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Abstract

White dwarfs (WDs) are the most abundant compact objects, and recent surveys have suggested that over a third of
WDs in accreting binaries host a strong (B 2, 1 MG) magnetic field. However, the origin and evolution of WD
magnetism remain under debate. Two WD pulsars, AR Sco and J191213.72-441045.1 (J1912), have been found,
which are non-accreting binaries hosting rapidly spinning (1.97 minutes and 5.30 minutes, respectively) magnetic
WDs. The WD in AR Sco is slowing down on a P/P ~ 5.6 x 10° yr timescale. It is believed they will eventually
become polars, accreting systems in which a magnetic WD (B ~ 10—240 MG) accretes from a Roche lobe-filling
donor spinning in sync with the orbit (=78 minutes). Here, we present multiwavelength data and analysis of
Gaia22ayj, which outbursted in 2022 March. We find that Gaia22ayj is a magnetic accreting WD that is rapidly
spinning down (P/P = 6.1703 x 10° yr) like WD pulsars, but shows clear evidence of accretion, like polars.
Strong linear polarization (40%) is detected in Gaia22ayj; such high levels have only been seen in the WD pulsar
AR Sco and demonstrate the WD is magnetic. High speed photometry reveals a 9.36 minutes period accompanying
a high amplitude (~2 mag) modulation. We associate this with a WD spin or spin—orbit beat period, not an orbital
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period as was previously suggested. Fast (60 s) optical spectroscopy reveals a broad ‘“hump,’

Rodriguez et al.

)

reminiscent of

cyclotron emission in polars, between 4000 and 8000 A. We find an X-ray luminosity of
Ly = 2.7782 x 10*%ergs~! in the 0.3-8 keV energy range, while two very large array radio campaigns resulted
in a non-detection with a F, < 15.8 uJy 30 upper limit. The shared properties of both WD pulsars and polars
suggest that Gaia22ayj is a missing link between the two classes of magnetic WD binaries.

Unified Astronomy Thesaurus concepts: Cataclysmic variable stars (203); White dwarf stars (1799); Accretion

(14); Binary stars (154); Time domain astronomy (2109)

1. Introduction

Magnetic fields are ubiquitous in the Universe, from
planetary scales such as that of the Earth to extragalactic
scales of the intergalactic medium. In both cases, dynamos
have been proposed to be the origin, and the dynamo theory
has recently been invoked as the possible origin of strong
magnetic fields in cooling white dwarfs (WDs) undergoing
crystallization (e.g. Isern et al. 2017; Schreiber et al. 2021;
Ginzburg et al. 2022).

It has been observed that over a third of accreting WDs host a
magnetic WD (Pala et al. 2020; Rodriguez et al. 2024). Such
systems, known as magnetic cataclysmic variables (CVs), consist
of a magnetic WD accreting from a Roche-lobe filling donor star,
in the form of intermediate polars (IPs; B ~ 1—10 MG) or, more
commonly, polars (B ~ 10—240 MG). Both polars and IPs
channel accreted material through the WD magnetic poles onto
the surface since, in both cases, the magnetospheric radius
extends well past the surface of the WD. In polars, the WD spin is
typically locked with the orbital period,” but in IPs, the WD
spins ~10—100 times faster than the orbital period.

Despite the abundance of magnetic CVs, however, only
~2% of their younger progenitors, detached post-common-
envelope binaries (PCEBs), host a magnetic WD (e.g. Rebassa-
Mansergas et al. 2012; Parsons et al. 2021). Because CVs are
further evolved and host cooler WDs, this has led to the idea
that magnetism arises as a result of a crystallization-driven
dynamo as the WD cools (e.g. Schreiber et al. 2021). Other
channels for WD magnetism, such as (1) the “fossil field”
scenario, where the progenitor was a magnetic Ap/Bp star
(Braithwaite & Spruit 2004), (2) a dynamo operating during the
common envelope phase (CE; Tout et al. 2008), and (3) a
double WD merger (Garcia-Berro et al. 2012) are also possible,
though the former two scenarios would predict a large number
of detached PCEBs hosting a magnetic WD. In the dynamo
scenario, a crystallizing WD accretes from a donor star, is spun
up, and generates a B ~ 1—250 MG magnetic field (Schreiber
et al. 2021). The WD may then synchronize with the orbit,
leading to the creation of a polar. Recent work has suggested
that this idea may well lead to some, but not all of the polars

» Asynchronous polars are polar-like systems in which there is a <10%
difference between the WD spin and the orbital period (e.g. Littlefield et al.
2023), which in some systems has been explained by a nova outburst throwing
the system out of synchronism (e.g. Schmidt & Stockman 1991).

hosting 210 MG magnetic fields (Ginzburg et al. 2022;
Camisassa et al. 2024).

Furthermore, two WD “pulsars” have been discovered in the
last decade: AR Sco (Marsh et al. 2016) and
J191213.72-441045.1 (henceforth J1912; Pelisoli et al. 2023),
the first of which motivated a connection from the dynamo
theory to reconcile the role of AR Sco in CV evolution
(Schreiber et al. 2021). Curiously, it appears that the WD
temperature of J1912 is too high for crystallization to have taken
place, potentially calling into question the dynamo origin of
magnetic fields or simply showing that this channel may not lead
to all magnetic CVs (Pelisoli et al. 2024). Nevertheless, the
evolutionary picture of Schreiber et al. (2021) may still explain
the origin of its magnetic field, as the recent work of Camisassa
et al. (2024) suggested that dynamo-generated magnetic fields
can break out at higher temperatures for more massive WDs.

Regardless of the origin of magnetism in WD pulsars, these
systems are close (Poy, ~ 3.5—4 hr), detached, non-accreting
binaries, where fast, pulsed emission (Pgpi, ~ 2—5 minutes) out
to radio frequencies has been detected. This emission has been
attributed to the acceleration of particles in the interaction
between the magnetic field (B =~ 50—100 MG) of the WD and
that of the M dwarf companion, though whether the radio pulses
are dominated by synchrotron or cyclotron emission is under
debate (e.g. Marsh et al. 2016; Stanway et al. 2018). Crucially,
both AR Sco (Pelisoli et al. 2022b) and J1912 (P. Woudt et al.
2025, in preparation) have been observed to be rapidly spinning
down, with AR Sco showing P/P = 5.6 x 10°yr. This
suggests that these systems will eventually become polars—the
donor star will fill its Roche lobe in a few Gyr due to
gravitational wave radiation and magnetic braking, and the WD
will spin down to synchronize with the orbital period.

Here, we report the characterization of Gaia22ayj as an
accreting magnetic WD which will likely evolve into a polar.
Kato (2022) first reported the discovery of Gaia22ayj after it
underwent an optical outburst in 2022 March, found a
9.36 minutes period in data from the Zwicky Transient Facility
(ZTF) and proposed it to be a WD binary based on the claim
that this was the orbital period. We present multiwavelength
data to show that the 9.36 minutes period in Gaia22ayj is not
the orbital period of a binary system, rather it is likely the WD
spin (or spin—orbit beat) period of an accreting magnetic WD.
In this sense, Gaia22ayj is like an IP, but its large photometric
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Table 1
Summary of Long-term Photometry, High Cadence Photometry, Spectroscopy, Optical Polarimetry, and Multiwavelength Data Acquired for Gaia22ayj, from Top to
Bottom
Telescope Wavelength Data Dates
P48/ZTF Optical g, r Long term (~2 day cadence) photometry 2018-2024
Gaia Optical G Long term (~60 day cadence) photometry 2014-2024
ATLAS Optical ¢, o Long term (~2 day cadence) photometry 2018-2024 (mostly 2022 Mar)
P48/ZTF Optical g, r “Deep Drilling” (45 s cadence) photometry 2019 Jan 10
NTT/ULTRACAM Optical u+g+i High-cadence (10 s) photometry 2022 Apr 25
SAAO/SHOC Optical clear band High-cadence (30 s) photometry 2023 May 18
P200/CHIMERA Optical g+r, g+i High-cadence (10 s) photometry 2023 Nov 13, 2024 Jan 6
GTC/HiPERCAM Optical u+g+r+i+z High-cadence (4 s) photometry 2024 Mar 6, 2024 Apr 16

Optical 3500—9000 A
Optical 4000—8000 A
Optical 3500—9000 A

Keck I/LRIS
Magellan Clay/MagE
Keck I/LRIS

Single 900 s ID spectrum

High-cadence (90 s) spectroscopy
High-cadence (60 s) spectroscopy

2022 Apr 3
2022 Apr 10
2023 Nov 8, 19

NOT/ALFOSC Linear optical polarimetry High-cadence (50 s) photometry 2022 May 1, 2, 2024 Apr 13
SALT/RSS Circular spectropolarimetry 2 x 600 s spectra 2022 Apr 28
P200/WIRC Near-infrared J, H, Ks High-speed (45 s, 9's, 3 s) photometry 2023 Nov 7
Swift/XRT X-ray 0.3-8 keV Spectral and Timing Data Acquisition Various in 2005 Jun-Dec
VLA Radio X-band (8-12 GHz) Continuum Measurement (2 x 3 hr observations) 2024 Jan 13, 15

Note. Further details are presented throughout Sections 2 and 3.

amplitude and spectroscopic modulation are reminiscent of
polars, therefore suggesting this is, at the very minimum, a new
empirically defined subclass of magnetic CVs. The extreme
levels of optical linear polarization reaching 40%, as presented
in this work, are seen only in AR Sco (Buckley et al. 2017),
further hinting at Gaia22ayj being a possible connection
between WD pulsars and polars.

