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The multi-frequency properties of AE Aquarii
and its evolution from a high mass transfer

history
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Abstract. The multi-frequency properties of the novalike variable AE Aquarii has been re-
viewed within the framework of its secular evolution and a very effective magnetospheric
propeller process. It has been shown that a run-away thermal mass transfer occurred, ex-
ceeding M, > 10" gs7!, between 2.7 > q > 0.73. This resulted in the presence of an
accretion disc spinning the white dwarf up to a very short period of ~ 33 s. Thermal time
scale mass transfer for q < 0.73 decreased to M, ~ 107 g s™!, which is propelled out of the
system by the fast rotating magnetosphere. The very peculiar broad band emission from ra-
dio to possibly TeV gamma-rays is a manifestation of the propeller driven spin-down power
of the white dwarf, which is Ly, ~ 10** erg s™'. This may put AE Aquarii in the class of
rotation-powered pulsars, and provide an attractive framework to explain the earlier reports
of the transient VHE-TeV gamma-ray emission.
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1. Introduction

The novalike variable AE Aquarii is probably
one of the best studied sources in the sky, from
radio to TeV gamma-rays (Meintjes & de Jager
2000). The system consists of a (0.8 — 0.9)M
fast rotating P,y ~ 33s white dwarf orbit-
ing a (0.5 — 0.6) M K3-5 secondary star every
9.88 hours (Pattersonl [1979). The secondary
star appears to be overluminous for its mass
(Patterson 1979), possibly an attribute of be-
ing evolved. Another peculiar aspect of the sys-
tem is the abnormal line ratios observed from
UV data, indicating N V and Si IV abundances
that are approximately 10 times higher than He
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Il and C IV (Jameson, King and Sherrington
1980; Mauche, Lee & Kallman 1997), possibly
being an indication of CNO cycling in the con-
vective envelope reaching down to deep within
the stellar interior (Schenker et al. 2002). This
may further support the notion of an evolved
secondary star, perhaps being stripped of its
outer envelope during a violent mass transfer
history.

The system displays erratic optical flaring
which results in the apparent magnitude rang-
ing between m, =~ 10(flares) — 12(quiescence),
indicated in Fig. [l The rotation period of
the white dwarf manifests as a low amplitude
(0.1 -0.2)% 33.08 s modulation superimposed
on the optical light curve, which in a FFT, re-
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Fig. 1. Optical lightcurve of AE Aquarii show-
ing rapid intensity variations. The observation was
made recently with the UFS-Boyden Observatory’s
1.5 m telescope outside Bloemfontein (SA).

veals maximum power at v, = 30.23 mHz and
its first harmonic (e.g Fig. ). It has been shown
(de Jager et al. 1994) that the white dwarf is
spinning down at a rate of P = 5.6 x 107 s
s~! consistent with the spin-down found in a
more recent study (Mauche 2006). This spin-
down implies an inferred spin-down power of
Py = IQQ ~ 10** erg s™!, which is approx-
imately 500 times higher (e.g. Meintjes & de
Jager 2000) than the observed accretion in-
duced luminosity, i.e. Lyc ~ 2 X 10°! erg s!,
derived from HST ultra-violet (UV) and X-
ray data (Eracleous, Halpern & Patterson 1991;
Eracleous & Horne 1996). The fast rotating
magnetosphere results in AE Aquarii being in
a propeller phase, expelling the majority of
the mass transfer flow from the binary system
(e.g Fig. B) (e.g. Wynn, King & Horne 1997;
Meintjes & de Jager 2000).

