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ABSTRACT

We report onXMM-Newtonobservations of the magnetic
cataclysmic variable (mCV) AE Aqr. High resolution
spectroscopy of the He-like triplet of N and O with the
RGS has enabled us to measure the electron number den-
sity of the plasma to be∼1011 cm−3. Incorporating this
with the emission measure, we estimate the geometrical
scale of the plasma responsible for the N and O line emis-
sion, with ionization temperaturekTi = 0.2−0.3 keV,
to be `p ' (2–3) × 1010 cm. Since both the density
and the scale are incompatible with a standard post-shock
accretion column of a mCV, the hot plasma in AE Aqr
cannot be a product of mass accretion onto the white
dwarf. The widths of the H-like Kα emission (= Lyα)
lines of N and O, on the other hand, are measured to
be 1250−1600 km s−1 with the RGS. This is signifi-
cantly larger than the thermal velocity expected for the
ionization temperature of N and O plasma, but is rather
consistent with that of the maximum plasma temperature
kTmax = 4.6 keV measured with the EPIC cameras. It
is known that Balmer series and UV emission lines also
show similar line widths. As the optical and UV lines, the
X-ray emission lines also show dramatic flaring activity.
These facts strongly suggest that all these broad emission
lines from X-ray to optical wavebands are produced in
the course of adiabatic cooling of the plasma once heated
up toTmax in the deep gravitational potential of the white
dwarf.

Key words: binaries: close — novae, cataclysmic vari-
ables — stars: individual (AE Aquarii) — plasmas —
X-rays: stars.

1. INTRODUCTION

AE Aqr is a close binary system composed of a mag-
netized white dwarf rotating at a period of 33.08 s (Pat-
terson, 1979) and a late type K3V-K5V star (Welsh,
Horne, & Gomer, 1995) in a 9.88-h orbit (Welsh, Horne,
& Gomer, 1993) whose inclination angle is58◦ ± 6◦
(Casares et al., 1996). The masses of the primary and

the secondary are evaluated to beM1 = 0.79± 0.16M¯
andM2 = 0.50± 0.10M¯ (Casares et al., 1996).

AE Aqr has been known as one of the most enigmatic
magnetic Cataclysmic Variables (mCVs) showing large
optical flares and flickering (Patterson, 1979), large ra-
dio flares (Bastian, Beasley, & Bookbinder, 1996), TeV
γ-ray emissions (Meintjes et al., 1994). In addition to
these, although the long orbital period leads us to expect
an accretion disk, the spectral profile of an Hα emission
line is single-peaked and its centroid velocity is found to
be inconsistent with the white dwarf orbit but lags behind
the secondary orbit by some 70◦–80◦ (Welsh, Horne, &
Gomer, 1993). Spectral widths of Balmer emission lines
are highly variable with a full width at zero intensity of
∼1000 km s−1 to over 4000 km s−1 during flares for the
Hα line (Welsh, Horne, & Gomer, 1998). The widths of
the same order are reported also for Hβ and Hγ emission
lines (Reinsch & Beuermann, 1994). Hard X-ray emis-
sion from mCVs originates from the post-shock plasma
in an accretion column whose temperature is a few tens of
keV in mCVs in general (Ezuka & Ishida, 1999; Ishida &
Fujimoto, 1995). The maximum temperature of AE Aqr
is, on the other hand, as low as∼ 3 keV (Eracleous, 1999;
Choi, Dotani, & Agrawal, 1999). All of these results,
along with the discovery of a steady spin-down of the
white dwarf at a ratėP = 5.64×10−14 s s−1 (de Jager et
al., 1994), led Wynn, King, & Horne (1997) to introduce
the magnetic propeller model in which “blobby” accret-
ing matter originally following a ballistic trajectory from
the inner Lagrangian point, experiences a drag from the
magnetic field of the white dwarf, and is finally blown out
of the binary due to so-called propeller action.

In this paper, we present results of density diagnostics
of the plasma in AE Aqr by means of a well-resolved
He-like triplet of N and O with the RGS. The results of
this observation will be found in full detail in Itoh et al.
(2006).

