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ABSTRACT 
The DQ Her-type magnetic cataclysmic variable AE Aqr contains the most rapidly spinning white dwarf (P = 

33 s) in a close binary and can be considered as the "millisecond pulsar" equivalent of white dwarfs. It shows 
flare-like UV emission on timescales of an hour during which strong QPO activity is seen, as well as flare-like 
radio synchrotron emission on similar timescales up to frequencies of at least 250 GHz. It is one of the most 
efficient converters of accretion power to MeV electrons of all X-ray binaries, LMXB, and cataclysmic variables. 
TeV emission was also reported by two independent groups with a periodic and burst-like behavior similar to that 
seen in optical. The detection of a period derivative near 10~13 s/s in optical implies that the white dwarf is 
spinning down at a rate of ~ 6 X 1033 ergs s"' which is at least an order of magnitude larger than the quiescent 
accretion luminosity and a few times larger than the typical UV flare luminosities. This spindown energy is not 
seen as disk luminosity, and the conditions appear to be favorable for the release of relativistic particles in a 
pulsar-type mechanism to explain the radio synchrotron emission in magnetic reconnection events, and the 
acceleration of particles to TeV energies in double layers if conditions are favorable. 

Subject headings: acceleration of particles — binaries: close — stars: flare — stars: individual (AE Aquarii) — 
white dwarfs 

1. INTRODUCTION 

This paper reviews the evidence of particle acceleration that 
has been found in an unusual accreting white dwarf, AE 
Aquarii, which is a member of the DQ Her-type magnetic 
cataclysmic variables. It is optically bright enough to be even 
visible to amateur astronomers, since the visual magnitude 
varies between 12.5 (during quiescence) up to 10 (in the flar­
ing state.) Its distance to Earth is d ~ 84 pc and the quiescent 
accretion luminosity is ~ 1032 ergs s"1, but increases to a few 
times 1033 ergs s_1 during strong flares (Van Paradijs et al. 
1989). The distance may be ~ 150 pc (B. Warner 1993, per­
sonal communication), which would scale the luminosity esti­
mates correspondingly. 

The total light from the system is dominated by the presence 
of the ~K4V dwarf-type secondary spectrum, when the sys­
tem is in quiescence, but about 30% of the total optical light is 
due to the accretion disk (Welsh, Home, & Oke 1993). The 
results of such infrared to ultraviolet observations are indi­
cated as crosses on Figure 1. The data for this figure were taken 
from Szkody (1977), Tanzi et al. (1981), Berriman et al. 
(1981), and Van Paradijs et al. (1989). A simple blackbody 
spectrum for a K4V secondary, given a distance of 84 pc, is 
also indicated on the figure. 

Flares occur quite regularly on a timescale of a few hours 
with colors that are dominant in ultraviolet (Van Paradijs et al. 
1989), indicating an origin near the disk inner edge, or, on the 
surface of the white dwarf where higher temperatures are ex­
pected. A typical UV flare spectrum is also indicated on Figure 
1. It is thus clear that the luminosity from accretion dominates 
that of the secondary star (which has LK4V = 7 X 1032 ergs s"1) 
only when the system flares. 

The white dwarf in AE Aqr has a spin period of 33.0767 s 
which is seen in optical (Patterson 1979) with a pulsed fraction 

which is about 0.2% of the total intensity around 5 X 1014 Hz 
(i.e., visible light). The pulsed fraction rises to ~ 1% in the U 
band (the oscillation spectrum measured by Welsh et al. 
(1993) is also shown on Fig. 1). In the far-UV the pulsed 
fraction becomes about 40% as measured by Eracleous & 
Home (1993, personal communication) with the HST. Welsh 
et al. (1993) have shown that the oscillation spectrum is con­
sistent with a blackbody spectrum, and from Figure 1 we ob­
tain a temperature of ~43,000 K and an emitting radius of ~ 2 
X 108 cm. Comparing the pulse timing and the absorption-line 
orbits, Welsh, Home, & Gomer (1993) have shown that the 
optical oscillations originate on the white dwarf and are not 
due to reprocessing somewhere in the disk. Thus, the optical 
oscillations appear to come from a small area on the white 
dwarf, and since the pulse profile is a double sinusoid (giving 
rise to a 16.5 s period) with one pulse stronger than the other, it 
seems quite likely to have the two polar caps as the origin as 
originally suggested by Patterson (1979). An example of the 
power spectrum taken in visible light is shown in Figure 2 
during quiescence (Fig. 2a shows the spin frequency F0 and its 
first overtone at 2F0.) and in the flaring state (Fig. 2b) where 
QPO structures appear near F0 and 2F0. Notice the remarkable 
coherent structure which is slightly redshifted relative to F0. 
This unique feature manifests regularly during flares and was 
also claimed in TeV 7-rays (see § 3.1.) 

