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A B S T R A C T 

A new class of white dwarfs, dubbed DAHe, that present Zeeman-split Balmer lines in emission has recently emerged. Ho we ver, 
the physical origin of these emission lines remains unclear. We present here a sample of 21 newly identified DAHe systems 
and determine magnetic field strengths and (for a subset) periods that span the ranges of � 6.5–147 MG and � 0.4–36 h, 
respectively. All but four of these systems were identified from the Dark Energy Spectroscopic Instrument surv e y sample of 
more than 47 000 white dwarf candidates observed during its first year of observations. We present detailed analysis of the 
new DAHe WD J161634.36 + 541011.51 with a spin period of 95.3 min, which exhibits an anticorrelation between broad-band 

flux and Balmer line strength that is typically observed for this class of systems. All DAHe systems cluster closely on the 
Gaia Hertzsprung–Russell diagram where they represent � 1 per cent of white dwarfs within that region. This grouping further 
solidifies their unexplained emergence at relatively late cooling times and we discuss this in context of current formation theories. 
Nine of the new DAHe systems are identifiable from Sloan Digital Sk y Surv e y spectra of white dwarfs that had been previously 

classified as featureless DC-type systems. We suggest high-S/N (signal-to-noise ratios), unbiased observations of DCs as a 
possible route for disco v ering additional DAHe systems. 

Key words: line: profiles – magnetic fields – surv e ys – stars: individual: WD J161634.36 + 541011.51 – white dwarfs. 
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 I N T RO D U C T I O N  

he study of magnetic fields and its effect on matter is important
cross scientific disciplines and their applications, such as magnetic
esonance imaging in the field of medicine (Lauterbur 1973 ). The
ighest continuous field strength generated in the laboratory is
ecorded at 0.455 MG (Hahn et al. 2019 ), but to investigate fields
eyond this we must study and characterize astronomical sources.
 E-mail: c.j.manser92@googlemail.com 
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hite dwarfs, the remnant cores left o v er from the stellar evolution
f main-sequence stars up to masses of � 8–10 M �, have weaker
elds than the more massive neutron stars (Truemper et al. 1978 ;
lausen & Kaspi 2014 ), but are significantly easier to observe and

haracterize (for re vie ws, see Wickramasinghe & Ferrario 2000 ;
errario, Wickramasinghe & Kawka 2020 ). 
Since the disco v ery of the first magnetic white dwarf,

rw + 70 ◦8247, more than half a century ago (Kemp et al. 1970 ),
everal hundred systems are now known with fields in the range
f ∼10 −3 to 10 3 MG (K ̈ulebi et al. 2009 ; Ferrario, de Martino &
 ̈ansicke 2015 ; Bagnulo & Landstreet 2022 ). These white dwarfs
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ave been predominantly identified by the Zeeman splitting of 
pectroscopic absorption features (Preston 1970 ; Angel et al. 1974 ; 
chmidt et al. 2003 ), although other methods can be used such
s spectropolarimetric measurements that can detect the weakest 
ilogauss fields in bright nearby white dwarfs with broad-band 
ircular polarization (Kemp et al. 1970 ; Bagnulo & Landstreet 2020 ;
erdyugin et al. 2022 , 2023 ) or with polarization in spectral lines

Angel & Landstreet 1970 ; Aznar Cuadrado et al. 2004 ; Jordan et al.
007 ; Landstreet & Bagnulo 2019 ) and the detection of cyclotron
mission/absorption from accreting systems with a magnetic white 
warf primary (Visvanathan & Wickramasinghe 1981 ; Schwope, 
euermann & Thomas 1990 ; Bailey, Ferrario & Wickramasinghe 
991 ; Campbell et al. 2008 ). 
The generation of magnetic fields in isolated white dwarfs cannot 

ome from a single mechanism (Bagnulo & Landstreet 2021 , 2022 ),
nd multiple channels have been proposed, which include (i) fossil 
elds strengthened by magnetic flux conservation as stars evolve 

nto white dwarfs (Woltjer 1964 ; Landstreet 1967 ; Tout, Wickramas- 
nghe & Ferrario 2004 ), (ii) conv ectiv e dynamos driv en in binary

ergers (Reg ̋os & T out 1995 ; T out et al. 2008 ; Nordhaus et al. 2011 ;
arc ́ıa-Berro et al. 2012 ; Wickramasinghe, Tout & Ferrario 2014 ), or
y giant-planet engulfment (Siess & Livio 1999 ; Farihi et al. 2011 ),
nd (iii) conv ectiv e dynamos driv en by crystallization of the cores of
hite dwarfs as they cool down (van Horn 1968 ; Isern et al. 2017 ;
chreiber et al. 2021a , b , 2022 ; Ginzburg et al. 2022 ). 
A rare subset of magnetic white dwarfs shows Zeeman-split 

almer emission (DAHe), first identified in the white dwarf GD 356 
Greenstein & McCarthy 1985 ). Three DAHe white dwarfs are cur- 
ently known 1 (G ̈ansicke et al. 2020 ; Reding et al. 2020 ; Walters et al.
021 ), which all appear to be near the age at which crystallization
ets in (Schreiber et al. 2021b ) potentially explaining both their 
mergence in the white dwarf cooling sequence and their magnetic 
elds. Additionally, these DAHe systems are fast rotators with spin 
eriods in the range of 0.09–15.3 h. Isolated white dwarfs typically 
ave spin periods of 1–3 d (Hermes et al. 2017 ), and the accretion
f planetary material by these white dwarfs could provide a source 
f angular momentum to spin them up (Stephan, Naoz & Gaudi 
021 ). The presence of planetary material around white dwarfs is
ot unexpected, as the survi v al of planetary systems into the white
warf phase of their host star is evidenced through the presence, 
estruction, and accretion of planetary bodies (Zuckerman & Becklin 
987 ; Jura 2003 ; Zuckerman et al. 2003 ; G ̈ansicke et al. 2006a , 2019 ;
anderburg et al. 2015 , 2020 ; Blackman et al. 2021 ; Cunningham
t al. 2022 ; Gaia Collaboration 2022 ). 

