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ABSTRACT

Aims. We re-examine the scenario of X-ray emission from magnetically confined/channeled wind shocks (MCWS) for Ap/Bp stars, a
model originally developed to explain the ROSAT detection of the AOp star IQ Aur.

Methods. We present new X-ray observations of the AOp stars > CVn (Chandra) and 1Q Aur (XMM-Newton) and discuss our findings
in the context of X-ray generating mechanisms of magnetic, chemically peculiar intermediate mass stars.

Results. The X-ray luminosities of IQ Aur with log Lx = 29.6 ergs™! and @® CVn with log Lx < 26.0 ergs™! differ by at least three
orders of magnitude, although both are AOp stars. By studying a sample of comparison stars, we find that X-ray emission is preferably
generated by more massive objects such as IQ Aur. Besides a strong, cool plasma component, significant amounts of hot (>10 MK)
plasma are present during the quasi-quiescent phase of IQ Aur; moreover, diagnostics of the UV sensitive f/i line ratio in He-like
O v triplet point to X-ray emitting regions well above the stellar surface of IQ Aur. In addition we detect a large flare from 1Q Aur
with temperatures up to ~100 MK and a peak X-ray luminosity of log Lx ~ 31.5 ergs~'. The flare, showing a fast rise and e-folding
decay time of less than half an hour, originates in a fairly compact structure and is accompanied by a significant metallicity increase.
The X-ray properties of IQ Aur cannot be described by wind shocks only and require the presence of magnetic reconnection. This is
most evident in the, to our knowledge, first X-ray flare reported from an AOp star.

Conclusions. Our study indicates that the occurrence the of X-ray emission in AOp stars generated by magnetically channeled wind
shocks depends on stellar properties such as luminosity, which promote a high mass loss rate, whereas magnetic field configuration
and transient phenomena refine their appearance. While we cannot rule out unknown close companions, the X-ray emission from
1Q Aur can be described consistently in the MCWS scenario, in which the very strong magnetic confinement of the stellar wind has

led to the build-up of a rigidly rotating disk around the star, where magnetic reconnection and centrifugal breakout events occur.
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1. Introduction

X-ray emission is found virtually everywhere among the popula-
tion of the main-sequence stars. However, for “hot” O and early-
B stars, and “cool”, late-A to M-type stars the X-ray generating
mechanisms differ. In hot stars the correlation between X-ray
and bolometric luminosity at log Lx /Ly, ® —7 (Berghoefer et al.
1997) is explained by X-ray emission arising from shocks in in-
stabilities in their radiatively driven winds. In cool stars, X-ray
emission originates in magnetic structures generated by dynamo
processes, powered by an interplay of convective motions in the
outer layers and stellar rotation. The observed activity levels
range from log Lx /Ly, = —7 ... — 3 (Schmitt 1997), whereas
an activity-rotation relation is present until the dynamo saturates
(for an overview on stellar coronae see Giidel 2004). In inter-
mediate mass stars, around spectral type late-A, the outer con-
vection zone becomes increasingly thinner and the dynamo ef-
ficiency strongly declines. A prominent example is the A7 star
Altair, one of the hottest magnetically active stars detected in
X-rays (Robrade & Schmitt 2009). Thus one expects a virtually
X-ray dark population at spectral types mid-B to mid-A, where
stars neither possess an outer convection zone nor drive strong
stellar winds. The overall X-ray detection rate among those stars
is with ~10% quite low indeed, but surprisingly, X-ray emission
was detected from several of these stars (Schroder & Schmitt
2007). Consequently, low-mass stars hidden in the vicinity of
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their optically bright primaries have often been proposed as
the true origin of the X-ray emission. Unresolved companions
are a likely explanation for the X-ray emission from “normal”
main-sequence stars at these spectral types and in some cases
they can even be shown to be responsible for the X-ray emis-
sion, e.g. in the eclipsing binary systems like @ CrB (Schmitt
& Kiirster 1993). However, especially peculiar Ap/Bp stars and
young Herbig AeBe stars are prime candidates for being intrin-
sic X-ray emitters (e.g. Babel & Montmerle 1997; Stelzer et al.
2009). In the Ap/Bp stars discussed here an interplay between
stellar winds and large scale magnetic fields is thought to play
the major role in the X-ray generation.

Ap/Bp stars are magnetic, chemically peculiar (CP) stars that
have completed an often significant fraction of their main se-
quence lifetime, i.e., they are not particularly young. Only a
small fraction of about 5% of the mid-B to mid-A type stars
are magnetic; these stars typically exhibit various chemical pe-
culiarities and a slower rotation compared to non-magnetic stars
of similar spectral type. The origin of their magnetic field is de-
bated, but often thought to be fossil, consistent with the finding
that only a small fraction is magnetic and that field strength and
rotation are independent. The magnetic field geometry in Ap/Bp
stars is dominated by overall simple, large scale structures like
a dipole and is hence fundamentally different from the complex
field geometry of magnetically active late-type stars (see, e.g. the
overview by Landstreet 1992).
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The prototypical case for a presumably single, magnetic
Ap star with detected X-ray emission is IQ Aur. In a 10 ks
pointed observation with ROSAT PSPC, IQ Aur was shown
to be an X-ray source with a high X-ray luminosity of Lx =
4 x 10% ergs™! and a quite soft spectrum with Tx = 0.3 keV
(Babel & Montmerle 1997, BM97). These findings made a hy-
pothetical late-type companion an unlikely explanation. To ex-
plain the X-ray emission from IQ Aur and more generally of
Ap/Bp stars, BM97 introduced the “magnetically confined wind-
shock model” (MCWS). In the MCWS model the radiatively
driven wind components from both hemispheres of the star are
magnetically confined and forced to collide in the vicinity of its
equatorial plane. As a consequence, strong shocks form and give
rise to very efficient X-ray production from kinetic wind energy.
Although some fine-tuning is required to obtain a sufficiently
high mass loss rate, the X-ray emission of IQ Aur can indeed
be accounted for with reasonable assumptions on the wind pa-
rameters; specifically, BM97 assumed a stellar wind with V, =
800 km s~! and a mass loss rate of Mg, = 10719-10~"! M, yr!.

Notable advancements of the static BM97 model were
achieved by magnetohydrodynamic (MHD) simulations of mag-
netically channeled line-driven stellar winds (ud-Doula &
Owocki 2002). In a further study, the authors investigate an ex-
tended parameter space with these MHD simulations and in-
clude stellar rotation in the modeling (ud-Doula et al. 2008).
Dynamic variants of the MCWS model were successfully ap-
plied to Herbig AeBe and O-type stars and may actually extend
to a whole class of magnetic early-type stars. In this respect it
can be considered as a “standard” model that is invoked to ex-
plain a variety of phenomena like X-ray overluminosity, hard
spectral components, flares or rotational modulation. However,
recent X-ray studies of Ap/Bp stars often remained inconclusive.
Stelzer et al. (2006) studied X-ray detected intermediate mass
main-sequence stars (B5-AQ) with Chandra including three CP
stars, but they do not find strong support for the MCWS model,
especially because of the non-detection of the magnetic Ap star
HD 133880. Czesla & Schmitt (2007) studied mid-B to mid-
A magnetic stars; they detected X-ray emission from the AOp
star GL Lac (Babcock’s star), though with a much higher X-ray
temperature and luminosity than IQ Aur, but also report the non-
detection of the AOp star HD 184905. They find that the pres-
ence of a magnetic field is not a sufficient criterion for X-ray
emission; moreover X-ray luminosity and field strength are not
correlated.

