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A B S T R A C T 

We present our findings on the spectral analysis of seven magnetic white dwarfs that were presumed to be double degenerates. 
We obtained time-resolved spectroscopy at the Gemini Observatory to look for evidence of binarity or fast rotation. We find three 
of our targets have rotation periods of less than an hour based on the shifting positions of the Zeeman-split H α components: 13, 
35, and 39 min, and we find one more target with a approximately an hour long period that is currently unconstrained. We use 
offset dipole models to determine the inclination, magnetic field strength, and dipole offset of each target. The average surface 
field strengths of our fast rotators vary by 1–2 MG between different spectra. In all cases, the observed absorption features are 
too shallow compared to our models. This could be due to extra flux from a companion for our three low-mass targets, but the 
majority of our sample likely requires an inhomogeneous surface composition. Including an additional magnetic white dwarf 
with similar properties presented in the literature, we find that five of the eight targets in this sample show field variations on 

minute/hour time-scales. A crystallization driven dynamo can potentially explain the magnetic fields in three of our targets with 

masses abo v e 0.7 M �, but another mechanism is still needed to e xplain their rapid rotation. We suggest that rapid rotation or 
low-masses point to binary evolution as the likely source of magnetism in seven of these eight targets. 

Key words: stars: magnetic fields – stars: evolution – stars: rotation – starspots – white dwarfs. 
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 INTRODUCTION  

he origin of magnetic fields in white dwarfs (WDs) remains
 mystery. Proposed formation channels generally fall into two
ategories: a fossil origin or an evolutionary origin. In the fossil case,
he collapse from a giant star to a WD results in a strong magnetic field
ue to the conservation of magnetic flux (Tout, Wickramasinghe &
errario 2004 ). Therefore, WDs formed from progenitor Ap/Bp stars
re an appealing solution given their stronger than average magnetic
elds. Ho we ver, this formation channel by itself cannot account for
ll of the magnetic WDs due to the lower than required incidence of
p/Bp stars (Wickramasinghe & Ferrario 2005 ). 
Multiple evolutionary scenarios could further produce magnetic
Ds. The onset of core crystallization could trigger a dynamo effect

Isern et al. 2017 ; Schreiber et al. 2021 ). Ho we ver this process
an explain some, but not all, of the isolated WDs with MG fields
Ginzburg et al. 2022 ). Binary mergers are a strong candidate given
he lack of magnetic WDs in detached binaries with main-sequence
MS) stars (Liebert et al. 2005 ). Liebert et al. ( 2015 ) confirmed their
ndings and did not find any magnetic WDs in WD-MS binaries
egardless of separation besides cataclysmic variables. Landstreet &
agnulo ( 2020 ) found five binary systems with a magnetic WD and
 non-degenerate companion, ho we ver four of these were too widely
eparated to undergo Roche–lobe o v erflow in the future. Parsons et al.
 2021 ) found six magnetic WDs in detached binaries with low-mass
 E-mail: adamgregorymoss@gmail.com 
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tellar companions, but determined they are temporarily detached
ataclysmic variables as opposed to pre-cataclysmic binaries. The
igher than average mass of magnetic WDs, ∼0.8 M �, further
upports the binary merger channel as a likely source of (at least
ome of the) strongly magnetic WDs (Briggs et al. 2015 ; Ferrario,
e Martino & G ̈ansicke 2015 ; Briggs et al. 2018a ). 
Modelling the magnetic fields in WDs presents its own challenges,

ith some objects needing ‘simple’ models while others requiring
ore complicated ones such as an offset dipole or quadrupole.
olland & Bergeron ( 2015 ) analysed 16 cool magnetic DA WDs
nd were able to successfully fit the spectra of six using an offset
ipole model. The remaining 10 resulted in discrepancies between
he photometric and spectroscopic temperatures. The explanation at
he time was that each WD was in an unresolved binary system
ith a DC WD, ef fecti vely diluting the H α line profile. There are

ev eral e xamples of magnetic WDs in double de generate binaries
see Kawka et al. 2017 , for a list). Ho we ver, such a large incidence
10 out of 16) of magnetic WDs in double degenerate systems would
e inconsistent with population synthesis calculations (Briggs et al.
015 ) and the rate of Type Ia supernovae (e.g. Ruiter 2020 ). 
Kilic et al. ( 2019 ) conducted follow-up analysis on one of these

argets, G183-35. They detected significant variations in the Zeeman-
plit H α wavelength positions over the span of 2.9 hr. This target
hows five split components, with the inner and outer lines appearing
nd disappearing alternatively over the observations, indicating that
he variations are due to rotation of the WD. Hence, Kilic et al.
ypothesized that G183-35 is a single WD with a magnetic axis
ffset from the rotation axis, resulting in a different magnetic field
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. Our sample of eight WDs (including G183-35 from Kilic et al. 
2019 ) in the Gaia colour–magnitude diagram. Grey points are WDs within 
100 pc from the Gentile Fusillo et al. ( 2021 ) catalogue. Black lines are 
theoretical cooling models for WDs of various masses. Notes . See http: 
//www.astr o.umontr eal.ca/∼berger on/CoolingModels . 
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istribution as the WD rotates. An inhomogeneous H/He atmosphere 
as further proposed to resolve the issue of diluting the unusually 

hallow H α line profile to match the observations. 
Given the complexities of G183-35, analysis of the remaining 

ine targets in the sample is necessary to determine if they also show
ariations in their spectra and can be classified as isolated objects. 
e were awarded time at the Gemini Observatory to obtain time- 

esolved spectroscopy for all nine targets and were able to observe 
even of them. 