Recently, WD pulsars have gained traction as possible
explanations for “long-period radio transients” (LPTs), which
are radio sources pulsing on the timescales of minutes to hours
(Hurley-Walker et al. 2023). In two systems, M dwarfs have
been seen in optical spectra, though at the time of writing,
spectroscopic confirmation of WDs in these systems remains to
be obtained (de Ruiter et al. 2024; Hurley-Walker et al. 2024).
The possible connection of Gaia22ayj to WD pulsars that we
present here brings to light the likely diversity that exists in
WD pulsars and related systems.

In Section 2, we present optical photometry and spectroscopy,
including polarimetry, that show that Gaia22ayj is an accreting
magnetic WD in a close binary. In Section 3, we present all
multiwavelength data collected on Gaia22ayj in the radio,
infrared, X-ray, and (false) -ray association. In Section 4, we
show that the 9.36 minutes period likely represents the spin of
the magnetic WD, and that it is rapidly slowing. In Section 5, we
argue for a possible interpretation of Gaia22ayj as a link between
WD pulsars and polars. We also present estimates of the
population of such objects and projections for the discovery of
Gaia22ayj-like systems in the upcoming Rubin Observatory
Legacy Survey of Space and Time (LSST).

2. Optical Photometry and Spectroscopy

A summary of all data is summarized in Table 1, with
additional details surrounding the optical and multiwavelength
data presented in Sections 2 and 3, respectively.

2.1. Archival Photometry

Gaia22ayj was first discovered by Kato (2022) using the
Gaia alerts stream. In Data Release 3 (DR3), Gaia22ayj has ID
5697000580270393088 and an associated distance of 2.5}
kpc as estimated by Bailer-Jones et al. (2021) from its parallax
of w = 0.34 £ 0.22 mas. Upon querying the ZTF photometric
database, Gaia22ayj was shown to be periodic, at 9.36 minutes
(Kato 2022). ZTF is a photometric survey which uses a 47 deg”
field-of-view camera mounted on the Samuel Oschin 48 inch
telescope at Palomar Observatory (Bellm et al. 2019a; Graham
et al. 2019; Dekany et al. 2020; Masci et al. 2019). It uses
custom g, r, and  filters, taking most of its data in the r filter at
30s exposure times. Crucial to our characterization of
Gaia22ayj was the following: in its first year of operations,
ZTF carried out a nightly public Galactic Plane Survey in g and
r-band (Bellm et al. 2019b) as well as a partnership survey
which obtained continuous (30s + 10s of read-out time)
photometry of a Galactic Plane field for 1.5 hr, though some
fields have up to 6 hr of continuous coverage (Kupfer 2021).
Since entering Phase II, the public Northern Sky Survey is at a
2 days cadence. The pixel size of the ZTF camera is 1” and the
median delivered image quality is 2'0 at FWHM.

We use ZTF forced photometry extracted at the position
reported by Gaia Data Release 3 (DR3, and corrected to J2000;
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Figure 1. Left: ZTF light curve of Gaia22ayj in r and g bands folded on the 9.36 minutes period. Right: Comparison of the Gaia22ayj ZTF r band light curve (red) to
that of an archetypal polar, GG Leo (top; black points; Py,in = Pow, = 1.3 hr) and an archetypal IP, V418 Gem (bottom; black points; Py, = 8.0 minutes). The light
curves of GG Leo and V418 are offset to match with the minimum of Gaia22ayj. Gaia22ayj pulsates at the short period of an IP, but at the high amplitude of a polar.

Gaia Collaboration et al. 2023) of Gaia22ayj, including
proprietary data to be made publicly available in upcoming data
releases, taken through 2024 November 1, processed by IPAC at
Caltech.®® This allows one to obtain flux estimates below the
detection threshold as well as more realistic error bars on the data.

We also query the forced photometry database of the
Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry
et al. 2018) at the Gaia position of Gaia22ayj in both ATLAS ¢
(cyan) and o (orange) bands. Stringent quality cuts were
applied to the data, ensuring 50 flux measurements, a
maximum sky brightness of 20.5 mag arcsec 2, and a well-
sampled PSF (3.5 pixels in each spatial direction).

We performed a Lomb—Scargle period analysis (Lomb 1976;
Scargle 1982) of ZTF data using gatspy (VanderPlas 2016).
The strongest peak is at 4.68 minutes, which we confirm as
half of the period; folding the light curve on twice that period
(9.36 minutes) reveals two different minima. We show the ZTF
light curve of Gaia22ayj (excluding outbursting epochs) in
Figure 1, and compare the ZTF r light curve to that of an
archetypal polar, GG Leo, as well as to that of an archetypal IP,
V418 Gem.”' Both GG Leo and V418 Gem show double-
peaked light curves like Gaia22ayj over a single WD spin
period, as do many pre-polars (van Roestel et al. 2024). In brief,

30 https:/ /irsa.ipac.caltech.edu/data/ZTF/docs/ ztf_forced_photometry.pdf

31 V418 Gem is one of the IPs with the highest amplitude optical light curve,
with some IPs showing little to no detectable variation in the optical on their
spin periods (though in some cases they must be seen in the X-ray to confirm
their IP nature).

Gaia22ayj has the amplitude of a polar, but the rapid spin period
of an IP.

2.2. Long Term Photometry

In Figure 2, we show the long term behavior of Gaia22ayj in
both Gaia, ZTF photometry, and ATLAS photometry which
spans ten years from 2014 to 2024. The ZTF photometric
coverage is sparser than average (excluding deep drilling, ~50
r-band epochs, whereas the ZTF average across the sky is
~850 r-band points) due to the source’s low declination.
ATLAS photometry firmly establishes that the outburst lasted
~2 days. In Figure 2, Gaia coverage shows that Gaia22ayj
takes ~0.75 day to rise to a peak brightness of ~16 mag
(starting from ~19 mag), at which point the light curve is
roughly constant for ~1 day. ATLAS c and o band photometry
shows a rapid decline back to ~19 mag two days after
outburst. Approximately 30 days after the outburst, the ZTF
and ATLAS data show Gaia22ayj still in quiescence. These
outbursts are on the lower amplitude end of dwarf nova
outbursts, which typically range between 2 and 4 mag (though
low-accretion rate WZ Sge-like systems can reach 8 mag
outbursts; e.g. Warner 1995).

Instead of typical dwarf nova outbursts, the 2022 outburst
of Gaia22ayj more closely resembles very short outbursts
seen in IPs, notably in the famous systems V1223 Sgr
(Hameury & Lasota 2017; Hameury et al. 2022) and TV Col
(Hellier & Buckley 1993). However, those outbursts last less
than a day and do not show rapid fading like that of Gaia22ayj.
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Figure 2. Gaia coverage from 2014 to 2024 shows consistent high amplitude modulation, while both ZTF (2018—onwards) and Gaia show a ~3 mag outburst
beginning on 2022 April 3. ATLAS coverage demonstrates that the outburst lasts two days, during which the high amplitude modulation seen in quiescence
disappears. The low amplitude and short duration of the outburst more closely resembles those seen in IPs than those in non-magnetic dwarf novae. In either case, this

outburst suggests ongoing accretion in Gaia22ayj.

Scaringi et al. (2022) recently suggested that such bursts,
increases in brightness by a factor of three over a few hours, are
“micronovae” which are localized thermonuclear events
associated with magnetic WDs. It is unclear if the 2022
outburst of Gaia22ayj is related to such phenomena. During
outburst, Gaia22ayj does not show the characteristic high
amplitude modulation it does in quiescence, or the modulation
seen in other IPs during outburst, though the Gaia temporal
cadence may not be high enough to reveal fast variability.
There is some evidence of additional outburst-like behavior
from the ATLAS light curve in 2019 and 2022, but aside from
the outburst of 2022 March 3, no other such events were
covered by multiple photometric surveys.

Finally, in Figure 3, we show the Lomb-Scargle period-
ogram constructed from the ZTF r and g light curves, showing
clear peaks at 9.36 minutes (true period) and 4.68 minutes
(half of that). In Figure 3, we calculate a Lomb-Scargle
periodogram using gatspy (VanderPlas 2016), evenly
sampling fifty thousand trial periods in frequency space
between four minutes and eleven hours (in order to avoid
strong harmonics of the sidereal day around twelve hours).
We define the significance as the number of median absolute
deviations above the median power. In samples of =10,000
ZTF light curves, we have found that a value of 25 in these
units corresponds to approximately the 95th quantile. This
means only five percent of ZTF light curves have a
significance this high, which typically contain a true periodic
signal. There are no significant peaks aside from the 4.68 and
9.36 minutes ones that pass this threshold, suggesting that
long term photometry alone is unsuitable for detecting an
orbital period.

