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A B S T R A C T 

The small DAHe and DAe spectral classes comprise isolat ed, hy drogen-dominat ed atmosphere whit e dwarfs that exhibit 
variable photometric flux and Balmer line emission. These mysterious systems offer unique insight into the complex inter- 
play between magnetic fields, stellar rotation and atmospheric activity in single white dwarfs. DAHe stars have detectable 
magnetic fields through Zeeman-split spectral lines, whereas DAe stars lack such splitting. We report the first discovery 

and characterization of magnetism in the DAe white dwarf WD J165335.21 −100116.33 with new time-resolved spectropo- 
larimetry from FORS2. We detect a weak but variable longitudinal magnetic field with values 〈 B z 〉 > −9 . 2 ± 2 . 4 kG and 

〈 B z 〉 < −2 . 2 ± 1 . 0 kG. Independent ZTF and ATLAS photometry reveal a consistent period of P = 80 . 3070 ± 0 . 0007 h. 
Time-resolved optical spectroscopy obtained with six ground-based instruments demonstrates strong modulation in the 
strength of the H α and H β Balmer line emission with P = 80 . 2922 ± 0 . 0108 h. The photometric flux and Balmer emission 

strength vary in antiphase, with the strongest magnetic detections coinciding with phases of low photometric flux and 

strong line emission. These characteristics support the theory that a magnetically active, temperature-inverted spot/region 

is producing an optically thin chromospheric emission region. Comparison with other DAe and DAHe white dwarfs reveals 
all syst ems hav e a strikingly similar antiphase phenomenology, r einfor cing the theory that they are subject to a unified 

physical mechanism. With the detection of a weak magnetic field, we reclassify WD J165335.21 −100116.33 as a low-field 

DAHe white dwarf. 

Key words: methods: data analysis – methods: observational – stars: individual: (WD J165335.21 −100116.33) – stars: in- 
teriors – white dwarfs. 
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 INTRODUCTION  

ver the past decade, the Gaia mission (Gaia Collaboration 2016 , 
022 ) has observ ed ov er tw o billion stars and other celestial
bjects in our Galaxy. From these observations, over ≈ 350 000 
igh-confidence whit e dwarf candidat es hav e been identified (N. 
. Gentile Fusillo et al. 2021 ). Of these, 28 white dwarfs have
een found to exhibit a rare combination of spectral character- 

stics and have been classified as DAHe or DAe white dwarfs
J. L. Greenstein & J. K. McCarthy 1985 ; B. T. Gänsicke et al.
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020 ; J. S. Reding et al. 2020 ; P. E. Tremblay et al. 2020 ; N. Wal-
ers et al. 2021 ; C. J. Manser et al. 2023 ; M. W. O’Brien et al.
023 ; J. S. Reding et al. 2023 ). These degenerate (‘D’) stars pos-
ess hy drogen-dominat ed atmospheres (‘A’), Balmer line emis- 
ion (‘e’), and in many cases exhibit magnetic fields detectable 
ia Zeeman-split emission line triplets (‘H’). Two of these white 
warfs—WD J041246.84 + 754942.26 (hereafter WD J0412 + 7549; 
. E. Tremblay et al. 2020 ) and WD J165335.21 −100116.33 (here-
fter WD J1653 −1001; M. W. O’Brien et al. 2023 ) – are spectro-
copically classified as DAe in the literature, as they do not exhibit
eeman-splitting but show an emission component at the centres 
f their Balmer lines. The remaining 26 stars are classified as
 AHe. While D AHe stars exhibit surface magnetic field strengths

anging from B � 5 - 147 MG (J. L. Greenstein & J. K. McCarthy
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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985 ; B. T. Gänsicke et al. 2020 ; J. S. Reding et al. 2020 ; N. Walters
t al. 2021 ; C. J. Manser et al. 2023 ; J. S. Reding et al. 2023 ),
pper limits for the two DAe white dwarfs were constrained to
 < 0 . 05 MG (A. K. Elms et al. 2023 ). 
The acquisition and analysis of time-resolved spectroscopic

nd photometric data of both classes, grouped together as
A(H)e white dwarfs, is an ongoing endeavor. Measured vari-
bility periods among these stars range from � 0 . 08 - 80 h, mak-
ng complete phase spectroscopic coverage challenging for some
tars. For instance, A. K. Elms et al. ( 2023 ) found WD J0412 + 7549
 o hav e a period of 2 . 289114 ± 0 . 000002 h and acquired full-phase
pectr oscopic coverage, wher eas WD J1653 −1001 had a t entativ e
TF period of 80 . 534 ± 0 . 087 h and only 2.4 per cent phase cov-
r age. Av ailable survey data and targeted spectroscopic follow-up
f DA(H)e white dwarfs have revealed that 57 per cent are photo-
etrically variable and 29 per cent are spectroscopically variable

B. T. Gänsicke et al. 2020 ; J. S. Reding et al. 2020 ; N. Walters et al.
021 ; A. K. Elms et al. 2023 ; C. J. Manser et al. 2023 ; J. S. Reding
t al. 2023 ) – although these are likely lower limits due to in-
ufficient instrumental sensitivity and time–domain coverage for
ome stars. For those DA(H)e white dwarfs that exhibit both types
f variability, an antiphase relationship has been found between
he photometric (flux) and spectroscopic (emission) maxima (B.
. Gänsicke et al. 2020 ; J. S. Reding et al. 2020 ; N. Walters et al.
021 ; A. K. Elms et al. 2023 ; C. J. Manser et al. 2023 ; J. S. Reding
t al. 2023 ). 

DA(H)e white dwarfs are of particular astrophysical interest
s an explanation for the physical origin of their characteristics
emains elusive. They are apparently isolated stars and have a re-

arkable homogeneity in atmospheric parameters, with effective
emperatures 7400 K � T eff � 8500 K and white dwarf masses
 . 5 M � � M WD � 0 . 8 M �. Also, they closely cluster in one region
f the white dwarf cooling track at late cooling times on the
aia Hertzsprung–R ussell diagr am (HRD; B. T. Gänsicke et al.
020 ; N. Walters et al. 2021 ; A. K. Elms et al. 2023 ; C. J. Manser
t al. 2023 ), suggesting that DA(H)e stars may r epr esent a short-
iv ed ev olutionary phase during which magnetic fields of vastly
arying strength generate Balmer line emission. Ther efor e, it is
ikely that intrinsic mechanisms, such as structural evolution
nd/or internal dynamics, are the reason for their observed prop-
rties. The most direct scenario for the observations is that these
tars have a photospheric dark spot/region with a temperature-
nv ert ed and optically thin chromospheric emission region (N.

alters et al. 2021 ). One possible explanation for this behaviour
s that DA(H)e stars have a slowly emerging magnetic field (S.
agnulo & J. D. Landstreet 2022 ; M. Camisassa et al. 2024 ; A.
oss et al. 2025 ). This could be from a conv ectiv e dynamo driv en

y white dwarf core crystallization occurring at a specific time
n the cooling sequence (S. Ginzburg et al. 2022 ; A. F. Lanza
t al. 2024 ), although this interpr etation r emains uncertain (J. R.
uentes et al. 2023 ; D. Blatman & S. Ginzburg 2024 ; M. Castro-
apia, S. Zhang & A. Cumming 2024 ) and some DA(H)e have
ot yet begun crystallization (A. K. Elms et al. 2023 ; C. J. Manser
t al. 2023 ). Additionally, these stars could have a remnant fossil
eld from earlier evolutionary phases that was previously buried
eneath the surface and is now re-emerging through diffusion (J.
r aithw aite & H. C. Spruit 2004 ; C. A. Tout, D. T. Wickramas-

nghe & L. Ferrario 2004 ; D. T. Wickramasinghe & L. Ferrario
005 ; M. Camisassa et al. 2024 ; M. Castro-Tapia, M. Camisassa &
. Zhang 2025 ). 

It is important to decipher the magnetic field strength of 
A(H)e white dwarfs as magnetic fields are key drivers of struc-
NRAS 548, 1–20 (2026) 
ure and variability in stellar atmospheres. If DAe and DAHe
hite dwarfs share a common surface mechanism, it must ex-
lain line emission for both low ( < 0 . 05 MG) and high ( > 5 MG)
agnetic fields. 
Since WD J0412 + 7549 and WD J1653 −1001 show no evidence

f Zeeman-split emission line triplets in their spectra, they either
o not possess magnetic fields or their fields are too weak to be
bservationally det ect ed via spectroscopy. N. Walters et al. () men-
ioned that WDJ0412 + 7549 should be magnetic at a detectable
evel. Spectropolarimetry offers a powerful method, capable of 
ombining spectroscopy and polarimetry to measure the circular
olarization of light caused by a weak magnetic field of ≈ 1 kG
 1 MG (A. Kawka et al. 2007 ) as a function of wavelength (e.g. J.
. Landstreet & J. R. P. Angel 1975 ; S. Friedrich, R. Oestreicher &
. Schweizer 1996 ; T. Vornanen, S. V. Berdyugina & A. Berdyugin

013 ). This yields the mean longitudinal field ( 〈 B z 〉 ), which is
he average magnetic field strength over the stellar hemisphere
long the line- of- sight at the time of observation. Since magnetic
eld strength can differ from the measured 〈 B z 〉 at other points on

he white dwarf surface, time-series spectropolarimetric observa-
ions over the white dwarf spin period are necessary to constrain
he field geometry and true surface field str ength. A non-zer o 〈 B z 〉
onstitutes a definitive detection of a magnetic field, enabling
he measurement of field strengths that are too weak to produce
etectable Zeeman splitting. 
In this w ork, w e pr esent new time-r esolved spectr oscopic

nd spectropolarimetric observations of the white dwarf 
D J1653 −1001 and analyse its time-series observations from

he Z wicky T ransient Facility (ZTF; E. C. Bellm et al. 2019 ;
. J. Masci et al. 2019 ) and the Asteroid Terrestrial-impact
ast Alert System (ATLAS; J. L. Tonry et al. 2018 ). Section 2
escribes the observational data sets, while Section 3 details the
nalysis complet ed t o inv estigat e the whit e dwarf spin period,
hotometric and spectroscopic line variability, and 〈 B z 〉 . We
iscuss the implications of our results in Section 4 and present
ur conclusions in Section 5 . 

 O B S E RVAT I O N S  AND  DATA  

able 1 presents astrometry for WD J1653 −1001 from Gaia Data
elease 3 (DR3) and derived atmospheric parameters from 3D

pectroscopic modelling performed in A. K. Elms et al. ( 2023 ).
he polar magnetic field strength and spin period are parameters
alculated in this work, providing an important update from A.
. Elms et al. ( 2023 ). 

.1 Time–domain spectroscopy and spectropolarimetry 

pectroscopic observations of WD J1653 −1001 were made us-
ng five different ground-based telescopes and six instruments
panning sev en y ears. The long time-frame betw een observa-
ions allows for a dedicated search for variability in the Balmer
mission lines. Observational details are listed in Table 2 for

D J1653 −1001, including the e xposur e times ( t exp ), number of 
 xposur es ( n exp ) and the total duration of each observing run.
pectropolarimetry for WD J1653 −1001 was obtained with the
ORS2 instrument spanning tw o y ears. Sections 2.1.1 –2.1.6 dis-
uss the observations made with each telescope in detail. Two
pochs of archival spectroscopic data (Section 2.1.2 ) previously
resented in A. K. Elms et al. ( 2023 ) are re-analysed in this work,
hile all other observations are presented here for the first time. 
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Table 1. Astr ometry fr om Gaia DR3 and deriv ed paramet ers from A. K. 
Elms et al. ( 2023 ). A tmospheric par amet ers w ere calculat ed by perform- 
ing w eight ed 3D spectroscopic fits. Quantities marked with an asterisk 
( ∗) are derived in this work: the polar magnetic field strength ( B d ) is 
calculated from the 2024 FORS2 spectropolarimetric observations (Sec- 
tions 2.1.1 and 3.2 ) and the spin period is the best-fitting period from the 
simultaneous g-, r-, c - and o-band MCMC (Section 3.1.1 ). Values are given 
in the J2016.0 epoch. 

