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ABSTRACT

Early-type stars of spectral types O and Wolf-Rayet are
moderately bright X-ray sources. The X-ray emission
is usually attributed to a shock-heated plasma. In single
stars the shocks could arise from the intrinsic instability
of the stellar winds, whilst in binary systems, the colli-
sion of the two stellar winds can provide an additional
emission. XMM-NewtonandChandrahave observed a
number of these stars, obtaining spectra of unprecedented
quality. These observations provide new insight into the
properties of the hot plasma in early-type stars winds,
but raise also new questions that challenge our ‘standard’
model for the X-ray emission of hot stars. In this review,
I highlight some of the most important results obtained
over the last six years.
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1. WHAT WE (THOUGHT WE) KNEW

O stars are massive (≥ 20 M�), hot (Teff ' 30 000 −
90 000 K) and luminous (L/L� ' 3×104−3×106) ob-
jects that play a key role in many astrophysical contexts.
Among the most remarkable features of these early-type
stars are their tremendous stellar winds that associate
large terminal velocities (v∞ ∼ 1000 – 3000 km s−1)
along with high mass loss rates (of the order ofṀ '
10−6 − 10−4 M� yr−1). Wolf-Rayet (WR) stars are be-
lieved to represent a late stage of the evolution of mas-
sive O stars and the winds of WR stars display a compo-
sition resulting from nuclear burning of hydrogen (WN
subclass) or helium (WC subclass).

X-ray emission from early-type stars was first discovered
serendipitously withEINSTEIN(Harnden et al. (1979),
Seward et al. (1979)). Subsequent studies withEIN-
STEINandROSATindicated that the observed X-ray lu-
minosity of O-type stars roughly scales with their bolo-
metric luminosity as LX/Lbol ≈ 10−7 (e.g. Bergḧofer et
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al. (1997) and references therein).
Various attempts have been made to explain the X-ray
emission from single O and WR stars. By analogy with
late-type stars, early models involved a corona at the base
of the wind (e.g. Cassinelli & Olson 1979). However,
from observations of high-mass X-ray binaries harbour-
ing a neutron star orbiting near the surface of an O-type
star (e.g. HD 153919), it is known that the stellar winds of
O-type stars are optically thick to soft X-rays. Therefore,
any X-ray emission from a base corona of an early-type
star should exhibit a dramatic absorption by the cool stel-
lar wind below 1 keV (see the discussion in Pollock & Os-
kinova 2002). Low and medium dispersion X-ray spec-
troscopy of massive stars withROSATandASCArevealed
instead relatively soft thermal spectra with little evidence
for strong circumstellar absorption. Furthermore, the lack
of an outer convective zone in hot stars and the lack of
a correlation between the X-ray luminosity and the stel-
lar rotation rate suggest that X-rays of early-type stars
are not produced by magnetic activity associated with a
solar-type dynamo.
Alternatively, in what has become now the ‘standard’
model for X-ray emission from single early-type stars,
the X-rays are thought to arise from a shock-heated
plasma distributed throughout the stellar wind (e.g. Lucy
(1982)). In fact, the winds of O-type stars are driven by
the radiation pressure of the numerous UV spectral lines,
and this mechanism is intrinsically unstable. These in-
stabilities lead to hydrodynamic shocks that could heat
the post-shock material to temperatures consistent with
the∼ 0.5 keV emission observed for most presumably
single early-type stars. The most recent models of this
kind yield predicted X-ray luminosities that are in rough
agreement with the observed values (see Feldmeier et al.
(1997) and references therein).
One difficulty of these wind shock models is that they
predict a strong X-ray variability on rather short time-
scales which has so far not been observed for single O-
stars (Bergḧofer & Schmitt, 1994). Another shortcom-
ing of this model is that simple theoretical considerations
indicate that the most natural scaling of the X-ray lumi-
nosity should be with the wind density parameterṀ/v∞
rather than with Lbol (Owocki & Cohen, 1999). Owocki
& Cohen (1999) indeed found that a rather subtle balance
of X-ray absorption and emission is required to account
for the empirically inferred LX/Lbol scaling.
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Interestingly, Wolf-Rayet stars do not show a clear em-
pirical correlation between LX and either Lbol or Ṁ v∞
(Wessolowski, 1996). Ignace & Oskinova (1999) inter-
preted the lack of a clear scaling relation as a result of the
larger optical depth in the stellar winds of WR stars com-
pared to O-star winds. On average, presumably single
WN stars tend to be slightly more X-ray luminous than
presumably single WC stars. In addition, WR binaries
are found to be X-ray brighter than single WR stars (Pol-
lock, 1987).
In a similar way, the first extensive surveys of early-type
stars withEINSTEINrevealed that O + O binary systems
display systematically larger LX/Lbol ratios than single O
stars (Chlebowski & Garmany, 1991). This X-ray ‘over-
luminosity’ of massive binaries is usually attributed to the
emission from a plasma heated by the collision of the stel-
lar winds of the two stars (e.g. Stevens et al. (1992) and
references therein). In some cases, massive binaries ex-
hibit a phase-locked modulation of their X-ray flux (e.g.
Willis et al. (1995), Corcoran (1996)) that reflects either
the variation, during the orbital motion, of the circum-
stellar opacity along the observer’s sightline through the
winds or the variation of the separation between the stars
in eccentric systems.

2. WHAT WE HAVE LEARNED

2.1. Line diagnostics

Previous X-ray observatories lacked the high-resolution
facilities and the sensitivity to study the spectra of early-
type stars in great detail. With the launches ofChandra
andXMM-Newton, both equipped with grating spectrom-
eters, it became possible for the first time to study individ-
ual lines in the X-ray spectra of these stars. Two types of
line diagnostics are commonly used to derive constraints
on the properties of the X-ray emitting plasma: the ra-
tio of line intensities in helium-like ions and the detailed
morphology of individual lines.
In helium-like ions, the transitions from then = 2 lev-
els to the ground level give rise to a triplet consisting
of a resonance(1s2p 1P1 → 1s2 1S0), an intercombina-
tion (1s2p 3P1 → 1s2 1S0) and aforbidden(1s2s 3S1 →
1s2 1S0) line. In the coronae of late-type stars, the ra-
tio R = f/i of the intensities of the forbidden and in-
tercombination lines is essentially sensitive to the elec-
tron density. However, in a hot plasma surrounding an
early-type star, the stellar UV radiation field introduces
a radiative coupling between the upper level of the for-
bidden line and the upper level of the intercombination
lines. In this way,R is determined by the UV radiation
field and provides a sensitive diagnosis of the dilution fac-
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field, and hence of the distancer from the centre of the
star where the X-rays are emitted (e.g. Blumenthal et al.
(1972), Porquet et al. (2001)). High-quality grating spec-
tra therefore yield strong constraints on the location of
the X-ray emitting plasma in a stellar wind. In fact, X-ray

line emission is proportional to the density squared: in a
stellar wind with outwardly decreasing density, it thus oc-
curs as near to the stellar surface as possible. Therefore,
if the X-ray emitting material is distributed throughout
the wind, the X-ray lines should form near the radius of
monochromatic optical depth unityr(τλ = 1).
Crucial information about the origin of the X-ray emis-
sion can also be obtained from the shape of the strongest
emission lines. Various predictions have been made in
the context of the ‘standard’ wind-shock model. For in-
stance, X-ray emission lines formed in an optically thin
plasma1 (assuming a uniform distribution of X-ray emit-
ters and a constant wind speed) without photoelectric ab-
sorption by the cool wind, are expected to show a flat-
topped profile (e.g. Feldmeier et al. (2003)). When the
photoelectric absorption by the wind is included in the
profile calculation, it mostly affects the emission from
the material that moves away from us (Owocki & Cohen,
2001), thus leading to blue-shifted line profiles. Ignace
& Gayley (2002) investigated the effect of line opacity
on the line profiles. For strong lines of abundant metals,
newly created photons may undergo resonance scattering
in the same line. This leads to broad emission profiles
that have blue-shifted centroids, but are considerably less
asymmetric than in the optically thin case. Feldmeier et
al. (2003) investigated the effects of absorption in a frag-
mented wind. In fact, as a result of the same instabilities
that are thought to produce the X-ray emission, the stel-
lar wind is expected to be rather clumpy, instead of be-
ing smooth and homogeneous. Once more, it was found
that the red-shifted part of the profile should be heavily
absorbed while the blue-shifted part remains flat-topped.
Interestingly, if the X-rays were emitted at the reverse
shock on the starward side of the fragments, one would
expect absorption by the natal fragment, leading to a zero
flux at the line centre. This should then produce a double-
peaked profile, which, however, has never been observed
so far.

The high-resolution X-ray spectra of O-type stars that
have been obtained so far show a variety of situations.
The two most extreme cases are probablyζ Pup and
θ1 Ori C.
The spectrum ofζ Pup (O4Ief) displays strongly broad-
ened (1000 – 1500 km s−1), asymmetric and blue-shifted
(e.g.400 ± 80 km s−1 for O VIII Lyα) lines (Kahn et al.
(2001), Cassinelli et al. (2001)). No photoelectric absorp-
tion edges withτ0 ≥ 0.5 were detected in the RGS spec-
trum, indicating that the X-rays cannot be concentrated
at the base of the wind. TheR = f/i ratio of the SXV ,
Si XIII , Mg XI , NeIX and OVII helium-like triplets sug-
gest formation radii that are consistent with their associ-
ated radius of optical depth unity (Cassinelli et al. (2001),
Kahn et al. (2001)). All these results are in rather good
agreement with the expectations for the ‘standard’ wind-
shock model (Kramer et al., 2003), thereby makingζ Pup
the prototype of an O-star for which the X-rays proba-
bly arise from shocks distributed throughout the wind.

1Here it is important to distinguish the optical depth of the hot X-
ray emitting plasma from that of the overlying cool wind. The latter is
mainly due to photoelectric absorption.
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Kramer et al. (2003) presented fits of individual X-ray
lines, finding that there is less attenuation of the red wings
than expected for a smooth overlying cool wind. This is
tentatively attributed to the clumping of the stellar wind.

An alternative to the wind-shock scenario comes from
the magnetically channeled wind shock model, origi-
nally designed for the special case ofθ1 Ori C (Babel
& Montmerle (1997), ud-Doula & Owocki (2002)). In
fact, a large-scale magnetic field may confine the stel-
lar wind into the equatorial region. The wind confine-
ment is measured by the so-called confinement parameter
η = (B2

0 R
2
∗)/(Ṁ v∞) whereB0 is the equatorial field

strength, all other parameters having their usual mean-
ing. Forη � 1, the field is stretched out by the wind,
whereas forη � 1, the wind is confined by the magnetic
field. In the latter case, high velocity flows from the two
hemispheres meet near the magnetic equator producing
a head-on collision that heats the plasma to temperatures
much higher than typically expected for single stars in the
‘standard’ model. Gagńe et al. (2005) discuss fourChan-
dra grating observations of the oblique magnetic rotator
θ1 Ori C (O4-6 Vp), that sample its rotational cycle. In
this star, the strong dipole magnetic field (B0 = 530 G
implying η = 7.5, Donati et al. (2002), Gagné et al.
(2005)) is inclined by∼ 45◦ with respect to the rota-
tion axis. As the star rotates, our viewing angle towards
the confined wind changes, resulting in a modulation of
the observable X-ray flux (Gagné et al., 2005). The four
high-resolution spectra ofθ1 Ori C reveal rather narrow
spectral lines with almost constant line widths, whilst the
f/i ratios of the He-like ions indicate that the hot plasma
must be located quite close to the stellar photosphere. All
these features as well as the temperature and total lumi-
nosity of the X-ray plasma are extremely well reproduced
by the magnetically channeled wind model (Gagné et al.,
2005).

Intermediate situations betweenζ Pup andθ1 Ori C were
found for several other O-type stars.
For instance, the RGS spectrum of the O4 V((f+)) star
9 Sgr is quite similar to that ofζ Pup, showing broad
blue-shifted Lyα lines of NeX, OVIII and to some ex-
tent NVII (Rauw et al. (2002b), see Fig. 1). While it is
now established that 9 Sgr is indeed a long-period binary
system (Rauw et al., 2005a), at least the bulk of its soft
X-ray emission likely arises in the wind of the primary
component of the system. Indeed, the X-ray spectrum is
dominated by a rather soft thermal emission (kT1 ∼ 0.26
andkT2 ∼ 0.70 keV). The EPIC spectrum exhibits also a
hard tail which could be either thermal (kT3 ≥ 1.5 keV)
or non-thermal emission (Γ ≥ 2.9) and arises most prob-
ably in the wind interaction zone (Rauw et al., 2002b).
ζ Ori (O9.7 Ib) was observed with the gratings onboard

Chandra (Waldron & Cassinelli, 2001). The spectral
lines are broadened to900 ± 200 km s−1, but unlike the
situation inζ Pup, they are symmetric and show no blue-
shift. The He-like triplets of OVII , NeIX and MgXI in-
dicate that these lines are produced high in the wind. On
the other hand, the SiXIII f/i ratio indicates that the lat-
ter triplet forms very close to the stellar surface. This
is surprising since the wind velocity should be too small

Figure 1. OVII and OVIII lines in the RGS spectrum of
9 Sgr. Note the broadening of the OVIII Lyα line and the
absence of thef component in the He-like triplet (Rauw
et al. 2002b).

to produce a shock jump so close to the star. Again, it
is found that the X-ray emission lines originate primar-
ily from just abover(τλ = 1). However, the shape of
the lines is not that expected for a shock-heated plasma
distributed throughout the wind. Waldron & Cassinelli
(2001) therefore propose a composite model involving
wind shocks as well as some magnetic confinement of
turbulent hot plasma in a non-symmetric wind.
In the spectrum ofδOri (O9.5 II + B0.5 III + ...), the
lines are broadened to only430 ± 60 km s−1 (HWHM),
which is much less thanv∞ ' 2000 km s−1 (Miller et
al., 2002a). The characteristic wind optical depth of the
O9.5 II stellar wind is intermediate between those ofζ Ori
andζ Pup and one would thus expect to observe line pro-
files intermediate between these two stars. However, the
lines are narrow, essentially unshifted and symmetric. Ei-
ther the wind is porous or the mass loss rate has been
overestimated. An alternative explanation could be that
the X-ray emission is dominated by the colliding wind re-
gion in this multiple system. The shocked material would
be roughly at rest with respect to the observer, thus ex-
plaining the narrow lines. Furthermore, most of the X-ray
emission would suffer similar wind absorption (leading
to symmetric lines). However, in such a configuration,
one would expect to see eclipses in the X-ray light curve,
which is not the case (Miller et al., 2002b).

2.2. Colliding wind binaries

As pointed out in the introduction, early-type binaries are
often more X-ray luminous than what is expected from
their bolometric luminosity (see also Fig. 2). If the winds
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reach rather high pre-shock velocities, the X-ray emis-
sion produced in a wind interaction is a priori expected
to be quite hard. In addition, the changing optical depth
along the line of sight and/or the changing separation be-
tween the two stars can lead to a substantial phase-locked
variability of the flux level. A key parameter of a col-
liding wind interaction is the efficiency of radiative cool-
ing. In close binary systems where the densities in the
wind interaction zone are high, the shock-heated plasma
cools down rapidely via radiative recombination. In wide
binary systems or binaries with low density winds, ra-
diative cooling is much less efficient: the plasma cools
only through adiabatic expansion and the resulting X-
ray emission is expected to scale roughly as1/d, where
d is the orbital separation between the two components
(Stevens et al., 1992).
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Figure 2. log (LX/Lbol) (in the 0.5 – 10 keV energy
range) for a number of O-type binaries as a function of
log Lbol. All data were obtained with XMM-Newton. The
filled dots stand for binary stars: 1 = HD 47129 (Linder
& Rauw 2005), 2 = HD 93403 (Rauw et al. 2002a), 3 =
HD 152218 and 4 = HD 152219 (Sana et al. 2005b), 5 =
HD 152248 (Sana et al. 2004), 6 = CPD-41◦ 7742 (Sana
et al. 2005a), 7 = HD 159176 (De Becker et al. 2004a), 8
= 9 Sgr (Rauw et al. 2002b), 9 = HD 167971 (De Becker
et al. 2005), 10 = Cyg OB2 #8a (De Becker & Rauw
2005). Open triangles indicate two suspected binaries:
11 = HD 108 (Naźe et al. 2004a) and 12 = HD 168112
(De Becker et al. 2004b). The solid and dashed lines yield
the empirical scaling relations of Berghöfer et al. (1997)
and Sana et al. (2005b) respectively.

XMM-Newtonhas gathered phase-resolved X-ray spec-
troscopy of several O star binaries spanning a wide range
of stellar wind parameters as well as orbital periods,
thereby providing a more detailed description of the col-
liding wind phenomenon.

The early-type binary with the shortest orbital period that
has been (almost) completely covered byXMM-Newton

is the eclipsing system CPD−41◦ 7742 (O9 V + B1-1.5 V,
Porb = 2.44 days, Sana et al. (2005a)). The light curve
shows a broad occultation as well as a narrow eclipse re-
spectively when the secondary or the primary star is in
front. Sana et al. (2005a) interpreted the main features of
this light curve with a simple geometrical model where
the primary wind crashes into the photosphere of the sec-
ondary.
Six phase-resolvedXMM observations of HD 152248
(O7.5 III(f) + O7 III(f), Porb = 5.8 days, e = 0.13)
were analysed by Sana et al. (2004). The EPIC spec-
tra are surprisingly soft (kT ≤ 0.71 keV), most prob-
ably because the winds collide well before they have
reached their terminal velocities. The flux of this system
displays an asymmetric modulation with phase, which
is clearly a phase-locked phenomenon as confirmed by
archiveROSATdata. This variation is most probably due
to the changing optical depth along our line of sight to-
wards the wind interaction zone (Sana et al., 2004).
With an orbital period of 15 days, the eccentric (e = 0.23)
system HD 93403 (O5.5 I + O7 V) provides an interest-
ing illustration of both the effects of the changing optical
depth and the changing orbital separation. Indeed, us-
ing four XMM pointings, Rauw et al. (2002a) found that
the soft X-ray emission is essentially modulated by the
opacity of the primary star, while the flux at higher ener-
gies varies roughly as1/d, pretty much as expected for a
shock producing a roughly adiabatic post-shock plasma.
De Becker et al. (2004a) investigated an X-ray spectrum
of the short period binary HD 159176 (O7 V + O7 V,
Porb = 3.37 days). The EPIC spectrum could be fitted by
a model consisting of two rather soft thermal components
(0.2 and 0.58 keV) along with a non-thermal power-law
component with a photon index ofΓ ∼ 2.5. The latter
component could be produced through inverse Compton
scattering by a population of relativistic electrons accel-
erated in the shock region. Since the wind interaction
zone is expected to be in the radiative regime, all the ki-
netic power of the wind affected by the collision should
be radiated away almost instantaneously. Interestingly,
a steady-state colliding wind model based on the latter
assumption, while reproducing the overall shape of the
thermal spectrum, overestimates the observed X-ray lu-
minosity by at least a factor 4. The origin of this discrep-
ancy is at present still unkwnon. Part of the kinetic power
could actually be used to accelerate relativistic electrons
in the shock region.
In the latter context, Cyg OB2 #8a (O6f + O5.5(f), Porb =
21.9 days,e = 0.24) provides an extremely interesting
test case. Indeed, this binary is a known non-thermal
radio source where a phase-modulated synchrotron ra-
dio emission is produced by relativistic electrons accel-
erated in the wind interaction zone (Blomme, 2005). The
radio flux is maximum near periastron (i.e. atφ ∼ 0)
and reaches a minimum shortly afterφ ∼ 0.6. On the
other hand,XMM-Newton, ROSATandASCAdata reveal
a phase-locked variation of the X-ray flux by about a fac-
tor 1.5, with a minimum shortly afterφ = 0.0 and a max-
imum nearφ ∼ 0.75 (De Becker & Rauw, 2005). There-
fore, the X-ray emission varies essentially in the opposite
sense of the radio flux. The EPIC spectra can be rep-
resented by a thermal model with three temperatures of
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0.26, 0.78 and 1.7 keV and reveal a strong overluminosity
(about a factor 10). This hard and bright X-ray emission
is a clear indication of a colliding wind interaction. Given
these properties, a full phase-coverage of the orbital cy-
cle of Cyg OB2 #8a withXMM-Newtoncould provide
unprecedented insight into the connection between col-
liding winds, particle acceleration and non-thermal radio
emission.

Because of its rather hard and strong X-ray emission,
WR 25 (WN6ha), one of the X-ray brightest WR stars,
was often suspected to be a colliding wind binary system.
An analysis with a differential emission measure ther-
mal plasma model ofXMM-Newtonspectra by Raassen
et al. (2003) revealed two dominant components at 0.6
and 2.8 keV and a rather extremelog LX/Lbol = −5.62.
Quite recently a radial velocity study (Gamen (2005),
Gosset et al. (2006)) showed that WR 25 is indeed a rather
long period spectroscopic binary. A preliminary analysis
of all the available EPIC data (Gosset et al., 2006) reveals
a rather strong variation of the X-ray flux (by about a fac-
tor two), roughly consistent with a1/d modulation.
A textbook example of a WR + O colliding wind binary
is γ2 Vel (WC8 + O7.5 III, Porb = 78.5 days). At most
orbital phases, the X-ray emission ofγ2 Vel is highly ab-
sorbed by the dense and opaque WC8 wind. However,
shortly after conjunction when the O-star is in front (i.e.
when the collision zone can be seen through a rarefied
cavity around the O-star), the flux is significantly en-
hanced (see Willis et al. (1995)). The system was ob-
served withXMM-Newtonat two phases (0.1, i.e. high
state and 0.4, i.e. low state). The spectrum consists of
a high energy emission that is absorbed by a variable
column density and a presumably constant emission line
spectrum at low energies. The low energy emission dis-
plays a radiative recombination continuum of CVI and
C V at 25.3Å. Schild et al. (2004) constrained the tem-
perature of the recombining electrons to be in the range
20 000 to 60 000 K which could indicate that the feature
arises from WR material in the outer wind photoionized
by the X-rays from the wind-wind collision. Skinner et al.
(2001) analysed aChandraHETG observation ofγ2 Vel
at phaseφ = 0.08, i.e. when the O-star component is al-
most in front of the WC8 star. They found no evidence
for Doppler shifts of the line centroids of the strongest
lines, as well as no detectable photo-excitation effect in
the He-like triplets of SiXIII , Mg XI and NeIX . This in-
dicates that these emission lines are probably formed at
several tens of stellar radii above the surface of the O-star
and not at∼ 2 R∗ as expected from the location of the
colliding wind shock (Skinner et al. (2001), Schild et al.
(2004)). This result suggests that these lines actually rep-
resent the intrinsic X-ray emission from the O-star itself,
rather than the emission from the wind-wind interaction
zone.
Finally, the long-period (7.9 yrs), highly eccentric (e =
0.88) WC7 + O4-5 binary WR 140 was observed with
the HETG at two phases around periastron passage (Pol-
lock et al., 2005). Pollock et al. argue that the lower line
widths of cool ions indicate that the plasma in the wind
interaction zone is not in equilibrium. They suggest that
this is due to the collisionless nature of the shock and the

slow character of the energy exchange between electrons
and ions in the postshock plasma. This would imply that
a quantitative interpretation of the X-ray emission from
colliding wind binaries actually requires the use of non-
equilibrium plasma models.

2.3. Presumably single Wolf-Rayet stars

As stated in the introduction, no clear relationship be-
tween LX and Lbol was found for WR stars. One of the
intriguing questions that came up over the last couple of
years is whether single WR stars actually do emit X-rays.

Oskinova et al. (2003) reported on anXMM-Newtonex-
posure on the presumably single WC5 star WR 114. De-
spite the sensitivity of the EPIC cameras and a 15.9 ksec
exposure time, the star was not detected. Assuming a
plasma temperature of 1 keV yields an upper limit of
2.5 × 1030 erg s−1 on the X-ray luminosity of WR 114
(corresponding to LX/Lbol ≤ 4 × 10−9). This non-
detection prompted Oskinova et al. (2003) to investigate
the X-ray emission of single WC stars in general. The
result was that no single WC star has so far been convinc-
ingly detected in X-rays. All WC stars that are known to
emit X-rays are binaries and even here, only about 20%
of the WC binaries are detected. Either X-rays are not
produced in WC winds, or they are totally absorbed by
the opaque stellar winds. The latter possibility seems
quite plausible since the winds of WC stars are dense
and metal-rich, making them optically thick out to sev-
eral hundred stellar radii.
Gosset et al. (2005) analysed a 20 ksecXMM-Newtonob-
servation of the WN8 star WR 40. The star was not de-
tected and Gosset et al. derived a very conservative upper
limit on the X-ray luminosity of4 × 1031 erg s−1 lead-
ing to LX/Lbol ≤ 2.6 × 10−8. At first sight, this result
is quite surprising given the considerable optical variabil-
ity (both photometric and spectroscopic) of WR 40 that
suggests the existence of numerous structures and insta-
bilities in its wind which could trigger a substantial X-ray
emission. However, Gosset et al. (2005) showed that the
wind opacity of WR 40 is very large and is probably suf-
ficient to block out all the flux below 2.5 keV that would
be emitted within 20 R∗ from the stellar surface.
On the other hand, Ignace et al. (2003) presented a 9 ksec
XMM-Newtonobservation of WR 1 (WN4). The star was
detected at energies up to 4 keV. The lack of a hard emis-
sion component suggests that there is no contribution of
a colliding wind emission in this case. Modelling with
thermal models failed to reproduce the spectrum around
0.6 and 2.6 keV (i.e. at energies coincident with the K-
shell photo-ionization edges of NVI and SIV – VI respec-
tively). For the sulphur feature, Ignace et al. derive an
associated optical depthτλ ∼ 6. Therefore, at least some
of the X-ray emitting gas in WR 1 must reside below the
radius of optical depth unity.
Finally, Skinner et al. (2002) reported on a 25 ksecXMM-
Newtonobservation of the WN5-6 star WR 110. While
WR 110 is not a known binary system, the X-ray spec-
trum of the star exhibits a soft (kT1 ∼ 0.5 keV) com-
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ponent along with a hard one that could either be ther-
mal (kT2 ≥ 3 keV) or non-thermal (Γ = 2.2) emis-
sion. Skinner et al. slightly favour the interpretation of
the hard component as being thermal emission originat-
ing in a wind interaction between the WR star and a yet
undetected companion.

In summary, existing observations suggest that single
Wolf-Rayet stars do indeed produce X-rays, but the level
of observable emission strongly depends on the actual
wind opacity. Denser or more metal rich winds proba-
bly absorb the entire X-ray emission that is produced in
the inner regions of the wind.

Figure 3. Grey scale image of the NGC6383 clus-
ter as observed with XMM-Newton (Rauw et al. 2003).
The EPIC images were exposure corrected before they
were combined. The central source is the O-type binary
HD 159176 (i.e. the sole O-type object in this cluster).
Note the number of faint X-ray sources near HD 159176.
Most of them have optically faint counterparts with op-
tical and near-IR colours indicating that they are likely
PMS stars. The X-ray brightest of these PMS candidates
have quite hard spectra and at least in one case the light
curve displays a strong flare (Rauw et al. 2003).

2.4. The surroundings of massive stars

Early-type stars frequently belong to young (a few Myr)
open clusters.XMM-NewtonandChandraobservations
of these stars often reveal a wealth of faint serendipi-
tous sources. These faint X-ray sources exhibit proper-
ties (flares, high spectral temperatures, large LX/Lbol ra-
tios) quite typical of low-mass pre-main sequence (PMS)
stars (e.g. NGC 6383, Rauw et al. (2003), see Fig. 3;
NGC 6530, Rauw et al. (2002c), Damiani et al. (2004);
NGC 6231, Sana et al. (2006); Cyg OB2, Rauw et al.
(2005b)). The study of the counterparts of these sources
allows to investigate the star formation history of the clus-
ters and the relationship between low-mass and massive
members. Interestingly enough, it is often found that
low-mass stars apparently form prior to the massive stars.
These observations are crucial to constrain the still ill-
defined formation mechanisms of the most massive stars.

Some clusters of massive stars are surrounded by an ap-
parently diffuse X-ray emission. This feature is expected
as a result of the shocked gas that fills the superbubble
blown by the combined stellar winds of the cluster mem-
bers into the ambient interstellar medium. However, in
many cases, simple models based on the energetics of the
stellar winds cannot explain all the properties of this dif-
fuse emission. For instance, in the case of the giant HII
region N 11 in the LMC, several other ingredients likely
contribute to the apparently diffuse soft X-ray emission.
In addition to the emission from the superbubble, hidden
supernova remnants (SNRs), as well as unresolved point
sources associated with either massive stars or PMS ob-
jects probably play a role (Nazé et al., 2004b).
Townsley et al. (2004) review the diffuse X-ray emission
observed withChandra from the star forming regions
M 17 and RCW 49. M 17 hosts a blister HII region that
is triggering star formation in an associated giant molec-
ular cloud. M 17 contains about 100 OB stars, among
which there are 14 O-type stars. A 40 ksecChandraob-
servation revealed 900 point sources around the so-called
‘ring of fire’ (consisting of a concentration of early O
stars). The diffuse emission does not display an apprecia-
ble temperature gradient with distance from the O-stars,
thus indicating that the hot gas flows into the interstel-
lar medium without substantial cooling. In the case of
RCW 49, over 500 X-ray point sources were found with
Chandraand the diffuse X-ray emission appears centered
on the open cluster Westerlund 2 at the core of RCW 49.
The spectrum of this diffuse emission can be modelled
by a three temperature thermal emission. The hardest
(kT = 3.1 keV) component may also be fitted with a
non-thermal model (power-law withΓ = 2.3). If thermal,
the hard component might be due to the concentration of
stars in Westerlund 2. On the other hand, if non-thermal,
it could reveal the signature of embedded SNRs.

3. WHAT WE STILL DON’T KNOW

Over the first six years of their missions,XMM-Newton
andChandrahave already contributed significantly to our
understanding of the X-ray emission of massive stars.
Much progress has been achieved, but a lot more work
remains to be done. Indeed, the new results discussed
above have also led to new challenges, that call for addi-
tional observations as well as for new theoretical models.

To date, roughly half a dozen presumably single O-
type stars have been observed at high spectral resolu-
tion. These data reveal a variety of line profiles, some
of which are in agreement with the expectations of either
the standard wind-shock model or the magnetically chan-
neled wind model. However, more data are needed to
put these results on firmer grounds and to find out which
of the two situations is the most typical. In the frame-
work of the second model, high-resolution X-ray spec-
troscopy could provide unprecedented information on the
importance of large scale magnetic fields in early-type
stars, thereby helping to solve the long-standing issue
of magnetic fields in early-type stars. Alternative sce-
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narios to the ‘standard’ model and the channeled wind
model are currently being developed (Pollock & Raassen,
2005). High-quality high-resolution spectra will be cru-
cial to test these new ideas.
As pointed out in the introduction, hydrodynamical sim-
ulations of the intrinsic instabilities of O-star winds of-
ten predict a short-term variability of the X-ray emission
(e.g. Feldmeier et al. (2003)). However, observations of
presumably single O-stars reveal a rather constant X-ray
flux. A possible exception to this rule isζ Oph (O9.5 V)
for which Oskinova et al. (2001) found a 20% modulation
of the X-ray flux as observed withASCA. The time-scale
(0.77 day) of this variation might be related to the re-
currence time of discrete absorption components (DACs)
seen in the UV lines of this star. If confirmed, such a
correlation would provide important clues on the connec-
tion between the X-ray emission and the large-scale wind
structures that are thought to produce recurrent DACs.
While the O-star LX – Lbol relation inferred from the
ROSATAll Sky Survey (Bergḧofer et al., 1997) displays a
considerable scatter, the corresponding relation obtained
fromXMM-Newtonobservations of the open cluster NGC
6231 (Sana et al. (2005b), see also Sana et al., these pro-
ceedings) reveals an amazingly small scatter. Could this
feature be explained by the fact that the Sana et al. rela-
tion is drawn from a homogeneous population of O-stars,
while theROSATresults refer to a mix of stars all over the
Galaxy? Future observations of open clusters harbouring
massive stars should allow to further constrain this rela-
tionship and to find out whether other parameters (such
as metallicity, age, galactocentric distance...) play a role
in this relation.

XMM-Newtonand Chandra have allowed for the first
time to collect high quality observations for a number of
colliding wind binaries. These data have shed new light
on the orbital variability of the X-ray flux of these sys-
tems, thereby providing a better description of the col-
liding wind interaction over a broad range of physical
parameters. Many features that have been found are in
excellent agreement with the theoretical expectations for
colliding wind systems. Some other properties, such as
the role of non-thermal processes are as yet more diffi-
cult to interpret. A key question that remains to be an-
swered is what happens to the kinetic power in radiative
shocks and what fraction of it is used to accelerate rel-
ativistic particles. Another issue concerns the nature of
the shocks. Pollock et al. (2005) and Pollock & Raassen
(2005) suggest that the shocks are collisionless and that
the post-shock plasma is not in equilibrium. If this is
the case, then the qualitative interpretation of the X-ray
spectra of colliding wind binaries (and probably early-
type stars in general) requires the design of new dedicated
models including collisionless shocks, particle accelera-
tion as well as non-equilibrium plasma conditions.
Finally, hard X-ray emission in early-type stars is of-
ten attributed to the presence of a wind interaction zone.
However, in some cases, stars that display a hard X-ray
emission and that are X-ray overluminous (e.g. the Of?p
star HD 108, Naźe et al. (2004a), see also Nazé et al.,
these proceedings) do not show any obvious indication of
multiplicity at other wavelengths. More data, both in X-

rays and other energy domains, are needed to clarify the
origin of this hard emission.
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ABSTRACT

We present the results of two XMM-Newton observations
of Jupiter carried out in 2003 for 100 and 250 ks (or 3
and 7 planet rotations) respectively. X-ray images from
the EPIC CCD cameras show prominent emission from
the auroral regions in the 0.2−2.0 keV band: the spec-
tra are well modelled by a combination of emission lines,
including most prominently those of highly ionised oxy-
gen (OVII and OVIII). In addition, and for the first time,
XMM-Newton reveals the presence in both aurorae of a
higher energy component (3−7 keV) which is well de-
scribed by an electron bremsstrahlung spectrum. This
component is found to be variable in flux and spectral
shape during the Nov. 2003 observation, which corre-
sponded to an extended period of intense solar activity.
Emission from the equatorial regions of the Jupiter’s disk
is also observed, with a spectrum consistent with that of
solar X-rays scattered in the planet’s upper atmosphere.
Jupiter’s X-rays are spectrally resolved with the RGS
which clearly separates the prominent OVII contribution
of the aurorae from the OVIII, FeXVII and MgXI lines,
originating in the low-latitude disk regions of the planet.