Fig. 1 shows the location of these seven targets plus G183-35 in a
olour–magnitude diagram of the 100 pc WD sample. Interestingly, 
everal of our targets seem to be over-luminous, which is indicative 
f a low-mass or excess flux from a companion. Here, we present
ur findings for each system. Section 2 details our observations, and 
n Section 3 we present our results for each target. We discuss the
ature of each object including constraints on their rotation periods 
nd crystallization states, and conclude in Section 4 . 

 OBSERVATIONS  

e obtained time-resolved spectroscopy using the 8 m Gemini North 
nd South telescopes with the Gemini multi-object spectograph 
GMOS) as part of the following programs: GS-2019B-FT-107, GS- 
020A-Q-311, GS-2021A-Q-136, GS-2021A-Q-321, GN-2020A- 
-116, GN-2021A-Q-135, and GN-2021A-Q-318. Given the typical 

hort rotation periods of magnetic WDs, our programs were designed 
o sample periods on the order of minutes and hours. Our observations
re summarized in T able 1 . W e used the R831 grating and a 0.5 

′′ 
slit,

ro viding wav elength co v erage from 5350 to 7710 Å and a resolution
f 0.376 Å per pixel. A comparison lamp exposure was taken after 
very ∼15 min of science exposures for each target. We used the
RAF Gemini gmos package to reduce these data. 

For LHS 1243, our initial sampling was not fine enough to con-
train the rotational period. We obtained additional spectra for LHS 

243 at the 6.5 m Magellan telescope with the MagE spectrograph. 
e used the 0.85 

′′ 
slit, providing wavelength coverage from about 

400 to 7000 Å with a resolving power of R = 4800. Given the short
otational period, we obtained 16 × 80 s exposures to better sample 
he period. 
 RESULTS  

f our seven targets, we are able to constrain the rotational period for
hree targets (LHS 1243, LHS 2273, and PM J15164 + 2803) based
n the periodic variations in their line centres. We generate Lomb–
cargle periodograms using the orbital fit code MPRVFIT (De Lee 
t al. 2013 ) for these three tar gets. One tar get (G62-46) shows clear
ariations but we were unable to observe it long enough to constrain
ts period. The remaining targets do not show variations in their
railed spectra, likely because their rotation periods are longer than a
ew hours. The analysis of each target is presented in the following
ubsections. 

Before fitting the spectra with an offset dipole model, we construct
tmosphere models for each target based on their T eff and log g as
etermined from Caron et al. ( 2023 ), who used Gaia DR3 parallaxes,
an-STARRS grizy , and near-IR JHK photometry. The physical 
arameters for each target are given in Table 2 . 
Based on these atmospheric parameters, we construct a grid of 
agnetic spectra using an offset dipole model to determine the 

iewing angle i , magnetic field strength B d , and dipole offset a z .
ig. 1 of Achilleos & Wickramasinghe ( 1989 ) shows the 3D model
or this geometry, and Fig. 4 of Bergeron, Ruiz & Leggett ( 1992 )
emonstrates the magnetic model spectra when varying one of these 
arameters and holding the other two constant. As the field strength
ncreases, the Zeeman-split components increase in separation from 

he central H α line. Changing the dipole offset a z tends to affect the
epth of the split line profiles. Bergeron et al. ( 1992 ) demonstrated
hat it is not possible to constrain the viewing angle from the line
rofiles alone. As a result, we only allow B d and a z to vary as free
arameters and manually change inclination to search for the best- 
tting model. Our grid includes various inclination values, but we 
et the inclination to a fixed value before we begin the fitting process
nd adjust it if no acceptable solution is found using that inclination
alue. 

