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We present the preliminary results of the search for gamma−ray emission from the novalike
variable AE Aquarii using the upgraded Fermi−LAT Pass 8 data set. A previous study using
the Fermi−LAT Pass 7 data pipeline showed indications of a low−level, but consistent, pulsed
emission at a period of 16.54 s, which is the first harmonic of the 33.08 s spin period of the white
dwarf. Here we report our findings of a follow−up study utilizing the Pass 8 data, which uses an
improved galactic diffuse gamma−ray emission model as well as more inclusive selection criteria.
Thus far no clear detection of any significant gamma−ray excess from AE Aqr in the Fermi−LAT
energy range has been made. However, there are some energy bins with significance just above
2σ . This significance value is below the Fermi−LAT detection limit that signifies a clear 4−5
σ detection and can only be considered as a 2 σ upper−limit. The corresponding upper limit of
the integrated energy flux above 100 MeV is Fγ ∼ 4×10−13ergcm−2 s−1 which is determined at
the 99.995 % confidence level. However, indications of low−level pulsed modulation is found
at, or close to, the 33.08 s spin period of the white dwarf in a few two−week data sections with
higher than average TS values, which is promising for possible future follow−up studies with the
Cherenkov Telescope Array.
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1. Introduction

AE Aquarii (AE Aqr) is a novalike cataclysmic variable, a close binary which consists of a
fast rotating magnetized white dwarf, orbiting a late−type main sequence companion (K4−5) star ,
with an orbital period of 9.88 hrs (e.g., [1, 2, 3]). The white dwarf is highly magnetic (∼ 1 MG) and
rotates with a period of ∼ 33 s [4]. AE Aqr exhibits novalike characteristics in optical wavelengths
with a visual magnitude varying between mV = 10 and mV = 12 [5]. It shows highly transient
multi−wavelength emission characteristics as revealed by several studies: optical (e.g., [4, 3, 6]),
radio (e.g., [7, 8, 9]), X−rays (e.g., [10, 11]) and possibly in TeV gamma−rays energy bands (e.g.,
[12, 13, 14]).

The peculiar multi−wavelength emission from AE Aqr is intimately tied to the fast rotat-
ing magnetosphere of the compact object and propeller ejection of matter from the system. The
propeller mechanism in AE Aqr is the result of the rotational velocity of the white dwarf’s mag-
netosphere exceeding the Keplerian velocity of the mass flow stream from the secondary star [15],
resulting in centrifugal expulsion of material from the binary system. Two models can explain the
mechanism driving the propeller ejection of matter from the system of AE Aqr. The models are
magnetic propulsion of diamagnetic blobs as they interact with the fast rotating magnetosphere
(e.g., [16, 17]), and mixing of the magnetic field through Kelvin−Helmholtz instabilities resulting
in magnetized blobs being ejected from the system (e.g., [18, 19]). The propeller effect will result
in braking of the spinning white dwarf at a rate of Ṗ∼ 6×10−14 s s−1. Since the spin−down power
exceeds the accretion luminosity, a fraction of the spin−down power provides a substantial reser-
voir of energy that may be channeled into particle acceleration to high energies and non−thermal
emission (e.g., [20, 21]). It has been shown that the white dwarf in AE Aqr could accelerate elec-
trons and protons to energies of the order of several TeV (1 TeV = 1012 eV) [15], which could
produce gamma−rays through a leptonic channel (inverse Compton) or a hadronic channel i.e.,
neutral pion production and decay to gamma−rays (e.g., [22, 23, 24, 25]). Evidence of particle ac-
celeration in AE Aqr is the detection of non−thermal radio emission [8] and the Suzaku detection
of a pulsed hard X−ray component above 10 keV which shows a non−thermal power law spectrum
with a photon index of Γ = 1.2. This detection could be an indication of synchrotron radiation from
relativistic electrons in the white dwarf magnetosphere (e.g., [11, 15]).