While a crystallization-driven convective dynamo could produce 
 magnetic field in these white dwarfs, the generation mechanism 

f Zeeman-split emission is still uncertain. Observ ations sho w that 
he Zeeman-split emission is strongest at photometric minimum 

n these DAHe systems. This coincidence suggests that these 
hite dwarfs host a temperature-inverted, optically thin emission 

e gion sitting abo v e a photospheric dark region. The photometric
ariability induced by these dark regions has been observed in 
any magnetic white dwarfs (Wickramasinghe & Ferrario 2000 ), 

nd is thought to be generated by the change in the inhomo-
eneous field distribution o v er the visible surface of the white
warf while it rotates. The resulting photometric variability has 
 Two potentially additional systems show Balmer-line emission but no 
etectable magnetic field: WD J0412 + 7549 (Tremblay et al. 2020 ; Walters 
t al. 2021 ) and WD J1653 −1001 (O’Brien et al. 2023 ), dubbed DAe white 
warfs. 

e  

e  

n
e
f  

e  
reviously been attributed to a reduction in the temperature in areas
f high magnetic field strength, akin to a sunspot. Ho we ver, recent
heoretical works suggest that photometric variability in magnetic 
adiative main-sequence stars is due to changes in their emergent 
pectrum rather than their bolometric flux (Fuller & Mathis 2023 ),
lthough further work is needed to extend this result to white 
warfs. 
For GD 356, the size of both of these emitting and photometrically

arker regions covers � 10 per cent of the white dwarf surface (Fer-
ario et al. 1997 ; Brinkworth et al. 2004 ). One potential explanation
or these systems is the unipolar inductor model (Goldreich & 

ynden-Bell 1969 ; Li, Ferrario & Wickramasinghe 1998 ; Wickra- 
asinghe et al. 2010 ), whereby a close-in conductive body, such

s a planetary core, induces a current that heats up the white
warf atmosphere at the magnetic poles. Ho we ver, this model is
ebated (Walters et al. 2021 ), and other possibilities could include
he presence of an intrinsic chromosphere in these white dwarfs. As
nly three confirmed DAHe systems are currently known, enlarging 
his class of stars is crucial for understanding these white dwarfs and
etermining their origin. 
In this paper, we report the identification of 21 new DAHe

ystems. 17 of these systems were identified by the Dark Energy
pectroscopic Instrument (DESI; DESI Collaboration 2016a , b ) 
n the Mayall 4-m telescope at Kitt Peak National Observatory 
KPNO), and four were disco v ered from reinspection of archi v al
loan Digital Sky Survey (SDSS; York et al. 2000 ; Eisenstein
t al. 2011 ; Blanton et al. 2017 ) spectroscopy of featureless DC
hite dwarfs. In Section 2 , we present detailed observations for the
AHe, WD J161634.36 + 541011.51 (hereafter WD J1616 + 5410), 
hich shows Zeeman emission and photometric variability on an 
 95.3-min period. In Section 3 , we present our results of analysing

he presence of a magnetic field and photometric variability in 
D J1616 + 5410. In Section 4 , we give details on the 21 DAHe white

warfs we have identified. In Section 5 , we calculate the occurrence
ates of DAHe white dwarfs and discuss the potential theories for why 
hese systems cluster at late cooling times on the Gaia Hertzsprung–
ussell diagram (HRD). Finally, we summarize our findings in 
ection 6 . 

 OBSERVATI ONS  

.1 Spectroscopy 

.1.1 DESI 

ESI on the Mayall 4-m telescope at KPNO is a multi-object
pectroscopic instrument capable of collecting fibre spectroscopy 
n up to � 5000 targets per pointing (DESI Collaboration 2022 ).
he fibres are positioned by robot actuators and are grouped into
0 petals that feed 10 identical three-arm spectrographs, each 
panning 3600–9824 Å at a full width at half-maximum resolution 
f � 1.8 Å. The interexposure sequence that includes telescope 
lewing, spectrograph read-out, and focal plane reconfiguration can 
e completed in as little as � 2 min (DESI Collaboration 2022 ).
ESI started main surv e y operations on 2021 May 14 and will
btain spectroscopy of more than 40 million galaxies (Raichoor 
t al. 2020 , 2023 ; Zhou et al. 2020 , 2023 ) and quasars (Y ̀eche
t al. 2020 ; Chaussidon et al. 2023 ) o v er 5 yr to explore the
ature of dark matter. During sub-optimal observing conditions (for 
xample, poor seeing or high lunar illumination), observations switch 
ocus to nearby bright galaxies (Ruiz-Macias et al. 2020 ; Hahn
t al. 2022 ) and stars (Allende Prieto et al. 2020 ; Cooper et al.
MNRAS 521, 4976–4994 (2023) 
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Figure 1. The coadded spectrum of WD J1616 + 5410 in grey with the rest wavelengths of the Balmer series denoted by orange tabs. An inset highlights the 
H α region where Zeeman-split emission is seen. The spectrum is featureless beyond 7000 Å. 

Table 1. Log of DESI spectroscopy for WD J1616 + 5410, where HJD is 
given for the time the spectrograph shutter opens. 

# HJD (d) Exp. Night Exp. Fibre 
time (s) ID 

1 2459288.9659351 900.1 2021 03 14 80 503 4903 
2 2459288.9787686 900.1 2021 03 14 80 504 4903 
3 2459288.9909529 900.1 2021 03 14 80 505 4903 
4 2459289.0030943 900.1 2021 03 14 80 506 4903 
5 2459289.0152451 900.1 2021 03 14 80 507 4903 
6 2459311.8965222 636.4 2021 04 06 83 738 4631 
7 2459312.9428680 259.5 2021 04 07 83 886 4631 
8 2459323.9773956 913.5 2021 04 18 85 357 4839 
9 2459323.9888389 956.2 2021 04 18 85 358 4839 
10 2459324.9054519 326.7 2021 04 19 85 511 4839 
11 2459337.9370142 1431.0 2021 05 02 86 988 4921 
12 2459338.9186979 800.9 2021 05 03 87 122 4921 
13 2459340.9281868 835.3 2021 05 05 87 379 4530 
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022 ). The DESI Early Data Release (EDR; DESI Collaboration
t al. 2022 ) contains approximately � 4400 white dwarf candidates
Cooper et al. 2022 ) from the Gentile Fusillo et al. ( 2019 ) Gaia
R2 sample, and a full description of the reduction pipeline is
iven by Guy et al. ( 2023 ). The first year of DESI observations
ill constitute the DESI DR1, and combined with the DESI EDR

ontain o v er 47 000 white dwarf candidates. The EDR will contain
urv e y validation data (DESI Collaboration, in preparation), where
argets often have more repeat observations than in main surv e y
perations. 
We identified a total of 17 DAHe systems through visual inspection

f the DESI EDR and DR1 samples [see Section 4 , which includes
he white dwarf WD J1616 + 5410 (Fig. 1 )]. As WD J1616 + 5410
as observed during survey validation, many repeat spectra were

aken in varied conditions (leading to a visible spread in the signal-
o-noise ratios, S/N), resulting in 13 individual exposures collected
y DESI from 2021 March 14 to 2021 May 5, which are presented
n Table 1 . The first five exposures were taken consecutively with an
xposure time of � 900 s, and show clear variation of the Balmer
eatures, exhibiting both emission and absorption features (see
ig. A1 ). Given the variations detected in the DESI spectroscopy,
e inspected archi v al Zwick y Transient F acility (ZTF) data to probe

or photometric variability. 
NRAS 521, 4976–4994 (2023) 
.1.2 SDSS 

he SDSS has been taking multiband photometry and multfibre
pectroscopy since 2000, using a 2.5-m telescope located at the
pache Point Observatory in New Mexico (Gunn et al. 2006 ). We

etrieved the archival SDSS spectroscopy (DR17, Abdurro’uf et al.
022 ) of 2621 white dwarfs classified as ‘DC’ within the Gaia /SDSS
hite dwarf catalogue of Gentile Fusillo et al. ( 2019 ), using the

PECTRAL CLASS identifier. We identified four new DAHe systems
rom this sample which are discussed further in Section 4.2 . 