Parameter WD J1653 −1001 

Designation Gaia DR3 
4 334 641 562 477 923 712 

RA 16:53:35.21 
Dec. −10:01:16.33 
Parallax � (mas) 30.65 ± 0.04 
Distance d (pc) 32.63 ± 0.04 
Proper motion μα (mas yr −1 ) 159.38 ± 0.05 

μδ (mas yr −1 ) −211.01 ± 0.03 
Absolute magnitude M G (mag) 13.140 ± 0.003 
Effectiv e t emperature T eff (K) 7613 ± 95 
Surface gravity log g (cm s −2 ) 7.893 ± 0.030 
Mass M WD ( M �) 0.53 ± 0.02 
Radius R ( ×10 −5 R �) 1366 ± 26 
Cooling age τ (Gyr) 1.019 ± 0.050 
Polar magnetic field 
strength ∗

B d (kG) 22 +32 
−7 

Spin period ∗ P (h) 80.3070 ± 0.0007 
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.1.1 VLT/FORS2 spectr osc opy and spectr opolarimetry 

pectropolarimetric observations of WD J1653 −1001 were ob- 
ained with the multi-mode optical instrument FOcal Re- 
ucer/low dispersion Spectrograph 2 (FORS2; I. Appenzeller 
t al. 1998 ), which is mounted on the Cassegrain focus of the UT1
elescope at the Very Large Telescope (VLT). The VLT is operated 
Table 2. Time–domain spectroscopic observations for WD J16
ing the e xposur e time ( t exp ), number of e xposur es ( n exp ) for ea
Numbers separated by a colon r epr esent e xposur es taken in the
with the UT date and time given at mid-e xposur e. Four e xposur
only use two in this work as the latter two were low S/N. 

Date at mid-e xposur e Time at mid-e xposur e Telesco
yyyy-mm-dd hh:mm:ss 

2018-05-22 08:43:45 Sh
2022-05-15 03:39:20 VL
2022-06-01 02:30:11 VL
2023-05-15 09:56:59 Sh
2023-05-28 04:16:21 Mag
2023-06-19 23:59:07 I
2023-06-25 05:57:27 : 05:52:26 Sh
2023-07-19 00:16:37 I
2023-09-21 00:02:00 Mag
2024-05-18 03:25:09 VL
2024-06-06 00:59:30 VL
2024-06-16 00:59:54 VL
2024-07-04 02:25:18 VL
2024-07-11 01:56:24 Mag
2024-07-14 00:04:38 VL
2024-07-15 00:05:22 VL
2025-05-19 07:51:29 MM
2025-05-20 10:37:41 MM
2025-05-21 08:42:06 MM
2025-05-22 09:44:29 MM
y the E ur opean Southern Observatory (ESO) and is located on
he Cerro Paranal mountain, Chile. FORS2 provides wavelength- 
ependent total intensity spectra of a target, in addition to polari-
etric measurements. 
WD J1653 −1001 was observed in two different observing runs 

ith FORS2. The first observing run was in 2022, with four 800 s
 xposur es taken on 2022-05-15 and 2022-06-01. The standard 

esolution collimator (COLL_SR) and 1200B grism (GRIS_1200B 

 97) were used; this setup yields a 24.0 Å mm 

−1 dispersion
nd no order sorting filter was used. The wavelength range of 
he observations are 3500–5300 Å with a central wavelength of 
350 Å, ther efor e cover age of H β w as obtained. The default two
000 × 4000 pix el MIT C CDs wer e used with the 2 × 2 binned
eadout mode. As a slit width of 1.0 arcsec was used, there was
ufficient sampling with this binned readout mode. 

The second observing run was in 2024, with eight 330 s expo-
ures taken on six nights from May to July. The COLL_SR and
200R grism (GRIS_1200R + 93) together with the GG435 order 
eparation filter were used, yielding a 25.0 Å mm 

−1 dispersion. 
he observations have a wavelength range of 5750–7310 Å and 

 centr al w avelength of 6500 Å, ther efor e cover age of H α w as
btained. The default two 2000 × 4000 pix el MIT C CDs wer e used
ith the 2 × 2 binned readout mode. 
The polarimetric mode of FORS2 was employed for both 2022 

nd 2024 set-ups, providing circular spectropolarimetry across 
he optical range of WD J1653 −1001. The reduced data yield the
t okes I (t otal int ensity), St okes V (circular polarization), and the
ull profile ( N V ; J. F. Donati et al. 1997 ), which is r epr esentative of 

he noise of the fraction of circular polarization ( V/I). In essence,
 V is a diagnostic tool to assess the reliability of the V mea-

urements and detect possible spurious signals. These data allow 

he detection of small magnetic fields through the measurement 
f 〈 B z 〉 and its associated null field ( 〈 N z 〉 ) value, as described in
MNRAS 548, 1–20 (2026) 

53 −1001 obtained from ground-based telescopes, detail- 
ch observing run and the duration of the observing run. 
 blue:red arms. Observations are in ascending date order, 
 es wer e taken with Binospec on 2025-05-20, how ev er w e 

pe/Instrument t exp n exp Duration 
(s) (h) 

ane/Kast 3000:1000 1:3 0.83 
T/FORS2 800 4 0.89 
T/FORS2 800 4 0.89 
ane/Kast 2000:1000 2:4 1.11 

ellan/MIKE 1200 1 0.33 
NT/IDS 1200 12 3.75 
ane/Kast 2800:1100 1:3 0.78:0.93
NT/IDS 1200 8 2.63 
ellan/MIKE 1200 2 0.67 
T/FORS2 330 8 0.73 
T/FORS2 330 8 0.73 
T/FORS2 330 8 0.73 
T/FORS2 330 8 0.73 
ellan/MagE 1200 3 1.00 
T/FORS2 330 8 0.73 
T/FORS2 330 8 0.73 
T/Binospec 1200 6 2.00 
T/Binospec 1200 2 0.67 
T/Binospec 1200 6 2.00 
T/Binospec 1200 5 1.67 

8524904 by library@
ist.ac.at user on 04 M

ay 2026
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.1.2 Shane/Kast spectr osc opy 

he Kast Double Spectrograph on the Shane 3 m Telescope at
he Lick Observatory in California, USA, was used to observe

D J1653 −1001 over three epochs. We utilized the default set-
p of the Kast spectrograph, using a Fairchild 2000 × 2000 pixel
CD in the blue arm and a Hamamatsu 2000 × 4000 pix el C CD

n the red arm. We observed with a D57 dichroic and a 600/4310
rism for the blue side and a 830/8460 grating for the red side,
ith respective dispersions of 0.43 and 1.02 Å pixel −1 . The ap-
r o ximat e wav elength range cov ered by the blue arm was 3600–
300 Å and by the red arm was 5700–7800 Å. We used a slit width
f 1.0 arcsec, which achieved a resolution of ≈ 1 Å in the blue arm
nd ≈ 2 Å in the red arm. 

The first two observations, taken on 2018-05-22 and 2023-05-
5, were published in A. K. Elms et al. ( 2023 ). On 2018-05-22, one
000 s e xposur e was taken in the blue arm and three consecutive
000 s e xposur es wer e taken in the r ed arm. On 2023-05-15, two
onsecutive 2000 s e xposur es wer e taken in the blue arm and four
onsecutive 1000 s e xposur es wer e taken in the red arm. The third
poch observation was taken on 2023-06-25 and is published in
his work for the first time. One 2700 s e xposur e was taken in the
lue arm and three consecutive 1200 s e xposur es wer e taken in
he red arm. Consecutive exposures are stacked in this work to
reate one blue and one red spectrum for each epoch. Spectro-
copic coverage was achieved for all Balmer lines from H α to H ζ .

.1.3 Mag ellan/MIKE spectr osc opy 

wo spectra of WD J1653 −1001 were taken with the Magellan
namori Kyocera Echelle (MIKE) double echelle spectrograph (R.
ernstein et al. 2003 ). MIKE is mounted on the 6.5 m Magellan 2
lay Telescope located at Las Campanas Observatory, Chile. 
One 1200 s e xposur e was taken on 2023-05-28. WD J1653 −1001

as observed again on 2023-09-21 for a total of 2400 s in two
 xposur es thr ough a 1 ar csec wide and 5 ar csec long slit. We used
he standard MIKE setup, with E2V 2000 × 4000 pixel CCD de-
 ect ors with the 2 × 2 binned readout mode and the standard
ratings. The blue and red arms of the spectrograph were used
imultaneously to provide full wavelength coverage from 3400–
950 Å, ther efor e capturing the H α and H β Balmer lines. Spectra
er e e xtr acted, flat-fielded, w avelength-calibr ated and averaged
sing the Carnegie python pipeline (D. D. Kelson 2003 ). 

.1.4 INT/IDS spectr osc opy 

pectroscopic observations of WD J1653 −1001 were taken over
wo epochs using the Intermediate Dispersion Spectrograph
IDS) on the Cassegrain focus of the 2.5-m Isaac Newton Tele-
cope (INT). The INT is located at the Observatorio del Roque de
os Muchachos on La Palma, Spain. 

The first observation occurred on 2023-06-19, with 12 expo-
ures each with exposure times of ≈ 1200 s. Our setup utilized the
EV10 4096 × 2048 pix el C CD det ect or and the R600R grating.
he spectra have a wavelength range 4380–6730 Å ther efor e cover

he H α and H β Balmer lines. 
The second observation occurred on 2023-07-18, where nine
1200 s e xposur es wer e tak en. Our set -up utilized the RED +

 4096 × 2048 pix el C CD det ect or and the R632V grating. The
pectra have a wavelength range 4250–6730 Å ther efor e also cover
he H α and H β Balmer lines. 
NRAS 548, 1–20 (2026) 
.1.5 Mag ellan/MagE spectr osc opy 

hree consecutive spectra with 1200 s e xposur es wer e taken with
he optical Magellan Echellette (MagE) Spectrograph (J. L. Mar-
hall et al. 2008 ) on 2024-07-11. MagE is mounted on the 6.5 m

agellan 1 Baade Telescope located at Las Campanas Observa-
 ory, Chile. The observations w ere conduct ed with a 0.85 arcsec
lit, yielding wavelength coverage from 3700 − 9300 Å at a re-
olving power of R ≈ 4800 . Immediately following the science
 xposur es, we obtained three ThAr arc frames to secure a precise
 avelength calibr ation. Spectr oscopic data r eduction was carried
ut using pypeit (J. Prochaska et al. 2020 ; J. X. Prochaska et al.
020 ). Additionally, we utilized the merlin 

1 package, which
ffers an end-to - end reduction pipeline for MagE spectroscopic
ata built upon pypeit v1.15.0. The spectral wavelength coverage
as adequate to capture the H α and H β Balmer lines. 

.1.6 MMT/Binospec spectr osc opy 

D J1653 −1001 was observed on four consecutive nights, from
025-05-19 to 2025-05-22, with the Binospec optical spectrograph
D. Fabricant et al. 2019 ). Binospec is mounted on the 6.5 m

ultiple Mirror Telescope (MMT) in Arizona, USA. We used
he standard set-up with a 4000 × 4000 pixel E2V CCD det ect or,
.0 ar csec wide long -slit mask, and LP3800 filter . W e selected a
av elength cov erage of 5740–7250 Å t o observ e the H α Balmer

egion, with 1000 grating lines per mm and a dispersion of 
.36 Å pixel −1 . 