Rolland & Bergeron ( 2015 ) found that the only way to match
he line depths in their spectra was to assume each object was in
n unresolved binary with a DC WD, ef fecti vely diminishing the
epths of the line profiles. Though we assume most of our targets
re isolated, we do include this DC offset in our analysis to match
ine depths between the spectra and our model fits. It is impossible
o match the observed line profiles without the addition of this DC
omponent. Our lowest mass targets (LHS 1243, G160 −51, and LP
26 −48) are likely in binary systems given that they are too low mass
 M < 0.5 M �) to have formed via single-star e volution. Ho we ver, this
oes not rule out the possibility of an inhomogeneous atmospheric 
omposition for these low mass objects. The line profiles simply 
annot be fit by magnetic pure H atmosphere models, which is true
or all targets in our sample. The new flux when including the DC
ffset is given by equation ( 1 ): 

otal Flux = Flux DA + DC offset ∗ Flux (DA ,λ) (1) 

Here, Flux DA is the initial flux of the WD. The DC offset term is
iven in Table 2 and is multiplied by Flux DA at a given wavelength,
, which is then added back to the original flux to obtain the new
ux, Total Flux. Note that for G183 −35, Kilic et al. ( 2019 ) allowed

he ef fecti ve temperature to vary in their fits in order to match the
epths of the absorption features. Hence there is no corresponding 
C offset given for G183 −35. 
We list several relevant parameters for each WD in Table 2 ,

ncluding the ef fecti ve temperatures and masses from the photometric 
ts (Caron et al. 2023 ), as well as the best-fitting magnetic field
trength and rotation period when applicable. We also calculate the 
MNRAS 523, 5598–5609 (2023) 
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Table 1. Summary of observations for each target. The format for the exposures is (number of exposures) x 
(exposure duration in min). 

Object Gaia DR3 ID RA (J2000) Dec. (J2000) Short exp. Long exp. 

LHS 1243 4983839647522981504 01:24:03.9 −42:40:38.4 16 × 1.33 min 27 × 5 min 
G160 −51 3189621320226676736 04:12:26.3 −11:17:47.3 None 27 × 5 min 
LHS 2273 3882611201058534400 10:29:07.5 + 11:27:19.3 None 25 × 4.1 min 
G62 −46 3711214067185666560 13:32:50.7 + 01:17:06.3 14 × 2 min 15 × 5 min 
GD 175 6332763530870415488 15:05:49.3 −07:14:40.9 14 × 2 min 55 × 3 min 
PM J15164 + 2803 1271649969930799872 15:16:25.1 + 28:03:20.9 14 × 2 min 15 × 5 min 
LP 226 −48 1341543072245722752 17:14:50.8 + 39:18:37.4 14 × 2 min 17 × 4 min 

Table 2. Physical parameters of all eight WDs in our sample. The ef fecti ve temperature and masses are derived from the photometric 
fits from Caron et al. ( 2023 ). For the fast rotators, we list the range of magnetic field strengths found in our fits. 

WD ID T eff (K) Mass (M �) Rotation period (hr) B d (MG) v T (km s −1 ) Cooling age (Gyr) DC offset 

LHS 1243 6400 0.430 0.216 10–10.6 53 1.4 1.5 
G160 −51 7450 0.385 N/A 3.2 47 0.8 0.1 
LHS 2273 7041 0.806 0.648 16.0–17.2 78 3.1 1.5 
G62-46 7204 0.829 approximately an hour 6.3–7.7 54 3.1 1.5 
GD 175 6889 0.647 N/A 3.2 26 1.9 1.1 
PM J15164 + 2803 8073 0.682 0.576 2.2–3.2 24 1.3 1.5 
LP 226–48 6743 0.485 N/A 2.1 38 1.3 1.0 
G183-35 6880 0.794 3.98 8.6–10.4 66 3.2 –

Figure 2. Left: Gemini time-resolved spectroscopy for LHS 1243 o v er 2.3 hr. 
Each exposure is 5 min long. Variations are clear but only hold for one 
exposure at a time. Right: Magellan time-resolved spectroscopy over 26 min 
(16 × 80 s exposures). Here the starting split line position holds for ∼4 
exposures, then shifts for ∼4 exposures, then shifts back. 
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ransv erse v elocity and list the cooling ages from the literature, which
ill be important in the conclusions. 

.1 LHS 1243 

ig. 2 shows the trailed spectra for LHS 1243. Our Gemini
bserv ations, sho wn in the left-hand panel, revealed variations
n the split lines. Here we see three split components, with the
uter pair abruptly changing wavelength positions from exposure
o exposure. Both lines shift away from the central line by ∼30 Å
efore returning to their original location. Given that these shifts
re not continuous, we were unable to constrain the period based
n the 5 min long exposures from Gemini alone, though it is clear
he rotational period should be on the order of ∼10 min. Since
hese exposures were too long to constrain the period, we obtained
NRAS 523, 5598–5609 (2023) 
ollow-up spectra at Magellan with 80 s exposures, shown in the
ight-hand panel of Fig. 2 . The lines still seem to shift abruptly but
old their position for multiple exposures compared to our Gemini
ata. 
In Fig. 3 (top left) we confirmed the periodicity by using the line

entres from the central H α component to generate a Lomb–Scargle
eriodogram with the Magellan data. We used the line centres in the
rst spectrum as the ‘rest wavelength’ and obtained a short rotational
eriod of 12.96 ± 0.2 min, with a low velocity semi-amplitude of
.7 ± 1.6 km s −1 . This gives a mass function of f = (8.5 ± 4.3) ×
0 −7 M � and a minimum mass companion of 0.005 ± 0.001 M �.
iven that the outer components of the split H α line also vary at the

