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1. Introduction

It is probably fair to say that the driving force, or catalyst, behind most transient or dynamic
phenomenona in astrophysical environments is related to magnetic fields. Most of the universe is in
the form of plasma threaded by magnetic fields. Here one may think invariably of the role magnetic
fields play in the plasma dynamics of strongly magnetized white dwarfs in the magnetic cataclysmic
variables (e.g. [1]), as well as disc accreting compact objects in X-ray binaries (e.g. [2]), and also
in turbulent accretion discs to provide the required magnetic viscosity that can drive the observed
mass accretion rates (e.g [3, 4]). It has been shown that magnetic fields play a fundamental role
in the magnetospheric propellering in disc accreting neutron star systems (e.g. [5]), as well as the
cataclysmic variables, for example the enigmatic nova-like variable AE Aquarii (e.g. [6, 7, 8, 9,
10]).

The detection of radio emission from the magnetic cataclysmic variable AM Her sparked huge
interest in these sources being potential non-thermal radio sources [11, 12]. These authors sug-
gested that a potential lack of synchronization between the magnetized white dwarf and the sec-
ondary mass donating star may induce strong field aligned potentials that can accelerate electrons
resulting in synchrotron emission at, among others, radio wavelengths. Non-thermal radio out-
bursts have been detected from the nova-like variable system AE Aquarii [13] and quantified in
terms of expanding synchrotron emitting clouds [14]. This detection was the first clear indication
that particle acceleration can occur in a cataclysmic variable. Subsequently, radio emission was
detected from non-magnetic and magnetic cataclysmic variables (e.g [15]). It was found that the
level of radio emission was related to the asynchronisity of white dwarf rotation with respect to
the binary period. The culmination of this effect must be the white dwarf in AE Aquarii, which
is probably among the most asynchronous rotators of all cataclysmic variables. Reports of Very
High Energy (VHE) Gamma-ray emission (εγ ≥ 1011 eV) from the novalike variable AE Aquarii
have been made by two independent groups (e.g [16, 17, 18]) in the 1990s. Unfortunately these
could not be verified by more recent campaigns (e.g. [19, 20, 21]). These examples, by far not
comprehensive, provide evidence of the fascinating MHD processes driving particle acceleration
and non-thermal radio outbursts and possibly VHE gamma-ray emission in close binary systems
like the cataclysmic variables.

In this study I am going to focus on the processes that may drive the multi-wavelength transient
emission in the enigmatic nova-like variable system AE Aquarii. The paper will be structured
as follows: In the following section a general discussion will be presented of relevant particle
acceleration processes applicable to AE Aquarii, which will be followed by a discussion of the
reported VHE emission in AE Aquarii.

2. Particle Acceleration

Apart from influencing bulk flow kinematics of a plasma, magnetic fields also play a funda-
mental role in particle acceleration processes [22] and subsequent non-thermal emission in astro-
physical environments. It can be shown (e.g. [23]) that electric and magnetic fields in a reference
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frame co-moving 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)), (2.1)

where (E′ ;B′), (E;B) represent the fields in the co-moving and laboratory frames respectively and
where 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

E = −Γ(β ×B
′
)

B = ΓB
′

(2.2)

where β = v
c . Notice that the electric field responsible for the acceleration of individual charged

particles is tied to the bulk flow velocity (v) of the magnetized fluid with respect to the laboratory
(stationary) reference frame. The maximum energy that can be attained by a charged particle can
be determined by

εmax = Ze
∫

E.ds

= qβΓRsB
′
, (2.3)

where Ze is the charge and β = (v/c), Γ represent the velocity and Lorentz factor. In a fast rotating
magnetosphere of a compact object like a neutron star or white dwarf, these parameters are asso-
ciated with the rotational velocity of the source with respect to a stationary observer. Here Rs and
B
′

represent the size of the source and the magnetic field in the frame of the source respectively.
This expression clearly illustrates that for fast rotating compact objects, satisfying (βΓ >> 1), the
rotational kinetic energy reservoir relaxes the requirements for the strength of the intrinsic mag-
netic fields in the source to accelerate charged particles to high energies. It can be seen from Figure
1 that even white dwarfs, with magnetic fields ranging between ∼ 105 G− 108 G, can accelerate
charged particles to energies of the order of εmax ∼ 1020 eV [24].