A series of 20 min e xposur es wer e taken of WD J1653 −1001.
ix e xposur es wer e taken on 2025-05-19 and 2025-05-21, while
ve e xposur es wer e taken on 2025-05-22 due t o increased ov er-
eads. The observing block on 2025-05-20 was t erminat ed early
ue to the seeing increasing to > 2 arcsec in the last e xposur e,
esulting in four 20 min e xposur es. We only use the first two
 xposur es fr om 2025-05-20 for this work as they are comparable
/N as the other observations. The data were processed using
he Center for Astrophysics Binospec pipeline (v1.99) and the
ndividual e xposur es fr om each night wer e coadded to pr oduce
 single spectrum per night. 

.2 Time–domain photometry 

.2.1 ZTF 

TF is a robotic time–domain survey which uses the 48-inch
chmidt Telescope at the Palomar Observatory in California, USA
F. J. Masci et al. 2019 ). In this w ork, w e use publicly avail-
ble DR23 observations of WD J1653 −1001 which were taken
etween 2018-03-17 and 2024-10-31 in two broad-band filters:
he green ( g) filter with a bandpass between 4100 - 5500 Å and a
ed ( r) filter with a bandpass between 5500 - 7400 Å (R. Dekany
t al. 2020 ). Specifically for WD J1653 −1001, the g band has a
aseline of 5.97 yr and the r-band has a baseline of 6.35 yr. The

ight curves wer e r etrieved fr om the public N ASA/IPAC Infr ared
cience Ar chive ( IRSA ). Exposur e times of 30 s were taken in all
bservations. 

Since the publication of A. K. Elms et al. ( 2023 ) which used
TF DR15, ZTF has collected an additional 2 yr worth of data. For
D J1653 −1001, this equat es t o a data increase of 23 per cent in

he red filter and 28 per cent in the green filter in DR23. 

https://irsa.ipac.caltech.edu/frontpage/
https://github.com/vedantchandra/merlin/tree/main
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.2.2 ATLAS 

TLAS is an all-sky survey comprised of a network of four 0.5 m
 elescopes, locat ed in Hawaii, Chile and South Africa. Obser-
ations of WD J1653 −1001 were taken between 2015-07-25 and 

025-03-19 in the main survey mode using 30 s e xposur es and two
on-standar d br oadband filt ers: a cyan ( c ) filt er with a bandpass
etween 4200 − 6500 Å and an orange ( o) filter with a bandpass
etween 5600 − 8200 Å (J. L. Tonry et al. 2018 ). Specifically for
D J1653 −1001, the c -band has a baseline of 9.57 yr and the o-

and has a baseline of 9.65 yr . W e extracted publicly available
TLAS light curves with the ATLAS forced phot ometry serv er (J.
. Tonry et al. 2018 ; K. W. Smith et al. 2020 ; L. Shingles et al. 2021 ),

ncluding a proper motion correction in the source position. 

.2.3 Additional photometry 

e used the 1.23 m telescope at the Calar Alt o observat ory t o
btain time-series photometry with the ASI461MM Pro Comple- 
entary Metal-Oxide-Semiconductor (CMOS) camera. On the 

ights 2025-05-20 to 2025-05-23 and 2025-05-27 to 2025-05-30, 
bservations in the Johnson B , V , and R filters were taken across
ultiple wavebands by having multiple nights spaced close to- 

ether in time. Furthermore, the transmission function of the B 

lter is bluer than the filters used in ZTF and ATLAS, such that
oticeable variability in this band could be an indicator of a vari-
ble emission line in Balmer lines bluer than H β. Exposure times
anged from 50–80 s depending on the filter and the observing
onditions to give a S/N ratio above 50 in each e xposur e. The
ener al observing pat tern w as one hour of imaging in the B , V 

hen R filter on each night. All observations were bias and dark
urrent subtracted, flat field corrected and flux calibrated. 

We also obtained publicly-available photometric data for 
D J1653 −1001 from the All-Sky Aut omat ed Surv ey for Super-

ovae (AS AS-SN) Sk y Patr ol Photometry Database V2.0 (B . J.
happee et al. 2014 ; K. Hart et al. 2023 ). ASAS-SN is a global
etwork of 20 telescopes operated by the Las Cumbres Ob- 
ervatory (L C O; T. M. Br own et al. 2013 ), distributed acr oss
aleakala Observ atory (Haw aii), Cerro Tololo International Ob- 

ervatory (Chile), McDonald Observatory (Texas) and the South 

frican Astrophysical Observatory (South Africa). Observations 
f WD J1653 −1001 began in 2013 using the legacy V -band filter.
e do not use V -band photometric data in this work so only

tilise the standard g-band data. ASAS-SN g-band observations of 
D J1653 −1001 range from 2018-01-23 to 2024-05-20, providing 

 baseline of 6.32 yr. 

 ANALYSIS  

.1 Photometric and spectroscopic variability 

ll observation time-stamps for WD J1653 −1001 are conv ert ed 

r om UT C t o Bary centric Julian Dat e (BJD) in the Barycentric
ynamical Time (TDB) standard. For consistency, the time for- 
at used for all data is Barycentric Modified Julian Date (BMJD)
inus 50 000, which is BJD(TDB) − 2 450 000.5. 

.1.1 Photometric variability 

e make use of both ZTF and ATLAS time–domain photometry 
o analyse the variability of WD J1653 −1001. The two surveys
rovide complementary data sets: ZTF delivers high-sensitivity, 
igh-cadence measurements, while ATLAS provides a longer 
emporal baseline that extends the time coverage and improves 
ensitivity to long-term variability. Together, they enable a more 
omplet e charact erization of phot ometric behavior and help t o
onfirm or reject potential aliases in the periodic signal. 

The ZTF and ATLAS flux of WD J1653 −1001 were calculated
r om the r espectiv e surv ey magnitude data, relativ e t o the median

agnitude in each band. We combined the individual datasets 
rom each survey, i.e. the ZTF g- and r-bands and the ATLAS
 - and o-bands, and w eight ed the contribution of the individual
and points equally. 

The ZTF light curves were cleaned by selecting only data 
agged as reliable in the ‘ngoodobsrel’ column for each filter, 
nsuring that no measurements associated with bad pix els wer e
ncluded. This initial selection yielded 195 data points in the g-
and and 550 data points in the r-band. To mitigat e pot ential bi-
ses introduced by deep - drilling epochs, which can affect signals
ith periods > 1 d, we e x cluded such epochs from the dataset.
he g-band contained no deep - drilling epochs thus all 195 data
oints r emained, wher eas the r-band did include such epochs so
34 data points were retained after the removal. Finally, we ex-
luded all anomalous measurements with normalized flux values 
utside the range 0 . 89 < F norm 

< 1 . 09 . The final cleaned data set
onsists of 188 data points in the g band, 334 data points in the
 band and a total of 522 data points in the combined light curve.

With the cleaned data, w e comput ed Lomb - Scargle peri-
dograms (N. R. Lomb 1976 ; J . D . Scargle 1982 ) using the
ython package as tr opy.timeseries (Astr opy Collaboration 

013 , 2018 , 2022 ) for the individual g-band and r-band light
urves in addition to the combined g- and r-band light curve
Fig. 1 a and b). We analysed the g band, r band and combined
ow er spectra t o identify the strongest unique signals (separated
y ≥ 1 h) at periods < 28 d. We selected the t op fiv e det ections

n order of power then imposed a False Alarm Probability (FAP)
hreshold of 5 σ on all signals. This analysis rev eals tw o signals
n the g-band power spectrum, with the most significant being 
0.3049 h and the second being 34.0984 h. In order of power, the
-band power spectrum exhibits signals at: 80.3007 h, 10.4274 h, 
4.0989 h, 7.2632 h, and 8.8672 h. Similarly, the combined power
pectrum yields: 80.3015 h, 10.4276 h, 34.0989 h, 8.8673 h, and
.2632 h. The periodic signal at P � 80 . 30 h is the only signal
et ect ed consist ently, robustly and at the highest pow er across all
hree ZTF datasets. This coherence across datasets, together with 

ts dominance in power, identifies � 80 . 30 h as the most likely
rue periodic signal of WD J1653 −1001. The signal at P = 34 . 10 h
ppears consistently in each power spectrum (at appr o ximately 
he same power in the r-band and combined power spectra hence
he r-band signal is concealed in Fig. 1 (a), how ev er it is always
eaker than the 80.30 h signal and does not dominate any data

et. Three additional signals at varying power levels are present 
n only two out of the three power spectra. Because these signals
re not det ect ed coher ently acr oss all ZTF data sets and are con-
ist ently w eaker than the 80.30 h signal, w e do not int erpret them
s true periodic signals but instead attribute them to sampling 
ffects, aliases or band-dependent systematics. Table 3 displays 
he strongest periodic signal measured in all three ZTF power 
pectra. 

The broad-band time-series forced photometry from ATLAS 
as cleaned similarly to the ZTF data before analysis. We im-
osed our own quality cuts on the data, selecting only reliable
ata which have: a magnitude error < 1 . 0 mag; flux error < 1000
Jy; and a reduced χ2 /N of the point-spread-function (PSF) fit 
MNRAS 548, 1–20 (2026) 
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Figure 1. Power spectra computed from ZTF (a and b) and ATLAS (c and d) broad-band photometric data of WD J1653 −1001. The strongest signal 
common to all power spectra corresponds to a period of P � 80 . 30 − 80 . 31 h, which is det ect ed abov e a FAP of 5 σ (solid horizontal lines). The DR23 ZTF 

r-band (red), g-band (green), and combined g- and r-band (black) data are shown in panels a and b, where b shows the power spectra zoomed in on the 
periodic signal at P � 80 . 30 h. The ATLAS c -band (blue), o-band (orange) and combined c - and o-band (black) data are shown in panels c and d, with d 
similarly zoomed in. The legends apply to both panels in each data set. 

Table 3. Measured period values for WD J1653 −1001 from ZTF and ATLAS individual g-, r-, c -, and o-band data sets, in addition to 
the combined data sets. Three techniques were used: identification of the strongest signal in the power spectra; MCMC; and fitting a 
sine wave on the light curves. The best-fitting amplitudes for each light curve are also presented. 