2. Fermi−LAT Data Reduction and Analysis

The archival gamma−ray data from Fermi Large Area Telescope (Fermi−LAT) collected be-
tween 4 Aug 2008 to 30 Nov 2018 on AE Aqr were considered for this study. The data set com-
prises of all Fermi−LAT events and spacecraft data for detailed analysis. The analysis of the
Fermi−LAT data were performed using Fermi Science Tools software packages (v11r5p3). We
used the P8R3−SOURCE−V2 set of response functions and selected corresponding source−class
events (evclass = 128) and front+back events type (evtype = 3). In this analysis, photons were se-
lected from a radius of 10 degrees Region Of Interest (ROI), centered at the coordinates of AE Aqr
(RA = 310.038, DEC = −0.8708 epoch J2000). The zenith angle cut was set at 90 degrees to avoid
contamination by photons produced from cosmic−ray interactions with the atmosphere. Binned
maximum −log(likelihood) analysis was performed in the energy range 0.1−500 GeV [26]. All
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sources within 20 degrees of ROI, the instrumental background, and the diffuse galactic and ex-
tragalactic isotropic emission model gll−iem−v06.fits [27] as well as the source of interest were
included in the spectral model file. The analysis of AE Aqr was performed utilizing the simplest
spectral model for non−thermal emission (i.e., a Power Law).

dN
dE

= N0

[
−E
E0

]−Γ

(2.1)

where Γ is the photon index which controls the hardness of the source, the scale N0 which
is the normalization factor and the pivot energy E0, which scales the energy. These parameters
and other parameters in the spectral−file model were optimized and fitted using the maximum
−log(likelihood) technique, [26]. The significance of a detection of AE Aqr was estimated using
the test statistic (TS), which is the ratio of−log(likelihood) with and without source. The statistical
significance of the results is expressed as σ ≈

√
T S [26].

The search for a periodic modulation of gamma−rays from the region of AE Aqr was per-
formed using gtpsearch and gtpphase routines of Fermi Science Tools software packages (v10r0p5).
The entire data set was divided into 14−days sections and the sections with higher than average
TS value were selected for periodic analysis. Python scripts were developed to use these tools
effectively. Both gtpsearch and gtpphase routine utilize the spacecraft file and coordinates of the
source of interest to perform the barycentric correction of each photon’s time of arrival. The spin
ephemeris of AE Aqr used in this analysis were adopted from Jian et al., [28].

Figure 1: Counts map (left) and model map (right). The counts map is the cumulative data of observed
counts at a given grid location. A closer inspection of the counts map generated for ten years of data shows
no extremely bright sources in the ROI. The background around the region of AE Aqr is brighter than the
source of interest. It can be seen from the model map that there is no sign of a point source at the region of
AE Aqr. The predicted counts of AE Aqr after accounting for background emission is negligible, as shown
in the model map.

3. Results

The binned analysis of Fermi−LAT data of AE Aqr over the last decade revealed no statis-
tically significant gamma−ray excess in the energy range of 0.1−500 GeV. For a point source
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detection at the 4−5 sigma confidence level, an average TS value between 16−25 is required [26].
The average TS for AE Aqr in the energy interval 0.1−500 GeV signifies a clear non−detection
at the 4−5 sigma level and therefore only a 2 σ upper limit is determined at a flux level of
∼ 2×10−9 ph cm−2 s−1 above 100 MeV at the 99.995 % confidence level. This corresponds to
an integrated energy flux above 100 MeV of Fγ ∼ 4×10−13 erg cm−2 s−1.

We verified our results’ accuracy by comparing the raw data map to the likelihood model map
(see Figure 1). Counts map (map of raw data) is produced from filtered raw data with Good Time
Intervals (GTIs’) applied. On the other hand, the model map is a diagnostic plot that shows each
source’s predicted counts in the fit. The difference between the model map and the counts is the
residual, which is usually flat for a good fit. There is no clear indication of a point source at the
region of AE Aqr, as shown by both the model map and the counts map. The predicted counts in
the model map and the observed counts in the counts map appear to be comparable. Even after
accounting for the background emission, the gamma−ray flux from the region of AE Aqr is at a
low level, as can be seen from the model map.