2. OBSERVATION

AE Aqr was observed withXMM-Newton on 2001
November 7–8. In total, 27 ks data are available for the
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RGS and 17 ks for the EPIC pn/MOS. A detailed obser-
vation log can be found in Itoh et al. (2006). In Fig. 1
shown are the pn, MOS1, RGS1 and RGS2 light curves.
As evident from the RGS2 light curve, the X-ray emis-

Figure 1. The light curves of EPIC pn and MOS1 in the
band 0.2–15 keV, RGS1 in the band 5–35Å, and RGS2
only with H-like and He-like Kα photons from N, O and
Ne, but excluding the He-like Kα of O for which the cor-
responding CCD chip is dead. A common bin size of
256 sec is adopted. The source integration region is a
circle with a radius of57.′′4 and50.′′6 for pn and MOS1,
respectively. The RGS light curves are created with the
1st order photons.

sion lines show dramatic flaring activity as the optical and
UV emission lines do (Eracleous & Horne, 1996), in cor-
relation with the continuum emission that dominates the
EPIC light curves and spectra.

We have searched for an X-ray pulsation in the EPIC pn
light curve created in the band 0.2–10 keV, and have de-
tected a sinusoidal pulse at a period of33.08 ± 0.04 s
by means of the epoch folding method both during quies-
cence and flare periods (time intervals of 13,000–18,700 s
and 21,000–27,000 s in Fig. 1, respectively). The pulse
period is consistent with the optical one (Patterson, 1979;
de Jager et al., 1994).

3. DATA ANALYSIS

3.1. EPIC Spectra

The time-averaged energy spectrum extracted from the
EPIC MOS2 is shown in Fig. 2. A number of H-
like and/or He-like Kα emission lines of abundant metals
from N through Fe can be recognized. The coexistence
of these lines indicates that the X-ray-emitting plasma
is optically thin and thermal, and has a significant tem-
perature distribution in the rangekT ' 0.1–10 keV. In
fact, we need four optically thin thermal plasma emission
components with different temperatures to fit the spectra
of the EPIC pn, MOS1, and MOS2 simultaneously. The

Figure 2. The time-averaged spectrum of AE Aqr taken
with the EPIC MOS2. Energies of hydrogenic and He-
like Kα lines from N through Fe are indicated with short
vertical lines.

parameters of the best-fit 4-temperatureVMEKAL model
are summarized in table 1. The resultant temperatures
are 0.14, 0.59, 1.4, and 4.6 keV. Their emission mea-
sures are1.3, 3.6, 2.7, and5.3 × 1053cm−3, and in to-
tal 1.29 × 1054cm−3, for an assumed distance of 100 pc
(Welsh, Horne, & Oke, 1993; Friedjung, 1997). A com-
mon hydrogen column density of3.6 × 1020 cm−2 is
necessary to represent the photoelectric absorption. The
metal abundances are subsolar and are in the range 0.4-
0.8Z¯ in general, except for N, whereZ = 3.5± 0.9Z¯.

3.2. Spectra of He-like Triplets from the RGS

In Fig. 3 we have shown the RGS spectrum averaged
throughout the observation. Kα emission lines from N
through Si in the H-like and/or He-like ionization states
can easily be recognized. Figure 4 (a)-(c) are blow-ups of
energy bands of the He-like triplets of N, O, and Ne. In
the next column (d)–(f) shown are the spectra predicted
by the best-fit 4-temperatureVMEKAL model. The
intercombination line (i in the figure) is stronger and the
forbidden (f in the figure) is weaker in the observed spec-
tra, compared to the model spectra for N and O. This be-
havior can be attributed to a high density effect. If the
electron density exceeds a certain critical value inherent
in each element, on the other hand, one of the two elec-
trons excited to the upper level of the forbidden line (3S1)
is further pumped to the higher level3P2, 1 by another
impact of a free electron, and is then relaxed by radiat-
ing the intercombination line. The relative intensities of
the intercombination and forbidden lines can therefore be
utilized as a density diagnostic (Gabriel & Jordan, 1969;
Pradhan & Shull, 1981; Porquet et al., 2001).

