PROCEEDINGS

OF SCIENCE

The detection of pulsed emission at the spin—period of
the white dwarf in AE Aquarii in MeerKAT and Fermi—LAT
data.

S.T. Madzime,** P.J. Meintjes,” H.J. van Heerden,“ K.K. Singh,“’b D.A.H. Buckley,**
P.A. Woudt? and R. Fender®
“Department of Physics, University of the Free State,

Bloemfontein, 9301, South Africa

b Astrophysical Sciences Division, Bhabha Atomic Research Centre,
Mumbai 400085, India

“South African Astronomical Observatory (SAAO),
Observatory, 7925, Cape Town, South

4 Department of Astronomy, University of Cape Town (UCT),
Rondebosh, Cape Town,7700 South Africa
¢ Department of Physics, University of Oxford,
Oxford, OX1 3PU, United Kingdom
E-mail: tsmadzime@gmail.com, MeintjPJ@ufs.ac.za, VanHeerden@ufs.ac.za,

kksastro@barc.gov.in, dibnob@saao.ac.za, WoudtPAG@ast.uct.ac.za,
Rob.Fender@physics.ox.ac.uk

Here we present the first report of pulsed emission at the spin period of the white dwarf in
MeerKAT data, which is also the first report of pulsed emission at the spin period of the white
dwarf in radio frequencies (L—Band). Further support for the pulsar—like behaviour of AE
Aquarii is the detection of pulsed emission at the spin period of the white dwarf in AE Aquarii in
Fermi—LAT data. By isolating data sections that show emission above the 2 o~ level our periodicity
analysis reveal clear indications of pulsed emission at the spin period of the white dwarf and its
associated second harmonic (first overtone), which implies particle acceleration from both poles of
the white dwarf. The detection of pulsed emission in Fermi—LAT data mimic to a large extent the
emission profiles detected in very high energy gamma-—ray observations made by two independent
groups at Pothefstroom and Durham in the late 1980’s to early 1990’s. Furthermore, Fermi—LAT
data sections that were observed simultaneously with optical flares show clear pulsed emission
patterns at the spin period of the white dwarf similar to those reported in the late 1980’s. The
results presented here confirm AE Aquarii as a transient gamma-—ray source with clear indications
of spectral hardening during periods with enhanced gamma-—ray activity. It is also shown that AE
Aquarii may be detectable with CTA. A strategy is presented on how detectable pulsed emission
may be extracted from the data.
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1. Introduction

The novalike cataclysmic variable AE Aquarii (AE Aqr) is a close binary system, which
consists of a rapidly rotating (period P. ~ 33 s [1]) magnetized (B. ~ 1 MG [1]) white dwarf
(WD), and a late—type main sequence companion (K4-5) star. The WD in AE Agqr is orbiting
the secondary star with an orbital period of 9.88 hrs (e.g., [2-4]). Optical wavelengths in AE Aqr
have visual magnitude varying between my = 10 and my = 12 [5]. This system exhibits highly
transient multiwavelength emission with their characteristics revealed by several studies: optical
(e.g., [1, 4, 6]), radio (e.g., [7-9]), X—rays (e.g., [10, 11]) and possibly in TeV gamma-—rays energy
bands (e.g., [12—-14]). It has been shown ([8]) that the variability in the observed radio emission
corresponds to the integrated emission form several expanding synchrotron emitting clouds in
different phases of their evolution,which presents a rather flat spectrum with time averaged flux

(S(v, p)y oc y3/H279) (1)

where p is a dimensionless radius of an expanding blob and € is the index of the flare occurance
spectrum (see [8] for a detailed discussion), which is assumed to be (e.g. [8])

F(S(v, p)) oc S(v, p)™¢, 2

meaning that low—energy flares occur more regularly than high—energy flares. It has been shown
([8]) that the observed time—average spectrum corresponds to € ~ 2.2, resulting in,

(S(v, p)y o V0. 3)

The first reports of Very High Energy (VHE) gamma—ray emission from the enigmatic AE
Aqr were reported by two independent groups (e.g. [12, 13, 15]) in the late 1980’s to early 1990’s.
The gamma-—ray emission from AE Aqr were described as sporadic, aperiodic and burst—like with
pulsations at or close to the WD’s spin period. On occasions the pulsations were also seen at
the second harmonic (16.54 s) of the spin period. The follow—up studies using other Cherenkov
telescopes resulted in no detection of any gamma-—ray emission (e.g. [16]). However, the discovery
of hard X—rays [17, 18] with a spectrum that resembles a power—law, rekindled the notion that WDs
are potential particle accelerators and hence possible gamma-—ray sources. A follow—up study for
pulsed gamma—ray emission using the Fermi Large Area Telescope (Fermi—LAT) pass 7 and pass
8 data resulted in low—level but consistent pulsed emission at or close to the spin period (33.08
s) and the second harmonic (16.54 s) of the WD in AE Aqr [19-21]. These results combined
with new Fermi—LAT pass 8 data and the South African interferometer array telescope MeerKAT,
motivated a new follow—up gamma-—ray and radio study of AE Aqr. The paper is structured as
follows: The observations, analysis and results of the radio emission from AE Aqr will be reported
in the first section, followed by the analysis and results of AE Aqr’s Fermi—LAT data, and finally
some conclusions.

