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Abstract

:

In this paper, the possibility of periodic pulsar-like gamma-ray emission from the white dwarfs in AE Aquarii and AR Scorpii is investigated. We show that the white dwarf magnetospheres in AE Aquarii and AR Scorpii can possibly induce potentials to accelerate charged particles to energies in excess of one tera electronvolt (TeV) with associated gamma-ray emission through processes such as curvature radiation, inverse Compton, and hadronic processes such as neutral pion decay. We report here pulsed gamma-ray signatures at or close to the spin period of white dwarfs in both AE Aquarii and AR Scorpii in the Fermi-LAT dataset. This may indicate that both these white dwarfs possibly contain a particle accelerator that can produce relativistic electrons and ions and associated high energy radiation. The possibility of pair production is also investigated, which could provide a source for relativistic   e ±   pairs in the magnetosphere. This could possibly be a driver for other forms of lepton-induced multi-wavelength pulsar-like emission from these two systems as well, for example, to explain the recently detected pulsed radio emission from AE Aquarii and R Scorpii in MeerKAT observations at the spin period of the white dwarf. The possibility of future detection of AE Aquarii and AR Scorpii with the Cherenkov Telescope Array (CTA) is also discussed. The future Vera Rubin Observatory will make a revolutionary contribution to time-domain astrophysics, which may lead to the discovery of thousands of new transient sources, possibly also many more close binaries with highly spun-up magnetized white dwarfs such as AE Aquarii and AR Scorpii for future investigation.
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1. Introduction


The discovery of Cygnus X-3 as a very high energy (VHE) and ultra high energy (UHE) gamma-ray source in the 1980s, as well as similar reports related to Hercules X-1, 4U0115+63, and Vela X-1 (e.g., [1]) sparked enormous interest in the mechanisms responsible for particle acceleration and high energy gamma-ray production in accretion driven neutron star binaries. The acceleration of particles was believed to be based on a unipolar inductor process across the accretion disc [2] of an accreting neutron star. Soon after these initial discoveries, combined with the theoretical advances to develop models to explain particle acceleration and gamma-ray emission in disc accreting neutron star X-ray binaries (e.g., [3]), it has been shown that isolated highly magnetized white dwarfs with short rotation periods may also possess the necessary energetics to accelerate particles such as electrons and ions to high energies to produce VHE gamma rays through a variety of processes (e.g., [4,5]), of which some detail will be presented in the next section. Due to the fact that the underlying driving mechanism of the acceleration is based on the rotation power of a fast rotating, highly magnetized white dwarf, suitable candidates were searched for. Highly magnetized white dwarfs with short rotation periods can be produced via accretion torques (e.g., [6]) in close binary systems after periods of high mass transfer and accretion onto the white dwarf. For example, it was shown [7] that high mass transfer episodes can occur in cataclysmic variables such as AE Aquarii, which can spin up the magnetic white dwarf over time scales as short as 10   4   years, far shorter than the thermal time scale (   τ  t h   ∼  10 7    years   ) of the mass donating star, which, under normal circumstances, drives the mass transfer process. For spun-up disc accreting white dwarfs, the unipolar inductor process (e.g., [2,3]) was initially believed to be instrumental for generating potentials to accelerate charged particles to VHE energies with associated VHE gamma-ray emission through a variety of processes.



In light of these early developments, the first VHE studies of fast rotating, highly magnetized white dwarfs focused on the nova-like variable AE Aquarii in the 1980s–1990s. AE Aquarii’s initial classification placed it in the DQ Hercules subclass of disc accreting magnetic cataclysmic variables containing a white dwarf rotating with a period of    P *  = 33.08  s   with a surface magnetic field probably in excess of    B *  ∼  10 6   G   at a distance of roughly d ∼ 100 pc (e.g., [8]). The belief at that stage was that the system was a disc accretor, with the white dwarf being spun-up by accretion disc torques (e.g., [6]). However, later studies revealed that the optical pulsed signal strength is peculiarly low for a disc accretor [8] and that the rapid optical and radio variability can be reconciled with a fast rotating magnetic propeller that drives the mass transfer flow from the secondary star out of the binary system. This implies that the transient nature of the emission observed from AE Aquarii is not accretion driven but directly linked to the propeller ejection of mass from the system.



Radio emission from observations with the VLA in the 1980s [9,10] was determined to be non-thermal and displayed rapid variability between 1 and 22 GHz. This was explained in terms of a superposition of synchrotron emission from expanding clouds of mildly relativistic electrons produced within the system. The rapid non-thermal radio variability resulted in AE Aquarii being classified as a low-power analogue of Cyg X-3 [10], which sparked enormous interest within the gamma-ray community in that period. Due to these physical properties and its close proximity, AE Aquarii was observed by different VHE groups in the 1980–1990s with telescopes spread across the United States (Whipple) (e.g., [11]), South Africa (Nooitgedacht) [12,13], and Australia (Narrabri) [14,15]. It was shown [12,13] that the nova-like variable AE Aquarii displays signatures of pulsed emission at energies    ϵ γ  ∼ 1   TeV    (Figure 1right) that resemble pulsed optical emission (Figure 1left) during flares.



These features were consistently observed in the VHE gamma-ray observations of AE Aquarii resulting in the cumulative significance to increase steadily with time (see Figure 2) when the power spectra were stacked incoherently. The technique of stacking power spectra is useful to distinguish a low-level but consistent pulsed signal at a fixed frequency (or period) from the random white noise. It sums the power at a specific frequency in the respective periodograms (power spectra) to obtain a statistic that follows a   χ 2   distribution with   2 n   degrees of freedom in the absence of a signal, where n represents the number of power spectra that were stacked [16].



Contemporaneous studies in the 1980–1990s of AE Aquarii by the University of Durham’s Very High Energy (VHE) group, with telescopes at Narrabri in Australia, revealed burst-like emission with associated pulsations in VHE at the 16.54 s (second harmonic) of the spin period (e.g., [14,15]). These burst-like events and associated pulsed emission were also confirmed during similar, but not simultaneous, events detected by the Nooitgedacht Cherenkov telescopes near Potchefstroom (South Africa) (e.g., [13]). The Nooitgedacht observations in the 1980s–1990s spanned 2 years with more than 200 h of data. However, the observations where a pulsed modulation was observed at the 33.03 s (or 16.54 s) periods implied a duty cycle of only a few percent.



These initial results, although very promising, were never confirmed by independent follow-up studies (e.g., [11] (Whipple telescope), [17,18] (MAGIC telescope)). The MAGIC observations resulted in no detection of any periodic signal above 2 σ  with only an upper limit above 200 GeV of   ∼ 6.4 ×  10  − 12      cm   − 2     s   − 1    , and above 1 TeV an upper limit of   ∼  7.4 ×  10  − 13      cm   − 2     s   − 1    , assuming a Crab-like photon spectrum with a spectral index of   Γ = 2.6   [18].