.2 Time-series photometry 

.2.1 ZTF 

TF is a robotic time-domain surv e y using the Palomar 48-inch
chmidt Telescope (Bellm et al. 2019 ; Masci et al. 2019 ). Utilizing
 47 deg 2 field of view, ZTF can scan the entire sky in � 2 d, making
t a powerful surv e y for identifying photometrically variable sources
t optical wavelengths. The ZTF observed WD J1616 + 5410 and
e collected the photometry provided by Data Release 11 (Masci

t al. 2019 ). Between 2018 March to 2022 March, ZTF obtained
 total of 1124 and 1202 30 s exposures in the g band and r
and, respectively (T able 2 ). W e computed a preliminary Lomb–
cargle periodogram (Lomb 1976 ; Scargle 1982 ) using the PYTHON

ackage astropy.timeseries (Astropy Collaboration 2013 ,
018 , 2022 ), and identified a strong periodic signal at � 47.6 min,
hich spurred us on to collect additional photometry on the Liverpool
elescope (LT) to confirm the variability. 

.2.2 LT 

he LT is a 2-m robotic telescope situated on the island of La
alma (Steele et al. 2004 ). We obtained three nights of data on

he LT, on 2022 May 26, May 28, and May 31, collecting 41 960 s
xposures totaling � 7 h (T able 2 ). W e used the IO:O imager with the
DSS- g filter providing variability information over the wavelength
ange 4000–5500 Å, co v ering H β, H γ , and H δ where photometric
ariability is expected for magnetic white dwarfs. We used the
tandard LT pipeline to provide bias subtraction and flat fielding.
ifferential photometry based on SEXTRACTOR (Bertin & Arnouts
996 ) was then used to extract the light curve by comparing the flux
ith the comparison star, SDSS J161657.97 + 540954.4. The LT light
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Table 2. Log of ZTF and LT photometry for WD J1616 + 5410. 

Telescope Night Band First exp. (HJD) Last exp. (HJD) Exp. time (s) # of exp. 

ZTF Multiple g 2458203.895314 2459641.895052 30 1124 
ZTF Multiple r 2458198.893930 2459641.868801 30 1202 
LT 2022 May 26 g 2459726.541376 2459726.704541 60 180 
LT 2022 May 28 g 2459728.509526 2459728.563321 60 60 
LT 2022 May 31 g 2459731.487386 2459731.650531 60 179 

Figure 2. LT photometry of WD J1616 + 5410. The horizontal dashed line corresponds to the median value of the LT photometry. 
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urve of WD J1616 + 5410 exhibits clear periodic behaviour (Fig. 2 ),
ith variations o v er a magnitude range of � 0.14 mag on a period in

greement with that identified from the ZTF photometry, although 
here are clear changes in the strength at maxima and minima. 

 RESULTS  

.1 Magnetic field variations 

ig. A1 reveals clear variations in the H β and H α features where
pectra show both three-component absorption (e.g. #2, #4, and 
6) and emission (e.g. #3, #12, and #13), a behaviour that has
lso been reported for the DAHe white dwarf WD J125230.93–
23417.72 (hereafter WD J1252–0234; Reding et al. 2020 ). This 
s due to Zeeman splitting of the energy levels for H β and H α in the
resence of a magnetic field. In spectrum #4, the absorption features 
re consistent with the linear Zeeman-splitting regime where the 
hree σ−, π , and σ+ components are clearly seen. As the magnetic 
eld strength increases, the energy de generac y due to orbital angular
omentum, l , will eventually be lifted and these three components 
ill split further, resulting in 18 (15) transitions in H β (H α), where

he 2p −1 → 4d −1 and 2p 1 → 4d 1 (2p −1 → 3d −1 , and 2p 1 → 3d 1 )
ransitions are still degenerate (Henry & O’Connell 1985 ). This is
nown as the quadratic Zeeman effect and is apparent in the H β

egion of spectrum #3, where the central π component is blue- 
hifted, in addition to all three emission features having broader 
rofiles consistent with the lifting of energy de generac y. 
We measured the magnetic field strength, B , for spectra #3, #4,
nd #12, as they were the clearest profiles recovered from the DESI
pectroscopy, and assume B is constant throughout the emitting or 
bsorbing area of the white dwarf atmosphere. We used the transition
avelengths as a function of B provided by Schimeczek & Wunner

 2014a , b ) and compared these to the Zeeman-split profiles (Fig. 3 ),
here we obtained B values of 6.5 ± 0.1, 4.3 ± 0.1, and 3.5 ± 0.2 MG

or spectra #3, #4, and #12, respectively. Spectra #3 and #4 were
aken sequentially with only � 3.5 min of downtime (consistent 
ith the time taken for the interexposure sequence), and suggest 

hat the white dwarf is rotating fairly rapidly and that a localized
mitting hotspot is rotating in and out of view. The hotspot must
e sufficiently localized as the width of the σ profiles do not allow
or a significant variation in B , which has been previously seen for
he DAHe WD J121929.50 + 471522.94 (hereafter WD J1219 + 4715;
 ̈ansicke et al. 2020 ). For a centred-dipolar field configuration on

he white dwarf, the field strength near the magnetic equator is a
actor 2 lower than the field strength at the poles (Achilleos et al.
992 ), which is in rough agreement with the variations between
pectra #3 and #4. Spectrum #12 w as tak en � 50 d after #3 and
4, but is suggestive of two separate localized emitting hotspots 
ith two different field strengths i.e an offset dipole or quadrupolar
eld (Martin & Wickramasinghe 1984 ; Achilleos & Wickramasinghe 
989 ; Achilleos et al. 1992 ). If this interpretation is correct and
he dipole is simply offset in the direction of the magnetic axis
Achilleos et al. 1992 ), we expect the variation between spectrum
3 and spectrum #12 to be periodic and separated by � 0.5 in
hase. 
MNRAS 521, 4976–4994 (2023) 
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Figure 3. Continuum normalized spectra of WD J1616 + 5410 showing the 
H β and H α regions of spectra #3, #4, and #12 (see Table 1 ), where the 
continuum flux has been multiplied by the estimated field strength for 
each spectrum. The emission spectra #3 and #12 are observed in the two 
photometric minima and originate from the two magnetic poles of the white 
dwarf (see Fig. 6 ), whereas spectrum #4 is observed during a photospheric 
maximum where the poles are most out of view (see Fig. 5 ). 
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.2 Period analysis 

ith the combined set of ZTF and LT data, we computed Lomb–
cargle periodograms for the ZTF r -band data and the LT and
TF g -band data. Owing to an offset between the ZTF and LT g -
and data of about 0.05 mag, we subtracted the median magnitude
f each data-set separately before combining them. The resulting
eriodograms are shown in Fig. 4 , where the 47.6444 ± 0.0003 min
ignal is immediately reco v ered from both the g -band and r -band
ata with excellent agreement between the two. We determined
he error on the period by calculating the standard deviation of a
NRAS 521, 4976–4994 (2023) 