Key words: Planets: Jupiter; X-rays.

1. INTRODUCTION

Jupiter was first detected as an X-ray source with the Ein-
stein observatory (Metzger et al., 1983). By analogy with
the Earth’s aurorae, the emission was expected to be pro-
duced via bremsstrahlung by energetic electrons precip-
itating from the magnetosphere. However, the observed
spectrum is softer (0.2−3 keV) and the observed fluxes
larger than predicted from this mechanism. Model cal-
culations by Singhal et al. (1992) confirmed that the ex-

pected bremsstrahlung flux is lower by 1 to 2 orders of
magnitude compared with the observed <2 keV X-ray
flux. The alternative process is K shell line emission
from ions, mostly of oxygen, which charge exchange,
are left in an excited state and then decay back to the
ground state (see Bhardwaj and Gladstone, 2000, for a re-
view of early work on planetary auroral emissions). The
ions were thought to originate in Jupiter’s inner magneto-
sphere, where an abundance of sulphur and oxygen, asso-
ciated with Io and its plasma torus, is expected (Metzger
et al., 1983).

The first ROSAT soft X-ray (0.1−2.0 keV) observations
produced a spectrum much more consistent with recom-
bination line emission than with bremsstrahlung (Waite
et al., 1994; Cravens et al., 1995). Subsequent ROSAT
observations also revealed low-latitude ‘disk’ emission
from Jupiter (Waite et al., 1997), and this too was at-
tributed to charge exchange. However, the X-rays were
brightest at the planet’s limb corresponding to the posi-
tion of the subsolar point relative to the sub-Earth point,
suggesting that a solar-driven mechanism may be at work
(Gladstone et al., 1998). Scattering of solar X-rays, both
elastic (by atmospheric neutrals) and fluorescent (of car-
bon K-shell X-rays off methane molecules below the Jo-
vian homopause), was put forward as a way to explain the
disk emission (Maurellis et al., 2000).

With the advent of the Chandra observatory we gained
the clearest view yet of Jupiter’s X-ray emission, but
more questions arose as well: HRC-I observations in
Dec. 2000 and Feb. 2003 clearly resolve two bright,
high-latitude sources associated with the aurorae, as well
as low-latitude emission from the planet’s disk (Glad-
stone et al., 2002; Elsner et al., 2005). However, the
Northern X-ray hot spot is found to be magnetically
mapped to distances in excess of 30 Jovian radii, rather
than to the inner magnetosphere and the Io plasma torus.
Since in the outer magnetosphere ion fluxes are insuffi-
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Figure 1. Smoothed XMM-Newton EPIC image of Jupiter
(2.9” pixels), Apr. 2003. North is to the top, and East to
the left. Colour code: Red: 0.2–0.5 keV; Green: 0.5–0.7
keV; Blue: 0.7–2.0 keV. The equatorial emission is clearly
harder than that from the auroral regions. A graticule
showing Jupiter orientation with 30o intervals in latitude
and longitude is overlaid. The circular mark indicates
the sub-solar point; the sub-Earth point is at the centre
of the graticule.

cient to explain the observed X-ray emission, another ion
source (solar wind?) and/or acceleration mechanism are
required. Strong 45 min quasi-periodic X-ray oscillations
were also discovered using Chandra data in the North au-
roral spot in Dec. 2000, without any correlated periodic-
ity being observed in Cassini upstream solar wind data, or
in Galileo and Cassini energetic particle and plasma wave
measurements (Gladstone et al., 2002). Chandra ACIS-
S observations (Elsner et al., 2005) show that the auroral
X-ray spectrum is made up of oxygen line emission con-
sistent with mostly fully stripped ions. Line emission at
lower energies could be from sulphur and/or carbon. The
high charge states and the observed fluxes imply that the
ions must have undergone acceleration, independently
from their origin, magnetospheric or solar wind. Rather
than periodic oscillations, chaotic variability of the auro-
ral X-ray emission was observed, with power peaks in the
20−70 min range. A promising mechanism which could
explain this change in character of the variability, from
organised to chaotic, is pulsed reconnection at the day-
side magnetopause, as suggested by Bunce et al. (2004).

2. XMM-NEWTON OBSERVATIONS

XMM-Newton observed Jupiter twice in 2003: between
Apr. 28, 16:00 and Apr. 29: 22:00 UT (for a total observ-
ing time of 110 ks; see Fig. 1, from Branduardi-Raymont
et al., 2004, BR1 hereafter), and between Nov. 25, 23:00
and Nov. 29, 12:00 UT (245 ks, split over two spacecraft
revolutions, no.s 0726 and 0727; Branduardi-Raymont et
al., 2006a,b).

Figure 2. Jupiter lightcurves from the Nov. 2003 XMM-
Newton observation. Middle three panels: Low-latitude
disk and auroral emissions (0.2–2.0 keV, 300 s bins). Top
panel: Lightcurve at energies >10 keV, showing periods
of high background (excluded from the analysis) at the
end of the two spacecraft orbits. Bottom panel: System
III Central Meridian Longitude (CML).

2.1. Temporal behaviour

Lightcurves from the Nov. 2003 observation, shown in
Fig. 2, resemble very closely those obtained the previous
April (BR1). The planet 10 hr rotation period is clearly
seen in the data of the North and South auroral spots,
but not in the equatorial region. The bottom panel in
Fig. 2 shows the System III Central Meridian Longitude
(CML). The North spot is brightest around CML = 180o,
similar to the Dec. 2000 Chandra and the Apr. 2003
XMM-Newton results. A 40% increase in the equatorial
flux between the first and the second spacecraft revolution
is noticeable in Fig. 2, and is found to be correlated with
a similar increase in solar X-ray flux (see Bhardwaj et al.,
2005, for a detailed study of the temporal behaviour of
the low-latitude disk emission, which appears to be con-
trolled by the Sun). A search for periodic behaviour on
short time-scales in the auroral X-rays (i.e. the Chan-
dra 45 min oscillations) leads to a null result (as for the
Apr. 2003 XMM-Newton data). This supports the view
that over time the character of the variability in the au-
roral X-ray emissions can change from well organised to
chaotic.

2.2. EPIC spectral images

The XMM-Newton observation of Jupiter in Apr. 2003
gave the first clear indication that the Jovian auroral and
disk X-ray emissions have different spectra. Fig. 1 (BR1)
is the planet’s image colour-coded depending on X-ray
energy: the equatorial disk emission is clearly harder that
that of the aurorae. The auroral spectra can be mod-
elled with a superposition of emission lines, including
most prominently those of highly ionised oxygen (OVII
and OVIII). Instead, Jupiter’s low-latitude X-ray emis-
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Figure 5. Combined EPIC spectra of the North (black)
and South (red) aurorae, and of the low-latitude disk
(green) spectrum. Differences in spectral shape between
auroral and disk spectra are clear. The presence of a high
energy component in the spectra of the aurorae is very ev-
ident, with a substantial excess relative to the disk emis-
sion extending to 7 keV. The horizontal blue line shows
the estimated level of the EPIC particle background.

sion displays a spectrum consistent with that of solar X-
rays scattered in the planet’s upper atmosphere (BR1).
These results are strengthened by the Nov. 2003 observa-
tion.

Figs. 3 shows the combined EPIC-pn (Strüder et al.,
2001) and -MOS (Turner et al., 2001) CCD images in
narrow spectral bands corresponding to the OVII, OVIII,
FeXVII and MgXI lines detected in Jupiter’s spectra:
OVII emission is concentrated mostly in the North and
(more weakly) the South auroral spots, OVIII extends
to lower latitudes, while FeXVII and MgXI display a
rather uniform distribution over the planet’s disk, consis-
tent with an origin from scattered solar X-rays.

Although most of the X-ray emission of Jupiter is con-
fined to the 0.2−2 keV band, a search at higher energies
has produced very interesting results. Fig. 4 (right) is
an image of Jupiter in the 3−10 keV band, which shows
the presence of higher energy emission from the auroral
spots, but not so from the planet’s disk.

2.3. EPIC spectra

EPIC CCD spectra of Jupiter’s auroral zones and low-
latitude disk emission were extracted using the regions
outlined in Fig. 4; the spectral ‘mixing’ (due to the XMM-
Newton Point Spread Function) was corrected for by sub-
tracting appropriate fractions of disk and auroral emis-
sions from the aurorae and the disk spectra respectively.
Fig. 5 compares the resulting spectra of the North and
South auroral spots and the disk for the Nov. 2003 obser-
vation.

As first pointed out by BR1, there are clear differences in

Figure 6. Combined EPIC spectra of the North aurora for
the two separate XMM-Newton revolutions, 0726 (black)
and 0727 (red), in Nov. 2003, and for the Apr. 2003
observation (blue).

the shape of the spectra, with the auroral emission peak-
ing at lower energy (0.5−0.6 keV) than the disk (0.7−0.8
keV). Emission features in the range 1−2 keV are visible
in all the spectra, but are stronger in the disk (Branduardi-
Raymont et al., 2006b). The presence of a high energy
component from the aurorae is confirmed, while this is
missing in the disk emission. Variability in the auroral
spectra is also observed (Fig. 6): the high energy part
of the auroral spectra varies between the two Nov. 2003
XMM-Newton revolutions, and changes are also observed
at low energies.

2.4. EPIC spectral fits

A collisional plasma model (mekal in XSPEC) with
temperature kT = 0.46 ± 0.03 keV is a good representa-
tion of the low-latitude disk spectrum (Fig. 7), after in-
cluding additional MgXI and SiXIII emission (at 1.35
and 1.86 keV respectively, likely consequences of en-
hanced solar activity) and a small contribution of OVII
(0.57 keV) and OVIII (0.65 keV, both residual auroral
contamination).

The auroral spectra are well fitted by a model comprising
two thermal bremsstrahlung continua and four gaussian
emission lines: these are found at 0.32 keV (C and/or
S), 0.57 (OVII), 0.69 (OVII and FeXVII) and 0.83 keV
(Fe XVII) for the rev. 0726 spectra; in rev. 0727 and in
Apr. 2003 the lowest energy line is not present but one
is needed at 1.35 keV (MgXI, probably residual contam-
ination from scattered solar X-rays). The bremsstrahlung
continua reflect the presence of two distinct spectral com-
ponents dominating at the low and high energy end re-
spectively. The temperature of the low energy compo-
nent is fairly stable, ranging between 0.1 and 0.3 keV
and being practically the same for both aurorae. For the
higher energy component, the rev. 0726 spectra require a
much higher bremsstrahlung temperature than those from
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Figure 3. Smoothed XMM-Newton EPIC images of Jupiter in narrow spectral bands. From top left, clockwise: OVII,
OVIII, MgXI, FeXVII. The colour scale bar is in units of EPIC counts.

Figure 4. Jupiter’s images from the combined XMM-Newton EPIC cameras data (∼1.4′ side; left: 0.2−2 keV band; right:
3−10 keV). Superposed are the regions used to extract auroral and low-latitude disk lightcurves and spectra.
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Figure 7. EPIC spectrum of Jupiter’s disk and mekal
(collisional plasma model) best fit (see text for details).

Figure 8. XMM-Newton EPIC spectrum of Jupiter’s
North aurora from the Nov. 2003, rev. 0726 observa-
tion, fitted with thermal bremsstrahlung and power law
continua, plus four lines (see text for details).

the two other epochs. At the same time the addition of
an emission line is needed in order to explain a peak
at 0.3−0.4 keV. In actual fact, the spectral shape at the
higher energies is better matched by a very flat power law
(photon index ∼0.2) than a hot thermal bremsstrahlung.
The spectrum and best fit for the North aurora from the
Nov. 2003, rev. 0726 observation are shown in Fig. 8.

Fig. 9 displays the high energy continuum model compo-
nents fitted to the Nov. 2003 auroral data (flat power law
for rev. 0726 and steeper bremsstrahlung for rev. 0727)
and compares them with the predictions of Singhal et al.
(1992) for bremsstrahlung emissions by electrons of en-
ergies between 10 and 100 keV. The bremsstrahlung fit
of rev. 0727 lies remarkably close to the predicted spec-
trum for both the North and South aurorae. The models
for rev. 0726, however, suggest a very different electron
distribution for both aurorae.

Figure 9. High energy model components fitted to the
Nov. 2003 auroral data, compared with Singhal et al.
(1992) bremsstrahlung X-ray flux predictions for three
characteristic electron energies (10, 30 and 100 keV, from
bottom to top curve).

2.5. RGS spectrum

Fig. 10 shows the RGS spectrum of Jupiter obtained by
coadding the RGS1 and 2 data (first order only) from
both XMM-Newton revolutions in Nov. 2003: the image
is colour-coded according to the detected flux, and dis-
plays the spatial distribution of the emission in the cross
dispersion direction versus X-ray wavelength. The RGS
clearly separates the emission lines of OVII (21.6−22.1
Å, or 0.56−0.57 keV), OVIII (19.0 Å, or 0.65 keV) and
FeXVII (15.0 and ∼17.0 Å, or ∼0.73 and 0.83 keV). In-
terestingly, the RGS spectrum also shows evidence for
the different spatial extension of the line emitting regions,
in agreement with the EPIC spectral mapping of Fig. 3:
OVII photons are well separated into the two aurorae,
while the other lines are filling in the low latitude/cross
dispersion range. The higher resolution RGS spectrum,
which includes X-ray light from the whole planet, agrees
well, in flux and profile, with the EPIC one integrated
over the full disk of Jupiter (Fig. 11).

3. DISCUSSION AND CONCLUSIONS

XMM-Newton observations of Jupiter on two epochs in
Apr. and Nov. 2003 convincingly demonstrate that au-
roral and low-latitude disk X-ray emissions are different
in spectral shape and origin. The Jovian auroral soft X-
rays (< 2 keV) are most likely due to charge exchange
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Figure 10. RGS spectrum of Jupiter from the combined
RGS1 and 2 datasets of both XMM-Newton revolutions
in Nov. 2003; the emission spatial extent in the cross dis-
persion direction is visible along the vertical axis, while
the X-ray wavelength is plotted along the horizontal axis.
The two dashed horizontal lines mark the location of
Jupiter’s aurorae (the planet’s N−S axis was essentially
perpendicular to the RGS dispersion direction).

by energetic ions from the outer magnetosphere, or so-
lar wind, or both. For the first time a higher energy
component in the auroral spectra has been identified, and
has been found to be variable over timescales of days:
its spectral shape is consistent with that predicted from
bremsstrahlung of energetic electrons precipitating from
the magnetosphere. The variability observed in its flux
and spectrum is likely to be linked to changes in the en-
ergy distribution of the electrons producing it and may
be related to the particular period of intense solar activity
reported in Oct. - Nov. 2003 by a number of spacecraft
mesurements.
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ABSTRACT

Considered as the core of the Sco OB1 association, the
young open cluster NGC 6231 harbours a rich O-type
star population. In 2001, the XMM-Newtonsatellite tar-
geted the cluster for a nominal duration of about 180 ks.
Thanks to the detector sensitivity, the EPIC cameras pro-
vided an unprecedented X-ray view of NGC 6231, re-
vealing about 600 point-like sources. In this contribu-
tion, we review the main results that have been obtained
thanks to this unprecedented data set. Concerning the O-
type stars, we present the latest developments related to
the so-calledcanonicalLX − Lbol relation. The disper-
sion around this relation might actually be much smaller
than previously thought. In our data set, the sole mecha-
nism that yields a significant deviation from this scheme
is wind interaction. It is also the sole mechanism that
induces a significant variation of the early-type star X-
ray flux. In a second part of this contribution, we probe
the properties of the optically faint X-ray sources. Most
of them are believed to be low mass pre-main sequence
stars. Their analysis provides direct insight into the star
formation history of the cluster.

Key words: Stars: fundamental parameters – Stars:
early-type – X-rays: individuals: NGC 6231 – X-rays:
stars – Open clusters and associations: individuals: NGC
6231.

1. INTRODUCTION

Hot stars are known to be strong but soft X-ray emit-
ters since the launch of theEINSTEIN satellite in Decem-
ber 1978 (Harnden et al. 1979; Seward et al. 1979). Al-
though historically several hypotheses have been put for-
ward to explain the origin of this X-ray emission, it is now
commonly accepted that the latter is produced by shocks
occurring within the denser layers of the wind. These

∗FNRS Research Fellow
†FNRS Research Associate

shocks, believed to result from the growth of instabili-
ties of the line driving mechanism, heat the wind material
to temperatures of the order of ten million Kelvin, thus
producing a substantial amount of soft X-ray emission.
From the observational point of view, it was soon realized
(e.g. Harnden et al. 1979; Long & White 1980; Pallavicini
et al. 1981) that the X-ray luminosities of hot stars were
related to their bolometric luminosities through the so-
calledcanonicalLX − Lbol relation. In its generic form,
this relation can be written as follows:

LX ≈ 10−7Lbol. (1)

The X-ray luminosities of O-type stars seem however to
present a large scatter around this relation (e.g. Berghöfer
et al. 1997), typically of about a factor 2 to 3.

Beside theintrinsic emission of single stars, massive bi-
naries are often more X-ray luminous compared to equiv-
alent single stars (Pollock 1987; Chlebowski & Garmany
1991). This additional X-ray emission is usually inter-
preted as the signature of a wind interaction resulting ei-
ther from the collision of the winds of the two stars of
the system or, if the wind from one component is much
stronger than the other, from the interaction of the over-
whelming wind with the secondary photosphere. This X-
ray emission might further undergo phase-locked mod-
ulations, resulting from the variation of the absorption
along the line of sight. In eccentric binaries, such phase-
locked modulations might also result from the change of
the shock strength due to the varying distance between
the two stars.

Considered as the core of the Sco OB1 association, the
young open cluster NGC 6231 hosts a rich early-type star
population of different sub-spectral types and luminosity
classes. Located at a distance of only about 1.6 kpc, it
constitutes an ideal target to study the X-ray properties
of an homogeneous (in terms of age, reddening, chemi-
cal composition, ...) sample of OB-type stars. NGC 6231
was thus chosen as the target of a 180 ks monitoring cam-
paign performed in the framework of the Liège project for
the Optical Monitor consortium guaranteed time. Car-
ried out within a 5-day period in September 2001, the
campaign actually consisted of six separate pointings of
30 ks each. Nonetheless it forms one of the deepest X-ray
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Figure 1. Combined EPIC-MOS three-color X-ray im-
age of the young open cluster NGC 6231, showing the
central part of the fov. It approximately corresponds to
MOS CCD#1; the presented field is thus about5′ × 5′.
The different false colors correspond to different energy
ranges: red: 0.5-1.0 keV; green: 1.0-2.5 keV; blue: 2.5-
10.0 keV. The color image is also available from the
XMM-Newton Image Gallery: http://xmm.vilspa.esa.es/
external/xmmscience/gallery/public/index.php

views ever acquired of a young open cluster, but the par-
ticular schedule of the campaign further allows to study
the variability of the X-ray properties of the objects on
different time scales. The analysis of this remarkable data
set is presented in a series of papers (Sana et al. 2005b,
2006a,b) to which we refer for further details.

Beside the XMM-Newton observations, we have also
monitored all the O-type stars and some of the bright-
est B-type stars in the EPIC field of view (fov) by means
of high resolution optical spectroscopy (mainly acquired
using the ESO spectrograph FEROS). This data set has
allowed us to provide further constraints on the physi-
cal properties of the early-type stars in NGC 6231 (Sana
2005). In particular, we revised their multiplicity and re-
derived their spectral classification. Thanks to the qual-
ity of the FEROS data, we have detected the secondary
signature for eight out of the nine O-type binaries in the
EPIC fov. Together with the existing photometry of the
cluster (e.g. Sung et al. 1998), the tight constraints on
the properties of the early-type stars provide a firm ba-
sis for the X-ray analysis. The complementarity between
the X-ray and optical data further constitutes one of the
strengths of the present work.

2. OBSERVATIONS AND DATA REDUCTION

XMM- Newtonperformed the six successive exposures of
our campaign during satellite revolutions 319 to 321. The
fov was centered on the colliding wind binary HD 152248

(α2000 = 16h54m10.s06, δ2000 = −41◦49′30 .′′1), in the
core of the cluster. Position angles (PAs) were very simi-
lar through the six exposures. All three EPIC instruments
were operated in the Full Frame mode together with the
Thick Filter to reject UV/optical light. Due to the bright-
ness of the cluster objects in the fov, the Optical Monitor
was switched off throughout the campaign.

The EPIC Observation Data Files (ODFs) were pro-
cessed using the XMM-Science Analysis System (SAS)
v 5.4.1 implemented on our computers in Liège. We ap-
plied theemprocandepprocpipeline chains respectively
to the MOS and pn raw data to generate proper event list
files. No indication of pile-up was found in the data. We
then only considered events with patterns 0-12 (resp. 0-
4) for MOS (resp. pn) instruments and we applied the
filtering criterion XMMEA EM (resp. FLAG = 0) as rec-
ommended by the Science Operation Centre (SOC) tech-
nical note XMM-PS-TN-43 v3.0. For each pointing, we
rejected periods affected by soft proton flares. For this
purpose, we built light curves at energies above 10 keV1

and discarded high background observing periods on the
basis of an empirically derived threshold (adopted as 0.2
and 1.0 cnt s−1 for the MOS and pn instruments respec-
tively). The so-defined GTIs (Good Time Intervals) were
used to produce adequate X-ray event lists for each point-
ing from which we extracted images using x- and y-image
bin sizes of 50 virtual pixels2.

We finally combined the event lists obtained for all six
pointings to improve the statistics of faint sources. For
this purpose, we used the SAS taskmerge. For each
EPIC instrument, we included the event lists resulting
from different pointings one by one. We also built merged
event lists that combine the twelve MOS or the eighteen
EPIC event lists. The Attitude Files generated by the
pipeline were merged using the same approach and we
adopted, for handling the merged event lists, the Calibra-
tion Index File (CIF) and the ODF corresponding to the
first pointing.

The total effective exposure times towards the cluster
are, respectively for the MOS1, MOS2 and pn instru-
ments, of 176.5, 175.0 and 147.5 ks. Together with the
high sensitivity of the XMM-Newtonobservatory, the
combination of the six pointings and of the three in-
struments provides one of the deepest X-ray views of a
young open cluster. Fig. 1 shows a three-colour image
of NGC 6231 and reveals a densely populated field with
hundreds of point-like X-ray sources. We estimate our
detection flux limit to lie between about3 × 10−15 and
1.5 × 10−14 erg cm−2 s−1 depending on the position on
the detectors and on the source spectrum.

For each source, we finally adopted a circular extraction
region with a radius corresponding to half the distance

1Expressed in Pulse Invariant (PI) channel numbers and consider-
ing that 1 PI channel approximately corresponds to 1 eV, the adopted
criterion is actually PI> 10 000.

2Though the physical pixels of the EPIC MOS and pn detectors
have an extent on the sky of respectively 1.′′1 and 4.′′1, the virtual pixels
of the three instruments correspond to an extent 0.′′05. The obtained
images have thus a pixel size of 2.′′5.
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HD 326329

HD 152248

CPD−41°7742

Figure 2. ISM-absorption corrected X-ray luminosities in
the 0.5-10.0 keV band plotted vs. bolometric luminosities.
The different symbols indicate the different properties of
the sources. Spectral type: O (filled symbols), B (open
symbols). Luminosity class: supergiant (black), giant
(red), main sequence (blue). Multiplicity: binary (trian-
gles), presumably single RV-variable star (squares), pre-
sumably single RV-constant star (circles). Best-fit linear
relations in thelog− log plane for O (Eq. 2) and B (Eq.
3) stars are indicated by the dashed and the dotted lines
respectively. The two vertical bars in the upper part of
the graph give the expected 1-σ deviation for B (σB) and
O (σO) type stars.

to the nearest neighbouring X-ray source. Due to the
crowded nature of the cluster core in the X-rays and to the
limited spatial resolution of the EPIC detectors, the back-
ground could not be evaluated in the immediate vicinity
of the stars, but had to be taken from the very few source
free regions. The details are given in Sana et al. (2006a).
We then used the appropriate redistribution matrix files
(rmf ) provided by the Science Operations Centre (SOC),
according to the position of the considered source on the
detectors. We built the corresponding ancillary response
files (arf ) using theARFGEN command of the SAS soft-
ware. The spectra were finally binned to have at least 10
counts per bin.

3. THE OB STAR POPULATION

Prior to our scientific analysis, we first went through a
deep overview of the existing literature and databases on
NGC 6231 and we made a census of the early-type star
population in the observed fov. Our census mainly relies
on selected published works (see references in Sana et al.
2005b), on the Catalog of Galactic OB Stars (Reed 2003)
and on the WEBDA3 and SIMBAD4 databases. This re-

3http://obswww.unige.ch/webda/
4http://simbad.u-strasbg.fr/Simbad/

sulted in 108 objects among which 92 B-stars, 15 O-stars
and one WR system (WR 79).

All the O-type stars were detected by XMM-Newtonas
soft but strong sources, which allowed us to study the
complete population rather than a subsample of it. On
the other hand, only about 20% of the B-type stars could
be associated with an X-ray source. Using theXSPEC
software, we adjusted the X-ray spectra of the differ-
ent sources associated with early-type objects. In doing
so, we used up to three-component thin thermal plasma
models (mekal models) allowing for a distinct local ab-
sorption column (wabs model) for each component and
accounting for additional absorption by the interstellar
medium (ISM). The latter column was held fixed to a
value computed from the reddening of the different ob-
jects, using the typical colours of Schmidt-Kaler (1982)
and the gas to dust ratio of Bohlin et al. (1978). Using
the best-fit models, we finally computed the X-ray lumi-
nosities, corrected for the ISM absorption column only.
We also recomputed the bolometric luminosities, adopt-
ing our revised spectral classification and the bolometric
correction scale of Schmidt-Kaler (1982). Fig. 2 presents
the location of the different objects in theLX − Lbol di-
agram. Note that Fig. 2 is restricted to objects fitted with
at least 2-temperaturemekal components. Reasons for
this are given in Sana et al. (2006a).

3.1. The O-type stars

Focusing in a first step on the O-type stars, we note a
clear linear relation in thelog− log plane. However sev-
eral points deviate significantly from thiscanonicalrela-
tion. HD 152248 (O7.5III(f) + O7III(f), Sana et al. 2001)
presents clear evidence for a wind-wind interaction that
we traced both from the optical and X-ray domains. 2-D
hydrodynamical simulations of the collision further rea-
sonably reproduce the observed modulations of the X-
ray flux of the system, lending further support to this in-
terpretation (Sana et al. 2004). CPD−41◦7742 (O9V +
B1.5V, Sana et al. 2003) X-ray light curve also displays
clear though apparently complex modulations of its X-ray
flux, that we have however related to a wind interaction
of a peculiar kind. In this O+B system, the dominant pri-
mary wind most probably crashes into the secondary sur-
face. A simple phenomenological model of such a wind-
photosphere interaction indeed reproduces pretty well the
main features of the X-ray light curve (Sana et al. 2005a).
It is thus clear that the two latter systems are not repre-
sentative of theintrinsic X-ray emission of single O-type
stars. Excluding these two points, a least-square linear fit
yields:

log LX − log Lbol = −6.912(±0.153) (2)

where the X-ray luminosity is given in the 0.5-10.0 keV
band. It is interesting to note that we also adjusted a
power-law relation (thus in the formlog LX = Γ ×
log Lbol + K). However, as indicated by aFχ-test (see
e.g. Bevington 1969), this additional parameter does not
improve significantly the quality of the fit compared to
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Figure 3. Hertzsprung-Russell diagram of the EPIC
sources with optical counterparts in the Sung et al. (1998)
catalogue. Evolutionary tracks from Siess et al. (2000)
for masses of 0.2, 0.3, 0.4, 0.5, 0.7, 1.0, 1.5, 2.0, 2.5,
3.0, 4.0, 5.0, 6.0 and 7.0 M� are overplotted. Filled dots,
filled diamonds and open triangles indicate respectively
Hα emitting stars, Hα candidates and stars with no evi-
dence for emission. The thick solid line shows the ZAMS,
while the dashed lines correspond to isochrones for ages
of 0.5, 1.5, 4.0, 10.0 and 20.0 Myr.

the scaling law of Eq. 2. In the following, we thus de-
cide to adopt the simplest form of thecanonical rela-
tion, as quoted in Eq. 2. One of the most outstanding re-
sults lies however in the limited dispersion (of only about
40%) of the X-ray luminosities around the best fit rela-
tion. Compared to the scatter (a factor of 2 to 3) observed
by Bergḧofer et al. (1997), this suggests that theintrinsic
X-ray emission of O-type stars might be much more con-
strained by the physical properties of the star than pre-
viously assumed. It is also remarkable that, within our
sample, only the binaries present a significant modula-
tion of their X-ray flux, suggesting thus a wind interac-
tion origin. Excluding the case of HD 326329, proba-
bly contaminated by a neighbouring flaring source, extra
emission produced in a wind interaction region is also the
only mechanism that yields a significant deviation from
thecanonicalLX − Lbol relation. All in all, our analysis
suggests thus that theintrinsic X-ray emission from sin-
gle O-type stars might be rather stable, both in terms of
time-variability and of scattering compared to the mean
LX − Lbol relation.

3.2. The B-type stars

Turning to B-type stars, their distribution in thelog LX−
log Lbol plane also suggests the presence of a linear rela-
tion, although as quoted above, only about 20% of these
objects are seen in the X-rays. Indeed the linear corre-
lation coefficient isr ∼ 0.75, corresponding to a confi-

Figure 4. Distribution of the ages of X-ray selected PMS
objects as interpolated from the isochrones derived from
the Siess et al. (2000) evolutionary tracks. PMS candi-
dates with∆(R−Hα) ≥ 0.12 are indicated by the solid
line, while those with∆(R −Hα) < 0.12 are indicated
by the dashed line. The total numbers of objects with
∆(R−Hα) ≥ 0.12 and∆(R−Hα) < 0.12 are respec-
tively 93 and 303.

dence level of 0.99 in favour of the presence of a correla-
tion betweenlog LX and log Lbol. A linear least-square
fit yields:

log LX = 0.22(±0.06) log Lbol + 22.8(±2.4) (3)

However, we emphasize that the undetected B-type stars
were not taken into account in the derivation of the
present relation. The fact that about 80% of them lie
below our detection threshold suggests that either X-ray
emission from B-type stars is not anintrinsic property of
such stars or, at least, that it is not fully governed by their
bolometric luminosities. In the latter case, we could only
be detecting the upper envelope of a largely scattered dis-
tribution in such a way that, by coincidence, the detected
sources suggest the presence of a linear relation. Beside
these considerations, one may further note that about one
third of the detected B sources present flaring-like activi-
ties during the time-span of our XMM-Newtoncampaign.
Their X-ray spectral properties are further reminiscent of
those of PMS stars. It is therefore difficult to definitely
conclude whether the detected X-ray emission is directly
associated with the B-type stars or if it is rather produced
by PMS stars either as the secondary component in a bi-
nary system or being located by chance along the same
line of sight.

4. THE OPTICALLY FAINT X-RAY SOURCES

Beside the early-type stars, the EPIC images reveal sev-
eral hundreds of additional point-like sources that clus-



5

Figure 5. Locations of the NGC 6231 O-type stars in
the H-R diagram. Symbol shapes and colours provide
different indications on the object nature: black, super-
giant; red, giant; blue, main sequence; triangle, be-
longing to a binary system (filled triangles indicate the
heaviest star of the system while open triangles stand for
the less massive companion); square, presumably single,
RV-variable star; circle, presumably single, constant-RV
star. The evolutionary tracks from Schaller et al. (1992)
have been plotted (plain lines) together with isochrones
(dotted lines) computed for ages ranging from 2 to 10
Myr with a step of 2 Myr. The figure appears in colour in
the electronic version of this work.

ter towards the core of NGC 6231, suggesting a phys-
ical link with the cluster. These are typically fainter but
harder than the O-type stars (Sana et al. 2005b). As a first
step, we compared the X-ray source list with different
existing optical/IR catalogues, adopting a limited cross-
correlation radius of 3′′. As a result, almost 80% of the X-
ray sources in the XMM-Newtonfov could be associated
with at least one optical/IR counterpart. In particular, we
made use of an extended version of the UBV(RI)C Hα
photometric catalogue of Sung et al. (1998). Roughly,
the latter work covered a square field of 20′ × 20′ that is
inscribed within the 15′ radius fov of the EPIC cameras.
NGC 6231 being a quite young open cluster (age∼3-
5 Myr, Baume et al. 1999), we expect that the lower mass
stars have not reached the ZAMS yet. Being probably
still embedded in their natal clouds, they might suffer a
heavy circumstellar absorption. X-ray emission is how-
ever one of the best selection criteria for these objects
(Sung & Bessell 2004) and the present XMM-Newtonim-
age of NGC 6231 might form one of the best censuses of
the cluster PMS population so far.Hα emission is a fur-
ther well known property of the classical T Tauri stars.
Among the 536 X-ray sources located within the field
covered by the Sung et al. (1998) catalogue, we indeed
identified 93 candidates displaying a significant excess in
theR−Hα colour index (adopted as∆(R−Hα) ≥ 0.12,
see Sana et al. 2006b, for details).