The recent optical-radio discovery of the close binary AR Scorpii [19,20,21], which contains a highly magnetized white dwarf emitting non-thermal radiation over a very wide frequency range, sparked renewed interest in spun-up white dwarfs as potential high energy sources (e.g., [22,23,24,25,26]). These observations showed that an important feature of this fascinating source is the interaction between a fast rotating magnetosphere of the white dwarf and the magnetic flux tubes of the secondary, which may be the driving force behind its enigmatic multi-wavelength emission (e.g., [22,23,25,26]). Optical spectroscopy [19] shows no indication that there is any mass transfer and accretion onto the surface of the white dwarf. This may imply that AR Scorpii, just like AE Aquarii, evolved through a high mass transfer phase that spun-up the white dwarf to a short rotation period of    P *  = 117  s  , after which the mass transfer from the secondary shut down, possibly due to nova eruptions or secondary star surface magnetic fields gating-off the mass flow across the L1 region. This implies that the white dwarfs in AE Aquarii and AR Scorpii are rotation powered in the current phase of their evolution.



It was recently shown [27] that the Rotating Magnetic Vector Model accounts for the white dwarf pulsar in AR Scorpii’s position angle swings of the optical polarization reported by [23,24]. This further allows for well-constrained values of the magnetic obliquity and observer viewing direction with respect to the spin axis. These results suggest that the non-thermal emission arises from a dipolar magnetosphere close to the white dwarf star. These authors continued to model the non-thermal emission geometry based on the constraints provided by phase-resolved polarimetry [28]. The last noted results firmly suggest that the dipolar magnetosphere of AR Scorpii is an active site of particle acceleration and possibly non-thermal synchrotron emission. Based on the fact that much of the non-thermal emission in AR Scorpii can be attributed to the interaction between the fast rotating magnetosphere of the white dwarf and the secondary star’s magnetic field, Ref. [29] proposed a hadron channel for detectable high energy gamma-ray emission from AR Scorpii at energies above 1 GeV.



With Fermi-LAT [30] becoming operational in 2008, a new era dawned for the study of high energy emission in compact objects, especially after the Pass 8 data were released, which provide a better determination of the diffuse galactic gamma-ray emission as well as a significant improvement in the energy resolution from previous Fermi-LAT pipelines. Supplementary to this, the fact that the SKA precursor in South Africa, namely MeerKAT became operational, sparked renewed interest in sources that exhibit transient non-thermal multi-wavelength properties, among which are spun-up magnetized white dwarfs in close binary systems such as AE Aquarii and AR Scorpii.



The fact that rotation powered magnetized white dwarfs can be powerful cosmic accelerators has been theoretically established (e.g., [4,5,31,32,33,34]). These studies revealed that spin powered white dwarfs can be a new class of cosmic accelerator, which can accelerate charged particles to energies in excess of one TeV, which opens up the possibility of VHE gamma-ray emission through processes such as curvature radiation. Recent studies also attempted to establish a connection between the anomalous X-ray pulsars (AXPs)/soft gamma-ray repeaters (SGRs) and highly magnetized white dwarfs (e.g., [35,36]). However, it was shown (e.g., [37,38]) that both these classes (AXPs/SGRs) display observational properties that can be reconciled with magnetars, i.e., isolated neutron stars powered by magnetic energy. In the next section, a more detailed theoretical overview of particle acceleration in highly magnetized rotation powered white dwarfs will be presented. The discussion is focused specifically on the rotation powered white dwarfs in AE Aquarii and AR Scorpii, but can be extended to all rotation powered highly magnetized white dwarfs. The recent observational discovery of two more magnetized white dwarfs with short rotation periods (e.g., [39,40]), open up interesting possibilities for future investigation.



The paper is structured as follows: In the next section, a discussion of particle acceleration and associated gamma-ray emission in rotation powered white dwarf magnetospheres is presented. This is followed by a short summary of a recent Fermi-LAT search for pulsed gamma-ray emission from the spin powered white dwarfs AE Aquarii and AR Scorpii, respectively, with future prospects for follow-up studies utilizing the superior sensitivity and resolution of the Cherenkov Telescope Array (CTA). Concluding remarks are presented last.




2. Particle Acceleration and Non-Thermal Emission in White Dwarf Magnetospheres


The white dwarfs in AE Aquarii and AR Scorpii have possibly been spun-up in the past by accretion torques when the mass transfer from the secondary star was higher than it is currently. This results in both white dwarfs being in a phase presently where the transient multi-wavelength emission is not accretion driven but rather tied directly or indirectly to the rotation of a highly spun-up magnetized white dwarf. The basis for particle acceleration in these rotation powered systems will now be briefly discussed.



It can be shown (e.g., [41]) that electric and magnetic fields in a reference frame co-moving (primed quantities) with a highly conducting fluid or plasma can be expressed as


     E ′    =    Γ  ( E +  1 c   ( v × B )  )       B ′    =    Γ  ( B −  1 c   ( v × E )  ) ,     



(1)




where (   E ′  ;  B ′   )   , (  E ; B )   represent the fields in the co-moving and laboratory frames, respectively, and  Γ  represents the bulk Lorentz factor. Here,  v  represents the relative velocity between the fluid (co-moving) frame and the stationary (laboratory) frame. For a highly conducting fluid (i.e.,   σ → ∞  ), the electric field in the co-moving frame    E ′  → 0   and field quantities transform as follows to the laboratory, i.e., the observer’s reference frame (unprimed quantities):


    E   =    − Γ (  β ¯  ×  B ′  )      B   =    Γ   B ′  ,     



(2)




where    β ¯  =  v c   , and  Γ  represents the Lorentz factor. The maximum energy that can be attained by a charged particle of charge   Z e   is


     ϵ max    =    Z e ∫ E . ds       =    q β Γ  R s   B ′  ,     



(3)




where   R s   and   B ′   represent the size of the source and magnetic field in the frame of the source. In the fast rotating magnetosphere of a compact object such as a neutron star or a white dwarf, these velocity-related parameters (i.e.,   β Γ  ) are associated with the rotational velocity of the source with respect to a stationary observer. This expression clearly illustrates that for fast rotating compact objects satisfying (  β Γ > > 1  ), the rotational kinetic energy reservoir relaxes the requirements for the strength of the intrinsic magnetic fields in the source to accelerate charged particles to high energies. The requirements regarding magnetic field and size of various classes of objects to accelerate protons and ions to energies in excess of    ϵ max  ∼  10 20    eV    (e.g., [34,42,43]) are displayed in Figure 3. Also shown (e.g., [34]) are the requirements of soft gamma-ray repeaters (SGRs) and anomalous X-ray pulsars (AXPs) to accelerate charged particles to these energies as either neutron stars (magnetars) or possibly highly magnetized white dwarfs with surface fields between   10 9   and    10 12   G  , which are extremely high for white dwarfs. Also included in Figure 3 are the magnetic requirements of AE Aquarii and AR Scorpii to accelerate charged particles to energies in excess of    10 20    eV   , revealing that both these white dwarfs should posses magnetic fields on the order of   >  10 9   G  , which are very high for white dwarfs in close binaries.