igur e 4. Lomb–Scar gle periodogram calculated from combined ZTF and LT g -
oom-ins on the strongest signal, with a period of P g = 47.6444 ± 0.0003 min and
rue period from the analysis of the magnetic field (see Figs 3 and 5 ). Vertical dashe
he horizontal dashed line corresponds to a false alarm probability of 1 per cent for
aussian profile fitted to the signal peak in the periodogram. There
re potential alias periods present in the ZTF and LT data, with some
t a frequency half that of the dominant signal. Given the variation in
axima and minima seen in the LT light curve, we inspected phase-

olded light curves on both a 47.6444 ± 0.0003 min period and a
5.2889 ± 0.0005 min period. The � 95.3 min phase-fold shows two
axima and minima per cycle (Fig. 5 ), and we interpret this as the

rue period of variability. To obtain a more precise estimate of the
eriod, we performed a χ2 fit using the sinusoidal function 
 Mag =
 sin (2 π t / P − φ) around the � 95.3-min value, where t is the time
f each 
 Mag measurement, P is the period, A is the amplitude,
nd φ is the phase zero-point. This resulted in a period solution of
5.288 828 ± 0.000 023 min which we provide as our final solution.
he variations seen in the ZTF and LT g -band data behave in a
imilar manner, whereas the ZTF r -band data appear to vary at a
lightly reduced amplitude; a colour dependence on the strength of
ariability that has been previously observed at DAHe white dwarfs
Reding et al. 2020 ). 

With the multi-epoch DESI spectroscopy sho wing v ariations in the
trength of both the observed magnetic field and Balmer emission,
e convert the shutter open time and exposure duration from Table
 to phase space which are shown in Fig. 5 . It is immediately
lear that spectra #3 and #12 are offset in by � 0.5 in phase, with
pectrum #3 (#12) aligned with the deepest (shallowest) minima
n the photometry at phase � 0.2 (0.7). These observations are
onsistent with those seen at all confirmed DAHe white dwarfs
Ferrario et al. 1997 ; Brinkworth et al. 2004 ; G ̈ansicke et al. 2020 ;
eding et al. 2020 ; Walters et al. 2021 ). For WD J1616 + 5410,
e suggest an offset dipole field configuration with the two
agnetic poles that rotate in and out of view (see Fig. 6 for a

oy model), both of which hav e colocated, temperature-inv erted,
ptically thin hotspots. These magnetic poles have differing magnetic
eld strengths, resulting in slightly different photometric minima
hen the poles are in view. When viewing the system equator-on,
e expect the white dwarf to be at photometric maximum and its
band photometry (grey) and ZTF r -band photometry (orange). Insets show 

 twice that period at 2 P g = 95.2889 ± 0.0005 min which appears to be the 
d lines are placed at the frequencies corresponding to the noted periods, and 
 signals obtained from the combined ZTF and LT g -band photometry. 
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Figure 5. Bottom: LT and ZTF g -band light curves folded onto a period of 95.288 828 ± 0.000 023 min, twice the period identified from Fig. 4 . We also 
include ZTF r -band data phase-folded on to the same period and binned into 0.02 phase bins. Top: Horizontal blue tabs show the span of the DESI spectra of 
WD J1616 + 5410, where number of each tab matches the ‘#’ column of Table. 1 . Two phase cycles are shown for clarity. 

Figure 6. A toy model of the field geometry for an offset magnetic dipole at 
WD J1616 + 5410. The magnetic axis, z, is misaligned by the angle, θ , with 
respect to the rotational axis, ω. The centre of the dipolar field, D , is offset 
from the centre of the white dwarf with radius R WD . The two magnetic poles 
of the white dwarf are labelled as � 1 and � 2 , where � 1 has a higher field 
strength as it is located closer to the centre of the dipole. An observer sees 
the system along the line of sight (l.o.s.) which is at an angle, φ, from the 
rotational axis. As the white dwarf rotates, the magnetic distribution and the 
visibility of the magnetic poles to the observer will vary. 
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pectrum to present the lowest field strengths with Zeeman-split 
bsorption , as the poles are no longer in full view at the limbs
f the observable hemisphere (Fig. 6 ). This is consistent with the
ESI spectra and LT and ZTF photometry, where spectra #2, #4,

nd #6 each align with one of the two photometric maxima in
ig. 5 . 
Other epochs of spectroscopy have poor S/N, or show featureless 

#5) or potentially blended emission and absorption features (#13). 
he relatively long exposure times ( � 13 min) of the DESI spec-

roscop y are lik ely to blame for the blended or featureless profiles,
nd the poor S/N achieved for spectrum #7 in a short exposure show
he limits achie v able with serendipitously obtained, surv e y-based
bserv ations. Follo w-up observ ations at a higher S/N and shorter
xposure times are required to further analyse the spectroscopic 
ariability seen at WD J1616 + 5410. 

 I DENTI FI CATI ON  O F  2 1  A D D I T I O NA L  DA H E  

YSTEMS  

.1 DESI identified DAHe systems 

oti v ated by the identification of WD J1616 + 5410, we expanded
ur search for DAHe white dwarfs in the DESI EDR and DR1
amples which include observations of o v er 47 000 white dwarf
andidates from Gentile Fusillo et al. ( 2019 ). The Zeeman-split
almer profiles can shift from their rest-wavelengths location across 
 significant fraction of the optical spectrum when magnetic field 
trengths reach several tens of MG (see fig. 2 of Schmidt et al.
003 ), making it difficult to select for these systems with simple
riteria (e.g. equi v alent width at the rest wavelength of H α). We
herefore opted to visually inspect the entire sample searching for 
pectra with signs of emission features across the entire spectral 
ange of DESI. In addition to WD J1616 + 5410, we identified 30
MNRAS 521, 4976–4994 (2023) 
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Table 3. DAHe white dwarfs observed by DESI and SDSS. Emboldened values are taken from the literature 
(G ̈ansicke et al. 2020 ; Reding et al. 2020 ), and for WD J1616 + 5410 we give the highest field strength observed 
from the multi-epoch observations. The last column indicates whether emission is visible in SDSS spectroscopy. 
Systems with no SDSS spectra are marked with the ‘-’ symbol. Periods marked † may be half the true white 
dwarf spin period in case that two poles contribute to the observed photometric modulation, and those marked 
∗ are tentative. Two significant signals were identified for WD J0110–1020 and we provide both here. We also 
provide 14 low confidence candidates identified from DESI spectroscopy where magnetic field strengths could 
not be determined. 

DESI Systems G B (MG) P (h) 
Emission identifiable in SDSS 

spectrum? 