Fig. 3 presents the location of these optically faint X-
ray sources in the Hertzsprung-Russell diagram. Most of
them are indeed located above the ZAMS as expected for
PMS objects. Comparing with PMS evolutionary tracks
of Siess et al. (2000), it appears that most of them are
low-mass stars (M < 2 M�) that started their forma-
tion about 2 to 4 Myr ago. The distribution of the ages
of these X-ray selected PMS stars is presented in Fig. 4
and suggests that star formation in NGC 6231 might have
started at least 10 Myr ago at a relatively slow rate. The
latter then slowly increased to culminate in astarburst-
like event about 2 to 4 Myr ago, a period that also corre-
sponds to the formation of the cluster massive stars (see
Fig. 5). It is further interesting to note that, neither in
Figs. 3 nor 4, a clear difference appears between the Hα
emitting X-ray sources (probably classical T Tauri stars)
and those that do not present evidence of such emission
(probably weak-line T Tauri stars). No difference could
also be found in their respective spatial distribution in the
studied fov.

5. CONCLUSIONS

We briefly presented some of the main achievements
of an XMM-Newtonmonitoring campaign of the young
open cluster NGC 6231 in the Sco OB1 association. Of
a nominal duration of 180 ks, it was actually split into 6
separate pointings spread over 5 days. Clearly it consti-
tutes one of the deepest X-ray observations of a young
open cluster and its particular scheduling allowed us to
probe the variability of the detected sources on different
time scales. The EPIC cameras revealed a crowded fov
with more than 600 X-ray sources. The large majority
of these could be identified with an optical/IR counter-
part and their location in the H-R diagram suggests that
most of them are actually low-mass (M < 2 M�) PMS
stars. Their study seems to indicate that the star formation
in NGC 6231 was probably not an instantaneous event
but might have started at least 10 Myr ago at a relatively
slow rate. The bulk of the cluster stellar population has
however started its formation during a starburst-like event
about 2 to 4 Myr ago, an epoch during which the most
massive stars of the cluster were also formed.

XMM- Newtonalso detected the complete O-type star
population in the EPIC fov. Being strong but soft emit-
ters, these objects clearly dominate the EPIC images.
Restraining our analysis to the 0.5-10.0 keV band, we de-
rived a new value for theLX − Lbol canonicalrelation,
expressed in the form of a scaling law. One of the most
outstanding results is the limited dispersion of the O-type
star X-ray luminosities around this newcanonicalrela-
tion compared to the one observed by previous studies. It
is clear that the fact that we have been able, among oth-
ers, to identify and reject the colliding wind binary sys-
tems from the fit has helped to reduce the scattering. The
particular homogeneity of our sample, notably in terms
of age, metallicity and reddening, might have played a
crucial role in this regard.
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Finally, it is also worth to note that, within our sample,
variability of the X-ray flux is only observed for probable
colliding wind binaries. It is further the only mechanism
that seems to produce strong deviations from thecanoni-
cal relation. All in all, our analysis suggests thus that the
intrinsic X-ray emission from single O-type stars might
be much more stable than previously thought, both in
terms of time-variability and of deviation from the mean
LX − Lbol relation.

The comparison of the present results with others, derived
in an homogeneous way from the study of other young
open clusters, will therefore be of particular interest to
probe theuniversalityof thecanonicalrelation. It could
further help to investigate the influence of other important
parameters, such as age and metallicity, which might cru-
cially affect theintrinsic X-ray emission of O-type stars.

Finally we note that, compared to XMM-Newton, future
X-ray missions should definitely combine a high sensi-
tivity with an increased spatial resolution. The latter is
indeed crucial in very crowded fields such as the one stud-
ied in this contribution. We also note that, while dealing
with such an extended data set, 12 months is a very short
time. One can thus wonder whether the proprietary pol-
icy could not be extended to allow scientists to perform
in-depth studies in good conditions.

ACKNOWLEDGMENTS

The present paper is based on data collected withXMM-
Newton, an ESA Science Mission with instruments and
contributions directly funded by ESA Member States and
by the USA (NASA). The authors acknowledge sup-
port from the PRODEX XMM and Integral Projects, as
well as contracts P4/05 and P5/36 ‘Pôle d’Attraction In-
teruniversitaire’ (Belgium). They are also greatly in-
debted towards the ‘Fonds National de la Recherche Sci-
entifique’ (Belgium) for multiple supports. HS is grateful
to ESA, to the FNRS (Belgium) and to the ‘Patrimoine de
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ABSTRACT

The RSCVn system σ Geminorum was observed by
XMM-Newton on April 2001 during a large flare. We
model the emission measure distribution (EMD) during
the flare and during a quiescence period. In the flare, a
two phase behaviour is found in which the cool plasma
(kT < 2 keV) is not disturbed while a large hot com-
ponent, at temperatues of kT > 3 keV emerges. Funda-
mental limitations on EMD modeling of high temperature
plasmas are then discussed, in the context of the σ Gemi-
norum flare.

Key words: stars:activity – stars:corona – stars:flares –
stars:abundances – stars:individual: (σ Geminorum) – X-
rays:stars.

1. INTRODUCTION

The interplay between steady coronal emission and coro-
nal flares has been a subject of ongoing research for many
years. X-ray line resolved spectra available with Chandra
and XMM-Newton allow now for unprecedented plasma
diagnostics.

Measurements of relevant changes could offer impor-
tant diagnostics for the heating and the plasma trans-
port process in stellar coronae. It is unclear how exactly
large flares affect the abundances and thermal structure
in stellar coronae. Although indications of changes in
the metallicity of a flaring corona were reported early on
from low-resolution devices (see review by Güdel, 2004),
more reliable analysis had to wait for the advent of high-
sensitivity and medium-to-high resolution spectrometers.

A crucial reconsideration of the situation came with
the advent of high-resolution spectroscopy with XMM-
Newton and Chandra, but the findings so far still lack
systematic trends. While Audard et al. (2001) found sig-
nificant enhancements of low-FIP elements in a flare on

HR 1099, two flares reported by Osten et al. (2003;
for σ2 CrB) and Güdel et al. (2004; for Proxima Cen-
tauri) showed an increase of the abundances of several
elements, but no selective FIP-dependence was found.

Resolving the thermal structure and finding element
abundances are entangled problems that need to be solved
simultaneously. The most common approach is the
global fit, where the plasma is treated as composed of
several isothermal components. Although this presenta-
tion of the thermal structure is not very physical, it usu-
ally proves useful for abundance calculations. When the
thermal structure itself is of interest, attempts are made
to produce a continuus thermal distribution: Emission
Measure Distribution (EMD) or sometimes referred to as
Differential Emission Measure (DEM). This is achieved
by inverting a set of integral equations for emission lines
and / or the continuum. The inversion problem however
is mathematically ill posed and the solution is unstable
against errors in the measurements, ie. small variations
of the measured fluxes translate into large variations of
the EMD solution (Craig & Brown 1976).

RS CVn binary systems are bright X-ray and EUV
sources owing to rapid rotation, generating a magnetic
dynamo. As such, they have been studied extensively
in both bands (Audard et al., 2003; Sanz-Forcada et al.,
2002, respectively, and references therein). The RS CVn
σ Geminorum (HD62044, HR 2973, HIP 37629) is par-
ticularly bright and well observed at all wavelengths. For
an RS CVn, it has a rather long period of 19.6045 days
(Duemmler et al., 1997). The primary star is a K1 III
type, red giant. Little is known of the secondary as it has
not been detected at any wavelength, but restrictions to its
mass and the low luminosity suggest that it is most likely
a late-type main sequence star of under one solar mass
(Duemmler et al., 1997).

The σ Geminorum system is a luminous X-ray (logLX ≈
31.0±0.2 erg s−1; Yi et al., 1997, corrected for a distance
of 37.5 pc) and radio (logLR ≈ 15.40 erg s−1 Hz−1, at
6 cm wavelength; Drake et al., 1989) source. While most
observations found it to be a relatively steady emitter, a
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Figure 1. Light Curves for σ Geminorum in time bins
of 500 s. (a) April 2001 RGS (1 and 2 combined) ob-
servation (1st and 2nd orders). (b) December 1999
LETG/ACIS observation (all orders).

very large flare has been detected in December 1998 with
EUVE (Sanz-Forcada et al., 2002). Another flare was
detected in April 2001 both in the X-ray and in the radio
in which a Neupert effect: d

dtLX ∝ LRadio (Neupert,
1968) was found (Güdel et al., 2002).

In this paper we will use the σ Geminorum example to
discuss some of the disgnostics problems that originate
in the high temperatures of the plasma in large flares. For
a more complete analysis of the high resolution σ Gemi-
norum observations discussed below, see Nordon et al.
(2005).

2. OBSERVATIONS

The target σ Geminorum was observed by XMM-Newton
in April 2001 for a total exposure time of 54 ks. The
data were reduced using the Standard Analysis System
(SAS) version 6.0.0. In this analysis we use the Re-
flection Grating Spectrometers (RGS) in the 1st order of
diffraction, which gives reliable data from 6 to 38 Å. Line
fluxes of Fe24+ and Fe25+ were extracted from the EPIC-
pn data with the use of the XSPEC software package.
Background is subtracted using off-source CCD regions.
Chandra observed the target on December 1999 for a
duration of 100 ks with the Low Energy Transmission
Grating (LETG) + Advanced CCD Imaging Spectrom-
eter (ACIS) configuration in Continuous Clocking (CC)
mode. The data were reduced using the CIAO package
version 3.0.2.

The long duration flare, with an observed peak rise of
20%, is seen in the RGS light curve presented in Fig-
ure 1. The rise in flux is roughly uniform in the entire
RGS wavelength band. The flare light curve is contrasted
with the flat light curve obtained from the LETG obser-
vation shown below in the same figure.

3. EMISSION MEASURE DISTRIBUTION

3.1. Emission measure distribution modeling

The continuum is almost featureless for a distrubution of
plasma temperatures and in addition, the continuum from
the LETGS instrument is unreliable due to the CC mode
(Nordon et al. 2005). Therefore line fluxes alone are used
to derive the emission measure distribution (EMD).

The observed line flux F qji of ion q due to the atomic tran-
sition j → i can be expressed by means of the element
abundance with respect to Hydrogen Az , the distance to
the object d, the line power P qji and the ion fractional
abundance fq as:

F
q
ji =

Az

4πd2

∫
∞

0

P
q
ji(T )fq(T )EMD(T )dT (1)

We use the primary line (selected bright, weakly blended,
usually resonant line) from every Fe ion in the observed
spectra to get a set of integral equations (eq. 1), whose
solution yields the EMD scaled by the unknown Fe abun-
dance. For other elements, we use ratios of the He-like
to H-like line fluxes instead of absolute fluxes, thus the
element abundance Az cancels out. This adds another set
of equations that constrain the shape of the EMD, and do
not depend on the abundances:

Rz =
F
He−like
ji

F
H−like
lk

(2)

The X-ray spectra include as many as ten Fe ions but no
more than two ions from other elements. In total, we get
14 equations for the flare and quiescence observations,
but different equations, depending on which lines are vis-
ible. We fit the line fluxes and flux ratios using the least
squares best fit method to solve for the EMD, where the
EMD is expressed by a parameteric non-negative func-
tion of T . This method yields the estimated shape of
the EMD, independent of any assumptions for the abun-
dances, and is scaled by the Fe abundance. The integra-
tion in eq. 1 and eq. 2 is cut-off at 8 keV beyond which the
EMD is completely degenerate. This means that some of
the EM in the last bin could be attributed to even higher
temperatures.

The atomic data for the line powers are calculated using
the HULLAC code (Bar-Shalom et al., 2001). In order
to measure the line fluxes and solve for possible blend-
ing, we preform an ion-by-ion fitting to the spectra. The
line powers for each ion are calculated at its maximum
emissivity temperature and then passed through the in-
strument response. The observed spectra are fitted by a
set of complete individual-ion spectra simultaneously, re-
sulting in an excellent fit that accounts for all the observed
lines and blends. This process is similar to the one used
in Behar, et al. (2001) and Brinkman et al. (2001). The
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line fluxes used in the EMD fitting are listed in Nordon et
al. (2005). The ionic abundances (fq) for: Fe, Ar, S, Si,
Mg are taken from Gu (2003), whereas Mazzotta et al.
(1998) is used for the other elements.

Our goal is to compare the EMD of the flare and quies-
cence states. It is important to note that the solution for
the EMD is not unique as is the case with integral equa-
tions of this sort (Craig & Brown, 1976). On scales much
smaller than the width of the ions emissivity curves, or in
temperature regions where there are no emissivity peaks
of any ion, there is no way of constraining the EMD.
Therefore, in order to be able to compare the EMD so-
lutions, the confidence intervals of the solution are as im-
portant as the actual values. We choose to fit a staircase
shaped function to allow for local confidence intervals es-
timates. Since the errors on the EM can be non-linear in
the parameters (due to the flux ratio equations), localized
asymptotic confidence intervals are inappropriate. We
use the χ2 probability distribution to get the confidence
intervals, by searching the model parameters space for a
target χ2 surface. The deviation of the target χ2 from
the best-fit value gives the confidence level. This also in-
cludes uncertainties due to non-zero covariances between
parameters.

The fitted EMD of σ Geminorum during flare and qui-
escence are plotted in Figure 2. with 90% confidence
intervals. The value of the EMD in each bin represents
the average EMD over the bin. Selecting the number of
bins and their widths is not trivial. Since, as discussed
above, we are interested in meaningful confidence inter-
vals, we cannot use narrow bins, as this will result in ex-
cessive error bars. The line emissivity curves have con-
siderable widths and some extend to temperatures much
higher than their peak emissivity, resulting in strong neg-
ative correlations between the EM in neigbouring bins.
Therefore, on small enough scales we have no informa-
tion on how the EM is distributed and we can only con-
strain the total EM (or average EMD) over a bin’s temper-
ature range. The errors on the measured fluxes increase
the uncertainty on the EM even further. Ultimately, if
meaningful confidence intervals are to be obtained, the
number of bins has to be kept small and their width opti-
mized according to the constraints in each region.

3.2. Integrated Emission Measure

The important physical quantity is the integral of the
EMD over a range of temperatures. The integrated EM
from zero to kT is plotted in the bottom panel of Fig-
ure 2. with 90% confidence bars. The uncertainties
caused by the strong correlation between the EMD bins
disappear with integration, resulting in much smaller er-
ror bars. Several works comparing different EMD recon-
struction methods showed that while the representation of
the EMD is heavily model dependent, the total integrated
EM stays remarkably the same (for example, Fludra &
Sylwester, 1986). An important exception to this is when
significant amounts of EM exist at temperatures where all
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Figure 2. Top: EMD of the two observations. Error
bars indicate 90% confidence intervals. bottom: The in-
tegrated EM up to kT , with 90% confidence intervals.
EMD is scaled according to Solar Fe abundance, taken
to be: Fe/H = 4e-5.

line emissivities are low, such as beyond the emissivity
peaks of the highest Fe degrees.

Simple heating of the plasma does not change the total
EM, therefore variations in the total EM indicate added
material, changes in density or both. The total integrated
EM up to 3 keV is slightly higher during the flare, al-
though still consistent with the quiescence EM, within
the 90% confidence intervals. The total EM up to the
8 keV cut-off during the flare is 5.4±1.9 times that of the
quiescence EM, which is very large in a bright system
such as σ Geminorum, so it is unlikely that such a huge
amount of plasma is added to the corona. The more likely
interpretation is that the hot EM originates from plasma
heated lower in the chromosphere, where the higher den-
sity would result in a large EM, even for a small amount
of evaporated plasma. The increase in density was not de-
tected here, but this could be due to the high charge states
(H-like and bare) typical of the high-T flare, for which no
density diagnostics are available.

3.3. Abundances

Once we have solved for the EMD, abundance calcula-
tions are made easy. In order to extract the X/Fe abun-
dance ratios, we simply calculate the non-Fe line fluxes
(eq. 1) from the Fe-scaled EMD. The ratio between the
measured and calculated flux gives the abundance value.
We use abundance ratios relative to Fe and not to H since
this is based on line emission ratios, while H does not
emit lines at the relevant temperatures and abundances
relative to H have to rely on ambiguous continuum mod-
eling.

No statistically significant abundance variations between
flare and quiescence were detected. This does not nec-
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essarily mean that the abundances are the same since the
high temperatures in the flare can make the detection of
abundance variations difficult, as we explain in section 5.

4. EMD DEGENERACY AND CONFIDENCE
LEVEL

4.1. Definitions

The inversion of a set of integral equations as presented
above is not unique. Even for very small errors on the
measured fluxes, we get an infinite number of possible
solutions (in the least squares sense). Therefore, esti-
mating the EMD uncertainties is crucial for the physical
interpretation of the EMD and for comparisons between
different activity epochs. It is important to note that the
EMD uncertainty in a given T range is caused by a de-
generacy of the inversion problem itself and not merely
by the errors on measured fluxes, as we will explain be-
low. This is not a problem caused by a model. The goal is
to find what variations on the source EMD will result in
indistinguishable spectra and to determine the maximal
temperature resolution which can be achieved, regardless
of our specific EMD representation or method of solu-
tion.

We would like to define a measure for the degeneracy of
the EMD solution at a given temperature T. For simplic-
ity of notation let us define εi(T ) as the emissivity of an
observed line i:

εi(T ) = ε
q
kl(T ) ≡ P qkl(T )fq(T ) (3)

Using this definition, the observed line flux (eq. 1) can be
written as:

F
i =

AZ

4πd2

∫
∞

0

εi(T )EMD(T ) dT (4)

εi(T ) defines the contribution of the plasma at tempera-
ture interval [T, T + dT ] to each observed line flux F i
scaled by EMD(T )dT . The EMD contributions at a
given temperature T to all of the observed line fluxes F i
(i=1..N, number of observed lines) forms a vector ~ε(T ).

Let us now quantify the similarity between the emissivity
vectors at different T . In other words, how much plasma
at T 1 can be replaced with plasma at T2 and still produce
the same observed line fluxes within the observational er-
rors. Varying the EMD at T1 by δEMD(T1) = A1δ(T−

T1), results in a deviation in the line flux vector ~F . This
deviation can be compensated partially by another EMD
variation at temperature T2, δEMD(T2) = A2δ(T−T2).
If vector ~ε(T2) were parallel to ~ε(T1), there would be to-
tal compensation. Therefore we would not distinguish
between plasma at T1 and plasma at T2. In the general
case, the deviation in the observed line fluxes is:

4πd2

AZ
∆~F = A2~ε(T2)−A1~ε(T1) (5)

The condition for |∆ ~F | to be minimal, is thatA2 satisfies:

A2|~ε(T2)| = A1|~ε(T1)|cosθ1,2 (6)

where θ1,2 is the angle between the emissivity vectors of
temperatures T1 and T2:

cos θ1,2 =
~ε(T1) · ~ε(T2)

|~ε(T1)||~ε(T2)|
(7)

The correlation angle θ1,2 is a measure of the spectral
similarity of plasmas at different T . In practice one needs
to weigh flux deviations by the errors on the measured
line fluxes σi. We can define a modified emissivity vec-
tor ~ξ(T ) whose components are ξi(T ) = εi(T )/σi. An
appropriate correlation angle θ̃1,2 can then be defined:

cos θ̃1,2 =
~ξ(T1) · ~ξ(T2)

|~ξ(T1)||~ξ(T2)|
(8)

Consequently, we define a simple expression for a χ2-like
significance that represents the ability to discriminate be-
tween the EMDs that produce the two sets of line fluxes:

∆χ2

T1,T2
= |A1

~ξ(T1)−A2

~ξ(T2)|2 (9)

Now, the minimization of ∆χ2 requires that:

∆χ2

T1,T2
= A

2

1
|~ξ(T1)|2 sin2

θ̃1,2 (10)

We can use |~ξ(T1)| sin θ̃1,2 to define and map a degener-
acy length which will set a minimum temperature width
to features we can detect in the EMD, with respect to their
EM (A1). The limit is set by:

A1(T1, T2) =

√
∆χ2

|~ξ(T1)| sin θ̃1,2

(11)

Any EMD variations of am amountA1 or less of total EM
inside this temperature range will produce the exact same
spectra up to the accuracy of measurement, quantified by
∆χ2. This approach can be expanded to include also the
continuum by measuring it at different wavelengths and
treating the flux at those wavelengths as lines. However,
we do not use the continuum here since it was not used in
the σ Geminorum analysis.
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Figure 3. Constraints map for the EM using only lines
of Fe16+ to Fe25+. Colour scale is logA1. Selecting a
temperature T1 the contour lines mark the temperature
uncertainty T2 for the corresponding EM. Around 1 keV
we get good constraints due to Fe16+ to Fe23+ having
narrow emissivity curves that peak between 500 and 1600
eV. The problematic region around 3 keV is marked by
contour lines stretching outside of the map.

4.2. Application to σ Geminorum

Setting ∆χ2 = 1 and using only Fe lines, where flux
errors are taken from the flare observation in Nordon et al.
(2005), the mapping of A1(T1, T2) is plotted in Figure 3.
We note that A1 tends to infinity at T1 = T2.

In order to make reading and understanding of Figure 3
easier, cross sections of the map at fixed T1 are plotted
in Figure 4. The width of a curve at a given EM is the
fundamental uncertainty in temperature for a component
of that size. For example, the crossection at kT = 1 keV
shows that an EM amount of logEM < 52.5 cm−3 from
this temperature may be redistributed within an interval
of ±0.1 keV and still produce the same spectra in the
sense of ∆χ2

≤ 1. Therefore using bins of less than
0.2 keV width around this temperature is meaningless if
the average EMD <1.5 1053 cm−3 keV−1. In the case
of σ Geminorum, the average EMD at kT = 1 keV was
only slightly higher ∼2.2 1053 cm−3keV−1, which will
result in EMD uncertainty making it almost consistent
with zero. Eventually a 0.8-1.2 keV bin was used in Fig-
ure 2 in order to have much more EM in the bin than this
uncertainty value. Using averaged EMD over a wider bin
allows us to put meaningful, well localized constraints on
the EMD at the cost of temperature resolution.

As temperature rises the constraint generally becomes
weaker and bins containing more total EM are needed.
In Figure 3 the problematic region around 3 keV, where
there is a gap between the emissivity peaks of Fe23+ and
Fe24+, is clearly visible by the bend in the contour lines.
This is the reason the 3 keV bin in Figure 2 is poorly
constrained.
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Figure 4. Cross sections of Figure 3 at various constant
kT1 values. Note that log EM tends to infinity at kT1 =
kT2.

One has to remember that the mapping of A1(T1, T2) is
observation-specific, as it depends on the line flux errors.
Still, we can conclude that generally: The fundamental
degeneracy is caused by the slow variation with T of the
emissivity vector~ε(T ). The scale of the degeneracy prob-
lem is set by the absolute value of the modified emissivity
vector |~ξ(T1)| which can be understood as a signal-to-
noise ratio per EM unit.

5. DIFFICULTIES OF HIGHT-T FLARES

When a large amount of EM is located at high temepra-
tures, as is often the case in large flares on RSCVn sys-
tems, several difficulties in measuring plasma parameters
arise. When temperatures are high enough, a significant
portion of the elements are in their H-like ionic form or
worse - bare, and line diagnostics lose power. Our abil-
ity to measure densities relies mostly on He-like triplets.
However, in a two-phase scenario like in σ Geminorum,
what we measure in practice is the density of the sur-
rounding cooler quiescent plasma and not the density in
the flaring region where there are no He-like ions. In Fig-
ure 5 we plot the normalized emissivities of lines avail-
able in the RGS (plus the He-like & H-like Fe from EPIC)
during the flare. We see that the emissivity of He-like
ions (dashed lines in lower panel) is extremely low above
2 keV. The same problem applies to abundances. For ex-
ample, a high abundance of oxygen in a kT = 6 keV re-
gion is invisible to us since at 6 keV oxygen is in the bare
state (but we will still detect the undisturbed surrounding
cooler plasma).

We can also see from Figure 5 that the kT range of 0.5-
2 keV is well covered by eight Fe ionization degrees and
most of the other elements. Emission from higher kT is
covered only by the highest degrees of Fe - mostly Fe24+
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and very weak tail-end emission of H-like ions of other
elements, which leads to higher uncertainties in the EMD,
as discussed in the previous section. It is also interesting
to note that the emissivity of Mg11+, although peaking at
∼850 eV stretchs out to temperatures far beyond the peak
and into the range of the flare temperatures. In the RGS it
will be the only non-Fe ion to be effected from EM above
2 keV as Si13+ usually suffers from high noise and is not
useful.

In this σ Geminorum example we determined the flaring
plasma to be mostly above 3 keV. Therefore, all density
measurements and element abundances of C,N,O,Ne,Mg
and Si (available in the RGS) during the flare are in
essence, measurements of the surrounding quiescent
plasma. In this observation we do not have post-flare
data since the observation ended before the flare fully de-
cayed, but in such a case it will be interesting to measure
the abundaces immediately after the flare, when most of
the flaring plasma has cooled to quiescent temperatures.
Still, if the large EM of the flare originated in the higher
densities of the chromosphere, the evaporating plasma
will rise and cool in the less-dense corona. Hence, the
EM will drop significantly and we might not be able to
detect variations on the significant background emission
of the surrounding plasma unrelated to the flare.

In conclusion, results of previous works, where some de-
tect density and abundance variations in large flares and
some do not, may depend heavily on the temperatures in
the flare and the amount of surrounding quiescent plasma,
and not only on what actually happened in the flare. Vari-
ations in the thermal structure of the plasma are elusive
due to the difficulty of determining the uncertainties of
possible EMD solutions on small scales.
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ABSTRACT

Class I protostars exhibit powerful X-ray emission. Their
X-ray activity can exceed those of older stars such as T-
Tauri and main-sequence stars. Without surface convec-
tion to drive a solar-type dynamo mechanism, X-ray ac-
tivity is suspected to be driven by magnetic activity linked
to the mass accretion process. Mass accretion is thought
to be more intense in the earliest Class 0 protostar phase,
but X-ray emission from them has not been conclusively
detected so far. This could be due to stronger X-ray ab-
sorption to their protostellar cores, or a certain transition
in high energy activity between the Class 0 and Class I
phases.

With two XMM-Newton observations on March 2003,
we detected for the first time strong X-ray emission from
an extremely embedded source in the R Corona Australis
star forming core, IRS 7 region (Hamaguchi et al., 2005).
The source has the radio counterpart 10E (IRS7B) but
no near-IR counterpart. These facts plus the strong X-
ray absorption of NH ∼3×1023 cm−2 (equivalent to AV

∼180m) indicate that the source is a Class 0 or perhaps
a Class 0/I protostar. The X-ray spectrum showed ther-
mal emission with kT =3–4 keV with the luminosity up to
1031.2 ergs s−1. The light curve showed gradual flux in-
crease by a factor of two during 30 ksec, unlike solar-type
magnetically driven X-ray flares which have smaller vari-
ation timescales. The source was 10–100 times fainter
during Chandra observations which occurred before and
after the XMM-Newton observations. The flux enhance-
ment on month timescales might be driven by sporadic
mass accretion episode, while the short-term variation
during the XMM-Newton observation could be related to
the proto-stellar core rotation.

Key words: young stars; magnetic field; X-rays.

1. INTRODUCTION

Low-mass protostars are divided into two classes, Class
0 and Class I, according to their infrared (IR) and ra-
dio spectral energy distribution (SED). This classifica-
tion generally traces their evolutionary status. Class 0
objects are thought to be young (t ∼104 yr) protostars
which mainly emit in the far-IR and submillimeter wave-
lengths with blackbody temperatures of <30 K (André
et al., 1993). They are believed to be accreting mass dy-
namically from their huge circumstellar envelopes. Class
I objects are believed to be older protostars (t ∼105 yr)
at the end of the mass-accretion phase and emit in the
near-IR at temperatures of T ∼3000−5000 K.

Protostellar cores are generally hidden inside enormous
gas envelopes. Hard X-rays can penetrate the thick
molecular clouds, and hard X-ray observations have re-
vealed high energy activity associated with Class I ob-
jects (Koyama et al., 1996; Grosso et al., 1997; Imanishi
et al., 2001). The observed X-ray emission exhibits occa-
sional rapid outbursts reminiscent of solar flares though
current star formation theories do not predict solar-type
magnetic dynamos in very young stars. Montmerle et al.
(2000) proposed an alternative dynamo mechanism, in
which fossil magnetic fields link the protostellar core
with its circumstellar disk reconnect.

Hard X-ray emission from other embedded sources was
reported in the OMC-2/3 cloud (Tsuboi et al., 2001). The
two detected sources show Class 0 characteristics: huge
absorption (NH ∼ 1 − 3 × 1023cm−2), no near-IR coun-
terparts, and associations with millimeter radio clumps.
However, follow-up radio and near-IR observations by
Tsujimoto et al. (2004) did not unambiguously classify
them as Class 0 protostars. In particular, one of these
sources correlates with a centimeter radio source and a
jet feature in the H2 band, which indicates excitation by a
jet from a nearby Class I protostar. Though Skinner et al.
(2003) and Rho et al. (2004) have reported X-ray emis-
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Figure 1. Left: XMM-Newton “true-color” image of the R CrA star forming region. The image is color coded to represent
hard band (3−9 keV) to blue, medium band (1−3 keV) to green, and soft band (0.2−1 keV) to red. Right: JHK Infrared
image of the R CrA star forming core, taken with the University of Hawaii 88-inch telescope. The bright source at the
center is the Herbig Be star, R CrA.

sion from other millimeter radio clumps in NGC 2024
and the Trifid nebula, the photon statistics in those ob-
servations were too limited (.50 photons per source) to
identify their nature conclusively. On the other hand, a
survey by Montmerle (2005) has detected X-rays from
none of Class 0 protostars. To date no X-ray source has
been clearly identified with a bona-fide Class 0 object.

The R Corona Australis (R CrA) cloud is a nearby star
forming region (d ∼170 pc, Knude & Hφg, 1998).
Among many young stellar objects in the cloud, those
in the IRS 7 region have attracted particular interest as
a site of ongoing star formation. The region contains
double peaked, strong centimeter emission; an eastern
peak is designated as 10E or IRS 7B, and a western peak
is designated 10W or IRS 7A (Brown, 1987; Feigelson
et al., 1998; Harju et al., 2001). It also contains two
submillimeter peaks (van den Ancker, 1999), multiple
millimeter continuum peaks (Henning et al., 1994; Sara-
ceno et al., 1996; Chini et al., 2003; Choi & Tatematsu,
2004), and a signature of strong bipolar outflows (Harju
et al., 1993; Anderson et al., 1997), but only one near-
IR source, IRS 7 (Wilking et al., 1997, W97). These
characteristics make the IRS 7 region a promising host
of Class 0 sources. Koyama et al. (1996) detected hard
X-ray emission and an intense flare from the IRS 7 re-
gion, which suggested the presence of a magnetically ac-
tive protostar.

We report the strong X-ray emission of an extremely em-
bedded source in the IRS 7 star forming core in the R
Corona Australis cloud, detected during XMM-Newton
observations on March 28, 2003 (ObsXMM1) and March
29, 2003 (ObsXMM2) each with a 30 ksec exposure.

2. OBSERVATIONS AND RESULTS

2.1. Image

Figure 1 left shows an X-ray true-color image of the R
Corona Australis Cloud, which combines the data taken
in two XMM-Newton observations in 2003. In this image,
the Herbig Be star TY CrA at the top and Weak-line T-
Tauri star CrA 1 at the bottom are seen in white, while
Class I protostar candidates at the center are seen in light
blue since soft X-rays shown in red is not transparent
to the huge circumstellar envelopes of those protostars.
These protostars are seen in red in the infrared image at
the right panel of Figure 1 because of the infrared extinc-
tion.

At the east of those protostars, we found two dark blue
sources (Figure 2 for the magnified image). A faint X-ray
source at north west is identified as the infrared source
IRS7(A), which has been suspected to be younger than
Class I protostars. (Wilking et al., 1997). The other
bright X-ray source at south east has the radio counter-
part source 10E (IRS7B) (Brown, 1987; Feigelson et al.,
1998), but it has no K-band counterpart with the small
upper-limit (19.4m, Hamaguchi et al., 2005). Latest in-
frared observations with VLT and Subaru found an in-
frared counterpart at λ &3.8µm (Pontoppidan et al.,
2003, Nedachi et al. in preparation, see the bottom panel
of Figure 2). In sub-millimeter wavelength, van den An-
cker (1999) and Nutter et al. (2005) found a strong con-
densation around IRS7B, whose spectral energy distribu-
tion combined with another condensation at the south can
be reproduced with the blackbody radiation of 10–15 K.
On the other hand, the absorption to the source in X-rays
is measured at NH ∼2.8×1023 cm−2 (see section 2.3),
equivalent to AV ∼180m using the NH–AV relation by
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Figure 2. The XMM-Newton image of the IRS 7 star form-
ing core (top) and the HKL infrared image taken with
the University of Hawaii 88 inch telescope (HK) and the
Subaru telescope (L) (bottom). The arrows show IRS7B.
The pink source at the center and the bright source at
the top right in the bottom panel are IRS7A and R CrA,
respectively.

Imanishi et al. (2001). These results suggest that the X-
ray source is extremely embedded in the dark cloud, pre-
sumably a Class 0 protostar.