2.2.1. High Speed Photometry

We obtained high speed photometry of Gaia22ayj on seven
separate occasions: 2022 April 25 with ULTRACAM
(Dhillon et al. 2007) on the 3.58 m New Technology
Telescope at La Silla (u, g, i filters simultaneously at 10s
cadence), 2023 May 18 with the Sutherland High Speed
Optical Cameras (SHOC) on the 1 m SAAO telescope (clear
filter), 2023 November 13 and 2024 January 6 with the
Caltech HIgh-speed Multi-color camERA (CHIMERA; Hard-
ing et al. 2016) on the 5Sm Hale Telescope at Palomar
Observatory (g, r and g, i filters simultaneously at 10s
cadence), 2024 March 6 and 2024 April 16 with HIPERCAM
(Dhillon et al. 2021) on the 10.4 m Gran Telescopio Canarias
at the Observatorio del Roque de los Muchachos on La Palma
(u, g, r, i, z filters simultaneously at 3.77 s cadence). All data
were acquired along with GPS timestamps to ensure sub-
millisecond timing precision, and corrected to a barycentric
Julian date in barycentric dynamical time (BJDtpg). All data
were extracted using aperture photometry pipelines’> which
computed the flux relative to the same star, Gaia DR3
5697012365660670720.

In Figure 4, we show the 5-band simultaneous light curve
acquired by HIPERCAM on 2024 April 16. Two maxima per
spin period are clearly seen, as in the ZTF light curve, but the
multi-band coverage shows that one peak is higher than the
other at bluer bands. We show that the amplitude of the higher
peak is variable in the full optical high speed light curves taken
with P200/CHIMERA and NTT/ULTRACAM in Appendix.

32 https: / /github.com /HiPERCAM /hipercam
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Figure 3. A Lomb-Scargle periodogram constructed from ZTF r and g
photometry only reveals peaks at 9.36 minutes (true period) and 4.68 minutes (half
of that). No other peaks, including one corresponding to a possible orbital period,
pass the typical ZTF detection threshold of 25 in these units (see text for details).

2.3. Optical Polarimetry

Linear optical polarimetry was taken with the Alhambra
Faint Object Spectrograph and Camera (ALFOSC) on the
2.56 m Nordic Optical Telescope (NOT), La Palma, on three
occasions: 2022 May 1, 2022 May 2, and 2024 April 13.
ALFOSC was equipped with WeDoWO, a four-beam polari-
metric unit, capable of obtaining a full linear polarimetric
observation from a single exposure using a wedged double
Wollaston prism. A red pass (OG570) filter was used to select
the red part of the spectrum, where the photometric modulation
is strongest. This setup produced a bandpass ranging from
5500 to ~10000 A, where the CCD response effectively
tapers off. On all occasions, a comparison star was simulta-
neously monitored which showed no >1o0 changes in linear
polarization percentage (<1%) or angle. In Figure 4, we show
the linear polarization (percentage and angle) of Gaia22ayj
folded on the spin period. Data are taken from the third
observing run, which lasted one hour and took place in
excellent conditions. The entire data set is folded on the
9.36 minutes period (light blue) and averaged over twenty
phase bins (dark blue). Two distinct peaks are seen, with one
reaching ~20% polarization and the other ~40% polarization,
each coincident with the two minima in total flux. The same
behavior is seen two years apart, in the 2022 as well as the
2024 observations of Gaia22ayj. The full light polarimetric
light curve is shown in the Appendix Figure 20.

2.4. Spectroscopy

We obtained optical spectroscopy of Gaia22ayj on various
occasions. The first spectrum was taken with the Low
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Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) on
the Keck I telescope on 2022 April 3 through some cloud
coverage, but showed emission lines, ruling out a detached WD
binary nature. The next set of spectra, acquired on 2022 April
10 with the Magellan Echellete Spectrograph (MagE; Marshall
et al. 2008) on the Magellan Clay Telescope in 2022 April
confirmed that emission lines were present in Gaia22ayj and
showed that an overall modulation across the entire optical
band was responsible for the high amplitude photometric
modulation.

Most notably, we acquired low-resolution (AX = 0.8 A)
spectra with Keck I/LRIS on 2023 November 8 (for a total
time of 1.6 hr) and on 2023 November 19 (for a total time of
1.96 hr) at high speed 60 s exposures on the blue channel, 90 s
on the red with 2 X 2 and 2 x 1 binning (spatial versus
spectral), respectively to sample the 9.36 minutes spin period.
The first run had strong winds and some light clouds with 0.9
seeing, while the second run had more favorable conditions
with 0'8 seeing that led to higher signal-to-noise ratio. All
LRIS data were wavelength calibrated with internal lamps, flat
fielded, and cleaned for cosmic rays using lpipe, a pipeline
for LRIS optimized for long slit spectroscopy (Perley 2019).

In Figure 5, we show phase-resolved and averaged spectra
from the second run, which confirm the initial MagE findings,
though with higher temporal and spectral resolution. The
slightly double-peaked nature of the Balmer, He I, and Hell
emission lines suggests either the presence of a disk or face-on
viewing of two accretion poles. Metal lines in emission (Mg I
and Ca 1) are seen only in the phase-averaged spectrum,
though even then with just a marginal detection. If indeed
present, these lines likely trace the irradiated face of the donor
star (e.g. Rodriguez et al. 2023). The Na I doublet at 8183 and
8195 A in late-type stars is not seen.

In Figure 6, we show the trailed Keck I/LRIS spectra of the
second run, acquired over 1.96 hr. No radial velocity (RV)
shifts of the Balmer, He I, or He Il emission lines or suspected
donor lines (Mg I and Ca II) are seen. We experimented by
binning a different number of individual spectra and using
different smoothing levels to probe RV shifts, but none are seen
down to the limiting resolution of our LRIS setup
(0.8 = 30kms™").

2.4.1. Spectropolarimetry

We obtained spectropolarimetry of Gaia22ayj on 2022 April
28 using the Robert Stobie Spectrograph (RSS; Burgh et al.
2003; Kobulnicky et al. 2003) in circular spectropolarimetry
mode (Brink et al. 2010) on the 10 m Southern African Large
Telescope (SALT; Buckley et al. 2006). The observations
consisted of two exposures of 600 s for each of two positions of
a 1/4 waveplate retarder, which was repeated once. In Figure 7,
we show the resulting data: total flux (black) and circularly
polarized spectrum (original in light red; smoothed in red). We
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Figure 4. Left: Quintuple-band simultaneous high speed (3.77 s) photometry of Gaia22ayj acquired over 20 minutes with HIPERCAM on the GTC shows that
Gaia22ayj can increase in brightness by a factor of ~10 in 2.5 minutes, and that the variability amplitude varies significantly with wavelength, being lowest in the u
band. Gaia22ayj also shows high levels of linear polarization (upper right), with two peaks (~20% and ~40%) anticorrelated with the peaks of the ZTF light curve
(black, arbitrarily scaled). Such high levels of linear polarization are only rivaled by AR Sco. The double-peaked nature of the linear polarization curve, along with the
polarization angle swing (middle right), may suggest two-pole accretion. Triple-band near-infrared photometry (lower right) reveals similar extreme behavior as in the

optical (black; arbitrarily scaled).

detect circularly polarized flux, reaching up to ~5% level at
~6800 A, with a >1c significance. A nearby comparison star
on the slit showed polarization consistent with zero percent.
Due to the long exposure times, these observations are unable
to resolve the 9.3 minutes spin period. Further data are needed
to confirm this detection and search for variability on longer
timescales.

3. Multiwavelength Observations
3.1. Near-infrared Photometry

We observed Gaia22ayj on 2023 November 7 in J, H, and K
bands with the Wide field InfraRed Camera (WIRC) on the
200 inch Hale Telescope at Palomar Observatory. A 9-dither
observing pattern, tiling the field by shifting 10” in a 3 x 3
square, was used. We acquired single 45 s J-band exposures,

co-added six 9s H-band exposures, and co-added ten 3s
K,-band exposures, with exposures taken in each filter for a
total of forty minutes. Data were dark-subtracted and flat
fielded using standard techniques implemented in a custom
wirc_pipe pipeline (K. De & V. Karambelkar 2025, in
preparation).

In Figure 4, we show the WIRC light curves folded on the
9.36 minutes optical period. Because we had to bin multiple
exposures, we could not independently solve for a period using
the near-infrared data alone. All light curves appear to have a
similar behavior as in the optical, peaking twice per spin period.

3.2. X-Ray Detection

Gaia22ayj is listed in the Second Swift-XRT Point Source
Catalog (2SXPS) as 2SXPS J082526.4-223212 (Evans et al.
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Figure 5. Phase-resolved spectroscopy of Gaia22ayj shows that overall modulation
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between 4000 and 8000 A leads to the observed high-amplitude photometric

variability. Gray shaded areas are telluric features. Upper left: Two hours of Keck I/LRIS spectra, stacked into ten bins folded on the 9.36 minutes period show two

distinct maxima that resemble “cyclotron humps,”

peaking at phases 0.25 and 0.75 (third and eighth sub-panels from the bottom, respectively). Upper right: The He II

4686 and Ha emission lines remain flat or double-peaked (broadened with v =~ 1200 km s~ ') and show no amplitude or RV modulation on the spin phase. Bottom:
The phase-averaged, stacked spectrum of Gaia22ayj reveals prominent H and He (slightly double-peaked) emission lines and a Balmer jump in emission, commonly
seen in CVs. The high concentration of hydrogen rules out an ultracompact nature. Strong He 11 4686 (He II/HG ~ 1) is suggestive of a magnetic WD. Ca Il and Mg I
emission lines are marginally detected, which could trace the irradiated face of the donor star.