WD J125230.93–023417.72 17.46 5.0 0.09 –
WD J161634.36 + 541011.51 18.24 6.5 1.59 –
WD J144626.01 + 282600.21 18.22 7.3 0.75 ∗ No 
WD J175611.14 + 335230.75 17.36 13.6 –
WD J145207.19 + 325240.45 19.26 14.2 Yes 
WD J155807.89 + 381649.61 19.79 18.4 –
WD J121929.50 + 471522.94 17.53 18.5 15.26 Yes 
WD J082337.16 + 383816.50 19.12 18.7 No 
WD J150057.83 + 484002.41 18.65 19.0 1.42 No 
WD J075224.17 + 472422.44 18.53 21.0 1.21 † Yes 
WD J140916.34–000011.32 18.64 23.5 Yes 
WD J041926.91–011333.28 17.81 34.0 1.65 –
WD J171101.52 + 654549.87 18.74 37.7 Yes 
WD J001319.16 + 240111.02 19.34 42.3 –
WD J002844.20 + 055931.27 18.48 45.2 –
WD J075429.35 + 661106.64 16.72 56.1 1.37 –
WD J073227.97 + 662310.18 17.58 99.1 34.3 –
WD J063357.87 + 561413.12 17.93 116 –
WD J132035.85 + 324925.05 18.60 147 Yes 

SDSS systems 

WD J011027.51–102008.82 17.52 9.3 6.63/9.16 Yes 
WD J101949.67 + 114148.73 18.88 10.5 0.44 ∗ Yes 
WD J122619.77 + 183634.46 16.23 11.5 Yes 
WD J143657.48 + 210714.67 17.22 60.0 Yes 

DESI Candidates 

WD J004736.08–154326.57 17.99 –
WD J012915.76–152430.04 18.51 –
WD J031921.71–035432.96 18.38 –
WD J041321.81–061330.41 19.65 –
WD J043042.29 + 003025.69 19.78 –
WD J071203.03 + 440710.94 19.33 –
WD J073547.95 + 682836.51 18.18 –
WD J102242.40 + 330550.42 18.70 –
WD J112444.53 + 564204.17 18.90 No 
WD J124333.86 + 031737.13 18.58 No 
WD J125940.74 + 623449.82 17.76 No 
WD J143740.61 + 030900.68 17.57 –
WD J165132.13 + 374410.33 18.92 No 
WD J173835.47 + 144120.91 18.69 8.96 ∗ –
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otential systems as well as two of the previously known DAHe
ystems; WD J1219 + 4715 and WD J1252–0234 (G ̈ansicke et al.
020 ; Reding et al. 2020 ). We attempted to identify magnetic
eld strengths for the 30 candidate DAHe white dwarfs in a
anner similar to what was done for WD J1616 + 5410. We were

ble to confirm 16 of the candidates as new DAHe by matching
heir emission features with Zeeman-split Balmer-line transitions
Table 3 ). For most of the systems we only had a single DESI
pectrum, with six systems having two, three, or four spectra, and
ence we could obtain no information on the field topology. For
ompleteness we also list the 14 systems where a magnetic field
ould not be associated with the emission features as DESI DAHe
andidates. 
NRAS 521, 4976–4994 (2023) 
.2 SDSS identified DAHe systems 

ight of the DAHe systems identified from their DESI spectra were
reviously observed by the SDSS and classified as DC white dwarfs
McCook & Sion 1999 ; Harris et al. 2003 ; Eisenstein et al. 2006 ;
leinman et al. 2013 ; Kepler et al. 2015 , 2016 ; Gentile Fusillo et al.
019 ; McCleery et al. 2020 ), in addition to the previously published
ystem WD J1219 + 4715 (G ̈ansicke et al. 2020 ). In five of these
ystems (see Table 3 ) there is evidence of Zeeman-split Balmer-
ine emission in the SDSS spectra, although it is not surprising
hese subtle features were missed as the class of DAHe white
warfs has only recently been established. In fact, GD 356, the
rototypical system was originally classified as a DC white dwarf
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Greenstein 1974 ; Ferrario et al. 1997 ). This moti v ated us to visually
e-inspect the all the 2621 SDSS spectra of white dwarfs classified 
s DCs (see Section 2.1.2 ), and disco v ered an additional four DAHe
ystems: WD J011027.51–102008.82, WD J101949.67 + 114148.73, 

D J122619.77 + 183634.46, 2 and WD J143657.48 + 210714.67 
hereafter WD J0110–1020, WD J1019 + 1141, WD J1226 + 1836, 
nd WD J1436 + 2107, respectively). We were able to mea- 
ure magnetic field strengths for all four new DAHe systems 
Table 3 ). 

The DESI and SDSS spectra of all 20 new DAHe (in addition
o WD J1616 + 5410) are shown in Fig. B1 , where each spectrum is
ormalized at the B value that best matches the emission features. 

.3 Periodic signals from ZTF data 

e searched the ZTF data of each of the additional 20 DAHe
hite dwarfs and 14 candidates for periodic signals in a similar
anner to the analysis of WD J1616 + 5410. We identified significant

hotometric signals for eight of the DAHe systems and one of the
andidates, which are reported in T able 3 . W e associate most of
hese signals with the spin period of the white dwarf, although 
n some cases ambiguities between more than one photometric 
ignal remain, and we recommend dedicated photometric follow- 
p to corroborate the periods detected in the ZTF data – ideally 
ollowing a strategy similar to the one we used for WD J1616 + 5410,
hich pro v ed v ery efficient. We were not able to identify significant
eriodic signals for 12 of the 21 new DAHe systems reported here,
ncluding WD J1226 + 1836 which is a relatively bright system with
 = 16.2 within the volume-limited 40-pc sample of white dwarfs

McCleery et al. 2020 ; Tremblay et al. 2020 ). This strongly suggests
hat photometric variability based searches for DAHe white dwarfs 
ill be biased and incomplete. We propose that an unbiased, high- 
/N spectroscopic surv e y of DC-identified white dwarfs in the region
f the Gaia HRD identified by equation ( 1 ) will provide a more
omplete sample of DAHe systems. 