In order to obtain the electron number densityne, we be-
gin by evaluating intensities of the He-like triplets. For
this, we utilize the 4-temperatureVMEKAL model that
provides the best-fit to the EPIC pn and MOS spectra
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Table 1. The best-fit parameters of the 4 temperature
vmekal model being fit to EPIC pn and MOS spectra

Parameter Value Element Abundancea

NH (1020cm−2) 3.59+1.47
−1.20 N 3.51+0.92

−0.81

kT1 (keV) 4.60+0.60
−0.47 O 0.74+0.17

−0.23

kT2 (keV) 1.21+0.13
−0.08 Ne 0.43+0.28

−0.25

kT3 (keV) 0.59+0.02
−0.02 Mg 0.70+0.15

−0.14

kT4 (keV) 0.14+0.05
−0.02 Si 0.81+0.15

−0.12

Nb
1 (10−3) 4.45+0.41

−0.44 S 0.73+0.20
−0.18

Nb
2 (10−3) 2.25+0.52

−0.51 Ar 0.21 (< 0.89)
Nb

3 (10−3) 3.04+0.47
−0.41 Ca 0.19 (< 1.11)

Nb
4 (10−3) 1.07+0.64

−0.37 Fe 0.47+0.07
−0.06

Npn/N c
MOS 1.08+0.01

−0.01 Ni 1.27+0.57
−0.50

χ2
ν (d.o.f.) 1.22 (992)

a: Solar Abundances (Anders & Grevesse, 1989)
b: Normalization of theVMEKAL component obtained
with pn camera in a unit of10−14/4πD2

∫
nenH dV ,

whereD [cm] is the distance to the target star.
c: Ratio of continuum normalizations.

(§ 3.1). The abundances are also fixed at the best-fit val-
ues, except for an element to be used as a density diagnos-
tic, for which the abundance is set equal to zero, and in-
stead, four Gaussians are added, representing the He-like
triplet and the Lyα line. The best-fit model is displayed
in Fig. 4 (a)-(c) as the histograms.

The ionization temperatureskTi calculated from the in-
tensity ratio between the Lyα and r are obtained to be
0.18, 0.30, and 0.34 keV for N, O, and Ne, respectively.
The emission measures (EMs) of the plasma compo-
nents with these temperatures can be calculated from the
intensities of the Lyα andr lines with the aid of the EPIC
abundances (see table 1), which result inEM =1.5, 1.8,
and 9.1×1053 cm−3, respectively.

Given the line intensities of the triplets, we have car-
ried out density diagnostics by means of the intensity
ratio f/(r + i). In Fig. 4 (g)-(i) shown are theoretical
curves of the ratiof/(r + i) versus the electron num-
ber density calculated with the plasma codeSPEX(Kaas-
tra, Mewe, & Nieuwenhuijzen, 1996) atkTi of each el-
ement. In each panel we have also drawn a range of
the intensity ratio allowed from the data and the resul-
tant density range as a box. The electron number den-
sities are found to be(0.14–1.3) × 1011cm−3, (0.40–
6.8) × 1011cm−3, and < 9.3 × 1012cm−3 for N, O,
and Ne, respectively. As an approximation, we obtain
ne ' 1011cm−3. This density, together with the emis-
sion measure obtained above, results in the linear scale
of the plasma components withkTi = 0.2–0.3 keV of
`p = (EM/n2

e)
1/3 ' (2–3)×1010 cm.