The two sources that we are focusing on in this study, i.e., AE Aquarii and AR Scorpii, are certainly among fast rotating white dwarfs in close binaries. Both these white dwarfs are currently in a spin-powered phase of their evolution and not accretion-powered like many white dwarfs in cataclysmic variables. The white dwarfs in both these objects are spinning down, i.e.,    P ˙  = 5.6 ×  10  − 14    s   s  − 1     (AE Aquarii) (e.g., [44]), and    P ˙  = 3.9 ×  10  − 13    s   s  − 1     (AR Scorpii) [19].



Both white dwarfs in AE Aquarii and AR Scorpii display the same relationship between X-ray luminosity and spin-down power as is seen in most spin-powered pulsars, i.e.,    L X  ∼  10  − 3     E ˙   r o t     [45,46] (see Figure 4), which, incidentally, is also similar to the requirement to explain the AXPs/SGRs as rotation powered white dwarfs (e.g., [36]). Both sources are not in an accretion phase of their evolution, e.g., AE Aquarii is a very effective magnetic propeller of mass from the system (e.g., [47,48,49,50,51]) resulting in an inferred propeller induced spin-down luminosity on the order of    L  s − d   ∼ 6 ×  10 34    erg    s  − 1     (e.g., [47,49,51]). It has been shown [49] that processes such as magnetic reconnection, which could be associated with the propeller process, may also drive particle acceleration and transient non-thermal emission.



Spectroscopic observations reveal that AR Scorpii is not displaying any mass transfer from the secondary star and consequently no accretion [19]. The spin-down of the white dwarf in AR Scorpii is possibly due to a combination of a relativistic particle wind combined with a magnetospheric interaction with the secondary star (e.g., [23]) resulting in a spin-down luminosity on the order of    L  s − d   ∼ 1.5 ×  10 33    erg     s  − 1    . Therefore, the conditions for particle acceleration in the magnetosphere of these two white dwarfs may be somewhat similar to the prevailing conditions in isolated neutron star magnetospheres, which are prolific accelerators of charged particles to energies in excess of   10 11  –   10 12    eV    (e.g., [52,53,54]).



Particle acceleration, specifically in the magnetospheres of magnetized white dwarfs, was considered in the late 1980s to early 1990s [4,5]. It was shown that, for non-accreting white dwarfs [4], the scale height of the white dwarf atmosphere is


     H s     ≈   k  T s   R 2     m p  G  M *    ∼  10 4      R *    10 9    cm     2      M *   M ⊙     − 1      T s    10 5   K      cm  ,     



(4)




which is several orders of magnitude smaller than the radius of the white dwarf and implies that above this zone the atmosphere essentially becomes a vacuum. The critical charged particle density for which electric fields can be sustained in the magnetosphere can be obtained from Gauss’ equation (e.g., [52]), i.e.,


     n  G J      =   Ω · B   2 π e c   ≈  10 4    B 6  Ω     cm   − 3   ,     



(5)




which implies that potentials can only exist in extremely tenuous regions of the white dwarf magnetosphere where charged particle densities   n  <   n  G J    . For accreting white dwarfs, this condition will never be met, which rules out pulsar-like particle acceleration above the polar cap for these systems. However, the white dwarfs in AE Aquarii and AR Scorpii are not accreting, which may suggest that the particle density in the magnetosphere of these white dwarfs above one scale height from the surface on the polar cap may be sufficiently tenuous to sustain electric potentials to accelerate particles to high energies. Applying the basic ideas of [4,5], with modifications introduced by [55], to the white dwarf in AE Aquarii [56,57,58] and AR Scorpii [23,59,60], respectively, revealed that both these white dwarfs can indeed be sources of high energy particles and subsequent high energy gamma-ray emission. For example, it was shown for AE Aquarii [57], adopting the following parameters    P *  = 33.08  s ,  R *  ∼  10 9    cm  ,  B *  ∼  10 6   G  , the potential between the surface of the white dwarf and the light cylinder, i.e., where the magnetosphere rotates with the velocity of light, scales as


    V    =  ∫  R  r   E  | |   d s = 2 ×  10 11   P  33   − 5 / 2    μ 33   R  9   1 / 2       r R    1 / 2   − 1   V .     



(6)




It can then be shown that close to the light cylinder   r =  r L  =  c  Ω *    , the total potential will be on the order of


     V (  r L  )     ≈ 2 ×  10 12    P  33   − 2     μ 33    V ,     



(7)




which implies    γ p   (  r L  )  ∼ 4 ×  10 6   . These estimates are based on a magnetic field intensity of    B *  ∼  10 6   G  , which may in fact be a lower limit on the surface field intensity [56].



Electrons accelerated close to the white dwarf will radiate their energy away in a characteristic time    τ  s y n   ≈ 8 ×  10 8  /  ( γ  B 2  )    s   [61] due to synchrotron radiation. This will result in these electrons losing the perpendicular component of their velocity relative to the magnetic field over a characteristic time scale   τ  s y n   . Assuming a lower limit on the field strength of   B ∼  10 6   G   and Lorentz factors   γ ≤  10 6   , it can be shown for AE Aquarii as well as AR Scorpii that the characteristic synchrotron time scale near the surface of the star above the polar cap may be on the order of    τ s  ≤ 8 ×  10  − 10     (  γ  10 6   )   − 1     (  B   10 6   G   )   − 2    s  . As a result of the rapid radiation losses, the synchrotron channel will virtually immediately shut down close to the surface, and these electrons will glide down the curved field lines and emit curvature radiation with energy    ϵ c  ∼   γ 3   R c    , where   R c   represents the curvature radius of the magnetic field. However, energetic photons with energy exceeding   2  m e   c 2    in a strong magnetic field will produce pairs according to   γ + B →  e +  +  e −   , which will be a very important opacity mechanism for high energy gamma-ray photons produced via curvature radiation close to the surface of the white dwarf [62,63].