 DISCUSSION  

.1 Occurrence rates of DAHe white dwarfs 

e show the white dwarf cooling sequence in the Gaia HRD in Fig. 7 ,
ighlighting the location of the three previously published DAHe 
ystems (WD J1252–0234, GD356, and WD J1219 + 4715), the two 
Ae white dwarfs (which show Balmer-line emission but no Zeeman 

plitting) WD J0412 + 7549 (Tremblay et al. 2020 ; Walters et al.
021 ) and WD J1653–1001 (O’Brien et al. 2023 ), WD J1616 + 5410
nd our additional 20 DAHe white dwarfs, as well as the 14 candidate
AHe systems. The clustering of the DAHe systems on the white 
warf cooling track is striking, and suggests that their presence in 
his confined parameter space is related to an evolutionary process 
hich occurs at late ( � 1 Gyr) cooling times. Previous studies have

lready commented on the tight clustering of the DAHe systems on 
he Gaia HR diagram (G ̈ansicke et al. 2020 ; Walters et al. 2021 ),
ith Schreiber et al. ( 2021b ) suggesting that this is partially due to

he onset of crystallization. 
To estimate the occurrence rate of these DAHe systems within the 

ocation they cluster in, we constructed an area defined by the set of
 Kawka & Vennes ( 2006 ) noted that WD J122619.77 + 183634.46, also 
nown as LP 435 −109, hosted H α emission and suggested the system may 
e a close binary, but classified the system as a DC. 

w

3

4

quations, 

 abs + 

15 

4 
( G BP − G RP ) − 13 . 6 > 0 

G abs − 8 

3 
( G BP − G RP ) − 11 . 7 > 0 

 abs + 

15 

4 
( G BP − G RP ) − 15 . 7 < 0 

G abs − 8 

3 
( G BP − G RP ) − 13 . 0 < 0 (1) 

hich is depicted in Fig. 7 (we did not include the 14 DAHe
andidates to constrain this region). We visually inspected the DESI 
DR and DR1 spectra of 5155 white dwarf candidates contained 
ithin this area, and identified 5056 single white dwarfs, 19 white
warfs in binaries, 3 21 extra-galactic sources (e.g. quasars), 18 
tellar spectra, and 41 objects for which the spectroscopy was 
oo poor to determine their nature. Of the 5056 isolated white
warfs, we reco v er the 17 new DAHe white dwarfs identified here
n addition to two of the previously known systrems, WD J1252–
234 and WD J1219 + 4715 (Table 3 ). This results an occurrence rate
f O DAHe/WD = 0.38 ± 0.09 per cent for white dwarfs in the area
efined by equation ( 1 ) exhibiting observable Zeeman-split Balmer 
ines in emission, with uncertainties determined by sampling from a 
inomial distribution. 
From our visual inspection of the � 47 000 DESI EDR and DR1

hite dwarf candidates we also identified 368 magnetic DA white 
warfs without Balmer-line emission (DAHs), 4 of which 72 are 
resent in the boxed region (Fig. 7 ). Using the same method as
bo v e, we determine an occurrence rate of DAHs without emission
n the boxed region as O DAH/WD = 1.4 ± 0.2 per cent. Taking the
otal number of magnetic DA white dwarfs in the box (72 DAH plus
9 DAHe systems), O D AHe/(D AH + DAHe) = 21 ± 4 per cent are DAHe
ystems. 

O DAHe/WD and O DAH/WD are strict lower limits for DAHe and DAH
ystems given S/N constraints on identifying weak features, as well 
s possible phase-dependent emission that are not seen in the DESI
xposures (e.g. spectrum #4 in Fig. 3 would be identified as a DAH
ather than a DAHe). O DAH/WD is also additionally effected by the
bility to detect fields using the presence of Zeeman-splitting in 
almer absorption features below � 1 MG. 
To factor in the bias of detecting faint emission features at higher

/N values, we recalculated the abo v e occurrence rates for a series
f sub-samples which had a lower limit set on S/N in the range
bserved for the DAHe systems (17.8 ≤ S/N ≤ 140). The number 
f white dwarf spectra in these sub-samples decreased from 1884 
o ten. The occurrence rates are reasonably consistent o v er a range
f 30 ≤ S/N ≤ 90, with median values and standard deviations of
 DAHe/WD = 1.5 ± 0.3 per cent, O DAH/WD = 3.4 ± 0.5 per cent, and
 D AHe/(D AH + DAHe) = 30 ± 5 per cent. We take these as the occurrence 

ates of DAH and DAHe from the DESI sample, although they are
till likely lower limits (Table 4 ). 

To compare against a more complete sample, we calculated 
he same occurrence rate of DAH and DAHe systems to isolated
hite dwarfs in the 40 pc volume-limited sample of white dwarfs

McCleery et al. 2020 ; Tremblay et al. 2020 ; O’Brien et al. 2023 )
ontained in the box ed re gion in Fig. 7 . The 40 pc sample benefits
rom many (but not all) white dwarfs having dedicated observations 
ith higher S/N compared with DESI spectroscopy. The region 
MNRAS 521, 4976–4994 (2023) 

 This includes WD J154905.35 + 193132.60, a newly identified AM CVn. 
 Full information on these targets will be released in a future paper. 
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Figure 7. Gaia HR diagram showing the three literature DAHe systems (triangles), two DAe systems (pentagons), WD J1616 + 5410 (star), the additional 20 
DAHe systems identified in this paper (circles) and the 14 DAHe candidates (hexagons; Table 3 ). White dwarf candidates within 100 pc (grey dots, Gentile 
Fusillo et al. 2019 ), and DAH white dwarfs identified in the DESI EDR and DR1 samples (pink squares) are also plotted. The grey box shows the region bound 
by equation ( 1 ). The black dotted lines show the cooling tracks of 0.6, 0.8, and 1.0 M � DA white dwarfs (B ́edard et al. 2020 ). The red solid and dashed lines 
show the crystallization sequences (which are a function of white dwarf mass) for thick- and thin-hydrogen atmosphere models, respectively, where 20 (upper) 
and 80 per cent (lower) of the white dwarf has crystallized. 

Table 4. Occurrence rates, O X / Y , of systems X compared to sample of Y 
systems for the DESI and 40-pc samples in the area on the Gaia HRD 

described by equation ( 1 ) (see text and Fig. 7 ). DESI occurrence rates are 
determined using spectra with S/N in the range 30 ≤ S/N ≤ 90. 

Occurrence rate 
DESI 

(per cent) 
40 pc 

(per cent) 

O DAHe/WD 1.5 ± 0.3 1.3 ± 1 . 1 
0 . 7 

O DAH/WD 3.4 ± 0.5 8 ± 2 
O D AHe/(D AH + DAHe) 30 ± 5 14 ± 10 
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f interest contains 168 isolated white dwarfs of which 13 are
AH systems, resulting in an occurrence rate of O DAH/WD40pc =
 ± 2 per cent. O DAH/WD40pc and O DAH/WD are in rough agreement
 � 2.3 σ difference), although the 40 pc sample has a larger occur-
ence rate which we attribute to the increased S/N and spectral reso-
ution of that sample, allowing weaker fields (i.e. narrower Zeeman
plitting) to be probed. WD J1226 + 1836, identified here as a new
AHe system from SDSS spectra, is the second DAHe found in the
0 pc sample after GD 356 (WD J0412 + 7549 and WD J1653–1001
re DAe white dwarfs) and we find O DAHe / WD40pc = 1 . 3 ±1 . 1 

0 . 7 per cent
hich is in excellent agreement with O DAHe/WD . Finally, we obtain

n occurrence rate of DAHe systems compared to all magnetic
hite dwarfs (DAHe + DAH) in the 40-pc sample in the boxed

egion as O D AHe / (D AH + D AHe)40pc = 14 ±10 
7 per cent. The 1:1 ratio of

 Ae:D AHe systems in the 40-pc sample is tentatively suggestive
f an unidentified population of DAe systems in the spectroscopic
hite dwarf samples from DESI and SDSS , but identifying these

s beyond the scope of this study. A summary of the occurrence
ates calculated for the DESI and 40 pc samples are given in 
able 4 . 
The occurrence rates calculated abo v e suggest that � 10–

