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We searched for gamma-ray emission from magnetic cataclysmic variable (MCV) systems, and
highly magnetised isolated white dwarfs, using the data observed by the Fermi Large Area
Telescope (LAT). A total of 75 sources (19 polars, 24 intermediate polars, 6 solitary white dwarfs,
3 double white dwarfs, 18 DQ white dwarfs, 3 DQ Hers, and 2 white dwarf pulsars) were analysed,
with a primary focus on those displaying strong magnetic activity and having short orbital periods
or white dwarfs with short spin periods. The preliminary results of binned-likelihood analysis in
the energy range 0.05-20 GeV revealed 28 sources above the LAT detection level, indicating the
presence of gamma-ray emission in these systems. The search for periodic emission in the same
energy range in ZTF J153932.16+502738.8 and SDSS J103655.39+652252.2 reveals gamma-ray
emissions modulated to the orbital period (6.91 minutes) of ZTF J153932.16+502738.8, with
a significance of 5.3 o, and pulses nearly synchronised with a period of 1115.64751 seconds
in SDSS J103655.39+652252.2, with a significance of 5.4 o. This study provides observational
evidence that MCV's with short spin/orbital periods are potential gamma-ray sources. The observed
gamma-ray signals provide valuable insights into the underlying physical processes at work in these

enigmatic binary systems such as particle acceleration and gamma ray production.
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v-ray emission from magnetised white dwarfs Spencer. T. Madzime

1. Introduction

The study explores potential gamma-ray emission from a diverse sample of 75 sources, in-
cluding polars, intermediate polars, solitary white dwarfs, DQ white dwarfs, DQ Hers, and white
dwarf pulsars. Special attention is given to sources with strong magnetic fields and short orbital or
spin periods. Theoretical investigations into rapidly rotating and highly magnetised white dwarfs
suggest their capability to accelerate particles to energies on the order of Tera electron Volt (TeV)
(e.g., [1-3]). These compact objects may display soft gamma-ray emission, akin to processes
observed in magnetars, soft gamma-ray repeaters (SGRs), and anomalous X-ray pulsars (AXPs)
[4-7]. Magnetars, characterised by strong magnetic fields, are solitary neutron stars powered by
magnetic energy. For an in-depth exploration of rotation-powered white dwarfs, Meintjes et al. [1]
demonstrate the crucial role of curvature radiation in producing gamma-ray photons with energies
below €, < 50 GeV in the proximity of the white dwarf surface.

Polars are also known as AM Her system due to their similarity to AM Herculis binary system,
are a subclass of MCVs that have strong magnetic fields. This distinct class is marked by a magnetic
white dwarf as the primary star, accompanied by a less massive secondary star (red dwarf). The
magnetic influence of the white dwarf disrupts the formation of an accretion disc, causing material to
directly flow onto the white dwarf’s magnetic poles. This unique mechanism results in the emission
of polarised light (e.g., optical-IR) and synchronised spin and orbital period [8, 9]. Characterising
features of polar systems include X-ray emission [10], optical spectra with high excitation levels,
and notable stability in both X-ray and optical periods seen in their light curves.

Intermediate polars form a subset within MCVs and exhibit magnetic fields of lesser intensity
compared to polars. Their distinctive features include a magnetic white dwarf as the primary
star, accompanied by a secondary star (red dwarf). Although the white dwarf’s magnetic field
disrupts the accretion disc, it lacks the strength to direct material onto the magnetic poles directly
or synchronise spin and orbital periods. Instead, material flows onto the equator of the white dwarf,
forming an accretion belt. These intermediate polars are notable for their X-ray emission (e.g.,
[10, 11]), originating from high-velocity particles in the accretion stream creating shocks upon
falling onto the white dwarf’s surface. As these particles decelerate and cool before reaching the
white dwarf surface, bremsstrahlung X-rays are produced, potentially absorbed by gas surrounding
the shock region.