These findings make it desirable to investigate the MCWS
scenario in its “original” environment, and we present contem-
porary X-ray observations of two prototypical AOp stars, > CVn
and IQ Aur. Our paper is structured as follows: we summarize
the target properties in Sect. 2, in Sect.3 we describe observa-
tions and data analysis, present our findings in Sect.4 and dis-
cuss them in a broader context in Sect. 5.

2. The targets o® CVn and 1Q Aur

The AOp star o> CVn (HD 112413, HR 4915) is the primary
component (V = 2.9) in a wide binary (angular separation
21.3”) with the FOV star HR 4914 as secondary. o> CVn is
the prototype of a class of spectrum- and brightness-variable
stars, whose variations are caused by the interplay of stellar
rotation and starspots, i.e., metal inhomogeneities in the stel-
lar atmosphere. These stars have spectral classifications from
late-B to mid-A type and belong to the class of CP, magnetic
stars. Kochukhov & Wade (2010) study spectropolarimetric data
and find that the overall magnetic structure of @> CVn can be
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Table 1. Basic properties of our targets.

Target 1Q Aur a*CVn

X-ray obs. XMM Chandra-ACIS-S
Dist. (pc) 137 34
Sp.(chem) type AOp - CP2, Si AQp — CP2, SiEuHgCr

2.5 + 0.1,4.16 + 0.01 2.0 + 0.1, 4.06 + 0.02
40+01,29+02 3.0x0.1,25=03
7.8 (7.5-7.9), 0.4 8.3 (8.1-8.4), 0.52
56, 2.47 18,5.47
0.74 + 0.4 135 + 0.4

log L (Ly), log T (K)
M (Mo), R (Ro)

log1 (yr), T (frac.)

v sini(kms™), Py (d)
B (kG)

modeled with an 4.6 kG dipolar field, an inclination of i ~ 120°
and an obliquity, i.e., the angle between the rotational and the
magnetic axes, of 8 ~ 80°. Nevertheless, higher complexity in
the magnetic topology is also present. X-ray emission from this
system was detected with Einstein (0.15-4.0 keV) at a level of
logLx = 28.8 erg s~! (Schmitt et al. 1985) and ROSAT (0.1—
2.4keV) at alevel of log Lx = 28.6 ergs™' (Schroder & Schmitt
2007), but it was not resolved in both observations and the con-
tribution from the individual components remained unknown.

The field AOp star IQ Aur (HD 34452, HR 1732) belongs
to the class of @ CVn spectrum variable stars and is thought to
be a single star with V = 5.4 and small Ez_y ~ 0.01. Babel
& Montmerle (1997), who report the ROSAT X-ray detection at
log Lx = 29.6 ergs™', assume a 4 kG dipolar field for IQ Aur
and determine an inclination of i ~ 32° and an obliquity of
B = 50°, whereas Hubrig et al. (2007) find i = 87° and of
B = 7°. Bohlender et al. (1993) state: ’a large range of val-
ues for i is possible: if i is large f is fairly small and if 7 is as
small as allowed by our assumptions, S may be more than 80°.
The stellar parameter differ somewhat as well, e.g. BM97 as-
sume logL/Ly, =29 + 02, M =48 My, R =5.1 = 1.1 Ry
and Vir = 105 kms~! whereas Hubrig et al. (2007) give
logL/Lo =23 £ 0.1,M =32 + 02 My, R =22 £ 04 R,
and V,o; = 46 kms~!. Because the adopted distance is the same,
the stellar data and viewing geometry of IQ Aur appear to be
only moderately constrained and time-variability might play an
additional role. The values from Kochukhov & Bagnulo (2006),
which are commonly used throughout our paper, are intermedi-
ate ones.

Both AOp stars are CP2 stars in the classification scheme
of Preston (1974) and might be expected to be similar overall
given their identical spectral type. However, 1Q Aur is more lu-
minous, more massive and younger than a@? CVn. Indeed, 1Q Aur
is extreme for an AQp star; as a main-sequence star it would be
of spectral type mid-B with its B — V = —0.16. The adopted
basic stellar data for IQ Aur and > CVn as compiled from
Bohlender et al. (1993), Bychkov et al. (2003), Kochukhov &
Bagnulo (2006) and Kochukhov & Wade (2010) are summarized
in Table 1.

3. Observations and data analysis

We observed o> CVn in March 2009 with Chandra ACIS-
S for 15 ks (Obs.ID 9923). The AOp star IQ Aur was ob-
served in February 2010 with XMM-Newton for 115 ks (Obs.ID
0600320101) in the full frame mode with the thick filter inserted.
Owing to the optical brightness of the target, the OM (optical
monitor) had to be closed.

We used the software packages CIAO 4.2 and SAS 10 to pro-
cess and analyze the data, applied standard selection criteria
and utilize photons in the well calibrated energy ranges 0.2—
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Fig. 1. Left panel: ACIS-S image of the o> CVn, the AOp star HR 4915
is X-ray dark. Right panel: MOS1 image of the AOp star IQ Aur. The
circles denote the respective optical positions.
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8.0 keV (XMM-Newton) and 0.3-8.0 keV (Chandra). For the
spectral analysis of the XMM-Newton EPIC (European Photon
Imaging Camera) data of IQ Aur source photons are extracted
from a 30" circular region around the source, the background is
taken from nearby source-free regions on the MOS and the PN
detectors respectively. The PN provides a higher sensitivity of
the EPIC detectors, but the MOS provides a slightly better spa-
tial and spectral resolution. The signal in the RGS (Reflection
Grating Spectrometer) detectors is quite weak, therefore we ex-
tracted high-resolution RGS spectra from a 90% PSF source re-
gion and performed a cross-check with a narrower 70% PSF ex-
traction area, in which the background is further suppressed. An
additional problem are effective area drops in the RGS that af-
fect, e.g., the region around the O vi intercombination line where
several so-called “bad” channels lead to a reduced number of
detected counts. To measure the line fluxes we used the fitting
program CORA (Ness & Wichmann 2002), which accounts for
these detector inhomogeneities.

We performed the spectral analysis of the EPIC/ACIS-S
data with XSPEC V12.3 (Arnaud 1996). To model the spec-
tra, we used photo-absorbed, multi-temperature APEC models
with abundances relative to solar values as given by Grevesse &
Sauval (1998), errors from spectral modeling denote 90% con-
fidence level. We note that the interdependence of absorption,
metallicity and emission measure (EM = f nenydV) may result
in different models of similar fit quality with the consequence
that absolute abundances are more poorly constrained than abun-
dance ratios or relative changes. The incomplete knowledge of
atomic data used to calculate the spectral models also adds to
these uncertainties, but they do not alter our main conclusions.

4. Results

Here we report on the results relevant to the origin of X-ray emis-
sion in Ap/Bp stars and present an analysis of the IQ Aur data,
model its spectra, take a detailed look at the flare and investigate
X-ray lines from the high-resolution spectrum.