The effect of magnetic pair production (  γ + B →  e +  +  e −   ) was first investigated in the polar cap regions above neutron stars (e.g., [64,65,66,67] with references therein) and white dwarfs (e.g., [63]). These authors showed that the region above the polar caps can be a site of   e ±   production if high energy curvature radiated photons interact with the magnetic field to produce   e ±   cascades under certain conditions. For a pure dipole field (e.g., [64,65]), the average radius of curvature is    R c  ≈   (  R *  c /  Ω *  )   1 / 2   ∼ 5 ×  10 9     (   R  * , 9    Ω *   )   1 / 2     cm   . However, these authors also noted that the radius of curvature can also be a factor ∼ 100 smaller if multipoles contribute significantly to the field close to the surface. The threshold condition for   e ±   production of a photon with energy    ϵ c  = ℏ  ω c  ≈  γ 3    ℏ c   R c     is (e.g., [31,33,53,62,63,64,65,68])


      (   ℏ ω   2  m e   c 2    )   (   B ⊥   B q   )  =  γ 3     ℏ c /  R c    2  m e   c 2       B ⊥   B q   ≈  1 15  ,     



(8)




with    B q  =    m  e  2   c 3    e ℏ   = 4.4 ×  10 13   G   representing the quantum electrodynamic field, with    B ⊥  =  B *  sin θ  , and  θ  the angle between the direction of propagation of the photon with respect to the magnetic field lines, which may not necessarily be coincident with the dipole field. At a distance h above the surface, the   sin θ   can be approximated with   sin θ ≈  h  R c    , resulting in    B ⊥  ≈  B *   h  R c     (e.g., [64,65]). Additionally, it was proposed [68] that positrons produced in these pair production reactions can be accelerated back to the surface of the white dwarf, which provides an interesting vehicle to explain pulsed X-ray emission in non-accreting fast rotating highly magnetic white dwarfs. This may well have implications for the white dwarfs in AE Aquarii and AR Scorpii, which show strong X-ray pulsations at the spin period of the white dwarf in the absence of accretion.



Keeping in mind that the electron energy   γ =   e Δ V    m e   c 2     , the threshold condition for pair production (e.g., [31,33,53,63,64,65,68]) is given by


         e Δ V    m e   c 2     3   ℏ  2  m e  c  R c     h  R c     B *   B q   ≈  1 15  ,     



(9)




where h represents the height of the accelerator zone above the polar cap of the white dwarf (not to be confused with ℏ). For the white dwarfs in AE Aquarii and AR Scorpii, we adopt surface magnetic field upper limits of    B p  ≤ 100   MG    (e.g., [26,56]). Assuming a dipolar field topology, the maximum height of the accelerator gap is with    h  m a x   =  1  2     (    R 3  Ω  c  )   1 / 2     (e.g., [31,34,68]), which for AE Aquarii and AR Scorpii are


     h  m a x      ≈ 5 ×  10 7      R *    10 9    cm      3 / 2       P *   33   sec      − 1 / 2     cm        [ AE Aquarii ]      



(10)






     h  m a x      ≈ 3 ×  10 7      R *    10 9    cm      3 / 2       P *   117   sec      − 1 / 2     cm        [ AR Scorpii ]  .     



(11)




If this value for the accelerator gap is adopted, the maximum potential difference of the accelerator is (e.g., [33,34,63,64,68])


     Δ  V  m a x       ≈    B *   Ω  *  2   R  *  3    2  c 2    ,     



(12)




which results in values for the two sources under consideration


     Δ  V  m a x   ≤ 6 ×  10 14     B p    10 8   G        P *   33   sec      − 2       R *    10 9    cm     3    Volt        [ AE Aquarii ]      



(13)






     Δ  V  m a x       ≤ 5 ×  10 13     B p    10 8   G        P *   117   sec      − 2       R *    10 9    cm     3    Volt        [ AR Scorpii ]  .     



(14)







With these assumptions, if we set    B *  ∼  B p   , the threshold condition for pair production is


         e Δ  V  m a x      m e   c 2     3   ℏ  2  m e  c  R c      h  m a x    R c     B p   B q   ≈  1 15  .     



(15)







Introducing the expression for the potential difference according to Equations (13) (AE Aquarii) and (14) (AR Scorpii) and   h  m a x    according to Equations (10) and (11) into Equation (15) results in


     α = 3 log Δ  V  m a x   + log  h  m a x   − 2 log  R c  + log  B p  ≈ 33 .     



(16)




It can readily be shown that for the white dwarfs in AE Aquarii (   B p  ≤  10 8   G ;  R c  ∼ 1.14 ×  10 10    c m  ;  P *  ∼ 33  s  ) and AR Scorpii (   B p  ≤  10 8   G ;  R c  ∼ 2 ×  10 10    cm  ;  P *  ∼ 117  s  ), the condition specified in Equation (16) implies that for AE Aquarii (  α ∼ 33 )   and AR Scorpii (  α ∼ 30  ), respectively. These results seem to imply that, for the choice of parameters presented above, the threshold for magnetic pair production may be marginally satisfied for AE Aquarii, but perhaps not for AR Scorpii. Therefore, curvature photons produced close to the surface of the white dwarf may find the magnetosphere of AE Aquarii partially opaque, whereas it may be transparent for AR Scorpii. The possible magnetospheric pair production in AE Aquarii may have implications for pulsar-like radio emission from the white dwarf. Pulsed radio emission at the spin period of the white dwarf has been detected recently with the MeerKAT radio telescope in South Africa [69,70], which shows telltale signatures of synchrotron emission, which could possibly, in terms of the scenario described above, be related to the re-acceleration of pairs produced in the magnetosphere [69,70]. This is the first detection of pulsar-like pulsed radio emission at the 33.08 s spin period of the white dwarf in AE Aquarii. Pulsed radio emission has been detected from AR Scorpii [19,20,21] at a beat period between the white dwarf spin period and the orbital period of the system, which could be ascribed to magnetic pumping of the secondary star’s magnetic field, rather than pure pulsar-like emission [19,23].



The curvature loss timescale (e.g., [71]) is given by    τ c  ≈ 180  R  c  2   γ  − 3    , which will determine the maximum energy electrons can reach above the polar caps if curvature radiation is the dominant energy loss mechanism. If one assumes the acceleration time is proportional to the crossing time    τ  c r o s s   ∼  h  m a x   / c   of a relativistic particle, then the condition    τ c  =  τ  c r o s s     will set the maximum energy. If for both these sources curvature radiation dominates the losses close to the surface of the white dwarf, the maximum electron energy will be on the order of


     γ  m a x      ≈     180  R  c  2  c   h  m a x      1 / 3   ,     



(17)




which implies that the maximum electron energy extracted from the accelerator is    γ  m a x   ≤ 2.4 ×  10 8    (AE Aquarii) and    γ  m a x   ≤ 3.3 ×  10 8    (AR Scorpii).