The rapid rotation of AE Aqr is unusual for white dwarfs, 
and this source can be considered as the "millisecond pulsar" 
equivalent of white dwarfs, since its period is not much larger 
than the minimum period for a white dwarf rotating close to 
breakup speed: 

/ R3 V'2 

p™=2i-m) = l 2 M ' l s (1) 
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FIG. 1.—Radio to X-ray spectrum of AE Aqr. The solid circles and two 
dashed lines in the radio region indicate the range for the time-averaged 
radio spectra. The trapesium represents a range wherein many radio detec­
tions were reported (reproduced from Abada-Simon et al. 1993.) The 
various infrared to ultraviolet components are also indicated by solid cir­
cles (see text). A typical visual to ultraviolet flare spectrum is shown by the 
short (nearly horizontal) line. A simple blackbody spectrum for a K4V 
dwarf star (distance = 84 pc) are shown by a dashed curved spectrum. The 
information on the blackbody (indicated as "BB") optical oscillation spec­
trum is described in the text. The dash-dot line indicates the observed 
X-ray thermal bremsstrahlung spectrum with kT = 1 keV (Eracleous et al. 
1991). 

1. The X-ray pulse profile of the 33 s signal is a single broad 
pulse with no evidence of a first harmonic component (as seen 
in optical). The corresponding pulsed fraction is ~20%-30% 
of the total X-ray intensity (Patterson et al. 1980). Thus, the 
energy spectra (Fig. 1) and pulse profiles of the optical and 
X-ray pulses are different, which suggests that they have differ­
ent origins: the optical from the polar caps and the X-rays most 
likely from that part of the stellar surface which is connected to 
the disk inner edge (with radius r,) via the dipolar magnetic 
field lines. This part is also referred to as the "accretion cur­
tain" (see, e.g., Lamb 1988). 

2. EVIDENCE FOR PARTICLE ACCELERATION FROM RADIO 
AND MILLIMETER OBSERVATIONS 

Radio emission from AE Aqr has been discovered by Book­
binder & Lamb (1987). Detailed radio observations by Bas-
tian, Dulk, & Chanmugan (1988), (hereafter BDC) have re­
vealed the existence of radio flares up to at least 23 GHz. It is 
interesting to note that the radio flares have timescales compa­
rable to the optical flare timescales, and it was shown that the 
radio emission is neither of thermal origin, nor due to coherent 
processes. 

2.1. Optically Thick Synchrotron Radiation 

BDC have also shown that the radio data are consistent with 
a model of relativistic electrons radiating optically thick 
synchrotron emission in magnetized expanding clouds with 
initial magnetic field strengths of B0 > 25 G. In this case the 
relativistic electron number density spectrum is assumed to 
follow a power law of the form n{E)dE = KE~ydE with losses 

when using the approximate mass-radius relationship of 
Warner & Wickramasinghe (1991). For neutron stars this 
minimum period is close to 0.5 ms, whereas the minimum 
observed period for pulsars is 1.5 ms for PSR 1937 + 214. The 
presence of QPO features in optical (and possibly also in TeV 
7-rays) is interesting since the accreting low-mass X-ray bina­
ries (LMXB), which are considered to contain maximally 
spun-up millisecond pulsars, also exhibit QPO features, de­
pending on the accretion rate. 

In the original model for AE Aqr, Patterson (1979) have 
shown that this white dwarf is likely to be fed by an accretion 
disk which is disrupted near the corotation radius (r, ~ rc = 
1.5 X 109cm), which is not much larger than the stellar radius 
(this also reminds us of the LMXB where the disk inner edge 
radius is considered to be near the neutron star's surface), and 
the two poles of the white dwarf sweeping like a lighthouse will 
cause the observation of a 16.5 s period (i.e., 2F0) as well. The 
disruption of the inner disk is cased by the white dwarf's own 
magnetic field. The magnetic moment of ~ 5 X 1032 G cm3 

follows from the observed Pspin versus POTb relationship for the 
three known DQ Her stars (Warner & Wickramashinghe 
1991). 