4.1. Source detections, light curves, and a flare

The ACIS-S image of the &> CVn field, shown in Fig. 1, clearly
reveals that the AOp star o> CVn (HR 4915) is X-ray dark. In
the 0.3-3.0 keV band we detect no photon in a 2" source re-
gion (95% PSF) centered on the expected optical position at
an estimated background of 0.2 photons. We detect the FO star
HR 4914 with an X-ray luminosity of log Lx = 28.6 ergs™',
a quite typical value. For its position we find a small offset of
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Fig. 2. X-ray light curve of IQ Aur from the summed EPIC data in the
0.2-8.0 keV band. Inset: the flare on a logarithmic scale in three energy
bands as seen by the PN detector.

o
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about 0.5 between the X-ray and expected optical position;
nevertheless, applying a spatial correction to HR 4915 does not
change the outcome. Adopting Poissonian statistics, we derive
an 95% confidence upper limit of three counts for the source
region. Assuming a plasma temperature of 0.3 (0.8) keV, this
corresponds to an upper limit on the X-ray luminosity of Lx <
0.6 (1.0) x 10% ergs~!, three to four orders of magnitude below
the X-ray luminosity of IQ Aur (Lx = 4 x 10* ergs™!), although
both are apparently similar stars. The flux limit for > CVn con-
verts into the by far the lowest upper limit obtained on the X-ray
brightness for an AOp star.

In contrast, IQ Aur is detected in all XMM-Newton detec-
tors; see the right panel of Fig. 1, where we show the MOS1
image. The derived X-ray position is about $1” off from the ex-
pected optical position, a value within the positional uncertainty
for XMM-Newton. To investigate the X-ray variability of IQ Aur,
we extracted photons from a 35" region (~90% encircled en-
ergy) around the X-ray source position on the EPIC detectors.

In Fig. 2 we show the background-subtracted light curve with
100 s time binning. Besides minor variability that is present
throughout the observation, the X-ray count rate increases af-
ter 49 ks by a factor of roughly 40 within less than half an hour,
the total flare event has a duration of about two hours. In the in-
set of Fig. 2 we show the light curve of the flare part as seen by
the PN detector, also separated into a soft and hard energy band.
The shape of the light curve with its fast rise time of 1000 s
and e-folding decay time of ~1200-1400 s points to a single,
relatively compact flaring structure. Because for X-ray emitting
structures/loops the radiative energy loss scales with the square
of the particle density, compact, i.e., small and dense structures
radiate their energy much faster than larger tenuous structures of
comparable X-ray luminosity. Moreover, the harder X-ray emis-
sion increases by a larger factor and its peak precedes that of the
softer emission, a behavior that is reminiscent of coronal flares.
We do not detect any spatial shift between the photons detected
during the quasi-quiescent (QQ) and the flaring phase at an ac-
curacy of <0.5”. In Fig.3 we show the QQ part with two dif-
ferent time binnings. Notably, the average QQ X-ray count rate
has increased by roughly 20% after the flare and the light curve
shows slightly stronger variability, although the spectral hard-
ness given by the ratio of the count rates in the 0.2-0.8 keV vs.
0.8-2.0 keV energy band is virtually identical compared to the
pre-flare phase.
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Fig. 3. Quasi-quiescent part of the X-ray light curve, phased with the
rotation period of IQ Aur and binned to 1 ks (asterisks) and 3 ks (dia-
monds). The average rate before and after the flare is indicated by a red
dashed line.

normalized counts s~ keV-'

Energy (keV)

Fig. 4. XMM/PN spectra of the quasi-quiescent (black) and the flaring
(red) phase with applied spectral models.

We see no strong modulation of the X-ray light curve
that might be expected in an oblique rotator model (P =
213 ks). Significant roughly sinusoidal shaped rotational mod-
ulation would be present if the star partially occults X-ray emit-
ting material depending on rotational phase or when a disk
around the star is viewed from different angles. An example
are the X-ray brightness variations of the massive magnetic star
o' OriC (Gagné et al. 2005). This model assumes cylindrical
symmetry for the system as is likely appropriate for a star with
a disk and as is commonly observed when, e.g. magnetic field
variations are monitored, but clearly we cannot completely ex-
clude unexpected phenomena during the phase that is not cov-
ered. Brightness variations on timescales of 20 ks (~0.1 phase)
between consecutive bins during the pre-flare or the post-flare
phase have an amplitude of $10% and appear mainly irregular.
However, the strength of the modulation depends on the plasma
location and the geometry of the system, and for a small oblig-
uity the effects are likely minor in any case.

4.2. Spectral properties in quasi-quiescence

The global spectral properties of IQ Aur are determined from the
EPIC spectra by using photo-absorbed multi-temperature mod-
els with free metallicity. Given the large variations in count rate
over the observation, we separated the data into a flaring phase
(PN: 49.1-58.1 ks) and a QQ phase for spectra analysis. As an
example we show the respective PN spectra with the applied
spectral models in Fig. 4; the derived spectral properties from
our modeling are summarized in Table 2.
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Table 2. Spectral models of 1Q Aur (EPIC data).

Par. QQ Flare Unit
Ny 1.1 £ 0.9 1.0+0.9 10%° cm™
Abund 0.31 £ 0.08 0.67+0.28 solar
T, 0.26 + 0.03 0.71+0.09 keV
EM, 1.75 £ 071  47+20 10> cm™
T, 0.64 + 0.15 1.59+0.19 keV
EM, 1.58 + 056 144+69 102 cm™
T; 1.10 £ 0.11  6.18+1.46 keV
EM; 1.88 £ 0.66 224+7.1 102 cm™
Xfcd(d.o.f.) 1.09 (413) 0.97 (555)
Lx(em.0.2-10.0keV)  4.5x 10¥ 6.7 x 10 erg s™!

The description of the QQ spectrum clearly requires the
presence of additional hotter plasma components, besides
the 0.3 keV component seen by ROSAT. Applying a one-
temperature model,to the MOS spectra for example, results in
an average temperature of k7 = 0.75 keV, albeit with ,\(fe $>2
the fit is quite poor. Models with three temperature components
describe the individual data sets well. The absorption compo-
nent required to model the X-ray spectra of 1Q Aur is quite
weak, compatible with the findings from the ROSAT data. We
again find strong emission from relatively cool plasma at ~3 MK
(1keV = 11.6 MK), but overall the plasma temperatures de-
rived from the XMM-Newton spectra are significantly higher
than those determined with ROSAT, where only weak indica-
tions for hotter plasma were found owing to the limited sensitiv-
ity of the instrument. We detect a significant contribution from
210 MK plasma even in the QQ phase of IQ Aur, here it accounts
for about 30% of the total emission measure. We find that a sub-
solar metallicity best describes the data. Using solar abundances
reduces the emission measure, but also worsens the model qual-
ity fe 4 = 1.24), albeit the temperature structure remains nearly
identical. Allowing individual abundances to vary independently
does not lead to robust results, therefore a global metallicity is
used in all models. The best-fit model corresponds to a source
flux of 1.7 x 107"% ergem™s™! and an X-ray luminosity of
Lx = 4.2x10% erg s~!in the 0.2-2.0 keV band; for the ROSAT
0.1-2.4 keV band we derive a roughly 20% higher flux. This cor-
responds to an activity level of log Lx/Lyo ~ —6.4, assuming that
the X-rays are emitted by IQ Aur. Considering the ROSAT detec-
tion at a very similar X-ray luminosity of Lx = 4.0x 10*° erg s~!
nearly 15 years ago, IQ Aur has likely been emitting X-rays at a
fairly constant level for more than a decade.

