the input
assumptions about the initial conditions and the common-
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Figure 16. Left: color—magnitude diagram of the 100 pc white dwarfs along with our massive white dwarf sample (colored dots). Red, green, and cyan symbols mark
the magnetic white dwarfs, hot/warm DQs, and objects with large tangential velocities or rapid rotation, respectively. The rest of our sample is marked by yellow dots.
The lines of constant ( are also shown to highlight the Q-branch overdensity at Mg = 13 mag. The solid lines show the cooling sequences for 0.9-1.3 M, (from top to
bottom) pure hydrogen atmosphere white dwarfs for reference. Right: the fraction of magnetic white dwarfs (red histogram) and the total fraction of merger systems

(blue histogram) as a function of (.

envelope evolution. The « prescription is commonly used to
model the common-envelope evolution, where « is the fraction
of the orbital energy that is used to unbind the common
envelope. To demonstrate the range of predictions from the
population synthesis models, here we show three models from
Temmink et al. (2020) with various assumptions: a-efficient,
a-inefficient, and DM91.

A more efficient o« means that a larger fraction of the orbital
energy can be used to unbind the common envelope, and
therefore a larger number of binaries survive this phase. This
model (a-efficient) predicts a merger fraction of ~30% among
the massive white dwarf population, with a slightly higher
contribution among 1.1-1.2 M., white dwarfs (blue line). On
the other hand, a more inefficient common envelope (a-inef-
ficient) leads a larger number of systems to merge to form
single massive white dwarfs. In this case, the merger fraction is
significantly higher, roughly 50%, for 0.9-1.3 M, white dwarfs
(green line). Finally, the DM91 model has similar input para-
meters to the default model from Temmink et al. (2020), but
here the initial periods are drawn from a log-normal distribu-
tion from Duquennoy & Mayor (1991).

A comparison between the merger fraction from the 100 pc
sample and the binary population synthesis models shows that
in broad lines there is an agreement on the fraction of mergers
among white dwarfs per mass bin, but that there is no model
which can explain all of the data simultaneously. At low
masses (0.9-1.0 M) the observed merger fraction favors
models with an efficient common envelope (i.e., a-efficient),
whereas at high masses the merger fraction is significantly
higher and more consistent with the a-inefficient model. More
strikingly, we find a merger fraction of 7873% among the
1.1-1.2 M, white dwarfs, which is significantly higher than
predicted by the models presented in Temmink et al. (2020).
There are a few caveats in the population synthesis models:
They are based on the evolutionary models for CO-core white
dwarfs for all objects, and they do not include any cooling
delays from distillation. In addition, the models also assume a
constant binary fraction across the entire mass range of the
initial population, which likely underestimates the number of
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mergers at higher masses. However, even with these caveats,
we show below that the discrepancy between the observed and
predicted merger fractions between 1.1 and 1.2 M., is most
likely explained by our selection bias including the Q-branch
white dwarfs.

Massive DQs are marked by green dots in Figure 10.
Remarkably, 16 of the 20 hot/warm DQs in our sample are
found in the 1.1-1.2 M, mass range, and all hot/warm DQs in
the 100pc sample are also found in the crystallization
sequence, likely because they are stuck there due to the multi-
billion-year cooling delays from **Ne distillation (Blouin et al.
2021; Bédard et al. 2024). Hence, they are likely over-repre-
sented in our sample because of these cooling delays.

The left panel in Figure 16 shows a color-magnitude dia-
gram of the 100 pc sample centered on the Q-branch over-
density at Ms= 13 mag. The colored symbols mark our
massive white dwarf sample. Specifically, magnetic white
dwarfs are shown in red, hot/warm DQs in green, and objects
with unusual kinematics or rapid rotation in cyan. The dotted
lines show the tracks for constant (= Mg — 1.2 x (BP — RP)
(Camisassa et al. 2021), which delineate the Q-branch over-
density at ( =13—13.2. The solid lines show the 0.9-1.3 M,
pure hydrogen atmosphere white dwarf cooling sequences for
reference.

Clearly, there is an overdensity of warm DQs and objects
with large tangential velocities on the Q-branch, which is
located where CO white dwarfs with thin helium envelopes,
q(He) ~ 107, crystallize (Bédard et al. 2024). This is key
evidence for the merger origin of the delayed population on the
Q-branch, as most of the helium is assumed to be burned
during the merger. The majority of these objects also fall
between the evolutionary sequences for 1.1-1.2M. white
dwarfs. The right panel in Figure 16 shows the merger fraction
as a function of ( (blue histogram). For comparison, the frac-
tion of magnetic white dwarfs is also shown as a red histogram.
Even though the merger fraction estimate is dominated by
magnetic white dwarfs over most of the parameter space, the
same is not true for the Q-branch overdensity at (= 13—13.2.
The latter is dominated by the contribution from warm DQs



THE ASTROPHYSICAL JOURNAL, 974:12 (19pp), 2024 October 10

and objects with unusual kinematics (green and cyan symbols
in the left panel). Hence, it is not only the warm DQs but also
massive DA white dwarfs on the Q-branch that inflate the
merger fraction estimate for the 1.1-1.2 M, white dwarfs.