2.2. Light Curve

Chandra observed the same field ∼2 years before (2000
October) and 3 months after (2003 June) those XMM-
Newton observations. We analyzed the archival data and
found an X-ray source at the position of IRS7B, which
has ∼20 photons in each observation for 20–40 ksec. The
observed flux, 1–3 ×10−14 ergs cm−2 s−1, was a factor
of 10–100 times fainter than the flux during the XMM-
Newton observations (Figure 3).

Though the X-ray activity enhanced strongly during the
XMM-Newton observations in 2003, the light curves are
not like a magnetically-generated X-ray flare. Figure 4
shows the background subtracted EPIC pn+MOS light
curve of IRS7B in the 2−10 keV band. The first half
of the light curve, corresponding to ObsXMM1, is mostly
flat with some indications of a slight increase at the end.
The source was about four times brighter than the aver-
age count rate of ObsXMM1 at the beginning of the second
half, corresponding to ObsXMM2, and the count rate grad-
ually increased by a factor of two. This part of the light
curve can be acceptably fit at greater than 90% confidence

ObsXMM1 
exp. 15ks
Mar. 28

ObsXMM2 
exp. 18ks
Mar. 29

ObsCXO2 
exp. 38ks
Jun. 26

ObsCXO1 
exp. 20ks
Oct. 7

Figure 3. Observed X-ray flux between 0.5–10 keV in
long time scale. The vertical narrow bars on the data
points show photon statistical error at 90% confidence
level. The thick bar shows the variable range of IRS7B
during ObsXMM2.

ObsXMM1 ObsXMM2

Figure 4. Light curve of IRS7B in the 2−10 keV band
(EPIC pn plus MOS (1+2)) during the XMM-Newton ob-
servations. The horizontal axis is truncated Julian day
(TJD) − 12720. Bins have 2 ksec for ObsXMM1 and 1
ksec for ObsXMM2

level by a linear increase. The time-scale of ∼30 ksec
in ObsXMM2 is much faster than the typical rising time-
scale of solar-type X-ray flares of ksec, while X-ray flux
in ObsXMM1, which is still a factor of ∼10 higher than
those of the Chandra observation, was unchanged. An-
other fact is that, during both observations, the hardness
ratio defined as count rates in the 5−10 keV band over
those in the 2−5 keV band remained unchanged.

2.3. Spectra

Since the hardness ratio did not change significantly dur-
ing each XMM-Newton observation, we extracted the
spectra of IRS7B during the ObsXMM1 and ObsXMM2.

The EPIC spectra of IRS7B in ObsXMM1 and ObsXMM2

(Figure 5) show several similarities: significant emis-
sion up to ∼10 keV; strong absorption below 2−3 keV;
a broad line feature between 6−7 keV; marginal lines
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between 5−6 keV in the EPIC pn spectra (which may
be of instrumental or cosmic origin). To investigate the
6−7 keV line feature, we fit the EPIC pn and MOS
(1+2) spectra simultaneously with an absorbed power-
law model with a Gaussian component. An acceptable
fit above 90% confidence has a photon index of 3.0 (2.5–
3.4), a Gaussian line centroid of 6.60 (6.53–6.67) keV,
and a Gaussian width of 0.15 (0.079–0.28) keV, where the
numbers in parentheses denote the 90% confidence range.
The derived Gaussian width, equivalent to ∆v ∼7,000
km s−1 if produced by Doppler broadening, is unreason-
ably large for a stellar plasma. We therefore interpret the
broad feature as a blend of iron lines from a hot plasma at
6.7 keV and a fluorescent iron line at 6.4 keV though the
profile needs to be confirmed with deeper observations.

The soft emission below 3 keV was unchanged between
ObsXMM1 and ObsXMM2, suggesting an additional com-
ponent along with the hard emission. We therefore fit the
spectra of ObsXMM1 and ObsXMM2 simultaneously with
an absorbed 2T model — 1T for the variable hard com-
ponent and 1T for the constant soft component — with a
Gaussian line at 6.4 keV. In this model, we tied the NH of
the hard components in ObsXMM1 and ObsXMM2 and tied
the elemental abundances of all components. We allowed
NH of the soft and hard components to be fit indepen-
dently because a model fit with a common NH gives large
NH ∼2.4×1023 cm−2 and hence an unrealistically large
intrinsic log LX ∼ 35 ergs s−1 for the soft component.
The model successfully reproduced the spectra above the
90% confidence level. The derived physical parameters
of the hard component are at the higher end among those
of Class I protostars (e.g., see Imanishi et al., 2001, for
comparison): large NH ∼2.8×1023 cm−2, equivalent to
AV ∼180m (using the NH −AV relation by Imanishi et al.
(2001)); plasma temperature of 3–4 keV; log LX ∼30.8
ergs s−1 in ObsXMM1, which further increased to ∼31.2
ergs s−1 in ObsXMM2; and a fluorescent iron line equiv-
alent width (EW) of ∼810 (240−1400) eV in ObsXMM1

and ∼250 (100−400) eV in ObsXMM2. Meanwhile, the
metal abundance is ∼0.2 (0.1−0.3) solar, which is typical
of low-mass young stars (e.g. Favata et al., 2003).

3. DISCUSSION

We discovered an extremely embedded X-ray source at
the position of the strong VLA centimeter radio source
IRS7B in the IRS 7 star forming core. Thanks to its
vicinity to the Sun (d ∼170 pc), the large effective area
of XMM-Newton and an opportunity to catch an active
phase, we obtained around ∼2,000 photons from IRS7B,
which is about 40 times better than other extremely em-
bedded X-ray sources observed so far. We discuss the
mechanism to explain the observed X-ray properties.

Figure 5. EPIC pn spectra of IRS7B in ObsXMM1 (black)
and ObsXMM2 (gray). The solid lines show the best-fit
model of the simultaneous fitting with EPIC pn and MOS.
Dotted lines show the soft component, barred line the
hard component, and dot-bar lines the Gaussian compo-
nent for the line at 6.4 keV.

3.1. What made the X-ray activity enhanced during
the XMM-Newton observations?

Between the Chandra and XMM-Newton observations,
IRS7B exhibited strong long-term X-ray variation by a
factor of 10−100 on a timescale of a month (Figure 3).
In none of the observations did we detect obvious flare ac-
tivity though ObsXMM2 showed a marked flux increase.
Active stars such as RS CVn and young stars in open
clusters do not generally vary in X-rays more than a fac-
tor of 2−3 outside flares (Stern, 1998). Less active stars
such as the Sun exhibit strong X-ray variations by up to
a factor of 100, coincident with their activity cycles (e.g.
Favata et al., 2004), but, unlike IRS7B, the X-ray lumi-
nosity of such stars is typically less than 1028 ergs s−1

and the observed activity time scale is several years. One
possibility is that the strong variability of IRS7B could
indicate abrupt activity produced by an enhanced mass
accretion episode similar to that recently attributed to the
outburst of the star in McNeil’s nebula (Kastner et al.,
2004). Indeed, the outburst increased the X-ray flux by
a factor of 50, and the post-outburst X-ray luminosity of
1031 ergs s−1 is comparable to the luminosity of IRS7B
during ObsXMM2.

The plasma temperature and X-ray luminosity of IRS7B
during the XMM-Newton observations exceed the typi-
cal quiescent X-ray activity of Class I protostars and are
comparable to temperatures and luminosities of X-ray
flares from Class I protostars (Imanishi et al., 2001; Shi-
bata & Yokoyama, 2002)1. X-ray flares from Class I pro-
tostars may be produced by reconnection in a magneto-

1Imanishi et al. (2001) used the distance to the ρ Oph cloud of 165 pc
instead of 120 pc derived from more reliable HIPPARCOS data (Knude
& Hφg, 1998) for a comparison to earlier X-ray results of the ρ Oph
field. Their X-ray luminosity should be divided by a factor of two to
compare to our result.
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sphere which is twisted due to the core-disk differential
rotation (Tsuboi et al., 2000; Montmerle et al., 2000).

Perhaps mass accretion outburst during the XMM-Newton
observations, accompanied with the magnetic activity
similar to those of Class I protostars, explains the X-
ray emission from IRS7B, though magnetic reconnection
would have to occur throughout the XMM-Newton ob-
servations since no rapid X-ray variation was seen from
IRS7B.

3.2. How is the X-ray Time Variation made during
the XMM-Newton Observations?

If the fluorescent iron line in the spectra is real, this is
unusual because fluorescent iron lines have been rarely
observed from pre–main-sequence stars. Even a few
examples during strong flares from Class I protostars
have EW. 150 eV (Imanishi et al., 2001). The large
equivalent width of the fluorescent line from IRS7B
(∼250−800 eV) again suggests that the source is ex-
tremely embedded. When we simulate fluorescent iron
line EWs, assuming solar abundance for the surrounding
cold gas (Inoue, 1985), an optically thick absorber should
block the direct X-ray emission by ∼60% for ObsXMM1

and ∼3% for ObsXMM2. This result is consistent with
obscuration of the X-ray emission though the blocking
factor in ObsXMM2 should be &30% to explain the ob-
served flux increase in ObsXMM2. Interestingly, the in-
trinsic X-ray luminosity in ObsXMM1 should be log LX

∼31.2 ergs s−1, which is comparable to LX in ObsXMM2.

The flux increase of a factor of two in ∼30 ksec in
ObsXMM2 is unlike the types of variations seen in mag-
netically driven X-ray flares which are characterized by
rapid (∼ 10 ksec) flux increases (e.g. Tsuboi et al., 1998,
2000; Stelzer et al., 2000; Imanishi et al., 2001). Fa-
vata et al. (2003) found a similar rise in X-ray bright-
ness in the classical T-Tauri star XZ Tau, with a factor of
4 increase during 50 ksec. In this case, the brightening
was accompanied by an NH decrease and therefore Fa-
vata et al. (2003) interpreted it as an eclipse of the emit-
ting region by the accretion stream. Because IRS7B did
not show any significant hardness ratio variation the ab-
sorber would have to be uniformly dense, optically thick
gas. Such a variation could be produced by an eclipse of
the X-ray emitting region by an absorber or emergence
of the X-ray emitting region from behind the rim of the
protostellar core as a result of stellar rotation. To be con-
sistent with the observed XMM-Newton light curves, the
rotational period of the proto-stellar core would need to
be &2.8 days. This rotation speed is much slower than the
break-up rotation speculated for Class 0 protostars from
rotational periods of Class I protostars (e.g. Montmerle
et al., 2000).

Earth

magnetic
reconnection

active spot

disk

accretion

clouds

ObsXMM1

ObsXMM2

rotation

jet?

Constant 

Figure 6. Possible picture of the structure around IRS7B.

3.3. What is the Constant Component below 3 keV?

The soft component was apparently constant and had
much smaller NH compared to the hard component. This
may suggest that the component has no physical connec-
tion to, and exists far from, the hot component. One pos-
sible origin is that the soft component is associated with
another hidden protostar, but, though the NH of the soft
component is typical of Class I protostars, the K-band
magnitude of &19m is much larger than those of Class I
protostars in the R CrA cloud (K .11m). Another pos-
sible origin is that the X-ray plasma is heated by a colli-
sion of a steady jet or outflow from IRS7B with circum-
stellar gas, a mechanism thought to be associated with
X-ray emission from HH2, L1551 IRS 5, and OMC 2/3
(Pravdo et al., 2001; Favata et al., 2003; Tsujimoto et al.,
2004). Indeed, IRS7B is associated with a centimeter ra-
dio source as those systems are, but the plasma tempera-
ture and X-ray luminosity of IRS7B are very large com-
pared to those sources, except for the source in OMC 2/3.
Such a high plasma temperature requires an energetic jet
with vjet ∼1,500 km s−1. While low-mass young stars
generally have slow outflow velocities (a few hundred
km s−1), Marti et al. (1995) measured a large proper mo-
tion in the young stellar jets HH80-81 implying velocities
up to 1,400 km s−1. IRS7B could be another example of
a source with high speed outflow.

4. A POSSIBLE PICTURE AROUND IRS7B

Figure 6 illustrates a possible picture of the X-ray emis-
sion mechanism and the structure around IRS7B. During
a mass accretion outburst, high energy particles accel-
erated by the magnetic activity between the stellar core
and circumstellar disk hit the stellar surface to produce
hot plasma of kT ∼4 keV. The X-ray emission from the
plasma is partly blocked when the spot would have been
behind the protostar core during ObsXMM1, and just ap-



6

peared from behind the rim in ObsXMM2 as a conse-
quence of protostellar rotation. The intensity of the flu-
orescent iron line did not change, but its EW decreases
in ObsXMM2 since the continuum emission from the hot
plasma apparently increases. Jets ejected during the mass
accretion activity in the past collide with circumstellar
gas and emit constant X-rays.
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Saraceno, P., André, P., Ceccarelli, C., Griffin, M., &
Molinari, S. 1996, A&A, 309, 827

Shibata, K., & Yokoyama, T. 2002, ApJ, 577, 422
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ABSTRACT

Young stars produce copious amounts of X-ray emission.
The observed activity is usually interpreted as a scaled-up
version of solar activity. High resolution spectroscopy on
board XMM-Newton and Chandra of classical T Tauri
stars (cTTS), i.e., stars being surrounded by presum-
ably (still) accreting disks, shows spectral signatures very
much different from the spectral signatures found in “nor-
mal”, i.e., non-accreting, late-type stars. It is natural to
attribute these spectral differences to accretion processes
occurring in these objects and I will present and review
the available evidence for accretion related X-ray emis-
sion in cTTS.

Key words: X-rays, stars, coronae, activity.

1. WHAT ARE T TAURI STARS AND WHY
SHOULD ONE CARE ABOUT THEIR X-RAY
EMISSION ?

T Tauri stars are pre main-sequence stars located in the
HR-diagram between the zero age main-sequence and the
so-called “Stellar Birth Line”. Unlike evolved stars such
stars have no condensed cores and show the typical sig-
natures of youth and activity. One normally distinguishes
between two classes of T Tauri stars, the so-called “clas-
sical T Tauri stars” (cTTS) and the “Weak Line” T Tauri
stars (wTTS), based on the strength of the Hα line, which
is always seen in emission in those stars. Because of its
time variability, a classification scheme based on the Hα

line alone is of limited practical use. In more physical
terms, cTTS are thought to be class II objects, i.e. stars
still surrounded by disks, while wTTS are class III ob-
jects, i.e. stars without any clear signatures of disks. Thus
the important difference between class II and class III ob-
jects and hence between cTTS and wTTS is the presence
of a disk which - of course - is thought to be accreting;
there are cases of (debris) disks with very little or no ac-
cretion at all, which are not of interest in the present con-
text.

Both classes of PMS stars, i.e. the cTTS and WTTS, are
copious X-ray emitters Feigelson & Montmerle (1999).

Low and medium resolution spectroscopy suggests the X-
ray emission to be thermal with typical plasma tempera-
tures of around 10 MK. Furthermore, the X-ray emission
shows significant variability often in the form of power-
ful X-ray flares. Most PMS stars are very rapid rotators,
at least when compared to the Sun. With this rapid ro-
tation and their large outer convection zones PMS stars
possess all the necessary ingredients to produce the “ex-
pected” and observed intense X-ray activity Feigelson &
Montmerle (1999), which is usually attributed to a scaled-
up version of solar activity. This interpretation is sup-
ported by the evidence for the presence of intense pho-
tospheric magnetic fields reaching a strength of a few kg
(Valenti&Johns-Krull, 2004).

The same arguments should in principle also apply to
cTTS. However, the presence of a disk allows for addi-
tional possibilities to produce high energy X-ray emis-
sion. Such possibilities include accretion, interactions
between the star and the disk (if the disk is coupled to
the star via the magnetic field), and jets among other sug-
gested sources for high energy emission.

2. XMM-NEWTON HIGH RESOLUTION X-RAY
SPECTROSCOPY OF CTTS

The proto-typical cTTS is the nearby TW Hya located at
a distance of only 55 pc, thus being much closer than the
cTTS in the Taurus Auriga, Chamaeleon or Lupus star
forming regions. The key observation is the OVII triplet
of TW Hya shown in Fig. 1, originally published by
Stelzer & Schmitt (2004); a very similar result had been
found by Kastner et al. (2002) based on observations with
the Chandra HETGS. Surprisingly the forbidden line ex-
pected at 22.1 Å is extremely weak or absent in TW Hya.
As a consequence the density of the X-ray emitting ma-
terial in TW Hya must be extremely high and/or the ra-
diation field, in which this material is immersed in, must
be substantial and can in particular not be due to the pho-
tosphere of TW Hya, which is cool by comparison. It is
important to keep in mind that the f/i-ratio observed in
TW Hya is much smaller than the f/i ratios observed in
all other cool stars (Ness et al., 2004) and therefore TW
Hya differs in that respect from other cool stars. It is natu-
ral to ascribe this difference to a different X-ray emission
process occurring in TW Hya.
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Figure 1. RGS-Newton O VII triplet in TW Hya around
21 Å; note the extreme weakness of the forbidden line at
22.1 Å.

How typical a cTTS is TW Hya ? After all, its broad
band X-ray spectrum significantly differs from that of
other cTTS (Robrade & Schmitt, 2006). Further XMM-
Newton spectroscopic observations were carried out on
the cTTS BP Tau, whose cTTS nature is clearly demon-
strated by the excess continuum (veiling) and Balmer
emission (Bertout et al., 1988). There is debate about BP
Tau’s distance, and Wichmann et al. (1998) argue against
BP Tau being an outlier from the Taurus-Auriga cloud as
suggested by its HIPPARCOS parallax. From extensive
optical monitoring Gullbring et al. (1996) conclude that
optical variability is common in BP Tau, but in character
very much different from variability encountered in typ-
ical flare stars. Most of the observed changes are slow
and smooth and are interpreted as the result of inhomo-
geneous accretion from the disk onto the stellar surface.
This view is strongly supported by the circular polariza-
tion in the He I λ 5876 emission line measured by Johns-
Krull et al. (1999), who deduce a mean longitudinal mag-
netic field of 2460 ± 120 G in the line forming region
and argue that accretion occurs preferentially along large-
scale magnetic loops with a small filling factor. X-ray
emission from BP Tau at a level of ≈ 1030 erg/sec was
first reported by Walter & Kuhi (1981) using the Einstein
Observatory.

The XMM-Newton RGS spectrum of BP Tau originally
published by Schmitt et al. (2005)) is shown in Fig. 2;
as is clear from Fig. 2, the signal-to-noise of this spec-
trum (SNR) is low but the small flux in the forbidden
line is readily apparent and highly significant also in
a somewhat noisy spectrum. The XMM-Newton RGS
spectrum of BP Tau is very similar to that of TW Hya
with respect to the anomalous oxygen and neon line ra-
tios and the apparent absence of stronger iron lines espe-
cially near 15 Å and 17 Å despite the clear differences of
their medium resolution broad band spectra (Robrade &
Schmitt, 2006).

The cTTS CR Cha with spectral type K2 is located at
a distance of 140–150 pc in the Chamaeleon star form-

Figure 2. RGS-Newton O VII triplet in BP Tau around 21
Å; note again the extreme weakness of the forbidden line
at 22.1 Å(cf. Fig. 1).

Figure 3. RGS-Newton O VII triplet in CR Cha around
21 Å; note again the extreme weakness of the forbidden
line at 22.1 Å(cf. Fig. 1 and 2 ).

ing region with a measured RASS luminosity of 1.5 ×

1030 erg/s (Feigelson et al., 1993); according to Meeus et
al. (2003) it is a cTTS dominated by small amorphous
silicates. In Fig. 3 we plot the XMM-Newton RGS spec-
trum of CR Cha (taken from Robrade & Schmitt (2006));
the SNR of this spectrum is clearly extremely low, but
again the f/-ratio appears to be small albeit with signif-
icant error. A formal calculation of the OVII f/i ratio
yields a value of .61 ± 0.51. Therefore in summary, the
OVII triplets of all cTTS studied with sufficient sensi-
tivity to yield detections show f/i ratios below unity; this
must be contrasted with the observational finding for nor-
mal stars, where the (by far) smallest f/i ratio is found
for Algol (Ness et al., 2004), i.e., a binary system, where
“pollution” through a nearby early-type star may in fact
be responsible for the low O VII f/i-ratio..

The same picture is found from an analysis of the Ne IX
triplets in the spectral range between 13.4 - 13.7 Å. The
analysis of the Ne IX triplet may be complicated because
of the possible contamination with Fe XIX (see Ness et al.



3

Figure 4. RGS-Newton Ne IX triplet in TW Hya around
13.5 Å; note again the extreme weakness of the forbidden
line at 13.7 Å.

(2003)). While the contamination can be modeled, this
modeling requires higher SNR data than usually avail-
able for cTTS. Fortunately, in the cases of TW Hya and
BP Tau, the iron abundance appears to be low and iron
lines are generally quite weak, so Fe XIX contamination
is very likely not affecting the Ne IX f/i-ratio in a major
way. In Fig. 4 and 5 I show the respective Ne IX triplets;
in both cases the forbidden line is expected and seen at
13.7 Å, however, at a level considerably lower than the
also present intercombination line at 13.55 Å. While in
principle contamination of the 13.55 Å line cannot be
excluded, this possibility seems unlikely, since both in
TW Hya as well as BP Tau the FeXVII line at 15.03 Å,
one of the strongest X-ray lines in other cool stars, is vir-
tually absent.

3. MEDIUM RESOLUTION X-RAY SPEC-
TROSCOPY OF CTTS

All of the cTTS were observed with XMM-Newton using
somewhat different detector setups with exposure times
in the range of 30-130 ksec. Data were taken with all
X-ray detectors, which were operated simultaneously on
board XMM-Newton, respectively the EPIC (European
Photon Imaging Camera), consisting of the MOS and PN
detectors and the RGS (Reflection Grating Spectrome-
ter). The data for the cTTS SU Aur, where a high reso-
lution RGS spectrum is available, is also included. How-
ever, since SU Aur is seen almost edge-on, absorption is
very high and no clear detections of the O VII and Ne IX
triplets were obtained. Also, for instrumental reasons,
no PN data is available for this star. The detector modes
were comparable, but different filters were used, the thick
filter for the BP Tau and SU Aur and the medium filter
for the CR Cha and TW Hya observations. However, the
signal to noise ratio is differs substantially for the vari-
ous targets and instruments. While the EPIC data qual-
ity is sufficient for all targets, for CR Cha only a rather
small fraction of the original 100 ks data could be used for
analysis because of very high background contamination;
consequently the RGS spectrum of CR Cha is underex-

Figure 5. RGS-Newton Ne IX triplet in BP Tau around
13.5 Å; note again the extreme weakness of the forbidden
line at 13.7 Å.

posed; a detailed account of these observations is given
by (Robrade & Schmitt, 2006). The main point is that
XMM-Newton provides simultaneous medium resolution
spectroscopy for those periods of time where RGS high
resolution spectroscopy is available. In Fig. 6 we show
a comparative view of the medium resolution spectra of
the four cTTS TW Hya, BP Tau, CR Cha and SU Aur.

While the EPIC spectra of BP Tau and CR Cha are ob-
viously very similar, the spectrum of SU Aur indicates
the presence of large amounts of extremely hot plasma
noticeable, e.g. in the very strong Fe XXV line com-
plex at 6.7 keV. On the other hand, the X-ray spectrum
of TW Hya is very much softer, with very little emis-
sion present at higher energies. The observed spectra
are also subject to absorption, affecting primarily the en-
ergy range below 1.0 keV. In these spectra the low en-
ergy slope mainly reflects the strength of the absorp-
tion, while the high energy slope traces temperature and
amount of hot coronal and flaring plasma. Inspection of
the two slopes indicates that the absorption is weakest for
TW Hya, moderate for BP Tau and strongest for CR Cha
and SU Aur, while the coronal component is strongest
and hottest for SU Aur, followed by BP Tau and CR Cha
and much weaker and cooler for TW Hya.

The EPIC data also allow the investigation of the X-ray
light curves. A flare with a rise in count rate of factor 2.5–
3 occurred during the BP Tau observation and a smaller
flare (factor ∼ 1.5) during the CR Cha observation. In the
SU Aur data several flares were detected, the largest one
showing an increase in X-ray brightness by a factor of 3,
while TW Hya does not exhibit flaring during the XMM-
Newton observations and any variability remains in the
range of only 10%. However, light curve variations with
factors around two are known for TW Hya (Kastner et al.,
2002), who noted ’flares’ during the observation ASCA
and Chandra observations.

The light curves in connection with spectral hardness can
be used to identify the origin of the variability. While in
typical stellar coronal flares the emission measure of the
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Figure 6. Medium resolution EPIC spectra of the cTTS
BP Tau (black), CR Cha (green), SU Aur (blue) and
TW Hya (red); bottom to top of the 1.0 keV peak.

hot plasma and hence the hardness of the spectra is in-
creased, in a pure accretion spectrum no spectral changes
should accompany the brightening, since the plasma tem-
perature only depends on the infall velocity and not the
accretion rate. If, in addition, a coronal contribution with
a temperature higher than that produced by accretion is
present, a slight spectral softening should be observed.
A hardness ratio can be computed for each light curve
time bin and in Fig. 7 the hardness ratio vs. count rate is
shown for the four cTTS BP Tau, CR Cha, SU Aur and
TW Hya. The hardness ratio is here defined as HR=H-
S/H+S with the soft band covering the energy range 0.2–
1.0 keV and the hard band 1.0–10.0 keV. Errors are small
compared to the observed shifts in hardness ratio. A clear
correlation of X-ray brightness with spectral hardness is
present for BP Tau, CR Cha and SU Aur, a behavior typ-
ical of stellar flares, suggesting a non-accretion origin of
the variability. No strong correlation is found for varia-
tions on TW Hya, which are, however, quite small. An
anti-correlation appears to be present for the larger vari-
ations, as expected for brightness changes due to an in-
crease in accretion rate. This is reflected in the slope of
the linear regression curves. It is positive for BP Tau,
CR Cha and SU Aur, but slightly negative for TW Hya, it
would, however, be interesting to perform the same anal-
ysis on a data set exhibiting larger amplitude variability.

4. CONCLUSIONS

High resolution spectroscopy on board XMM-Newton
and Chandra has brought about a major change in our
understanding of the X-ray spectra of cTTS (and other
stellar X-ray sources in general). While low and medium
resolution spectra of cTTS and wTTS look very similar
if not indistinguishable, high resolution spectroscopy re-
veals subtle but very clear differences in the X-ray spec-
tra between these source classes. It can be no coincidence
that the O VII f/i-ratios in all cTTS observed with suffi-
cient SNR show values lower than observed in all other
coronal sources, and therefore there must be a physical
reason for this finding. The assumption of X-ray emission
produced in an accretion shock as originally proposed by
(Kastner et al., 2002) is the most natural one, yet on the

Figure 7. Hardness ratio vs. count rate of the sample
cTTS, PN (SU Aur – MOS) data with 1 ksec binning.

other hand, accretion alone probably does not account for
the whole story. The high-energy emission of cTTS is
hard to explain with an accretion scenario since the avail-
able maximum energy is well constrained by the free fall
velocity; X-ray emission, for example at 6.7 keV as ob-
served for SU Aur, can in fact not be explained in the con-
text of an accretion scenario. Also, the very frequent flar-
ing as observed in the COUP observations (cf., Favata et
al. (2005)) suggests a magnetic rather than a pure accre-
tion scenario. On the other hand, an hypothesized coronal
component in stars as TW Hya and BP Tau must have a
rather odd spectral behavior. After all, in practically all
active stars one observes a reasonably strong OVII forbid-
den line. If such a component also exists in cTTs, why is
it then so weak ? Many questions remain open and fur-
ther progress will surely come from more high resolution
X-ray spectra of cTTS and theoretical modeling of accre-
tion shocks.
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ABSTRACT

The Taurus Molecular Cloud (TMC) ranks among the
nearest and best-studied low-mass star formation regions.
We have initiated comprehensive surveys of the TMC, in
particular including a deep X-ray survey of nearly 5 sq.
degrees with XMM-Newton and a near-to-mid-infrared
photometric survey of 29 sq. degrees with the Spitzer
Space Telescope, mapping the entire cloud in all avail-
able photometric bands. We present a summary of se-
lected aspects of the X-ray results in the context of the
TMC population and evolution. We address the physi-
cal interpretation of our new X-ray data and discuss the
young stellar population.

Key words: Taurus Molecular Cloud, X-rays.

1. INTRODUCTION

In a modern picture of star formation, complex feedback
loops regulate mass accretion processes, the ejection of
jets and outflows, and the chemical and physical evolu-
tion of disk material destined to form planets. Obser-
vations in X-rays with Chandra and XMM-Newton pen-
etrate dense molecular envelopes, revealing an environ-
ment exposed to high levels of hard X-ray radiation.

X-rays play a crucial role in studies of star formation,
both physically and diagnostically. They may be gener-
ated at various locations in young stellar systems, such
as in a “solar-like” coronal/magnetospheric environment,
in shocks forming in accretion funnel flows or in jets and
Herbig-Haro flows. But it remains unclear to what extent
accretion-related phenomena influence X-ray production.

The Taurus Molecular Cloud (TMC henceforth) has
played a fundamental role in our understanding of low-

mass star formation. At a distance around 140 pc (van
den Ancker et al., 1997), it is one of the nearest star
formation regions (SFR) and reveals characteristics that
make it ideal for detailed physical studies. One of the
most notable properties of TMC in this regard is its struc-
ture in which several loosely associated but otherwise
rather isolated molecular cores each produce one or only
a few low-mass stars, different from the much denser
cores in ρ Oph or in Orion.

In X-rays, TMC has played a key role in our understand-
ing of high-energy processes and circumstellar magnetic
fields around pre-main sequence stars. Among the key
surveys are those by Feigelson et al. (1987), Walter et al.
(1988), Bouvier (1990), Strom et al. (1990), Damiani et
al. (1995) and Damiani & Micela (1995) based on Ein-
stein Observatory observations, and the work by Strom
& Strom (1994), Neuhäuser et al. (1995) and Stelzer &
Neuhäuser (2001) based on ROSAT. These surveys have
characterized the overall luminosity behavior of TTS, in-
dicated a rotation-activity relation, and partly suggested
X-ray differences between CTTS and WTTS.

We have started a large multi-wavelength project to map
significant portions of TMC in X-rays (EPIC example
in Fig. 1), the optical, and the infrared. Our XMM-
Newton X-ray survey maps approximately 5 sq. deg of
the denser cloud areas with limiting sensitivities around
LX ≈ 1028 erg s−1, sufficient to detect every lightly ab-
sorbed, normal CTTS and WTTS in the cloud, and of
order 50% of all brown dwarfs (BDs) and protostars.

2. DETECTION STATISTICS

The detection statistics of our survey is summarized in
Table 1. An important point for further statistical studies
is that the X-ray sample of detected CTTS and WTTS is
essentially complete for the surveyed fields (as far as the
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Figure 1. Example of an EPIC image (the field around
V410 Tau = L1495). The field diameter is 30′, and the
point-spread function has an FWHM of about 5′′.

population is known). The few remaining, undetected ob-
jects are either heavily absorbed, have unclear YSO clas-
sification, or are objects that have been very poorly stud-
ied before, so that their status as TMC members may be
questionable. In contrast, previous X-ray surveys did not
detect the intrinsically fainter TTS population, potentially
introducing bias into statistical correlations and popula-
tion studies. It is little surprising that some of the proto-
stars remained undetected given the strong photoelectric
absorption. Most of the detected protostars show no X-
ray counts below 2 keV. The detection rate of BDs (53%)
is also very favorable (Grosso et al., 2006); the remaining
objects of this class are likely to be intrinsically fainter
than our detection limit rather than being excessively ab-
sorbed by gas (AV of those objects typically being no
more than few magnitudes).

2.1. X-Ray Luminosity

Fig. 2 shows the distribution of X-ray luminosities LX as
a function ofLbol for all spectrally modeled TTS and pro-
tostars, and also including the detected BDs (we exclude
the peculiar sources discussed in Sect. 3 below; some ob-
jects were observed twice with different LX - each result
is shown separately in this plot). We do not give errors for
LX because most objects are variable on short and long

Table 1. X-ray detection statistics

Object members Detections Detection
type surveyed fraction
Protostars 18 7 39%
CTTS 66 60 91%
WTTS 42 39 93%
Brown Dwarfs 19 10 53%

time scales (hours to days), typically within a factor of
two outside obvious, outstanding flares. Most stars clus-
ter between LX/Lbol = 10−4

− 10−3 as is often found
in star-forming regions. The value LX/Lbol = 10−3

corresponds to the saturation value for rapidly rotating
main-sequence stars (see below). We also note a trend
for somewhat higher levels of LX/Lbol for higher Lbol

(typically, more massive stars). What controls the X-ray
luminosity level? Given the trend toward saturation in
Fig. 2, one key parameter is obviouslyLbol. Although for
pre-main sequence stars there is no strict correlation be-
tweenLbol and stellar mass, it is interesting that we find a
rather well-developed correlation between LX and mass
M (Fig. 3). Part of this correlation might be explained
by higher-mass stars being larger, i.e., providing more
surface area for coronal active regions. The correlation
between surface area and LX is, however, considerably
weaker than the trend shown in Fig. 3, and for constant
average stellar density, we would expect LX ∝ M

2/3

rather than LX ∝M1.54±0.14 as found here.
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Figure 2. Plot of LX vs. Lbol for X-ray detected (and
spectrally modeled) stars and BDs. The diagonal lines
are the loci where LX = (10−3

, 10−4
, 10−5)Lbol, re-

spectively. Key to the symbols: Size, from largest to
smallest: protostars (Class I) - CTTS (Class II) - Class II-
III (uncertain classification) - WTTS (Class III). Circles
with crosses: BDs. Filled: ≥ 400 cts in X-ray spectrum;
open circles: < 400 cts. The error bars indicate ranges
of Lbol given in the literature.
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Figure 3. X-ray luminosity LX vs. stellar mass. A clear
correlation is visible (regression line overplotted). Key to
the symbols is as in Fig. 2.
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We plot in Fig. 4 the LX/Lbol distribution separately
for CTTS and WTTS (the average LX is used for ob-
jects observed twice). Because our samples are essen-
tially complete, there is no bias by detection limits. The
distributions are close to log-normal, and corresponding
Gaussian fits reveal clearly different distributions: WTTS
are on average more X-ray luminous (mean of distribu-
tion: logLX/Lbol = −3.33± 0.07) than CTTS (mean:
logLX/Lbol = −3.64 ± 0.07), although the widths of
the distributions are similar. This finding parallels earlier
reports on less complete samples (Stelzer & Neuhäuser,
2001), ruling out detection bias as a cause for this differ-
ence. A similar segregation into two X-ray populations
has not been identified in most other SFRs (e.g., Preibisch
& Zinnecker 2001 - but see recent results on the Orion
Nebula Cluster in Preibisch et al. 2005). The cause of
the difference seen in TMC may be evolutionary (stellar
size, convection zone depth), or related to the presence
of accretion disks or the accretion process itself. We will
return to this point in Sect. 2.3 below.