4.3. Global flare properties

During the flare phase, IQ Aur has not only significantly bright-
ened, but as shown in Fig. 4 the associated spectrum is also much
harder. The flare is most prominent at high temperatures, but
strong excess emission is also present at lower temperatures.
During the peak of the strong flare the emitted X-ray luminosity
of IQ Aur rises to about Ly = 3.2 x 103! ergs™! (0.2-10.0keV),
corresponding to a flux increase of nearly a factor 100 com-
pared to the QQ state. With an average excess luminosity of
Lx = 6.2x 10% ergs™! and a duration of 9000 s, the flare re-
leased about Ex = 5.6 x 10** erg only at soft X-ray energies.
The flare emission is dominated by extremely hot plasma and
even the average temperature is found to be around 45 MK. In
the PN spectrum the prominent emission line complex from He-
like Fe xxv is clearly visible at 6.7 keV, consistent with a hot
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Fig. 5. Time-resolved study of the IQ Aur flare with XMM/PN data.
Top: time intervals used in the analysis. Middle: temporal evolution of

the plasma in the temperature/density plane (black/red: 1/2-T model).
Bottom: metallicity vs. plasma temperature.

plasma component at temperatures of around 60-70 MK as de-
duced from the spectral model. Weak excess emission is present
at the low-energy tail of this feature, that could be due to fluores-
cent emission from neutral iron from the Fe Ka line at 6.4 keV.
However, formally the line is not detected at the 90% CL and
its contribution to the X-ray flux is marginal at best with an
equivalent width of EW < 100 eV. No significant changes in
the absorption component are detected; in contrast, the metallic-
ity of the flare plasma is found to be significantly higher than
those of the QQ phase. While the absolute scale is only roughly
constrained, we find a distinct metallicity trend, most noticeable
when further separating the flare into individual time intervals as
discussed in Sect. 4.4.

4.4, The flare under scrutiny

To study the evolution of the flare and its underlying structure in
greater detail, we performed a time-resolved analysis for each of
the six time segments as shown in the upper panel of Fig. 5. To
derive the properties of the flare plasma (1-6), we added plasma
components to the QQ model derived for the PN data. Here we
use models with one or two temperature components and with
or without metallicity as a free parameter to describe the flare
plasma. The models lead to overall consistent results, see for ex-
ample the time-evolution of the plasma properties presented in
the middle panel of Fig. 5 for models with solar metallicity. The
temperature given for the 2-T model is the emission measure
weighted temperature. The flare reaches an X-ray brightness of
about log Ly = 31.5 ergs™' and an average plasma tempera-
ture of around 80 MK around maximum, even roughly 100 MK

plasma is present shortly after the impulsive heating during the
rise phase (bin 1). The maximum temperature leads the maxi-
mum emission measure and thus in general the flare shows the
temporal evolution of a typical coronal flare, i.e., a clock-wise
turn in the temperature vs. density plane (see, e.g. Glidel 2004).
Here the square-root of the emission measure is used as a den-
sity proxy, thus a fixed spatial extend of the X-ray emission re-
gion is assumed. While the initial decay is apparently steep, but
only poorly constrained (bins 2—3), the flare evolution trajectory
shows some flattening (bins 3—6) of the decay path. The origin of
this behavior is unknown; it could be caused by minor re-heating
events in the same structure or be produced by additional recon-
nection events in other magnetic structures that again might be
triggered by the large flare. Another possibility is a change in
size of the emitting region over the duration of the event.

Assuming a single, loop-like emitting structure, we can de-
rive its size by adopting the formalism described in Reale et al.
(1997) and parameters applicable to XMM/EPIC as given in
Reale (2007). By using the maximum plasma temperature and
the flare decay time obtained from the light curve, one can de-
termine the size of the flaring structure, that is treated as an
instantaneously heated coronal loop. Basically, one finds that
L oc 11 VT ax, With L being the loop half-length, Ty, the max-
imum plasma temperature and 7 the decay time from the X-ray
light curve and an additional scaling factor. This factor depends
on the amount of additional heating during the decay, there-
fore one needs to estimate the importance of sustained heat-
ing. This is done by fitting the decay path derived from the
one temperature model with a straight line to about about one
tenth of the maximum intensity. This corresponds to bins 2-5 in
the middle panel of Fig.5, where we derive a slope of ~1 for
the decay and consequently moderate re-heating has to be taken
into account. Adopting the appropriate modeling parameter, i.e.,
Tops = 65 MK, an e-folding decay time of 7 = 1200 s (measured
to 1/10 of the maximum) and a correction factor for a slope of
one, we obtain L = 1.8 x 10'° cm (0.1 R,) for the loop half-
length.

Because a coronal loop model might not be perfectly ap-
propriate for IQ Aur and possible heating at later phases of the
flare is only poorly constrained, we used as a conservative ap-
proach our most extreme values, i.e., 100 MK plasma tempera-
ture and 1400 s decay time and ignored ongoing heating. This
method results in an upper limit for the size, and we derive
L $3.5%10'° ¢cm (0.2 R,) as maximum extent of the structure.
While the flaring structure might be much smaller, even the up-
per limit corresponds to a moderately sized structure when com-
pared to the stellar dimensions of IQ Aur. This finding excludes
very large magnetic structures, e.g. from the global dipole, as the
origin of the flare.

The IQ Aur flare is accompanied by a significant change
in the metallicity of the X-ray emitting plasma as illustrated
in the lower panel of Fig.5 where we plot the results obtained
from a 1-T model with metallicity as free parameter. During
the impulsive phase of the flare as traced by the plasma tem-
perature, more metal-rich material is heated to X-ray tempera-
tures. The freshly heated plasma from the large flare exhibits
solar or even slightly super-solar metallicity, which is a two to
three times higher metallicity than the X-ray emitting plasma
observed in the QQ phase. While the absolute scale is only mod-
erately constrained, as outlined in Sect. 3, the relative changes
are quite robust and also found in two temperature models or
the analysis of the MOS spectra. In the final stages of the flare
evolution, the remaining material has cooled down to temper-
atures below 1 keV, exhibits pre-flare metallicity and becomes
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Fig. 6. High-resolution X-ray spectrum of 1Q Aur. 7op: total RGS 1+2
merged and flux-converted. Bottom: O vu triplet with model accounting
for effective area inhomogeneities.

indistinguishable from the QQ plasma. Overall, we find a clear
correlation between plasma temperature and metallicity, indicat-
ing a strong modification of the chemical composition during the
event. Notably, the derived characteristics are quite typical for a
stellar flare (see, e.g. Giidel 2004).