2020). The angular separation between the ZTF optical and
Swift X-ray centroids is 172, and the Swift X-ray 90% error
circle is 2.2, strongly suggesting this as the true X-ray
counterpart. Swift/XRT serendipitously observed this source
for a total of 86 ks exposure (at the location of the source on the
detector), separated into 11 different observations. This was due
to a bright and well-studied BL Lac, QSO B0823-223, 825
away, which was the target of the Swift/XRT observations.

3.2.1. X-Ray Spectral Analysis

We used the online web tool™ to build Swift-XRT products
(Goad et al. 2007; Evans et al. 2009, 2020) and extract a single
combined spectrum from all 11 observations of Swift/XRT
(PC mode). To analyze X-ray spectra, we used the XSPEC

33 hitps: / /www.swift.ac.uk /user_objects/
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Figure 7. Low-resolution spectropolarimetry acquired with SALT reveals a
possible (>10) detection of a circularly polarized continuum, peaking around
6800 A. The height of the feature corresponds to a five percent level of circular
polarization, consistent with magnetic CVs.

v12.13 spectral modeling package (Arnaud 1996). We grouped
spectral channels using the grppha tool from FTOOLS (Nasa
High Energy Astrophysics Science Archive Research Center
(Heasarc) 2014) to have a minimum of 10 counts per channel.
We used the x” test statistic and performed spectral analysis in
the 0.3-8keV energy band. To compute 90% confidence
intervals for the best-fit parameters, we used the error tool in
XSPEC. We used the Tuebingen—Boulder ISM absorption
model (tbabs in XSPEC, the solar elemental abundances
from Wilms et al. 2000) to account for interstellar absorption.
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The unabsorbed fluxes were computed by using the cflux
convolution model in XSPEC.

We initially approximated the X-ray spectrum with power-
law (powerlaw) and optically thin thermal emission models
(mekal with fixed metal abundance at solar value). Both
power-law (I' = 1.27) and mekal (kT 2, 15 keV) models give
an acceptable fit to our spectrum, resulting in reduced chi-
square (xfed) values of 0.99 and 0.98, respectively (see
Table 2). We used an isobaric cooling flow model (mkcflow;
Mushotzky & Szymkowiak 1988) to fit the X-ray spectrum of
Gaia22ayj. The mkcflow>* provides a good approximation
of the X-ray spectrum of non-magnetic CVs (e.g.,
Mukai 2017). The single fit with the mkcflow results in an
unacceptable fit (Xfe 4= 1.12) and gives only the lower
limit for the temperature (kT 2 64 keV). Along with the
resulting photon index of the power-law model (I' = 1.27),
this indicates that the X-ray spectrum of Gaia22ayj is hard.
X-ray spectra of some magnetic CVs cannot be fitted well
with the single mkcflow model, showing a steep photon
index (I' ~ 1) for a power-law model (e.g., Mukai 2017;
Galiullin & Gilfanov 2021). The X-ray spectrum of magnetic
CVs might be affected by local absorbers, so we added the
partial covering absorption component (pcfabs) to the
mkcflow model (e.g. Mukai 2017). The final model
tbabs x pcfabs X mkcflow approximates well the
observed spectrum of Gaia22ayj and gives an acceptable fit
(xfed = 1.01; see Figure 8).

The X-ray spectrum of some polars shows a soft component
along with the thermal plasma emission model (e.g.
Mukai 2017). We approximated the X-ray spectrum by
including the black-body component (bbody) in the final
model, having thabs”pcfabs™(mkcflow + bbody). However, the
fit gives no meaningful result for the black-body temperature.

Table 2 shows the best-fit spectral parameters for different
models. The hydrogen column density, Ny, from our fit is
consistent with the Galactic value for Gaia22ayj from the
Bayestar dust map (~2 x 10*°cm %E(g—r) = 0.03; Green
et al. 2019). To compute the bolometric flux in the
0.001-100 keV energy band, we used the cflux model for
the mkcflow component. We converted the fluxes into
luminosities by assuming the 2.5 kpc Gaia-estimated distance
to the object. Gaia22ayj shows an observed X-ray luminosity of
~2.5 x 10°% ergs™! and a bolometric X-ray luminosity of
~4 x 10% erg s'. We extracted the X-ray spectrum for 11
Swift/XRT observations to find possible X-ray variability. The
current analysis shows no change of spectral parameters
between six months of the observation with Swift/XRT (from
2005 June 21 to December 6).

3 To properly use the mkcflow model, the redshift parameter can not be set
at zero value (see for more details Mukai 2017). We fixed the redshift
parameter at 5. 84 x 107 (equal to the 2500 pc distance) using the
cosmological Hubble constant of 70 km s~ Mpc ™.
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Table 2
The Best-fit Spectral Parameters and Their Errors for the Different Models
Applied to Analyze the Combined Swift/XRT X-Ray Spectrum of Gaia22ayj

Model: tbabs X powerlaw

Parameters:

Ny (x 10* cm™2) <0.09
r 1277913
X2, (dof) 0.99(62)

Model: tbabs x mekal

Parameters:
Ny (x 10*2ecm™3) 0.0379%4
kT (keV) >15
X5q (dof) 0.98(62)
Model: tbabs x mkcflow
Parameters:
Ny (x 10* cm™?) 0.071593
KTin (keV) 0.1 (fixed)
KT (keV) >64
M (x10712 M yr—Y) 28.2134
X%, (dof) 1.12(62)
Model: tbabs X pcfabs X mkcflow
Ny (x 102 cm™?) 0.02736
Nigpe (x 107 cm™?) 1.96112
pcf (per cent) 383(2,
KTiin (keV) 0.1 (fixed)
KTnax (keV) 213
M (x10712 M yr=Y 38.15432
X5 (dof) 1.01(60)
Fops ( X 107 P erg s 'em™?) 334+03
Fun ( x 107 erg s 'em™2) 39 +09
Foor ( X 10713 erg s’lcm’z) 53+1.0
Ly ( x 10 ergs™) 2.7+43
Lo ( X 10%ergs™) 37438

Note. Upper and lower limits are computed for a 90% confidence level.
Observed (Fops) and absorption-corrected (F,) fluxes in the 0.3-8 keV energy
band. Bolometric flux (Fy) in the 0.001-100 keV energy band. F,,, and Fy
are computed for the mkcflow component of the tbabs x pcfabs X
mkcflow model.

3.2.2. X-Ray Timing Analysis

Finally, we performed a timing analysis on the combined
Swift data. This required downloading the raw data and
performing a barycentric correction, converting all photon
arrival times to BJDtpg. We used the Gregory—Loredo
algorithm (GL; Gregory & Loredo 1992), which is a phase-
folding Bayesian algorithm that performs well in the regime of
low to moderate counts, which is common in X-ray data like
that which we present here. For a full explanation of the
implementation and application of this algorithm to other
sources, we refer the reader to Bao et al. (2023, 2024). In
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Figure 8, we show the folded light curve at the best X-ray
period obtained with the GL algorithm: 9.635(2) minutes. We
also show the X-ray light curve folded on the optical period
(9.36 minutes), which shows that modulation is still detected
on that period, though not as clear and significant as on the
9.64 minutes period. However, we strongly emphasize that the
period we obtain has significant overlap with harmonics of the
“Good Time Interval” (GTI) of the Swift observation, meaning
that this analysis is subject to scrutiny and further X-ray
observations and timing analyses should be done to confirm
this period.

3.3. Radio Observation

We observed Gaia22ayj with the Very Large Array (VLA) for
3 hr on two separate occasions: 2024 January 13 and 15 (UT),
both in X-band (8-12 GHz) with the VLA in the “D” array
configuration. Weather conditions were good (at most 20% cloud
cover) on both occasions. We used the flux calibrator 3C138 and
the gain calibrator J0826-2230. Data were calibrated using the
Common Astronomy Software Applications software (CASA;
McMullin et al. 2007) and deconvolved using the clean
algorithm with the tclean command. We measured the flux
density using the Cube Analysis and Rendering Tool for
Astronomy (CARTA. Comrie et al. 2021) and found no detection
in either the dirty or deconvolved image. To deconvolve the
image, we used the clean algorithm (Clark 1980) within
CASA. The rms at the source position was 5.0 uly, which
corresponds to a 3¢ upper limit of 15 pJy. We show the cleaned
image in Figure 9, which shows no significant source in the
vicinity of Gaia22ayj, but reveals an unassociated radio source
(likely a radio galaxy) 1:45 to the south west and another 1.5 to
the north. The apparent fringes in the radio image are due to the
nearby (7.91) bright quasar, J0826-2230.

In Figure 9, we show that we expected Gaia22ayj to have a
radio flux of F, = 3013) uJy. This was calculated based on a
least-squares fit to the radio fluxes of AR Sco (Marsh et al.
2016) and J1912 (Pelisoli et al. 2023), assuming that Gaia22ayj
was powered by the same physical mechanism. The uncertain-
ties on our estimates of the radio flux of Gaia22ayj are large
due to the distance uncertainty from Gaia. Figure 9 shows that
the radio non-detection of Gaia22ayj is inconsistent with it
having a similar radio luminosity as the known WD pulsars at
the 30 (20) level, assuming a distance of 2.5 kpc (4 kpc).