0 per cent of DAH systems in the box ed re gion show emission
NRAS 521, 4976–4994 (2023) 
eatures, implying DAHe may be far more common than previous
earches have indicated. These DAHe white dw arfs lik ely either form
rom DAH white dwarfs, where a mechanism begins to produce
pectral emission features, or they form from DAs, where both the
agnetic field and emission features emerge together. If DAH white

warfs are the progenitors for DAHe systems, the origin of the
mission is not necessarily a phase that all DAH white dwarfs go
hrough, or it is a phase that is not long lived. If instead a subset of
As transition into DAHe white dwarfs, then this channel could
otentially provide up to an � 45 per cent increase in magnetic
ydrogen-atmosphere white dwarfs o v er this region of the cooling
rack. Schreiber et al. ( 2021b ) recently suggested that a rotational-
nd crystallization-driven dynamo in a DA white dwarf enhanced
y the accretion of planetary material could explain the presence of
AHe white dwarfs. 

.2 Discussion on the origin of DAHe systems 

.2.1 Can the late onset of DAHe white dwarfs in the Gaia HRD be 
xplained by the production of a magnetic field from a 
rystallization-driven convective dynamo? 

he stellar spin-up resulting from the accretion of planetary material
Stephan et al. 2020 ) along with the onset of crystallization setting
p a conv ectiv e dynamo offers a potentially plausible scenario for
he appearance of magnetic Balmer emission features at a specific
ime in the cooling sequence of isolated white dwarfs (Isern et al.
017 ; Ginzburg et al. 2022 ). Ho we v er, recent studies hav e brought
nto question whether the conv ectiv e v elocities in crystallizing white
warfs are large enough to explain the observed magnetic field
trengths (Fuentes et al. 2023 ). Here, we focus on whether the
bserv ational e vidence is in agreement with a crystallization-dri ven
ynamo generating the magnetic fields seen in DAHe systems. 
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Figure 8. Magnetic field strength against spin period for DAHe white dwarfs 
from literature (orange triangles, G ̈ansicke et al. 2020 ; Reding et al. 2020 ; 
Walters et al. 2021 ) and this paper (blue circles). Two significant periodic 
signals were identified for WD J0110–1020, which are connected by a grey 
line. A slight positive trend is seen, which is not in agreement with the 
relationship B ∝ P 

−1/2 determined by Ginzburg et al. ( 2022 ) for a magnetic 
field generated by a crystallization-driven convective dynamo. 
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Spin-up of a white dwarf and the generation of a magnetic 
eld have been previously linked to planetary bodies through the 
ngulfment of sub-stellar bodies in a common envelope during the 
ed/asymptotic giant branch phases along with a common envelope 
riven dynamo (Siess & Livio 1999 ; Farihi et al. 2011 ). The presence
f these bodies is expected, and four such giant sub-stellar candidates 
hat hav e surviv ed the giant branch phases have already been
dentified around white dwarfs (G ̈ansicke et al. 2019 ; Vanderburg 
t al. 2020 ; Blackman et al. 2021 ; Gaia Collaboration 2022 ). While
lanetary engulfment during a common envelope could explain the 
ore rapid spin periods and presence of a magnetic field for DAHe
hite dwarfs, the generation of a magnetic field during the common 

nv elope cannot e xplain the appearance of DAHe systems at late
imes in the Gaia HRD. 

To examine the scenario that the onset of DAHe systems is in
art due to crystallization, we used the evolutionary models of 
 ́edard et al. ( 2020 ) 5 to determine the crystallization tracks for thick
ydrogen atmospheres ( M H / M WD = 10 −4 , where M H is the mass of
ydrogen in the white dwarf atmosphere and M WD is the white dwarf
ass) and thin hydrogen atmospheres ( M H / M WD = 10 −10 ). These

rystallization tracks are plotted in Fig. 7 with upper and lower 
ounds denoting 20 and 80 per cent of the white dwarf mass being
rystallized, respectively, as presented in Tremblay et al. ( 2019 ). 

Out of the 24 6 known DAHe systems, only 10 fall within the region
t which crystallization sets in. Furthermore, for a crystallization- 
riven dynamo one would expect an anticorrelation between the 
agnetic field strength and the spin period of the white dwarf 

see Ginzburg et al. 2022 , and their fig. 4). Ho we ver, the three
AHe systems identified in the literature, along with the nine DAHe 

ystems disco v ered here with ZTF-determined periodic signals, show 

 positive correlation between B and P (Fig. 8 ). This discrepancy was
oted by Ginzburg et al. ( 2022 ) for the three pre viously kno wn DAHe
ystems, and our new additions suggest an even steeper correlation 
etween P and B . A caveat is that the strongest periodic signals
dentified from ZTF photometry may be off by a factor of 2 from
he true rotation period (as it is the case for WD J1616 + 5410);
o we ver, that systematic uncertainty does not change the apparent 
orrelation seen in Fig. 8 . Photometric follow-up of the new DAHe
ystems presented here will eventually allow the dependence between 
agnetic field strength and white dwarf spin period to be more 

igorously tested. 
If a crystallization- and rotation-driven dynamo creates the mag- 

etic fields in these systems, then they should evolve and cool as a
tandard DA white dwarf until they reach the crystallization track and 
ecome magnetic. The distribution of DAHe systems appears to more 
losely match the distribution of DAH white dwarfs in the boxed re-
ion of the Gaia HRD (which are thought to have masses that cluster
round M WD = 0.8 M � identified from the magnitude-limited sample 
f SDSS white dwarfs; Ferrario et al. 2020 ), rather than the canonical
A cooling track for M WD = 0.6 M �. This would suggest that the
rogenitors of DAHe systems are more likely to be similar to DAHs
ather than DAs. Ho we ver, it is also likely that these DAHe systems
av e radiativ e atmospheres, as conv ection should be inhibited by
he presence of a strong magnetic field (Gentile Fusillo et al. 2018 ;
 ̈ansicke et al. 2020 ). The resulting differences in the structures
 Cooling models available at http:// www.astro.umontreal.ca/ ∼bergeron/ 
oolingModels . 
 After submission of this manuscript, a preprint was posted announcing the 
isco v ery of two additional DAHe systems (Reding et al. 2023 ), bringing the 
umber of currently known DAHe systems to 26. 

i  

W  

e  

n
t  

H  

p

f their atmospheres can alter their spectral energy distribution and 
hift their location on the Gaia HRD compared to a standard, non-
agnetic, DA white dwarf. Mismatches between T eff and spectral 

nergy distributions determined from ultraviolet and optical spectra 
ave also been observed for magnetic white dwarfs (Schmidt et al.
986 ; G ̈ansicke et al. 2001 ). In conclusion, the currently available
ata and theoretical models cannot unambiguously constrain whether 
rystallization can ubiquitously explain the emergence of DAHe 
hite dwarfs. Further work on these systems, in particular measuring 

heir spin periods and understanding their location on the Gaia 
RD, is needed to investigate the crystallization-driven dynamo as 
 universal origin mechanism for the DAHe systems. 