4.5. The high resolution X-ray spectrum

The high-resolution RGS spectrum from IQ Aur unfortunately
has only a moderate signal-to-noise ratio (S/N) and only strong
lines were clearly detected even in the total spectrum; see Fig. 6,
where we show a flux-converted spectrum of the merged RGS
detectors from a 90% PSF extraction region. The individual line
fluxes were measured from the total count spectrum and cross-
checked by using a broad and a narrower 70% PSF extraction
region. The lower panel of Fig. 6 shows the O v triplet with ap-
plied model, confirming that the forbidden line (22.1 A) is sig-
nificantly stronger than the intercombination line (21.8 A). The
S/N ratio is quite poor even in the total spectrum that includes
the flare. We also investigated the QQ and flare phase separately,
but except stronger emission from ‘“hotter lines” (e.g. Fe xv)
during the flare, a quantitative comparison suffers from the low
S/N. The fluxes of emission lines used in the subsequent analysis
as determined from the total spectrum are given in Table 3. They
are corrected for an absorbing column of log Ny = 20 cm™2 and
we expect a flare contribution of roughly 30% to the given line
fluxes.

We used the He-like Ovn triplet to determine the dis-
tance of the X-ray emitting plasma to the surface of IQ Aur.
Ovn traces the location of plasma at temperatures around
2 MK, and its forbidden (f) to intercombination (i) line ratio
is sensitive to density and UV radiation, specifically one finds
fli=Ro/(1 + ¢/p. + ne/n.), see, e.g. Mewe & Schrijver (1978);
Porquet et al. (2001). In the low-density case (n. < 10'© cm™)
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Table 3. Oxygen lines used in the analysis.

Ion/Line  Wavelength Flux
(A) (1075 ergcm™2 s71)
O v 18.97 14.7+£23
O vii(r) 21.60 45+19
O vu(i) 21.80 1.6+1.2
O vu(f) 22.10 59+1.9

additional photons in the i-line are only due to the radiation
term ¢/¢.. The radiation term describes the strength of the UV
flux at 1630 A and thus depends on the effective temperature
and distance to the star. Using the fluxes in Table 3, we obtain
f/i =3.7 + 3.0, unfortunately the errors are relatively large. The
ratio is consistent with virtually no radiation field being present
(Rp = 3.95), but much lower values are formally allowed as
well. Adopting f/i > 1, a photosphere with T.x = 14450 K
and evaluating the radiation term, one finds that the X-ray emit-
ting region is either shielded against the stellar UV-field or the
X-rays originate predominantly from regions at 27 R, above the
surface of IQ Aur. As an alternative approach, we used the UV
flux as measures by the IUE satellite and calculated 7',q from
the observed spectrum. The 1630 A UV flux from IQ Aur varies
by a factor of nearly three over several years; using the lower
flux measurements we find that the X-ray emitting region has
to be located above the star at distances of d 2 5 R.. This re-
sult is independent of our assumptions; if higher densities are
present, even larger distances to the stellar surface are required.
Similarly, applying a correction for the weak extinction toward
1Q Aur or adopting a higher UV flux would again shift the X-ray
plasma location to larger distances. Therefore, we can virtually
exclude X-ray emitting structure on or close to the star and thus
the X-rays are produced at least several stellar radii above the
surface of IQ Aur.

We also investigated the QQ and flare phase alone and found
a similar high f/i-ratio for both cases, but with substantial er-
ror. Similarly, we studied the Ne 1x-triplet and found an f/i ratio
that is slightly higher but again fully consistent with the low den-
sity/no UV-field limit, but no additional information was gained
regarding O vi. Further, we use the density constraint derived
from the O vir f/i-ratio as a very rough cross-check on the size
of the emitting volume. Adopting f/i > 1 implies a density of
e $ 5% 10'9 cm™3, therefore we can now formally derive a min-
imum size of the emission region from this value. The average
flare EM is 4 x 10°* cm™ with EM ~ 0.85 néV, from which
one obtains for an emitting sphere a radius of r =~ 0.14 R.. We
again found a comparatively small structure, in agreement with
the estimation, i.e., L < 0.2 R,, derived from the above analysis
of the flare.

By using the temperature-sensitive O vii/O vi line ratios,
we tested if additional cool plasma compared to pure coronal
sources is produced by 1Q Aur (see Fig. 7). The O vu lines form
predominantly at temperatures around 2 MK, while O v traces
hotter plasma at 3-5 MK. Additional O vir emission may be
produced by accretion or wind shocks, as commonly observed
in young T Tauri and Herbig AeBe stars, which generate rel-
atively cool plasma compared to coronal sources of compara-
ble X-ray brightness, see, e.g. Robrade & Schmitt (2007). The
O vmr/O vin ratio measured for the QQ state IQ Aur is slightly
below the values found for coronal sources, i.e., its X-ray emis-
sion is only moderately soft for its X-ray luminosity. However,
it is well above the ratios found for HAeBe stars; young inter-
mediate mass stars that drive outflows and jets with velocities of
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Fig. 7. Shown above is the quasi-quiescent O viii/O v ratio of 1Q Aur,
compared to accreting/wind driving young stars and main-sequence
stars.

a few hundred km s~!. These stars produce X-ray emission from
predominantly cooler plasma, likely related to shocks in their
outflows (Giinther & Schmitt 2009).

5. Discussion

Our X-ray observations of the AOp stars IQ Aur and o> CVn
present quite a complex X-ray picture. Here we discuss some
implications imposed by our findings in the framework of the
magnetically channeled wind shock (MCWS) scenario vs. a pos-
sible low-mass companion.

5.1. MCWS models for Ap/Bp stars

To detect MCWS generated X-ray emission from AOp stars,
some basic conditions have to be fulfilled. The shock-speed has
to be high enough to heat the plasma to X-ray emitting temper-
atures, the mass loss rate has be high enough to produce sig-
nificant amounts of hot plasma to be detected with current in-
struments and a magnetic field configuration has to be present
that effectively supports the conversion of kinetic wind energy
to X-ray emission.

A key parameter in the dynamic MCWS model is the mag-
netic confinement parameter 7. (ud-Doula & Owocki 2002). It
basically describes the ratio between the energy density of the
magnetic field and the kinetic wind energy density and depends
on stellar properties as given by 7. o Bg,R:/MV.; here Beg is
the equatorial field strength, R, the stellar radius, M the mass
loss rate and V,, the terminal wind speed. Adopting values for
IQ Aur, Beq = 2 kG, R. = 2.9 Ro, M = 107" M, yr‘1 and
Ve = 700 kms™', gives a confinement parameter on the or-
der of 1, ~ 10°. This value has significant uncertainty, but
the requirements for strong confinement, i.e., . > 1, are def-
initely fulfilled. While at first analytic studies of rigidly rotat-
ing magnetospheres indicated that in the case of strong mag-
netic confinement an equatorial disk builds up from corotation
radius outwards (Townsend & Owocki 2005), its formation is
also present in MHD simulation when including effects of stel-
lar rotation. These models predict the formation of a rigidly ro-
tating disk by the accumulation of wind material, but episodes
of infall and breakouts limit the build-up of the disk and lead to
a dynamic but quasi-stationary behavior (ud-Doula et al. 2008);
moreover the location of the temporary confined plasma around
the equatorial plane can be estimated with the formalism pre-
sented in these works. For moderate rotation and very strong

confinement the inner edge of disk is roughly given by the “as-
sociated Kepler-radius” Rx = W23 with W = V,o/Vor, and
Vorb = VGM/R,; using Vioy = 50 km s~! we obtain Rg ~ 5 R..
The outer edge is determined by the extent of the closed mag-
netosphere Rc ~ 0.7 Ra, slightly below the Alfvén radius given
by Ra = 771/4 X R.. For IQ Aur we obtain Rx ~ 30 R,; clearly
we are in a regime where Ry > Rk and consequently the condi-
tions required by the model for the formation of a rigid disk are
fulfilled. The disk of IQ Aur is expected to be roughly located
between ~5-20 R, and breakout events are mainly launched at
distances of ~20-30 R.. We caution that these models assume
an aligned dipole and were derived for more massive stars, thus
an extrapolation to our Ap/Bp stars may not be straightforward.
Nevertheless, the model is generally applicable for magnetically
channeled line-drive stellar winds and therefore appears suffi-
cient for the discussion of the overall phenomenology of X-ray
emission presented below.