3.4. Near-infrared Spectroscopy

We observed Gaia22ayj on 2023 April 30 with the Near-
Infrared Echellette Spectrometer (NIRES) on the Keck II
telescope on Mauna Kea. We obtained an ABBA dither
sequence of four 180 s exposures. Spectra were reduced using
standard techniques with the NSX pipeline.”> We find a

33 https: / /sites.astro.caltech.edu/ tb/nsx/
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Figure 8. Left: The combined X-ray spectrum of Gaia22ayj from all 11 Swift/XRT observations (from 2005 June 21 to December 6). The red line shows the best-fit
tbabs x pcfabs x mkcflow model. The bottom panel shows the ratio of the data divided by the model spectrum. Right: The X-ray light curve folded on the X-ray
derived period (top) and on the optically derived period (bottom) is shown. Due to overlap with harmonics of the Swift good time interval (GTT) of the observation, the
X-ray period of 9.64 minutes is tentative and should be tested with further observations.

significant detection of the He I emission line at 1.083 pm, but
no other discernible lines above the sky background.

3.5. Gamma-Ray False Association

Gaia22ayj is located 7.91 away from the well-studied BL
Lacertae source PKS 0823-223 (Allen et al. 1982), also
known as 4FGL J0825.9-2230 in the Fermi 4FGL catalog
(Ballet et al. 2023). Gaia22ayj is within the 27.5 x 26./6
Fermi error ellipse (68% confidence intervals). However,
Gaia22ayj can be confidently discarded as being associated
with the gamma-ray source since the 4FGL catalog reports a
>99.9% likelihood of PKS 0823-223 being associated with
the gamma-ray source. A search for gamma-ray pulsations on
the 9.36 minutes period could still be conducted, but is
beyond the scope of this work.

4. Results and Interpretation
4.1. An Accreting Binary System

Kato (2022) first suggested Gaia22ayj to be an eclipsing
double WD system, but the optical spectrum in Figure 5
shows clear emission lines. No absorption lines are seen
anywhere in the spectrum at any orbital phase, which provides
clear evidence against a detached double WD system.
Furthermore, Figure 5 shows that the Hell 4686 and Ha
lines are double-peaked, and have a characteristic broadening
of v 1200kms~'. This discards the possibility of a
chromospheric origin of the emission lines (which would be
broadened at the 10-20km s~ level), meaning that accretion
must be taking place in a semi-detached binary system (i.e.,
one star fills its Roche lobe).

~
~

4.2. The 9.36 minutes Period: Not an Ultracompact
System

In the absence of additional information, the observed
9.36 minutes period could either be attributed to the binary
orbit or to the spin of the accreting star. However, there is also
the possibility that this is the beat period between the spin and
the orbit (i.e., 1/Ppear = 1/Pgpin £ 1/Porwir). The spectrum in
Figure 5 shows that this cannot be an orbital period because the
spectrum is dominated by hydrogen emission lines and a clear
Balmer jump in emission (inverse Balmer jump) at 3645 A.

CVs have an observed orbital period minimum of approxi-
mately 78-82 minutes (Génsicke et al. 2009), which has been
explained by calculating the minimum orbital period that a
hydrogen-rich donor star can remain in thermal equilibrium and
continue hydrogen burning while filling its Roche lobe (e.g.
Paczynski & Sienkiewicz 1983). However, this orbital period
minimum can reach =51 minutes for the smallest, lowest
metallicity stars (Stehle et al. 1997). Even more generally, a
degenerate companion object (i.e., a gas giant planet or a brown
dwarf) can reach orbital periods as low as 37 minutes
(Rappaport et al. 2021).

Gaia22ayj, with a photometric period of 9.36 minutes, is
well below this limit and shows no evidence of helium-rich
accretion that would suggest a high-density donor,’® so the
observed period must be related to the spin period of the WD.
The overall modulation of the spectrum on this period and the
lack of emission-line RV shifts (Figure 5) also support this
claim.

36 1t is worth nothing that though hydrogen has been seen in ultraviolet spectra
of ultracompact (AM CVn) WD binaries (such as the 5.4 minutes orbital period
HM Cnc; Munday et al. 2023), the amount of hydrogen is estimated to be very
low, meaning optical spectra are still dominated by helium lines.
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Figure 9. Top: VLA non-detection (30 upper limit of 15 pJy) of Gaia22ayj (a
15" radius white circle is shown around the optical position). A bright,
unassociated radio source is located approximately 145 to the south west of the
field center, with the synthesized beam shown on the lower left. Bottom: If the
same radio emission mechanism were present as in the known WD pulsars, AR
Sco and J1912, we should have seen a radio flux of F, = 30733 uJy from
Gaia22ayj. VLA observations rule this out.

4.3. Spectral Energy Distribution and Upper Limits on
the Donor Star

In Figure 10, we show the interstellar extinction-corrected
spectral energy distribution (SED) of Gaia22ayj. We use the E
(g — r) value of 0.03 from Green et al. (2019), which, given the
Galactic coordinates of Gaia22ayj (£: 243.93762, b: 8..80238)
where interstellar extinction is low, should be a reliable
estimate. UV (GALEX GR6/7; upper limits), optical (Pan-
STARRS PS1), near-IR (VISTA), and mid-IR (WISE) points
are shown, along with the phase-averaged Keck I/LRIS
spectrum. ZTF photometry is plotted at the light curve
maximum and minimum. The minimum of the ZTF photometry
allows us to place an upper limit on the temperature of the
donor star. We take a grid of stellar atmospheres at a given
temperature (at solar metallicity) from the BT-Settl library
(Allard et al. 2011) and corresponding stellar radii from the
models of Knigge et al. (2011), and compare to the ZTF g and r
points at light curve minimum. Assuming a donor behaving
according to the Knigge et al. (2011) tracks (i.e., not evolved),
we find that a donor with T = 3900 K, Ryonor = 0.62R,, best
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Figure 10. A 3900 K donor, with Ryonor = 0.62R., best fits the optical light
curve minimum of Gaia22ayj. This is consistent with near-IR and mid-IR
photometry from VISTA and WISE, respectively, and allows us to place upper
limits on the orbital period of Gaia22ayj (Figure 15). The ZTF minima and
maxima represent the limits of the variable light curve in quiescence (i.e., not
the 2022 outburst), and the average optical spectrum is the Keck I/LRIS
spectrum presented in Figure 5.
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fits the observed limits, given the median Gaia distance of
d =~ 2500 pc. In Section 5.1, we elaborate on how this finding
could inform the potential orbital period of the system and its
evolutionary stage.

4.4. Polarization Confirms a Magnetic White Dwarf

Linear polarization in Gaia22ayj confirms the magnetic
nature of the object. Most interestingly, the only system to date
that has shown such high levels (40%) of linear polarization is
AR Sco, the prototypical WD pulsar, which also showed up to
40% linear polarization (Buckley et al. 2017). In AR Sco, the
linear polarization is in phase with the total optical modulation,
whereas in Gaia22ayj (Figure 4), the two are clearly in
antiphase.

Polars are typically polarized to at most a few percent in
linear polarization, and can only reach high levels of circular
polarization (e.g. Schaich et al. 1992). No IP is known to
exhibit linear polarization at the level observed in Gaia22ayj
(e.g. Ferrario et al. 2020), suggesting that this system has a high
magnetic field and could have at most a small truncated disk.
Two distinct peaks in linear polarization percentage and a
swing in polarization angle across spin phase, however, may
suggest the presence of two accretion poles, as famously seen
in the prototypical polar CV, AM Her, though circular
polarization will tell for certain (Wickramasinghe et al. 1991).

This may also be supported by the nearly double-peaked
nature of the Hell 4686 and Ha emission lines, that remain



Publications of the Astronomical Society of the Pacific, 137:024202 (26pp), 2025 February

constant throughout the spin phase (Figure 5) and even during
~2 hr long integrations (Figure 6). This suggests that either (1)
a disk is present or (2) that we are always viewing down one
accretion pole in a two-pole system, with the second pole
behind the WD also contributing to the observed emission. The
high velocity of each peak (v ~ 1200km s~ ' broadening)
suggests that in the former scenario, those lines trace matter in a
disk in Keplerian rotation at r ~ 0.1 R, around a 0.8 M., WD,
or in the latter scenario, material in free-fall down the accretion
stream traveling at that speed. The absence of RV shifts in the
emission lines slightly favors the two-pole scenario, as the disk
around the WD in the first scenario would display some motion
relative to the center of mass. In the two-pole accretion stream
scenario, if a pole is viewed head-on, the emission region
would exhibit minimal motion as the WD rotates.

4.5. Optical Spectroscopy Suggests a High Magnetic
Field Strength

The high-amplitude optical modulation seen in the spectrum
(see Figure 5, upper left panel) is reminiscent of cyclotron
“humps” in polar CVs. Setting the magnetic force equal to the
centripetal force leads to the derivation of cyclotron harmonics:

A in6, (1)

~ 10710 A (100 MG)S.
n

where 7 is the cyclotron harmonic number, B the WD magnetic
field strength, and 6 the angle of the magnetic pole with respect
to our line of sight.