ame period, the observed variations in the line centre is clearly not
ue to binarity, but because of a complex magnetic field structure
esulting in the line position variations as the WD rotates. Note that
HS 1243 could still be in a binary system since it has a relatively

ow mass of M = 0.43 M �. 
Fig. 4 shows the model fits to two of our spectra for LHS 1243.
ithout incorporating the DC offset (shown as the dotted line), all

hree components of the H α line are deeper than observed, which
ould have a significant impact on the best-fitting solution. This

arget was previously studied by Subasavage et al. ( 2007 ) who
sed Johnson V , Kron–Cousins RI , and 2MASS JHK magnitudes to
etermine its T eff and log g. Their composite spectrum for this object
ound a solution of i = 65 ◦, B d = 9.5 MG, and a z = 0.06. Given the
egeneracies in fitting composite spectra of rapidly rotating magnetic
Ds, we assumed the same viewing angle and a positive dipole offset

n our fits. B d is slightly larger in our model fits, but given the rapid
otation in this system, our constraints on the B -field strength are
uperior. 

Fig. 5 (top left) shows how the best-fitting B d varies across
he Magellan observations. For the first five exposures, the split
omponents are closer to the central line in the trailed spectra,
esulting in a lower B d solution ranging from 10.0 to 10.3 MG. At
he sixth exposure, the split lines move further from the central
ine, resulting in a larger B d solution of 10.5 MG. The field strength
emains high for several exposures before dropping back down
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Figur e 3. Lomb–Scar gle periodograms for our three tar gets that we could 
constrain the rotational period for. In all three cases, the period is well abo v e 
the 0.1 per cent false-alarm probability limit. From top to bottom: LHS 1243, 
LHS 2273, and PM J15164 + 2803. 

t
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Figure 4. Best fits (solid red line) to two separate spectra of LHS 1243 
showing the differences in line position and the resulting effect on the dipole 
field strength. Note that while the of fset v alue is also different and would 
change the output model, these values are within the uncertainties whereas 
the magnetic field strengths are not. The dotted red line shows the same 
model but without the DC offset included. This results in deeper H α lines 
that cannot match the observed lines. 

Figure 5. The best-fitting B d of each spectrum for our four targets that show 

spectroscopic variability. The changing position of the Zeeman-split H α lines 
in the spectra results in a different B -field strength. From top left to bottom 

right: LHS 1243, LHS 2273, PM J15164 + 2803, and G62-46. 
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o around 10.3 MG for multiple exposures, and then increasing to 
0.6 MG for the remaining spectra. 

.2 LHS 2273 

ig. 6 shows the trailed spectra for LHS 2273. Here the variations in
he line positions are more gradual compared to LHS 1243. The total
MNRAS 523, 5598–5609 (2023) 
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Figure 6. Time-resolved Gemini spectra for LHS 2273 o v er 1.85 hr. The 
Zeeman-split components vary o v er a period of 39 min. 
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Figure 7. Representative fits to two of our LHS 2273 spectra. 
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hift is ∼60 Å but occurs o v er the span of nine exposures, where each
xposure is 4.13 min long. Fig. 3 (top right) shows the Lomb–Scargle
iagram for LHS 2273 based on the shifts in the central H α line.
ased on this and also the variations seen in the split components,

he best-fitting period is 38.88 ± 2.53 min. 
Fig. 7 shows fits to two of the spectra for LHS 2273. Here the B -

eld strength changes slightly from 16.0 to 17.2 MG. Fig. 5 (top right)
isplays how the best-fitting magnetic field strength varies o v er our
bservations, o v erall matching the pattern seen in the trailed spectra
s the components oscillated from shorter to longer wavelengths.
he split lines start out far from the central line, resulting in a higher
 d solution of ∼17 MG. The lines then quickly mo v e closer to the
entral line, dropping the solution to 16 MG. Over the next several
pectra, the split lines gradually mo v e a way from the central line,
esulting in a gradually increasing B d solution, reaching 17.2 MG.

e were able to capture multiple rotations with our Gemini data,
o the B d strength continues to gradually oscillate between 16.0 and
7.2 MG and allows us to easily constrain the period. 
Bergeron, Ruiz & Leggett ( 1997 ) previously fit this target using a

entred dipole model and found B d = 18 MG and i = 60 ◦. Ho we ver,
he predicted Zeeman components were much deeper than observed,
ence the initial prediction of an unresolved DC companion. Given
hat we are using an offset dipole model, and we include the
nresolved DC companion to better fit the fluxes of the Zeeman
omponents, our best-fitting model parameters differ slightly . Hardy ,
ufour & Jordan ( 2023 ) used the SDSS spectrum of this target to fit

he same three parameters and found B d = 19.18 MG, a z = 0.30, and
 = 46 ◦. The slight difference in the magnetic field strength and the
otable discrepancy in a z are not surprising given the rapid rotation of
his object, the degeneracies in fitting magnetic WD spectra, and that
he SDSS spectra are composite of multiple 15 min long exposures. 