The typical curvature radiation energy (e.g., [34,64]) of photons is


     ϵ c     =   3 ℏ c  γ 3    2  R c        



(18)




resulting in the following upper limits for the two sources under consideration, i.e.,


     ϵ c     ≤ 35     γ  2.4 ×  10 8     3      R c   1.14 ×  10 10    cm      − 1     GeV        [ AE Aquarii ]      



(19)






     ϵ c     ≤ 55     γ  3.3 ×  10 8     3      R c   2 ×  10 10    cm      − 1     GeV        [ AR Scorpii ]      



(20)




near the surface of the white dwarf, which is within the Fermi-LAT energy window for both AE Aquarii and AR Scorpii.



Since the magnetosphere of AE Aquarii close to the white dwarf surface may be partially opaque to curvature photons, the pairs that are produced may well be accelerated further to achieve VHE energies with Lorentz factors in accordance with earlier estimates [57,58] to reach values   γ →  10 6   , which may still allow a gamma-ray production channel via inverse Compton scattering. The contribution to the spectral energy distribution (SED) of both these systems as a result of synchrotron radiation and inverse Compton scattering will now be investigated.



Based on the model proposed by [4,5,55,56], it has been shown [57,58] that electrons accelerated in the electric fields parallel to the magnetopsheric field in AE Aquarii and AR Scorpii [23,60] close to the light cylinder could achieve energies of at least the order of    γ e  ∼  10 5  −  10 6   . If curvature radiation of relativistic electrons close to the light cylinder is possible, it may contribute significantly towards the SED in the optical and X-ray band, i.e.,    ϵ c  ∼ 3    (  γ  10 5   )  3    (   R c   10 10   )   − 1     eV   –  3    (  γ  10 6   )  3    (   R c   10 10   )   − 1     keV    and may perhaps contribute to the possible power-law X-ray component reported by [72]. The possibility of gamma-ray emission through the synchrotron process in AR Scorpii was investigated [73]. These authors showed that synchrotron radiation alone from relativistic electrons in the white dwarf magnetosphere of AR Scorpii cannot replicate any part of the SED above 100 MeV but may contribute substantially towards the X-ray spectrum [26].



The possibility of a significant inverse Compton contribution to the gamma-ray SED above 100 MeV will depend on whether the scattering process occurs in the Thomson or Klein–Nishina (K-N) limit of the scattering cross section. If the acceleration mechanism in both these sources will produce a significant portion of electron-positrons with Lorentz factors of    γ e  ∼  10 6    close to the light cylinder, the scattering will occur in the Thomson limit if there is a sufficient reservoir of target photons with energies below


    ν    <    m e   c 2     γ e  h   <  10 14      γ e   10 6     − 1     Hz  .     



(21)




The peak of the black body radiation field for K-type and M-type dwarf stars (   T e  ∼ 3500  K  –  4500  K  ) occurs at a frequency


     ν  m a x      =   2.82 k  T e   h  ∼  10 14      T e   4000  K      Hz  .     



(22)




Inverse Compton scattering between relativistic electrons and photons with frequency   ν ≥  10 14    Hz    will probably occur in the K-N limit of the cross section and in the Thomson limit for   ν ≤  10 14    Hz   . For both these sources, there should be a sufficient reservoir of photons with frequencies below the peak of the black body spectrum to act as targets for ultra-relativistic electrons to be upscattered to gamma-ray energies in the Thomson limit [58,59,60]. The maximum inverse Compton scattered gamma-ray energy for electron energies on the order of   γ ≤  10 6    if we consider that there may be optical photons (   ϵ  p h o t   ∼ 1   eV   ) from the secondary star, or alternatively curvature radiation photons produced by pairs close to the light cylinder, will be on the order of


     ϵ  I C , γ      ≤ 4  γ 2   ϵ  p h o t   ≤ 4    (  γ  10 6   )  2   (   ϵ  p h o t    1   eV    )    TeV  ,     



(23)




which provides an interesting possibility for high energy emission from both these sources.



The possibility of gamma-ray emission through both leptonic and hadronic channels was considered from the close binary AR Scorpii [29]. Based on the fact that efficient particle acceleration can occur due to the pumping of the magnetosphere of the secondary star by the fast rotating white dwarf [22,23,25],   e ±  -pairs can be created as a result of the decay of charged pions (  p + p →  π ±  →  e ±   ), which can produce detectable non-thermal emission in the X-ray band, explaining the Swift X-ray spectrum (e.g., [26]), whereas high energy gamma-rays can be produced through the channel   p + p →  π ∘  → 2 γ   that can possibly be detected by Fermi-LAT, MAGIC, H.E.S.S, and CTA at energies    ϵ γ  >   10 GeV [29].



The initial reports of VHE gamma-ray emission from AE Aquarii (e.g., [12,13,14]) can also be explained within the realm of hadronic acceleration and accompanying VHE emission through neutral pion decay. The presence of the secondary star as well as the reservoir of ejected material by the magnetic propeller process may provide sufficient target material for neutral pion production and subsequent gamma-ray emission.



From this discussion, it can be seen from an energetics perspective that high energy gamma-ray emission from the white dwarfs in both close binaries AE Aquarii and AR Scorpii is certainly a possibility through leptonic (curvature radiation and inverse Compton scattering) and hadronic channels (neutral pion decay). Because our calculations suggest the possibility of pulsed gamma-ray emission from both these sources that may be detectable in the Fermi-LAT energy window, we focused on the search for periodic gamma-ray emission from both these sources. Therefore, utilizing the long Fermi-LAT data baseline of more than a decade, using the Pass 8 dataset, a search for gamma-ray emission was conducted from both AE Aquarii and AR Scorpii.