.2.2 What is the generation mechanism for emission in DAHe 
hite dwarfs? 

hether or not a crystallization-driven convective dynamo can 
xplain the onset of a magnetic field in these DAHe systems, an
dditional mechanism is needed to produce the observed Zeeman- 
plit emission features. Observations show that these emission 
eatures are produced by optically thin hotspots co-located with 
egions on the white dwarf surface that are darker in the continuum.
he unipolar inductor model, whereby a close-in conductive body 
eats up the white dwarf atmosphere, has been invoked to explain
he temperature-inverted hotspot creating the emission feature seen 
n spectroscopy (Goldreich & Lynden-Bell 1969 ; Li et al. 1998 ;

ickramasinghe et al. 2010 ). The model has also been used to
xplain the apparent cut-off in the Gaia HRD of DAHe systems by a
atural lifetime put in place on the conducting planetary body through 
he Lorentz drift (Veras & Wolszczan 2019 ; G ̈ansicke et al. 2020 ).
o we ver, Walters et al. ( 2021 ) argue that the rapid stellar rotation
eriods inhibit current carriers from reaching the white dwarf and 
MNRAS 521, 4976–4994 (2023) 
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herefore heating the surface. Additionally, these white dwarfs do
ot exhibit metal absorption features indicative of the accretion of
lanetary material (Koester, Pro v encal & Shipman 1997 ; Jura 2003 ).
o we ver, an absence of photospheric metal absorption features has
een observed in the magnetic white dwarfs in polar-type cataclysmic
ariables (G ̈ansicke et al. 2006b ), which are definitively actively
ccreting. The lack of photospheric metals in polars is explained by
he fact that the strong magnetic fields inhibit horizontal spreading
f material before it sinks below the photosphere. In contrast, non-
agnetic cataclysmic variables do all show clearly detectable metal

eatures in their spectra (Sion et al. 1995 ; G ̈ansicke & Beuermann
996 ; Pala et al. 2017 ). Furthermore, as these DAHe white dwarfs
ay have radiative atmospheres, horizontal spreading would also

e suppressed when compared to white dwarfs with conv ectiv e
tmospheres (Cunningham et al. 2021 ), so the lack of photospheric
etal absorption features is not necessarily indicative of a lack of

ccretion. 
Another scenario that has been suggested to explain the occurrence

f DAHe white dwarfs is the presence of a chromosphere and
hromospheric activity in these white dwarfs (Musielak, Winget &
ontgomery 2005 ; Walters et al. 2021 ). Finally, Bagnulo & Land-

treet ( 2022 ) observe an increase in the occurrence of magnetic
hite dwarfs in the volume-limited 40 pc sample o v er the first 2–
 Gyr, where the authors suggest that these fields are left o v er from
arlier stages in evolution and may emerge at later times. While
his range roughly o v erlaps the onset of DAHe white dwarfs, and
ould potentially explain their delayed generation, further work is
eeded to explain the increase in the occurrence of magnetic fields
ith white dwarfs in time and a possible link to DAHe white 
warfs. 

 C O N C L U S I O N  

ven though GD 356, the first DAHe system, was disco v ered o v er
0 yr ago (Greenstein & McCarthy 1985 ), the physical origin of
hese systems remains uncertain. We provide detailed follow-up of a
ew DAHe with multi-epoch DESI spectroscopy, WD J1616 + 5410,
here we identify photometric variability on a 95.3-min period,

nd a magnetic field that varies between 3.5 MG < B < 6.5 MG.
s it has been observed among the previously known DAHe white
warfs, the brightness of WD J1616 + 5410 varies in antiphase with
he strength of the emission features and the observed average mag-
etic field strength across the observable hemisphere. This suggests
hat a photospheric dark spot and an optically thin temperature-
nverted hotspot are co-located close to or at the magnetic
oles. 
We have identified a sample of 21 DAHe systems from the DESI

urv e y and the SDSS, providing a significant increase in the number
f these enigmatic sources known and confirming their clustering at
ate cooling times on the Gaia HRD. We calculate occurrence rates
or these systems using the magnitude-limited DESI sample and the
olume-limited 40-pc sample of white dwarfs, which suggest that
 1 per cent of white dwarfs are classed as DAHe in the region of the
aia HRD where they cluster, and � 10–30 per cent of DAH white
warfs within the same region exhibit Balmer-line emission. Given
0 DAHe systems are identifiable from archi v al SDSS spectroscopy,
ine of which were previously classified as DC white dwarfs, an
nbiased, high-S/N surv e y of DC white dwarfs in the boxed region
f Fig. 7 may reveal more DAHe systems that are currently below
he detection threshold. As only nine of our 21 DAHe systems
ave detectable periodic signals from ZTF data, searches based
n photometric variability are likely to provide a biased sample
NRAS 521, 4976–4994 (2023) 
f systems. Whether or not a crystallization- and rotation-driven
ynamo can create DAHe white dwarfs is not distinguishable using
he currently available data, and further theoretical work is required
o confidently exclude this evolutionary channel. Spectroscopic
nd photometric follow-up of these newly identified DAHe white
warfs will aid the understanding and characterization of these
ystems. 
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pectroscopy from the SDSS and photometry from ZTF are available 
rom their respective public archives. Data presented here along with 
he PYTHON scripts used to produce the figures in this manuscript are
vailable at https://zenodo.org/r ecor d/7581523#.Y9aAX1LP3Ah . 
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Figure A1. Continuum normalized DESI spectra of WD J1616 + 5410 showing the H β and H α regions, which are offset in steps of 0.5 from 1.0 for clarity. 
The spectral numbers correspond to those in Table 1 , where #3 and #4 show the clearest variation of the Zeeman-split Balmer features. 
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PPENDIX  B:  SPECTRA  O F  DA H E  W H I T E  

WARFS  OBSERV ED  BY  DESI  A N D  SDSS 

rovided here are the spectra of DAHe systems observed by DESI
nd SDSS (Table 3 ), with estimated field strengths (Fig. B1 ). 
NRAS 521, 4976–4994 (2023) 

igure B1. Continuum normalized spectra of the newly identified DAHe systems 
een multiplied by the estimated magnetic field strength for each system. Transition
f H β and H α in blue and orange, respectively, and systems are plotted in order of
listed in Table 3 excluding WD J1616 + 5410, where the normalized flux has 
 wavelengths as a function of B are plotted for the Zeeman-split components 
 increasing B . 
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Figure B1. Continued . 
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Figure B1. Continued . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/4976/7075883 by EM
BL user on 06 D

ecem
ber 2024



DAHe white dwarfs from the DESI Survey 4993 

MNRAS 521, 4976–4994 (2023) 

Figure B1. Continued . 
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Figure B1. Continued . 
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