-5 -4 -3 -2
log(LX/Lbol)

0

5

10

15

N

CTTS:  mean = -3.64 +/- 0.07
WTTS: mean = -3.33 +/- 0.07

Figure 4. Comparison of the LX/Lbol distributions for
CTTS (solid histogram) and WTTS (dashed), together
with log-normal fits. The CTTS sample is on average
less luminous (normalized to Lbol) than the WTTS sam-
ple. The errors in the plot indicate the error of the means
of the distributions.

2.2. Rotation and Activity

Rotation plays a pivotal role for the production of mag-
netic fields in main-sequence stars, and thus for the pro-
duction of ionizing (UV, X-ray) radiation. The rotation
rate is controlled by the angular momentum of the young
star inherited from the contracting molecular cloud, by
the further contraction of the star, but possibly also by
torques applied by magnetic fields that connect the star to
the circumstellar disk. Strictly speaking, in the standard
(solar)α−ω dynamo theory, it is differential rotation that,
together with convection, produces magnetic flux near the
base of the convection zone. Because the younger T Tau
stars are fully convective, a dynamo of this kind is not
expected, but alternative dynamo theories based entirely
on convective motion have been proposed (e.g., Durney
et al. 1993). It is therefore of prime interest to understand
the behavior of a well-defined sample of T Tau stars.

In cool main-sequence stars, a rotation-activity relation
is found for rotation periods P exceeding a few days (the
limit being somewhat dependent on the stellar mass), ap-
proximately following LX ∝ P

−2.6 (Güdel et al., 1997;
Flaccomio et al., 2003). Given the role of the convective
motion, a better independent variable may be the Rossby
number R = P/τ where τ is the convective turnover
time. If the rotation period is smaller than a few days, the
X-ray luminosity saturates at a value ofLX/Lbol ≈ 10−3

and stays at this level down to very short periods.

Previous studies have produced conflicting results on
rotation-activity relations. Although there have been indi-
cations for such a relation in Taurus (Stelzer & Neuhäuser
2001), samples in other star-forming regions indicate its
absence, showing stars at saturated X-ray luminosities all
the way to periods of ≈ 20 days (e.g., Preibisch et al.
2005). There is speculation that these stars are still within
the saturation regime because their Rossby number re-
mains small enough for the entire range of P , given the
long convective turnover times in fully convective stars.

Our complete sample of TTS (for the surveyed area) per-
mits an unbiased investigation of this question with the
restriction that we do not know rotation periods for all
stars. Rotation periods P are known for 23 TTS (13
CTTS and 10 WTTS) in our sample. Another 23 stars (15
CTTS and 8 WTTS) have measured projected rotational
velocities v sin i which imply upper limits to P once the
stellar radius is known. In a statistical sample with ran-
dom orientation of the rotation axes, the average of sin i
is π/4 which we used for estimates of P if only v sin i
was known. The stellar radii were calculated from Teff

and the (stellar) bolometric luminosity.

The resulting trends are shown in Fig. 5 (here, multiply
observed stars are plotted once only, at the average LX
value, see also Briggs et al. 2006). First, it is evident that
the sample of CTTS with measured P rotates, on aver-
age, less rapidly than WTTS (characteristically, 8 d and
4 d, respectively). Fig. 5a shows that the rotation-activity
behavior is clearly different from that of main-sequence
solar-mass stars in that LX/Lbol remains at a saturation
level up to longer periods. This is not entirely surprising
given that the same is true for less massive main-sequence
K and M-type stars that are more representative of the
TTS sample. Fig. 5b does, however, show a clear trend
for decreasing activity with increasingP , in particular for
periods exceeding ≈ 5 d. This is best illustrated for the
average surface X-ray flux, FX = LX/(4πR

2).

2.3. Accretion and Disks

In the standard dynamo interpretation, the (on average)
slower rotation of the CTTS compared to WTTS explains
the (on average) slightly lower LX of CTTS, in analogy
to main-sequence stars. The relation suggested above
could, however, be mimicked if the CTTS sample, ro-
tating less rapidly, were subject to suppressed X-ray pro-
duction for another reason than the decreasing efficiency
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Figure 5. Rotation properties and rotation-activity rela-
tions in the TMC sample. Top: LX/Lbol for the TMC
sample. Symbols are as in Fig. 2. The crosses and the
schematic power-law fit resp. horizontal saturation law
apply to a sample of solar analogs on the main sequence
(Güdel et al., 1997). Bottom: Same, but for the average
surface X-ray flux. Regression fit is also shown.

of the rotation-induced dynamo. We already found that
the average LX/Lbol is smaller by a factor of two for
CTTS compared to WTTS (Sect. 2.2). The most obvious
distinction between CTTS and WTTS is accretion from
the disk to the star for the former class.

There are at least two arguments against this explanation.
First, a rotation-activity relation holds within the CTTS
sample, and there is no obvious correlation between P
and Ṁ for that sample. And second, when investigating
the coronal properties LX , LX/Lbol (and also average
coronal temperature Tav) as a function of the mass accre-
tion rate, we see no trend over three orders of magnitude
in Ṁ (Fig. 6; Audard et al. 2006). Mass accretion rate
does therefore not seem to be a sensitive parameter that
determines overall X-ray coronal properties.

3. JETS AND OUTFLOWS

Shock speeds in the high-velocity component of pro-
tostellar jets may be sufficient to shock-heat plasma to
X-ray temperatures. The shock temperature is T ≈

1.5 × 105
v

2

100
K where v100 is the shock front speed
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Figure 6. Scatter plots of LX (top) and LX/Lbol (bot-
tom) versus the mass accretion rates reported in the liter-
ature. No trends are evident. Symbols are as in Fig. 2.

relative to a target, in units of 100 km s−1 (Raga et al.
2002). Jet speeds in TMC are typically of order v =
300 − 400 km s−1 (Eislöffel & Mundt, 1998; Anglada,
1995; Bally et al., 2003), allowing for shock speeds of
similar magnitude. If a flow shocks a standing medium
at 400 km s−1, then T ≈ 2.4 MK. X-rays have been de-
tected from the L1551 IRS-5 protostellar jet about 0.5–1′′
away from the protostar, while the central star is entirely
absorbed by molecular gas (Bally et al., 2003).

X-rays of fast flows cannot be traced down to the accel-
eration or collimation region of protostellar jets given the
strong photoelectric absorption in particular of the very
soft X-ray photons expected from shocks. An interesting
alternative is provided by the study of strong jets driven
by optically revealed T Tau stars. Hirth et al. (1997) sur-
veyed TMC CTTS for evidence of outflows and “micro-
jets” on the 1′′ scale, identifying low-velocity (tens of
km s−1) and high-velocity (up to hundreds of km s−1)
flow components in several of them.

X-ray observations of these jet-driving CTTS have re-
vealed new X-ray spectral phenomenology in at least
three, and probably four, of these objects in TMC (DG
Tau A - see Audard et al. 2006; GV Tau A, DP Tau -
see Fig. 7; and tentatively CW Tau). They share X-ray
spectra that are composed of two different emission com-
ponents subject to entirely different photoelectric absorp-
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tion. The soft component, subject to very low absorption
(NH ≈ 1021 cm−2), peaks at 0.7–0.8 keV where Fe XVII
produces strong emission lines, suggestive of low temper-
atures. This is borne out by spectral modeling, indicating
temperatures of 2–5 MK. Such temperatures are not com-
mon to T Tau X-ray sources. A much harder but strongly
absorbed component (NH several times 1022 cm−2) indi-
cates extremely hot (several tens of MK) plasma.

Figure 7. Average spectra of GV Tau A (top), and DP Tau
(bottom). Also shown are the fits to the spectra and their
two individual constituents.

The three definitive examples all show flares in their X-
ray light curves (Fig. 8), but such variability is so far seen
only in the hard component while the soft component is
steady. In the case of DG Tau A and marginally also in
GV Tau A, a U-band burst was recorded that precedes the
X-ray burst in a characteristic way similar to solar flares
(Audard et al., 2006). On the other hand, a comparison
with a Chandra observation obtained 8 and 6 months be-
fore the observation of DG Tau A and GV Tau A, respec-
tively (Güdel et al., 2005) shows at best a small shift in
temperature of the soft component with a nearly identical
emission measure. Evidently, these “two-absorber” spec-
tra require that two physically unrelated X-ray sources
are present around these objects.

An obvious model is a binary with components that are
located behind largely different gas columns, each thus
contributing one of the spectral components. This model
is unlikely for the following reasons: i) The less absorbed
companion would in all cases reveal a uniquely soft, non-
flaring X-ray component only. None of the other TTS
in our survey revealed such an X-ray spectrum. ii) Ex-
cept for GV Tau, the stars with peculiar X-ray spectra
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Figure 8. X-ray light curves of the jet-driving T Tau stars
GV Tau A (upper) and DP Tau (lower). The top pan-
els show the soft component, the middle panels the hard
component, and the bottom the total X-ray light curves.

are single, despite detailed searches for components (e.g.,
Leinert et al. 1991). iii) GV Tau = Haro 6-10 is indeed
a binary, the more absorbed component being an embed-
ded protostar behind a large gas column (see Reipurth et
al. 2004 for a radio image). A high-resolution Chandra
image, however, reveals that the soft and hard photons
originate from the same location, and this location agrees,
within the error ranges for Chandra, the VLA (Reipurth
et al. 2004) and 2MASS, with the less absorbed compo-
nent Haro 6-10A (Güdel et al. 2006, Fig. 9).

Figure 9. Chandra images of the region around the GV
Tau = Haro 6-10 binary. Pixel size is 0.5′′. Left: Soft
band, 0.5–1 keV; Right: Hard band, 2.2–7 keV. The two
crosses indicate the positions of Haro 6-10A (south) and
the deeply embedded protostar Haro 6-10B (north). The
separation between the two components is 1.3′′.
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All these stars are strong accretors (Ṁ of order 10−7 to
10−6 M� yr−1). However, as shown above, the TMC
sample reveals no significant relation between mass ac-
cretion rate and coronal properties. The distinguishing
property of these objects is, in contrast, the presence of
well-developed, protostar-like jets and outflows with ap-
preciable mass-loss rates (10−7 to 10−6 M� yr−1).

A tentative interpretation is the following (Güdel et al.,
2005, 2006): The flaring in the hard component occurs
on timescales of hours, suggesting ordinary coronal ac-
tive regions. The preceding U-band bursts signal the ini-
tial chromospheric heating before plasma is evaporated
into the magnetic loops. The flaring active regions are
therefore likely to be of modest size, well connected to
the surface active regions. The excess absorption is prob-
ably due to cool gas that streams in from the disk along
the magnetic field lines, enshrouding the magnetosphere
with absorbing material. This increases the photoelectric
absorption of X-rays but does not increase optical extinc-
tion because the gas streams are very likely to be depleted
of dust (the latter being evaporated farther away from the
star). As for the cool X-ray component, although its tem-
perature is also compatible with shock heating of mate-
rial in accretion columns close to the star (e.g., Kastner et
al. 2002), the low photoabsorption makes this interpreta-
tion problematic and prefers a location outside the mag-
netosphere. An obvious location of the cool, soft X-ray
sources are shocks forming near the base or the collima-
tion region of the jet (e.g., Bally et al. 2003). Jet speeds
of several hundred km s−1 support this model, as do es-
timated X-ray luminosities (see Güdel et al. 2005, based
on the theory of Raga et al. 2002).

If this model is correct, then the consequences are far-
reaching: distributed, large-scale X-ray sources may ef-
ficiently ionize larger parts of the circumstellar environ-
ment than the central star alone, and in particular the disk
surface, thus inducing disk accretion instabilities (Balbus
& Hawley, 1991) and altering the disk chemistry (Feigel-
son & Montmerle, 1999; Glassgold et al., 2004).
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Güdel M., et al. 2006, A&A, in prep.

Hirth G. A., Mundt R., & Solf J. 1997, A&AS, 126, 437

Kastner J. H., Huenemoerder D. P., Schulz N. S.,
Canizares C. R., & Weintraub D. A. 2002, ApJ, 567,
434

Leinert Ch., Haas M., Mundt R., Richichi A., & Zin-
necker H. 1991, A&A, 250, 407
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ABSTRACT

We present results of an XMM-Newton survey of the
Chamaeleon I star forming region. In the five exposures
we detected a total of 449 X-ray sources. Among them 96
are counterparts to the 138 spectroscopically confirmed
members in the surveyed region; six of them have a spec-
tral type later than M6.5 and are therefore classified as
brown dwarfs. The spectra of the brighter sources were
analyzed using a continuous emission-measure model
composed of two power laws in temperature, as sug-
gested from high-resolution X-ray spectroscopy. We in-
vestigate correlations between the derived X-ray lumi-
nosity and stellar properties such as rotation rate, mass
and bolometric luminosity. We find a deviation from the
galactic NH/AJ relation in Chamaeleon I that could be
explained with a larger characteristic dust-grain size.

Key words: Chamaeleon I; Star forming region; X-rays.

1. INTRODUCTION

X-ray surveys play a crucial role in the study of high-
energy radiation processes relevant to star and planet for-
mation. Young stars, independently of their accretion
rate, are very strong X-ray emitters.
The Chamaeleon I cloud is one of the nearest and best
studied star forming regions at a distance of about 160
pc (Whittet et al., 1997). Its high galactic latitude (b ≈
−16o) minimizes the number of foreground and back-
ground stars, and its compactness allows the cloud to be
surveyed by only a few XMM-Newton observations.
Our survey is based on five XMM-Newton observations
that are shown in Figure 1 and summarized in Ta-
ble 1. Using the maximum likelihood detection algorithm
eboxdetect and emldetect within the XMM Newton SAS
software, a total of 449 X-ray sources were detected in
the five fields. Using the works of Luhman 2004 (op-
tical spectroscopy), Comeron et al. 2004 (Hα emission
and spectroscopy) and Gomez & Mardones 2003 (NIR
spectroscopy), we cross-identified our X-ray source cat-
alog with the 138 known Chamaeleon I members in our

Figure 1. ROSAT contour map of the Chamaeleon I star
forming region adapted from Feigelson et al.(1993; re-
produced with permission of the AAS) with the five XMM-
Newton EPIC fields overplotted

Table 1. Observation log for the 5 Chamaeleon I fields

Field Pointing RA Pointing dec Exposure [sec]
A 10:59:07.10 -77:01:49.0 35423
B 11:07:52.90 -77:36:56.0 31122
D 11:11:30.00 -76:31:00.0 26035
G 11:00:06.00 -77:28:51.0 29034
H 11:06:05.00 -77:10:40.0 28834
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observation fields. Of the X-ray sources, 96 are identified
with Chamaeleon I members.

2. MODEL FOR SPECTRAL FIT

Low-resolution spectra are often fitted using a 1-, 2- or 3-
temperature model. From high-resolution spectroscopy,
however, it has become evident that coronae display
continuous emission measure distributions (EMD). The
derivation of a continuous EMD is more ambiguous from
low resolution spectra such as those from the EPIC spec-
tra. From a physical point of view, coronal, magnetically
trapped plasma are also expected to be arranged in contin-
uous EMDs. We therefore build a simple model using the
knowledge on EMD derived from high-resolution spec-
troscopy. In our work on high-resolution spectroscopy of
young solar mass stars (Telleschi et al., 2005), we found
that in most cases the EMD has a structure that can be
approximated by two power laws on each side of a peak.
The continuous emission-measure model used to fit the
Chamaeleon I members is composed of two power laws
in temperature and is given by the formula:

Q(T ) =

{
EM0 · (T/T0)α , for T ≤ T0

EM0 · (T/T0)β , for T > T0

(1)

where T0 is the temperature at the EMD peak and EM0

is its emission measure. The slope of the power law be-
low T0 is α, whereas β is the power-law slope above T0.
We introduce a low-temperature and an high-temperature
cutoff, fixed at logT = 6.0 and logT = 8.0, re-
spectively. We also fixed α at a value of 2, consistent
with EMD slopes for young stars as found from high-
resolution spectroscopy (see for example Argiroffi et al.
2004 and Telleschi et al. 2005). Guided by the coronal
element abundances found in the literature (Scelsi et al.
2004, Argiroffi et al. 2004, Garcia-Alvarez et al. 2005
and Telleschi et al. 2005) we adopted an abundance pat-
tern typical for young stars. These abundances are plot-
ted in Figure 2 relative to oxygen, as a function of the
first ionization potential (FIP). The distribution is thus
one signifying a clear inverse FIP-effect. We fitted all,
except some very faint, sources in our five fields using
this model, obtaining a homogeneous set of X-ray prop-
erties that can be used for studies of correlation with other
stellar parameters.

3. RESULTS

3.1. The rotation-activity relation

In Figure 3 we plot LX/Lbol as a function of the rotation
period Prot. We divide our stellar population in two sub-
populations, the Classical T Tauri Stars (CTTS) that show
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Figure 2. Abundances used in the EMD model, rela-
tive to the oxygen abundance, as a function of the FIP.
Abundances are normalized to solar photospheric values
(Anders & Grevesse, 1989). The abundance of oxygen is
0.426.
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Figure 3. LX/Lbol as a function of the rotation period.
Big circles are CTTS and small circles are WTTS. The
crosses mark the BDs. The open circles are faint sources,
with less than 100 cts in the spectrum. Arrows indicate
upper limits for Prot derived from the vsini values.
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evidence for strong accretion such as broad Hα emis-
sion lines, and the Weak-lined T Tauri Stars (WTTS),
that show only very weak Hα emission. We used the
Hα equivalent widths from Luhman (2004) and refer-
ences therein. Big and small circles represent CTTS and
WTTS, respectively. Filled circles are bright sources with
more than 100 counts, whereas empty circles are sources
with less than 100 counts in the fitted spectrum. The as-
terisks mark the two Brown Dwarfs (BD) for which the
rotation period is known. On the upper plot the arrows in-
dicate upper limits to the rotation periods that we derived
from the vsini values. The grey bar represents an average
rotation-activity relation for main-sequence stars. This
relation was empirically derived from the work of Piz-
zolato et al. (2003): the locus for the kink was calculated
for K7-M0 main-sequence stars, equivalent to stars with a
bolometric luminosity of ≈ 0.1L�. In Chamaeleon I we
do not find a trend of decreasing LX/Lbol for slower ro-
tators. On the contrary, as shown in Figure 3 below, if we
fit our data with a regression line, we find that LX/Lbol
increases for higher rotation periods. The regression
line has a slope of 0.8 and is described by the relation
log(LX/Lbol) = −3.77(±0.26)+0.80(±0.15)·logProt.
A similar trend was found in Orion by Preibisch et al.
(2005): they found a slope of 1.27 and a linear regression
log(LX/Lbol) = −4.21(±0.07)+1.27(±0.09)·logProt.
In contrast, Güdel et al. (2005) find for the Taurus Molec-
ular Cloud a relation similar to the main sequence rela-
tion, with decreasing LX/Lbol for longer rotation peri-
ods.
Unfortunately, in Cha I, the number of known rotation
periods is small and the statistics is not sufficient to draw
firm conclusions about the activity-rotation relation. We
can state however, that no appreciable drop of LX/Lbol
is visible in the range of Prot = 5− 10 days.

3.2. The LX/Lbol relation

In Figure 4 the X-ray luminosity is plotted as a func-
tion of the bolometric luminosity. Overplotted are the
three lines for LX/Lbol = 10−4, LX/Lbol = 10−3,
and LX/Lbol = 10−2. We note that nearly all low
mass stars (M < 2M�) have LX/Lbol > 10−4. Al-
though the detected brown dwarfs (asterisks) are higher
inLX/Lbol (mean value above 10−3) than low-mass stars
(mean value of 10−3.3), the upper limits of undetected
brown dwarfs fill the space below the detected ones. Thus
we conclude that brown dwarfs are likely to follow the
same trend as low mass stars in Chamaeleon I.
In order to estimate the mean value of LX/Lbol for the
two populations of CTTS and WTTS we plot histograms
for logLX/Lbol and fit the resulting distribution with a
Gaussian. As shown in Figure 5, we find a mean value for
logLX/Lbol of approximately -3.3 for both CTTS and
WTTS. We conclude that there is no global influence of
the accretion behavior on the X-ray output of T Tau stars
in ChaI.
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Figure 4. X-ray luminosity as a function of the bolomet-
ric luminosity. Key to the symbols: Size, from largest to
smallest: CTTS - WTTS - unknown class. Asterisks are
BDs. Asterisks with arrows are upper limits for unde-
tected BDs. The open circles are faint sources, with less
than 100 cts in the spectrum.

3.3. The mass-activity relation

In Figure 6 the X-ray luminosity is plotted as a func-
tion of the logarithm of the stellar mass. The masses are
derived from the effective temperature and the bolomet-
ric luminosity using the isochrones of Siess et al. (2000)
for masses larger than 0.1 M� and from Chabrier et al.
(2000) for smaller masses. It is evident that logLX in-
creases with mass. The dash-dotted line describes the
linear regression fit obtained by considering the stars be-
tween 0.1 and 2 M� (i.e. excluding the brown dwarfs).
This regression line has a slope of 1.31 and is described
by logLX = 30.32(±0.1) + 1.31(±0.2) · log(M/M�).
We notice that the relation does not seem to be linear but
is flatter for stars with higher masses. Again the BDs (de-
tected and upper limits) fit well in the stellar relation. An
X-ray luminosity-mass correlation was already found by
Feigelson et al. (1993) in Chamaeleon I. In that study,
based on ROSAT observations, a much steeper slope of
3.6 was found for the same correlation. Our dependence
is, however, similar to the one found for the Orion Nebula
Cluster by Preibisch et al. (2005), where a slope of 1.44
was reported.

3.4. The NH/AJ relation

We plot in Figure 7 the hydrogen column density NH

as a function of the infrared extinction AJ . In order to
avoid effects from circumstellar material we concentrate
in this study only on WTTS. The two thin lines are theo-
retical values for the NH/AJ relation valid for the inter-
stellar medium, and they are calculated as follows. The
ratio NH/AV is taken from the literature: NH/AV =
1.8−2.2×1021cm−2

/mag. We then used the Cardelli et
al. (1989) extinction law, for which the AJ/AV relation
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Figure 6. X-ray luminosity as a function of the stellar
mass. Symbols as in Figure 4.

depends only on one parameter,RV = AV /(AB −AV ),
and is described by the formula

AJ/AV = 0.4008− 0.3679/RV . (2)

The galactic value for RV is found to be 3.1. Using this
relation, we obtain

(NH/AJ)gal = 6.4− 7.8× 1021cm−2

/mag. (3)

This NH/AJ range is plotted as a black line in both Fig-
ures 7. We see that in Cha I many stars lie on a line that
indicates reduced NH . This line is represented by the
thick line that fits the relation

NH/AJ = 4.1× 1021cm−2

/mag. (4)

A deviation from the galactic value of NH/AJ was also
found and studied in detail by Vuong et al. (2003) for the
star-forming region ρ Oph. They obtained NH/AJ =
5.57 × 1021cm−2

/mag, using the Cardelli et al. (1989)
AJ/AV relation. In their work the measured NH/AJ
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Figure 7. Hydrogen column density, NH , as a function of
the infrared extinction, AJ . The two thin black lines are
values from the literature (see text). Note that only WTTS
are plotted.

value was used in a physical model of gas and dust prop-
erties to constrain the grain size distribution and the gas-
to-dust ratio. They found a bigger mean grain size (<
a >= 0.035 − 0.095µm instead of < a >= 0.008µm)
and a gas-to-dust mass ratio of 80-95.

In Chamaeleon, this model cannot be used, because the
NH/AJ ratio is too small to derive a reasonable value
for RV using the Cardelli et al. (1989) extinction curves
(note that higher RV values were already claimed in
Cha I, see for example Whittet et al. 1997 and Luhman
2004). However, we can state that this deviation from
(NH/AJ )gal is in the same direction of the deviation
found by Vuong et al. (2003) and would also predict a
higher RV value and a larger characteristic mean grain
size. As the gas-to-dust ratio strongly depends on both
RV and NH/AJ in the model, we are not able to predict
the variation of gas-to-dust mass ratio in our case.
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3.5. Summary and conclusions

In the five XMM-Newton observations of the Chamaeleon
I region we detected 96 cloud members. Of them, 6 are
considered brown dwarfs. We correlated the X-ray ac-
tivity, i.e. the ratio between X-ray luminosity and bolo-
metric luminosity, with the rotation period, but we could
not find any decrease in activity for slower rotators, as
it is found for main sequence stars. This result could be
evidence for long convective turnover times in our sam-
ple of stars. We further studied the relation between X-
ray luminosity and bolometric luminosity and found that
almost all low-mass stars have a ratio logLX/ logLbol
between −4 and −2, with a mean value at −3.3 for
both CTTS and WTTS. We concluded that there is no
influence of accretion on the X-ray output. An evident
increase of LX with the stellar masses is also found.
Brown dwarfs do not show exceptional properties, but fit
well to all the studied correlations. Finally, we investi-
gated the ratio between the hydrogen column densityNH

and the infrared extinction AJ . We found NH/AJ =
4.1×1021cm−2

/mag, much lower than the galactic value
NH/AJ = 6.4− 7.8× 1021cm−2

/mag valid for the in-
terstellar medium. This deviation is too large to draw
quantitative conclusions about the gas-to-dust ratio, but
we can qualitatively affirm that deviations on the same
direction could be modeled with a larger characteristic
mean grain size of the dust.
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Telleschi, A., Güdel, M., Briggs, K.,Audard, M., Ness,
J.-U., Skinner, L.S. 2005, ApJ, 622, 653

Vuong, M.H., Montmerle, T., Grosso, N., Feigelson
E.D., Verstraete, L., Ozawa, H. 2003 A&A, 408,581

Whittet, D.C.B., Prusti,T., Franco, G.A.P. et al. 1997,
A&A, 327, 1194



1

X-RAY VIEW OF V1647 ORI, THE YOUNG STAR IN OUTBURST ILLUMINATING MCNEIL’S NEBULA

N. Grosso

Laboratoire d’Astrophysique de Grenoble, Université Joseph-Fourier, 38041 Grenoble, France

ABSTRACT

McNeil’s Nebula was discovered serendipitously in Jan-
uary 2004 in the L1630 dark cloud located in the Orion B
giant molecular cloud. This reflection nebula is illu-
minated by V1647 Ori, a young stellar object display-
ing since November 2003 a dramatic optical/IR outburst,
which is the origin of the rise of this fan-shaped nebula.
Until recently, no X-ray satellites have had the oppor-
tunity to observe this kind of pre-main sequence erup-
tive object at the beginning of its accretion burst. In
this respect the X-ray observations of V1647 Ori obtained
in 2004 withChandra (Kastner et al. 2004) andXMM-
Newton (Grosso et al. 2005) offer new insight into pre-
main sequence accretion processes. I will review these
X-ray observations, which reveal a large increase of the
X-ray emission compared to the pre-outburst state, and
an enhanced X-ray variability. The analysis of theXMM-
Newton spectra shows that about 75% of the intrinsic X-
ray emission in the 0.5–8 keV energy band comes from a
soft plasma component, reminiscent of the X-ray spec-
trum of the classical T Tauri star TW Hya, for which
X-ray emission is believed to be generated by an ac-
cretion shock onto the photosphere of a low-mass star.
The hard plasma component contributes about 25% of
the total X-ray emission, and can be understood only
in the framework of plasma heating sustained by mag-
netic reconnection events. A significant excess of Hydro-
gen column density is found compared to the value de-
rived from optical/IR observations, suggesting either that
there is a real excess of gas column density –which might
due to an intervening outflow unveiled from ground op-
tical spectroscopy– or that optical/IR observations do not
probe the extinction down to the star itself. I will present
preliminary results of theXMM-Newton observation of
V1647 Ori obtained in March 2005.

Key words: V1647 Ori; pre-main sequence stars; X-rays.

1. INTRODUCTION

At the end of January 2004, a new bright fan-shaped neb-
ula was discovered serendipitously (McNeil 2004) be-

tween M 78/NGC 2068 and the region of HH 24-26, two
well known star-forming regions of the L1630 dark cloud
located in the northern part of the Orion B giant molecu-
lar cloud, at a distance of∼400 pc. The apex of McNeil’s
Nebula hosts the young low-mass star V1647 Ori (Clark
1991; Samus 2004), which is now displaying a dramatic
optical/IR outburst at the origin of the rise of this re-
flection nebula. Bricẽno et al. (2004) have constrained
the start of this outburst at the beginning of November
2003, and have obtained the light curve in theI-band
of V1647 Ori showing a∼5 mag brightening in about 4
months. They showed that the timescale for the nebula
to develop is consistent with the light-travel time, indi-
cating that we are observing light from the central source
scattered by material in the cometary nebula.

The nature of the V1647 Ori outburst and its connection
with other pre-main sequence eruptive objects, namely
FUors (stellar prototype: FU Ori) and EXors (stellar pro-
totype: EX Lupi), is still debated at the moment. Reipurth
& Aspin (2004) and McGehee et al. (2004), have noted
a resemblance to EXors; whereas Briceño et al. (2004),
Ábrah́am et al. (2004), Walter et al. (2004), and Kun
et al. (2004) have proposed a FUor event. Vacca et al.
(2004) have even reported that the NIR spectrum of
V1647 Ori does not appear similar to any known FUor or
EXor object. Continued optical/IR monitoring are neces-
sary to determine the duration of the outburst, because
outbursts last only several months in EXors compared
to several decades in FUors. Both types of outburst are
thought to be driven by a sudden increase of accretion
through a circumstellar disk (e.g., Hartmann & Kenyon
1996, and references therein), but the distinction between
FUors and EXors is still entirely empirical. The interpre-
tation that the outburst event has its origin in accretion
processes is supported by high-resolution IR spectra of
V1647 Ori showing CO emission lines, likely originat-
ing from∼ 2500 K gas in an inner accretion disk region
where substantial clearing of dust has occurred (Rettig
et al. 2005).

The pre-outburst spectral energy distribution (SED) of
V1647 Ori from IR to millimeter shows a ‘flat spectrum’
source (́Abrah́am et al. 2004), which is usually inter-
preted in terms of a circumstellar envelope (Kenyon &
Hartmann 1991). Andrews et al. (2004) propose that
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Figure 1.Chandra observation of V1647 Ori obtained on 2004 March 7 (adapted from Kastner et al. 2004). For compar-
ison a R-band contour map of McNeil’s nebula obtained with VLT/FORS2 on 2004 February 18 is overlaid. The energy
range of the X-ray image is 0.5–8 keV; the pixel size is0.5′′ × 0.5′′. The X-ray intensity is displayed with a linear scale.
A hard X-ray source was detected at the position of V1647 Ori.

V1647 Ori is a transition object between a protostar with
circumstellar disk plus remnant circumstellar envelope
(Class I protostar), and a classical T Tauri star with cir-
cumstellar disk (Class II sources).Spitzer observations
of V1647 Ori in early March 2004 (Muzerolle et al. 2005)
show a factor of 15–20 increase in brightness across the
spectrum from the optical to 70µm, leading to a bolo-
metric luminosity of 44 L�, i.e.∼15 times higher than
the pre-outburst level, which is mainly explained by an
increase of the disk accretion rate from6 × 10−7 to
10−5 M� yr−1.

2. X-RAY OBSERVATIONS OF V1647 ORI

Prior to this accretion outburst, V1647 Ori was serendip-
itously observed withChandra and XMM-Newton. In
November 2002, it was a faint X-ray source in a
Chandra/ACIS-S∼56 ks-exposure, and was not detected
with a XMM-Newton ∼50 ks-exposure in September
2003, just before the beginning of the outburst. The
discovery of McNeil’s nebula triggered Director Discre-
tionary Time (DDT) and Target of Opportunity (ToO) ob-
servations of V1647 Ori withChandra (2×5 ks; J. Kast-
ner, PI) andXMM-Newton (∼38 ks; N. Grosso, PI), re-
spectively.

2.1. Chandra and XMM-Newton observations in 2004

The first X-ray observation of V1647 Ori during this ac-
cretion outburst was obtained on 2004 March 7 with
Chandra/ACIS-Swith a 5 ks exposure. Fig. 1 shows the
Chandra image with an embedded hard X-ray source de-
tected at the apex of McNeil’s nebula. This observation
revealed a factor∼50 increase in the X-ray count rate of
this source, compared to the pre-outburst state (Fig. 2).
On 2004 March 22, an additional 5 ks exposure with
Chandra/ACIS-Sshowed that the X-ray flux remained el-
evated, but at a count rate only a factor∼10 larger than
pre-outburst (Fig. 2).