The propeller ejection of matter from the
system is probably the driving mechanism be-
hind all the non-thermal emission from radio
to the reported, but unconfirmed, VHE (g, >
350GeV) and TeV (g, > 1000 GeV) gamma-
rays. The reported TeV gamma-ray emission
showed pulsations corresponding to the 33 s
rotation period of the white dwarf, as well as
short minute time-scale bursts (Meintjes et al.
1992,1994; Chadwick et al. 1995). The de-
rived duty cycle for the burst-like emission
was approximately Opyst ~ 0.024%, while the
duty cycle for strong pulsed emission close to
the spin period of the white dwarf, above the
99.999 % confidence level, was Opuisea ~ 1%.
However, weak pulsed emission at the spin pe-
riod, above the 95 % significance level, was
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Fig. 2. Optical FFT power spectrum during quies-
cence and flares. In quiescence the spin period of
P. ~ 33.08s and its first harmonic correspond to
peaks at (vg;2ve) = (30.23;60.46) mHz (adopted
from Meintjes et al. 1994).

Fig. 3. Tlustrating the propeller process in AE
Aquarii (adopted from Wynn, King & Horne 1997).

detected more often with a duty cycle of ap-
proximately dweax ~ 30% in all the observa-
tions between 1988-1991 (Meintjes et al. 1992,
1994). The Spectral Energy Distribution (SED)
of AE Aquarii (Fig. 4) showing the total emis-
sion from radio to TeV gamma-rays has been
constructed (e.g. Dubus et al. 2004 (and refer-
ences therein), Terada et al. 2008, Chadwick
et al. 1995 (VHE), Meintjes et al. 1992, 1994
(TeV)).

2. Secular evolution of AE Aquarii

The time evolution of the orbit, i.e. (a/a), is
given by

v duw MM, M
S SR Yaed B, Tie )
a Jorb M Ml M2

6]
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Fig. 4. The SED of AE Aqr from radio to the re-
ported, but unconfirmed, TeV gamma-rays.

which depends on the rate of change of the or-
bital angular momentum (Jo,/Jor), the mass
loss from the system (M/M), mass accretion
by the primary star (M;/M;) and the mass
transfer rate (M,/M,) from the secondary star
(e.g. Wynn & King 1995).

If a fraction (7)) of the angular momentum
crossing the L1 region is lost from the binary
(e.g. King 1993; Wynn & King 1995), the an-
gular momentum losses are approximated by

Jov . (GMchirc)1/2
=7 =nMy———.
Jorb Jorb

J orb

2
J orb
It can be shown that the mass loss and the mass
accreted by the white dwarf are related through

3)

where « represents the fraction of the Roche
lobe overflow escaping from the system, and
where 8 = (1 — @) represents the fraction of
the mass transfer accreted by the compact star.
The negative sign indicates positive accretion
since it is assumed both M and M, are negative
quantities.

The current properties of AE Aquarii is
consistent with a high mass accretion history
(Schenker et al. 2002; Meintjes 2002). If one
consider initial parameters Pog, ~ 15h, M, ; ~
0.6M@, M2,i ~ 1.6M@ (1e qi ~ 27) and Rz ~
1.6R, it can be shown that the initial thermal
time scale (g, ~ 6.3 X 10°(M,/1.6My)~" yr)
mass transfer could have been of the order

MZG,’MZ . Ml = —(1 —(I)Mz = —ﬂMz

My ~ 2x10"°(Ma;/1.6 Mo)(t/t0) ' 257", (4)
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still  below the Eddington value of
Mggq <7 x102°(M;;/0.6 M) 8 gs 1.

It can be shown that for non-conservative
binary evolution, using («,8) ~ 0.5 and  ~
0.1, the binary shrinks down into the photo-
sphere of the secondary star at a rate @, ~
—-0.002cm s~!. This results in the orbit de-
creasing a distance equal to a stellar scale
height H, ~ 3 x 107(T,/6500K) cm on a time
scale