3. Fermi-LAT Observations of AE Aquarii and AR Scorpii


The Fermi Gamma-ray Space Telescope was launched by NASA on 11 June 2008 into a low earth orbit (LEO) at an altitude of 550 km. The Large Area Telescope (LAT) is the primary instrument on the Fermi Gamma-ray Space Telescope, formerly known as the Gamma-ray Large Area Space Telescope (GLAST). Fermi-LAT is in constant survey mode, and covers the whole gamma-ray sky every 3 h. It has a large field of view of 2.4 sr at 1 GeV, about 20% of the sky. The corresponding energy sensitivity is between 0.1 and 500 GeV. The point spread function (PSF) is approximately 68% containment radius. Fermi-LAT data access, tutorials, and software tools can be accessed through the Fermi Science Support Center (https://fermi.gsfc.nasa.gov/ssc/, accessed on 28 December 2022). Pass 8 provides the new version of the LAT data, which is the improved version of the Pass 7 reprocessed data. The entire dataset of the mission is reprocessed, including the upgraded event reconstruction, a broader energy range, an increased effective area, and better energy measurements (e.g., [30]). Two essential fits files are extracted from the LAT data: the photon file and the spacecraft file. The photon file comprises information necessary for science analysis, such as the event’s energy, the quality of the event reconstruction, and the position. On the other hand, the spacecraft file gives the information of where the LAT was pointing, i.e., it consists of the position of the spacecraft and corresponding time (in 30 s intervals) of its orientation. The LAT data also have an extended file, which has the same photon data as the photon file along with supplementary photons with more relaxed cuts. However, this file is normally not utilized during the standardized Fermi science tools processes.



3.1. AE Aquarii


The first Fermi-LAT search for gamma-ray emission from AE Aquarii used a data baseline of 7 years, with no detection of coherent pulsations above 3 σ  with only an upper limit on the gamma-ray flux of reported of   ∼ 1.3 ×  10  − 12      erg cm   − 2     s   − 1     [74]. In the present study, the Fermi-LAT archived gamma-ray data observed between 2008-08-04 at 15:43:36 and 2020-03-25 at 05:21:17 were considered, i.e., a data baseline of roughly 12 years. The analysis was undertaken using the Fermi Science Tools software packages (v11r0p5) installed with Anaconda python package. We used the P8R3-SOURCE-V2-v1 set of response functions and selected corresponding source-lass events, event class (evclass = 128) and FRONT+BACK event type (evtype = 3). Analysis photons were collected from a 10 degree region of interest (ROI) with its center at AE Aquarii (RA = 310.038   ∘  , DEC = −0.8708   ∘   epoch J2000), which was chosen to account for the PSF of the LAT instrument. The zenith angle cut was set at 90   ∘   to prevent contamination by photons produced from cosmic-ray interaction with the atmosphere. Binned and unbinned maximum likelihood analyses were performed on the energy range 0.1–500 GeV using the gtlike/pyLikelihood routine. Sources within 20   ∘   of the ROI from the fourth catalogue of Fermi-LAT (4FGL), the instrumental background, and the diffuse galactic and extragalactic isotropic emission model (gl-iem-v07.fits), as well as the source of interest, were included in the spectral model file. The analysis of AE Aquarii was undertaken making use of a power law and the spectral model for pulsars, i.e., a power law with the exponential-cutoff2. The search for steady gamma-ray emission was conducted using binned and unbinned standard analysis utilizing the upgraded Fermi-LAT Pass 8 dataset. The search for periodic modulation of gamma-ray emission was conducted using the gtpsearch and gtpphase routines of the Fermi Science Tools software packages.



Utilizing the full 12 year Pass 8 dataset with standard Fermi-tools revealed no significant steady emission above the 2 σ  level [70] from AE Aquarii (  σ =   T S    ,75]. A large value of TS implies a rejection of the null hypothesis.



The unbinned and binned (see [70], pp. 67–68 for a detailed discussion) gamma-ray spectra associated with data sections that display a significance above 1 σ  were produced (see Figure 5a(top, left panel)). Both spectra display a clear power-law profile with photon index   Γ ∼ 2  . Also shown in Figure 5a(top, right panel) is that the gamma-ray flux for both binned and unbinned analysis seems to be more concentrated in the energy bins below ∼ 5 GeV. Repeating this same analysis [69,70] in data sections showing higher significance (≥  2  σ  ), which may imply higher level gamma-ray activity than usual, evidence of spectral hardening is detected (see Figure 5b(bottom, red spectrum)). This certainly seems to suggest that AE Aquarii may be of interest for more sensitive Air Cherenkov detectors like CTA, especially during periods of higher level activity, such as possible flares.



When a light curve was determined for AE Aquarii, there were sections in the light curve that revealed gamma-ray emission above the 2 σ  significance level [69,70]. Focusing on these data sections, breaking it up in 10 min sections, each section was searched for periodicity. The periodograms of these sections all had the same frequency resolution, and were then added (stacked) incoherently [69,70]. These stacked power spectra reveal clear indications of pulsations at both 33.08 s and 16.54 s periods (see Figure 6a(left) for a few examples). (See [70] for a more detailed discussion with a complete set of power spectra.) To test whether these pulsations are not spurious, we selected regions in the sky consecutively further away from AE Aquarii’s position in the sky   3 ∘  –  15 ∘   and produced the same power spectra for the same periods. From Figure 6a, one can see a gradual weakening of the pulsed power at the 33.08 s and 16.54 s in regions further away from AE Aquarii’s position in the sky.



The number distribution of the Rayleigh test statistic   log ( d N / d Z )   vs. Z, with Z representing the Rayleigh rest statistic (Z = 2n  R 2  ) [76], which quantifies the pulsed power, has been plotted in the frequency interval that was analyzed for periodicity. This distribution for a pure white noise profile will follow an inverse linear trend in the power distribution. Any deviation in the linear trend signifies a deviation of pulsed power from a pure white noise profile and may indicate the possible presence of a periodic modulation in the data. The distributions (  log ( d N / d Z )   vs. Z) in the frequency range presented in Figure 6a have been determined and presented in Figure 6b(right). The power spectrum that correlates with AE Aquarii’s position in the sky shows a clear deviation of the distribution of pulsed power from the white noise linear fit (blue line), which signifies that the distribution of Rayleigh power does not conform to a white noise distribution in the frequency range under consideration. However, one can see from Figure 6b that the distribution of Rayleigh power conforms to white noise in the power spectra that were taken consecutively further away from AE Aquarii’s position in the sky   3 ∘  –  15 ∘  , which is to be expected since no periodic signal associated with AE Aquarii is expected outside the Fermi-LAT point source window, which is approximately 2   ∘  . This also correlates with the fact that pulsed power at the 33.08 s and 16.54 s periods associated with AE Aquarii gradually decreases in the power spectra further away from AE Aquarii’s position in the sky (Figure 6a).



Fermi-LAT data sections that coincide with optical flares observed with the UFS-Boyden 1.5 m telescope were selected for periodic analysis [70].



Individual power spectra corresponding to flares have been established with the same resolution to enable incoherent stacking (see Figure 7a(left)). It is clear from Figure 7a that the gamma-ray periodograms coinciding with enhanced optical activity show a pulsed modulation at a period that corresponds to the spin period of the white dwarf. This analysis confirms earlier reports of a 33 s pulsed modulation during epochs that coincide with optical flares (e.g., Figure 7b(right)).