The coincidence of a surge in X-ray brightness with the
optical/IR outburst demonstrates that strongly enhanced
high energy emission from V1647 Ori occurs as a conse-
quence of high accretion rates (Kastner et al. 2004). The
drop of the X-ray flux on 2004 March 22 was interpreted
by Kastner et al. (2004) as the possible onset of a quench-
ing X-ray emission phase, or the triggering of a phase of
strong variability in both X-ray luminosity and tempera-
ture. The burst of X-rays was most probably generated
via star-disk magnetic reconnection events that occurred
in conjunction with such mass infall.

This process may also launch new, collimated outflows
or jets (Goodson et al. 1997). Indeed, before its recent
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Figure 2. Near-IR and X-ray photome-
try of V1647 Ori from late 1998 through
to April 2005 (adapted from Kastner et al.
2004; Grosso et al. 2005). The op-
tical/IR outburst of this ‘flat spectrum’
source is mainly explained by an increase
of the disk accretion rate from∼6×10−7

to∼10−5 M� yr−1 (Muzerolle et al. 2005).
Prior to this accretion outburst, V1647 Ori
was serendipitously observed withChan-
dra and XMM-Newton. It was a faint
X-ray source in a November 2002Chan-
dra observation, and was not detected by
XMM-Newton in September 2003, just be-
fore the beginning of the outburst. In
March 2004, we were grantedChandra Di-
rector Discretionary Time (2×5 ks; J.
Kastner, PI), and detected a large increase
in X-ray flux post-outburst relative to pre-
outburst, closely tracking the increase of
the optical/IR flux (Kastner et al. 2004).
A 38 ksXMM-Newton Target of Oppor-
tunity observation was then obtained in
April 2004 (N. Grosso, PI; Grosso et al.
2005). In March 2005, a longer (94 ks)
XMM-Newton observation was obtained
(N. Grosso, PI). The ranges of X-ray flux
density observed withXMM-Newton are
represented by segments (see Fig. 3 and 4).

Figure 3. Enhanced X-ray variability of
V1647 Ori (Grosso et al. 2005). The light
curve shows the X-ray flux density ob-
served withXMM-Newton on 2004 April
4, compared withChandra measurements.
The X-ray flux is highly volatile, vary-
ing from 10 to 200 times the pre-outburst
value. Assuming a periodicity, the folding
of Chandra and XMM-Newton measure-
ments lead to a period candidate of∼17
hours, which corresponds to the Keplerian
rotation at a distance of 1.4 stellar radius
for a one solar mass star aged of 1 Myrs.
We propose that the observed X-ray flux is
modulated by the Keplerian rotation of the
inner part of the V1647 Ori accretion disk.
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eruption, V1647 Ori had been identified as the exciting
source of a chain of extended emission nebulosity that ap-
pears to terminate at HH 23, a shock-excited Herbig-Haro
object, located∼ 3′ North from V1647 Ori (Eisl̈offel &
Mundt 1997; Lis et al. 1999; Reipurth & Aspin 2004).
The presence of these structures suggests that the present
optical/IR/X-ray outburst of V1647 Ori may be merely
the latest of a series of such events. Another outburst
may have occurred about 37 yrs before the present event,
based on a photograph obtained in Oct. 1966 which
shows a similar cometary nebula (Mallas & Kreimer
1978). No clear evidence for the presence of a molecular
outflow has been found in the submillimeter CO spec-
tral line maps (Lis et al. 1999; Andrews et al. 2004).
However the Hα line, which has been detected in strong
emission, displays a pronounced P Cygni profile, with an
absorption trough reaching velocities up to 600 km s−1

(Reipurth & Aspin 2004), implying significant mass loss
in a powerful wind.

TheChandra detection of V1647 Ori in a high X-ray state
triggered a∼38 ksXMM-Newton ToO. V1647 Ori was
detected withXMM-Newton on 2004 April 4 (Grosso
et al. 2005). The X-ray spectral fitting of the EPIC spec-
tra shows that the bulk (∼ 75%) of the intrinsic X-ray
emission in the 0.5–8 keV energy band comes from a soft
plasma component, withkTsoft = 0.9 keV (0.7–1.1 keV,
at the 90% confidence limit), reminiscent of the X-ray
spectrum of Classical T Tauri star TW Hya (Kastner et al.
2002), where it is believed to be generated by an accre-
tion shock onto the photosphere of a low-mass star. The
hard plasma component, withkThard = 4.2 keV (3.0–
6.5 keV), contributes for∼ 25% of the total X-ray emis-
sion, and can be understood only in the framework of
plasma heating sustained by magnetic reconnection.

The accurate measurement of the Hydrogen column den-
sity, NH = 4.1 × 1022 cm−2 (3.5–4.7 × 1022 cm−2),
which is equivalent toAV=22.3–29.6 or 18.8–25.0 mag
taking RV=3.1 or 5.5. By contrast optical/IR ground
measurements lead to onlyAV ∼ 11 mag (e.g., Vacca
et al. 2004). This comparison suggests either that there
is a real excess of gas column density –which might due
to an intervening outflow unveiled from ground optical
spectroscopy (Reipurth & Aspin 2004)– or that optical/IR
observations do not probe the extinction down to the star
itself.

The X-ray flux observed withXMM-Newton (see Fig. 3)
ranges from roughly the flux observed byChandra on
2004 March 22 (i.e.,∼10 times greater than the pre-
outburst X-ray flux), to a peak value that is two times
greater than the one caught byChandra on 2004 March 7
(i.e., ∼200 times greater than the pre-outburst X-ray
flux). We have investigated with X-ray color-color dia-
gram and quantile analysis (Hong et al. 2004) time vari-
ations of the event energy distribution, but the observed
count rate variations are not correlated with either tem-
perature variations (as in X-ray flares) or column density
variations, which is in favour of a variation of the ob-
served emission measure. The combined analysis of the
Chandra andXMM-Newton observed X-ray flux densi-

ties folded using trial periods indicate a good candidate at
∼17 hours, which corresponds to time scale of Keplerian
rotation at a distance of 1 and 1.4 stellar radius for a one
solar mass star aged of 0.5 and 1 Myrs, respectively. We
propose that the observed X-ray flux from V1647 Ori is
indeed modulated by the Keplerian rotation of the inner
part of the accretion disk.

To test this interpretation a longerXMM-Newton obser-
vation, needed to cover∼2 times the period candidate
(130 ks), was obtained on 2005 (N. Grosso, PI).

2.2. Preliminary results of the XMM-Newton obser-
vation in 2005

XMM-Newton observed V1647 Ori on 2005 March 25.
EPIC camera exposures had to be aborted before their
scheduled end times, due to the increase of the flaring
background. The duration of the EPIC PN exposure
was∼107 ks. However the end of this observation was
strongly affected by the elevated level of the flaring back-
ground, where the EPIC PN was nearly all the time in
the counting mode, which reduced the useful exposure to
only ∼94 ks. Nevertheless, this continuous exposure of
∼94 ks allows to cover∼1.5 times the period candidate.

Fig. 4 shows for comparison the X-ray light curves of
V1647 Ori obtained withXMM-Newton on April 2004
(Grosso et al. 2005) and 2005 March 25 (Grosso et al., in
preparation). V1647 Ori is weaker in X-rays on March
2005, which seems to coincide with a possible decay
phase of V1647 Ori in the optical/IR (Aspin & Reipurth
2005). V1647 Ori is still variable in X-rays (see also
Fig. 2). However, the variability is inconsistent with a
periodicity of∼17 hours.

The bottom panels of Fig. 4 show the X-ray hardness ra-
tios versus time. The X-rays emitted by V1647 Ori are
harder in March 2005 than in April 2004.

The detailed analysis of the 2005XMM-Newton data set
using X-ray color-color diagram and quantile analysis,
and spectral analysis, are in progress to constrain the na-
ture of the observed X-ray variability of V1647 Ori and
the origin of the hardening of its X-ray emission.

3. CONCLUSION

The sudden increase in the X-ray luminosity of
V1647 Ori, and its large variation, appear to be best ex-
plained as due to star-disk magnetic reconnection events
that are generated in association with the onset of ele-
vated accretion rate.

The optical/IR flux of V1647 Ori is dominated by the out-
burst luminosity of its inner accretion disk, therefore any
optical/IR modulation of the photospheric flux would be
difficult if not impossible to observe. Therefore, X-rays
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Figure 4. X-ray light curves of V1647 Ori obtained withXMM-Newton on April 2004 (Grosso et al. 2005) and March
2005 (Grosso et al., in preparation) plotted using the same scale for the time axis. The large increase of count rate during
the 2004 observation was not associated with any large plasma temperature variations as for typical X-ray flares from
young low-mass stars. The lack of such large temperature variations motivated the hypothesis that the potential∼17-hour
periodicity resulted from rotational modulation of the inner accretion disk. During the 2005 observation the X-ray source
is weaker, but still variable. However, the variability is inconsistent with a periodicity of∼17 hours. The nature of the
variability is under investigation. The bottom panels show the X-ray hardness ratios computed with the soft energy band
0.5–2.8 keV and the hard energy band 2.8–8 keV. Dashed lines show hardness ratios averaged on larger time intervals.
There is a hardening of the X-rays emitted by V1647 Ori in March 2005.

offer a unique observational window to investigate the
star-disk magnetic interaction during this pre-main se-
quence evolutionary phase in which the accretion rate,
and hence the source luminosity, are dramatically ele-
vated above normal.

Additional Chandra observations of 3×20 ks exposure
are also scheduled on 2005 and 2006 (J. Kastner, PI)
to monitor the X-ray activity during the decay phase of
V1647 Ori.
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O STAR X-RAY LINE PROFILES EXPLAINED BY RADIATION TRANSFER IN INHOMOGENEOUS
STELLAR WIND
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Universität Potsdam, Astrophysik, 14469 Potsdam, Germany

ABSTRACT

It is commonly adopted that X-rays from O stars are pro-
duced deep inside the stellar wind, and transported out-
wards through the bulk of the expanding matter which
attenuates the radiation and affects the shape of emission
line profiles. The ability of Chandra and XMM-Newton
to resolve these lines spectroscopically provided a strin-
gent test for the theory of X-ray production. It turned out
that none of the existing models was able to reproduce
the observations consistently. The major caveat of these
models was the underlying assumption of a smooth stellar
wind. Motivated by the various observational evidence
that the stellar winds are in fact structured, we present
a 2-D model of a stochastic, inhomogeneous wind. The
X-ray radiative transfer is derived for such media. It is
shown that profiles from a clumped wind differ drasti-
cally from those predicted by conventional homogeneous
models. We review the up-to-date observations of X-ray
line profiles from stellar winds and present line fits ob-
tained from the inhomogeneous wind model. The neces-
sity to account for inhomogeneities in calculating the X-
ray transport in massive star winds, including for HMXB
is highlighted.

Key words: X-rays; massive stars; stellar winds.

1. CLUMPED WINDS FROM O-TYPE STARS

Young and massive O-type stars possess strong stellar
winds. The winds are fast, with typical velocities up
to 2500 km/s, and dense, with mass-loss rates

�� ������	� ��
�����
. The driving mechanism for the mass-loss

from OB stars has been identified with radiation pressure
on spectral lines. A corresponding theory was developed
by Castor et al. (1975). After consequent improvements,
this theory correctly predicts the observed mass-loss rates
and wind velocities (Pauldrach et al., 1986). However,
it was pointed out early (Lucy & Solomon, 1970), and
later further investigated (Owocki & Rybicki , 1984), that
the stationary solution for a line-driven wind is unsta-
ble; small perturbation grow quickly and result in strong

shocks. The most detailed hydrodynamic modeling of
the line driven instability was presented by Feldmeier
et al. (1997). These calculations show that the winds
are strongly inhomogeneous with large density, velocity
and temperature variations. The density inhomogeneity
is commonly referred to as wind clumping. Runacres &
Owocki (2005) studied the 1-D evolution of instability-
generated structures in the winds. They have demon-
strated that the winds are essentially clumped out to dis-
tances of 1000 ��� .

The theoretical prediction of the wind clumping is con-
firmed observationally. Bouret et al. (2005) conducted
a quantitative analysis of the far-ultraviolet spectrum of
two Galactic O stars using the last generation NLTE stel-
lar atmosphere codes. Their study provided a strong ev-
idence of wind clumping in O stars. It was pointed out
that accounting for wind clumping is essential when de-
termining the wind properties of O stars.

One of the most significant consequences of the clumping
is the reduction of empirically derived mass-loss rates by
at least a factor of 3 (Hamann & Koesterke, 1998; Bouret
et al., 2005). The stellar mass-loss rate determines the
wind density, and therefore the wind opacity. Studying
the effects of absorption in the observed X-ray spectra
allows to probe the wind opacity. Analysis of the X-ray
emission from individual stellar winds in the O stars � Ori
(Miller et al., 2002) and � Pup (Kramer et al., 2003) have
shown that the attenuation by the stellar wind is signifi-
cantly smaller than expected from standard homogeneous
wind models.

Similar conclusions are reached from the analysis of X-
rays from colliding wind binaries (CWB). Such systems
consist of two massive early type stars, where each com-
ponent has a strong wind. The copious X-ray emission
is produced in the zone where the stellar winds collide.
At certain orbital phases the X-rays formed in the col-
liding wind zone travel towards an observer through the
bulk of the stellar wind of one companion. Deriving the
absorbing column density from X-ray spectroscopy con-
strains the wind density. Mass-loss rates can be inferred
and compared with the models. An analysis of XMM-
Newton observations of the massive binary ��� Vel was
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Figure 1. Comparison between example line profiles
emerging from a clumped and a smooth wind of the same
mass-loss rate, velocity law ( ��� ��� �

), and equal X-ray
emissivity. Frequency is measured relative to the line cen-
ter and in Doppler units referring to the terminal wind
velocity !�" . The average separation between clumps #
is indicated.

presented by Schild et al. (2004). They deduced the col-
umn density of absorbing material from fits of the X-
ray spectra and showed that the observed attenuation of
X-rays is much weaker than expected from smooth stel-
lar wind models. To reconcile theory with observations,
Schild et al. (2004) suggest that the ratio of clump den-
sity to smooth wind density has to be high, and the vol-
ume filling factor of the clumps has to be small. Sig-
nificantly, similar conclusions were reached from Chan-
dra and RXTE observations of WR 140 (Pollock et al.,
2005). Alike � � Vel, the column density expected from
the stellar atmosphere models that account for the clump-
ing in first approximation only, is a factor of four higher
than the column density inferred from the X-ray spectrum
analysis.

Spectacular evidence of wind clumping comes from X-
ray spectroscopy of high-mass X-ray binaries (HMXB).
In some of these systems a neutron star (NS) is on a
close orbit deeply inside the stellar wind of the mas-
sive star. The X-ray emission with a power law spec-
trum is produced as a result of Bondi-Hoyle accretion of
the stellar wind onto the NS. These X-rays photoionize
the stellar wind. The resulting X-ray spectrum shows a
large variety of emission features, including lines from
H-like and He-like ions and a number of fluorescent emis-
sion lines. Sako et al. (2003) reviewed spectroscopic re-
sults obtained by X-ray observatories for several wind-
fed HMXBs. They conclude that the observed spectra
can be explained only as originating in a clumped stellar
wind where cool dense blobs are embedded in rarefied
photoionized gas. Van der Meer et al. (2005) studied
stochastic variability of the X-ray light curve in 4U 1700-
37 and its X-ray spectra. They shown that the feeding of
the NS by a strongly clumped stellar wind is consistent
with the observed temporal and spectral variability.

X-ray emission is also intrinsic for clumped stellar winds

of single stars. Feldmeier et al. (1997) performed hydro-
dynamic simulations of an O star wind. They showed that
the de-shadowing instability leads to strong gas compres-
sion resulting in dense cool shell fragments. The space
between fragments is essentially void, but at the outer
side of the dense shells exist extended gas reservoirs.
Small gas cloudlets are ablated from these reservoirs, and
accelerated to high speed by radiation pressure. Propa-
gating through an almost perfect vacuum, they catch up
with the next outer shell and ram into it. In this collision,
the gas parcels are heated and emit thermal X-rays. The
X-ray emission ceases when the wind reaches its termi-
nal speed. In contrast, the cool fragments are maintained
out to large distances, despite their expansion due to the
internal pressure. Thus there are two disjunctive struc-
tural wind components – hot gas parcels that emit X-rays
and highly compressed cool fragments that attenuate this
radiation.

2. TRANSFER OF X-RAYS IN A CLUMPED
STELLAR WIND

Wind inhomogeneity alters the radiative transfer signifi-
cantly. We have studied the effects of wind fragmentation
on X-ray line formation analytically in the limit of in-
finitely many stochastically distributed fragments (Feld-
meier et al., 2003), and numerically for more realistic
stellar winds (Oskinova et al., 2004). The latter work de-
scribes the model and the code used in the present paper
to reproduce the observed X-ray emission line profiles.
It is assumed that X-rays are emitted by a large num-
ber of stochastically distributed hot gas parcels within
the wind acceleration zone. These gas parcels are per-
meated with the numerous aligned cool shell fragments
(i.e. clumps). The fragments are also distributed stochas-
tically and propagate, maintaining their solid angle, out-
wards with !	$&%(' . They persist till large distances from the
stellar surface.

Because the average stellar mass-loss rate is constant, the
mass confined within each clump is, on average, the total
mass of the stellar wind divided by the number of shell
fragments. The mass-loss rate

��
is fixed for a specific

star from UV/optical spectral analysis. We employ the
average number density of the fragments, )$&%(' , as a free
parameter. The fragments are radially compressed and
therefore aligned. Thus the optical depth, *,+.-/$.02143	+&-5' ,
of each individual shell fragment depends on its mass,
the mass absorption coefficient at energy 0 , and the in-
tersection angle between the shell and the line of sight
( 3	+&- ).

The fate of each X-ray photon emitted deep inside the
wind and propagating outwards depends on whether it es-
capes from the wind without encountering any shell frag-
ment, or it accidentally hits a fragment. The chance to hit
a shell is smaller when the average separation between
shells, # , is larger. The average separation # depends
on the number density of the fragments and their cross-
section: #6�87�)$&%(':9<; �>=

.
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Figure 2. De-reddened HETGS spectra of prominent O stars. All stars except � Ori are evolved runaway stars, as reflected
by the enhanced N/O ratio.

The probability that the photon that has hit a shell is ab-
sorbed is

�@?BADCFE $ ? * +&- ' . Therefore the effective opacityG* in the stellar wind depends on the number density of
shells )$.%(' , the cross section of the shells 9 , and the prob-
ability of a photon to be absorbed in a shell. The optical
depth along a photon path through the clumpy wind isG*2� H )$&%('�9I$ �J?LK �NM:OQP�RQSUT 'WV5% (1)

Importantly, in the limit of a very large number of frag-
ments, Eq. (1) recovers the formula for the optical depth
in a smooth wind (Oskinova et al., 2004).

Assume now that radiation of intensity XDY is emitted
somewhere in the wind. After passing through the wind
this intensity will be reduced toXZ�[X\Y K �^]M

(2)

From Eqs. (1, 2) one can see that for optically thick
clumps ( * +&-�_ �

) the effective optical depth
G* is inde-

pendent of the energy. The opacity in the clumped wind
is effectively grey.

Our modeling shows that the wind fragmentation drasti-
cally reduces the opacity of the wind. Therefore X-rays
produced deep inside the wind can effectively escape,
which would be totally absorbed in a homogeneous wind

of the same mass-loss rate. A comparison between pre-
dicted line profiles emerging from clumped and smooth
winds of the same mass-loss rate is shown in Fig.1.

The line width is determined by the velocity field of the
hot plasma. It is commonly accepted to approximate the
velocity field in the stellar wind by a “ � -law” of the form

!N$.%�'`�[! "ba �J? �%>cJd 1 (3)

where the distance % is normalized to the stellar ra-
dius. The terminal velocity ! " is deduced by analyzing
UV/optical spectra. Hence, the free parameter to describe
the width of an X-ray line is � .

Intrinsic line intensity X Y can be calculated from hydro-
dynamic wind models but it is not done yet. To compare
the model and the observed line profiles we normalize the
flux in the model line to the observed one. Thus only two
free parameters are required to fit the observed line: the
average separation between clumps # , which defines the
attenuation; and � , which defines the line broadening.

3. GRATING OBSERVATIONS OF O STARS

We have selected Chandra HETGS observations of
prominent O stars to fit the observed line profiles in the
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Table 1. Stellar wind parameters from Repolust et al.
(2004) and Lamers et al. (2001)

Name ! " [km/s]
��

[
��
^�F� �m=

]� Pup 2250 n � �poL�,�4�Nq� Ori 2100 r � �ZoL�,�4�Nqs
Per 2450

�5� tpoL�,� �Nq� Oph 1550 u ��� tpov���4�N�

framework of a clumped wind model. The de-reddened
spectra of selected stars are shown in Figure 2. We have
chosen three stars that are most likely single, and there-
fore their X-ray emission can be solely attributed to the
stellar wind itself. The probability of a massive star being
single is significantly higher among runaway stars and
three stars in our sample are runaway stars that have not
shown indications of binarity. The forth star, � Ori, is a
known binary. We include � Ori in the sample because
the initial interpretation of the observed emission lines
from this star caused doubts in the validity of the shock
model of X-ray production (Waldron & Cassinelli, 2001).
The wind parameters of the stars are listed in Table 1.

The observed spectra in the w ? r(w Å band were fitted
using the xspec package. The spectrum of � Pup has the
highest S/N. A satisfactory spectral fit for this star can
be achieved only by using a model that accounts for the
continuum emission as well as for the lines. The apec
model is capable to reproduce the X-ray emission lines
in the � Pup spectrum. The continuum can be fitted by
thermal bremsstrahlung. Importantly, the temperatures
obtained from the emission lines and from the continuum
are identical, xFy>zLg �{� |

keV, and in good agreement with
the predictions of the wind shock model.

The plasma in hot star winds is not expected to be isother-
mal. However, the strong shock condition implies that the
maximum temperature of the shock material scales with

the square of the preshock wind velocity. Constraining
the temperature of hot gas in � Oph provides an interest-
ing test, because this star has the slowest stellar wind. It
is expected that its X-ray plasma temperature should be
a factor of two lower than in � Pup. To estimate tem-
peratures we used H-like to He-like ion line ratios of Mg
and Si. Our estimates show that the temperature in � Oph
is indeed lower than in � Pup. A temperature less than
0.4 keV is also consistent with the results of fitting the� Oph spectrum with xspec.

The strongest emission lines observed in the spectra of
our sample stars are shown in Figs. 3, 4, 5 and 6. Lines
in all spectra are broad, blueshifted and symmetric. The
Ne X line is a doublet ( f{Y~}�� Y���� � r �Q� k5r�1 � r �Q� k t

Å).
Kramer et al. (2003) provided a detailed analysis of emis-
sion lines in � Pup using the smooth wind model. They
concluded that the lines are broadened to the terminal
wind velocity and have similar shapes across the spec-
trum.

4. MODEL FITTING OF OBSERVED LINES

A detailed modeling of the X-ray spectra and emission
line profiles can be done only by means of full stellar at-
mosphere models. Conventional “standard” models, e.g.
apec, strictly speaking are not adequate for the fast mov-
ing stellar winds, and cannot predict expected line pro-
files. The approach of Kramer et al. (2003) was to nor-
malize the model line flux to the observed one. The line
profile fitting was used to constrain the wind optical depth
at the line wavelength. This is possible because in the
smooth wind approximation, the shape of emission line
is sensitive to the amount of material on the line of sight.
The more skewed the line is, the more opaque is the wind
(Ignace, 2001).

This does not hold in a clumped wind. The shape of an
emission line is sensitive to the spatial distribution of the
clumps in the winds. When a large number of clumps is
effectively black, the radiation can still escape between
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Figure 4. Observed and model NeX line in
s

Per and� Oph. Model line profiles are calculated using #6g � � �
and �j��k for both stars.

��
and ! " are from Table 1.

them. Thus the average separation between clumps is the
key parameter determining how much X-ray radiation es-
capes. When clumps are compressed in radial direction,
the line profile is distinctly symmetric although its max-
imum is blueshifted as can be seen in Fig. 1. When the
separation between clumps is small, the wind is nearly
homogeneous and emergent emission lines have skewed
shapes characteristic for a smooth wind. However, if
the separation between clumps is large enough, the lines
shape becomes symmetric. Therefore, the average clump
separation can be constrained by fitting the observed line
profiles. Shown in Fig. 3 are the lines observed in the
spectrum of � Ori. As can be seen, the observed lines are
broad, symmetric and blueshifted. The lines are very well
reproduced by our fragmented wind model. Line profiles
resolved by Chandra in the spectra of

s
Per and � Oph

and model fits for these lines are shown in Figs. 4 and
5. All model fits are produced assuming that the average
separation between the shell fragments is of the order of
the stellar radius.

The distance from the stellar core where X-ray emission
originates can be estimated from line ratios of He-like
ions. The strong UV field of an O star causes radiative
de-population of metastable � S level, weakening forbid-
den (F) line in favor of the recombination (I) line (Por-
quet et al., 2001). Therefore ratio F/I is a diagnostic of
UV field. The UV field dilutes with radius, thus the ra-
tio F/I provides information about the distance from the
stellar photosphere. The values of F/I obtained for differ-
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Figure 5. Observed and modeled FeXVII line in

s
Per and� Oph. Model parameters the same as in Fig. 4.

ent ions are similar. For instance, our analysis of Mg XI
and Si XIII in � Oph indicates that the plasma is located
between 1.8 and 6 ��� from the stellar core.

When the location of the hot plasma is constrained and
the terminal velocity of the wind is known, parameter �
can be varied to adjust the model line width. As can be
seen in Figs. 4 and 5, the width of lines differs signifi-
cantly between stars. Lines observed in

s
Per, the star

with the fastest wind, are much broader than the lines in� Oph, where the stellar wind is slowest.

The model lines shown in Figs. 3, 4 and 5 required rather
large values of ����r , indicating slow wind acceleration.
This � is much higher than the usual �8g �4� t

inferred
from analyses of UV/optical spectra and predicted from
theoretical wind models (Repolust et al., 2004). The lines
in the � Pup spectrum, fitted with smaller values of ������ �

, are shown in Fig. 6.

5. WIND CLUMPING IN HMXBS

The effects of wind clumping are important for the inter-
pretation of the X-ray spectra from the wind-fed HMXBs.
Spectra obtained at orbital phases near X-ray eclipse are
dominated by emission reprocessed in the stellar wind.
The X-rays from the accretion onto the compact object
are scattered in the wind. The Compton optical depth
scales with density, and the effects of clumping should
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��
and !�" .

be included in the modeling of the scattering in the wind.
In addition, an emission line spectrum is emerging from
the photoionizaed stellar wind near the compact object.
On their way to the observer, X-rays are attenuated in the
stellar wind. Clumping reduces the absorption and makes
it less wavelength dependent.

Clumping also affects the size of the photoionized region.
Its radius is determined by the balance of ionization and
recombination. The ionization rate scales with density,
but the recombination rate scales with density squared.
Therefore, if the wind consists of numerous but optically
thin clumps, the radius of the photoinized region would
be reduced compared to a homogeneous wind. If, how-
ever, the wind is compressed in a relatively small number
of optically thick clumps, then the photionized region be-
comes more extended compared to the the smooth wind
case (but with recombined clumps embedded). Hence,
the radius of the photoionized region is determined by
the clump filling factor and the density of the clumps.

6. CONCLUSIONS

There are firm observational evidences of stellar winds
being strongly inhomogeneous.

Clumping strongly reduces the opacity of the stellar wind
for the X-ray emisison.

Absorption in a clumped wind is effectively independent
of wavelength.

The line profiles observed in X-ray spectra of O stars are
broad, symmetric and blueshifted.

O star X-ray line profiles are explained by radiation trans-
fer in an inhomogeneous stellar wind.
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ABSTRACT

A deep (97.7 ksec)
�������	��
��

/ACIS observation of the
Cygnus OB2 (Cyg OB2) young ‘globular’ cluster yields
1003 X-ray sources within the 17’  17’ FOV. Correlation
with the 2MASS catalog ( � 4800 objects in the FOV) re-
sults in 766 identifications, 25 of which with OB stars.
The typical X-ray spectra of our sources have median en-
ergy ����� 2.0 keV, while OB stars appear to be softer
( ����� 1.4 eV). NIR color-magnitude diagrams, [K vs. H-
K] and [J vs. J-K], indicate that most X-ray sources have��� � 5 mag and masses between 0.6 to 3 M � . The NIR
color-color [J-H vs. H-K] diagram shows that few ( � 5%)
X-ray sources are located in the CTTS locus. Fits of ab-
sorbed isothermal models to the X-ray spectra result in
distributions of N � and kT peaking at 2.0  10 ��� cm ���
and 1.5 keV respectively, with higher N � values often
associated with higher kTs. Absorbed and un-absorbed
X-ray luminosities are 1.3  10 ��� and 4.3  10 ��� ergs/sec,
respectively, mapping typical of X-ray emission from low
mass stars (LMSs). Hard (more absorbed) X-ray sources
appear more variable than softer ones. OB stars have
L � /L  "!$# in the 10 ��% -10 ��& range.

Key words: Globular clusters and OB associations: indi-
vidual (Cygnus OB2): X-rays: stars.

1. INTRODUCTION

The Cygnus OB2 young ”globular” cluster represents one
of the largest concentration of low mass stars (0.5 - 3
M � ), also containing some of the most massive stars
of the galaxy (Cyg OB2 N ' 5, 8, 9 and 12). The inter-
stellar extinction toward this region ranges from 4 to 15
mag (Comeron et al., 2002), therefore optical and near-IR
studies may seriously underestimate the low mass stellar
population. X-ray luminosity of low mass Pre-Main Se-
quence (PMS) stars ( (*)+� 10 �$, -10 �.- erg s �	- ) is much
higher with respect to older field stars. We use deep
( � 97.7 ks) Chandra X-ray imaging1 (Fig.1), and data
/
e-mail: facundo@astropa.unipa.it

1http://www.astropa.unipa.it/ 0 facundo/proceedings/CygOB2 acis.tif

Figure 1. Chandra X-ray image of Cyg OB2. In the elec-
tronic version - , colors refer to different energy bands.

from the 2MASS NIR database, to select an unbiased
member sample, to characterize the X-ray emission of
low- and high mass stars, to investigate common IR and
X-ray properties of Cygnus OB2 stellar members.

2. X-RAY DETECTION AND CROSS-ID

Source detection was performed with the PWDetect code
(Damiani et al., 1997). After manual rejection of spurious
detections we finally accepted 1003 X-ray sources. X-ray
properties of sources were derived using the Acis-Extract
(AE) code (Broos et al., 2002).
X-ray sources were cross-identified with the 2MASS cat-
alog ( � 4800 sources in the FOV). Due to the off-axis de-
pendence of the

�������	��
��
PSF, as well as to the source

crowding at the field center, cross-identification were per-
formed with an off-axis dependent radius: 1.0, 1.5, 2.1
and 2.7 arcsec for off-axis 0-2, 2-4’, 4-7’ and 1 7’, re-
spectively. We cross-identify a total of 766 sources in the
entire observed field.
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Figure 2. Color-magnitude and color-color diagrams of IR sources (small dots) and X-ray - 2MASS cross-identified
sources (solid fill dots). X-ray detected OB stars are flagged with open black triangles. Therefore Siess et al. (2002)
Isochrones of 1 and 3 Myr are shown, both unabsorbed and the absorbed by A 2 =5.2. Note the small number of sources
along the T-tauri loci in the right panel. In the electronic version � colors refer to the ��� of the source.

3. X-RAY PROPERTIES OF CYG OB2 SOURCES

The X-ray median energy ( � � ) distribution of the 1003
detected sources peaks at 3 2.0 keV, while OB stars ap-
pears to be softer ( ����3 1.4 keV). Non-identified X-ray
sources show a wider ��� distribution, suggesting a vari-
ety of X-ray emission processes and/or different intrinsi-
cally absorption values.
We extracted X-ray spectra from the 1003 sources with
more than 20 X-ray photons. We fit spectra using an ab-
sorbed (WABS) thermal model (APEC). We find that the
N � distribution peaks at 2.0 �54 --.4 6  10 �$� cm �7� , while the
kTs distribution peaks at 1.5 -.4 %-.4 � keV. Absorbed X-ray lu-
minosity (L � ) ranges from 2.0 �54 �-.4 ,  10 ��� to 2.2 �54 &-.4 ,  10 ���
erg s �8- , while un-absorbed luminosities (L �� ) ranges up
to 6.7  10 �$� erg s �8- . The lower L �� values are typical of
LMSs in the quiescent state, while the higher L �� could be
produced by flare activity, as well as by OB stars.
We also studied source variability using the Kolmogorov-
Smirnov (KS) test. The function of variable stars is seen
to increase with the � � of the sources. OB stars do not
vary significantly within the � 97 ks of the observation.
The positions of OB stars in the L � vs. L  "!�# dia-
gram are in rough agreement with the known relation
L � /L  "!$# � 2  10 �7% , but some O-type stars of luminosity
classes I and III show excesses.