.3 PM J15164 + 2803 

ig. 8 shows the trailed spectrum for our final target we could
onstrain the period for, PM J15164 2803. The oscillations are clear
NRAS 523, 5598–5609 (2023) 
ut the magnetic field strength is low, resulting in smaller o v erall
avelength shifts of ∼10 Å. Ho we ver the depths of the H α lines

hange rapidly as evident by the contrast in darker and lighter pixels
rom spectrum to spectrum. This does not have a large effect on the
 d solution but does change a z which should be constant throughout

he spectra. 
Fig. 3 (bottom) shows the Lomb–Scargle diagram for PM

15164 + 2803 based on the split components of the H α line. The
est-fitting period is 34.56 ± 1.87 min. Fig. 9 shows fits to two of
he spectra for this target. The most notable feature in this figure is
hat our models have trouble matching the depth of the central H α

omponent. 
Fig. 5 (bottom left) shows the magnetic field variations, again
atching the oscillations in the trailed spectra for this object. The
avelength changes in the trailed spectra are relatively small so the
 d solution similarly changes slightly, though the variations are clear,

anging from 2.2 to 3.2 MG. Here the split components start further
rom the central line, so the B d solution is larger, ≈2.8 MG. The lines
hen begin to shift closer to the central line, decreasing the fit B d 

o ≈2.2 MG. Again we were able to observe multiple rotations of
his target, allowing us to easily constrain the period and observe the
hanges in the best-fitting B d . 

Hardy et al. ( 2023 ) also analysed this target, but they found that
he absorption lines were too shallow to fit their models and that no
ombination of parameters could reproduce the observed spectrum.
hough they did not definitively arrive at a specific solution, they
uggested rapid rotation of an inhomogeneous atmosphere as the
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Figure 8. Gemini time-resolved spectroscopy for PM J15164 + 2803. We 
only plot the longer exposure times here given the higher signal-to-noise. 
These observations were taken o v er 1.33 hr. 
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Figure 9. Best fits to two of our PM J15164 + 2803 spectra. Here the depths 
of the H α lines vary significantly, resulting in different a z solutions. 

Figure 10. Trailed spectra for G62 −46. The changes in position are clear, 
but our observation span of 1.33 hr was too short to observe a full rotation. 
Regardless, this target is likely to be a fast rotator. 
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ause. Given that the SDSS spectra are combinations of several 
5 min long exposures and that the rotation period of this object
s about 35 min, it is not surprising that Hardy et al. ( 2023 ) could not
t the SDSS spectrum. 

.4 G62 −46 

ig. 10 shows the trailed spectra for G62 −46. Here we were only
ble to capture ∼1 full rotation so we cannot confidently constrain 
he period. Ho we ver, the v ariations in the split lines are clear, so this
arget is still likely to have a rotational period on approximately an
our’ time-scales. Here, we see wavelength shifts of ∼30 Å. 
Fig. 11 shows two of our examplesinh fits for G62 −46. While

e cannot constrain the rotational period, we still fit each individual 
pectrum. Fig. 5 (bottom right) shows each best B d solution for our
xposures. Once again the patterns seen in the positions of the split
omponents match what we see in the B d strength. The line positions
tart further from the central line then gradually reach their closest
osition halfway through our observations, then mo v e back towards 
he end. The B d similarly starts at its largest value of 7.7 MG and
eaches a minimum of 6.3 MG halfway through our observations, 
hen increases back. 
MNRAS 523, 5598–5609 (2023) 
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Figure 11. Two example fits for G62 −46. 
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.5 The rest 

n Fig. A1 in the Appendix we show the trailed spectra for our
emaining three targets. These three did not sho w v ariations in
heir spectra, so we simply combined the spectra into an average
o increase the signal-to-noise, and then fit the combined spectrum.
hese fits are shown in Fig. A2 . The field strengths for these three

argets range from 2.1 to 3.2 MG. 
Hardy et al. ( 2023 ) analysed LP 226 −48 and found B d = 2.4 MG,

 z = 0.30 for i = 50 ◦, whereas we found B d = 2.1 MG, a z = −0.13
or i = 30 ◦. The B -field measurements are consistent within the
rrors, but the difference in a z is likely due to the noticeably different
nclination adopted in that work. 

We are unable to produce an adequate fit for G160 −51. This
arget is very different from the rest of the sample; the Zeeman-split
omponents separate from the central H α line, which is deeper and
roader on average than the other targets. The low surface gravity
btained from the photometric fit suggests this target is a low-mass
D with M = 0.385 M � and it is likely in a binary system with

nother DA companion that could explain the unusual H α line
rofile. 