The system is also seen in soft X-rays with a thermal brem-
strahlung temperature of kT ~ 1 keV (Patterson et al. 1980; 
Eracleous et al. 1991). This spectrum is also shown on Figure 
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FIG. 2.—Reproduction of two Fourier spectra reported by Patterson 
(1979) calculated from data taken during quiescence (a) and flares (b). 
The two vertical dotted lines indicate the spin frequency (Fa) of the white 
dwarf and its first overtone (2F0). 
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mainly confined to abiabatic losses (provided that E is small 
enough.) As the cloud expands, B also decreases. The radio 
emission is optically thick so that a rising spectrum is seen up 
to a turnover frequency of vm, where the optical depth of the 
plasmoid is T ~ 1. At v > vm, optically thin emission is ex­
pected. The turnover frequency increases with increasing B0 

and the detection of AE Aqr at millimeter wavelengths was 
predicted on the basis of this model. Such radiation was indeed 
confirmed at frequencies up to 250 GHz on timescales of ~ 15 
minutes with intensities up to 0.1 Jy, and B0 was shown to vary 
between 25 and 250 G (Abada-Simon et al. 1993.) BDC have 
shown that the spectral index of the time averaged radio emis­
sion depends on frequency as oc v" with a = 5(2 - e)/2 if the 
frequency distribution of initial flux densities S0 is given by 
f(S0) oc So'. Abada-Simon et al. 1993 have shown that the 
data supports a = 0.34-0.59 implying that e = 1.76-1.86. The 
radio spectrum of AE Aqr based on observations between 1984 
and 1991 is shown in Figure 1. 

2.2. Optically Thin Synchrotron Radiation 

From the above-mentioned data one can estimate the total 
amount of energy in a flare (which amounts to at least 1034 

ergs per large flare) and the field strength, but no reliable calcu­
lation of the spectral index y of accelerated particles can be 
made. However, the spectrum must turn over into optically 
thin synchrotron radiation at v > 250 GHz. This also allows us 
to probe the acceleration region: multicolor high-speed infra­
red photometry at frequencies >3 X 1013 Hz are scheduled for 
AE Aqr during 1993, which should allow the detection of the 
high-energy tail of the synchrotron spectrum, provided that 
the electron spectral index y is not too large. The electron 
energies would be required to have 

tively easy to discriminate between thermal and nonthermal 
features. 

2.3. Spatially Resolved Synchrotron Emission 

AE Aquarii was also resolved in VLBI, showing an expand­
ing source (at a speed of ~0.01c) on a half-hour timescale 
while the radio intensity decreased from a maximum (during a 
flare) to a minimum, until it reached a size of about four or­
bital radii (A. E. Neill, 1991, personal communication). This 
is again consistent with the model of expanding synchrotron-
emitting magnetized clouds. 

3. EVIDENCE OF TeV GAMMA-RAY EMISSION FROM AE Aqr 

TeV 7-rays (Ey > 1012 eV) from AE Aquarii have been 
reported by two independent groups (Bowden et al. 1992; 
Meintjes et al. 1992). If these reports are correct, they would 
also require efficient particle accelerators near the white dwarf. 

3.1. The Potchefstroom (S.A.) Detections 

Meintjes et al. (1992) have shown that the detected signal 
has the same temporal behavior as observed in optical during 
flares. The TeV radiation was detectable at the spin frequency 
F0 and at a frequency which is slightly redshifted from F0 after 
all the available observations between 1988 and 1991 were 
added together. This behavior was independently confirmed 
after analysing the 1992 data (Meintjes 1993). The signifi­
cance is about 4 <r. The strongest individual detection is shown 
in Figure 3, and the signal is clearly above the background. The 
frequency is redshifted by 0.7% relative to F0; similar shifts are 
seen in the optical as shown in Figure lb. 

