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Abstract. AE Aquarii radio flares are attributed to synchrotron op-
tically thick emission from expanding plasma clouds, and the turnover
frequency and the optically thin part of the synchrotron spectrum seem
to be between the sub-millimetre and infra-red wavelengths. We present
the various processes which may affect the synchrotron radiation at both
very low (radio) frequencies and at higher energies, and what they in-
fer on the properties of the radio flare source and its surroundings. We
also envisage that both thermal and non-thermal emission processes may
explain the puzzling spectrum of AE Aqr.

1. Introduction

1.1. General properties of AE Aquarii

AE Aquarii is an unusual Intermediate Polar which White Dwarf (WD) mag-
netic field strength is 10* < Bwp(G) < 107 (Lamb & Patterson 1983; Lamb
1988; Stockman et al. 1992); it is the most asynchronous Cataclysmic Variable
with a White Dwarf spin period of 33.08 s and an orbital period of 9.88 hr. Its
binary separation is a = 1.8 x 10° m. It is a “propeller”, that is, no accretion disc
is formed, and most of the accreting material is expelled from systemn (Wynn,
King &Horne 1997). AE Aqr is detected in all wavelength ranges, from TeV
v-rays to radio (Bowden et al. 1992, Meintjes et al. 1992, Meintjes et al. 1994,
and other papers in these proceedings).

1.2. Radio to Infrared emission(s)

In radio, AE Aqr exhibits both quiescent emission and radio flares of various
amplitudes on timescales from minutes to hours. It is almost always detected,
except between some flares, and in the middle of a few flares (Abada-Simon et al.
2003b). Assuming a spherical source diameter not larger than the binary separa-
tion (a ~ 1.8 x 10° m), and that the emission is isotropic, the Rayleigh-Jeans law
implies T, > 101°—10'2 K at 1-21 cm: this implies a non thermal emission. Since
it is of wide bandwidth (Av/v > 2, Abada-Simon et al. 1995a) and non polarised
(polarisation degree < 10%), it is attributed to an incoherent emission process.
Since the spectral flux density S, increases with frequency v as S, oc v®, where
the spectral index is a ~ +0.5, Bastian, Dulk & Chanmugam (1988) explained
the radio flares as the superposition of synchrotron optically thick emission from
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a power-law energy distribution of ~ 1-15 MeV electrons in spherical clouds in
adiabatic expansion. Another model has been recently suggested to explain the
average observed spectrum from radio to far infrared (Venter & Meintjes 2003,
and Meintjes & Venter 2003). Since AE Aqr is almost always emitting down to
21 cm, the plasma frequency is v,(Hz) =~ 9000,/ne < 1.4 % 10° H z, which implies

that the electron number density is ne < 2.4 x 10%m™3.

AE Agr radio source was once resolved by Niell in 1988 (private communi-
cation) with VLBI at 3.6 cm, leading to a radio source diameter changing from
< 1.6a (unresolved) to 4a (resolved) in 30 min, which is consistent with the
above model. However, a much smaller radio source size has been estimated:
dips at both 2 and 3.6 cm were attributed most likely to eclipses of the radio
source through free-free absorption by gas blobs accreting from the secondary
star (Abada-Simon et al. 1995b); the inferred size may be down to 107 m (of
the order of the White Dwarf size), which implies T} > 10'? K: apart from syn-
chrotron emission from higher energy (~100 MeV) electrons, this also suggested
the possible presence of coherent emission in the radio domain (Abada-Simon et
al. 1996).

The electrons accreting from the secondary are thought to be trapped in the
White Dwarf magnetosphere and accelerated by magnetic pumping, producing
permanently synchrotron emission, until a cloud is expelled, thus producing a
flare (Kuijpers et al. 1997). However, no (quasi-)periodicity was found at 3.6
cm, so that a source very close to the White Dwarf remains uncertain (Bastian,
Beasley & Bookbinder 1996).