2. MeerKAT Observations and Results of AE Aqr

AE Aqgr was observed on 25 February 2019 by the MeerKAT telescope array, the precursor of
the square kilometre array (SKA). This observation was performed under a ThunderKAT project
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[22]. This source was observed for a total of 45 minutes in three identical scans with PKS
B1934-638 as the bandpass and flux calibrator source which was observed for 5 mins at the onset
of the observation. The amplitude and phase calibrator source PKS 2008—-068, observed for 2
mins after each scan, can be seen as gaps in the light curves. The light curves of this observation
presented in Figure 1 are; lower L—-Band (856—1140 MHz), middle L-Band (1140-1426 MHz)
and upper L—Band (1426—1712 MHz), and finally the total L-Band (856—1712 MHz). Radio
emission from AE Aqr displays high levels of variability in the light curves. This variability is
most probably the result of the interaction between the magnetosphere of the WD and the propeller
ejected matter since the emission from AE Aqr is not driven by the direct accretion of mass onto
the surface of the WD.

The search for spin modulation of AE Aqr’s radio emission in the MeerKAT data was conducted
using the Lomb—Scargle [23, 24] technique available in AstroPy. In Figure 1, we present the first
detection of pulsed radio emission from AE Aqr. To supplement the power spectrum of the main
L-Band (see Figure 1 (a)) over a wide frequency range the power spectra of the lower, middle
and upper L—Band were added incoherently to amplify the periodic signal (see Figure 1 (b)).
The technique of stacking is useful to distinguish between erroneous detection and signal. If n
observations are conducted at a given frequency v, the chance probabilities may be integrated
incoherently to get a more significant pulsed signal at the cost of phase information. The technique
sums up all power with same frequencies, to obtain a statistic which follows y? distribution with
2n degrees of freedom [25]. The L—Band spectrum of AE Aqr shows a power—law (see Figure
2), which may associate AE Aqr’s radio emission with non—thermal synchrotron emission. The
mechanism behind the measured pulsed signal is currently under investigation. However, the
radio flux measurements displays a non—thermal origin which can be modelled with a power—law
spectrum in the L—Band (see Figure 2). The total L—Band average flux density is also included in the
SED on the right, which shows that the observed average flux density in the L—Band correlates with
the overall time—averaged flux density profile SED from radio to infra—red frequencies [26] which
is the typical signature of the non—thermal synchrotron emission of a superposition of expanding
synchrotron emitting clouds ([8, 27]).

3. Fermi—LAT gamma-ray data analysis and results

The search for steady gamma—ray emission was conducted using binned and unbinned standard
analysis utilizing the upgraded Fermi—LAT pass 8 dataset. The periodic modulation of gamma-—ray
emission was conducted using gtpsearch and gtpphase routines of Fermi Science Tools software
packages. The search for steady gamma-—ray emission using the ~ 11—year pass 8 dataset and
utilizing standard analysis techniques revealed no gamma—ray emission above the background.

A 14—day light curve produced from an ~ 11—year dataset revealed sections in the light curve
with gamma-—ray emission above the 2 o significance level. Some of these sections display pulsed
emission near the WD’s spin period [21]. Investigating 10 minute dataset intervals, and searching
for periodic modulation, revealed more significant pulses at or close to the spin period of the WD
and its second harmonic. The power spectra of these sections with significance of > 3 ¢ at the same
frequency were incoherently combined (stacked). The stacked power spectra display pulsations at
33.08 s and 16.54 s (see Figure 3). In Figure 3 off—centre stacked power spectra are displayed,
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Figure 1: (Left panel) The L-Band data was binned in 8 second intervals and divided into channels from top:
lower (856—1140 MHz), middle (1140—1426 MHz) and upper (1426—1712 MHz) channel light curves, and
the bottom light curve represent the total L—Band (856—1712 MHz) light curve. (a) The power spectrum of
AE Aqr produced from the MeerKAT L—Band observation on 25 February 2019. There is a strong indication
of pulsed emission at the WD’s spin period (Fy = 30.23 mHz). (b) This represents the incoherently combined
(stacked) power spectrum produced from lower, middle and upper channel light curves.
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Figure 2: The left panel shows MeerKAT’s spectral points of AE Aqr extracted from the L—Band and
the right panel is the time—average spectral energy distribution (SED) of AE Aqr over a wide frequency
range. The positive slope at lower frequencies is compatible to the integrated emission of a superposition
of synchrotron flares from expanding synchrotron emitting clouds that turn from optically thin to optically
thick at lower frequencies, i.e. the so—called van der Laan process (e.g. [8, 27]). The avearge L—Band flux
density in the entire MeerKAT observation is indicated by the blue solid circle and the rest of the data as well
as the insert was obtained from Dubus et al,. [26] for comparison.
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Figure 3: First two columns represents Fermi—LAT stacked power spectra and the last two columns are noise
profile centred at the position of AE Aqr (0.0 degrees) and control analysis demonstrating how the power in
the power spectrum return to white noise further away from AE Aqr, which illustrates that the pulsed power
is confined to AE Aqr’s position in the sky.