3.3. Spectra of H-like Kα Lines from the RGS

It is known that the wavelength of the Hα line from
AE Aqr shows a sinusoidal orbital Doppler modulation

Figure 3. The averaged RGS spectra. Identifications of
the H-line and He-like Kα lines of N through Si are shown
with dotted-dashed line. The other unidentified lines are
mainly those associated with Fe-L transitions.

with an amplitude of∼150 km s−1 (Robinson, Shafter,
& Balachandran, 1991; Wynn, King, & Horne, 1997;
Welsh, Horne, & Gomer, 1998). A similar behavior is
found from a series of UV emission lines with a veloc-
ity amplitude of generally 110–220 km s−1 (Eracleous
& Horne, 1996). In order to search the X-ray emission
lines for a similar orbital modulation, we have made RGS
spectra during the first and second flares separately. The
spectra are accumulated during time intervals of 3,000–
8,500 s and 19,000–26,000 s in Fig. 1 for the two flares.
The corresponding orbital phases areφ = 0.81−0.93 and
φ = 0.29−0.46, respectively. We have evaluated profiles
of spectrally isolated H-like Kα lines (= Lyα lines) from
N and O by fitting a Gaussian to them. Unfortunately,
the line central energies are consistent with those in the
laboratory, and any systematic orbital motion of the line-
emitting gas is not detected.

Note, however, that the 1σ line width ∆ELyα is found
to be' 1.2 eV and' 2 eV for the N and O Lyα lines
on average, which corresponds to a line-of-sight velocity
dispersion<v1> (= (∆ELyα/ELyα) c) of '720 km s−1

and'920 km s−1, respectively. These values are much
larger than the thermal velocity, e.g.,∼ 0.16 eV or ∼
70 km s−1 for oxygen, estimated fromkTi = 0.3 keV.
Note also that the line-of-sight orbital velocity amplitude
is ' M1

M1+M2

2π
Porb

a cos i ' 100 km s−1, which is also
small enough.

4. DISCUSSION

4.1. Implication of the Low Plasma Density

The electron number density of the plasma measured
from the He-like triplets of N and O (' 1011cm−3)
is smaller by several orders of magnitude than the con-
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Figure 4. Density diagnostics by means of the He-like triplet. Panels of observed and coronal limit spectra around the
He-like triplet, and the density diagnostics are arranged from left to right columns. The cases of Nitrogen, Oxygen, and
Neon are arranged from upper to lower raws. The relative intensities of the intercombination (marked with ‘i’) and
forbidden (marked with ‘f ’) lines are undoubtedly inverted for N and O. Panels (g)-(i) compare theoretical curves of the
intensity ratiof/(r + i) as a function ofne with the observed intensity ratio. In drawing the theoretical curves we have
used the plasma codeSPEX (Kaastra, Mewe, & Nieuwenhuijzen, 1996) at the ionization temperatureskTi of 0.18, 0.30,
and 0.34 keV for N, O, and Ne obtained from the intensity ratio between Lyα andr.

ventional estimate in the post-shock accretion column of
mCVs,ne ' 1016 cm−3 (Frank, King, & Raine, 2002).
Moreover, the resultant scale (`p = (2−3)× 1010 cm) is
larger than the radius of the white dwarf (assumed to be
∼7×108 cm for a0.79M¯ white dwarf) by more than an
order of magnitude, and is rather a fraction of the size of
the Roche lobe of the primary. We thus conclude that, un-
like other mCVs, the X-ray-emitting plasma in AE Aqr is
not a product of the mass accretion onto the white dwarf.

We would like to remark here that photo-excitation due
to UV radiation can also pump a3S1 electron up into
the3P2, 1 level, thereby affecting the density diagnostics
(Gabriel & Jordan, 1969; Pradhan & Shull, 1981; Porquet
et al., 2001). Since there is no evidence of an accretion
disk in AE Aqr (Welsh, Horne, & Gomer, 1993), and the
secondary is a late type K3-K5 star, the hot polarcap re-
gion of the white dwarf, occupying 0.6 % of the surface
area emitting with a 47,000 K blackbody spectrum (Era-
cleous & Horne, 1996), is the most efficient UV-radiation
source. With this emission, however, the photo-excitation
rate is only∼0.2 % of the collisional-excitation rate, and
hence, can be neglected (Itoh et al., 2006).