Finally, at both 0.8 mm and 90 pm, the flux density is found to be ~ 110
mJy, which is also the value of the 30 upper limit at 170 um (Abada-Simon
et al. 2003a). Assuming again an isotropic emission from a spherical source
diameter < a, we find T > 107 K at 0.8 mm and 7 > 10% K at 90 um: these
results suggest that the far infrared emission may be of thermal origin, and most
probably that gyro-synchrotron (1 < v < 2—3) emission from a thermal or non-
thermal electron energy distribution is present, since it leads to Tj ~ 107 —10° K.

Clearly, many uncertainties remain on the radio to infrared emission(s) of
AE Agr: what are the initial and final values of the source parameters (size, lo-
cation, density, magnetic field strength, energy distribution(s)...), how do they
evolve with time, what are the emission and the acceleration process(es), etc.?
In Section 2, we compare the theoretical constraints concerning the synchrotron
radiation (i.e. from a power-law energy distribution of electrons with v > 3)
with the observational data, which are average spectral flux density values over
about 15 years; in Section 3, we briefly mention alternatives to the non-thermal
synchrotron emission, which are developed in Abada-Simon et al. 2003a).
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2. Synchrotron radiation

It is known that, if the electron energy distribution function is a power-law
N(E) o< E7P (spectral index —p), the synchrotron optically thin emitted flux
density is also a power-law, of spectral index —(p — 1)/2, which implies a flux
increasing with decreasing frequencies. The 90 pym detection together with an
IRAS upper limit at 60 pm suggest a far Infra-Red optically thin synchrotron
spectrum of spectral index < —1.1, implying p > 3.2. However, at both low fre-
quencies and high energies, several processes affect the (predicted) synchrotron
optically thin spectrum (e.g. Rybicki & Lightman 1979, Melrose 1994).

2.1. Attenuations of synchrotron radiation at low frequencies

Synchrotron self-absorption  Self-absorption of the synchrotron radiation leads
to an optically thick spectrum in the form of V%2, where v is the frequency.
Assuming that the source is a sphere of angular diameter 8 (in arcseconds), the
turnover frequency, i.e. where the optical thickness is 7 = 1, is:

Vin(Hz) = 8.4 x 107 (S )2/5 B/

where S, is the maximum flux density (in Jansky) measured at v, and B
is the magnetic field strength in the source (in Gauss in all this text). As vy,
depends little on B, measuring S, at v, leads to the source size.

On the other hand, assuming that the source magnetic field strength cannot
exceed the lower limit of the White Dwarf magnetic field (B < 10* G) implies
a small source size of 4 x 10® m for v, = 400 GHz (0.8 mm) and 3 x 107 m for
Vm, = 3333 GHz (90um); this latter value, which is as small as that inferred inde-
pendently from eclipses at 2 and 3.6 cm, confirms the possibility of T; ~ 10*? K,
therefore of synchrotron from 100 MeV electrons (Inverse Compton scattering
by relativistic electrons limits, for synchrotron sources, T} to < 1012 K; Melrose
1994); for By p up to 107 G, the inferred source size is only 4 times larger. Also,
both v, and S,,, decrease with time, which leads to two conclusions: it may
explain that ISO detected AE Aqr firstly at 90 ym, but not immediately after
at 170 pm; a delay of low-frequency flare peaks with respect to higher frequency
peaks should be measured.

Finally, the observed average radio spectrum (from 21 c¢m to 0.8 mm, av-
erage spectral index ~ +40.5) is less steep than the theoretical, self-absorbed
instantaneous synchrotron spectrum of a single power-law energy distribution
(spectral index =~ +2.5).

Several reasons are invoked to explain why the optically thick spectrum
can be either steeper than the self-absorbed one, or less steep, up to flat. The
source may be non-spherical, inhomogeneous and/or composed of several elec-
tron energy distribution functions. Let us now consider two processes leading to
spectra steeper than both the theoretical self-absorbed synchrotron and AE Aqr
observed average radio spectrum (see Melrose 1994 for detailed explanations).