Survey Filter Power spectra MCMC Fit sine curve Amplitude
(h) (h) (h) (per cent) 

ZTF g band 80.3049 80.3006 ± 0.0041 80.3054 ± 0.0099 3.08 ± 0.42 
r band 80.2972 80.3000 ± 0.0042 80.2977 ± 0.0046 2.33 ± 0.14 

Combined 80.3015 80.2994 ± 0.0042 80.3012 ± 0.0043 2.39 ± 0.14 

ATLAS c band 80.3076 80.3066 ± 0.0029 80.3077 ± 0.0010 2.71 ± 0.06 
o band 80.3070 80.3080 ± 0.0028 80.3071 ± 0.0009 1.87 ± 0.03 

Combined 80.3070 80.3077 ± 0.0021 80.3069 ± 0.0007 2.07 ± 0.03 

ZTF and ATLAS g-, r-, c -, o-band 80.3070 80.3070 ± 0.0007 80.3073 ± 0.0007 2.09 ± 0.03 
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or that forced photometry measurement of < 4 . 0 . This selection
ielded 881 data points in the c -band and 3445 data points in the
 band. No epochs of this ATLAS data contained deep - drilling so
ll data points remained from this cut. Finally, we e x cluded all
nomalous measurements with normalized flux values outside
he range 0 . 89 < F norm 

< 1 . 09 , which left 751 data points in the
 band, 2815 data points in the o band and a total of 3566 data
oints in the combined light curve. 
As with the ZTF data, we created Lomb–Scargle periodograms

f the individual ATLAS filter and combined data sets (Fig. 1 c
NRAS 548, 1–20 (2026) 
nd d), identified the strongest unique signals at periods < 28 d,
elect ed the t op fiv e det ections in order of pow er and imposed
 FAP threshold of 5 σ on all signals. This yields periodic sig-
als in the c band of: 80.3081 h, 14.0854 h, 6.4700 h, 10.4277 h
nd 23.9331 h. In the o-band, the periodic signals are: 80.3069 h,
0.4275 h, 14.0853 h, 32.0121 h and 34.0938 h. The combined data
et yields periodic signals of: 80.3069 h, 14.0853 h, 10.4276 h,
4.0938 h, and 18.4377 h. The periodic signal at P � 80 . 31 h has
he highest power across all three ATLAS data sets, consistent
ith the strongest signals in the three ZTF power spectra. The sig-
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Figure 2. ZTF and ATLAS light curves of WD J1653 −1001. (a) shows 
the ZTF g-band (green), r-band (red) and combined g- and r-band (black) 
light curves. (b) shows the ATLAS c -band (cyan), o-band (orange) and 
combined c - and o-band (black) light curves. (c) upper panel shows the 
combined g-, r-, o- and c -band (grey) light curv e, fitt ed with a sinusoid 
(black solid line). Phase = 0 corresponds to the photometric maximum at 
the ephemeris in Eq 2 . All individual band light curves are binned into 150 
data points and all combined light curves are binned into 30 data points. 
Each light curve is phase-folded onto a period of 80.3070 h and data are 
repeat ed ov er tw o phases for illustrativ e purposes. Err or bars r epr esent 
the 1 σ scatter in each bin. (c) lower panel shows the spectroscopic phase 
cov erage achiev ed by observations from Binospec (y ellow), FORS2 2024 
(r ed), MagE (gr een), INT (blue), Kast (purple), MIKE (orange) and FORS2 
2022 (pink). 
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als at P = 14 . 09 h and P = 10 . 43 h appear in each ATLAS power
pectrum but are significantly weaker than the P = 80 . 31 h signal
nd nev er dominat e any dataset. One additional signal is present
n two out of the three power spectra, at varying power levels,
ut due to its lack of coher ence acr oss all ATLAS datasets and its
omparativ ely low pow er, w e do not consider it a true periodic
ignal. Table 3 displays the strongest periodic signal measured in 

ll three power spectra. 
In the six power spectra from ZTF and ATLAS, only the peri-

dic signal at P = 80 . 3 h is consistent across all datasets. Further-
ore, it is the dominant signal in all six power spectra. While

ev eral w eaker periodic signals appear in subsets of the ZTF and
TLAS data, none ar e coher ent acr oss all six power spectra nor
o they approach the significance of the 80.3 h signal. 
As a final t est, w e combined the ZTF and ATLAS individual

-, r-, c - and o-band data sets and created a Lomb - Scargle pe-
iodogram, of which the strongest signal is P = 80 . 3070 h. This
urther confirms the 80.3 h period as the true periodic signal of 
he white dwarf. 

We performed least-squares fits to the ZTF and ATLAS light 
urves using the sinusoidal signal 

flux = A sin ( 2 π ( t − T 0 ) /P ) + c, (1) 

here A is the amplitude, t is the observation time of each mea-
urement, T 0 is the epoch time at phase zero, P is the period,
nd c is a flux offset. The fitting was performed using the non-
inear least-squares trust region reflective ( trf ; R. H. Byrd, R. B.
chnabel & G. A. Shultz 1987 ) algorithm implemented in scipy
ptimize to determine the best-fitting A , P , and c . No parameter
ounds were imposed, ensuring an unrestricted exploration of 
he parameter space. The best-fitting periods and amplitudes for 
ach light curve are reported in Table 3 . 

Finally, w e estimat ed the period uncertainty in each filter using
 Markov chain Monte Carlo (MCMC). Using the python pack- 
ge emcee (D. Foreman-Mackey et al. 2013 ), we fit a sinusoid
o all available data for a given survey and filter, with four free
arameters: period, amplitude, phase offset and mean flux. In 

ddition, we include a nuisance, or jit ter, par ameter to account
or additional variability in the data not captured by the reported
hotometric uncertainty. We adopt uniform (flat) priors on all 
v e independent paramet ers, with the period confined to the
ange 80.2–80.4 h. We find w ell-conv erged, Gaussian post eriors
or all four parameters in all four fits, with standard deviations on
he period ranging from 0.0028–0.0042 h. In Table 3 , we show the

edian periods, as determined from the posterior distributions, 
ith the associated uncertainty defined as the standard deviation 

f the posterior . W e find that all four filters yield statistically
onsistent periods. 

In addition to fitting the individual light curv es, w e also per-
orm three simultaneous fits. In the first, we fit the ZTF g- and r-
and light curves, each fitted with an 4-parameter sinusoid. The 
arameters of each sinusoid are fully independent, with the ex- 
eption of the period which is common to both sinusoids, yielding
 7-parameter fit. This pr ocedur e yields a best-fitting period of 
 = 80.2994 ± 0.0042 h. We repeat this procedure for the two
TLAS light curves ( c and o), finding a best-fitting period of 
 = 80.3077 ± 0.0021 h. The smaller uncertainty on the ATLAS 
eriod originates from the longer baseline and larger data set 
f the ATLAS data compared to ZTF. Finally, we perform a 13-
arameter fit, for four independent sinusoids (one for each g-, r-,
 -, and o-band) with a common period. This pr ocedur e yields a
est-fitting period of P = 80.3070 ± 0.0007 h. 
Fig. 2 shows the individual and combined light curves for the
TF filters in (a) and for the ATLAS filters in (b). The upper panel
f Fig. 2 (c) shows the light curve from the combined g-, r-, c -,
nd o-band data sets with a fitted sinusoidal. The photometric 
phemeris, quoted at the centre of the time baseline of the dataset
nd where the photometric maximum is phase zero, is 

MJD − 50 000 = 8991 . 85145(41) + 3 . 34613(03) E , (2) 
MNRAS 548, 1–20 (2026) 
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Figure 3. Power spectra computed from Calar Alto and ASAS- SN pho - 
t ometric data of WD J1653 −1001. A consist ent signal of P � 80 . 3 h (grey 
vertical line) is detected above a FAP of 5 σ (solid horizontal lines) in the 
B (blue), V (green), R (red) and combined (black) filter data from Calar 
Alto, and also in the ASAS–SN (purple) data. 
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Figure 4. Two spectra of WD J1653 −1001 taken with the FORS2 spec- 
trograph on 2022-05-15 and 2022-06-01 around the H β Balmer line re- 
gion. The observation UT dates are shown on the right of the plot. Spectra 
are conv olv ed with a Gaussian with a FWHM of 1 Å and offset v ertically 
for clarity. 
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here E is the cycle count and 3 . 34613 ± 0 . 00003 d corresponds
o the best-fitting period from the simultaneous g-, r-, c - and o-
and MCMC. We use equation ( 2 ) to phase the spectroscopic
bservations of WD J1653 −1001 (Section 3.1.2 ). 

We computed Lomb–Scargle periodograms of the Calar Alto
ime-series photometry (Section 2.2.3 ) in order to independently
erify the periodic signal identified in the ZTF and ATLAS data.
he Lomb - Scargle periodograms constructed from the individual
 , V , and R filter data, as well as from the combined dataset,
r e pr esented in Fig . 3 . The str ongest and most consistent sig -
al in the V , R and combined filt er pow er spectra occurs at a
eriod of P ≈ 80 h. This signal is also present in the B filter pe-
iodogram, though at a low er pow er, and hints that there may
e some faint variability across Balmer features bluer than H β.
 least-squares sinusoidal fit of the combined filter data has a
est-fitting period of 80 . 0589 ± 0 . 3134 h and an MCMC analysis
eveals 80 . 40 ± 0 . 33 h as the best-fitting period. 

We also analysed additional photometric data of 
D J1653 −1001 from the ASAS–SN g band (Section 2.2.3 ),

imilarly to ZTF and ATLAS. The light curve was cleaned by
electing only data with a ‘good’ quality flag, errors < 1 . 0 , and
ith normalized flux values 0 . 89 < F norm 

< 1 . 09 . This yields 720
ata points. A Lomb–Scargle periodogram identifies the strongest
nique signal at P = 80 . 3038 h (Fig. 3 ) and a least-squares
inusoidal fit has a best-fitting period of 80 . 3038 ± 0 . 0056 h and
mplitude of 2 . 26 ± 0 . 20 per cent. An MCMC analysis reveals
0 . 3087 ± 0 . 0047 h as the best-fitting period. 

We inv estigat ed the possibility that the period of variabil-
ty measured with ZTF and ATLAS is an alias. Some DAHe
hite dwarfs in C. J. Manser et al. ( 2023 ); J. S. Reding et al.

 2023 ) are thought to have two spots/regions beneath the chro-
osphere, causing the true period of variability to be 2 P . For
NRAS 548, 1–20 (2026) 
D J1653 −1001, phase-folding the light curves on 2 P = 160 . 6 h
ields two maxima and minima within one phase. However, the
TF and ATLAS power spectra signals at 2 P are all below the
 σ FAP levels. As there is no significant signal present at 2 P ,
nd spectr opolarimetry measur ements suggest we only observe
ne pole of the star (Section 4.3 ), we discount the true period of 
ariability to be 2 P with the current data. We also inv estigat ed
hether the true period of variability could be P/ 2 = 40 . 15 h, of 
hich the signals are a mixture of under or marginally over the
AP of the ZTF and ATLAS bands. How ev er, the signals at P/ 2
re all within the repeated alias pattern of the power spectra and
annot be reliably distinguished as a rotation period. 

.1.2 Spectr osc opic variability 

D J1653 −1001 was observed spectroscopically 20 times from
018 to 2025 with six different instruments (see Table 2 for de-
ails). These observations consist of a mixture of single and mul-
iple e xposur es. The observations pr ovide 24.9 per cent spectr o-
copic phase coverage of WD J1653 −1001, which is a signifi-
ant improvement from the 2.4 per cent in A. K. Elms et al.
 2023 ). The spectroscopic phase coverage of each individual tele-
cope/instrument is visualized in the lower panel of Fig. 2 (c). 

The observations taken with the F ORS2 spectrogr aph on the
LT (Section 2.1.1 ) are shown in Figs 4 and 5 . The two expo-

ures in Fig. 4 from 2022 show the stacked spectra from the four
ndividual e xposur es each night. Spectra ar e centr ed ar ound the
 β Balmer line region and do not evidence a visible emission

pike in the line cores. Due to the relatively long variability period
f WD J1653 −1001, these observations caught this star at times
f w eak emission. Conv ersely, the six stacked spectra in Fig. 5
r e fr om the eight 330 s e xposur es taken on six nights fr om 2024
ay to July. These ar e centr ed ar ound the H α Balmer line region

nd core emission variability is evident throughout the expo-
ur es. These data wer e r educed using daytime calibrations and
ot corrected for barycentric velocity, in order to avoid spurious
olarization signals that would r esult fr om the pipeline’s frame-
y-fr ame w avelength corr ections, r esulting in a small appar ent
elocity offset which also reflects instrumental flexure between
alibration and science e xposur es. As this offset is not an astro-
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Figure 5. Six spectra of WD J1653 −1001 taken with the FORS2 spectro- 
graph between 2024 May–July around the H α Balmer line region. The 
observation UT dates are shown on the right of the plot. Spectra are 
conv olv ed with a Gaussian with a FWHM of 1 Å and offset vertically for 
clarity. 
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hysical velocity shift, we corrected it by visually aligning the 
bserved spectral features with their expected rest wavelengths. 