A detailed investigation of the correlation between significant pulsed gamma-ray emission and the optical flares [70] seems to indicate that the strongest gamma-ray pulsed modulation is usually seen in the data sections just prior to optical flares: a phenomenon also observed during earlier studies in the late 1980s–1990s [13]. This can possibly be attributed to the fact that magnetospheric particle acceleration could be associated with the formation of double layers in the stressed magnetic fields due to the magnetospheric propeller effect, which could accelerate proton and electron beams to very high energy (VHE) with associated gamma-ray production via both leptonic and hadronic channels (see, e.g., [13,49]). This seems to imply that gamma-ray emission may not be exactly tied to the optical flare itself, which is caused by collisions between ejected plasma and associated radiative cooling, but rather to the severely distorted magnetospheric topology preceeding the flare when this plasma is ejected from the binary system (e.g., [47,48,49,51]).




3.2. AR Scorpii


Pass 8 Release 3 (P8R3) Fermi-LAT data from the past decade (4 August 2008–18 March 2019) were extracted from the Fermi Science Support Center (FSSC) in the energy range of 100 MeV to 500 GeV within a region of interest (ROI) of 10   ∘   centered at AR Scorpii (RA:    16 h   21 m   47.28 s   , Dec:   −  22 ∘   53 ′   10.39 ″   , J2000). Standard binned and unbinned likelihood analyses were performed using the recently released Fermi Tools software, Fermi 1.0.1. All the point sources in the fourth Fermi-LAT catalogue (4FGL) located within the ROI, along with recent galactic diffuse and extragalactic isotropic background emission models, were used to generate a background model for subtraction, keeping their spectral shapes the same as defined in the 4FGL catalogue. As AR Scorpii is not listed in the 4FGL catalogue, the methodology by manually adding the source to the model centered at its coordinates was used, parameterizing it with a power law spectral shape at first. The associated parameters of spectral models of all point sources within a 2   ∘   radius were chosen to be free to vary while performing the likelihood fitting.



After the likelihood analysis was performed, a SED was plotted using, e.g., the power law model over nine energy bins (see Figure 8top). The SED was obtained using the Fermi build-in function bdlikeSED with the binned likelihood results. The energy flux values can be considered as 2 σ  upper limits based on a limiting TS < 4 value per bin due to the low overall significance of AR Scorpii. The distribution of TS values per energy bin (see Figure 8bottom) also illustrates that the most significant emission is concentrated in the energy bins below 3 GeV. Due to Fermi’s low spatial resolution at lower energies, it may be possible for other nearby sources, such as the strong gamma-ray quasar PKS1622-253, to contaminate the data associated with AR Scorpii’s position in the sky.



No significant steady gamma-ray emission could be distinguished above the 2 σ  Fermi-LAT threshold (see Figure 9). A search for pulsed emission was conducted using the full 10 years Fermi-LAT data [77,78]. The power spectrum (Figure 10a) reveals a pulsed modulation at or close to the spin period of the white dwarf. The differential number distribution of the Rayleigh test statistic in the same frequency band shows a marginal deviation from a white noise distribution (Figure 10b), which may indicate the presence of low level pulsed gamma-ray modulation from AR Scorpii’s position in the sky (see [77,78] for a more detailed discussion).



To test the validity of these results, regions in the sky further away from the position of AR Scorpii were selected and the same periodic analyses were conducted on those sections that were presented in Figure 10a,b. These control power spectra correspond to regions in the sky separated from the position of AR Scorpii between 2   ∘   and 8   ∘   are also shown in Figure 11a(left) and Figure 11b(right)). No significant pulsed emission at or close to the spin period of the white dwarf was detected, supported by the fact that the distribution of the Rayleigh test in these off-source regions conform to white noise. This may support the notion that low-level pulsed gamma-ray activity may in fact be associated with AR Scorpii, albeit statistically at a low significance level.





4. White Dwarf Pulsars in the CTA Era


The Cherenkov Telescope Array (CTA) will provide a paradigm shift in terms of sensitivity and angular resolution, combined with a wide field of view (fov) for rapid survey work. The CTA threshold energy for detecting atmospheric Cherenkov showers will overlap with the Fermi-LAT energy regime, which provides an unique opportunity for detailed combined studies of gamma-ray pulsar emission as well as potential gamma-ray burst (GRB) sources. Apart from detailed studies of neutron star pulsars, pulsar wind nebulae, and extragalactic sources such as blazars, the unique sensitivity of the CTA may provide the opportunity to study weaker emitters such as rotation powered magnetized white dwarfs. It has been shown (e.g., [31,32,33,34,35,36]) that these objects possess the required energetics to accelerate charged particles such as electrons and nuclei to relativistic energies, which may produce high energy gamma-ray emission through processes such as curvature radiation, inverse Compton scattering, and pion decay as a result of hadronic interactions. Based on the results presented in this study, the white dwarf pulsars AE Aquarii and AR Scorpii clearly possess the potential to accelerate charged particles to energies on the order of 1 TeV and higher, resulting in possible gamma-ray emission through a variety of processes that may be detectable with CTA. CTA has a huge potential over Fermi-LAT in the overlapping energy range for short transient phenomena in the field of view. This is clearly illustrated in Figure 12 when the energy flux sensitivity levels of CTA and Fermi-LAT are compared [79]. CTA will reach the relevant flux levels for a 4–5 σ  detection for both AE Aquarii and AR Scorpii at energies    ϵ γ  ≤ 50   GeV    after observing times of    t  o b s   ∼  few  ×  10 4   s  . However, it may be possible to extract a periodic signal after stacking power spectra of shorter observations with similar resolution. The confirmed detection of pulsed gamma-ray emission from both AE Aquarii and AR Scorpii may in fact establish isolated fast rotating highly magnetized white dwarfs as a new class of gamma-ray source and open up a whole new frontier in high energy astrophysics.