Because our sample is limited to objects with T > 11,000 K,
this temperature cutoff implies that the 1.1-1.2 M, bin has lots
of Q-branch stars, while the lower- and higher-mass bins have
much fewer. For example, between 0.9 and 1.0 M, our
11,000 K cutoff implies that we have no stars on the Q-branch
included in our sample. Similarly, the bins at 1.0-1.1 and
M > 1.3 M, have only a few stars on the Q-branch. This is in
contrast to the 1.1-1.2 and 1.2-1.3 M, bins that have many
Q-branch objects. This is significant because about 50% of stars
on the Q-branch are delayed due to the **Ne distillation (Cheng
et al. 2019; Blouin et al. 2021; Bédard et al. 2024), and they
inflate our merger-rate estimate considerably. Based on the
population synthesis models presented in Bédard et al. (2024),
distillation approximately doubles the number of merger pro-
ducts in the 1.08-1.23 M, range with Te;> 11,000 K. This
estimate depends on the fraction of stars undergoing distillation,
which is somewhere between 5% and 9%. Hence, the true
merger fraction for 1.1-1.2 M., white dwarfs is likely half of
what is observed, ~40%, more in line with the predictions from
the population synthesis models.

Even though the majority of the magnetic white dwarfs in
our sample are found in the crystallization sequence in
Figure 10, there are only a few magnetic white dwarfs on the
Q-branch in Figure 16. It is possible that the magnetic white
dwarfs simply come from double white dwarf mergers, and the
Q-branch objects (mostly warm DQs and DAs) come from
white dwarf and subgiant star mergers. The latter may produce
ultramassive CO white dwarfs with enough neutron-rich
impurities that can power the *Ne distillation mechanism and
lead to multi-billion-year cooling delays (Shen et al. 2023). We
suspect that double white dwarf mergers cannot explain the
delayed population because they do not produce extra neutron-
rich species as white dwarf and subgiant mergers do, so they do
not cluster on the Q-branch.

6. Conclusions

We have presented the results from our detailed spectro-
scopic analysis of the massive (M > 0.9 M) white dwarfs with
Tere > 11,000 K in the MWDD 100 pc sample and the Pan-
STARRS footprint. Our sample contains 204 objects, 109 of
which had no previous spectral classification in the literature.
Our spectroscopic follow-up is complete for this sample; we
find 118 normal DA white dwarfs, but no normal DBs. There
are three DBs that are magnetic, two additional DBs that are
both strongly magnetic and rapidly rotating (JO043—1000 and
J1214—1724), and one DBA (J1832+0856; Pshirkov et al.
2020) that rotates rapidly. In total, there are 66 objects that are
magnetic. We also find 20 warm/hot DQs, including 14 warm
DQ/DQAs, five DAQs, and one hot DQ. Previously, there was
only one known DAQ in the literature (Hollands et al. 2020),
so we have quintupled the sample of DAQs known within the
100 pc sample and the Pan-STARRS footprint.

Our main goal with analyzing this sample is to constrain the
merger fraction as a function of mass. The signatures of a merger
origin are unusual atmospheric composition, magnetism, rapid
rotation, and unusual kinematics. Massive DQs stand out in
terms of their composition. Interestingly, we also find all of them
in the crystallization sequence. Cheng et al. (2019) demonstrated
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that 5%—9% of high-mass white dwarfs in the crystallization
sequence show a multi-billion-year cooling anomaly, which
implies 50% of Q-branch white dwarfs exhibit longer cooling
delays. Blouin et al. (2021) and Bédard et al. (2024) show that
this cooling delay is likely due to the **Ne distillation process,
which can lead to 7-10 Gyr delays in cooling. The relatively
large tangential velocities and rapid rotation rates in massive
DQs favor a merger origin, which could lead to massive CO-
core white dwarfs with enough neutron-rich impurities that can
power the distillation mechanism.

Wegg & Phinney (2012) identify high tangential velocity as
the “smoking gun” signature for merger products. We find 30
massive white dwarfs (15% of our sample) with
Vian > 50 km s L However, we also show that not all merger
products have high velocities, as six of the DQs within 100 pc
(which are merger products) have velocities below this limit.
We also do not find a trend in the kinematics of the magnetic
versus nonmagnetic objects in the sample.

The fraction of magnetic white dwatfs in our sample is 32%.
This is significantly higher than the fraction (~10%) found for
white dwarfs younger than 0.6 Gyr and within 40 pc (Bagnulo &
Landstreet 2022). However, even in the 40 pc sample, the mass
distribution of the magnetic white dwarfs is skewed toward the
highest masses. Hence, it is not surprising that the magnetic
fraction is relatively high in our massive white dwarf sample.

More interestingly, both the magnetic fraction and the mer-
ger fraction show a peak in the distribution between 1.1 and
1.2M.. A comparison with the binary population synthesis
calculations shows that there is no single model that can
explain all of the observations, though the predictions from the
different population synthesis models overlap with the
observed merger fraction for most of the mass range studied.
The exception is the 1.1-1.2 M range, where the observed
fraction is significantly higher than predicted. Given that this
mass range corresponds to roughly twice the mass of the most
common white dwarfs in the solar neighborhood, and that the
majority of the warm DQs are also found in this range, indi-
cates a white dwarf merger origin for these systems. We discuss
the most likely explanation for the higher merger fraction in the
observed population, and demonstrate that multi-billion-year
cooling delays from **Ne distillation could also explain a larger
than expected contribution from merger remnants among the
single white dwarfs in the local white dwarf population.
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