The equation above plays a fundamental role to gauge the potential of rotating magnetized
compact objects to accelerate charged particles to very high energies (e.g. [25]). This essentially
means that the electric field is in fact just the induced emf as long as there is relative motion
between the co-moving (source) frame and the observer. A similar expression can be derived in the
non-relativistic limit, by utilizing the magnetic induction equation [22], i.e.

∂B
∂ t

= ∇×v×B−∇×η∇×B, (2.4)

where η = c2

4πσ
represents the resistivity of the plasma. This leads to two field components, per-

pendicular and parallel to the magnetic fields, i.e.

E⊥ = −v
c
×B

[
1+(

1
Rm

)(
Lv
c
)(

∇×B
B×v/c

)

]
E|| = (

1
Rm

)E⊥. (2.5)
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Figure 1: 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 1020 eV
proton and heavy nucleus respectively. Adopted from [24].

Here, Rm represents the magnetic Reynolds number, which depends on the conductivity (σ ) of
the plasma, i.e. Rm ∝ σ (e.g. [23]). Therefore one can see that for a highly conducting fluid
(σ → ∞), the equation for the perpendicular component reduces to the previous equation in the
limit where Γ→ 1, while the component for the electric field parallel to the magnetic field E||→ 0.
However, one can see that E|| 6= 0 for a fluid with finite conductivity. This component of the
electric field parallel to the magnetic field is the driving force behind field-aligned (Birkeland-
Dessler) currents flowing in magnetospheric circuits and E||→ ∞ for regions where Rm→ 0 (i.e.
σ → 0), i.e. for anomalously low conductivity. If the electron conduction velocity along the field
exceeds the thermal velocity (vth = (3kTe

mi
)1/2) of the particles, microinstabilities can develop (e.g.

[22]), leading to anomalously low conductivity. This can be quantified in terms of the following
expression [22]

Bσ

ne
≥ 102, (2.6)

with ne the electron density, σ the classical plasma electrical conductivity and B the magnetic field.
This condition shows that microinstabilities can develop where currents flow along strong magnetic
fields where the electron density (ne) is anomalously low.

A consequence of strong field aligned currents in the magnetosphere is the acceleration of par-
ticles in strong localized field aligned potential drops, or double layers (e.g. [26, 27]). These struc-
tures can have dimensions of the order of ∼ 100−1000λDe (e.g. [28, 29]), with λDe = 7(T/ne)

1/2

representing the Debye length of electrons in a plasma. Laboratory experiments seem to indicate
that multiple double layers can be induced in a system [29] and that the size of the system es-
sentially determines the size of these structures. In regions of anomalously low conductivity the
currents will reach critical values, i.e. j|| = ene f cs, where cs represents the speed of sound and
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where ne is the electron density. Here f → 10 [26] represents the critical limit for the trigger of
microinstabilities that will increase the resistivity of the plasma. The potential drop along the field
lines can be determined from energy conservation arguments by comparing the electromagnetic
Poynting flux flowing into the double layer with the particle flux out of the double layer [26], i.e.

Φ|| =

(
em flux into double layer

particle flux out of double layer

)
=

(
B2va

8πene f cs

)
, (2.7)

where va = B/
√

4πρe represents the Alfvén velocity. An interesting consequence of double layer
formation in regions where the electron density is extremely low is that the electric field becomes
uncontrollably large, resulting in an exploding double layer. These events may release a total
energy reservoir Pdl = 1/2LI2 where L is the total inductance of the circuit and I ∼ jd2 ∼ enpcd2

the current of relativistic particles [27] crossing the double layer of width d. The total power that
can be released in accelerated particles and possible VHE emission is then (e.g. [27])

Pdl =
∫

j.EdV

= enecΦ||d
2. (2.8)

Another particularly interesting mechanism for particle acceleration in magnetized fluids or
plasmas occurs where magnetic fields of opposite polarity merge (e.g. [22]), resulting in a global
topological change of the magnetic field. It was originally proposed that magnetic null-points can
be a site of plasma heating and particle acceleration (e.g. [30, 31, 32]).