which show that the spin modulation power gradually decreases away from the source. These power
spectra were produced to test whether these pulsations are not spurious detections. We produce
the power spectra by using positions in the sky consecutively further away from AE Aqr (3°—15°).
The on—source noise profile at the 33.08 s and 16.54 s periods deviates from the theoretical white
noise distribution for the power spectra produced for data corresponding to AE Aqr’s position in
the sky. The power conforms to a white noise distribution for off—centre power spectra (3°-15°).
To search for gamma-—ray pulses that coincides with Fermi—LAT pulses, sections that correspond
to optical flares observed with the University of the Free State (UFS—Boyden) 1.5 m telescope
(see Figure 4) were used for periodic analysis. Indications of periodic gamma—ray emission were
identified from the power spectra that correspond to the optical flares, and these power spectra
were incoherently stacked (see Figure 4). The stacked spectra that coincides with enhanced optical
activity exhibit pulsed emission close to the WD’s spin period. These result corresponds well with
previously reported pulsed behaviour of VHE emission during optical flares [13, 28]. However, the
weak signal which was present in the vicinity of second harmonic of each spectra disappear after
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Figure 4: The first column: (a) and (c) are lightcurves of optical photometry conducted using the
UFS—Boyden 1.5 m telescope near Bloemfontein (South Africa). Second column: (b) and (d) gamma—ray
data that coincided with optical flares. The last column: power spectrum of combined spectra produced from
the Fermi—L AT data sections that coincide with optical flares.
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Figure 5: The spectral points are fitted with a power—law with a photon index I ~ 2 (with goodness of the
fit y> ~ 12 (p—value ~ 0.025) with n = 6 degrees of freedom). The last panel display the broadband SED of
AE Agqr from radio to VHE emission (see e.g., [18]) including CTA, and Fermi—LAT sensitivity curves. The
Fermi—LAT gamma-—ray spectra for quiescence (navy blue solid circles) and flare sections (red diamonds)
of the data indicate a spectral hardening.

The binned and unbinned analysis associated with data sections with > 0 o significance levels
resulted in an average significance of > 14 o-. The gamma-—ray spectra for both display a power—law
model with photon index I' ~ 2 (see Figure 5 (a) and (c)). Notable from the significance energy
distribution Figure 5 (b) and (d), is the significance of gamma—ray emission, which seems to be
high in the lower energy bins. The spectra associated with data sections with significance above
2 o can be described by a power—law, where spectral hardening is also observed (see Figure 5,
last column) which may result in detectable flux levels during periods of enhanced activity. These
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results may put AE Aqr in the spotlight for follow—up studies with more sensitive Air Cherenkov
detectors like CTA.

4. Conclusion

We have detected non—thermal pulsed radio emission from AE Aqr in the L-Band MeerKAT
data. This marks the first time pulsed radio emission is reported from this source. The measured
spectral energy can be fitted with a power—law profile. Fermi—LAT data sections that display
transient events reveal AE Aqr in both binned and unbinned analyses, with an average significance
of ~ 14 o for the selective filtered data. This increase in the significance of the gamma-—ray
signal using a more selective filtered data validates the search for periodic emission in data sections
that showed enhanced levels of gamma-—ray activity (> 2 o). Periodogram analysis and stacking
of power spectra revealed a clear indication of pulsed emission at the spin frequency and some
occurrences was also seen on the second harmonic. However, the second harmonic was not present
in the stacked power spectra of the data that coincides with the optical flares or the MeerKAT data.
A control analysis revealed that the power at the fundamental frequency and the second harmonic
fades away in region of the sky away from AE Aqr. It was also shown that the gamma-—ray spectra
of the flaring periods are constantly harder than the overall spectrum, which predicts flux levels
above the CTA threshold.
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