5.2. Why is IQ Aur X-ray bright and o> CVn X-ray dark?

The X-ray luminosity produced by MCWS follows the relation
Lx o« MV,B%* whereas the plasma temperature is given by
Tx ~ 1.15% 10° K (Vi,/100 km s™)2 (BM97). Adopting similar
wind speed and mass loss rate, one expects &> CVn to be com-
parably bright or even moderately X-ray brighter than IQ Aur.
However, it is at least a factor thousand X-ray fainter than “ex-
pected” from the simplified assumption. This implies that either
the mass loss rates differ by orders of magnitudes or that shock-
speeds for a> CVn are so low, that the plasma does not reach
X-ray temperatures. Because stellar wind speeds are likely com-
parable and strong confinement is achieved for both stars, a very
low plasma temperature of Tx < 3 x 10° K as would be re-
quired to explain the tight upper limit on Lx for a®> CVn, is vir-
tually ruled out. It also appears unlikely that small differences in
the magnetic topology of both stars lead to completely different
wind channeling and wind shock configurations. A more reason-
able explanations would be to propose a different mass loss rate
and that IQ Aur differs by intrinsic properties that promote mass
loss and thus X-ray generation, for example it is more luminous
and hotter than o> CVn. In this case the X-ray generation would
depend very sensitively on the underlying stellar parameter(s).
Alternatively, the MCWS phenomenon could be a transient one
and currently IQ Aur alone is in an active wind phase with a
high mass loss rate. Unfortunately, mass loss rates of Ap stars
usually cannot be independently measured, but are determined
via modeling of, e.g. their X-ray properties. However, the strong
wind phase is believed to be connected to abundance anoma-
lies, which are also observed in > CVn. It was already noticed
by BM97 that any abundance anomalies should be removed by
the relatively high mass loss rate, thus requiring that IQ Aur en-
tered the active wind phase only recently, i.e., before a few Myr.
Although the details of the onset of the strong wind phase are
mainly unknown, BM97 estimate that Ap stars would spend a
few percent of their lifetime in the strong wind phase, which
would explain that most Ap stars are no X-ray sources, at least
at the moment. Nevertheless, possibly even more prerequisites
need to be fulfilled to make an AOp star a bright X-ray source.

5.3. X-rays from similar Ap/Bp stars

Given the very different findings for IQ Aur and a? CVn, we
searched the Chandra and XMM-Newton archives for observa-
tions of similar Ap/Bp stars to derive some information on their
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Table 4. X-ray observations of the comparison Ap/Bp stars.

Target Sp.type  Dist. Instr./Obs.ID Dur. logLx
(po) (ks) (ergs™)
HD 12767 B9.5 Si 110 ACIS-S (5391) 3 29.4
HD 27309 A0 SiCr 96 XMM (0201360201) 41 <27.0
HD 122532 B9 Si 169 XMM (0302900101) 130 <27.3
HD 133880 B9 Si 126 ACIS-1(2543) 3 <280
HD 142301 B8IIIp 139 XMM (0142630301) 20  28.1
HD 143473 B9 Si 123 ACIS-S (5385) 15 <272
HD 144334 B8 SiHe-w 149  ACIS-S (5393) 3 30.3
HD 146001 B8 He-w 140  ACIS-S (5394) 3 28.9
HD 147010 B9 SiCrFeSr 143  ACIS-S (5386) 15 <273
HD 184905 AOSiSrCr 165  ACIS-S (5387) 15 <274

general X-ray properties. As a comparison sample we choose
late-B to early-A magnetic CP stars with well determined dis-
tance and stellar parameter that are either likely single stars or
spatially resolved in X-rays, although undiscovered binaries in
the sample are not ruled out. However, their contribution is likely
minor, because even the overall fraction of close, i.e., spectro-
scopic, binaries in Ap stars of CP2/Si type is with ~20% signif-
icantly lower than those in non-magnetic stars (Abt & Snowden
1973). The comparison sample is specified in Table 4; some of
these objects have already been presented, albeit with a differ-
ent focus in Stelzer et al. (2006); Czesla & Schmitt (2007). Most
stars are Si-stars, but some of the hotter ones are also classified
as He-weak, moreover all stars have detected magnetic fields of
a few hundred G up to several kG (Bychkov et al. 2003). The
used stellar data are again taken from Kochukhov & Bagnulo
(2006), additional values are from Landstreet et al. (2007). In
Fig. 8 we show a comparison between the X-ray brightness and
the stellar bolometric luminosity, errors are moderate, e.g. on
log Lyt ~ 0.1. The comparison sample reveals a striking simi-
larity to our findings for IQ Aur and a? CVn; either the stars are
X-ray bright with predominantly log Lx > 29.0 ergs~! or X-ray
faint with most upper limits being around log Lx < 27.5 ergs™',
depending on the sensitivity of the respective exposure. Only
high-luminosity objects are detected in X-rays, supporting an in-
trinsic X-ray generating mechanism. Furthermore, all stars with
a high luminosity are detected as X-ray sources without excep-
tion. Statistically, the KS-probability of identical underlying dis-
tributions is well below 1% for our sample. A very similar de-
pendence is present when using stellar mass, which is obviously
related to luminosity; but notably we find that the strength of the
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temperature, eff. magnetic field and age (symbols as in Fig. 8).

magnetic field or the stellar age do not play a major role in mak-
ing an Ap/Bp star an X-ray source (see Fig.9). Unfortunately,
the sample does not cover the full parameter space, for exam-
ple it lacks stars in the mass range 3.3-3.8 M, or with magnetic
fields of Beg > 5 kG and its size is still quite small. It therefore
does not allow us to put strong constraints on the presence of a
possible time-variability of the X-ray emission, but that we de-
tected all stars above a stellar luminosity of around 200 L (or
3.6 M) and none below suggests that a possible transient aspect
of the MCWS phenomenon might be less important. However, as
is also obvious from Figs. 8 and 9, the X-ray luminosities of the
detected stars have a large spread, indicating that other param-
eters play an additional role in determining the specific X-ray
properties of the individual stars.