E> 100 Bo 
250 G 

-1/2 
MeV (2) 

If the flares of relativistic electrons also originate in the accre­
tion disk (as is the case of the thermal UV flares which show 
the disk-like QPO features as shown in Fig. 2b), we may also 
see QPO features associated with the synchrotron emission. 
The condition for this is that the electron must lose energy in a 
time that is less than the QPO period (so that the periodicity 
can be maintained). The synchrotron lifetime of such ener­
getic electrons (lower energy electrons would lose energy 
mainly by adiabatic expansion) would be <40 s, and if the 
acceleration process is periodic or quasi-periodic, we may ex­
pect the detection of such nonthermal temporal features, 
which will lead to a diagnostic of the site where particle acceler­
ation is taking place. In the infrared range the QPO must have 
a strong red color due to the optically thin synchrotron spec­
trum of the form 

I(v) oc v "(7-1 )/2 (3) 

This should lead to a measurement of the electron spectral 
index y (>2 as expected). However, the thermal flares and 
QPO are dominant in the ultraviolet, so that it should be rela-
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FIG. 3.—Power spectrum of the Potcefstroom TeV observation no. 23 
of 1989 July 30. The peak on the power spectrum is redshifted by ~ 1 % 
relative to F0 (reproduced from Meintjes et al. 1992.) 

https://doi.org/10.1017/S0252921100078088 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100078088


778 DE JAGER Vol. 90 
Counts per 

Minute 

Time (UT) 

Time (UT) 

FIG. 4.—Summed count rate of AE Aqr on 1990 October 13 from both 
telescopes of Bowden et al. (1992) at 7-ray energies above 350 GeV. In (a) 
the ON-source channel is displayed showing a short burst significant at the 
6 a level, whereas the OFF-source channel is displayed in (b) (reproduced 
from Bowden et al. 1992.) 

3.2. The Narrabri (N.S. W.) Detections 

Bowden et al. (1992) reported the simultaneous detection of 
a 6 0- burst in TeV 7-rays by two independent telescopes on 
1990 October 13 (the combined count rate is shown in Fig. 4.) 
The fact that the burst was also pulsed with a period of 16.5 s 
(i.e., half the spin period of the white dwarf), and given an 
observed photon spectrum which is significantly (at the 3 a 
level) flatter than the cosmic-ray noise spectrum, adds to the 
significance of this detection. It was clearly shown that this 
burst was due to real 7-rays and not due to instrumental ef­
fects. 

Following this report, an optical burst with similar features 
as seen in TeV (i.e., structure, duration, and pulsed fraction) 
was discovered by De Jager & Meintjes (1993). 

4. CONVERSION EFFICIENCY OF ACCRETION POWER TO 
ACCELERATED PARTICLES 

AE Aqr is one of the most efficient converters of accretion 
power to power in accelerated particles when considering ac­
creting white dwarfs and neutron stars. This evidence follows 
from both radio and 7-ray observations: 

The peak synchrotron luminosity is S, ~ 100 mJy at Av ~ 
v = 250 GHz, implying a luminosity of at least 2 X 1029 ergs 
s"1. This implies a ratio of synchrotron to accretion power of 

GMM/R ' 
(4) 

which equals 0.002 if the radio emission is generated during 
optical quiescence, but 7; ~ 10~4 during the optical flaring 
state. To put these numbers into perspective we can compare 
this value with I J ~ 6 X 10~4 as obtained for an accreting 
source like Cyg X-3 when it experiences one of its gaint radio 
flares. However, in the case of AE Aqr these flares occur on a 
timescale of hours, whereas for Cyg X-3 the repetition time-
scale is about once every 6 months (Johnston et al. 1986.) 
Thus, the time averaged conversion efficiency for AE Aqr ex­
ceeds that of Cyg X-3 significantly. Since most of the electron 
energy is lost to adiabatic expansion, the conversion efficiency 
of accretion power to relativistic electrons would also be signifi­
cantly larger than the above-mentioned values of J/. One can 
also calculate the ratio of adiabatic relative to synchrotron 
losses, which, when multiplied with the synchrotron luminos­
ity, gives an estimate of the total power in electrons. It can be 
shown that this ratio is of the order of hundreds, so that a 
significant fraction of the accretion luminosity must be con­
verted into relativstic particles. However, the largest uncer­
tainty in this calculation is the initial source radius, so that 
reliable estimates cannot be made at this stage. 

A relatively high efficiency is also required for the reported 
TeV 7-ray emission, since the time averaged luminosity Ly ~ 
2 X 1032 ergs s"1 (Meintjes et al. 1992), but may be as high as 
1033 ergs s~' during a large burst (Bowden et al. 1992). 