The three spectra of WD J1653 −1001 taken with the Kast in-
trument (Section 2.1.2 ) are shown in Fig. 6 , which consists of 
he individual e xposur es taken in the blue arm on 2018-05-22
nd 2023-06-25, and the stacked spectra from the other e xposur es
Table 2 ). Coverage of the H α and H β Balmer line regions were
chieved. The emission core variability is clearly visible between 

pochs. Small wavelength offsets ar e pr esent in each spectrum
hat are consistent with typical Kast instrumental and wavelength 
igur e 6. Thr ee spectra of WD J1653 −1001 taken with the Kast spectrograp
bservation UT dates are shown on the right of the plot. Spectra are conv olv ed 
alibration uncertainties. We corrected these offsets to visually 
lign the observed spectral features with their expected rest wave- 
engths and do not interpret these offsets as a physical radial
elocity. 

Fig. 7 shows two spectra of WD J1653 −1001 taken with the
IKE instrument (Section 2.1.3 ) on different epochs. Coverage 

f the H α and H β Balmer line regions were achieved. These ob-
ervations caught this star at times of weak and strong emission. 

The H α and H β Balmer line regions of WD J1653 −1001 were
bserved with ≈ 20 min e xposur es with the IDS instrument on
he INT (Section 2.1.4 ) ther efor e, due to the relatively long spin
eriod of this star, e xposur es wer e stacked to emphasise the
almer line core emission. Fig. 8 shows the stacked IDS spectra.
ll 12 e xposur es taken in June were used in the stack, whereas
 of 9 July e xposur es wer e used; the final July e xposur e was
 x cluded due to its shorter e xposur e time and significantly lower
/N. Spectra were flux-scaled to the highest S/N spectrum in 

ach dataset, then grouped by hour, with the mean of each group
sed as the stacked spectrum. The time at mid-e xposur e of each
tacked spectrum is shown on the right-hand side of each spec-
rum. Balmer line core emission is less pronounced in these 
pectra than other observations of WD J1653 −1001, nevertheless 
ariability between e xposur es is still visible. 

We constructed a stacked spectrum of WD J1653 −1001 from 

he three consecutive exposures taken with the MagE instrument 
Section 2.1.5 ) and present it in Fig. 9 . Coverage of the H α and
 β Balmer line regions w ere achiev ed and clear emission in the
almer line cores is visible. 
Fig. 10 shows four spectra of WD J1653 −1001 taken with the

inospec spectrograph on the MMT (Section 2.1.6 ). Coverage 
f the H α Balmer line region was achieved and clear emission
trength variability is evident in the Balmer line cores over the
our consecutive nights. 

The rotation phase of each spectroscopic observation was com- 
uted using the ephemeris in equation ( 2 ) as T 0 and the best-
tting period from the simultaneous g-, r-, c - and o-band MCMC
 P = 80 . 3070 h). The H α and H β emission cor es fr om the Bi-
ospec, FORS2, MagE, Kast, and MIKE spectra ar e shown in Fig .
1 as a function of phase, to visualise the phase-dependent vari-
bility in the line profiles. The spectra from the IDS instrument
MNRAS 548, 1–20 (2026) 

h from 2018 to 2023 around the H α and H β Balmer line regions. The 
with a Gaussian with a FWHM of 1 Å and offset vertically for clarity. 

ist.ac.at user on 04 M
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Figure 7. Two spectra of WD J1653 −1001 taken with the MIKE spectrograph on 2023-05-28 and 2023-09-21 around the H α and H β Balmer line 
regions. The observation UT date is shown on the right of the plot. The spectra are conv olv ed with a Gaussian with an FWHM of 1 Å. 

Figure 8. Stacked spectra of WD J1653 −1001 taken with the IDS spectrograph between 2023 June–July around the H α and H β Balmer line regions. 
The observation UT dates and times are shown on the right of the plot, where the date refers to at mid-exposure. Spectra are conv olv ed with a Gaussian 
with an FWHM of 2 Å and offset vertically for clarity. 
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re not comparable to the other instrument spectra due to the IDS
eing of lower S/N, ther efor e they are not shown on Fig. 11 . 

We created a tr ailed spectrogr am using the spectra in Fig. 11 to
learly show the changes in flux around the H α and H β cores,
hich is shown in Fig. 12 . The spectra are int erpolat ed ont o

he 2023-05-28 MIKE spectral wavelength grid and grouped into
0 equally spaced phase bins covering one full cycle ( φ = 0 - 1 ).
ithin each bin, we computed the average normalized spectrum

o reduce noise and highlight coherent trends. As we do not
NRAS 548, 1–20 (2026) 
av e complet e spectroscopic phase cov erage, w e fill in missing
ins by interpolating the fluxes along the phase axis using the
cipy.interpolate.interp1d function in python . This
ppr oach pr ovides a continuous r epr esentation of the spectral
ariability with phase for WD J1653 −1001, while preserving the
verall flux variations observed in the data. 

To inv estigat e the emission activity of WD J1653 −1001, w e
easured the equivalent width ( W λ) of the H α and H β lines

n all e xposur es using a custom python routine built on the
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Figure 9. The stacked spectrum of WD J1653 −1001, constructed from three consecutive exposures taken with the MagE spectrograph on 2024-07-11, 
around the H α and H β Balmer line regions. The observation UT date is shown on the right of the plot. The spectrum is conv olv ed with a Gaussian with 
a FWHM of 1 Å. 

Figure 10. Four spectra of WD J1653 −1001 taken with the Binospec 
spectrograph on consecutive nights from 2025-05-19 to 2025-05-22 
around the H α Balmer line region. The observation UT date is shown 
on the right of the plot. All spectra are conv olv ed with a Gaussian with 
an FWHM of 1 Å. 
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pecutils.analysis package. The method determines the inte- 
ration region adaptively: starting from an initial half-width of 
.5 Å around the line centre (6562.79 Å for H α and 4861.35 Å
or H β), the window is it erativ ely expanded in 0.5 Å steps until
he flux at its edges approaches the continuum level (within 2 
er cent); or, until a maximum half-width of 4.0 Å is reached. 
his ensures the W λ calculation captures the full emission core 
hile minimizing contamination from noise in the line wings. 
he continuum level was taken to be 1.0, consistent with our
ormalized spectra. Uncertainties on W λ were estimated via 10 3 
onte Carlo iterations that perturbed the flux according to the 

r opag ated flux errors. 
Since the emission strength varies with phase, we found the 

ifference in W λ between the observed line cores and the line core
hich has the weakest emission. This method ensures larger W λ

alues dir ectly corr espond to str onger emission. The values wer e
hen normalized by subtracting the mean, yielding our final W λ

alues. Fig. 13 (a) shows how the W λ of the H α line cores vary with
hase in the Binospec, 2024 FORS2, MagE, stacked INT, Kast, and 

IKE observed spectra, and Fig. 13 (b) shows the six individual
024 FORS2 W λ measur ements. Fig . 14 shows how the W λ of the
 β line cores vary with phase in the 2022 FORS2, MagE, stacked

NT, Kast and MIKE observed spectra. 
The fitted sine waves in Figs 13 and 14 include period as a

ree parameter. The resulting best-fitting periods from the H α

 λ measurements is P = 80 . 53 ± 0 . 34 h, and from the H β W λ

easurements is P = 78 . 50 ± 0 . 60 h. The H α period is within 1 σ
f the photometric period from the simultaneous g-, r-, c - and o-
and MCMC ( P = 80 . 3070 h), and the H β period is within 3 σ .
he larger discrepancy between the photometric period and the 
 β period is likely due to the smaller number of data points and

he larger uncertainties compared to H α. 
Furthermor e, we sear ched for periodic modulation in the H α

 λ using a Lomb–Scargle periodogram. The periodogram was 
omputed from the BMJD–50 000 times of the spectra and their
orr esponding W λ measur ements, with uncertainties included as 
 eights. Similar t o our ZTF and ATLAS time series analysis, we
nly searched for the strongest unique signals at periods < 28 d,
eparated by ≥ 1 h and above a FAP threshold of 5 σ . Only one
ignal satisfied these conditions, at a period of P = 80 . 2922 h.
o quantify the uncertainty on the spectroscopic period, we per- 
ormed a Monte Carlo perturbation of the W λ data by their mea-
urement uncertainties. With 2000 iterations, this approach gives 
 consistent value of P = 80 . 2922 ± 0 . 0108 h. This spectroscopic
eriod is within 2 σ of the H α sine-fit result from Fig. 13 and the
hotometric period from the simultaneous g-, r-, c - and o-band
CMC. 

.2 Spectropolarimetric analysis 

e analysed the eight epochs of spectropolarimetric data ob- 
ained from the FORS2 instrument in 2022 and 2024 (Sec- 
ion 2.1.1 ) to determine whether WD J1653 −1001 has a weak

agnetic field. As spectr opolarimetry measur es the cir cular po-
arization of spectral lines due to a magnetic field along the line-
f- sight, it yields 〈 B z 〉 as the gradient from V/I (S. Bagnulo et al.
002 ). This is obtained by using the weak-field appr o ximation, 

V 

I 
= −g effC z λ

2 1 
I 

d I 
d λ

〈 B z 〉 , (3) 

ith 

 z = 

e 
4 πm e c 2 

� 4 . 67 × 10 −13 Å−1 G 

−1 , (4) 

here g eff is the effective Landé factor (which is 1.0 for Hydrogen
almer lines; R. Casini & E. Landi Degl’Innocenti 1994 ; S. Bag-
MNRAS 548, 1–20 (2026) 
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Figur e 11. Phase-r esolved spectra of WD J1653 −1001 obtained with the Binospec, FORS2, MagE, Kast, and MIKE instruments zoomed-in on the H α

and H β Balmer line regions. Spectra are phased to the best-fitting period from the simultaneous g-, r-, c - and o-band MCMC ( P = 80 . 3070 h). Notable 
phases are labelled between φ = 0 − 1 , with early-phase spectra repeat ed t o emphasize the cyclic nature of the emission. All spectra are conv olv ed with 
a Gaussian with a FWHM of 1 Å. 

Figure 12. Trailed spectrogram of WD J1653 −1001, created from the 
spectra obtained with the Binospec, FORS2, MagE, Kast and MIKE in- 
struments, zoomed-in on the H α and H β Balmer line regions. Spectra 
are phased to the best-fitting period from the simultaneous g-, r-, c -, 
and o-band MCMC ( P = 80 . 3070 h). Lighter colours (y ellow–whit e) indi- 
cate stronger emission, while darker colours (red–black) indicate weaker 
emission. The amount of spectra per phase bin are written on the left- 
hand side of each panel. The data ar e r epeat ed ov er tw o phases for illus- 
trative purposes. 