 DISCUSSION  

.1 Rotational variability 

f the 10 WDs in proposed unresolved binaries from Rolland &
ergeron ( 2015 ), we now have obtained time-resolved spectroscopy
n eight of them (including G183 −35 from Kilic et al. 2019 ), five
f which show variations in their spectral features on the scale
f hours or shorter. In this work, we successfully constrained the
otation periods for three targets by observing the changing position
n their Zeeman-split H α lines: LHS 1243, LHS 2273, and PM
15164 + 2803. Each target has a rotation period less than an hour:
2.96 ± 0.2, 38.88 ± 2.53, and 34.56 ± 1.87 min, respectively. 
We used an offset dipole model to fit each spectrum to see how the

verage surface magnetic field strength changes as the WD rotates.
he strength for each target varies from 10–10.6, 16.0–17.2, and
.2–3.2 MG, respectively. The magnetic field itself does not change
trength, rather with the magnetic axis offset from the rotation axis,
e see a different magnetic field distribution across the stellar surface

s the objects rotate. G62 −46 shows clear variations but the rotation
eriod is longer than our observations, though not by much. The
emaining three targets did not show any variations in their spectra,
o we simply fit one model to the combined spectrum. It is likely
hese targets have rotation periods much longer than a few hours. 

.2 Patchy atmospheres 

ll of our targets require dilution by a hypothetical DC companion
or a likely DA companion in the case of G160 −51) in order to match
he line profile depths between our models and observations. Without
t, our model spectra al w ays produce deeper line profiles that result
n poor fits to the observ ations. Ho we ver, there is no e vidence of
ignificant radial velocity variations in our data. All of the variations
een in the H α line profiles of our targets can be explained by
otational modulation of a complex magnetic field structure. 

In Rolland & Bergeron ( 2015 ), under the assumption of an
nresolved binary, all of these objects were found to be within the
on-DA gap between 5000 and 6000 K (Bergeron et al. 1997 ). Now
ith Gaia parallaxes and assuming single objects, our new estimates
lace them at warmer temperatures between 6400 and 8000 K. It is
NRAS 523, 5598–5609 (2023) 
lear from the discrepancies between the spectroscopic (Rolland &
ergeron 2015 ) and photometric temperature estimates (Caron et al.
023 ) and also the discrepancies between the predicted and observed
ine profiles that these atmospheres are not pure H. In fact, rotation of
 magnetic WD with a chemically inhomogeneous surface, similar to
he Ap/Bp stars, can explain the spectroscopic variations seen in these
tars. Note that the three low mass WDs in our sample are likely in
nresolved binaries, but can still have inhomogeneous atmospheres.
GD 323 is an excellent example of a WD with an inhomogeneous

urface composition, where the strengths of the H and He lines
hange o v er a period of about 3.5 h (Pereira, Bergeron & Wesemael
005 ). GD 323 is hot enough to show both H and He lines, and
herefore is classified a DAB, but our targets are too cool to show He
bsorption lines. In the case of GD 323, Pereira et al. ( 2005 ) argued
hat an inhomogeneous surface composition can be the result of the
ilution of a thin hydrogen atmosphere with the underlying helium
onvection zone. The presence of magnetic fields on MG scales rules
ut the same scenario for our targets. Tremblay et al. ( 2015 ) ran
adiative magnetohydrodynamics simulations and found that even
 magnetic field of ∼50 kG could suppress convection, which was
bservationally confirmed by Gentile Fusillo et al. ( 2018 ). Given
hat all of our targets have fields strong than 2 MG, it seems likely
hat there should be no conv ectiv e mixing in our targets. Hence, the
ource of an inhomogeneous composition in our targets is currently
nclear. 
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.3 Source of magnetism 

e first consider the fossil origin of the magnetic field from Ap/Bp
tars in our rapid rotators. We use the initial–final mass relation from
ummings et al. ( 2018 ) to estimate the initial mass of the progenitor

tars from our WD masses. LHS 1243 is too low mass (0.430 M �)
o ha ve ev olved from single star evolution. It is extremely likely
his object underwent some binary interaction in the past, leading 
o both the short rotation period and the magnetic field. This would
nvolve two common envelope evolutionary phases similar to NLTT 

2758 (Kawka et al. 2017 ) as well as a dynamo driven by differential
otation (Tout et al. 2008 ; Briggs et al. 2018b ), or the expulsion
f the majority of the envelope during a common envelope phase 
erger. PM J15164 + 2803 has a mass of 0.68 M �, which yields an

nitial mass of 2.41 M �. Our more massive targets, LHS 2273 and
62 −46 (0.806 and 0.829 M �), yield similar initial masses of 3.33

nd 3.45 M �. Therefore, it is possible for our higher mass targets
o have originated from these highly magnetic main-sequence stars. 
o we ver, Hermes et al. ( 2017 ) analysed the rotation rates of pulsating
Ds using asteroseismology and found that WDs that evolved from 

.7–3.0 M � progenitors typically have approximately a day’s rotation 
eriods. These progenitors form average mass WDs (0.51–0.73 M �), 
nd all four of our WDs with M ≥ 0.68 M � in our sample (see
able 2 ) have hour time-scale rotation periods. Hence, a fossil origin

s unlikely to explain the observed magnetism and rapid rotation in 
hese WDs. 