5. PULSAR-LIKE SPINDOWN 

A high-luminosity source is needed to provide the relativis­
tic particles. Relativistic electrons are needed to explain the 
radio emission, whereas very high energy protons or electrons 
would be needed to explain the claimed TeV 7-ray signals. In 
this discussion only the necessary potential drop and luminos­
ity will be calculated from fundamental principles given the 
unique spindown. 

An analysis of all the available optical pulse timings between 
1978 and 1992 (De Jager etal. 1993) have shown the existence 
of a period derivative of 5.6 X 10"14 s/s, which would result in 
a spindown power of 

IUh = 6.3 X 1033/50ergss^ 
GMMq (5) 

where Mq indicates the accretion rate during quiescence. Such 
a situation was originally considered by Priedhorsky (1986) 
for millisecond pulsars in LMXB, which may explain the 
nonthermal radio emission found in, for example, Sco X-l. 
During the times of low accretion rate, the pulsar spins down, 
and energy is extracted from the flywheel which results in 
nonthermal radio emission. This case was also considered by 
Treves & Bocci (1987) in a flywheel model for Cyg X-3 where 
the power for accelerating particles comes again from a radio 
pulsar-type spindown, which is achieved during a time of low 
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accretion. In this case we do not see the spindown power in 
optical, but this power is spent in accelerating particles, stellar 
wind formation, as well as magnetic dipole radiation. The rea­
soning for such a type of spindown in AE Aqr is the following: 

It can be shown that the large period derivative and moder­
ate accretion rate are clearly incompatible with each other in 
the Ghosh & Lamb (1979) model for disk-fed compact ob­
jects. There is no solution for their equations, so that the disk 
inner edge radius ri is outside the corotation radius rc, during 
which no accretion is possible due to the propeller effect. One 
can also calculate rt from the magnetic moment and accretion 
rate, and the same conclusion (i.e., that r, > rc) is reached. 
Furthermore, the presence of QPO features which are red-
shifted relative to the spin frequency is also consistent with 
Keplerian motion just outside the corotation radius rc. An­
other peculiar aspect is that AE Aqr is the only cataclysmic 
variable which does not show flickering during quiescence 
(Bruch 1991). If flickering is also associated with accretion 
onto the white dwarf, then this observation also indicates that 
little or no accretion is taking place during quiescence. This 
situation (absence of accretion) was first studied by Shvarts-
man (1970). Davies & Pringle (1981) have investigated this 
for spherical accretion. In the context of accretion disks, the 
so-called "dead" or "accumulator" disks have been studied by 
Syunyaev & Shakura (1977). In their model for low accretion 
rates, angular momentum extracted from the compact object 
flows outwards over the disk from the inner edge. This is ac­
companied by energy liberated in the disk, so that all the 700 
losses can be accounted for. However, this is not the case for 
AE Aqr: we know that AE Aqr has the lowest accretion rate of 
the known DQ Her-type objects, which may be the result of a 
hibernation process (which is common in cataclysmic vari­
ables), that is, it was spun up to a minimum period at a pre­
vious epoch (high M), but M is relatively low at the present 
epoch and the white dwarf is spinning down due to the lack of 
an accretion torque. AE Aqr does not fit in the picture of 
Syunyaev & Shakura (1977) since the spindown power is sig­
nificantly larger than the observed disk + white dwarf lumi­
nosity. 

Our proposed model is consistent with the idea of Michel & 
Dessler (1981) for "dead disks" around pulsars, which came as 
an answer to the basic problem of current closure in pulsars: all 
conventional pulsar models (which are derived from the clas­
sic Goldreich-Julian model) fail to provide a return current for 
the outflowing pulsar current from the polar caps, whereas 
Michel & Dessler (1981) proposed the existence of fossil col­
lapse disks around active pulsars which can easily explain how 
the circuit closes. In the general framework of Michel & 
Dessler (1981) and Michel (1983), the wind zone is defined by 
those field lines originating on the polar cap, but which are 
expelled by the disk due to the large j X B forces, whereas the 
auroral zone is defined by those field lines which connects the 
star with the disk. This zone would also correspond more or 
less in position to the accretion curtain as discussed for the 
pulsed X-rays in § 1, except that the auroral zone is supposed 
to maintain its properties in the absence of significant accre­
tion. The net charge density above the polar caps is expected to 
be close to the Goldreich-Julian density in general, even if a 
significant amount of particles have been pulled from the disk 

into the stellar magnetosphere by electric fields (Hamilton, 
Lamb, & Miller 1993). For AE Aqr we find 