The following two observations are critical for determining
the magnetic field strength of the WD: (1) individual cyclotron
humps are not observed, and (2) there is high-amplitude optical
modulation, with two distinct “humps” spanning nearly the
entire optical spectrum peaking at spin phases 0.25 and 0.75
(Figure 5). The former provides a clue that the magnetic field
should be weak enough such that only high harmonics should
be present at optical wavelengths. Cyclotron modeling and
observations reveal that n = 7 harmonics are difficult to discern
as single features (e.g. Campbell et al. 2008). The latter
suggests that the viewing angle must be high enough for high
amplitude modulation to be seen (e.g. Campbell et al. 2008).
Therefore, we set § = 60° in Equation (1) as a lower limit for
the viewing angle. Because the n = 7 feature is not seen at
A < 8800, we infer an upper limit on the WD magnetic field
strength of B < 15 MG (Equation (1)).

In order to place a lower limit on B, we assume that n > 20
harmonics must be present at optical wavelengths, which
implies B 2 5 MG. The lowest measured magnetic field of a
polar CV showing Zeeman splitting has been 7 MG in V2301
Oph (Ferrario et al. 1995), though its optical variability (out of
eclipse) does not exceed 0.5 mag in ZTF. This shows that our 5
MG lower limit is quite conservative, and that Gaia22ayj likely
has a stronger magnetic field.
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4.6. Is the Accretion Stable?

The magnetospheric radius is the point where the ram
pressure of infalling material equals the magnetic pressure due
to the WD. At this point, accreted matter is forced to follow the
magnetic field lines of the WD, and is channeled onto its
surface. The magnetospheric radius is:

( B4R12 )1/7
ra= .
A 26MM*

B B \4/7 R 12/1
= 0.62R@ ( 10MG) (0.0105 Ru)

L (m ~1/7 W —2/7
0.8 M, 107 Mo yr~! ’

where M is the WD mass, M is the accretion rate, B is the WD
field strength, and R is the WD radius. As matter makes its way
to the magnetospheric radius, two possible scenarios can occur.
If the centrifugal force on a piece of matter exceeds the
gravitational force from the WD, then it will be flung out,
removing angular momentum from the system (i.e., a
“propeller” phase). Otherwise, it will be accreted onto the
WD, transferring angular momentum to the WD. This leads to
a condition of “spin equilibrium” (e.g. Patterson 1944), and
involves finding the orbital period of material at the magneto-
spheric radius:

@)

a2} a2 BR? )7
GM _G_M(zGMW)

6/7 R 18/7
= Ry = 11.7 minutes ( )
10MG 0.0105 Ry
M M

—-17/14 . -3/7
X _— .
(08 MQ) (109 Moyr])

We plot the result of this analysis in Figure 11. In order to
sustain accretion in such a fast-spinning WD, either the
magnetic field must be weak or the accretion rate must be high.
In IPs, the 1-10 MG magnetic field allows for stability across a
wide range of accretion rates: low-luminosity IPs (LLIPs;
Pretorius & Mukai 2014) are below the CV orbital period gap,
and are thought to have M < 10~ M, yr~!, while typical IPs
are above the gap and accrete at M > 10~ M. yr~! (e.g.
Suleimanov et al. 2019).

We proceed with the assumption that Gaia22ayj is indeed
accreting (i.e., not in a propeller phase). This is justified by the
following: (1) the X-ray luminosity exceeds that of AE Aqr, the
prototypical propeller, by at least an order of magnitude
(Patterson et al. 1980); (2) there is no clear optical flaring in the
light curve, unlike AE Aqr and LAMOST J0240, the two
known WD propellers (Thorstensen 2020); and (3) the spin
period of Gaia22ayj is twenty times longer than that of the two

2 _
Peq—

3
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Figure 11. Equilibrium spin period as a function of magnetic field strength, for
different accretion rates (Equation (3)). Limits on magnetic field strength from
Equation (1) are shown as vertical blue lines, and the 9.36 minutes spin period
as a horizontal red line. Given the magnetic field -constraints,

M 25 x 10719 Myyr~! is required for Peq < Pypin, the condition required
for stable accretion.

known propellers (33 and 24 s; Patterson 1979; Pelisoli et al.
2022a).

In the case of Gaia22ayj, we know that B = 5 MG in order
for such strong cyclotron emission and polarization to be
observed. In order for stable mass transfer to be taking place,
Figure 11 suggests that M > 5 x 1079 M_yr~!. Since this is a
conservative lower limit, it is likely that M > 10~° M yr—!,
placing Gaia22ayj above the CV orbital period gap, as explored
further in Section 5.1.

4.7. A White Dwarf Rapidly Spinning Down

We folded the entire ZTF light curve of Gaia22ayj, with data
between 2018 and 2024, and obtained the best period using a
Lomb-Scargle analysis (Lomb 1976; Scargle 1982). Based on
that, we then computed an ‘“observed minus calculated”
(O —C) value for each high-speed light curve obtained
between 2018 and 2024. We fit a two-component sinusoid to
the ZTF r-band light curve and fit the same model to all other
high-speed light curves. We computed the deviation of the light
curve minimum (phase 1.0 in Figure 1) from the original ZTF
template, and created the O — C diagram in Figure 12. We also
show all high-speed light curves along with their best-fit two-
component sinusoid, and show how one light curve minimum
(phase 0.5) drifts from the original ZTF fixed phase in
Figure 12.

We then measure P by obtaining the best-fit (least squares)
quadratic function (red line) to the data in Figure 12. f is given
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Figure 12. The “observed” minus “expected” (O — C) diagram of Gaia22ayj
(top) shows that the expected time of the light curve minimum has drifted over
six years. A multiyear, high-speed optical photometry campaign demonstrated
that Gaia22ayj is spinning down at P = (2.89 & 0.12) x 10~'2 ss~!, about
four times higher than AR Sco, though with a similar characteristic timescale
P/P ~5 x 109 yr.
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Figure 13. IPs that show consistent spin up (squares) or spin down (circles),
including the propeller AE Aqr, are shown on the P — P diagram. AR Sco and

Gaia22ayj are related in having the longest characteristic spin-down times of
known systems.

(e.g., Equation (1) in Burdge et al. 2019) by:

Jé(%ﬁ(r P %ﬁ(r EPACET ) @)

0

Aty ¢ =

where ¢ is an epoch of observation, f, the initial epoch, At _ ¢
the measured deviation in the light curve, f is the frequency
at tq, ﬁ) its first derivative, and ﬁ) its second derivative. Since
f is consistent with zero, we only fit a parabola to the
observed data. We calculate f'0 directly, assume that it remains
constant throughout the entire span and estimate errors based
on the covariance matrix of the best-fit parameters:
f = (257 £0.11) x 100" Hzs~'. Propagating errors to
measure P, we obtain P = (2.89 + 0.12) x 1072 s~

In Figure 13, we compare the measured characteristic spin-
down timescale of Gaia22ayj (P/P ~ 6.1703 x 109 yr) to that
of other IPs, the propeller system AE Aqr, and the WD pulsar
AR Sco. The IPs used as reference are systems that have a
consistent spin up/down as determined by Patterson et al.
(2020): DQ Her, FO Aqr, V1223 Sgr, BG CMi, and GK Per.
AE Aqr and AR Sco have separately measured period
derivatives, determined by de Jager et al. (1994) and Pelisoli
et al. (2022b), respectively. Figure 13 shows that no IPs have as
high a characteristic spin-down timescale (r = P/ P) as AR
Sco (5.6 x 10° yr) and Gaia22ayj (6.1 x 10° yr). Curiously, the
spin-down timescale of AE Aqr is comparable to that of
other IPs.

Finally, in Table 3, we summarize all observed and inferred
parameters of Gaia22ayj, the latter of which are obtained from
arguments and analysis presented above.
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Table 3

Summary of Observed Properties of Gaia22ayj
Quantity Value Source
R.A. (hms) 08:25:26.52 Gaia DR3
Decl. (dms) —22:32:12.34 Gaia DR3
Distance (kpc) 25413 Gaia DR3
G (mag) 19.2 Gaia DR3
BP — RP (mag) 1.11 Gaia DR3
Gaia DR3 ID 5697000580270393088 Gaia DR3
Fx (ergs~'em™?) (39 +09) x 107" Swift/XRT*
F, (uJy) <15.8 (30 upper lim.) VLA®
P (minutes) 9.3587(1) ZTF
Px.ray (minutes) 9.635(2) Swift/XRT*
By (ss™h (2.89 + 0.12) x 107 '2 ZTF
P/P (yr) 6.1793 x 109 ZTF
Notes.
#0.3-8 keV

® X-band (8-12 GHz)
¢ Subject to scrutiny due to possible beat with Swift GTL

5. Discussion

Gaia22ayj is observationally a new class of object. It
occupies a new region in the phase space of photometric period
(spin period) versus optical amplitude. To empirically show
that Gaia22ayj represents a new subclass of CVs, Figure 14
situates it in the phase space of WD spin period versus peak-to-
peak optical amplitude for various magnetic WD subtypes. The
vertical axis shows the amplitude in ZTF r magnitudes for both
known WD propellers, both known WD pulsars, a representa-
tive sample of IPs taken from the “ironclad list” compiled by
Koji Mukai,®” and a representative sample of polar CVs from
the Ritter and Kolb catalog (Ritter & Kolb 2003). Finally, we
show Gaia22ayj on a Gaia HR diagram (100 pc sample)
compared to polars and IPs from the catalog of Abril et al.
(2020), with only systems that have a three o measurement of
parallax shown. Gaia22ayj appears to fit right between IPs and
polars, owing to its likely long (but still unknown) orbital
period and high accretion luminosity.