. -1
At ~ 500(2“)(.1) yr, )

which is several orders of magnitude smaller
than the thermal time scale. This may have
been a trigger mechanism for a run-away mass
transfer process if the Roche lobe radius de-
creased more than one stellar scale height. It
has been shown that this could have lasted un-
til a critical g-ratio was reached, i.e. gt = 0.73
(Meintjes 2002). It has been shown that accre-
tion disc torques could spin-up the white dwarf
to periods around ~ 30 s over a time scale
Ta ~ 3%x10° yr, which is similar to the thermal
mass transfer time scale, i.e. Ty ~ few x 10° yr
(Meintjes 2002). A mass accretion rate sce-
nario where 8 ~ 0.5 of the thermal time scale
mass transfer rate, is sufficient to drive ther-
mal nuclear burning on the surface of the white
dwarf, which is of the order (Prialnik 1986)

M ;

0.6 My, ©®

3/2
Ml,i >5X 1018( ) gS_l.

Therefore, during this run-away mass transfer
phase AE Aquarii could have been a Super Soft
X-ray Source (SSS). The subsequent thermal
mass transfer rate from g < g is at a much
more modest rate, i.e. M, ~ 3 x 10!7 g s7L, re-
sulting in the highly spun-up white dwarf pro-
pelling the mass flow from the system. This re-
sults in the white dwarf occupying a spin-down
phase for the past 7¢4 = 7y, ~ 107 yr (de Jager
et al. 1994. Meintjes & de Jager 2000).
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3. Magnetospheric propeller

It can be shown that the current thermal time
scale mass transfer rate from the secondary star
is

-1
. M, Tth _

M, ~4x 10" L@
2~4x10 (O.6MO)(107yr) gs—. (D)

If this is representative of the accretion rate, it
would drive an accretion luminosity ~ few X
103 Lyec. The weak ~ (0.1 — 0.2)% modulation
of the 33 s pulsed signal suggests that the bulk
of the mass transfer flow is not converted to
heat and radiation on the surface of the white
dwarf. Possible MHD propellering may occur
at the the magnetospheric radius (Alfvén ra-
dius), where the field starts to dominate the
mass flow dynamics. This is of the order

M, )1/7 (M2,17

2

=
Ry = 10'° 7.ocm, (8

M (0.9M@ 4 ) 3 cm. (8)
where p33 is the magnetic moment of the WD
in the units of 10** G cm? and M, 7 represents
the mass transfer rate in units of 10'7 g s7!. At
the Alfvén radius, the magnetosphere rotates

with a velocity
M, 5.2 4 ~
Viot = 2 X 109(V) YVIM ] P3ul, ems™! (9)
©

The Keplerian velocity of the orbiting matter at
this radius is

M

47 s
8 * g7, =7 -1
vk = 10 (—) M5 s,y ems™. (10)
IMG

For M < 107 g s7!, vo¢ > vk as shown in
Figure 5. The high rotational velocity of the
magnetosphere with respect to orbiting gas
supports the centrifugal expulsion of material
from the binary system.

The propeller driven outflow is evident
from the width of the Balmer H, line (e.g.
Fig. 6), showing a velocity dispersion that is
not compatible with thermal broadening of a
10* — 10° K thermal plasma.

The expected velocity dispersion due to
thermal broadening of a line emitting gas at
temperature T ~ few x 10*K is approxi-
mately Av < 30(T/10*K)"/2km s~!, orders
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Fig. 5. A comparison between the rotational veloc-
ity of the magnetosphere and the Keplerian velocity
of the gas at the magnetospheric boundary.
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Fig. 6. Optical spectrum obtained with the grating
spectrograph on the SAAO 1.9 m telescope during
September 2011. The spectrum displays a broad H,
line at 656 nm.

14000

12000

10000

8000

6000

4000

2000

a
-4000

-3000 -2000 -1000 a 1000 2000 3000 4000

Velocity (km.sT)

Fig.7. The velocity dispersion visible in the H,
line.

less than the observed velocity dispersion vis-
ible in the H, line, which is of the order of
Av ~ 2000km s~! (Fig. 7). This can satisfac-
torily be explained in terms of high velocity
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gas being propelled out of the system due to
a magnetospheric propeller process.