5.4. Where does the X-ray emission of IQ Aur come from?

The XMM-Newton observation clearly shows that the plasma
temperatures of IQ Aur are significantly higher than those es-
timated from the ROSAT data, where only weak indications
for a hot component were found. This is very relevant for the
MCWS model, because Tx Vszh and consequently high wind
speeds and a strong magnetic confinement must be present.
Temperatures of about 10 MK require typical shock velocities of
several hundred up to 1000 kms~'. These values might be hard
to obtain for AOp stars, though relatively high shock tempera-
tures would be a natural explanation for the absence or weakness
of a plasma excess at 2 MK. The relatively high O vii/O v ratio
in IQ Aur could be explained by a quite high temperature in the
colliding wind shocks of Ap stars; for example at shock speeds
of 500—-600 km s~ no O vi excess emission is produced at all. At
a few stellar radii a line-driven wind already has nearly its termi-
nal speed, and for strong magnetic confinement a large longitudi-
nal velocity component is expected to be present, easily explain-
ing the absence of a cool excess even in a wind shock scenario.
Similarly, the X-ray luminosity of IQ Aur requires a quite high
mass loss rate and a very efficient conversion of kinetic wind
energy to X-ray emission. While not implausible, this requires
1Q Aur to drive a strong, fast wind. However, given the presence
of a disk, a fraction of the harder X-ray emission could be gener-
ated in minor reconnection events. The O v f/i-ratio diagnostic
indicates that the X-ray emitting plasma is not exposed to strong
UV radiation. Thus, if not shielded by an unknown medium, the
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X-ray emitting regions are not predominantly close to the stel-
lar surface, but have to be located at distances of several stellar
radii.

Our lower limit derived of from the X-ray spectraof d ~ 5 R.
matches the value derived above for the inner disk radius, there-
fore a disk-like confinement region at distances of 5-15 R, is a
suitable candidate for the X-ray emitting region. On the other
hand, the absence of significant rotational modulation over half
of a rotation period implies that the changing viewing geometry
introduces a negligible amount of time-variable, intervening ma-
terial in the line of sight, caused either by an optically thick disk
or the star itself. While the star as occulter appears unlikely given
the large separation to the X-ray location, also rotational mod-
ulation is only expected for a disk if it is thick and the viewing
angle changes significantly with phase. A small inclination is un-
likely, given the relatively large V sin i for an AOp star. However,
if the magnetic obliquity is small, rotational modulation effects
are expected to be only minor. In this case the inclination should
be quite large and the system would be viewed nearly edge-on at
all times.

A strong flare-like event with 100 MK plasma is not ex-
pected to be produced by wind shocks even for magnetically
channeled winds, thus these X-rays must be generated by mag-
netic reconnection. X-ray emitting structures on the surface of
IQ Aur appear unlikely given the result from the X-ray diagnos-
tics; additionally the magnetic field of Ap/Bp stars is overall a
large-scale one and structurally differs from coronae where most
X-ray plasma is confined in small-scale structures. Therefore the
flare requires the presence of a rigidly rotating equatorial disk in
the MCWS scenario, as predicted by the above outlined MHD
simulations (ud-Doula et al. 2008). In this scenario magnetic re-
connection occurs, leading to the production of hot X-ray emit-
ting plasma and additionally, episodic centrifugal breakouts of
confined plasma produce flare-like events, which were originally
proposed to explain X-ray flares on the Bp star o Ori (see dis-
cussion below, and ud-Doula et al. 2006). In contrast to coronal
flares, these magnetic reconnection events are driven by centrifu-
gal mass ejections that disrupt outer disk regions. During break-
out, the centrifugal forces on the accumulated disk matter stretch
the field lines more and more outward and finally reconnection
occurs. The event is accompanied by the ejection of outer disk
mass, an inward-propagating rebound and releases sufficient en-
ergy to produce hard X-ray flares. The finding of metallicity
changes during the flare implies that the accumulated material
in the circumstellar disk, which is heated during the disruption,
is more metal-rich compared to the plasma that generates the
QQ X-ray emission. Our rough estimates of the size of the flar-
ing structure would imply that the outbreak-flare from 1Q Aur
was a more local event in the disk, involving a large clump or
segment rather than the entire disk. Subsequent energy release
or a change in the inner disk structure might be responsible for
the flattening of the flare decay and the continuously enhanced
level of X-ray emission after the event. Overall, this scenario ap-
pears suitable also to explain the flare event on IQ Aur. In this
case, we have likely observed the first X-ray flare from an AOp
star.

5.5. X-ray bright companions for Ap/Bp stars?

As an alternative explanation, it has been postulated that
X-ray detected intermediate mass stars possess unknown late-
type companions that actually produce the X-ray emission.
Considering the estimated age of IQ Aur, i.e., several ten up to
hundred Myr and comparing its X-ray luminosity with studies

of the 70 Myr old Pleiades (Micela et al. 1996), an active G or
early-K dwarf as well as an M dwarf binary would be suitable
candidate X-ray sources. However, young active stars have typi-
cally significantly higher plasma temperatures than observed for
1Q Aur (see, e.g. Giidel 2004) and their X-ray light curves show
quite frequent X-ray flares of factor up to a few, whereas 1Q Aur
is dominated by softer emission (Fig. 7) and exhibits only minor
variability except for the large flare. Other properties like the
high f/i-ratio in the O v triplet could be easily explained with
a companion, typical densities are usually low and already a dis-
tance of 0.1 AU to IQ Aur would be in sufficient to completely
erase the influence of the UV-field. The occurrence of a large
flare is no problem either for an active late-type companion and
the associated abundance changes are reminiscent of the chro-
mospheric evaporation scenario describing the flare evolution.

Another criterion to consider is that IQ Aur is also a bright
radio source at 6¢cm with logLg ~ 16 ergs™' Hz™!, whereas
*CVn with logLs < 14.9 ergs™'Hz™! is radio dark (radio
properties from Linsky et al. 1992). Because a tight correlation
between X-ray and radio brightness measured at v > 5 GHz
is present for coronal sources, these measurements allow us to
test the companion scenario by checking the well established
X-ray/microwave(radio) correlation (also known as Giidel-Benz
relation), which predicts Lx/Lg = 10°°*%3 Hz for magneti-
cally active stars (Giidel & Benz 1993). With a QQ X-ray lu-
minosity of log Lx ~ 29.6 ergs~!, IQ Aur is radio-overluminous
by roughly two orders of magnitude and consequently signif-
icantly violates this correlation. The deviation is well in ex-
cess of the generally observed scatter of the correlation that
is typically of a factor of a few. Note that similar X-ray and
radio fluxes were repeatedly observed for IQ Aur, making in-
trinsic variability quite unlikely to be the reason for the dis-
crepancy. Also the B8p He-w/Si star HD 144334 (V 929 Sco)
with logLg ~ 16.0 ergs™ Hz™! and logLx ~ 30.3 erg/s vi-
olates the Giidel-Benz relation by one to two orders of mag-
nitude, similar to the B8V He-w star HD 146001 with a ra-
dio detection at logLs ~ 16.0 ergs™' Hz™!' (plus one U.L. at
logLs < 15.9 ergs™' Hz!). An even stronger violation is ob-
served for the B8IIlp He-w/Si star HD 142301 (V 927 Sco),
with log Lg ~ 17.1 ergs™' Hz™! and log Lx ~ 28.1 ergs~!, this
star is radio overluminous by more than four orders of magni-
tude. On the other hand, all non X-ray detected comparison stars
studied by Linsky et al. (1992), i.e., HD 122532, HD 147010,
remained undetected as well at radio wavelengths at a limit of
log Ls < 15.7 ergs™' Hz~!. This points to a joint occurrence of
strong X-ray and radio emission for the sample stars. The fact
that IQ Aur and all other X-ray detected Ap/Bp stars violate the
Giidel-Benz relation by orders of magnitudes suggests that their
emission does not originate in late-type dwarfs, but a contribut-
ing companion in individual objects is not ruled out.