Crystallization, though still not well understood, could also gener- 
te magnetic fields via the generation of a dynamo. For example, 
inzburg et al. ( 2022 ) show that fields up to 7–10 MG can be
enerated for a crystallized WD with a spin period of 0.5–1 h (see
heir Fig. 4 ). Caron et al. ( 2023 ) performed a spectrophotometric
nalysis of 2880 cool WDs within 100 pc. The vast majority of their
agnetic objects lie within or near the region where crystallization 

ccurs in Mass–T eff space, shown in their fig. 17. This suggests a
trong correlation between the presence of a magnetic field and core 
rystallization. 

Caron et al. ( 2023 ) hypothesized that the transition of most cool
e atmosphere WDs to H-dominated atmospheres may be due to 

he crystallization process. In this scenario, the centre crystallizes 
rst and the crystallization front propagates outward, generating a 
ynamo which creates the magnetic field. This field then inhibits 
onvection, allowing H which was originally diluted in the mixed 
/He envelope to diffuse upwards, resulting in a H atmosphere. 
ence, this scenario could explain the pre v alence of H atmosphere
Ds below 5200 K. 
We reproduce the stellar mass versus ef fecti ve temperature dia- 

ram for the Caron et al. ( 2023 ) sample here in Fig. 12 , highlighting
ur sample of magnetic WDs with large red circles. Among our 
ight magnetic DA WD targets, only three have begun crystallization. 
ased on the evolutionary models (B ́edard et al. 2020 ), we expect
HS 2273, G62 −46, and G183 −35 to have 17, 18, and 46 per cent
f their cores crystallized. 
Note that the evolutionary models shown in Fig. 12 assume equal 

mounts of C and O in the core. If the oxygen abundance in the
ore is higher (e.g. ∼0.8; Giammichele et al. 2018 ; Giammichele, 
harpinet & Brassard 2022 ), crystallization would start earlier 
ecause the average charge of the ion and the coupling constant 
re larger. At 0.7 M �, a larger oxygen abundance in the core would
hift the start of crystallization from T eff = 7000 to 8000 K. Hence,
he crystallization region (the area between the two blue lines shown 
n Fig. 12 ) could encompass almost all magnetic WDs included 
n this figure, including all but the three lowest mass WDs in our
ample. 
While crystallization could be the driving force for dynamo 
eneration in five of our targets, three of our targets have not begun
rystallizing, nor can crystallization explain the rapid-rotation shown 
n five of our targets. Binary evolution is the most likely candidate
or the observed rapid rotation in addition to the source of the
agnetic field. We include the discussion of crystallization-driven 

ynamos given that it could play a role for five of our targets, but
e expect that seven of our targets have undergone some form of
inary evolution in the past. Additionally, not every WD that lies
ithin the crystallization region in Fig. 12 is magnetic, so it would

eem crystallization alone cannot produce the dynamo required to 
enerate a magnetic field. It is tantalizing to suggest rapid rotation is
lso needed to drive up this dynamo and produce magnetism. Only
ne of our crystallized targets (GD 175) does not show signs of hour
ime-scale rotations, though it could rotate on day-long time-scales. 
urther time-series spectroscopy on these magnetic WDs that lie 
ithin the crystallization region could determine what fraction have 

ast rotation periods and if this rotation aids in producing magnetism
n crystallized WDs. 

Bagnulo & Landstreet ( 2022 ) found two distinct magnetic WD
opulations based on mass: those abo v e 0.75 M �, which are al-
ost certainly merger products given the high mass and extremely 

trong magnetic fields ( ∼100 MG); and those below 0.75 M �,
ikely the products of single-star evolution and fields that actually 
row o v er time, typically in the first 2–3 Gyr of cooling (see
lso Amorim et al. 2023 ). The class of hot (10 000 K < T eff <

5 000 K) carbon-rich DQs exhibit properties consistent with double- 
egenerate mer gers: lar ge mass ( > 0.8 M �; Coutu et al. 2019 ),
igh transverse velocity, rapid rotation, and magnetism (Dunlap & 

lemens 2015 ). To determine the progenitors of these objects, 
awka, Ferrario & Vennes ( 2023 ) conducted population synthesis 

tudies for double degenerate mergers and He star mergers with 
 WD. They found that the double-degenerate mergers produced 
Ds with larger delay times, higher mass, and older kinematic 

ges. These findings are consistent with the hot carbon-rich DQs 
nd strongly support the idea that they form via double-degenerate 
ergers. 
Binary mergers can explain a significant fraction of ultramassive 
Ds (Kilic et al. 2023 ), ho we ver binary e volution is still rele v ant

v en for av erage mass WDs. Binary population synthesis calculations
f Temmink et al. ( 2020 ) find that the mass distribution of single
Ds that form through binary mergers peak at 0.64 M �, with a
edian at 0.65 and mean at 0.71 M �. Briggs et al. ( 2015 ) considered

nly mergers that could generate magnetic WDs and found a mean
redicted mass of 0.88 M � for magnetic WDs compared to 0.64 M �
or all WDs. Observational signatures of a single WD that form
hrough binary evolution may include rapid rotation, magnetism 