Isolated white dwarfs are white dwarfs that exist independently, not forming part of a binary
system. They originate from the evolutionary process of stars with masses ranging between 0.5 and
8 solar masses, as described by Croswell [12]. As these stars deplete their fuel, they shed their outer
layers, and the remaining core undergoes gravitational contraction to give rise to a white dwarf.
As a result of the high internal temperature that can reach values of ~ 107 K the helium, carbon
and oxygen may be ionised resulting in a huge population of free electrons that will be squeezed
so closely together that they resist further compression. There is also another alternative formation
channel of rapidly rotating isolated white dwarfs with strong magnetic fields, which is linked to
interactions within closely orbiting binary star systems [13, 14]

DQ Herculis stars constitute a subset of MCVs featuring a magnetic white dwarf as the primary
star and a secondary star (red dwarf). Their distinguishing feature lies in the manifestation of carbon
emission lines in their spectra, believed to result from the accretion of carbon-rich material onto the
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white dwarf. These stars are recognised for their X-ray emission [15], and exhibit spectra with high
excitation levels. The stability of optical and X-ray pulsations in the light curves of DQ Herculis
stars is noteworthy.

White dwarf pulsars represent a category of MCVs featuring a highly magnetised white dwarf
as the primary star and a secondary star (red dwarf). White dwarf pulsars exhibits pulsar-like
behaviour. The pulsar-like behaviour arises from the intense magnetic field of the white dwarf,
causing emission of radiation and periodic pulses of light. This pulsar-like activity is analogous to
what is observed in neutron star pulsars, though the underlying mechanisms may differ due to the
contrasting nature of white dwarfs and neutron stars. Their distinguishing feature lies in the presence
of synchronised pulsations observed in X-ray and/or optical and/or radio emission [16, 17], which
are thought to arise from the rotational motion of the white dwarf. In 2017, researchers affiliated
with the University of Warwick discovered AR Scorpii the first object to be classified as a white
dwarf pulsar [18]. AR Scorpii exhibits strong linear polarisation, reaching up to 40%, which varies
with both the white dwarf’s spin period and the beat period resulting from its orbital motion [19].
This is accompanied by low-level circular polarisation. The mechanism driving these phenomena
involves magnetic interactions between the stars and synchrotron radiation emitted from the white
dwarf.

White dwarfs exhibiting spectroscopic evidence of carbon, identified through the presence of
neutral carbon lines or molecular C, Swan bands, are classified as DQ white dwarfs (e.g., [20-24]).
What makes them unique is their carbon-rich atmospheres, which are different from most other
white dwarfs that have helium in their outer layers. Some of these DQ white dwarfs also have
weak to moderate magnetic fields, and a few of them even change in brightness over time (e.g.,
[25]). These stars are not too hot or too cold, with temperatures ranging from around 18 000 to
24 000 degrees Kelvin. It has been shown (e.g. [1] and references therein) that the pressure scale
height of an isolated white dwarf with surface temperature of the order of 20 000 K is approximately
10 km, which implies a vacuum region above that where field aligned potentials can be maintained
to accelerate charged particles to very high energies (see [1] for a detailed discussion). It has
been shown ([1]) that if curvature radiation is considered as the dominant radiation mechanism, the
curvature loss time scale sets an upper limit for the gamma-ray energy to approximately €. < 50 GeV.
This upper limit will influence our search range for both pulsed and unpulsed gamma-ray emission
in the LAT data. The sources of interest are MCV's with high magnetic fields and highly magnetised
isolated white dwarfs with short orbital/spin periods. It has been shown by Meintjes et al. [1] that
these attributes are conducive to particle acceleration to relativistic energies. Detecting gamma-ray
emissions from these sources will enhance our understanding of the mechanisms involved as well as
the conditions under which they can function. This paper is organised as follows: We begin with a
discussion on the acquisition and analysis of LAT data, followed by the presentation of preliminary
results. The paper concludes with a discussion and conclusions section.