5. Conclusions


In this paper, the possibility of high energy emission from fast rotating white dwarf pulsars was evaluated based on the results of recent findings from two non-accreting fast rotating white dwarfs in close binaries, i.e., AE Aquarii and AR Scorpii [69,70,77,78]. It has been shown that, from an energy perspective, both white dwarfs in these systems may be the sites of particle acceleration and possible gamma-ray emission through both leptonic and hadronic channels. Fermi-LAT observations of both these systems over a time span of a decade showed indications of pulsed high energy gamma-ray modulation at, or slightly above, the Fermi-LAT threshold energy. AE Aquarii displays pulsed emission signatures similar to earlier reports of episodic and transient VHE gamma-ray events reported in the late 1980s–early 1990s by two independent groups. These reports, along with the latest Fermi-LAT results, seem to suggest that AE Aquarii could be a transient high energy source. The results from AR Scorpii are less convincing, but there seems to be a weak but constant pulsed modulation present in the data, which dissipates into the white noise further away from the source’s position in the sky. The same phenomenon was observed with AE Aquarii. The superior sensitivity of CTA will provide new possibilities to study both these and possibly other similar sources. The results presented here, in conjunction with the theoretical discussion of particle acceleration in white dwarf magnetospheres, may suggest that fast rotating highly magnetic dwarfs could be a new class of cosmic accelerator and gamma-ray source, as has been suggested by, e.g., [31,32,33,34,35,36,43,63,68]. New possibilities to find observable sources will be created when the Vera Rubin Observatory (formerly the LSST) becomes operational. The Rubin Observatory [80] will use a 8.36 m aperture Simonyi Survey Telescope and its 9.6    deg  2   LSST camera to collect over 2 million sky images over a time span of 10 years. It will use multiple filters (ugrizy) with subarcsecond image quality, resulting in a ∼100 petabyte dataset after 10 year’s observation. It will revolutionize time-domain astronomy by imaging the entire sky repeatedly in various energy bands every night for 10 years. Any transient activity will create an alert upon which the astronomical community can respond with follow-up observations. It is anticipated that the Rubin telescope will create catalogues thousands of times larger than previous ones, which will perhaps result in the discovery of various new classes of transient sources that may be emitters in the high energy window as well.
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Figure 1. (Left) Pulsed optical emission detected during flares, typically at the spin frequency of the white dwarf with associated quasi-periodic emission at frequencies slightly shorter than the spin frequency. (Right) Pulsed VHE gamma-ray emission resembling the optical emission, usually detected during flares (Figures 1b and 9 from [12]). 
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Figure 2. The cumulative significance of pulsed gamma-ray emission from AE Aquarii at frequencies usually seen during optical outbursts. The frequencies    f 1  = 29.9  mHz  ,    f 2  = 30.04  mHz   are quasi periodic oscillations (QPOs) usually seen during optical flares, with    F 0  = 30.23  mHz   representing the spin frequency of the white dwarf (Figure 1 from [13]). 
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Figure 3. The Hillas diagram. On the horizontal axis there is the typical size of the source, and the vertical axis gives the typical source magnetic field. The diagonal lines correspond to the requirements for a    10 20    eV    and    10 21    eV    proton and heavy nucleus, respectively. The required magnetic field strength of the two sources AE Aquarii and AR Scorpii to accelerate charged particles to energies in excess of    10 20    eV    are    B ′  >  10 9    Gauss   , which is very high for white dwarfs (Figure 1 from [34]). 
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Figure 4. X-ray luminosity versus spin-down power of spin-powered neutron stars, compared to the white dwarfs in AR Scorpii and AE Aquarii. For AE Aquarii and AR Scorpii, the spin-down was measured by [19,44], respectively. These spin-down rates were used to estimate the spin-down power for these two sources respectively (e.g., [23,44]), (Figure 2 (adapted) with permission from [46]). 
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Figure 5. (a, top left panel) Gamma-ray spectra for both binned and unbinned analysis showing power-law profiles with photon index   Γ ∼ 2  . (a, top right panel) Both analyses show that the flux is concentrated in the energy bins below ∼ 5 GeV. (b, bottom) The SED for AE Aquarii, showing the gamma-ray spectra for quiescence (blue) and flare (red) sections of the Fermi-LAT data. Spectral hardening is visible (red spectrum), which may suggest that AE Aquarii could be of interest for Cherenkov Telescope Array (CTA) follow-up studies. (Adopted from [70], M.Sc dissertation, University for the Free State.) 
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Figure 6. (a) Example of stacked Fermi power spectra of AE Aquarii of epochs showing gamma-ray emission above the 3 σ  significance level. Clearly visible is the decrease in pulsed power at   F ∘   and   2  F ∘    further away from AE Aquarii’s position in the sky. (b) Our control analysis shows how the differential number distribution of the Rayleigh statistic returns to a white noise distribution (blue solid line) further away from the source. This illustrates that the pulsed power is confined to AE Aquarii’s position in the sky. (Adopted from [70], M.Sc dissertation, University of the Free State.) 
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Figure 7. (a, left) Example of stacked Fermi-LAT power spectra of AE Aquarii during epochs that coincide with optical flaring observed by the UFS-Boyden 1.5 m telescope during three observational runs between 2010 and 2011 (adopted from [70], M.Sc dissertation, University of the Free State). (b, right) Reported VHE gamma-ray emission during periods that coincide with optical flaring during the 1980–1990s (Figure 7 from [12]). 
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Figure 8. (Top) The flux values are 2 σ  upper limits. Distribution of high energy gamma-rays are more likely to be detected at lower energies. (Bottom) TS values vs. energy of gamma-ray photons indicate that the flux is mainly concentrated at energies below 1 GeV. (Adopted from [77], M.Sc dissertation, University of the Free State.) 
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Figure 9. Gamma-ray spectrum combined with the multi-wavelength SED for AR Scorpii showing 2 σ Fermi-LAT upper limits. No steady emission above 2 σ  could be discerned from the data. (Adopted from [77], M.Sc dissertation, University of the Free State.) 
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Figure 10. (a, top) The 10 year Fermi-LAT gamma-ray power spectrum revealing pulsations close to the spin period of the white dwarf in AR Scorpii. (b, bottom) The differential number distribution of the Rayleigh statistic in the same frequency interval reveals a marginal deviation from a pure white noise distribution, represented by the red solid line, which may indicate the presence of low level pulsed gamma-ray modulation from AR Scorpii’s position in the sky. (Adopted from [77], M.Sc dissertation, University of the Free State.) 
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Figure 11. The left panel (a,c,e,g) represent power spectra from our control analysis where data were searched for periodic emission covering the same frequency interval as Figure 10 but in regions consecutively further away (2   ∘  –8   ∘  ) from AR Scorpii’s position in the sky. The right panel (b,d,f,h) represents the differential number distribution of the Rayleigh statistic of the periodograms presented in the left panel. The red solid line represents the fit corresponding to a pure white noise distribution. (Adopted from [77], M.Sc dissertation, University of the Free State.) 
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Figure 12. The differential flux sensitivity level CTA as a function of integration time compared with the Fermi-LAT 10 year sensitivity level at various energies. One can see that only after 10 years will Fermi-LAT reach comparable sensitivity at these energies (Figure 5 from [79]). 
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