Optically thick spectra steeper than self-absorbed synchrotron  Free-free absorp-
tion by an external plasma of thermal electrons at temperature T and located
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on the line of sight (e.g. wind), which involves 755 v~2, implies a very sharp
(exp~"ff) cut off at frequencies below the absorption frequency:

Vo(MH2) = nevVL/2

where L is the size of the plasma (in pc). This phenomenon was invoked earlier
to explain the few radio dips observed at v, ~84 & 15 GHz, and since the
absorbing blob transverse size was estimated to be 6 x 106 — 5 x 108 m (Abada-
Simon et al. 2003b), the external plasma density is ne > (1 — 20) x 10® cm™3;
the lack of simultaneous data prevents from confirming absorption at lower fre-
quencies.

The Razin effect (or suppression), which is not an absorption effect, reduces
considerably the synchrotron emission when a thermalised plasma is present in
the emitting region, so that the medium refraction index becomes significantly
<1. It occurs at frequencies below the Razin-Tsytovitch frequency:

2
vrr(MHz) = z—;:f ~2x107%n,/B,.
where v,(MHz) ~ 2.8B is the cyclotron frequency, and B, is the magnetic
field component which is perpendicular to the electron velocity (e.g. Ramaty et
al. 1974). The detection of AE Aqr down to 21 cm implies vgr < 1400 MHz,

and, assuming again that B(source) < 104 G, the inferred plasma density is
ne < 7 x 10 em =3,

On the other hand, three processes lead to spectra less steep than the self-
absorbed synchrotron.

Optically thick spectra less steep than self-absorbed synchrotron If the syn-
chrotron emitting plasma is uniformly mixed with the thermal plasma, free-
free absorption by an internal plasma results from the optically thin emission
o v~ P~1/2 being balanced by free-free absorption o v~2: the flux density be-
low v, has a spectral index of (5 — p)/2. The spectral index observed for AE
Aqr average radio spectrum is 0.5, which would imply p = 4. This thermal ab-
sorption would dominate over Razin suppression only if vpr < v, which would
lead to By > 4 x 107%/v/L; with B; < 10* G, we find L > 2.7 x 10%a: this
is much too large, which suggests that it is Razin suppression which dominates
over absorption by an internal thermalised plasma.

Induced Compton scattering, which is important when the Thomson scat-
tering’s optical depth is large, leads to a spectral index of (5—p)/4, which would
imply p = 3 for AE Aqr.

Finally, below the critical frequency corresponding to the electron minimum
energy, Ver(Bmin), the spectrum varies as v1/3, This spectrum has never been
observed in any astrophysical source, probably because the minimum energy to
accelerate particles is very low, so that: ver(Emin) < 1.4 GHz for AE Aqr plasma
clouds.
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2.2. Energy losses of relativistic electrons

The losses by synchrotron radiation steepen the power-law electrons energy dis-
tribution, giving:

N(E) o« E~#+1) at frequencies > v (Hz) = 3.4 x 108 B %2,

where tsy, is the synchrotron loss time (or the age of the source), in years, ob-
tained from teyn(yr) o< —1/(£5) « BT?E;Y; the optically thin spectrum thus
steepens, changing its spectral index from —(p — 1)/2 to —(2p + 1)/3. vy de-
creases with time and is probably in the infrared.

If the steepening of the synchrotron optically thin spectrum occurs at
v > ¢/(90um), then the spectral index estimated from observations (-1.1) leads
to p > 1.15, and, for B = 1, 10, 100, 1000 and 10* G, we find respectively
toyn = 3.65 days, 2.8 hr, 5 min, 10 s and 0.3 s: if the initial magnetic field in
the source is weak (< 10 G), then the time for a steepening of the optically thin
synchrotron spectrum is larger than the timescale of the flares (minutes to hours
in radio), that is, too long to happen; but if B > 10 G, then the steepening may
be observed before the source has released all its energy. Again, the evolution
with time of plasmoids instantaneous spectra is necessary to constrain their pa-
rameters.