2. Observation & Analysis of LAT data.

Recent gamma-ray studies showed that AE Aquarii [26, 27] and AR Scorpii [28] are possible
gamma-ray sources. The theoretical framework by Meintjes et al. [1] for fast rotating, highly mag-
netised white dwarfs (B, > 10° G), suggests particle acceleration to highly relativistic energy and
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possible gamma-ray emission due to curvature radiation. We therefore, searched in the optical/X-ray
catalogues for sources that falls within the same class and those that have high magnetic fields and
short spin/orbital period since these are the main attributes for particles acceleration to relativistic
energies. We compiled a total sample of 75 sources, including polars, intermediate polars, solitary
white dwarfs, DQ white dwarfs, DQ Hers, and white dwarf pulsars. The analysis considered LAT
gamma-ray photon events received between August 4, 2008, at 15:43:36 and June 30, 2023, at
05:21:17. This investigation was carried out employing the Fermi Science Tools software packages
(version v11rOp5). The response functions used for the analysis are the PSR3_SOURCE_V2_vl
set, and events corresponding to the source class were selected, specifically using event class (ev-
class=128) and FRONT+BACK event type (evtype=3). Photon events were collected within a
10-degree region of interest (ROI) centred on the source of interest. This selection accounted for
the point spread function (PSF) characteristics of the LAT instrument (e.g., [29, 30]). To minimise
contamination from photons generated by cosmic-ray interactions with the atmosphere, a zenith
angle cut was applied at 90 degrees. Binned maximum likelihood [31] analyses were performed
within the energy ranges 50 MeV-20 GeV and 0.1-500 GeV utilising the routine gtlike/pyLikelihood.

The LAT only considers events from the front in the energy range 0.1-100 GeV for first time
detection. This helps minimise the risk of false detections because events under 100 MeV might
mostly consist of background photons. However, this method could pose a challenge for sources
emitting soft gamma rays. Therefore, we searched for potential pulsed gamma-ray signals in LAT
data to confirm our findings obtained through binned-likelihood analysis. Our approach involved
using the Rayleigh test and Fermi plug-in [32], utilising the TEMPO2 [33] radio timing analysis
tool. LAT photon events within the energy range of 50 MeV-20 GeV were considered, extracted
from ROI with a 0.6° radius around each source. We employed the LAT event selection process
gtselect and gmktime to choose all events related to the source of interest. The gtpsearch routine
in Fermi tools (version 10) was then used to fold photon events using the Rayleigh folding analysis
algorithm and published ephemeris. Additionally, data were phased using the peak period from
gtpsearch and the appropriate ephemeris through the Fermi plug-in. The gtpsearch routine within
the Fermi science tools (version v10), along with Fermi plugin, incorporate inherent functionalities
for executing barycentric correction. Consequently, we provided the necessary parameters (such as
source position and spacecraft file) to facilitate the execution of the correction process.

3. Results

Initial binned-likelihood analysis of the LAT data in the energy range 0.1-500 GeV revealed
gamma-ray emissions with soft count spectrum, which implied possible emission in 28 sources.
Inspecting the counts spectrum revealed possible counts in the energy range 0.1-20 GeV. Therefore,
we selected events in the energy range 50 MeV-20 GeV, and conducted binned-likelihood analysis.
The results of 28 sources which showed test statistics above the LAT detection threshold (TS=25)
are presented in Table 1. The first column of the table lists the name of the source, followed by
the associated test statistic (TS), indicating the significance level (significance = VTS o) of each
source. The third column presents the number of predicted counts (Npred). Additionally, the table
includes integral flux and its error, measured in the units of photons cm™2s~!. These statistics

provide a baseline to infer gamma-ray emissions and the significance levels associated with each
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source. The search for pulsed emission modulated at the orbital or spin period of these sources
were also conducted using the Rayleigh test, TEMPO2 and the Fermi plugin. Here photon events
were selected from a ROI of 0.6 degrees. Due to lack of space, we will present the Rayleigh test
spectrum, H-test spectrum, and light curve of only two sources (ZTF J153932.16+502738.8 and
SDSS J103655.39+652252.2), while more detailed analysis discussions will be presented elsewhere.
The phased light curve, Rayleigh test spectrum, and H-test spectrum of these two sources reveal
evidence of pulsed emission at the orbital/spin period.