4. IR PROPERTIES OF CYG OB2 MEMBERS

According to the K 9 vs. H-K 9 and J vs. J-K 9 (CM) dia-
grams, (Fig. 2: left and center), we find a visual extinc-
tion (A 2 ) of about 5 magnitudes as representative value
for Cyg OB2 members (see the electronic color version)2.
About 68 % of the cross-identified X-ray sources lie be-
tween the 1.5 and the 0.5 solar mass tracks, whereas 25

2http://www.astropa.unipa.it/ 0 facundo/proceedings/2mass-xray.tif

of detected OB stars clearly appears in the upper part of
the CM diagram. Surprisingly, the J-H vs. H-K 9 color-
color diagram (Fig. 2: right) shows that the CTTS locus
(Meyer, 1997) is almost empty, with only about � 5%
of the total 2MASS - X-ray source sample. Hard X-ray
sources are widely scattered at the highest extinction val-
ues, suggesting the presence of additional absorption ma-
terial. Unidentified X-ray sources may be related to very
LMSs and/or deeply embedded Class I and/or eventually
Class 0 YSOs.
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ABSTRACT

The Taurus Molecular Cloud (TMC) is one of the best
studied star forming regions. It is close (140 pc) and
represents the mode of isolated, non-clustered star for-
mation. XMM-Newton has surveyed the richer 5 square
degrees of the TMC in X-rays and has obtained high-
quality photometric and spectroscopic data of young stars
and brown dwarfs in their early stages of formation. We
present results of the X-ray Emission Survey of TMC
(XEST) on the following topics: i) Accretion. The ori-
gin of X-rays in young, accreting stars is controversial,
as accretion appears to be the dominant emission mech-
anism in some classical T Tauri stars, whereas magnetic
activity is the preferred explanation for others. The TMC
contains several accreting stars whose spectra help us un-
derstand the importance of accretion for the production
of X-rays. ii) Jets. Young, accreting stars display jets
detected in the optical, near-infrared, and radio domains.
There is now evidence that jets are also detected in X-rays
in some TMC targets. iii) Fluorescence. The detection of
an emission feature at 6.4 keV indicates that fluorescence
of Fe in a cool environment, e.g., the accretion disk, takes
place due to photoionization by hard X-rays or collisions
with electron beams. We have possibly detected Fe K-
shell fluorescent emission.

Key words: Star formation; X-rays; Jets; Accretion; Flu-
orescence.

A detailed discussion is available in the Güdel et al. pro-
ceedings paper (this volume).
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Figure 1. Plasma temperature (top), andLX/Lbol ratio
(bottom) versus the mass accretion rate. Large bullets =
Class I; Medium bullets = Class II; Small bullets = Class
III. Empty bullets: based on spectral fits for spectra of
< 400 counts, and thus the resulting parameters are less
reliable. No trend can be found for the average plasma
temperature, or theLX/Lbol ratio as a function of the
mass accretion rate, indicating that accretion plays little
role in the production of X-rays in young stars in TMC.



2

Figure 2. XMM-Newton EPIC pn spectra of DG Tau A as
black crosses (GV Tau A and DP Tau also show similar
spectra). Two components with differentNH are required
and shown as red (soft) and blue (hard) histograms. The
soft component is probably due to shocks in the fast inner
jet observed in the stars, as postulated by Güdel et al.
(2005) who observed a similar soft component in DG Tau
A and along the optical jet with Chandra.

Figure 3. Full-band X-ray light curve (dots) and OM U-
band light curve (crosses). The peak of optical light curve
precedes the peak of the X-ray light curve, a signature of
the Neupert effect and indicative of chromospheric evap-
oration (Neupert, 1969; G̈udel et al., 2002a,b)

mission with instruments and contributions directly
funded by ESA Member States and NASA.
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tons, 1.6-7.3 keV; full band, 0.4-7.3 keV; hardness ration
(hard/soft). The hard component only is X-ray variable.
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Figure 5. Zoom-in of X-ray EPIC pn spectrum of IT Tau.
The XMM-Newton EPIC pn spectra of the Class II stars
FS Tau and IT Tau (both unresolved Class II binaries)
show tentative evidence of flux excess at 6.4 keV, possibly
as a sign of fluorescent emission of cold Fe because of
stellar X-ray irradiation onto an accretion disk. Similar
features were observed in young stars (Imanishi et al.,
2001; Favata et al., 2005; Tsujimoto et al., 2005).
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ABSTRACT

The wide range of UV extinction properties in the Small
Magellanic Cloud (SMC) probably traces the effects of
star formation on interstellar dust. The Swift UVOT, with
its three UV filters (centred at 1800, 2200 and 2500 Å
respectively) and three optical filters, is an ideal instru-
ment to map this extinction. We present preliminary re-
sults of six-band photometry in a ∼ 3.3′ square field in
the SMC. Fitting the resulting optical/UV spectral dis-
tributions with a dust model, we estimate the depths of
extinction for 53 stars and use this to map the distribution
of dust in the observed field. We briefly discuss the rel-
evance of this study for star forming galaxies, including
the hosts of Gamma-Ray Bursts.

Key words: SMC; UV; Extinction.

1. INTRODUCTION AND ANALYSIS

It is known that there is a large range of UV extinction
properties in the SMC, where the 2200 Å bump and far-
UV extinction below 2000 Å varies among the few stars
with UV spectroscopic data (Gordon et al., 2003). The
Swift UVOT (Roming et al., 2004) is an ideal instrument
with which to investigate this, since it has three UV fil-
ters sensitive in the bands of interest: UVW2 centred at
1800 Å, UVM2 at 2200 Å and UVW1 at 2500 Å as well
as optical U, B and V filters. We report the results of a
pilot study into generating high spatial resolution maps of
interstellar extinction in the SMC using Swift UVOT im-
ages. We have 17′ square images of a Northern pointing
in the SMC in all six colour filters. Since these images
contain thousands of stars, even in the furthest UV band,
for the initial analysis reported here we tested our method
in a smaller region. We chose a 200 pixel (∼ 3.3′) square
area in the North-West corner of the field where the back-
ground is relatively low in all filters and the image is less
crowded.

The images were aspect-corrected so the stellar positions
were consistent both between images and with the Dig-
ital Sky Survey. Since the UVOT PSF is ∼ 2′′ FWHM
in the ultraviolet, multiple sources in this crowded field
could look like a single star. Data from the higher spatial
resolution Zaritsky et al. (2002) Magellanic Clouds pho-
tometric survey were therefore used to check for superpo-
sition. With reference to this, 53 isolated stars, distributed
over the field and visible in all filters, were selected; very
bright sources were excluded to avoid coincidence loss
(the UVOT has a photon-counting detector). A single
background region was used for each image, at the same
position on the sky in each case. The Swift software tool
uvot2pha was used to generate Xspec-compatible spec-
tral files and background files for each star in each filter.
The errors on the source counts were of order 10% to
take account of systematic uncertainty in the counts to
flux conversion.

The resulting optical/UV spectral energy distributions
were fitted in Xspec with a model consisting of a black-
body and two layers of dust extinction (see Fig 1). The
blackbody was used to represent the stellar continuum,
with a starting temperature of 0.05 keV as appropriate for
a hot O star. Two dust components were used; one for the
Milky Way and one for the SMC. The dust model allows
the user to specify the type of dust (Milky Way, LMC or
SMC) and Rv, the ratio of total to selective extinction. We
assume that Rv = 2.93 for the SMC and Rv = 3.08 for the
Milky Way (Pei, 1992). The E(B-V) of the local compo-
nent was fixed at 0.05 (Bessell, 1991), and its redshift at
zero. For the SMC dust component, we used a fixed value
of 0.00053 for the redshift (Richter et al., 1987) and al-
lowed E(B-V) to vary. In all but eight cases, the fits were
relatively good with a reduced χ

2 less than 2. The resid-
uals in most of the fits are of a similar form, showing that
there is a systematic error in the modelling which is not
just limited to, say, poor photometry of a particular star.
More accurate modelling of the stellar continuum is al-
most certainly required for future work, since the spectra
of such hot stars will not be a straightforward blackbody
due to the presence of the Balmer discontinuity.
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Figure 1. UVOT broad-band spectrum of the star with the
least extinction in our field, with model overplotted. The
lower panel shows the ratio of data to model.

2. RESULTS AND DISCUSSION

Fig. 2 shows an image of the ∼ 3.3′ square field along-
side a map of E(B-V). There does indeed appear to be
quite a variation in extinction between individual stars,
although the elucidation of any underlying patterns or
correlations with locations and ages of stars will require
a much larger map. Further work will involve making
the photometry and background subtraction more sophis-
ticated, obtaining a more appropriate stellar model for the
fits, and then constructing an extinction map of the whole
of the SMC field observed by the UVOT, preferably with
more closely-spaced stars to increase the spatial resolu-
tion of the map. It will be possible to extend the mapping
to more regions in the SMC and also the LMC. The fi-
nal maps of dust extinction will be a useful resource to
those studying high-energy transient sources in the Mag-
ellanic Clouds. Also, variations in UV extinction are re-
lated to the effects of star formation on interstellar dust,
so comparing our dust maps with the ages and distribu-
tion of stars in the field will provide detailed information
for studies of star formation in the SMC. Finally, under-
standing the distribution of dust in a star forming galaxy
like the SMC will help in interpreting the intrinsic extinc-
tion properties of GRBs, perhaps providing an indication
of the stellar environment of the GRB precursor; GRBs
do not show the 2200 Å dip that we see in Galactic dust,
so we expect them to have dust like that in the SMC.

Figure 2. (Top) UVW1 (2500 Å) image of a 3.3′ square
field in the SMC, with circles marking the stars used in
this analysis, and (bottom) intrinsic extinction map of the
same field.
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ABSTRACT

XMM-Newton’s X-ray Emission Survey of Taurus
(XEST) is an exceptionally large study of the X-ray emis-
sion from low-mass stars in the early stages of stellar life.
In these early stages, X-ray emission is a key agent for
ionizing the circumstellar environment and determining
the importance of magnetic fields therein. We probe the
origin and evolution of X-ray emission from young stars
in the Taurus Molecular Cloud by investigating the de-
pendence of the X-ray activity level on accretion rate and
rotation period, finding that accreting young stars have
typically lower X-ray activity levels with a rotation de-
pendence suggestive of a solar-like dynamo.

Key words: X-rays: stars; Stars: pre-main sequence.

1. XEST

The Taurus Molecular Cloud (TMC) is one of the closest
(140 pc) star-forming regions (SFRs). Its distributed na-
ture, stretching across 10 deg of sky, its strongly peaked
initial mass function (IMF) at 0.8 M�, and absence of
ionizing high-mass stars mark it out from densely clus-
tered SFRs such as the Orion Nebula Cluster (ONC),
whose IMF peaks at 0.2 M�.

In our X-ray Emission Survey of Taurus (XEST), XMM-
Newton has observed 19 of the denser fields of the TMC
for 30 ks each, supplemented by 7 archival observations
of similar or longer exposure. An overview of the project
is given by Güdel et al. 2006, while Audard et al. 2006
and Grosso et al. 2006 concentrate on specific aspects.
Here, we focus on a comparison of the X-ray character-
istics of young stars that show signatures of active accre-
tion (Classical T Tauri Stars or CTTS) with those that do
not (Weak-line T Tauri Stars or WTTS). It is presumed
that all WTTS have passed through a phase as a CTTS

although there is no fixed timescale for this process: 10
Myr old CTTS exist as well as 1 Myr old WTTS.

XEST extends previous X-ray surveys of the TMC as
the greater sensitivity, and energy range (0.1–15 keV)
and resolution of XMM-Newton’s EPIC cameras enable
detection of fainter sources, and more accurate spectral
modelling and X-ray luminosity determination. With a
characteristic detection limit of ≈ 1 × 1028 erg s−1 we
detected 60 of 66 single or unresolved multiple CTTS
and 39 of 42 WTTS in the survey. The CTTS and WTTS
samples have similar mass distributions. 13 CTTS and 10
WTTS have known rotation periods, P and 16 CTTS and
8 WTTS have projected rotational velocities from which
P can be estimated on a statistical basis. CTTS (P ∼ 8 d)
are typically slower rotating than WTTS (P ∼ 4 d).

2. RESULTS

The dominant origin of X-ray emission in young stars
in the TMC appears to be a magnetic corona. With the
exception of four CTTS with outstandingly high outflow
rates (see Güdel et al. 2006 and Audard et al. 2006), the
observed EPIC X-ray spectra of all CTTS and WTTS are
well-described by a model based on the coronae of so-
lar analogues (see Telleschi et al. 2006). The observed
plasma temperatures of > 10 MK are too hot to origi-
nate in shocks in accretion columns or jets. There are no
significant differences in the coronal temperature distri-
butions of CTTS and WTTS, and in both samples, LX

scales strongly with a star’s bolometric luminosity, Lbol,
and its mass, while the activity level, LX/Lbol, shows
no correlation with either (Güdel et al. 2006). How-
ever, the mean activity level of WTTS (log LX/Lbol =
−3.33 ± 0.07) is significantly higher than that of CTTS
(log LX/Lbol = −3.64 ± 0.07), confirming the result of
previous X-ray studies of the TMC (Stelzer & Neuhäuser
2001; SN01), and in good agreement with results from
the Chandra Orion Ultradeep Project based on the much
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larger sample of young stars in the ONC (Preibisch et al.
2005; P05). Yet we find no correlation of LX/Lbol with
mass accretion rate that one might expect if accretion had
a direct effect on the corona (Güdel et al. 2006).

The dependence of LX on rotation period, P , in mature
low-mass stars like the Sun is taken to be strong evidence
that coronae are powered by a magnetic dynamo, located
at the interface of the internal radiative zone and con-
vective envelope. On the fastest rotators, log LX/Lbol

saturates at ≈ −3. Stars with longer internal convective
turnover times, τ , saturate already at longer P , and even
fully-convective low-mass stars, which require a different
dynamo mechanism, show this behaviour.

Slower rotators in TMC have on average lower LX/Lbol

than fast rotators, a tendency which is clear among CTTS,
but not WTTS (Fig. 1). If we assume a solar-like
LX/Lbol vs P relation and fit the period at which sat-
uration occurs, we find a value around 6 d for CTTS but
no value below 12 d (Fig. 2) for the WTTS (i.e. all are
saturated). A correlation of X-ray activity with rotation
has been seen in earlier studies of the TMC (SN01) but
not in other SFRs. Young stars in the ONC (P05) concen-
trate around P ≈ 6–11 d, log LX/Lbol ≈ −3.4 to −2.7,
an area sparsely populated in the TMC.

3. DISCUSSION

Stellar evolutionary models excluding accretion indicate
young stars should be fully convective. τ should be long
enough that X-ray activity levels are saturated over the
range of P in Fig. 1 (P05). However, Wuchterl & Tschar-
nuter (2003) show that during the accretion (CTTS) phase
young stars of 0.5–2 M� (but not lower mass) have inter-
nal radiative zones, like the Sun. Then a solar-like dy-
namo can operate, τ is shorter, and CTTS may have un-
saturated, lower activity levels at P > 6 d, while WTTS
have saturated, higher activity levels. In this case, the
activity level may be a complex function of rotation pe-
riod, age, mass and accretion rate. Possibly age and mass
distributions in the TMC allow the display of an activity–
rotation relation while those in the ONC do not. Very
careful study is likely necessary to unravel the control-
ling influences on X-ray emission in young stars.
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Figure 1. Plot of activity level vs rotation period for CTTS
(larger symbols) and WTTS (smaller). Open circles show
sources with < 400 counts. The line shows the relation
for solar analogues (crosses; Telleschi et al. 2005).
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Figure 2. As Fig. 1 for CTTS only. The period and level
of saturation of a solar-like relation are fitted.
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ABSTRACT

We present a new set of radio continuum observations
of magnetic, chemically peculiar Bp/Ap (hereafter MCP)
stars. The radio luminosities of these stars span several
orders of magnitude from1014.5 to 1018.0 erg/s/Hz, and
are comparable with those of the most active cool stars,
such as the RS CVn binary systems. The radio lumi-
nosities of the MCP stars correlate with both their bolo-
metric luminosities (or, equivalently, their effective tem-
peratures) and their magnetic field strengths. We have
obtained new X-ray observations of some selected MCP
stars, and have searched the X-ray catalogs for X-ray data
on the remaining stars in our sample. We find that the
fraction of X-ray source detections is similar to the frac-
tion of radio emitters, and can be explained to a large ex-
tent by emission from low-mass SB or VB companions:
in particular, there is no correlation between the radio and
X-ray luminosities. viz., their X-ray emission does not
follow the Güdel radio to X-ray scaling law obeyed by
coronal stars.

Key words: Bp/Ap stars; X-rays; radio emission.

1. INTRODUCTION

Radio surveys carried out using the Very Large Array
(VLA) in the period from 1985 onwards, e.g., Linsky
et al. (1992), Leone et al. (1994), found that many mag-
netic chemically peculiar (MCP) stars were radio emit-
ters with typical flux densities from the 0.2 mJy detec-
tion threshold to 5 mJy. More focussed follow-up studies
found that the radio emission from MCP stars is mildly
circularly polarized, has a fairly flat spectrum in the 2
to 20 cm wavelength range, and, in several of the best-
studied cases, is variable on the same timescale as the
known rotational period. These properties are consistent
with a non-thermal emission mechanism, implying that
particle acceleration is occurring somewhere in the cir-
cumstellar environments of these stars. Specifically, we
interpreted these radio data as indicating optically thick

gyrosynchrotron emission from a power law distribution
of mildly relativistic electrons. In the model proposed
by Linsky et al. (1992), centripetal forces on stellar wind
plasma flowing outwards on open magnetic field lines
disrupt the field lines far from the star in the equatorial
plane, forming a current sheet in which field reconnection
and electron acceleration to mildly relativistic energies
can occur as in the terrestrial magnetotail. These elec-
trons then travel along the magnetic field lines to smaller
radii and higher magnetic latitudes where they mirror
and emit microwave radiation. This model can qualita-
tively explain the nonthermal radio emission, and it pre-
dicts that these stars should be thermal X-ray sources,
although the model does not predict quantitative X-ray
fluxes. More sophisticated unified models have subse-
quently been proposed, e.g., Babel & Montmerle (1997).

X-ray studies in 1990s (Drake et al., 1994; Leone, 1994)
found that MCP stars (like other late-B and A-type stars)
were weak or undetectable X-ray emitters. The 10%
detection rate in X rays is mostly consistent with the
emission being due to coronal emission from low-mass
companions (the ‘extrinsic’ hypothesis), with a few ex-
ceptions among the hottest MCP stars such asσ Ori E
andθ1 Ori C where it is likely due to magnetically in-
fluenced stellar wind emission. The X-ray emission of
MCP stars does not otherwise correlate very obviously
with other stellar properties such as the magnetic field
strength or rotation rate, nor with their radio properties:
in particular, they do NOT follow the G̈udel Law obeyed
by most coronal stars, viz.,log Lx = log Lrad + 15,
since this would imply X-ray luminosities as high as
1033 erg/s for the most radio-luminous members of this
class. In contrast, the inferred X-ray luminosities of MCP
stars are not particularly high, with only two detections
above1030.5 erg/s. Finally, theROSATlow-resolution
andASCAmedium-resolution spectra of MCP stars are,
in general, indistinguishable from those of active low-
mass stars, which again favors the extrinsic hypothesis
for their X-ray emission.
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Table 1. Previously Unpublished Radio Detections of
Magnetic Bp Stars

Star Spectral Type Sν λ

(mJy) (cm)
α Psc A A2p SiSrCr 0.37± 0.09 3.6
56 Ari B8p Si 0.45± 0.12 3.6
56 Tau A0p SiCr 0.38± 0.02 6.

0.33± 0.02 3.6
V1156 Ori B6p He-wk 0.29± 0.07 3.6
BD -02 1241 B6p He-wk 2.97± 0.10 3.6

V1093 Ori B8p He-wkSi 0.49± 0.06 3.6
HR 1906 B3V var? 0.51± 0.07 3.6
V1148 Ori B9p He-wkSi 0.60± 0.07 3.6
V682 Mon B9p Si 0.27± 0.05 3.6
36 Lyn B9p He-wkSiMn 0.45± 0.05 3.6

α2 CVn A0p EuSiCr 0.29± 0.03 3.6
CU Vir B9p Si 4.07± 0.14 3.6
HZ Lup B9p Si 0.24± 0.07 3.6
HR Lup B9p Si 4.08± 0.16 3.6
LL Lup B9p Si 0.50± 0.07 3.6

V771 Her B9p SiCrSr 0.30± 0.05 3.6
φ Dra A A0p Si 0.45± 0.05 3.6
V545 Lyr B5p He-wk 0.46± 0.05 3.6
V2015 Cyg B8p Si 3.00± 0.07 3.6

2. NEW OBSERVATIONS

We and others have continued to obtain radio observa-
tions of MCP stars in recent years, and, to date, 29 MCP
stars have been detected as radio sources (out of 138 ob-
served), mostly of the He-wk and Si sub-types of MCP
stars. Radio emission is strongest in the MCP stars which
are the hottest (earliest spectral type) and most luminous,
i.e., stars such as the B2 Vp starσ Ori E (Lrad ≈ 1018

erg/s/Hz), and falls to near the current detection limit
(Lrad ≈ 1014.5 erg/s/Hz) for A0 Vp stars likeα2 CVn;
later-type Ap stars, e.g.,ε UMa (A1p), are not detected
as radio emitters, with radio luminositiesLrad < 1014

erg/s/Hz. The newly radio-detected MCP stars are listed
in Table 1.

X-ray observations of MCP stars have been made with the
current X-ray observatories, e.g.,XMM-Newton. One of
the best cases of an MCP star which was already known
to be an X-ray and radio emitter, 56 Tau, was simultane-
ously observed on Feb 29, 2004 by bothXMM-Newton
and the VLA. This new observation showed that 56 Tau
is not associated with theROSATAll-Sky Survey X-ray

source. The EPIC observation shows that the ROSAT X-
ray source which had been identified with 56 Tau actually
splits into two X-ray sources (one on each side of 56 Tau)
when observed withXMM-Newton’s higher spatial reso-
lution. The brighter X-ray source (hereafter XMM 1) is
at the position of a recently discovered radio source (14”
away from 56 Tau), and a second X-ray source (XMM
5) lies 40” North and 27” West of XMM 1: there is no
obvious X-ray source at the position of 56 Tau. The 0.5
mJy radio source associated with the X-ray source XMM
1 is also a fairly bright (J = 9.5) 2MASS source, sug-
gesting it is a star rather than a background extragalactic
object. If it is a physical VB companion to 56 Tau, then
log Lrad = 15.7 andlog Lx = 30.0, consistent with the
expected emission from an active low-mass companion.

3. CONCLUSIONS

MCP stars can have radio emission luminosities compa-
rable to the most active late-type stars, but their X-ray lu-
minosities are much less pronounced, and it has proven
difficult to disentangle any intrinsic emission from the
coronal X-ray emission of low-mass companion stars.
There is no obvious stellar property which correlates with
the presence or level of X-ray emission in MCP stars (or
in late-B and A-type stars, in general). Some of the best
candidate X-ray emitters among MCP stars discovered
in the ROSAT All-Sky Survey, e.g., HR 5624 (Stelzer
et al., 2003) and 56 Tau (this paper), have turned out to be
cases where the X-ray emission is from nearby compan-
ions and/or unrelated objects. It seems likely that there
must be weak intrinsic X-ray emission from some, if not
all, MCP stars, given the existence of the high-energy
nonthermal electron population which produces the radio
emission, but unless this X-ray emission has a very dif-
ferent spectrum than that of coronal stars, this emission
will be hard to separate from the emission from low-mass
companions. The high spatial resolution ofChandrawill
be invaluable in ruling out X-ray emitting close visual bi-
nary companions.
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2Universidade dos Açores, Angra do Heroı́smo, Portugal
3Escola Superior de Tecnologia de Viseu, Viseu, Portugal
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ABSTRACT

The presence of high latitude spots on the surface of
rapidly rotating cool-stars and the subsequent concentra-
tion of magnetic flux near the poles, has lead to the idea
that this causes a reduction in the angular momentum car-
ried away by the stellar wind. We apply the analytical
MHD wind model of Lima et al. (2001) to determine the
influence of the surface flux distribution on the efficiency
of magnetic braking.

Our results clearly show that the density, pressure, ve-
locity and toroidal magnetic field are as important as the
surface field distribution in determining the angular mo-
mentum carried by the wind. In particular, this model
predicts that for realistic surface rotation profiles, the an-
gular momentum loss increases as the field concentration
increases towards the poles, contrary to what one would
naively expect.

Key words: winds; rotation; evolution; X-rays.

1. INTRODUCTION

The angular momentum evolution of cool stars is dictated
by the interaction of the stellar magnetic field with the
outgoing wind. The observation of ultrafast rotators in
young clusters indicates a saturation in the angular mo-
mentum loss rate during the pre-main sequence phase
(e.g. Barnes & Sofia 1996). Dynamo saturation, that is
believed to occur at very high rotation rates, can naturally
explain this observation. However, it is not clear whether
there are other physical mechanisms that can lead to satu-
ration of the angular momentum loss mechanism at lower
rotation rates. An increase in the dead zone with increas-
ing rotation rate can also produce this effect (Mestel &
Spruit 1987). Alternatively, as the rotation rate increases,
the magnetic field may change from dipole-like to a high
order field, leading to a reduced angular momentum loss
rate without dynamo saturation (Taam & Spruit 1989).

Recently, it has been suggested that the concentration of
magnetic flux near the poles of rapidly rotating stars can
lead to a saturation in the angular momentum loss rate
(Solanki et al. 1997; Buzasi 1997). Here, we investigate
whether this mechanism is a valid alternative to dynamo
saturation as an explanation for angular momentum loss
saturation.

2. THE MODEL

If one assumes the stellar corona to be a low β plasma,
then a large concentration of the surface magnetic flux at
high latitudes does not produce a coronal field with a sim-
ilar latitudinal distribution. Indeed, the coronal magnetic
field will rapidly expand to regions of low magnetic pres-
sure, creating a relatively smooth latitudinal coronal field
distribution (see Aibéo et al. 2005 for detailed calcula-
tions). Therefore, in order to have a concentrated coronal
field distribution, one must take into account the kinetic
and gas pressure, and the azimuthal magnetic field in a
self-consistent magnetohydrodynamic wind model. We
apply the 2-D steady-state model of Lima et al. (2001) as
it is the only available analytical model that allows us to
study how the change of the magnetic field distribution
at the surface affects the angular momentum loss. This
model describes an axisymmetric helicoidal magnetized
outflow from a rotating star in which the anisotropy of the
various flow quantities is determined by three free para-
meters, µ, δ, and ε. The surface radial magnetic field is
given by

Br(θ) = B0

√
1 + µ sin2ε θ, (1)

where B0 is the value of the radial component of the sur-
face magnetic field at the pole. The azimuthal component
of the velocity varies with co-latitude as

Vφ = V1
sinε θ√

1 + δ sin2ε θ
, (2)
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Figure 1. Adimensional angular momentum loss as a function of field concentration towards the pole, τ , for different sets
of ε and µ.

where V1 is the value of the azimuthal velocity at the
equator. The wind mass efflux is

ṁ(θ) = ρ0V0r
2
0

√
(1 + µ sin2ε θ)(1 + δ sin2ε θ), (3)

with ρ0, V0 and r0 representing the polar surface density,
the polar radial surface velocity and the stellar radius re-
spectively. The total angular momentum loss is

−J̇ = λr3
0B

2
0

∫ π/2

0

√
1 + µ sin2ε θ sin θdθ, (4)

where λ is the ratio between the azimuthal surface ve-
locity at the equator and the radial surface velocity at the
pole. In order to make sensible comparisons, we need
to compare the total angular momentum loss for different
field distributions with the same total magnetic flux. This
condition determines B0 in each case.

3. RESULTS

After determining the wind solutions for a particular set
of parameters, we use Eq. 4 and determine the angular
momentum loss rate. In Fig. 1 we represent the depen-
dence of the angular momentum loss with the field con-
centration, as measured by the parameter τ , for different
parameters’ values. We are interested in comparing stars
with similar surface rotation, very likely showing near
rigid body rotation (Collier Cameron & Donati 2002), but
with different surface flux distributions. Therefore, we
must constrain the analysis to low values of δ and ε and
compare solutions with different values of µ for a fixed
value of ε. For a fixed value of ε, as |µ| increases, the field
becomes more concentrated towards the poles and the to-
tal angular momentum loss rate increases. Although there
is a decrease in the mass loss rate, it is compensated by
an increase in the angular momentum loss per unit mass.

4. DISCUSSION

We find that a higher polar magnetic field concentration
leads to larger braking rates than a smoother field distrib-
ution, contrary to what has been suggested. We interpret
this as evidence that there are relevant factors, other than
the surface radial field distribution, in determining the an-
gular momentum carried by the wind. Still, further re-
search is needed to determine whether these results are a
consequence of the model considered, or can be regarded
as a general feature.
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ABSTRACT

We present XMM-Newton observations of the Taurus-
Auriga star-forming region, centered on the Classical T
Tauri star SU Aur. Spatial analysis of the EPIC field re-
sulted in the detection of 104 X-ray sources, 6 of which
are identified with the known pre-main sequence stars in
the field of view. The EPIC spectra of SU Aur show a
hot corona, with temperatures up to � � keV; the RGS
spectrum shows a strong continuum and weak lines, due
to the high temperature, and emission is suppressed above
15Å due to the high absorption. Spectral analysis of other
bright sources is also presented.

Key words: Pre-main-sequence stars; star-forming re-
gions; X-rays.

1. OBSERVATIONS AND DATA ANALYSIS

The Taurus-Auriga star-forming region (SFR) is one of
the nearest ( �������
	 pc) and most active regions of low-
mass star formation. As part of the GT program, we have
obtained an XMM-Newton observation of Taurus-Auriga
centered on the Classical T Tauri (CTT) star SU Aur, us-
ing the EPIC MOS cameras and the RGS instrument, for
a total duration of 130 ks. Data analysis was carried out
using the standard tasks in SAS v.6.1.0.

Source detection was performed on the individual and
merged MOS1+MOS2 datasets using the Wavelet Detec-
tion algorithm developed at Osservatorio Astronomico di
Palermo (Damiani et al., 1997). We detected a total of
104 sources above a significance threshold of �� . With
an identification radius of

�
� �
, all the 7 known pre-main

sequence stars in the field of view are detected, although
two of them are unresolved by XMM-Newton. Addi-
tional 6 sources are identified with other known stars in
the field, while another 18 sources have a counterpart in
the 2MASS catalog.

Figure 1. Combined MOS image of the SU Aur field

2. THE CTT STAR SU AUR

SU Aur is the brightest source in our field of view. During
the observation it displayed a highly variable light curve,
with three flares occurring at nearly equal intervals of �
�
	 ks, lasting � ��� – 20 ks each (Fig. 2a).

The MOS spectra, integrated over the entire observation,
are quite hard and show a strong Fe 6.7 keV line. A joint
fit using a 3-temperature APEC model yields ����	���� ,
1.9, 5.9 keV, ������������� ��	
!#" , �$� %&�'��	
!(" , �������'��	
!("
cm )*" , +�,-�/.�� .0�1��	
243 cm )52 , Fe �6	�� % Fe 7 , O/Fe �
0.8, Ne/Fe � 2.8, Mg/Fe � 2.2, Si/Fe � 1.1, with 8:9 �
%��;��	�"(< erg s )=3 in the 0.3 – 8 keV band.

The RGS spectrum shows only weak lines and a strong
continuum, with the emission strongly reduced above
� ��� Å. The characteristics of the RGS spectrum are due
to the very hot plasma and the high column density: in
fact, the observed spectrum is consistent with the one pre-
dicted from the MOS best-fit model. A 3-T global fit of
the RGS spectrum confirms the presence of a dominant
hot component at � � keV, with ��� � .>��� �?��	@!("
cm )*" . but with a significantly lower abundance of Ne
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Figure 2. Combined MOS light curves of SU Aur (a) and
HBC 427 (b)

(Ne/Fe � 1.1, Fe � 0.7 Fe 7 ).

Time-resolved spectral analysis shows that the quiescent
spectrum is characterized by � � 	>� % and 2 keV, with
� � 2

�
��� 3

� � and � � 	>� � � 7 . During flares only the
hot component varies, with � reaching � . keV during
the first flare. A significant increase of � to ��� ��� 7 is also
observed during the first flare.

Our results agree with previous ASCA and Chandra ob-
servations (Skinner & Walter, 1998; Smith et al., 2005),
that found a dominant component at � .�	�� �
	 MK in
quiescence. The hot temperature of SU Aur contrasts
with the very low one (3 MK) found for the CTT star
TW Hya, which, together with the very high density and
Ne/Fe ratio, has been attributed to emission from an ac-
cretion shock (Kastner et al., 2002; Stelzer & Schmitt,
2004). However, high-resolution observations of other
CTT stars also show the presence of hot plasma (Schmitt
et al., 2005; Argiroffi et al., 2005), suggesting a magnetic
origin for X-ray emission.

3. SPECTRAL ANALYSIS OF OTHER STARS

HBC 427: the Weak-lined T Tauri star HBC 427
displayed a long-lasting flare during the observation
(Fig. 2b), with the count rate increasing by a factor of
� .>��� in � � hrs, and returning to the quiescent level
� 19 hrs later. Time-resolved spectral analysis shows that
the quiescent corona has � � 	>� % and 1.9 keV, increasing
to � .�� � keV at the top of the flare, and � � 	>� ��� 	�� .�� 7 ,
with + , � .0� ��	�2(< cm )52 . The X-ray luminosity in-
creases from � . � ��	
" < to � �
� � � ��	�" 3 erg s )=3 at the
flare peak.

AB Aur: the Herbig Ae star AB Aur showed a nearly
constant emission level during the observation. Spectral
analysis gives + , � %�� ��	
2 < cm )52 , � � 	>����� 7 , � 3 �	�� . keV, � 2 � 	���� keV, ��� 2

�
��� 3

� 	>��� . This star
is significantly cooler than SU Aur and HBC 427, and
generally than later-type pre-main sequence stars. The

Figure 3. Comparison of the observed RGS1+RGS2
spectrum of SU Aur with the one predicted from the MOS
best-fit model

X-ray luminosity 8 9 � �$� .&� ��	�2
	 erg s ) 3 is consistent
with the value found in a previous ROSAT observation
(Zinnecker & Preibisch, 1994).