Particle acceleration in merging magnetic fields can be expressed very elegantly (e.g. [33, 27])
by considering the changing magnetic flux cutting through the orbit of a charged particle in the pre-
merging fields, i.e.

dΦB

dt
=−

(
BπR2

L
τm

)
, (2.9)

where RL represents the Larmor radius of a spiralling charged particle and τm = (RL/vm) represents
the merging timescale. Here vm≈αva (α ∼ 0.1), where va represents the local Alfvén velocity (e.g.
[33, 27]). From Faraday’s induction law the work done per unit charge (emf ) in a single orbit [33]
is

emf =
(

πBRLvm

c

)
. (2.10)

The electric field in the merging region (MR) is of the order of

EMR =

(
πBvm

c

)
, (2.11)

and must be of the same order as the field that drives a current in the dissipative region (DR), which
is EDR = (J/σ) [34]. In order to create a strong electric field, the conductivity must be anomalously
low (σ → 0). As a charged particle accelerates in the field, the Larmor radius will increase. The
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maximum energy that can be attained occurs if the Larmor radius becomes comparable to the width
of the current sheet, which is determined by Ampére’s law, i.e.

w =

(
cB

4π j

)
(2.12)

where j = enevd represents the current density in the diffusive region, where the drift speed vd ≤
f cs, with cs representing the local sound speed. The limit f → 10 represents the regime where
microinstabilities will be excited that will result in anomalously low conductivity in the fluid (e.g
[27]). The maximum energy to which electrons can be accelerated is then (e.g. [27])

εmax =

(
π f eBvaw

c

)
(2.13)

in the limit f → 10. However, the real maximum energy will be determined by comparing the
acceleration timescale, i.e. the time it will take the fields to merge τa = (w/vm), with the dominant
energy loss mechanisms, for example synchrotron losses τs = 2.37×10−3B2εmax (e.g. [27]). It has
been shown [27] that the synchrotron loss time is several orders (∼ 104) longer than the acceleration
timescale for a T ∼ 104 K plasma, with an electron density of ne ∼ 1010 cm−3 in a B∼ 1000G field.

The purpose of the discussion in this section was to provide a very basic framework to evaluate
the non-thermal VHE emission from the enigmatic propeller driven novalike variable AE Aquarii.

3. AE Aquarii: A Propeller Diven Pulsar

The enigmatic multi-wavelength properties of the novalike variable star AE Aquarii have re-
sulted in it being probably one of the best studied and documented sources in the sky. The source
displays transient emission from radio wavelengths up to possibly burst-like VHE gamma-rays
(e.g. [35, 36]). The source consists of a rapidly rotating (P∗ = 33s), highly magnetized white dwarf
(B∗ ∼ 106 G) orbiting a K3-4 secondary star every Porb ∼ 10h (e.g. [36]). This makes the white
dwarf in AE Aquarii one of the most asynchronous rotators among the cataclysmic variables [6].
A pulse timing study of the 33 s rotation period of AE Aquarii [37] shows that the white dwarf is
spinning down at a rate of Ṗ ∼ 5× 10−14s s−1, implying a spin-down luminosity of the order of
Psd ∼ 1034 erg s−1, which exceeds the accretion power Lacc ∼ 1031 erg s−1 inferred from HST UV
and other x-ray observations, by a factor of∼ 1000 (e.g. [35]). This implies that the white dwarf in
AE Aquarii is in a propeller phase, with very little material accreting onto the surface of the white
dwarf.

From a model independent energetics point it can be shown that the fast rotation period, com-
bined with an inferred magnetic field strength of B∗∼ 106 G based on circular polarization measure-
ments (e.g. [36]), provide the required potential (e.g. see Fig. 1) to accelerate charged particles in
the white dwarf magnetosphere (R∼ 108 cm−1010 cm) to energies of the order of εmax ≤ 1020 eV.
This essentially shows that fast rotating, highly magnetized white dwarfs provide the required ener-
getics to accelerate charged particles to the highest energies. This provides interesting possibilities
for possible high energy emission.