Name TS | Npred Integral Flux Flux Error
[photon em™2s71] [photon em™2s71]
SDSS J141126.20+200911.1 | 130 | 4613 1.05x1078 9.30x10~10
NLTT 12758 66 | 3048 7.34x107° 9.87x10710
CTCV J2056-3014 53 | 3480 7.84%x107° 1.12x107°
EF Eri 42 | 2187 4.89x1077 7.78%10710
PG 1031+234 59 | 2809 6.64x107° 9.42x10710
KPD 0005+5106 33 | 3253 5.65x107° 1.10x107°
SDSS J124058.03-015919.2 66 | 3474 9.14x107° 1.14x107°
EXO 023432-5237.3 79 | 3635 6.92x107° 8.08x1071°
SDSS J124043.01+671034.68 | 131 | 4976 7.43%x107° 6.85x10710
GD 362 122 | 5017 8.99%107~° 8.35x10710
SDSS J142625.71+5752183 | 73 | 3722 5.90x107? 7.22x10710
eRASSU J191213.9-441044 43 | 3609 7.48%x107° 1.21x107°
ZTF J153932.16+502738.8 51 | 2798 4.68x107° 6.99x10710
SDSS J103655.39+6522522 | 56 | 3962 1.86x1078 1.04x10710
PG 1658+441 27 | 2521 4.15%107° 7.88x10710
E1405-451 37 | 3860 7.80x107° 1.43x107°
SDSS J184037.78+642312.3 | 63 | 4109 6.08x107° 7.43%x10710
GD 356 61 | 2488 4.41x107° 6.16x10°10
CE Gru 27 | 1462 3.59x107° 7.75%10710
BL Hyi 33 | 1502 3.32x107° 6.40x10710
CV Hyi 53 | 2939 5.86x107° 9.08x10710
EU UMa 28 | 2222 4.90x107? 1.03x107°
UW Pic 87 | 4515 8.57x107° 9.80x10710
RS Cae 26 | 2255 4.28x107° 8.48x10°10
MT Dra 47 | 3088 5.19x107° 5.30x10710
MQ Dra 30 | 2314 3.75%107° 7.40%x10710
AR UMa 30 | 2037 3.91x107° 8.09x10710
EV UMa 36 | 1581 2.95%x107° 5.57x10°10

Table 1: The statistics presented in this table were obtained from analysing the LAT data in the energy range
50 MeV-20 GeV. First column is the name of the source, followed by TS, and the Npred is presented in the
third column. The integral flux and error are in the units of photon cm™2s™!.
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Figure 1: Displayed on the left is the observed counts map of the sources in the ROI of ZTF
J153932.16+502738.8, the middle is the model counts map, and in the last panel is the residual map.
The predicted counts of significant sources included in the model are shown in the model map. The residual
map displays the goodness of the fit, and the crosses in this map indicate the location of sources in the ROI.
If there is a huge difference between predicted counts and observed counts the effect will be seen as negative
or positive counts at the location where counts are overestimated/underestimated.

3.1 ZTF J153932.16+502738.8

ZTF J153932.16+502738.8 comprises a double binary white dwarf exhibiting a remarkably
short orbital period of 6.91 minutes [34]. This binary system manifests as both an eclipsing
binary and a double-lined spectroscopic binary. The system consists of two white dwarfs, with
one exhibiting a significantly higher temperature than its counterpart. Specifically, the hotter white
dwarf boasts an effective temperature of 48900 K, whereas the other white dwarf is notably cooler,
with a temperature below 10000 K. There exists the possibility of these stars merging into a singular
entity within the next 130000 years, or alternatively, they might undergo separation if mass transfer
occurs between them. The system’s estimated distance from Earth is approximately 2.3 kiloparsecs.
Notably, the orbital period of the system is on a diminishing trajectory at a rate of 2.373 x 10~!!
seconds per second, indicating a characteristic timescale of 210000 years before the two white
dwarfs merge.

We searched for possible steady gamma-ray emission and periodic oscillations in the energy
range 50 MeV-20 GeV. The observed counts map, model counts map, and residual map of the source
ZTF J153932.16+502738.8 are illustrated in Figurel. In the model map, all significant sources
are included, showing their predicted counts. The residual map indicates the goodness of fit, with
extreme negative or positive counts indicating discrepancies between predicted and observed counts.
The Rayleigh test power spectrum of ZTF J153932.16+502738.8, H-test plot with TS accumulated
from the start of the mission plotted as a function of time, and gamma ray orbital light curve of
ZTF J153932.16+502738.8 in the energy range 50 MeV-20 GeV, with photons extracted from a ROI
with a radius of 0.6 degrees folded at the orbital period with [34] ephemeris (T = 58305.18278860
MID) are shown in Figure 2.