Tout et al. 2008 ), or large tangential velocity. 
Of our eight targets, three of them (LHS 1243, G160 −51, and LP

26–48) are too low mass to have formed via single star evolution
 M < 0.5 M �) given the age of the Universe. Hence, these three stars
ust have gone through binary evolution. LHS 1243 also happens 

o be the fastest rotator in our sample. Of the remaining five targets
hat are more average in mass, four of them (WD 1026 + 117, PM
15164 + 2803, G62 −46, G183 −35) have magnetic field strengths on

G scales and rotate on minute/hour time-scales, strong indicators 
f past binary interactions. 
We also calculate the transverse velocity of each target using 

roper motions and parallaxes from Gaia DR3 to see if any of
hem are outliers in their kinematics compared to the Galactic disc.
emmink et al. ( 2020 ) showed that the ages of single WDs that
orm through binary evolution are significantly underestimated, and 
MNRAS 523, 5598–5609 (2023) 
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M

Figure 12. Stellar masses as a function of ef fecti ve temperature for WDs in the Caron et al. ( 2023 ) sample. Solid curves are theoretical isochrones, labelled 
in units of 10 9 yr, obtained from cooling sequences with C/O-core compositions, q (He) ≡ M (He)/ M � = 10 −2 , and q (H) = 10 −4 . The lower blue solid curve 
indicates the onset of crystallization at the centre of evolving models, while the upper one indicates the locations where 80 per cent of the total mass has solidified. 
The dashed curve indicates the onset of convective coupling, while the dotted curve corresponds to the transition between the classical to the quantum regime 
in the ionic plasma. Our targets are marked in large red circle. 
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hat individual WDs appear ∼1 Gyr younger than they are if binary
volution is ignored. Hence, some of the single WDs that form
hrough binary evolution may appear as outliers in their kinematics.
ilic et al. ( 2020 ) looked at the velocity distributions for DAs
ith cooling ages below and abo v e 2 Gyr. F or our five targets that

re younger than 2 Gyr, only one (LHS 1243, the fastest rotator)
as a notably large velocity of 53 km s −1 , faster than ∼70 per cent
f other young DAs. All three of our older targets though have
arger transv erse v elocities than ∼60 per cent of the rest of the
opulation older than 2 Gyr, with LHS 2273 and G183 −35 (both
ast rotators) in the top ∼10 and 20 per cent, respectively. This
ltimately leaves one object with no particularly noteworthy quali-
ies, GD 175. This object has a mass of 0.65 M �, an unremarkable
ransv erse v elocity, and no signs of rotation. Hence, sev en of the
ight magnetic WDs in our sample sho w e vidence of past binary
volution that would explain their rapid rotation, magnetism, or low
ass. 
An emerging class of magnetic WDs dubbed ‘DAHe’ show

ariable He emission with short rotation periods (Manser et al.
023 ; Reding et al. 2023 ). Their similarities to our sample are noted
iven the rapid rotation and magnetic field strengths. However, this
lass of ∼25 objects occupy a much narrower range of mass and
olour, and their formation mechanism is still unclear. Therefore,
e cannot make any direct connections between that class and our

ample besides the idea of binary interactions/mergers. Time-series
pectroscopy of additional magnetic WDs across a wider range of
NRAS 523, 5598–5609 (2023) 
f fecti ve temperatures and masses will be necessary to detect more
ystems with variable line profiles and confirm this hypothesis, as
ell as further advances in the theoretical framework of magnetic
eld generation. 
To summarize, seven of our eight targets show at least two

ndicators of binary evolution: magnetism, and either rapid rotation
r low mass. LHS 1243 has both a low mass and short rotational
eriod. G160 −51 and LP 226–48 do not show signs of rapid rotation
 ut ha ve too low mass to have formed from single-star evolution.
HS 2273, G62 −46, PM J15164 + 2803, and G183–35 are average
ass b ut ha ve rotational periods typical of binary evolution products.
rystallization could play a role in generating a dynamo for five of
ur targets including GD 175, ho we ver this mechanism itself cannot
xplain the rapid rotation we see in the four other objects. It is
ossible that the magnetic field of GD 175 is truly a fossil field but
e cannot rule out crystallization either. 
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odels to three of our targets that did not show significant variations
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Figure A1. Trailed spectra for our remaining targets that do not show significant spectroscopic variations: GD 175, LP 226–48, and G160 −51. 
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Figure A2. Fits for the combined spectra of GD 175, LP 226–48, and G160 −51. The poor fit for G160 −51 (bottom) suggests this target may be in a binary 
with a DA companion. 
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