QD 

nGJ = — - ~ 2 X 103 c m 3 (6) 

given a typical surface field strength of Bs = 106 G. The polar 
cap area is estimated assuming that the field line from white 
dwarf (with radius R) to the inner edge of the disk is approxi­
mately dipolar: 

1.6TR3 „ , „ . , / R \ 3 , Avc = = 4 X 1 0 1 7 - —„ cm2. (7) 
** rc \5 X 108cm/ 

For the standard radio pulsar (diskless) models, the corotation 
radius is replaced with the light cylinder radius, leading to 
much smaller polar cap areas. The total current into (or out of) 
the polar caps follows from the assumption of having the Gold­
reich-Julian density above the polar caps. The magnitude of 
the current, counting both polar caps, is 

70 = - ^ 2 X 102V32 statamp , (8) 
' c 

and when calculating the magnetic flux into the wind zone for 
each pole, we obtain the stellar wind torque on the star and 
hence the total spindown power, which is given by 

700 = ° ^ . (9) 
crz

c 

This power is lost in the form of a relativistic stellar wind, 
which may explain the observed radio synchrotron emission as 
observed well outside the binary orbit (see § 2.3). The above 
equation can be set equal to the observed spindown power if 
the magnetic moment n = 1.3 X 1032 G cm3, which is quite 
reasonable for DQ Her type CVs: one can check for consis­
tency by using this value of M to calculate the disk inner edge 
radius from Ghosh & Lamb (1991) giving 

r'~°-5(w)1/1 = 5r<L»n- (10) 

This radius is indeed larger than the corotation radius given the 
accretion rate L33 = Lacc/1033 ergs s"1 ~ 1, and would be 
consistent with the observation of quasi periodic oscillations at 
Keplerian frequencies corresponding to r, > rc. As matter ac­
cumulates at r, due to continuous accretion from the second­
ary star, rt -*• rc, giving the redshifted Keplerian QPO features 
close to the spin frequency as shown in Figure 2b. This would 
be coincident with flare-like activity in the optical, triggered by 
the "magnetospheric gating" effect as suggested by Van Para-
dijsetal. (1989). 

The current flow results in particles of one sign flowing out 
of the polar cap into the wind zone, and the electric field pres­
ent can pull particles of the opposite sign toward the stellar 
surface. If the potential drop is large enough, the returning 
particles can penetrate deeply into the stellar surface, heating 
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each polar cap, resulting in blackbody emission from both po­
lar caps. This would be consistent with the observed optical 
double pulse with a blackbody spectrum. The current out of 
the polar caps returns through the disk toward the star and 
requires a current density (Michel 1983) 

J= WM1/2
 (11) 

where d is the width of the current sheet. In the terminology of 
Michel (1983) this sheet is called the "auroral zone" which 
connects the disk inner edge with the stellar surface, and with 
this return current, the circuit is closed. Rewriting the luminos­
ity of the auroral zone (Michel 1983) in terms of the spindown 
power gives 

25d/rV/2 • 

The geometry of the auroral zone closely resembles the thin 
accretion curtain which explains the broad X-ray pulse profiles 
as discussed previously. Particles returning to the stellar sur­
face via this auroral zone can also heat the stellar surface to 
provide the observed X-ray bremstrahlung (see Fig. 1), but in 
this case the energy of the particles must be much less than 
those in the wind zone (which resulted in the blackbody spec­
trum), since thermal bremstrahlung requires heating in or 
above the photosphere (heating below the photosphere would 
also result in a blackbody spectrum).1 Setting LM equal to the 
X-ray luminosity of a few times 1030 ergs s_1 (Patterson et al. 
1980) requires the width d ~ 105 cm which is still much less 
than the stellar radius. In the model of Michel this width is 
determined by the electron conductivity, giving d ~ 100 cm 
for white dwarfs if resistivity is determined by scattering of 
electrons on, say, partially stripped iron atoms. 