4.2. Plasma Heating and Propeller Condition

From theXMM-Newtonobservations, we have obtained
the maximum temperature of the plasmakTmax to be
4.6 keV (table 1). This implies the matter transferred

from the secondary star is accelerated at least to the corre-
sponding thermal velocityvth = (3kTmax/µmH)1/2 '
1500 km s−1. Such a high velocity can naturally be
achieved by utilizing the gravitational potential of the
white dwarf. Theoretical model calculations of the
Doppler tomograms by Wynn, King, & Horne (1997) and
Welsh, Horne, & Gomer (1998) also predict that the high
velocity can be realized only within the Roche lobe of
the white dwarf. We thus assume, as in Choi, Dotani,
& Agrawal (1999), that the observed maximum tempera-
ture is attributed to the release of the gravitational energy.
We can then make an order of magnitude estimate of the
radiusrth where such thermalization takes place from

3
2

kTmax ∼ GM1

rth
µmH, (1)

which results inrth ∼ 1 × 1010 cm. This number is
roughly of the same order as the theoretical minimum
distance estimates of blobsrmin > 1010 cm by Wynn,
King, & Horne (1997). Atrth, the corotation velocity
vco = 1.9× 109 cm s−1 is much larger than the local Ke-
pler velocityvK = 1.0× 108 cm s−1. Hence, the plasma
heated atr ∼ rth is possible to be expelled due to the
magnetic propeller action by the white dwarf.

4.3. Implications of the Broad H-like Kα Lines

As presented in§ 3.3, the observed spectral widths of
the Lyα lines result in a line-of-sight velocity dispersion
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< v1 > of '720 km s−1 and'920 km s−1 for N and
O, respectively. These values are much larger than that
expected from the thermal broadening (§ 3.3). It is in-
teresting to note that the three-dimensional velocity dis-
persion<v3> of 1250−1600 km s−1 (=

√
3 <v1>) is

comparable to the thermal velocity of the plasmavth =
(3kTmax/µmH)1/2 = 1500 km s−1 wherekTmax =
4.6 keV (§ 3.1). The plasma of the N and O emission
(kTi = 0.2−0.3 keV) can thus be regarded as having
been cooled through adiabatic expansion of the seed blob
which is once heated up toTmax in the deep gravita-
tional potential of the white dwarf. This scenario is sup-
ported by the fact that the expansion times scaletexp =
`p
vth

' 100 s is much shorter than the radiative cooling

time scale of the plasmatcool = 3nekTeV
LX

' 4.8 × 103 s
(Itoh et al., 2006). Theoretically, Wynn, King, & Horne
(1997) estimated the density and the size of the original
blob to be1013–1014 cm−3 and109 cm. By comparing
these numbers with our estimatesne ∼ 1011 cm−3 and
`p = (2−3) × 1010 cm (§ 3.2), we conclude that the
plasma of the N and O emission can be interpreted as a
result of the adiabatic expansion of the blob.

The observed N and O Lyα line width of < v1 > =
720−920 km s−1 is reminiscent of that of the Balmer
series and UV emission lines. During optical flares, the
spectral width of Hβ and Hγ lines increases up to a full
width at half maximum (FWHM) of∼25Å (Reinsch &
Beuermann, 1994). Dividing the FWHM by a factor of
2.355, we obtain<v1 >=650−730 km s−1 for the Hβ
and Hγ. Welsh, Horne, & Gomer (1998) have obtained
a full width at zero intensity of Hα emission line during
optical flares to be∼4000 km s−1. Assuming the corre-
sponding FWHM roughly to be∼2000 km s−1, we ob-
tain <v1 >∼ 850 km s−1. Eracleous & Horne (1996)
have estimated a FWHM of the He 2 line (λ1640) to
be 1700 km s−1, equivalent to< v1 >' 720 km s−1.
The common observed spectral width of all these X-ray
to optical emission lines strongly suggests that the plas-
mas responsible for these lines are all descendants of the
blob once being heated up toTmax and then being cooled
through adiabatic expansion. The observed X-ray to op-
tical broad lines can be considered as being emitted in
the course of this cooling process. As the optical and UV
emission lines, the X-ray emission lines also show dra-
matic flaring activity, as shown in Fig. 1. This also sup-
ports the picture that all the emission lines have common
origin.