5.6. What about hotter magnetic stars?

The MCWS model has also been applied to a variety of hotter
stars, and it is illustrative to compare these with IQ Aur. A well
studied example is the magnetic O5 star §' Ori C, where Gagné
et al. (2005) find that the dynamic MCWS model describes the
X-ray properties of the star very well. It has an average X-ray lu-
minosity of Ly = 1x10% erg s~ and using among other diagnos-
tics f/i-line ratios, they conclude that the X-ray emitting plasma
is located at distances of only 0.2...0.5R,, i.e., quite close to
the surface of the star. 8! OriC exhibits rotational modulated
X-ray emission, because it is a tilted magnetic rotator with i =
45° and B = 42°, leading to a strong viewing-angle-dependent
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visibility and obscuration of the X-ray emitting torus. 8' OriC
shows relatively hard X-ray emission from very hot plasma at
temperatures of up to 30 MK, but no strong flaring. Noteworthy,
there have also been reports of X-ray flares on early type mag-
netic stars, a prominent example is the B2p star - Ori E. While
Groote & Schmitt (2004) attribute a flare seen with ROSAT to
o OriE itself, Sanz-Forcada et al. (2004) report a long dura-
tion (>10 h) flare with a count-rate increase by a factor of ten
in an XMM-Newton observation and concluded that this more
likely originates in a companion. They derived a QQ X-ray lu-
minosity of Lx = 9 x 10* erg s~! and plasma temperatures up to
10-15 MK for o Ori E. Also non CP, magnetic early-B stars are
X-ray sources, e.g. the B0.2 star 7 Sco with Lx = 2x 103! erg 57!
(Cohen et al. 2003). The Chandra spectra show emission lines
that are broader than for coronal sources, but surprisingly narrow
for a stellar wind shock scenario; together with the presence of
hard emission and X-ray plasma locations at several stellar radii
also make 7 Sco a candidate for MCWS generated X-ray emis-
sion. Another example is the pulsating, hot magnetic giant star
B Cep, where Favata et al. (2009) again find a good agreement
between the predictions from the dynamic MCWS model and
X-ray observations. It does again exhibit no flares, and with tem-
peratures well below 10 MK the X-ray emission is remarkably
soft, despite its X-ray brightness of log Lx = 4 x 10°° ergs™!
The authors derive distances of =5 R, as the most likely location
of the cooler X-ray emitting material, while the hotter plasma is
likely closer to the star. Because § Cep has i = 45 and 8 = 85°
but shows only minor modulation in its X-ray light curve, the au-
thors exclude the presence of a thick disk and attribute the X-ray
emission exclusively to magnetically channeled wind shocks.

When comparing IQ Aur to the above mentioned massive
magnetic stars, we find some similarities and overall trends.
Clearly, in general the X-ray luminosity decreases toward less
massive stars, but all magnetic stars are X-ray overluminous with
log Lx/Lyo = —6 compared to similar “normal” massive stars.
The bulk of the X-ray emitting plasma is located farther away
from the central star, going from O over B to A-type stars and
likely in the direction of increasing 7.. IQ Aur is also by far the
coolest object and the only star in this comparison, where the f/i
ratio of O vm is high. Comparing the X-ray temperatures, we find
that the plasma on IQ Aur is cooler than on 8' Ori C, comparable
to o OriE, but hotter than on 8 Cep. For stars with a moderate
wind speed well below 1000 km s~!. in the MCWS scenario the
lower temperature plasma (<5 MK) is predominantly produced
by wind shocks, whereas hotter plasma (210 MK) is generated
by reconnection in the disk. Notably, the strong flaring sources
IQ Aur and o Ori E have by far the largest confinement parame-
ter (logn. ~ 6...7), favoring the effective accumulation of mat-
ter in the equatorial region and consequently breakout events. As
shown in Fig. 10, their QQ spectra are also very similar, although
the underlying stars differ significantly and o Ori E has a twenty
times higher X-ray luminosity.

5.7. The Ap/Bp star X-ray puzzle

Our findings provide some clear hints for the solution to the
X-ray puzzle of AQp stars. We do not find strong support for
the hypothesis that the X-ray emission of Ap/Bp stars is pro-
duced by X-ray emitting companions, but cannot rule out that
in some cases multiple sources contribute to the observed emis-
sion. It is much more likely that the X-rays originate from intrin-
sic emission mainly generated in magnetically channeled wind
shocks. However, predominantly or even exclusively the more
massive, high-luminosity stars appear as X-ray sources. These
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Fig. 10. Comparison of the quasi-quiescent X-ray spectra of the AOp
star IQ Aur (black) and the B2p star o Ori E (red) using XMM/PN data.

late B/early A stars drive a stellar wind with a sufficiently high
mass loss rate, whereas other stellar properties such as the mag-
netic topology or orientation and transient phenomena primar-
ily influence the details of their X-ray appearance. For very
strong magnetic confinement, an equatorial disk structure forms,
where magnetic reconnection and centrifugal breakout events
occur that produce hard X-ray emission and occasional flare-like
events.

Dedicated modeling of AOp stars and their magnetically
channeled winds, companion searches, and more extensive stud-
ies of similar objects are highly desired to gain even deeper in-
sights into the origin of X-ray emission in these remarkable stars.

6. Summary and conclusions
Our main results can be summarized as follows:

1. We detect X-ray emission from IQ Aur at loglx =
29.4 ergs!, but failed to detect o>CVn at logLx <
26 ergs~! although both are AOp stars. The QQ spectrum
of IQ Aur exhibits significant emission from intermediate
temperature and even hot plasma (210 MK), in addition to
a strong cool component at 3 MK. The UV sensitive O vi
f/i-ratio is high, therefore the X-ray emission very likely
originates in regions at distances of 25 R, above the stel-
lar surface. The X-ray light curve shows minor variability
without clear signs of a viewing-angle-dependent rotational
modulation.

2. A massive X-ray flare with a rise time of about 1 ks and fast
decay occurred during the IQ Aur observation. The X-ray lu-
minosity at the flare peak is about log Lx = 31.5 ergs~! and
plasma temperatures approach 100 MK. The flare originates
in a fairly compact region and the metallicity of the X-ray
emitting plasma increases significantly during the event.

3. Our X-ray data of IQ Aur can be reconciled within a dy-
namic MCWS model with strong magnetic confinement and
build-up of a rigid disk where magnetic reconnection events
occur. In this scenario, the flare-like event was produced by
the centrifugal breakout of confined material. Alternatively,
1Q Aur might be a multiple system where likely both com-
ponents contribute to the observed X-ray emission.

4. Magnetically channeled stellar winds are the most promis-
ing explanation for the X-ray detection of Ap/Bp stars, al-
though the presence of X-ray emission strongly depends on
stellar parameters. A suitable quantity for setting the stage
of MCWS generated X-rays appears to be a high stellar
bolometric luminosity that supports a high mass loss, but
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magnetic topology, orientation or transient phenomena also
play arole in determining the specific X-ray properties of an
individual Ap/Bp star.
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