Figure 13. The phase of WD J1653 −1001 as a function of the relative 
equivalent width ( W λ) of its spectroscopically observed H α Balmer lines 
by the (a) Binospec (yellow), FORS2 (2024 data; r ed), MagE (gr een), INT 

(blue), Kast (purple), and MIKE (orange) telescopes/instruments and (b) 
six different nights of FORS2 spectra. The data are fitted with a sine wave 
(black overlay) and repeated over two phases for illustrative purposes. 
Strongest emission corresponds to the largest W λ . Error bars correspond 
to 3 σ uncertainties. 
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Figure 14. The phase of WD J1653 −1001 as a function of the relative 
equivalent width ( W λ) of its spectroscopically observed H β Balmer lines 
by the FORS2 (2022 data; r ed), MagE (gr een), INT (blue), Kast (purple), 
and MIKE (orange) telescopes/instruments. The data are fitted with a 
sine wave (black overlay) and repeated over two phases for illustrative 
purposes. Str ongest emission corr esponds to the largest W λ . Error bars 
correspond to 3 σ uncertainties. 
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ulo et al. 2002 ), e is the electron charge, m e is the electron mass
nd c is the speed of light. For the Balmer lines, the weak-field ap-
r o ximation r emains valid only for field strengths � 10 kG, where
he Zeeman splitting is negligible compared to the local line 
idth. Equation ( 3 ) was applied to each pixel in the V/I profile

v er the wav elength range 6540 < λ < 6590 Å for the H α region
nd 4846 < λ < 4876 Å for the H β r egion. Then, a corr elation
iagram of V/I as a function of the resulting −C z λ

2 ( 1 /I)( d I/ d λ)
 alues w as created and a str aight line fit ted. The measured gr adi-
nt of the straight line is 〈 B z 〉 . A non-zero gradient constitutes a
igure 15. The best-fitting linear regression to the V/I profiles of the FORS2
ncertainty of the best-fitting line (red) yields 〈 B z 〉 , which is displayed in the lo
ach panel. Statistically significant magnetic field detections occurred on 2024
022-05-15 and 2022-06-01. 
agnetic field detection, whereas a gradient of zero means there 
s no magnetic field detection. This method of measuring 〈 B z 〉
s common in spectropolarimetric analysis (e.g. S. Bagnulo et al. 
002 ; S. Hubrig et al. 2006 , 2009a , b ; S. Bagnulo et al. 2012 ; J. D.
andstreet, S. Bagnulo & L. Fossati 2014 ; S. Bagnulo et al. 2024 )

hus is used in this paper. 
Fig . 15 pr esents the best-fitting linear r egr ession to V/I obtained

ith FORS2 in 2022 and 2024. The 〈 B z 〉 measurements from each
t are shown in Table 4 , along with 1 σ uncertainties and the
bservation phase. Also shown are the significance ( σ ) of the
 B z 〉 detections and the results from a two - sided significance test
n the linear r egr ession, wher e the σ and p-value determines
hether the measured 〈 B z 〉 value constitutes a detection. 
For quality control, we applied the same regression analysis to 

he diagnostic N V profiles as to the V/I profiles. The N V profiles
re constructed by combining the same series of exposures used 

o form the V/I profiles, but in a particular way such that any
eal stellar polarization signal cancels out, leaving only noise 
nd potential instrumental artifacts (J. F. Donati et al. 1997 ; S.
agnulo et al. 2012 ). Ther efor e, if the data ar e clean and do not
uffer from systematics, N V should scat ter r andomly ar ound zer o
nd 〈 N z 〉 should be statistically consistent with zero. As such,
 V serves as a crucial diagnostic for assessing the reliability of 
 B z 〉 detections. The uncertainties assigned to N V were taken to
e identical to those of V/I, since the two quantities have equal
ariance at each pixel. Following S. Bagnulo et al. ( 2012 ), we then
escaled the uncertainties such that the distribution of N V /σN V 
as appr o ximately unit v ariance. The gr adient from the linear
 egr ession fit yields the 〈 N z 〉 values. Fig. 16 shows the N V profiles,
est-fitting r egr ession lines and 〈 N z 〉 values for the 2022 and 2024
MNRAS 548, 1–20 (2026) 

 2022 and 2024 polarimetric data using equation ( 3 ). The gradient and 
wer left of each panel. The observation UT date is in the upper right of 
-06-06 and 2024-07-15. Marginal magnetic field detections occurred on 

/stag505/8524904 by library@
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Table 4. The phase ( φ) and mean longitudinal field ( 〈 B z 〉 ) measurements, with 1 σ uncertainty, of 
WD J1653 −1001 from the FORS2 2022 and 2024 observations. The significance ( σ ) of the detection is 
provided, along with the p-value from a two - sided significance test and category of detection. 

Date Phase 〈 B z 〉 σ p-value Detection? 
yyyy-mm-dd (kG) 

2022-05-15 0.86 −3 . 11 ± 1 . 31 2.37 0.0223 Marginal 
2022-06-01 0.93 −2 . 22 ± 1 . 04 2.13 0.0386 Marginal 

2024-05-18 0.22 −0 . 45 ± 1 . 94 0.23 0.819 No 
2024-06-06 0.86 −4 . 78 ± 1 . 23 3.88 2 . 37 × 10 −4 Yes 
2024-06-16 0.85 −0 . 49 ± 1 . 63 0.30 0.765 No 
2024-07-04 0.25 +0 . 81 ± 1 . 69 0.48 0.634 No 
2024-07-14 0.21 −0 . 92 ± 1 . 92 0.48 0.633 No 
2024-07-15 0.51 −9 . 16 ± 2 . 39 3.83 2 . 91 × 10 −4 Yes 

Figure 16. Same as Fig. 15 but for the N V profiles. The gradient and uncertainty of the best-fitting line (red) yields 〈 N z 〉 , which is used as quality control 
for the corresponding 〈 B z 〉 measurements. A statistically significant zero 〈 N z 〉 constitutes a reliable observation. Only 2024-06-16 and 2024-07-14 have 
non-zero 〈 N z 〉 values which indicates they comprise of slightly noisier data than the other epochs and should be treated with caution. 
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We also estimate the magnetic field strength of 
D J1653 −1001 using our eight epochs of 〈 B z 〉 measurements,

 eg ar dless of detection category. For simplicity, we assume a
ipolar magnetic field configuration with a polar strength, B d .
e compute the r oot-mean-squar e of 〈 B z 〉 , 

 B z 〉 rms = 

( 

1 
N 

N ∑ 

i 

〈 B z 〉 2 i 

) 1 / 2 

, (5) 

hich gives 3.93 kG. A ccor ding to Table 1 of O. Kochukhov
 2024 ), this value would likely correspond to a median B d of 
2 kG. Adopting a ±2 σ confidence interval (95.5 per cent), we
stimate that B d lies between 15 kG and 54 kG. Table 1 presents
he median B and 2 σ errors. 
NRAS 548, 1–20 (2026) 

d 
 DISCUSSION  

.1 Validation of the 80 h period 

ll analyses in this w ork consist ently identify a period of 
round 80.3 h for WD J1653 −1001 across independent datasets
nd methods (Table 3 ). For the ZTF photometry, the MCMC
nalysis derived periods of 80 . 3006 ± 0 . 0041 h in the g-band,
0 . 3000 ± 0 . 0042 h in the r-band, and 80 . 2994 ± 0 . 0042 h in the
he combined band. These are all in excellent agreement of within
 σ . Similarly, the periods obtained from least-squares sine fits on
he ZTF individual and combined band light curves are also all
ithin 1 σ . The corresponding MCMC and sine fit periods for the

-, r- and combined bands are all within 1 σ too, indicating that
he 80.3 h modulation is robustly present in the ZTF data. 

The ATLAS photometry independently r epr oduces the period-
city measured with ZTF and at a higher precision. The period val-
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es obtained from our MCMC analysis of the c band is 80 . 3066 ±
 . 0029 h, o band is 80 . 3080 ± 0 . 0028 h and the combined band
s 80 . 3077 ± 0 . 0021 h. These are all mutually consistent to well
elow 1 σ . Similarly, the periods obtained from a least squares fit
o a sinusoid on the ATLAS individual and combined band light
urves are all within 1 σ . The corresponding MCMC and fit sine
urve periods for the c , o and combined bands are all within 1 σ
oo. 

Performing a simultaneous MCMC fit of all four datasets ( g, r,
 , and o) yields a period of 80 . 3070 ± 0 . 0007 h and a sinusoidal fit
ields 80 . 3073 ± 0 . 0007 h. These two periods from independent
echniques are statistically indistinguishable, differing by 0 . 3 σ . 
hese are highly precise measurements of the period so their 
gr eement str ongly validat es the det ect ed period. 

The additional photometric data from the Calar Alto telescope 
nd ASAS-SN (Section 2.2.3 ) corroborate the period detected 

rom ZTF and ATLAS. The best-fitting periods from both the 
CMC and sinusoidal fits agree within 1 σ (Section 3.1.1 ), and 

re consistent with the best-fitting period from the simultaneous 
-, r-, c - and o-band MCMC to the same degree. 

The spectroscopic period derived from the H α W λ ( P = 

0 . 2922 ± 0 . 0108 h; Section 3.1.2 ) is within 2 σ of the photomet-
ic period obtained from the simultaneous g-, r-, c - and o-band

CMC (Section 3.1.1 ). This concordance betw een phot ometric 
nd spectroscopic periods further validates P ≈ 80 . 3 h as the true
rbital period of WD J1653 −1001, rather than an alias or spurious
ignal. 

These results confirm and refine the t entativ e period report ed
n A. K. Elms et al. ( 2023 ) from ZTF photometry, which at
he time was most likely P ≈ 80 . 31 h. The authors used ear-
ier ZTF DR15 data, of which analysis was limited by con- 
amination from the background main-sequence star Gaia DR3 
334641562479650816. Over the 4 yr 8 months baseline of ZTF 

R15, WD J1653 −1001 and the contaminant star had angular 
eparations of 0.971 arcsec to 0.832 arcsec. ZTF DR23 provides 
n extended baseline of an additional 1 yr 11 months, which 

ncreased the angular separation between WD J1653 −1001 and 

he contaminant star to 1.214 arcsec. Thus, the ZTF data for
D J1653 −1001 has become less contaminated since it was last

nalysed in A. K. Elms et al. ( 2023 ). As a result, the data have
mproved in quality over the past couple of years but retained the
ame strongest signal. The agreement between ZTF and ATLAS –
w o independent surv eys with different instruments, passbands, 
nd cadences – provides robust evidence that the 80.3 h modula- 
ion is intrinsic to WD J1653 −1001. 

.2 Antiphase photometric and spectroscopic variability 

o phase the photometric and spectroscopic data, we chose 
pochs of T 0 such that φ = 0 corresponds to the photometric max-
mum in the light curves of WD J1653 −1001 (Section 3.1.1 and
ig. 2 ). The phased spectra from Binospec, FORS2, MagE, Kast, 
nd MIKE, shown in Fig . 11 , r eveal pr onounced phase-dependent
ariability in the H α and H β Balmer line cores. The emission
trength clearly increases and decreases throughout the phase, 
ith the strongest emission observed around φ ≈ 0 . 35 - 0 . 55 . At
hases nearing photometric maximum, φ ≈ 0 . 8 - 1 . 0 , the emission
eakens, indicating a clear antiphase relationship between the 
hotometric flux and emission strength. 
We further visualized this behaviour using the trailed spectro- 

ram shown in Fig . 12 , which pr esents the spectra flux residuals
s a function of phase and wavelength. To account for incomplete 
pectroscopic phase coverage, the fluxes were int erpolat ed along 
he phase axis, providing a continuous view of the spectral vari-
bility across the period. This highlights the distinct strong and 

eak emission phases observed in WD J1653 −1001, and demon- 
trates that the observed modulation is intrinsic rather than an 

rtefact of our incomplete spectroscopic sampling. 
The spectroscopic emission modulation is also presented in 

ig. 13 , this time with the H α W λ as a function of phase for
he Binospec, 2024 FORS2, MagE, stacked INT, Kast, and MIKE 

pectra. This rev eals w eakest emission (smallest W λ) corresponds
o φ ≈ 0 . The same relationship is evident for the H β W λ as a
unction of phase in Fig. 14 . 