We also investigated the spectral behaviour of the low−level gamma−rays. We conducted the
investigation by generating the spectral flux points using 30 energy bins per decade to see whether
the model agrees with the data and check which energy bins contribute more to the obtained sig-
nificance of gamma−ray emission from AE Aqr. Unfortunately, no energy bin was found with flux
points with significance above 3 σ . Thus some energy bins with flux points that have significance
above 2 σ were considered flux points, not upper limits. On the left−hand side of Figure 2 is
a spectral energy distribution (SED) plot fitted with a power law with a spectral index of Γ ∼ 2.
The right−hand side of Figure 2 represents a broadband SED, plotted with 2 σ flux points from
this study, published multi−wavelength archival results (see e.g., [15]) , and Cherenkov Telescope
Arrays (CTA), and Fermi−LAT sensitivity curves.

Figure 2: The left panel is showing the Fermi−LAT flux points at (2 σ ) and upper limits from bins with
low TS value. The fit through the 2 σ flux points is a power law with a photon index Γ∼ 2. The right panel
is showing the broadband SED of AE Aqr from radio to very high energy emission (see e.g., [15]) including
CTA, and Fermi−LAT sensitivity curves. The gamma−ray flux levels around 100 GeV (purple diamonds)
are burst−like events detected by the Durham group [14] and the TeV gamma−ray flux levels (black di-
amonds) were transient burst−like events detected with the Nooitgedacht Mk I Cherenkov telescope[13].
Both groups reported these events contemporaneously in the late 1980s and early 1990s, see Oruru and
Meintjes [15] (and references therein) for a discussion.
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To search for pulsed gamma−ray from AE Aqr the Rayleigh statistic was utilized as part of
the Fermi−LAT science tools over the energy range 0.1−500 GeV. The data set was divided into
14−day sections and the analysis was restricted to those sections with highest TS value. We also
extended our search by employing narrower energy bins, but all investigations were conducted with
10◦ radius of the ROIs. The maximum Rayleigh test statistic (2nR2) [29] obtained in this analysis
is 13.8, which corresponds to a probability for chance occurrence of Pr = e−nR2 ≈ 10−3 [29]. The
power occurs at or near the rotational period of the white dwarf in AE Aqr (see Figure 3). However,
the nature of the data and the sparsity of the events makes it impossible to assign any real statistical
significance to these results.

Figure 3: The folding analysis conducted using the Rayleigh test revealed low−level pulsed modulation at
or near the ∼ 33.08 s white dwarf rotational period, indicated by the dashed line.

4. Conclusion

This study resulted in no significant detection of gamma−ray emission from the region of AE
Aqr above the 2 σ detection threshold of Fermi−LAT. Since the overall significance of the source is
low over the entire energy range, we investigated energy bins that contributed more to the possible
emission. In our results, we observed that in most of the energy bins, the source is insignificant
except for a few energy bins with significance that barely exceeds 2σ . The energy range with
2σ significance is above the energy range that is most affected by the background gamma−ray
contamination. However, it should be mentioned that the background in this region is brighter
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than most sources, as seen in the counts map (see Figure 1). Even the model map shows that the
number of predicted counts for each source still results in some sources with negligible counts
(see Figure 1).

Previous studies in the late 1980s and early 1990s suggested possible aperiodic burst−like
high energy gamma−ray (VHE;TeV) emission from AE Aquarii. The unpredictable nature of
these burst−like events introduces severe challenges in detecting possible high energy gamma−ray
emission from AE Aquarii with the Fermi−LAT telescope, which has poor angular resolution and
sensitivity compared to current ground−based Atmospheric Cherenkov Telescope Arrays. There-
fore future studies with instruments like CTA may reveal more conclusive results.
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