5.1. Gaia22ayj: A Link Between White Dwarf Pulsars
and Polars

The evidence presented thus far suggests that Gaia22ayj is
an accreting analog of WD pulsars, since (1) Gaia22ayj is
rapidly spinning down, being the only system with a P/P
comparable to that of AR Sco, (2) has high levels of linear
polarization matched only by AR Sco, and (3) is accreting, with
a WD spin period slightly longer than that of the known WD
pulsars, but not yet synchronized with the orbital period as
would be the case in polar CVs.

37 https: //asd.gsfc.nasa.gov/Koji.Mukai/iphome /catalog /alpha.html
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Figure 14. Top: Gaia22ayj occupies a new region in the phase space of WD
spin period vs. optical amplitude, suggesting that, at least empirically, it
represents a new class of magnetic CVs. Bottom: Gaia22ayj is roughly located
between IPs and polar CVs in the Gaia HR diagram.

In considering the radiation mechanisms driving the optical
modulations, it is notable that in AR Sco-type systems, the
optical and polarimetric signals are largely powered by
synchrotron processes (Buckley et al. 2017), whereas in polars
and intermediate polars (IPs), cyclotron emission from the
white dwarf’s accretion shock is dominant (e.g. Mukai 2017).
The high levels of linear polarization in Gaia22ayj appear more
consistent with AR Sco-type behavior; however, one important
caveat is the observed anti-correlation between the linearly
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polarized pulse and the photometric pulse, which contrasts with
the behavior typically seen in AR Sco-type systems (Buckley
et al. 2017). Circular polarization and further examination of
the polarized flux in Gaia22ayj would help clarify how much of
its polarized variability might be driven by unpolarized
variability.

Based on our measured value of P, the WD in Gaia22ayj
will slow down to match the 1.3—4 hr orbital periods of polars
in ~40 Myr, assuming a constant P, though it may do so more
rapidly if higher order derivatives of the spin period are
measured. Curiously, this timescale appears to agree with
predictions made by Schreiber et al. (2021), as seen in
Supplementary Material Figure 2, where accretion commences
as the WD spins down.

In a similar style to the evolutionary model put forth by
Schreiber et al. (2021), in Figure 15, we present a cartoon of the
evolution of Gaia22ayj. First, a WD + M dwarf system
emerges out of a CE phase with an unknown orbital period,
presumably longer than 6 hr (Knigge et al. 2011). Then, the
WD is spun up to 2-5 minutes through accretion until the
binary system reaches orbital periods of 3.5-4 hr. At this point,
the binary is detached, and a strong WD magnetic field is
present, which interacts with that of the donor star, leading to
pulsed radio emission. Because of the lack of accretion, X-rays
are weak. As the WD spins down to =10 minutes, the donor
star fills its Roche lobe and accretion commences. This leads to
no radio emission (or at least much weaker emission than that
of WD pulsars), and X-rays two orders of magnitude stronger
than in the detached phase, over the course of =40 Myr.

5.1.1. Is Gaia22ayj an Intermediate Polar?

The arguments put forth above suggest that Gaia22ayj is a
new class of accreting magnetic WDs, but which could also be
considered a new subtype of intermediate polars (IPs). The WD
spin period, X-ray luminosity, and possible orbital period are
all similar to the majority of IPs (e.g. Suleimanov et al. 2019).
However, the extreme levels of linear polarization (Figure 4),
high amplitude optical modulation (Figure 14), and rapid spin-
down rate (Figure 13), are completely unlike any known IP. As
more analogous systems are discovered, we suggest usage of
the term “Gaia22ayj-like” systems. When an indisputable link
between WD pulsars and polars is found, “post-pulsar” could
be a suitable term since “pre-polars” already exist.

5.2. The Biggest Unknowns: Orbital Period and
Magnetic Field Strength of Gaia22ayj

At this point, the biggest question surrounding Gaia22ayj is:
what is its orbital period? The known WD pulsars have orbital
periods of 3.5—4 hr, while the majority of polars have orbital
periods between 1.3 and 4 hr. Therefore, for Gaia22ayj to be a
possible link between the two, it should have an orbital period
in the ~3-4 hr range. In Figure 16, we show the CV
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WD spin slows until synchronizing with orbit over ~ 10-50 Myr

1. Detached PCEB

WD + M Dwarf
Py, =6 hr
® — —
P/P=
5.6 x106yr
No accretion,
Radio emission,
Ly = 109 erg/s

—
PP =
6.1 X106 yr

High accretion,
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Ly =10*2 erg/s

Figure 15. Cartoon of the possible evolution of WD pulsars into Gaia22ayj and then into polars. WD pulsars must be products of common envelope evolution, and
WDs are likely spun up by an early accretion phase. WD pulsars are detached (non-accreting) systems, which are spinning down. Along the spin-down phase, the
donor fills its Roche lobe and accretion begins, resembling Gaia22ayj. In ~40 Myr, Gaia22ayj will spin down to the point where the WD spin is synchronized with

the orbit, leading to the creation of a polar CV.
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Figure 16. The evolutionary models of Knigge et al. (2011) illustrate the possible
orbital period of Gaia22ayj. The SED at light curve minimum (Figure 10) places
upper limits on the donor luminosity (fop). The fact that Gaia22ayj is accreting
and not flinging material out as a “propeller” sets a lower limit on the accretion
rate (middle). Combined, they constrain Poy, = 3.5—5.2hr, though future
observations that detect donor lines and measure RVs are needed to test this.
Bottom: Even assuming weakened (10%) magnetic braking compared to the
Knigge et al. (2011) models, the angular momentum transferred by Gaia22ayj
back to the orbit (assuming constant spin-down) will not detach the binary.
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evolutionary tracks by Knigge et al. (2011) as a function of
orbital period. In the upper panel, we plot the upper limit of the
donor luminosity derived from fitting the SED at light curve
minimum (Figure 10). If a donor star exceeded this luminosity,
it would definitely be seen in the optical spectra of Gaia22ayj.
This allows us to place an upper limit on the orbital period of
~5.2 hr. In the middle panel of that figure, we place a lower
limit based on the assumption that the WD in Gaia22ayj is in
spin equilibrium. Because we know the WD spin period and
have a sense of the magnetic field strength, we place lower
limits on the accretion rate (Figure 11). Plotting this value of
M =5 x 107'°M, yr—!' on the CV evolutionary tracks, we
obtain an orbital period lower limit of 3.5 hr. We infer that
Gaia22ayj could have an orbital period in the range 3.5-5.2 hr,
though it could be in the CV orbital period gap with an even
lower orbital period. Because there is overlap with the periods
of the known WD pulsars, we conclude that given the current
data, it is likely that Gaia22ayj could indeed be a link between
WD pulsars and polars.

In the lower panel of Figure 16, we show the absolute value
of the derivative of angular momentum, |f |, as a function of
orbital period, assuming the Knigge et al. (2011) CV
evolutionary tracks. The black and cyan curves represent the
contribution to angular momentum loss from magnetic braking
and gravitational wave radiation, respectively. We show a
weakened magnetic braking prescription, simply reduced by a
factor of ten, since it has been suggested that magnetic braking
models in the past have been too strong (e.g. Belloni et al.
2020; El-Badry et al. 2022). As Gaia22ayj spins down to match
the orbital period of polars, the angular momentum should be
transferred to the orbit, which could lead to the system
becoming detached. We plot horizontal lines which represent
the change in angular momentum transferred to the orbit over
40 Myr timescales, starting from the spin periods of AR Sco
(1.97 minutes, blue) and Gaia22ayj (9.36 minutes, red), and
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ending at 2 hr. Effectively for all plausible orbital periods of
Gaia22ayj (3.5-5.2 hr), the red line is below both the black and
dotted black lines, which suggests that the angular momentum
transferred to the orbit during the spin-down phase will not lead
to the binary detaching. However, weaker magnetic braking
prescriptions could lead to detachment and should be explored
in further detail.

Returning to the main question here—how can the orbital
period of Gaia22ayj be detected? We have shown that =2 hr
on 10m class telescope time, unfortunately, is inadequate.
Near-infrared spectroscopy with similar class telescopes is
another possible option, and should be undertaken in upcoming
years. Clearer, low harmonic cyclotron humps should be
present in that regime, and it is possible that donor lines (either
emission or absorption) will stand out more clearly. Ultraviolet
spectroscopy with HST may detect the RV shift of the WD
with respect to the center of mass, though since this is a long
period (few hours) system, this effect is likely to be minimal.
The discovery of Gaia22ayj analogs that may exhibit clearer
donor lines is likely the best prospect.

X-ray timing of Gaia22ayj, if it confirms a different period
than that measured in the optical, may also help solve this
mystery. Assuming that the 9.36 minutes optical period is the
WD spin—orbit beat and the 9.64 minutes X-ray period is the
WD spin, we find that P, = 5.37 hr, in rough agreement with
the limits we outline in Figure 16. Because of the limitations of
the Swift GTI in our analysis, however, we can at best report
this as a candidate orbital period. An analogy can be drawn to
the prototypical diskless IP, V2400 Oph, where an orbital
period has never been directly measured, but instead inferred
from the WD spin (seen in circular polarization) and spin—orbit
beat (seen in optical photometry) (Buckley et al. 1995).