The spectroscopic variability of WD J1653 −1001 throughout 
ts phase is clearly demonstrated in the 2024 FORS2 data in
igs 5 and 13 (b). The variation of the H α emission core is visually
vident in the six epochs observed with FORS2 in 2024 in Fig.
 . These same six epochs are distinguished in Fig. 13 (b), which
resents the measured W λ of the H α emission core as a function
f phase. Together, these figures illustrate the phase-dependent 
volution of the H α emission core, with weakest emission occur- 
ing at φ ≈ 0 , captured consistently with a single instrument. 

To quantify the antiphase relationship between photometric 
ux and emission, we repeated the sinusoidal fit in Fig. 13 (a), but

his time fixing the period to the photometric period 80 . 3073 ±
 . 0007 h. Con verting the best -fit ting phase to fr actional cycles
ives the maximum H α W λ at φ = 0 . 503 ± 0 . 002 and a minimum
t φ = 0 . 003 ± 0 . 002 , thus the H α W λ minimum almost perfectly
oincides with the photometric maximum ( φ = 0 . 0 ), within un-
ertainties. 

The evidence that the photometric and spectroscopic variabil- 
ty of WD J1653 −1001 occurs at the same period, but in an-
iphase, strongly suggests a single physical mechanism is caus- 
ng the variability. An explanation that supports this evidence 
s that the star hosts a photospheric dark spot/region with a
 emperature-inv ert ed and optically thin chromospheric emission 

egion (N. Walters et al. 2021 ). In this scenario, the observed
ariability arises naturally from stellar rotation, with flux deficits 
nd Balmer line emission occurring periodically by the changing 
isibility of the photospheric spot/region. 

One curious feature that emerges from Fig. 12 is that the H α

mission appears to show a slight phase offset relativ e t o H β.
imilar t o abov e, repeating the sinusoidal fit in Fig. 14 , but fixing
he period to the photometric period 80 . 3073 ± 0 . 0007 h, reveals
he maximum H β W λ occurs at φ = 0 . 498 ± 0 . 005 and a mini-

um at φ = 0 . 998 ± 0 . 005 . This implies an apparent phase offset
etween H α and H β of φ ≈ 0 . 005 – how ev er, the visual offset in
ig. 12 seems ≈ 10 times larger than this. 
If real, this offset could provide insight into the geometry 

nd structure of the proposed photospheric spot/region. Because 
 α and H β form at different depths within the stellar atmo-

pher e/chr omospher e, they effectively probe distinct vertical re- 
ions of the emitting layer. At those depths, the properties of the
mitting spot/region may vary in terms of its wavelength depen- 
ence or horizontal physical size, leading to subtle differences 
hen individual Balmer line emission forms over the rotation 

eriod. This interpretation is further supported by Fig. 11 , which
hows that the H α and H β line profiles exhibit subtle structural
ifferences at comparable phases. How ev er, it is also possible that
he apparent phase offset is not intrinsic to the star, but instead
rises from observational or instrumental effects. The data used 

n this analysis were obtained using multiple instruments with 

eter ogeneous spectr ographs and differing instrumental setups, 
MNRAS 548, 1–20 (2026) 
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here small inconsistencies in w avelength calibr ation, imperfect
alibration corrections, or the use of different gratings to ob-
erve H α and H β r egions, could all intr oduce appar ent phase
hifts between the lines. Additionally, the H β data in particular
 equir ed mor e e xt ensiv e int erpolation in Fig. 12 , due t o sparse
pectr oscopic sampling . These effects could collectively mimic a
hase offset between the lines so we are cautious to confirm this
s a real feature. To verify whether the offset is genuine, future
igh-resolution and phase-resolved spectroscopic observations,

deally spanning a complete orbital cycle, are required. 

.3 Detection of a weak magnetic field 

sing spectropolarimetric observations obtained with FORS2
n 2022 and 2024, it is possible to measure the 〈 B z 〉 of 

D J1653 −1001 at multiple epochs (see Section 3.2 for details).
 statistically significant non-zero 〈 B z 〉 measurement constitutes
 definitive detection of a magnetic field, even though Zeeman-
plitting is absent. Fig. 15 shows that the V/I profiles in the eight
pochs of FORS2 data have gradients ranging from 〈 B z 〉 = −
 . 16 ± 2 . 39 kG to 〈 B z 〉 = 0 . 81 ± 1 . 69 kG, with varying levels of
ignificance. 

To help determine the significance of each 〈 B z 〉 measurement,
nd given that the inferred magnetic field str engths ar e of or der
 kG, we report both the σ of each 〈 B z 〉 detection and p-value from
 two - sided significance test in Table 4 . The null hypothesis of our
ignificance test corresponds to a zero gradient, i.e. no correlation
etween V/I and −C z λ

2 ( 1 /I)( d I/ d λ) , which implies the absence
f a magnetic field. The alt ernativ e hypothesis is that the gradient
s non-zer o, corr esponding to the pr esence of a magnetic field.

e set strict detection criteria, classifying a measurement as a
efinit e det ection when σ ≥ 3 and p ≤ 0 . 01 , meaning w e hav e a

1 per cent chance of accepting a false positive. Measurements
ith 2 ≤ σ < 3 and 0 . 01 ≤ p < 0 . 05 are classified as marginal
etections. All other measurements outside these criteria are
onsidered non-detections. This strict regime, which is more
tringent than the conventional α = 0 . 05 threshold, follows com-
on practice in the analysis of stellar spectropolarimetry (e.g. S.
ubrig et al. 2009a , b ; S. Bagnulo et al. 2012 ; J . D . Landstreet

t al. 2014 ), as it reduces the probability of spurious magnetic field
etections arising from noise fluctuations and small instrumental

nstabilities. 
Two of the 2024 epochs yield statistically significant magnetic

eld detections: the 2024-06-06 data have 〈 B z 〉 = −4 . 78 ± 1 . 23 kG
t 3 . 88 σ , with p = 0 . 000237 ; the 2024-07-15 data have 〈 B z 〉 =
9 . 16 ± 2 . 39 kG at 3 . 83 σ , with p = 0 . 000291 . The remaining

our epochs of 2024 FORS2 data yield 〈 B z 〉 measurements outside
ur detection criteria, thus are consistent with non-detections. 

The FORS2 data from 2022-05-15 have a measured 〈 B z 〉 of 
3 . 11 ± 1 . 31 kG at 2 . 37 σ , with p = 0 . 0223 . The data from 2022-

6-01 has a measured 〈 B z 〉 of −2 . 22 ± 1 . 04 kG at 2 . 13 σ , with p =
 . 0386 . Both of these epochs from 2022 yield marginal magnetic
eld detections. 
To check that the FORS2 V/I data are clean, and therefore the

 eliability of the corr esponding 〈 B z 〉 measur ements, we analysed
he N V of the data. For clean data, N V should be consistent with
ero within our H α and H β wavelength regions (see Section 3.2 )
nd should not exhibit significant structure. The gradient of the
inear r egr ession of the N V pr ofiles yields the 〈 N z 〉 values, which
rovide a quantitative measure of any spurious signals. Fig. 16
hows the N V profiles, best-fitting regression lines and 〈 N z 〉 val-
es for the 2022 and 2024 FORS2 observations. Six out of eight
NRAS 548, 1–20 (2026) 
ORS2 epochs have 〈 N z 〉 values consistent with zero, including
he four epochs which produced significant or marginal mag-
etic field detections. This validates the magnetic field detec-

ions from the 2022 and 2024 FORS2 data sets. The remaining
wo FORS2 epochs have non-zero 〈 N z 〉 values: 2024-06-16 has
 N z 〉 = −1 . 9 ± 1 . 5 kG and 2024-07-14 has 〈 N z 〉 = −3 . 4 ± 1 . 6 kG.
her efor e, these observations ar e slightly noisier than the other
pochs and should be treated with caution, though both mea-
ur ements ar e below 3 σ significance and the corr esponding 〈 B z 〉
easurements for these two epochs are non-detections. 
Out of the eight FORS2 〈 B z 〉 measurements, seven are negative.

he remaining 〈 B z 〉 measurement, from 2024-07-04, is positive
ut consistent with zero. In total, four 〈 B z 〉 measurements are
onsistent with zero. The other four 〈 B z 〉 measurements are non-
er o, neg ativ e, and constitut e det ections: 2022-05-15 and 2022-06-
1 are marginal detections; 2024-06-06 and 2024-07-15 are signifi-
ant detections. This suggests that if WD J1653 −1001 has a dipole
eld configuration with two magnetic poles, only the negative
ole has been observed. The most likely explanation for this is
he magnetic axis is tilted relative to the line- of- sight, and the star
otates in such a way that the opposite pole never becomes visible.
her efor e, the ZTF and ATLAS measurements of the period of 
ariability in Table 3 are likely the rotation period. This is further
vidence against the hypothesis that the true period of variability
ould be 2 P (Section 3.1.1 ). 

Furthermore, we used the 2024 spectropolarimetric data to
heck for high frequency variations in the epochs, in case the
rue rotation period is shorter than those listed in Table 3 . Each
ORS2 data set consists of eight sube xposur es spanning 1 h in

otal, which ar e r ecombined to obtain unique and robust Stokes I 
nd Stokes V/I profiles. As the period of variability from ZTF and
TLAS measurements is ≈ 80 . 3 h, no significant variation in the
 α region is expected within individual epochs. We analysed the

tokes I spectra of the individual sube xposur es, spaced ≈ 6 min
part, from the 2024-06-06 (phase of weak emission) and 2024-07-
5 (phase of strong emission) epochs. No discernible variation in
he H α region was evident, which reinforces the conclusion that

D J1653 −1001 has a rotation period significantly longer than
 h. 

In Section 3.2 , we conducted an analysis of the B d assum-
ng WD J1653 −1001 has a simple dipole geometry. This yielded
 d = 22 +32 

−7 kG. Although this model provides a convenient first
ppr o ximation, the true magnetic field geometry could be more
omple x. Further time-r esolved spectr opolarimetric monitoring
ill be needed to refine the constraints on the field geometry and

ncrease the accuracy of B d , as data were used in its calculation
hich w e det ermine as non-det ections. How ev er, it seems likely

hat B d < 50 kG for WD J1653 −1001. 

.4 Magnetic relation to antiphase variability 

he 〈 B z 〉 det ections report ed in this paper provide further con-
traints on the nature of WD J1653 −1001. A significant detec-
ion of 〈 B z 〉 = −9 . 16 ± 2 . 39 kG in the 2024-07-15 FORS2 data
ccurred at φ = 0 . 51 , coinciding with low flux and strong Balmer
ine emission. The other significant detection, 〈 B z 〉 = −4 . 78 ±
 . 23 kG, from the FORS2 data occurred on 2024-06-06 at φ =
 . 86 , when the flux was increasing towards maximum, and the
almer emission was nearing minimum strength. Similarly, the
arginal detections found in the 2022-05-15 and 2022-06-01

ORS2 data occur at appr o ximately the same phase as the 2024-
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6-06 FORS2 data: the former has 〈 B z 〉 = −3 . 11 ± 1 . 31 kG at φ =
 . 86 ; and the latter has 〈 B z 〉 = −2 . 22 ± 1 . 04 kG at φ = 0 . 93 . 

Taking into account the four FORS2 〈 B z 〉 detections, it seems
hat at large absolute 〈 B z 〉 values, the star is at a phase of low pho-
ometric flux and strong emission. At small absolute 〈 B z 〉 values,
he star is at a phase of bright flux and weak emission. This is
ompelling evidence that if this star hosts a photospheric dark 

pot/region, it is not only t emperature-inv ert ed and has an opti-
ally thin chromospheric emission region, but is also magnetic. 