If the mass transfer flow is converted to ra-
diation in the propeller zone, the resultant lu-
minosity (in units of 10*} erg s7!) is

M R
21y ——)!

M
~ 5(———)( m
mag

09M,"" 4

Linag 33 (11
for the current thermal time scale mass transfer
rate. This is sufficient to drive optical emission
associated with flares. Observations seem to
suggest that the accretion luminosity inferred
from UV - X-ray data is approximately L, ~
103! erg s7!, which implies an accretion rate of

L R. M,
Lace X 100 cm)( 0.9M,

M, ~ 10" ( ) gsT(12)
significantly lower than the inferred mass
transfer rate. This suggests that the majority
of the mass flow from the secondary star is
ejected from the binary system. The total MHD
power transmitted to the orbiting gas stream is
of the order (Meintjes & Venter 2005)

Vrel, L )( Beire )
2x100°cm s~/ \300G

stre -1
5x1(;2ltfac“1rn2 ergs .

~ 34
thd =~ 10 ( (13)

The dissipated magnetospheric power is
consistent with the spin-down power of the
white dwarf inferred from the spin-down rate
(de Jager et al. 1994; Mauche 2006), exceeding
the accretion luminosity by several orders of
magnitude, i.e. Pgq ~ 10°Lyc.. The spin-down
power provides a huge reservoir of energy that
may be channeled into particle acceleration
and non-thermal emission (e.g. de Jager 1994;
Meintjes & de Jager 2000). A recent study of
the X-ray emission from AE Aquarii (Terada
et al. 2008) using the Suzaku satellite, showed
indications of a non-thermal pulsed hard X-ray
component, a tell-tale signature of particle ac-
celeration in the system.

4. Particle acceleration and
non-thermal emission

The non-thermal nature of the hard X-ray
emission in AE Aquarii and the continuous
non-thermal flaring below v < 10*Hz (e.g.
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Fig. 8. The soft and hard X-ray spectrum observed
by Suzaku. Noticeable is a possible power-law hard
X-ray component above 10 keV (Adopted from
Terada et al. 2008).

Dubus et al 2004) provide evidence that a
fraction of the spin-down power may be con-
verted into particle acceleration through differ-
ent mechanisms.

4.1. Non-thermal radio - IR flares

The highly transient non-thermal emission in
AE Aquarii can be satisfactorily explained
within the framework of the interaction be-
tween the magnetospheric propeller and mag-
netized blobs in the mass transfer stream. It
can be shown that a fast moving magnetic dis-
turbance propagating through a gas with the
Alfvén velocity va, can transfer energy to ther-
mal electrons moving with a velocity v in the
frozen-in fields, i.e.

de. _ (_

T = (—e/o)va.(ve X B) (14)
= VA.FL.

These electrons will experience a push

from the Lorentz force, resulting in a sud-
den increase in energy. For thermal veloc-
ities of the order of the sound speed v.
~ 3 % 10%Tpip/10° K)2cms~!, and an
Alfvén velocity of the order of va ~
4 x 106(Bblob/300 G)(p/(pbstream»_]/z cm S_l,
the rate at which energy is being transferred to
thermal electrons in magnetized blobs is

de, B _
—z40( )(—)MV I
d 300G/

Tsurf
105K

(15)
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Fig. 9. The non-thermal emission from expanding
synchrotron emitting clouds from radio to IR fre-
quencies (adopted from Venter & Meintjes 2006).

This mechanism can accelerate electrons in
magnetized blobs to energies reaching at least
Ye ~ 250 (e, ~ 130 MeV) within the dominant
energy loss time scales, explaining the radio-IR
synchrotron emission from expanding magne-
tized blobs (shown in Figures 4 and 9). Also
visible from Figure 9 is the prediction of a ra-
dio remnant below 1 GHz (Venter Meintjes
20006).