6. PARTICLE ACCELERATION 

The model of Michel (1983) considered the auroral zone as 
the site for particle acceleration to explain the radio and 7-ray 
emission from pulsars, but the accelerating potential and lumi­
nosity of this zone is much smaller than predicted by other 
conventional pulsar models (see, e.g., Harding 1981). Chan-
mugan & Brecher (1985) investigated the star-disk dynamo 
where ultrarelativistic plasma jets are emitted from the disk 
along B. In a different approach Cheng & Ruderman (1991) 
considered the existence of vacuum gaps between the star and 
disk as the site for particle acceleration. However, the existence 
of vacuum gaps was questioned (Lamb, Hamilton, & Miller 
1993). The latter authors have shown that the large electric 
fields would pull particles from the disk, resulting in a quench-

1 A similar situation was proposed for Geminga, where heating deep 
inside the polar cap by reversed high-energy particles gives rise to a soft 
blackbody oscillation spectrum, but the less penetrating gamma rays are 
absorbed in the photosphere to give a harder thermal bremstrahlung spec­
trum (Harding, Ozernoy, & Usov 1993). If gamma rays are emitted in AE 
Aqr by any returning particle, then such radiation would also be repro­
cessed into X-ray thermal bremstrahlung in the photosphere, which would 
contribute to the observed X-rays. 

ing of any vacuum gap. The current flow in the model of 
Lamb, Hamilton & Miller (1993) is similar to the flow pro­
posed by Michel (1983), except that their general description 
extends to the case where accretion is significant. Their analy­
sis involves the calculation of the EMF 

E M F = l ( £ + - » X f i l ^ (13) 

along a closed circuit connecting the same polar cap region as 
suggested by Michel (1983) (as used in the previous section to 
calculate the spindown power) with the disk via poloidal field 
lines. A similar integration was performed by Brink et al. 
(1990) and Cheng & Ruderman (1991). This gives two terms, 
depending on whether the star or disk dominates the contribu­
tion to the EMF. For AE Aqr with r, > rc in quiesence we 
expect the stellar term to dominate, giving an EMF or poten­
tial drop of 

A K-£L-6xl0»f t , (*)v . 04, 

If we take r, = c/Q, that is, at the light cylinder radius, then we 
recover the classic potential drop across the polar cap for iso­
lated radio pulsars, but with r, <? c/fi, a much smaller field 
strength is needed to provide a large potential drop and signifi­
cant spindown as originally proposed by Michel (1983). 

Since the resistance of the circuit is very small (Lamb et al. 
1993), we expect large conduction currents to be driven by this 
EMF along a similar current pattern as proposed by Michel 
(1983) (see the previous section). The important analysis 
made by Lamb et al. (1993) and Hamilton et al. (1993) is that 
instead of "shorting out" the EMF and thereby preventing 
particle acceleration as some authors have argued (see, e.g., 
Wang 1986; Katz & Smith 1988; Mitra 1991), the low internal 
resistance of the disk-star generator circuit allows the conduc­
tion currents to become large enough to trigger processes that 
accelerate particles. This follows when considering the com­
bined inductance and resistance of the circuit, which allows 
the current to grow, leading to microscopic and/or MHD in­
stabilities before the current has saturated to a steady state of 
EMF/resistance. 

When extending the instability analysis to AE Aqr (as done 
by Hamilton et al. 1993), we find that micro-instabilities 
would occur in the most tenuous regions of the magnetosphere 
where the current density exceeds 

ymicro = ene(kTe/me)"
2 ~ W\n<2, (15) 

where me is the electron mass, ne= «9109 cm"3 is the electron 
density, and Te = T6 X 106 K is the corresponding tempera­
ture. Comparing the return current from equation (11) with 
./micro shows that the current sheet has to be thin: 

d<2X l05n9
lTl,2n32cm , (16) 

with n9 as the major uncertainty in this condition: the presence 
of a disk implies that ne in even the most tenuous parts of the 
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magnetosphere may greatly exceed the Goldreich-Julian den­
sity nGJ ~ 103 cm"3, although the net charge density is still 
expected to be (n+ - n_) ~ nGJ. In fact, if full accretion takes 
place, the electron density may easily exceed 1012 cm"3, lead­
ing to the constraint of having d < 100 cm for a micro-instabi­
lity to occur in the auroral zone. It is thus clear that this condi­
tion may only rarely be met, but if accretion is somehow 
inhibited by the propeller effect (i.e., when the system is in 
optical quiescence), n is expected to be much lower which 
relaxes the constraint on d, leading to micro-instabilities and 
possibly double layer formation before magnetic reconnection 
takes place (Spicer 1982; Hamilton et al. 1993). Double layer 
formation involves charge separation maintained by a balance 
between inertial and electrostatic forces, leading to a localized 
electric field over a length t, over which ions and/or electrons 
are accelerated to monoenergetic values of the order eEl = 
eVDL. If the relativistic double layer is bordered by a thermal 
plasma consisting of ions with mass w, and electrons, we find 
that 