.5 Spectral reclassification of WD J1653 −1001 

he detection of a weak magnetic field in WD J1653 −1001 re-
uires updating its spectral classification fr om DA e. The Balmer
mission lines in this white dwarf are not visibly Zeeman-split, 
ut do exhibit measurable polarization. 

Historically, the spectral type suffix ‘P’ in white dwarf classifi- 
ations has been used to indicate that magnetism was established 

hrough polarimetric detections, typically via continuum polar- 
zation measurements. How ev er, spectral lines affect ed by mag- 
etic fields are inherently polarized, and whether they appear 
eeman-split (‘H’) or simply polarized (‘P’) depends on the spec- 

ral resolution and data quality. In the case of WD J1653 −1001,
he distinction between magnetism detected via polarimetry and 

hat inferr ed fr om Zeeman line splitting is largely one of observa-
ional circumstance. At sufficiently high spectral resolution and 

/N, the line profiles would likely show magnetic broadening 
onsistent with a weak field. The essential physical property is 
he presence of a magnetic field in WD J1653 −1001, not the par-
icular diagnostic method used to reveal it. 

Given these considerations, and to maintain consistency and 

larity with the lit erature, w e propose WD J1653 −1001 is reclassi-
ed as a DAHe white dwarf. This designation conveys unambigu- 
usly that this object is a magnetic, hy drogen-dominat ed atmo-
phere white dwarf with emission lines, while avoiding potential 
onfusion by the rarely used ‘P’. Ther efor e, WD J1653 −1001 r ep-
esents a low-field member of the DAHe class, whose magnetism 

s revealed primarily through polarimetry rather than spectro- 
copic Zeeman-splitting with the current data. 

.6 Variability comparison with DA(H)e stars 

wing to a multitude of observational similarities and homo- 
eneity in atmospheric paramet ers, w e group the spectral classes
AHe and DAe together into one DA(H)e group. The 28 stars in

his group have a likely common physical origin and mechanism 

ausing variability. We now compare their characteristic photo- 
etric and spectroscopic variability and, where available, their 
agnetic field strength variability. 
For WD J1653 −1001, the periodic antiphase relation is ev- 

dent: phases of low photometric flux coincide with strong 
almer line emission and 〈 B z 〉 . The DAe WD J0412 + 7549 (A.
. Elms et al. 2023 ) exhibits the same photometric and spec-

roscopic antiphase variability. How ev er, in the absence of de- 
ectable Zeeman-splitting and spectropolarimetry, the only mag- 
etic field strength information known about WD J0412 + 7549 

s an upper limit of B < 0 . 05 MG. Time-r esolved spectr opo-
arimetry of WD J0412 + 7549 would ther efor e be crucial in de-
ermining whether it shares the same magnetic behavior as 

D J1653 −1001, so should be followed up in future. 
Among the DAHe stars in the literature, six have been studied

n detail: GD 356 (J. L. Greenstein & J. K. McCarthy 1985 ; N.
alters et al. 2021 ), SDSS J1252 −0234 (J. S. Reding et al. 2020 ),
DSS J1219 + 4715 (B. T. Gänsicke et al. 2020 ), LP 705 −64 (J. S.
eding et al. 2023 ), WD J1430 −5623 (J. S. Reding et al. 2023 ),
nd WD J1616 + 5410 (C. J. Manser et al. 2023 ). These stars all
xhibit the same antiphase relation between broad-band photom- 
try and strength of Balmer emission lines as WD J1653 −1001
nd WD J0412 + 7549. Furthermor e, time-r esolved magnetic field
tr ength measur ements r eveal SDSS J1252 −0234, LP 705 −64,

D J1430 −5623 and WD J1616 + 5410 have the strongest fields at
hases of low photometric flux and strong Balmer line emission 

the same relation observed in WD J1653 −1001. 
GD 356, the first identified DAHe white dwarf (J. L. Green-

tein & J. K. McCarthy 1985 ), has a more complicated analysis.
t has a relatively strong, near constant magnetic field strength of 
 ≈ 11 . 5 MG, and is the only DAHe to have spectropolarimetry

N. Walters et al. 2021 ). 〈 B z 〉 measurements from WHT/ISIS show
eak periodicity in potentially the opposite trend to other DAHe 

tars: 〈 B z 〉 appears low when photometric flux is low and emission
trength is high. How ev er, the large uncertainties in the 〈 B z 〉
easur ements r elativ e t o the observ ed modulation amplitude in

igure 8 of N. Walters et al. ( 2021 ) make this a v ery t entativ e
orr elation. The r elatively high magnetic field str ength of GD 356
ould have aligned the magnetic axis with the axis of rotation,
istorting the time-resolved 〈 B z 〉 measur ements. A dditional spec-
r opolarimetric observations ar e r equir ed t o det ermine whether
D 356 truly deviates from the general DAHe pattern. 
SDSS J1219 + 4715 also appears t o hav e a near constant mag-

etic field strength, with B ≈ 18 . 5 MG measured from Zeeman-
plitting (B. T. Gänsicke et al. 2020 ). How ev er, it does not have
pectropolarimetry to test for variability in 〈 B z 〉 . 

The remaining DAHe stars in the literature do not have ade-
uat e time-resolv ed spectroscopic nor spectropolarimetric data to 
etermine whether they share the same antiphase variability of 
road-band photometric flux, Balmer line emission and magnetic 
eld strength observed in the above DA(H)e stars. A ddr essing this
ill r equir e dedicated, phase-r esolved spectr oscopic and spec-

ropolarimetric monitoring in future studies. 

.7 Tentativ e det ection of calcium 

A(H)e white dwarfs, by the definition of their spectral type, do
ot display metal spectral lines. How ev er, a faint Ca ii K (3934 Å)

ine was t entativ ely det ect ed in the spectra of WD J1653 −1001
rom the MIKE and MagE instruments. We coadded the MIKE 

nd MagE spectra and show the four spectra in Fig. 17 , which
re normalized and zoomed on the Ca ii K region. Overlaid on
he spectra are model spectra created from the latest updates 
f 3D DA local thermal equilibrium (LTE) atmosphere models 
rom P. E. Tremblay et al. ( 2013 ) and P. E. Tremblay et al. ( 2015 ),
ith the addition of calcium. The T eff , log g, radius and distance

f WD J1653 −1001, listed in Table 1 , were used to create the
odel spectra. The calcium model abundances shown in Fig. 17 

r e: −10 . 7 de x and −10 . 5 de x for MIKE 2023-05-28 and 2023-09-
1 spectra, r espectively; −10 . 1 de x for MagE; −10 . 1 de x for the
oadd. These are relatively low abundances of calcium which, if 
he detection is real, would likely have come from an earlier accre-
ion ev ent. Due t o the relativ ely cool T eff of WD J1653 −1001, its
tmosphere would be sufficiently dense for the accreted calcium 

o be observable on the order of Myr . W e have found no evidence
f active accretion on WD J1653 −1001. 

If the main origin of this class is a single star magnetic phe-
omenon, there is likely no correlation with the presence of an
MNRAS 548, 1–20 (2026) 
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M

Figure 17. Observed spectra of WD J1653 −1001 obtained with the 
MIKE and MagE instruments, together with a coadded spectrum, zoomed 
in on the Ca ii K (3934 Å) line. The UT dates of the two MIKE spectra are 
displayed. Model spectra are overlaid in red. All spectra are conv olv ed 
with a Gaussian with a FWHM of 1 Å and offset vertically for clarity. 
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v olv ed planetary system as seen in up to 50 per cent of all stellar
 emnants (L. B . Ould Rouis et al. 2024 ). How ev er, it may be more
ifficult to detect trace Ca abundances at the higher magnetic
elds of DAHe white dwarfs. 
The FORS2 2022 and Kast data also cover the Ca ii K region

ut the metal line was not detectable over the noise. The Ca ii H
3968 Å) line was not det ect ed in any spectra, how ev er this lies
n the H ε Balmer line region so any low-abundance detection
ould be challenging . N o other metal lines were identified in any

pectra. 
We inv estigat ed the possibility that the t entativ e Ca ii K

et ection originat es from the int erst ellar medium (ISM).
D J1653 −1001 is relatively nearby at 32 . 63 ± 0 . 04 pc and

t Galactic latitude b = 20 . 6 ◦. This corresponds to an
ppr o ximat e v ertical height abov e the Galactic midplane of 
 = d sin b ≈ 11 . 5 pc, where the ISM is relatively low density. This
tar has negligible reddening of E(B − V ) = 0 . 0056 (J. L. Vergely,
. Lallement & N. L. J. Cox 2022 ; S. Sahu et al. 2024 ), which

urther indicates a very low ISM column density, rendering
nt erst ellar Ca ii K absorption unlikely. 

We cannot confirm a Ca ii K detection at this time with our
agE and MIKE data alone. Additional spectra, ideally of high

 esolution, is r equir ed to confirm a detection and should be fol-
owed up at a later date. 

 CONCLUSIONS  

D J1653 −1001 has previously been classified as a DAe white
warf, as it has H α and H β line emission but does not exhibit
eeman-split ting. The F ORS2 spectropolarimetric observ ations
resented and analysed in this work demonstrate that this star

s weakly magnetic, with two significant line- of- sight magnetic
eld measurements of 〈 B z 〉 = −9 . 2 ± 2 . 4 kG and 〈 B z 〉 = −4 . 8 ±
 . 2 kG, as well as two additional marginal detections. Magnetic
elds of these str engths ar e insufficient to produce observable
eeman-split spectral lines, hence the field previously went un-
et ect ed with spectroscopy alone. We therefore propose that
D J1653 −1001 is reclassified as a low-field DAHe white dwarf. 
Time-series analysis of the most recent publicly-available pho-

ometric data from ZTF and ATLAS, using two independent
NRAS 548, 1–20 (2026) 
ethods of MCMC and sinusoid fitting on the individual sur-
ey bands and combined datasets, provide robust evidence that
D J1653 −1001 has a rotation period of P � 80 . 3 h. The best-

tting period from the simultaneous g-, r-, c - and o-band MCMC
s P = 80 . 3070 ± 0 . 0007 h. 

We also presented new and archival spectroscopic observations
f WD J1653 −1001 from Binospec, FORS2, MagE, INT, Kast, and
IKE. Time-series analysis of the H α Balmer emission core W λ

 evealed a spectr oscopic period of P = 80 . 2922 ± 0 . 0108 h. This is
n agreement with the photometric period from ZTF and ATLAS.
he concordance between these independent measurements val-

dates P � 80 . 3 h as the rotation period of WD J1653 −1001. 
We find the photometric flux and Balmer emission strength

o vary in antiphase. The longitudinal magnetic field varies co-
erently with this cycle, with 〈 B z 〉 reaching its strongest values at
mission maxima and photometric flux minima. A likely mecha-
ism causing this observed variability is a magnetically induced

ow optical flux spot/region in the stellar photospher e, pr oducing
n optically thin chr omospher e r esponsible for Balmer emission
N. Walters et al. 2021 ). 

Comparing WD J1653 −1001 with the DAe star
D J0412 + 7549 and the growing sample of DAHe stars,

ev eals a consist ent antiphase r elationship: emission str ength
nd magnetic field are strongest at phases of low photometric
ux. This indicates that a unified physical mechanism is
perating among DA(H)e stars. The similarities between
A(H)e white dwarfs, despite differing magnetic field strengths,
ighlights the importance of magnetic fields and possible surface

nhomogeneities in characterizing their variability. 
The results found in this work establish WD J1653 −1001 as

 benchmark system for understanding the complex interplay
etween magnetic fields, atmospheric structure and emission
rocesses in white dwarfs. These findings bring the community
ne step closer to understanding the mechanisms causing these
nteresting and rare stars. 
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