Finally, we emphasize that we have not provided a true
measurement of the magnetic field strength of Gaia22ayj due to
the lack of visible cyclotron harmonics. Future work modeling
the optical light curve and/or optical polarimetry, as well as
near-infrared spectroscopy to find lower order (stronger)
harmonics could shed light on the true value of the magnetic
field strength.

5.3. Spin-down Rate of Gaia22ayj, Duration of
Evolutionary Phase, and Rarity of Similar Systems

Another big question remains: if Gaia22ayj represents an
evolutionary phase between WD pulsars and polar CVs, why is
it so much more distant (2.5 kpc) than the two known WD
pulsars (116 and 237 pc)? This means that Gaia22ayj-like
systems are (1) either rare outcomes or (2) represent very short-
lived phases of CV evolution. To address the first point, the
main evolutionary model of Schreiber et al. (2021) argued that
WD pulsars first spin down to synchronicity with the orbit,
commence wind accretion as low accretion rate polars, and
then become true, accreting polars. This would mean that
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Gaia22ayj systems would just represent rare cases in which
Roche-lobe filling occurs before WD spin—orbit synchronicity.
Nevertheless, Figure 2 in the Supplementary Material of
Schreiber et al. (2021) did predict a similar synchronization
timescale with ongoing accretion, exactly as is seen in
Gaia22ayj. To address the second point, it could be that P
keeps increasing until WD-spin—orbit synchronicity is nearly
reached. This is supported by the fact that P is a factor of ~4
higher in Gaia22ayj than in AR Sco. Ongoing high-speed
photometric campaigns of the known WD pulsars and
Gaia22ayj are highly encouraged to find evidence for higher
order spin period derivatives which could probe this idea.

5.4. Gaia22ayj-like Systems in the Rubin Legacy Survey
of Space and Time (LSST)

The LSST is expected to reach =24 mag, a factor of 16
deeper than ZTF in flux (Ivezic et al. 2019). This means that the
LSST will be able to detect a system of a given luminosity four
times farther away than the farthest system detectable by ZTF.
Assuming that Gaia22ayj-like systems are young and concen-
trated in the disk, at the very minimum, the LSST will detect
dozens more. Based on its extraordinary optical light curve
amplitude, we expect that Gaia22ayj-like systems will stand out
in LSST, even early on in the 10 yr survey. Polars also have
high amplitudes, but period searches of LSST data will
distinguish them from Gaia22ayj as we have done here with
ZTF data.

Taking the simulated ten-year LSST baseline cadence (v3.4)
described in Bianco et al. (2022), which is based on the
OpSim® tool outlined by Delgado & Reuter (2016) (available
from the following URL.: https://s3df.slac.stanford.edu/data/
rubin/sim-data/sims_featureScheduler_runs3.4 /baseline/), we
injected a Gaia22ayj-like signal at the actual position of
Gaia22ayj, but =3 mag fainter than was observed by ZTF,
with error bars scaled from typical ZTF values near the
detection limit. In Figure 17, we show the simulated r-band
LSST light curve of such a system. We also show the period
significance as a function of time elapsed since the start of the
LSST, calculated by taking the peak of the Lomb-Scargle
periodogram divided by the median absolute deviation. We find
that after =3 yr into the LSST, such a signal could be detected
above a significance threshold of 25. Given the significance
defined above, 25 is the typical 95% percentile for ZTF light
curves (i.e., only 95% of ZTF light curves have such a high
periodicity significance). We conclude that while Gaia22ayj-
like signals could be reliably detected in the » band in LSST
within three years of survey start, it could be possible that
through combining multiple filters, such objects could be
discovered earlier. A similar claim was made and alternative
observing strategies were proposed for other rapidly evolving

3 hitps: / /github.com/lsst/rubin_sim
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astronomical phenomena in Bellm et al. (2022), suggesting that
a higher LSST cadence could be beneficial for a multitide of
science cases.

6. Conclusion

Gaia22ayj is a remarkable accreting magnetic WD that
empirically represents a new class of magnetic CVs, and could
be the missing link between WD pulsars and polar CVs. At the
very minimum, Gaia22ayj:

1. Pulses at optical and near-IR wavelengths on a
9.36 minutes period. High-speed optical photometry
over six years reveals that it is slowing down, with
P=(289+0.12) x 1002557 ! and P/P ~ 6.1733 x
106 yr.

2. Pulses at extreme levels, changing in brightness by a
factor of 7.5-10 at optical wavelengths within the span of
2.5 minutes. Broadband spectral modulation, reminiscent
of cyclotron emission in polars, is responsible for this.

3. Likely hosts a magnetic WD accreting from a Roche-
lobe-filling donor. Linear polarization levels reaching
40% are a clear sign of magnetism. An outburst seen by
ZTF, ATLAS, and Gaia resembling outbursts from IPs, as
well as broad (vsini~ 1200 kms~') double-peaked
Balmer, He I, and He Il emission lines indicate ongoing
accretion.

Rodriguez et al.

4.1s a luminous X-ray source, with Ly = 2.775%x
10%2 erg s~! in the 0.3-8 keV band, comparable to most
IPs and the most luminous polars. It is not detected in the
radio with a 30 upper limit of 15 pJy.

5. Does not show any emission-line RV shifts over the
course of ~2hr of observations with Keck I/LRIS.
Donor lines are only marginally detected after averaging
multiple spectra and do not shift on these timescales,
impeding a measurement of the orbital period.

Based on these properties, we argued that Gaia22ayj could
be a link between WD pulsars and polars, for the following
reasons:

1. Gaia22ayj is spinning down at nearly the same
characteristic timescale as AR Sco, ~5 x 10°yr.

2. Gaia22ayj shows extreme levels of linear polarization
(40%) only seen in AR Sco, and not in either IPs or
polars.

3. The possible spin period of Gaia22ayj (9.36 minutes) is
longer than that of AR Sco (1.97 minutes) and J1912 (5.3
minutes). Because accretion is ongoing, and the WD in
Gaia22ayj is spinning down, in ~40 Myr it will evolve
into a polar, where the WD spin is locked with the orbit
(assuming constant spin-down).

4. The orbital period is indirectly constrained, through the
nondetection of the donor star and spin equilibrium
arguments, to be in the 3.5-5.2 hr range, overlapping
with the orbital periods of AR Sco (3.6 hr) and J1912
(4.0 hr).

Other candidates (high brightness amplitude variables with
~10 minutes periods) are emerging from current releases of
SRG/eROSITA and ZTF, compiled using the methods
outlined in Rodriguez (2024) and surveys presented in
Rodriguez et al. (2024). Future, deeper releases from SRG/
eROSITA (Predehl et al. 2021; Sunyaev et al. 2021) will likely
reveal several more systems, though the Rubin LSST
(Tyson 2002; Ivezic et al. 2019) will enable the optical
discovery of at least dozens more systems within the first few
years of the start of the survey.

The detailed characterization of Gaia22ayj demonstrates that
there were previously missing details regarding the true
diversity of magnetic WD binaries. This shows that rare
systems could represent short-lived intermediate stages of
binary evolution and lead to an improved understanding of
magnetic field generation in WD binaries. The discovery of
exotic systems like Gaia22ayj could hint at other intermediate
stages of magnetic WD systems, which have been proposed to
be responsible for the emerging class of LPTs. Multiwave-
length (radio, X-ray, optical) surveys and follow-up efforts
show promise in revealing such systems over the next decade.
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Appendix
Full High-speed Optical Photometry

In Figures 18 and 19, we show the full high-speed light
curves of Gaia22ayj from CHIMERA and ULTRACAM,
respectively. Pulsations are stable in time, but not in amplitude,
most noticeably in the g band. The higher of the two peaks in a
given spin period is particularly variable. For example, the peak
near minute 7 in the CHIMERA light curve reaches a relative
flux of 4, while the peak at minute 42 only reaches a relative
flux of 2.5. Similar behavior is seen in the ULTRACAM light
curve, where the relative flux in the higher peak reaches a
relative flux of 3 at minute 40, but never does so again. In
Figure 20, we show the full polarimetry light curve, showing
that Gaia22ayj regularly reaches 30% polarization and exceeds
40% in four data points. In Figure 21, we show high speed
photometry from a several-hour campaign carried out with the
SHOC on the 1 m SAAO telescope.
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Figure 18. P200/CHIMERA light curve from 2023 November 13. In g band, the second peak of the spin phase (higher of the two peaks) steadily decreases over the

course of the observing window, from a relative flux of 4 at minute 7 to a relative flux of 2.5 at minute 42. Similar behavior is seen in the ULTRACAM light curve
(Figure 19).
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Figure 19. NTT/ULTRACAM light curve from 2022 April 25. In g band, the second peak of the spin phase (higher of the two peaks) is variable throughout the
observing window, reaching its highest value at the 40 minutes mark.
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Figure 20. NOT/ALFOSC light curve from 2024 April 13. The dotted black line in the top panel denotes 15,000 counts, demonstrating that even at light curve
minimum, a significant measurement is recorded. Linear polarization percentage regularly reaches 30%, and exceeds 40% in four data points. Variability in Stokes Q
and U confirm that the variability in polarization percentage and angle are real and not due to noise bias.
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similar to that seen in other photometric runs.
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