4.2. High energy emission

The recent Suzaku observations reveal a pulsed
hard X-ray component ex > 10keV, with a
photon power law index of I' = 1.16, compat-
ible with the photon power law index I' ~ 1.4
of young rotation-powered pulsars (Gotthelf
2003). Similarly, the rapid spin-down of the
white dwarf in the current low mass accre-
tion phase puts AE Aquarii in the class of
rotation-powered pulsars. The spin-down may
be instrumental in driving huge electric fields
along the magnetic field lines. The electric field
component parallel to the magnetic field, £,
is (Arons & Scharlemann 1979; Ikhsanov &
Bierman 2006):

Ey = E\g\2R/r, (16)
where
1 (Q.R)"
El = —( - ) B.. (17)
AS 8 \/g c
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Fig. 10. Electric field potential (V) as a function of
radius (7 = r/Ryc).

It can be shown that

_3 _ B
Elg = 10* P} 53Ry Vim!, (18)
which translates to

_3 _ _
Ey = 10°P} pssry 2 V™!, (19)

in the vicinity of the light cylinder radius.
The electric potential in the region of the
polar cap is

= f EHdS
R
r

_s 1/2
2% 101 P2 R [(E) - 1} V.

Vpe(r) (20)

R

Close to the light cylinder, (R, ~ ¢/Q.), the
potential is

V(Ry) ~ 3 x 102 P33us3 V. 1)

Figure 10 shows the variation of electric poten-
tial with distance from the white dwarf, nor-
malized with respect to the light cylinder ra-
dius (7 = r/Ry), which is of the order of
Ry = 5 1s (Is = light seconds). Close to the sur-
face of the WD, the potential difference is zero
(V = 0), increasing to values of the order of 1
Tera Volt at the cylinder radius and beyond.
Line emission profiles observed during
HST observations are consistent with interblob
plasma densities in the propeller zone (Ryrop 2>
10'° cm) (Wynn, King & Horne 1997) between
n, ~ 10° - 10" cm™ (Eracleous & Horne
1996), with an adopted median value of n, ~
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10'cm™3. The low accretion rate, compared
to the mass transfer rate, i.e. k = (M;/M,) ~
1073, may imply that the plasma density closer
to the white dwarf (r < Rp0p) may reach values
close to the so-called Goldreich-Julian density
(Goldreich & Julian 1969), which is

ngy =2 x 10° B, P33 cm™, (22)

where B, ¢ is the surface field strength of the
WD in the units of 10° G. In such low density
plasmas electric fields can be sustained with-
out being shorted out by electrostatic shielding.
The effective acceleration of electrons will be
determined by ionization losses in the plasma
and the synchrotron losses.

The mean free path of thermal elec-
trons in a plasma with density n, is A, =
(1/ny)(1/1n A)(me?/8e.E.)%, with In A repre-
senting the Coulomb logarithm, ranging be-
tween In A ~ 10 — 20 (e.g. Terada et al. 2008).
Then it can be shown that thermal electrons
with energy Ey, ~ 1keV in the plasma density
range given above, have mean free paths rang-
ing between A, ~ 106(np/1011 cm™3)'em —
10" (n,/10°cm™)~! cm. One can also show
that a thermal plasma exposed to an elec-
tric field in excess of the so-called Dreicer
field, Ep ~ 2 x 10719 (n./Tes) statvolts cm ™
(e.g Meintjes & de Jager 2000 and references
therein), will accelerate freely without experi-
encing the inhibiting effect of particle-particle
collisions. For AE Aquarii, the upper limit to
the Dreicer field is of the order of

ED < 0.1116,11Te_ﬁl‘7 A\ m_l . (23)

where the particle density and temperature are
expressed in units of 10" cm™ and 107 K re-

spectively. One can see that 6 = E% > 10%, for
the typical values mentioned above, implying
the effective acceleration of the electron popu-
lation as a whole.