VDL ~ (TmiCj/ey/2e = lOlieHnl/2Tl
6<* V (17) 

for a current density equal to7micro (Hamilton et al. 1993) in 
the presence of thermalized helium ions. 

Thus, acceleration to Te V energies is possible in AE Aqr, but 
is expected to be a rare event since the current density may 
only rarely exceed 7micro. The TeV event would also be flare­
like, since the double layer itself is unstable. The slower rotat­
ing disk at r, > rc would lead to the creation of azimuthal field 
(B^ and current O0) components, hence particle acceleration 
would also take place in a frame which is rotating slightly 
slower than the star, resulting in the observation of redshifted 
TeV signals as shown in Figure 3. 

In most cases we expect the threshold for micro-instabilities 
not to be met. In this case magnetic reconnection is more likely 
to occur due to the presence of higher electron densities and 
the continuously growing B# component (Parker 1979; Ha­
milton et al. 1993), leading to plasma heating and bulk acceler­
ation to the Alfven velocity vA which would be consistent with 
the observation of expanding (vA ~ 0.01 c) synchrotron emit­
ting (by mildly relativistic electrons) clouds if 

B~430nl
9
/2G. (18) 

(See Aly & Kuipers 1990 for a detailed discussion on flare-like 
reconnection events in accretion disks leading to particle accel­
eration.) This mechanism would account for the ever-present 
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radio emission, since the constraint on n is much less severe in 
this case. In fact, from the model of BDC a typical radio flare 
would require n9 ~ 1 and B of the order of a few hundred 
Gauss, which is consistent with equation (18), and radio emis­
sion is expected to occur at distances of a few times rc from the 
white dwarf where such field strengths are expected. 

7. CONCLUSION 

AE Aquarii contains the most rapidly spinning white dwarf 
known to us, and with the spindown power exceeding the ac­
cretion luminosity, we have pulsar-like properties in this 
unique system. The spindown power can be accounted for if a 
relativistic wind is ejected by the polar caps. The large EMF set 
up by the fast rotating white dwarf drives a conduction current 
flowing out of the polar caps and returning to the star via the 
accretion disk (which may be slowly or nonaccreting during 
optical quiescence). These two different sites on the stellar 
surface (i.e., where the current exits and returns) provides the 
potential sites for the optical and X-ray oscillations which are 
known to have different pulse profiles and spectra. 

It was shown that it is relatively easy to produce radio syn-
chotron emission via reconnection events, leading to the ever-
present flare-like radio synchrotron emission, although the de­
tails have not been worked out. If the current density is large 
enough in a tenuous magnetosphere, double layers can form 
leading to large electric fields and hence mono-energetic elec­
trons and ions with energies exceeding a TeV. This suggests 
that the TeV should be produced when the system is in absolute 
quiescence so that the magnetosphere can be tenuous enough 
for a double layer to be formed when driven by a large "pulsar" 
type current resulting from the rapid spindown. Simultaneous 
optical /TeV observations would be necessary to confirm this. 

Accretion from the secondary star is expected to be a contin­
uous process, and if accretion is inhibited during quiescence 
(since r, > rc), the ram pressure at rt would increase until the 
disk inner edge is pushed inside the corotation radius, leading 
to uninhibited accretion and the triggering of optical flares as 
seen quite regularly in AE Aqr (see the "magnetospheric gat­
ing" effect as proposed by van Paradijs et al. 1989 for AE Aqr). 
If the model for TeV acceleration within double layers holds, 
we would expect a cessation of TeV production during optical 
flares, since the magnetosphere would be too thick for the for­
mation of double layers. 

The author would like to thank Piet Meintjes and Bill Welsh 
for useful discussions. 
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