AE Aquarii has been studied extensively in the VHE regime in the late 1980s and 1990’s by
two independent groups with telescopes at Nooitgedacht (South Africa) and Narrabri (Australia)
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Figure 2: Pulsed TeV gamma-ray emission from AE
Aquarii at a period close to the spin period of the white
dwarf utilizing the total data set spanning 4 years. Adopted
from [17].

Figure 3: Pulsed TeV gamma-
ray emission from AE Aquarii
during periods of enhanced ac-
tivity. Adopted from [17].

respectively (e.g. [16, 17, 18]). Between 1988 and 1991 the Nooitgedacht Cerenkov array has
observed AE Aquarii for ∼ 240 hours on moonless nights and registered ∼ 233600 Cerenkov
events [17]. By utilizing the complete dataset spanning 4 years, a pulsed modulation close to the
white dwarf spin period of 33 s has been detected at the 99.996% significance level (e.g. Fig. 2).

Simultaneous, or contemporaneous optical observations performed utilizing telescopes at the
South African Astronomical Observatory (SAAO) that showed flaring activity were used to extract
the VHE gamma-ray observations where the source was active. These observations were analysed
for periodicity and compared to comparison "off-source" observations at the same nights. This
showed that the pulsed VHE emission at 33 s is associated with periods of enhanced activity of the
source, with no modulation at the same period detected in the comparison off-source data (Fig. 3).

Apart from this consistent pulsed emission close to the spin period of the white dwarf, burst
like emission (e.g. Fig. 4 and Fig 5) have been detected by both VHE gamma-ray groups [16,
18]. During the night of the Nooitgedacht burst, simultaneous optical observations were made
utilizing the 0.75 m telescope at SAAO. It can be seen that the source showed significant optical
variability during that particular night. The bottom panel of Fig 4 shows the photocurrents of the
three operational Nooitgedacht Cerenkov telescopes to confirm that the TeV burst was not the result
of instrumental instability. Both these burst showed double peaked pulsed emission when folded
with the P∗ = 33.08s white dwarf period, implying that both poles of the rotating white dwarf is
visible in VHE gamma-rays [16, 18].

The nature of the non-thermal emission from AE Aquarii, from radio to VHE gamma-ray
gamma-rays, have been investigated in detail by [38], [27] and [39]. It has been shown that episodes
of particle acceleration may be associated with the propeller process in AE Aquarii. Magnetic
shear in the ejection region will induce field-aligned currents in the magnetosphere. Huge potential
differences (double layers) can be generated in the circuit where the gas density becomes very low.
This will occur close to the white dwarf. In this region potentials of the order of Φ∼ 300 TV (TV
= teravolt) can be generated. Synchrotron losses on electrons close to the white dwarf will restrict

7



P
o
S
(
M
U
L
T
I
F
1
5
)
0
3
1

Physics of Transient Sources Meintjes P.J.

Figure 4: Burst-like TeV gamma-ray emission from AE
Aquarii observed with the Nooitgedacht Cerenkov tele-
scope in South Africa. Adopted from [18].

Figure 5: Burst-like VHE gamma-
ray emission from AE Aquarii ob-
served with the Cerenkov telescope in
Narrabri. Adopted from [16].

them to energies of the order of E < 50 keV. As protons and ions are not affected by synchrotron
losses, energies in excess of 1 TeV are possible. Very high-energy (VHE) gamma-ray emission
can be produced if these proton and ion beams collide with the clumpy gas in, or outside, the
ejection zone. It has been shown that pulsed VHE gamma-ray emission is possible, if the gas
particle density of the target matter is approximately Ng ∼ 1013 cm−3, which is compatible with
the typical gas particle densities Ng ∼ 1016 cm−3 of the blobs inside the clumpy accretion stream
from the secondary star. We show that the VHE gamma-ray bursts that were reported by the two
groups can be explained in terms of an exploding double layer, which will result in a cataclysmic
burst of VHE protons and ions over short time-scales. The total power released in these bursts can
be Pb ∼ 1034 erg s−1, which is equal to the spin-down power of the white dwarf, and is enough to
explain the reported VHE gamma-ray bursts. This implies that the whole reservoir of spin-down
power has been utilized for the production of VHE particles and gamma-ray emission.