In addition to synchrotron losses, losses by inverse Compton scattering may
also come into play: collisions of low energy photons (radio to optical) with rel-
ativistic electrons transfer energy to photons (UV to 7). They also make the
higher energy electrons loose more energy. U being the energy density of the
radiation field, for v > v, (GHz) ~ 4B, /(Ut)?, with U in erg.cm™?, the ratio
of loss times is tiny.Compt. /tsyn X B?/U: if the magnetic energy density is < U,
then the inverse Compton losses dominate over synchrotron losses.

Finally, losses by adiabatic expansion of a relativistic plasma are important
if tadia.expans. 1S lower than the time spent by the particle in the region, i.e. for a
plasma cloud expanding at the speed v: tsgiq.cxpans. = 7/v Where 7 is the source
size. At high energies, synchrotron losses dominate over adiabatic expansion
losses if t44iq.cxpans. > tsyn; for a far infrared source of 7 ~ 0.15a expanding at
v = 0.01c (like the radio source once measured by VLBI), this condition is ful-
filled if B > 300G. At radio frequencies, the reverse situation is often assumed.

2.3. Polarisation of the synchrotron radiation

In the optically thin case, if B is uniform, for p > 1/3, the degree of linear
polarisation is: I, = 1—)%13. In the optically thick case, it is IIgpicr = GP%'
Whereas Il;p;, is high for typical values of p, Ily;.1 is rather low: the expansion
of the synchrotron emitting plasma cloud may be accompanied by a rotation of
the electric vector.

The estimates made in the former sections suggest that 1.15 < p < 4. The
degree of linear polarisation in the optically thick case should thus be 8-15%, but
no significant value could be measured in the data between 1 and 21 cm (degree
< 10%): either the instrument was not sensitive enough to linear polarisation, or
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the synchrotron radiation travelled through an inhomogeneous medium, leading
to a recorded degree of polarisation much lower than predicted by theory. In the
optically thin case, the degree should be 62-79%, but, to date, no polarisation
degree could be measured below 1 cm.

3. Thermal and non-thermal emission processes?

In the case of thermal bremsstrahlung, that is, free-free radiation from a ther-
mal electron energy distribution, the emitting region is optically thick at low
frequencies, so that the expected flux density varies as v below a critical fre-
quency v, and as v~0! between v, and kT/h; above this latter high frequency,
the optically thin spectrum then varies as exp~"*/*T)_ In order to account for
the far infrared measurement with thermal bremsstrahlung, a very large thermal
plasma source of temperature ~ 575 K would be required (Abada-Simon et al.
2003a).

If the density is high enough, or if the temperature or the field strength is low
enough, this process, which varies as n2T /2, dominates over gyro-synchrotron,
which varies as nT%B?, with a > 1 and b > 1 (Dulk 1985). Gyro-synchrotron
(1 < v € 2 - 3) emission from a thermal or non-thermal electron energy dis-
tribution can account for the measured emissions from the far infrared to the
radio if we assume that the far infrared source is small (~ 0.1a) and that it
expands to large values (> 5a) which are measurewd in radio. The spectrum
of gyro-synchrotron emission from a thermal electron energy distribution varies
as v? at low frequencies and as v~® at higher frequencies (Dulk 1985). For a
non-thermal, power-law distribution, the expected spectrum varies as v%? at low
frequencies and as a power-law of index —(2.7§ — 3.6)/3 at higher frequencies
(from Dulk 1985). In order to determine which emission processes dominate in
radio and in infrared, a more complete spectrum of AE Aqr is necessary.

4. Conclusion

The whole picture to explain AE Aqr radio and far infrared emissions is not
simply synchrotron radiation from a single power-law electron energy distribu-
tion, but rather emission processes from several distributions, including possibly
a thermal distribution which may contribute to some of the measured emission.
In order to modelise quantitatively the observed emission(s), one needs high
sensitivity, multi-frequency, simultaneous data with high resolutions in both
space, frequency, and time, and with the 4 Stokes parameters. In particular, the
expected correlation between radio and high energies requires to be investigated.
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