It can be shown that synchrotron losses in
the magnetosphere, inside the propeller zone,

limit electron energies to

-1 2
Ye = 10° Rorop By
1019cm 130G

where B, is the value of the magnetospheric
field in the propeller zone. The frequency at

(24)
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which individual electrons with energies y ~
10° radiate most of their energy, is then

B, 2
= 510" (o ) (25 he,
Yo =0 (13OG 105) 7

(25)

consistent with the hard X-ray emission de-
tected with the Suzaku satellite (Figure 4) re-
ported by Terada et al. (2008). The reported
hard X-ray luminosity of L, ~ 5 x 10%° erg s~!
(Terada et al. 2008) corresponds to 0.01% of
the spin-down power, putting AE Aquarii in
the same category as young rotation-powered
pulsars in the 2-10 keV energy range (Becker
& Trumpher 1997).

Highly relativistic electrons with energies
y ~ 10° provide an interesting possibility for
high energy gamma-ray production by upscat-
tering optical photons (&, ~ 1 eV) from the K-
type companion star, or propeller ejected out-
flow, to high energies, i.e. the inverse Compton
process. It can be shown that the inverse
Compton process occurs in the Thomson limit
for photon frequencies

1
y < 1.2><1015(l) Hz, (26)

103
which is consistent with the optical photons
from the K3-5 secondary star (Figure 4). An
upper-limit for gamma-ray energies produced
in the Thomson limit is

2
< o.z(l) (ﬂ)TeV,
105/ \5eV

6 < @7
which provides an interesting prospect for
follow-up studies using Fermi and modern
Cerenkov facilities.

It has been shown (Meintjes & de Jager
2000) that the burst-like VHE and TeV
gamma-ray emission (Meintjes et al. 1992,
1994; Chadwick et al. 1995) is consistent with
proton acceleration and gamma-ray production
through n° decay in the circumbinary ring of
propeller ejected gas. Since protons do not suf-
fer synchrotron losses, the proton energies can
indeed significantly exceed the electron ener-
gies. The low duty cycle of the reported emis-
sion, require dedicated follow-up campaigns
with, among others, HESS, to verify the pos-
sible VHE and TeV gamma-ray status of this
enigmatic source.
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5. Conclusions

In this paper the peculiar properties of AE
Aquarii have been presented within the theo-
retical framework of its evolution from a pos-
sible SSS history and a current propeller phase.
It has been shown that a run-away mass trans-
fer phase ~ 10’y ago may have spun the white
dwarf up to ~ 33 s. The mass transfer and ac-
cretion rates could have been M; > 109 gs7!,
enough to drive nuclear burning on the white
dwarf surface. A subsequent decrease in mass
transfer for ¢ < 0.73 resulted in the spun-
up white dwarf propelling the mass flow from
the system, with the subsequent production
of the unique thermal and non-thermal multi-
frequency emission, from radio to possibly
TeV gamma-rays.

6. Discussion

ANDREW KING: I agree that it is very likely
that AE Aqr have deccended from a super-
soft source. Another sign is the C/N ratio indi-
cating that the secondary star must have been
more massive in the past. The short evolution
time scale of AE Aqr suggests that systems
like this might be quite common. Is there any
progress in determining what fraction of CVs
show signs of abundance anomalies, and so
could have descended from this evolutionary
route?

CHRISTIAN KNIGGE’s Comment: Boris
Gansicke and collaborators showed from a UV
snapshot survey that there are some clear ex-
amples of abundance anomalies pointing to
thermal time scale mass transfer evolution, but
it is only a handful, probably not a large per-
centage of the known cv’s

Acknowledgements. The author is grateful for the
invitation to the Golden Age of CV’s and Related
Objects workshop in Palermo, Sicily. The author
thank Dr. C. Mauche for enlightening discussions
related to the X-ray emission of AE Aqr.
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