3.2 SDSS J103655.39+652252.2

SDSS J103655.39+652252.2 is identified as a DQ white dwarf (e.g., [25]). Recent investiga-
tions have revealed photometric variability characterised by a coherent monoperiodic modulation
with a period of 1115.64751(67) seconds with a low amplitude of 0.442% + 0.024%. It is not clear
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Figure 2: The Rayleigh test power spectrum of ZTF J153932.16+502738.8 shows an indication of pulsed
emission close to the 6.9 min orbital period, the H-test plot with TS accumulated from the start of the mission
plotted as a function of time indicates that we exceed the threshold of 25 (5 0), and the last panel shows
the pulsed gamma-ray light curve of ZTF J153932.16+502738.8 in the energy range 50 MeV-20 GeV, with
photons extracted from a ROI with radius of 0.6 degrees folded at the orbital period [34] with ephemeris (Tg
=58305.18278860 MJD).

whether this period is the spin/orbital period, and no additional periodic modulations are detected
with amplitudes exceeding 0.13%. Spectral analysis has further revealed magnetic Zeeman splitting
of carbon lines. With an approximate temperature of 15500 K, it possesses a mean magnetic field
strength of 3.0 + 0.2 MG. While the observed variability shares similarities with variable hot DQ
white dwarfs, SDSS J1036+6522 exhibits a distinct nearly sinusoidal pulse profile. This sets it apart
from other DQ white dwarfs, which typically exhibit significantly asymmetric pulse shapes.

We searched for possible steady gamma-ray and periodic oscillations in the energy range 50
MeV-20 GeV. As before, we show the observed counts map, model counts map, and residual map of
the source SDSS J103655.39+652252.2 (see in Figure 3). Figure 4 display the Rayleigh test power
spectrum, H-test plot, and gamma-ray light curve of SDSS J103655.39+652252.2, folded at a period
of 1115.64751(67) s with the ephemeris provided by Williams et al. [25] (Ty = 54829.50459000
MIJD).

4. Discussion and conclusion

The study of gamma-ray emission from MCVs and highly magnetised isolated white dwarfs,
using LAT data, has opened a new window for the study of these enigmatic systems. It has
shown that a number of these systems have the required potential to accelerate charged particles
to relativistic energies and produce gamma-rays possibly through curvature radiation. The binned-
likelihood analysis conducted in the energy range of 0.05-20 GeV resulted in 28 sources that
exhibited gamma-ray emission above the LAT detection threshold. The observed pulsed gamma-
ray emission from ZTF J153932.16+502738.8 and SDSS J103655.39+652252.2, which are both
modulated at the orbital period of these systems, further strengthens our initial hypothesis that the
detected emission is unique to the location of the source in the sky. Further studies of these 28
sources, will involve a more detailed analysis which will involve studying their gamma-ray spectral
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Figure 3: From left to right are the observed counts map of the sources in the ROI of SDSS
J103655.39+652252.2, the model counts map with the last panel representing the residual map. The
predicted counts of significant sources included in the model are shown in the model map. The residual map
displays the goodness of the fit, and the crosses in this map indicate the location of sources in the ROI.
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Figure 4: From left to right are the Rayleigh test power spectrum of SDSS J103655.39+652252.2 showing and
indication of pulsed emission close to a period of 1115.64751(67) s. The H-test plot in the middle shows the
accumulated TS from the start of the mission evolving with time which indicates that we exceed the threshold
of 25 (5 o). On the far right right the pulsed gamma-ray phase light curve of SDSS J103655.39+652252.2 in
the energy range 50 MeV-20 GeV is presented. The photons had been extracted from a ROI with radius of 0.6
degrees folded at a period of 1115.64751(67) using the Williams et al. [25] ephemeris (T = 54829.50459000
MID).

properties, and variability on different timescales. In addition, theoretical modelling will be essential
for interpreting the observed gamma-ray emission for other subgroups of MCVs. Meintjes et al.
[1] showed that due to high magnetic fields and short spin periods in AE Aquarii and AR Scorpii
particles can be accelerated to relativistic energies. Short orbital/spin periods and high magnetic
fields are the common factor among all the sources considered. Thus, in future we would like
to refine models such as the Unipolar inductor model to explain gamma-ray emission from polar
MCVs. Itis also necessary to complement gamma-ray observations with multi-wavelength studies,
i.e observations in X-ray, optical, and radio wavelengths that can help refine our timing models.
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