The picture presented here can provide a solution to one
of the problems (Welsh, 1999) in the original propeller
model, the absence of the theoretically-predicted high ve-
locity loop component (Wynn, King, & Horne, 1997) in
the observed Hα tomogram, which leads Welsh, Horne,
& Gomer (1998) to introduce the colliding-blob model.
This model intends to limit the Hα emission location out
of the Roche lobe of the primary by introducing distribu-
tions for the density and the size of the blobs. Our results,
on the other hand, suppress the high velocity component
of the Hα emission line without any additional assump-
tion in the way that the propelled plasma is still too hot

(kTi = 0.2−0.3 keV) to emit Hα lines within a radius of
∼`p (' the Roche lobe size) from the white dwarf, where
the high velocity component is expected to originate.

5. CONCLUSION

We have presented the results fromXMM-Newtonobser-
vations of AE Aqr carried out on 2001 November 7-8.
Owing to the high energy-resolving power of the RGS,
the intensity ratio of the intercombination to forbidden
lines of the He-like triplet from nitrogen and oxygen is
found to be larger than that expected for the plasma in
the low-density limit, which has enabled us to measure
the electron number density to be∼1011 cm−3. This, to-
gether with the emission measure (' 1053–1054 cm−3),
results in a geometrical scale`p of the plasma of the N
and O line emissions, with the ionization temperaturekTi

of 0.2–0.3 keV, to be' (2–3) × 1010 cm. The density
is smaller than that of a standard post-shock plasma of
mCVs by several orders of magnitude, and`p is much
larger than the radius of a0.79M¯ white dwarf. We thus
conclude that the X-ray-emitting plasma in AE Aqr can-
not be a product of mass accretion onto the white dwarf.

Average spectra of the EPIC cameras can be reproduced
by a four-temperature optically thin thermal plasma emis-
sion model with a maximum temperaturekTmax of
4.6 keV. Assuming this temperature is achieved by con-
verting gravitational potential energy into heat, we have
made an order of magnitude estimate of the radius for the
heating to occur asrth ∼ 1 × 1010 cm. As the corota-
tion velocity with the white dwarf atrth is much larger
than the Keplerian velocity, the resultant hot plasma can
be expelled due to the magnetic propeller action by the
white dwarf.

RGS spectroscopy of H-like Kα emission (= Lyα) lines
of N and O has revealed that they show a significant
broadening with a 1-σ width of∼1.2 eV and∼2 eV, re-
spectively, corresponding to a line-of-sight velocity dis-
persion< v1 > of 720–920 km s−1. Since the veloc-
ity dispersion< v3 >= 1250–1600 km s−1 (=

√
3 <

v1>) is comparable to the thermal velocity of the plasma
with kTmax = 4.6 keV (vth = (3kTmax/µmH)1/2 =
1500 km s−1), the plasma producing the N and O emis-
sion lines (kTi = 0.2−0.3 keV) can be interpreted as hav-
ing expanded adiabatically since it is heated up toTmax

in the deep gravitational potential of the white dwarf.
It is interesting to note that the Balmer series and UV
emission lines also show a spectral width with a simi-
lar <v1 > of 650−850 km s−1. This strongly suggests
that all these broad emission lines from X-ray to opti-
cal wavebands emanate from the plasma, which is once
heated up toTmax at rth, in the course of its adiabatic
cooling. The dramatic flaring activity of the X-ray emis-
sion lines, along with the optical and UV lines, require
a common origin for all these lines. The picture pre-
sented here can explain the absence of the high velocity
component of the Hα emission line in the way that the
plasma expelled due to the propeller action is still too hot
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(kTi = 0.2−0.3 keV) to emit the Hα line within a re-
gion of r < `p (' the Roche lobe size) from the white
dwarf where the high velocity component is expected to
originate.
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