More recently a study of the properties of the hard X-ray (ε > 10 keV) pulsations of AE
Aquarii detected in the Suzaku data [40], revealed that AE Aquarii displays the same ratio (∼ 10−4)
of hard X-ray luminosity (LX ∼ 1030 erg s−1) to spin-down power (Psd ∼ 1034 erg s−1), which is
similar to the relationship normally observed for young spin-powered pulsars [41]. Furthermore,
the Suzaku hard X-ray spectrum seems to suggest a power-law shape, with a photon index of
α ∼ 2.3 [40], indicative of a non-thermal emission process. The pulsar-like acceleration of particles

8



P
o
S
(
M
U
L
T
I
F
1
5
)
0
3
1

Physics of Transient Sources Meintjes P.J.

Figure 6: A search for pulsed emission of AE Aquarii
in various energy bins of the Fermi-LAT data. Notice
the presence of weak pulsed modulation in all bins si-
multanously. Adopted from [42].

Figure 7: Combined power spectrum re-
vealing weak pulsations at 2F◦ (16.53 s),
which is just the first overtone of the
fundamental spin period. Adopted from
[42].

in the white dwarf magnetosphere in AE Aquarii has been investigated by [35] and [39]. It has
been shown that huge potentials of the order of V ∼ 3× 1012 P−2

33 µ33 Volt can exist between the
white dwarf surface and the light cylinder, which can accelerate charged particles to VHE-TeV
energies. Here P33 and µ33 represent the white dwarf spin period (33 s) and the magnetic moment
of the white dwarf (∼ 1033 G cm3) respectively. Keeping in mind synchrotron losses, these authors
showed that relativistic electrons with Lorentz factors of the order of γ ∼ 105 can be produced inside
the light cylinder of the white dwarf, and will radiate synchrotron radiation in the magnetospheric
field (Blc ∼ 100G) in the proximity of the light cylinder at frequencies ν ∼ few× 1018 B100γ2

5 Hz,
where B100 and γ5 represent the magnetic field (∼ 100G) in the proximity of the light cylinder
and Lorentz factor (∼ 105) respectively. It was further shown that the inverse-Compton scattering
of γ ∼ 105 electrons on optical photons from the secondary star (εph < 5eV), provide interesting
possibilities for the production of gamma-rays with energies of the order εγ ≤ 0.2γ2

5 (εph/5eV)TeV,
which would place it in the Fermi-LAT energy range [35, 39].

As part of a PhD study a search for pulsed non-thermal emission was conducted utlizing the
Suzaku, AGILE and Fermi-LAT data archives [42]. This study revealed no steady emission above
the noise-level, but some weak consistent pulsed signatures at the first harmonic 2F◦ (16.54 s) of the
fundamental frequency F◦ (33.08 s) in the Fermi-LAT data. In a search, involving separate energy
bins, it has been shown [42] that a consistent modulation at 2F◦ (= 16.64 s) is present in all the
energy bins (see Fig. 6). The power spectrum involving the combination of the energy bins reveals
a consistent pulsation at 2F◦, albeit in the noise level regarding overall significance (e.g. Fig. 7). If
these pulsations are real, it could be interpreted possibly in terms of the pulsar-like emission from
both polar caps of the fast rotating white dwarf pulsar in the AE Aquarii system. No significant
emission has been detected at the F◦ (33.08 s) fundamental frequency.

4. Discussion

In this paper an overview is presented of some processes driving particle acceleration and non-
thermal transient emission processes in close binaries. It has specifically been applied to explain
the reported non-thermal emission in AE Aquarii. It has been shown that strong field aligned
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potentials in the white dwarf magnetosphere can accelerate protons to VHE energies. The burst-
like VHE-TeV gamma-ray emission, reported from two groups independently in the 1990s, can
be explained readily in terms of exploding double layers that can release instantanously the full
reservoir of spin-down energy of the white dwarf in relativistic protons and subsequent gamma-ray
emission through π◦ decay. A recent study that focussed on the search for pulsed emission from
AE Aquarii in the Fermi-LAT data revealed weak but consistent pulsed signatures in the noise, at a
period of 16.54 s, which is just the first overtone of the fundamental spin period of the white dwarf.
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