HD 31305: HD 31305 is an A0 star with IR excess, with
no indication of membership of the SFR in the literature;
it was detected in a previous ASCA observation with a
0.5-10 keV count rate of � ��� cts/ks (Skinner & Walter,
1998). The light curve shows three flares, the strongest
of which increased the count rate by a factor of � � in�� � hr, followed by a decay of � � hrs. Spectral fitting
of this flare and of the quiescent emission immediately
after it gives � � ����� keV, ��� � �$� � � ��	@!(" cm )*" ,
� � 	>� ��� 7 , + , ��% � ��	�2(< cm )*2 in quiescence, and
��� ��� � keV, � � ��.>��� �1��	
!(" cm )5" , ����	>� ��� 7 ,
+ , �?� � ��� ��	�2(< cm )*2 during the flare. These temper-
atures are similar to those of late-type stars, suggesting
that the X-ray emission might be due to an unseen late-
type companion, rather than to the A0 star itself.
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ABSTRACT

We present an analysis of high resolution Chandra spec-
tra of three fast-rotating (P ������� 12 hr) late-type dwarfs
with similar ages � 30Myr. We have determined the tem-
perature structure and chemical composition of the emit-
ting plasma in their coronae ad analyse how rotation rate
and spectral type can affect their coronal properties.

Key words: stars; fast rotators; coronae; abundances.

1. INTRODUCTION

The last four years—the beginning of the Chandra and
XMM-Newton era— have seen early hints of abundance
anomalies fleshed out into an interesting array of diverse
abundance patterns in which active stars appear to show
signs not only of low FIP element depletion, but also
of high FIP element enhancements (e.g.; Drake 2003,
and earlier references therein). These patterns of coro-
nal abundance anomalies are telling us something about
the dynamical structure and heating of coronal plasma;
the challenge is to learn to read these patterns. The aim
of the work we present is to analyse how rotation rate and
spectral type affect the stellar coronal properties.

2. THE TARGETS AND THE DATA ANALYSIS

Our sample contains three fast-rotating (P ������� 12 hr)
late-type dwarfs with similar ages � 30Myr. Their physi-
cal parameters and spectra are shown in Table 1 and Fig. 1
respectively. AB Dor, Speedy Mic and RST 137B were
relatively quiescent, showing no large flare events, ex-
cepting the moderate event on AB Dor midway through
the observations. Pipeline-processed photon event lists
were reduced using CIAO 3.2, and were analyzed using
the IDL-based PINTofALE1 software (Kashyap & Drake
2000). The analysis we have performed consisted of line
identification and fitting, reconstruction of the plasma

1Available from http://hea-www.harvard.edu/PINTofALE

Table 1. Summary of Stellar Parameters.

Star Sp.Tp. B-V 	�
��� � sin � ObsID Exp
[km s ��� ] [s]

AB Dor K0V 0.80 12hr 93 16 60
Speedy Mic K3V 0.94 9hr 132 3491 70
RST137B M0V 1.60 � 9hr 50 16 60

Figure 1. Chandra X-ray HETG-ACIS-S spectra. The
strongest lines are identified.

emission measure distribution including allowance for
blending of the diagnostic lines used, and finally, deter-
mination of the element abundances. Spectral line fluxes
were measured by fitting modified Lorentzian functions.
W use the “line-free” continuum spectral regions 2.4-3.4,
5.3-6.3 and 20.4-21.4 Åwhich serve as both temperature
constrain and to provide an absolute normalisation for the
DEM.

3. THERMAL STRUCTURE AND ABUNDANCES

In order to obtain the differential emission measure
(DEM) we have performed a Markov-Chain Monte-Carlo
analysis using a Metropolis algorithm (MCMC[M]) on
the set of supplied line flux ratios (O, Ne, Mg, Si, Fe 17,
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Figure 2. Top and bottom left: DEMs obtained for AB
Dor, Speedy Mic and RST 137B. The thick solid line rep-
resents the best-fit DEM, while the shaded regions corre-
spond to the 1- � deviations present in each temperature
bin. Bottom right: Comparison of observed and modelled
line fluxes vs ionic species (bottom) and vs

�������
(top) for

the three objects.

Figure 3. Comparison of coronal abundances vs FIP
for AB Dor, Speedy Mic and RST 137B. The abundances
were obtained from the abundance-independent DEM re-
construction and are relative to the solar photospheric
mixture of Asplund et al. (2004) with the Ne from Drake
& Testa (2005). The error bars represent statistical un-
certainties only, true uncertainties are likely to be 0.1 dex

Fe 18 and Fe 21). Advantages of this method include
the ability to estimate uncertainties and the avoidance
of unnecessary smoothing constraints (Kashyap & Drake
1998). Based on the lines we use in our analysis we
are able to obtain a well-constrained DEM(T � ) between	�
� ��� ���

=6.2 and
	�
� ��� ���

=7.5 (see Fig. 2). We can
evaluate the abundances, based on the derived DEM,
of any element for which we have lines with measured
fluxes (see Fig. 3).

4. CONCLUSIONS

AB Dor, Speedy Mic and RST 137B represent young
( � 30 Myr) rapidly rotating (P ����� � 12 hr) with spectral
type ranging from K0 V to M) V. As such, a comparison
between their coronal properties provides an illuminat-
ing glimpse of any fundamental underlying differences in
their magnetic dynamos and activity. Based on an anal-
ysis of high resolution Chandra X-ray spectra of these
stars we draw the following conclusions.

1. The temperature strucutres of both AB Dor and
Speedy Mic are fairly similar, showing a peak at	�
�� ��� ���

� 7.0. RST 137B shows a flatter DEM
which also peaks at

	�
� ��� ���
� 7.0. AB Dor and

Speedy Mic show more evidence of emitting plasma
at
	�
�� ��� �����

6.3. The slope for the DEM, be-
tween

	�
�� ��� ���
=6.2 and

	�
� ��� ���
=7.0, seesm to be

shallower as the rotational rate and spectral type in-
crease.

2. Studies have shown that photospheric abundances
for AB Dor and its ‘close’ companion RST 137B
can be assumed as solar-like. Based on this, we
observe that all three stars show evidence for an
inverse-FIP effect showing depletion of the low FIP
elements ( � 10 eV) relative to photospheric values.
The fastest ratator of our sample, RST 137B, shows
depletion in all the elements relative to those of
AB Dor and Speedy Mic. Depletion in the low FIP
elements only is observed in Speedy Mic.

3. Speedy Mic and RST 137B show much lower Fe
abundances compare with AB Dor, than those of Si
and Mg – elements that both have very similar FIP to
Fe. This effect could be showing a mass dependency
for the chemical fractionation (such as gravitational
settling of the heavier Fe ions).
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ABSTRACT

I present analysis results of the XMM-Newton spectra of
intermediate-mass G giants, that are known to be chro-
mospherically active and to have high X-ray luminosities.
Series of line of highly ionized Fe and several Lyman
lines of hydrogen-like ions and triplet lines of helium-
like ions are visible in their X-ray spectra, most notably
from O and Ne. Analysis results suggest a scenario where
the coronae of these stars are dominated by large mag-
netic structures similar in size to interconnecting loops
between solar active regions but significantly hotter. The
surface area coverage of these active regions can exceed
30-50 % depending on the star rotation period. The inter-
action of these structures themselves seems to induce a
permanent flaring activity responsible for heating plasma
to coronal temperatures higher than 10 MK. The analysis
of a sample of G giants with similar evolutionary status
shows evidence that their surface magnetic flux increases
approximately linearly with their angular rotation veloc-
ity. Remarkably, the relation differs from the power law
dependence with an index of 2 that is observed for main
sequence stars.

Key words: stellar coronae; magnetic activity; X-rays.

1. INTRODUCTION

One major topic of stellar activity is to explain how phe-
nomena seen on the Sun and stars, and especially mag-
netic phenomena, depend on stellar parameters such as
rotation rate, mass and age. One magnetic field diagnos-
tic for cool stars is coronal X-ray emission. A relation be-
tween X-ray luminosities and rotation has been reported
for late-type dwarfs but the connection between rotation
and activity is less evident among giants. This paper re-
ports on the results of an investigation to test whether
such a relation exists among intermediate mass (1.5 M�
< M < 3.0 M�) G giants. The study uses XMM-Newton
observations of a sample of G giants with similar masses
and evolutionary status and with known rotational peri-
ods.

2. X-RAY PROPERTIES

XMM-Newton spectra of G giants (see Fig. 1) were fit-
ted with optically thin plasma emission models. The best
fit models suggest two major plasma components at tem-
peratures in the range 6 to 9 MK and 10 to 90 MK, re-
spectively. The temperature of the “cool” plasma compo-
nent is reminiscent of solar type active regions, while the
hot component may be caused by disruptions of magnetic
fields associated to a permanent flaring activity. Assum-
ing that these active regions consist of similar loops with
constant pressure, temperature and cross section, char-
acteristic surface coverage, loop sizes and electron den-
sities can be derived. The results (see Table 1) suggest
that the effect of rotation on G giants is to increase their
surface coverage with solar-like active regions. This cov-
erage would be a factor 2 to 3 higher for fast (P < 4 days)
rotating giants compared to slow (> 9 days) rotating gi-
ants.

Flare indicators include X-ray light curve variability, the
emission measure and maximum temperature of hot (T >
10 MK) plasma, the presence of an Fe K-shell line around
6.7 keV indicative of the presence of iron in high states of
ionization, and an enhancement of the oxygen and neon
abundance relative to iron. The emission measure and
temperature of hot plasma seem to increase with the ro-
tation rate. This supports the idea that the flaring rate on
giants could increase with the stellar rotation rate. This
statement is corroborated by the fact that iron in high ion-
ization states and large Ne abundance enhancements are
detected in fast rotating giants (e.g. V1794 Cygni and
FK Comae) and not in slowly rotating giants (e.g. V390
Aurigae and δ CrB).

3. X-RAY ACTIVITY AND ROTATION

The quiescent coronal activity of intermediate-mass G gi-
ants, as measured by their X-ray surface flux, increases
approximately linearly with the angular rotation veloc-
ity and with the inverse of the Rossby number (Gondoin
2006). Even the most rapidly rotating G giants do not
reach the canonical log(Lx/Lbol) ≈ -3 saturation level.



2

Figure 1. XMM-Newton EPIC spectrum of V 1794 Cygni (left) and RGS spectrum of δ Cr B (right).

Table 1. Active region coverage and parameters of a simple coronal loop model for G giants with different rotation rates.
P Coverage T EM L ne

(days) (%) (106 K) (1052 cm−3) (109 cm) (1010 cm−3)
δ CrB 59 24 6.5 34 5 2

HR 9024 23 15–31 7.5–7.7 62–72 9–12 1.3–1.7
V390 Aur 9.8 25–30 7.2 19 13 1.1

V1794 Cyg 3.3 55–88 7.9–8.1 35–43 13–14 1.2–1.3
FK Com 2.4 30–50 8.5 41 30 0.6

The effect of rapid rotation on these stars could result
mainly in an increased coverage of their surface with
magnetic close loop structures. This in turn would re-
sult in more frequent flares responsible for the important
emission measure of hot plasmas above 10 MK. Remark-
ably, the relation between X-ray to bolometric luminos-
ity ratio and the Rossby number or rotation period for G
giants differs from the power law dependence with an in-
dex of about - 2 that is observed for main-sequence stars
(see Fig.2). Using a model for global circulation in outer
stellar convection zones, Kitchatinov and Rudiger (1999)
found that the differential rotation of giants is large and
solar-like. They concluded that the dynamo regime is
similar in G giants and in G dwarfs. One main charac-
teristic of giants is the rapid evolution of their internal
structure. Hence, it is possible that the fast expansion of
their convective zone does not leave them sufficient time
to converge to a unified rotation-activity relation. The
lower slope of the activity-rotation relationship for giants
and the larger dispersion of the measurements around the
best linear fit could be a consequence of this rapid evolu-
tion.
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Figure 2. X-ray to bolometric luminosity ratio as a
function of Rossby number for intermediate-mass G gi-
ants compared to the relation (dot-dashed line) found for
dwarfs (e.g. Randich 2000).
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ABSTRACT

The X-ray Emission Survey of the Taurus Molecular
Cloud (XEST) is an exceptionally large project to system-
atically investigate the high-energy properties of young
stellar objects in this nearest star-forming region. It is
accompanied by optical and near-infrared surveys of the
same area. WhenXMM-Newton archival observations
are added, the total X-ray exposure time is more than 200
hours shared among 25 pointings. In particular the sur-
veyed areas, combined with twoChandraarchival obser-
vations, allow us to study the X-ray emission of 19 young
bona fide brown dwarfs (BDs) of the Taurus Molecular
Cloud (TMC). We report here the properties of the X-ray
emission of these young BDs. We detected half of this
substellar sample in X-rays. Comparison with the proper-
ties of the X-ray emission from low-mass stars will allow
us to investigate changes in the magnetic activity around
the stellar/substellar boundary.

Key words: Taurus dark cloud; Brown dwarfs; X-rays.

Fig. 1 shows the TMC area surveyed with the XEST,
which allows us to study the X-ray emission of 19 young
bona fideBDs on the 32 BDs known in the TMC (Luh-
man 2000; Bricẽno et al. 2002; Luhman 2004; Guieu
et al. 2005). The Hydrogen burning limit (M?∼0.08 M�)
corresponds in the TMC to spectral type M6.25 or later
(Fig. 2). We detected 10 youngbona fideBDs in X-rays;
the detection rate is hence 53%. Only 2 TMC BDs were
previously detected in X-rays byROSAT: CFHT-BD-
Tau 4=HCl 2 NW-7a (Bricẽno et al. 1999), and MHO-
4=RX 15 (Carkner et al. 1996). We detected an X-ray
impulsive flare from CFHT-BD-Tau 4 (Fig. 3). The Opti-
cal Monitor detected a BD –not detected in X-rays– dis-
playing during∼7 hrs an increase of its brightness, corre-
sponding to∆U∼−2 mag (Fig. 3). This slower variabil-
ity is likely associated with an accretion event. Assuming
that the relationlog Lacc∼ log LU observed for T Tauri
stars (Gullbring et al. 1998) is also valid for BDs, this
implies an increase by a factor of∼6 of its accretion rate.

Figure 1. The XEST. Contours show the CO emis-
sion (Dame et al. 1987), overlaid on the USNO-A2 op-
tical stars (Monet et al. 1998). XMM-Newton and
Chandra field-of-views are indicated with circles and
squares. Archival observations are plotted with dashed
lines. Black dots show the 12 BDs not surveyed in X-
rays. White dots show the 9 BDs not detected in X-rays.
Blue crosses show the 10 BDs detected in X-rays.
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Figure 2. H.-R. diagram
of XEST BDs (adapted from
Guieu et al. 2005). X-ray
detections are marked with
‘X’. Isochrons (1, 3, 10,
30, and 100 Myrs) and mass
pre-main sequence tracks
(Baraffe et al. 2002) are
shown for comparison.

We have in total 12 observations of the 10 BDs detected
in the XEST, but spectral fitting can be performed for
only 5 observations. For these fainter sources, we used
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Figure 3. BD variability. Left: EPIC light curve of an im-
pulsive X-ray flare from CFHT-BD-Tau 4. Right: Optical
Monitor light curve showing in the U-band a slow rise,
likely associated with an accretion event.

Figure 4. Quantile analysis and BD plasma parameters.

Figure 5. X-ray activity in the 0.5–8 keV energy range
versus spectral type for M5 or later type objects (adapted
from Preibisch et al. 2005). Late M field stars from Flem-
ing et al. (1993) are shown as asterisks. The solid dots
show T Tauri stars of the COUP. The previously X-ray de-
tected BDs are shown by grey filled squares. Diamonds
and thick arrows show the XEST BDs.

the quantile analysis method proposed by Hong et al.
(2004), which is based on the median (50%) and quar-

tile (25%, 75%) energies of the X-ray events and includes
background substraction. We computed a grid of plasma
models and plot a quantile-based X-ray color-color di-
agram for PN (Fig. 4), or MOS1+MOS2 for sources
falling inside PN gaps. Grid lines indicate locii of iso-
column density and iso-temperature, respectively. The
3 diamonds mark the X-ray colors corresponding to the
plasma parameters obtained directly from spectral fitting.
The X-ray colors of one source cannot be reproduced by
a single plasma temperature; spectral fitting showed that
a 2-temperature plasma is indeed needed. Optical extinc-
tions were used for poorly constrained sources, and to
disentangle double solutions. Then we computed from
these plasma parameters the X-ray luminosities needed to
reproduce the observed count rates. Fig. 5 shows a pre-
liminary results of the study of the X-ray activity of the
TMC BDs. They have essentially the same signatures of
activity as older low-mass field stars and BDs with equiv-
alent late-M spectral types. The implication is that the ac-
tivity is mainly determined by the effective temperatures
of the sources and not (so much) by their masses.
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ABSTRACT

Planetary nebulae (PNe) are one of the latest additions
to the zoo of X-ray sources.XMM-NewtonandChandra
observations have finally detected diffuse X-ray emission
from shocked fast winds in PN interiors and from bow-
shocks of fast collimated outflows impinging on nebu-
lar envelopes. These X-ray observations have produced
exquisite images and invaluable spectra of PNe that al-
low us to examine the spatial distribution and physi-
cal properties of hot gas in PN interiors. However, X-
ray observations of PNe have not been optimally used,
as papers reporting X-ray analysis of PN emission ap-
plied preliminary calibrations and methods which have
since been significantly improved, and X-ray observa-
tions of PNe resulting in non-detections are often left
in the archive without appearing in the literature. To
present a homogeneous analysis of recent X-ray observa-
tions of PNe, we introduce the XPN Database webpage,
http://www.iaa.csic.es/xpn, which highlights allXMM-
NewtonandChandraobservations of PNe that are avail-
able in the archives. We have processed these obser-
vations using the most up-to-date calibration files and
we make the data at different processing levels available
to the astronomical community through this webpage.
These X-ray observations have been analyzed consis-
tently using the most recent versions of SAS and CIAO.
Statistical analyses of the X-ray and physical properties
of PNe can yield crucial constraints on the formation and
evolution of PNe.

Key words: Planetary Nebulae; X-rays.

1. INTRODUCTION

PNe are the descendants of low- and intermediate-mass
stars. In addition to soft photospheric X-ray emission
from their hot,>100,000 K, central stars, diffuse X-ray
emission from PNe can also be expected. Two different
mechanisms can produce hot gas in PNe:

• Shocked fast stellar wind
In the standard interacting-stellar-winds model of

PN formation, the fast stellar wind emanating from
the central star sweeps up the slow AGB wind to
form a sharp nebular shell. This central cavity is ex-
pected to be filled with shock-heated fast wind that
emits X-rays with a limb-brightened morphology.

• Fast collimated outflows
Fast collimated outflows that occur near the end of
the AGB phase impinge on the AGB wind, produc-
ing bow-shock structures. When the shock velocity
is >300 km s−1, extended cavities filled with hot
X-ray-emitting gas can be formed

The processes responsible of the production of hot gas
in a PN are, thus, closely tied to the shaping of the PN
itself. X-ray observations of PNe are the key to assessing
the action of fast stellar winds and collimated outflows in
the formation and evolution of PNe.

Diffuse X-ray emission from hot gas in PNe was hinted
by ROSATandASCA(Kreysing et al. 1992; Arnaud et
al. 1996; Guerrero, Chu, & Gruendl 2000), but only
the improved sensitivity and spatial resolution ofXMM-
NewtonandChandrahave allowed the unambiguous de-
tection of hot gas from PNe.XMM-NewtonandChandra
observations of PNe have produced exquisite X-ray im-
ages and low-resolution spectra that can be used to de-
termine the spatial distribution and physical properties of
the hot gas in PNe. Among the most important results
are the detections of diffuse X-ray emission with limb-
brightened morphology from shocked fast stellar wind:
BD+30◦3639 (Kastner et al. 2000), NGC 40 (Montez et
al. 2005), NGC 2392 (Guerrero et al. 2005), NGC 3242
(Guerrero et al. 2006), NGC 6543 (Chu et al. 2001),
NGC 7009 (Guerrero et al. 2002), NGC 7026 (Gruendl et
al. 2005), and NGC 7027 (Kastner et al. 2001); and dif-
fuse X-ray emission from the bow-shocks of the fast col-
limated outflows in Hen 3-1475 (Sahai et al. 2003) and
Mz 3 (Kastner et al. 2003).

2. THE XPN DATABASE

These X-ray observations are helping us to better assess
the relative importance of fast stellar winds and colli-
mated outflows in the shaping and evolution of individual
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Table 1.XMM-Newton andChandraDatabase of PNe

PN Obs. Count Rate Flux
(cnts s−1) (erg cm−2 s−1)

BD+30◦3639 CXO 0.242±0.004 6.8×10−13

CRL 618 CXO <0.00025 <8.3×10−16

CRL 2688 CXO <0.0013 <4.4×10−16

Hen 2-90 CXO <0.0010 <3.4×10−15

Hen 2-99 CXO <0.00076 <3.0×10−15

Hen 2-104 CXO <0.00058 <2.0×10−15

Hen 3-1475 CXO 0.0017±0.0003 5.1×10−15

M 1-16 CXO <0.0010 <3.6×10−15

M 2-9 CXO <0.0017 <5.9×10−15

MyCn 18 CXO <0.0004 <1.4×10−15

Mz 3 CXO 0.0022±0.0003 7.0×10−15

NGC 40 CXO 0.0029±0.0008 1.7×10−14

NGC 246 CXO <0.011 <6.4×10−14

NGC 2346 XMM <0.0045 <5.0×10−15

NGC 2392 XMM 0.0534±0.0026 6.0×10−14

NGC 3242 XMM 0.0384±0.0021 6.7×10−14

NGC 4361 CXO <0.00009 <4.2×10−15

NGC 6543 CXO 0.0316±0.0009 1.0×10−13

NGC 7009 XMM 0.0615±0.0017 7.2×10−14

NGC 7026 XMM 0.0083±0.0011 8.8×10−15

NGC 7027 CXO 0.015±0.001 3.1×10−14

NGC 7293 CXO <0.020 <1.0×10−13

OH 231.8+4.2 CXO <0.00054 <2.4×10−15

PNe. A comprehensive picture, however, is lacking, be-
cause the comparison of observations among PNe is not
possible as the X-ray analyses are not homogeneous. Fur-
thermore, a significant number of X-ray observations of
PNe that did not detect diffuse X-ray emission have not
been reported in the literature.

We have undertaken a systematic study of allXMM-
NewtonandChandraobservations of PNe that will ben-
efit from an homogeneous analysis using the recently
released calibration files that have much greater accu-
racy for energies below 1.0 keV, where most of the X-
ray emission from PNe is found. Systematic compar-
isons with observations at other wavelengths will help
determine the physical structure of these PNe. All re-
processed event files, derived data products (X-ray im-
ages and spectra) and analysis results are forming a
database, theXPN Database, that can be accessed at
http://www.iaa.csic.es/xpn

The XPN Databasewebpage assembles all available
XMM-NewtonandChandraobservations of PNe. These
are listed in different tables that present both the PNe with
X-ray detections and those that are not detected. For the
non-detections, the 3-σ upper limits of the count rate and
flux are given (often for the first time). For the X-ray de-
tections, the tables include the X-ray size, count rate and
observed flux. The PNe included in the XPN Database

are listed in Tab. 1.

The XPN Databasewebpage also offers links to web-
pages of individual PNe with detected X-ray emission.
The webpages of individual PNe provide further informa-
tion on these objects and link to data at different process-
ing levels (event files, X-ray images and spectra). Count
rates and fluxes in different energy bands are also given,
along with further links to detailed spectral and imaging
analyses.
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ABSTRACT

We report on an ongoing program which aims at elu-
cidate the nature and evolutionary status of about 1000
late-type stellar counterparts of ROSAT All-Sky Survey
sources in the field by means of high-resolution optical
spectroscopy. High resolution spectra will allow us to de-
rive rotational and radial velocities, chromospheric activ-
ity, metallicity and Lithium abundance as well as to sin-
gle out spectroscopic binaries. This large sample should
allow to sort out activity as a function of stellar param-
eters. Other issues are galactic structure and evolution,
kinematics and binarity fraction of young stars in the so-
lar neighborhood.

Key words: Stars: binaries: spectroscopy - Stars: funda-
mental parameters - Stars: X-ray - Stars: activity.

1. INTRODUCTION

Although most of the Rosat-All-Sky-Survey sources
cross-identified with Tycho stars (RasTyc) are expected to
be the youngest stars in the solar neighborhood (Guillout
et al., 1999) neither the contamination by older RS CVn
systems nor the fraction of BY Dra binaries are actually
known. The knowledge of the incidence of binaries in
this sample is of paramount importance for studying the
recent local star formation history using ROSAT and/or
XMM-Newton data. We thus have started a spectroscopic
observation campaign aimed at a deep characterization of
a representative sub-sample of the RasTyc population.

2. OBSERVATIONS AND DATA REDUCTION

High (R ≈ 40 000) and medium (R ≈ 14 000) reso-
lution spectroscopic observations are conducted at Ob-
servatoire de Haute Provence (OHP) and Catania Ob-
servatory (OAC) respectively. Photometric follow-up

∗pguillout@astro.u-strasbg.fr

data were also acquired at OAC on a subsample of new
SB1/SB2 systems identified on the basis of OHP spec-
tra. The croos-correlation method and/or a synthetic ap-
proach are used to derive most of the stellar parameters.
Synthetic or template spectra are computed at our spec-
tral resolution and matched to the observed spectra by
means of an automatic procedure of least-square fitting
purposely developed by us. The code outputs several pa-
rameters among which abundance of elements of interest,
projected rotational velocity, and wavelength shift rela-
tive to the laboratory rest frame.

3. PRELIMINARY RESULTS

3.1. Statistics

Based on a sub-sample of about 350 stars with properly
reduced Hα and Li OHP spectra, we derived a crude esti-
mation of the fraction of very active (strong Hα emission,
> 5%), Li rich (Pleiades-like, ≥ 30%), rapid rotators
(broad lines, ≥ 30%) and SB2 binary (≥ 35%) stars in
our sample. Variable radial velocity values derived from
spectra acquired several days apart allows us to identify
SB1 systems and may considerably enhance the fraction
of known binary systems.

3.2. Active binaries in soft x-ray survey

We present below results from optical spectroscopic and
photometric follow-up observations of a sample of six ac-
tive binaries discovered in the RasTyc sample. Thanks
to high resolution spectroscopy, we have obtained good
radial velocity curves, whose solutions provided us with
the mass of the components (see Table 1). For all but
one systems, namely HD183957, we observed photomet-
ric modulations correlated with the orbital period ascrib-
able to surface features at photospheric level, suggesting
a synchronization between rotational and orbital periods.

The X-ray luminosities computed assuming a 0.9 keV
Raymond-Smith emitting plasma and the Tycho paral-
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Table 1. Main characteristics of new RS CVn/BY Dra
systems discovered in the RasTyc sample.

Name Sp.Type M sin
3 i Porb Log(LX)

P/S (M�) P/S days erg s−1

HD 183957 K0V/K1V 0.773/0.715 7.954 28.71
BD+15 4538 G8-K0V/K3-4V 0.007/0.001 1.748 30.21
BD+33 4462 K0III-IV/F7IV 0.908/0.892 1 0.12 –.-
HD 237215 K2III SB1 12.67 31.84
HD 57267 G8III SB1 36.20 31.23
BD+38 2140 K1IV SB1 15.47 29.38

laxes are listed in the last column of table 1. Inter-
estingly, the two binaries containing a giant component
(namely HD 237215 and HD 57267) show coronal ac-
tivity close to the upper end of the RS CVn X-ray lumi-
nosity distribution. These high values of Lx, in excess
of 1031 erg s−1, are additional clues to their RS CVn na-
ture. On the other hand, HD 183957 shows only mod-
erate coronal activity, in agreement with the small filling
of the Hα profile of both components. Both it’s low ac-
tivity level (compatible with the Hyades-like field pop-
ulation predicted by X-ray population models) and the
lack of photometric modulation correlated with orbital
period leave some doubt on the synchonisation of the HD
183957 system. With X-ray luminosities in the range
1029.0 to 1030.5 erg s−1, compatible with Pleiades-like
field population, BD+15 4538 and BD+38 2140 display
all the characteristics of new BY Dra system. We finally
note that our Hα and X-ray diagnostics fully support the
chromospheric/coronal activity connection (Frasca et al.,
2005).

We also report on the discovery of some interesting ob-
jects like RasTyc 59 showing a puzzling symmetric triple-
line pattern disappearing periodically. The system is ten-
tatively explained as a triple system consisting of a close
binary with an orbital period < 6 days plus a tertiary com-
ponent orbiting around the inner binary with a very long
period (Fig 1). The incidence of such systems in our sam-
ple, with respect to non X-ray selected samples, raises the
question of their dynamical stability on a long time scale.

4. CONCLUSIONS

Stellar X-ray sources are thought to be young stars shin-
ing brightly in X-ray because of intense activity due to
high rotation rate. However the contamination of this
young population by coeval or older binaries with late-
type component (typically BY Dra and RS CVn sys-
tems where the strong X-ray emission is due to syn-
chronization of rotational and orbital motion) is presently
unknown. This contamination can strongly alter X-ray
based galactic evolution parameters ill defined at other
wavelength (star formation rate). While X-ray popu-
lation model predictions (Guillout et al., 1996) are in
good agreement with observations in the soft energy band

Figure 1. Preliminary orbital solution for the triple sys-
tem RasTyc 59. Circles : close binary - asterix : tertiary
component.

Figure 2. Low galactic latitude stellar logN(>S)-log(S)
prediction (solid line) and observations (asterix) in the
XMM-Newton hard energy band.

(Motch et al. , 2005), the number of stellar X-ray sources
detected at higher energy is larger than expected by a fac-
tor ten (Fig. 2). Active late type stars in flare state or RS
CVn binaries with high coronal temperature may explain
the discrepancy.
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ABSTRACT

Two decades ago Einstein observatory observations
demonstrated that stellar X-ray luminosity decreases with
increasing age. Based on the solar analogy (cooler
plasma associated with less X-ray bright regions), one
expects a decrease of the mean stellar coronal tempera-
ture with time. In order to explore this behavior as seen
with XMM-Newton, we used the Xcat-DB and associated
cross-identification tools to select a large sample of stellar
X-ray sources. The analysis of ∼ 130 X-ray spectra with
good S/N shows that coronal temperature varies with both
age and mass. As the expected XMM-Newton count-
rate strongly depends on the assumed emitted spectrum
of the source, we introduced an age and mass dependent
energy conversion factor in our X-ray stellar population
model. We compare these model predictions with XMM-
observations exhibiting average absorption distribution.
In other fields displaying significantly lower source den-
sity than on the average, we show that logN(>S)-log(S)
curves are compatible with the presence of strong and
nearby absorbing regions.

Key words: Stars: population - Stars: X-rays.

1. STELLAR POPULATION MODEL UPGRADE

1.1. Coronal temperature

In an effort to update the Besançon stellar X-ray popu-
lation model (Guillout et al., 1996), we present the re-
sults of an extensive survey of coronal temperature de-
rived from 127 XMM-Newton X-ray sources cross iden-
tified with late type stars both in clusters and in the field.
For stars in clusters, we observed a clear decrease of coro-
nal temperature (Tcor) with age and show that stars cooler
than F-type systematically require a plasma consisting of
two isothermal components to fit the X-ray spectra while
hotter stars only require one temperature. An age and
mass dependent energy conversion factor as described in

∗guillout@astro.u-strasbg.fr

Table 1. Age and mass dependent energy conversion fac-
tor as accounted in the upgraded version of the model.

ECF A-F type G-M type
1 temperature 2 temperatures

Pleiades-like 0.6 keV 0.4 - 1.0 keV
Hyades-like 0.5 keV 0.2 - 0.8 keV
Old 0.5 keV 0.2 - 0.8 keV

Table 1 is now taken into account in the upgraded version
of the model.

The analysis of coronal temperature distribution of ∼ 50
field stellar X-ray sources serendipitously detected by
XMM-Newton shows that, in agreement with model pre-
dictions, low galactic latitude stars show Tcor mostly
compatible with Pleiades-like population (0.07 Gyrs)
while high galactic latitude stars show Tcor compatible
with Hyades-like population (0.7 Gyrs) or older (Fig. 1).

1.2. Absorbing material

With a sensitivity ten times better than ROSAT, deep
XMM-Newton observations can probe the youngest late
type stars of the galaxy up to 2 kpc. At such distance the
patchiness of the interstellar medium can significantly in-
flect the observed stellar content with respect to average
absorbed regions. In the upgraded version of the code, we
thus introduced the capability to model the distribution of
absorbing material along the line of sight.

2. COMPARISON WITH OBSERVATIONS

2.1. Average absorbed regions

We now compare in Fig. 2 the source density predic-
tion of the model with XMM-Newton observations of av-
erage absorbed regions located at low (black), medium
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Figure 1. Coronal temperature distribution of F-type stel-
lar X-ray sources detected serendipitously at low (blue
dash), medium (red dot-dash) and high (black solid)
galactic latitudes.

(blue) and high (red) galactic latitudes. The stellar X-
ray sources were identified thanks to BVR imagery and
low resolution spectroscopic (Canary Islands, ESO,OHP)
observations programs carried out by the XMM Survey
Science Center (Watson et al., 2001) and AXIS (Barcons
et al., 2002) teams. In both regions, the predicted source
density is in good agreement with observations. Compar-
ison in several others regions at various galactic latitudes
are presented in Hérent et al. (2005).

With a mean absorption of 1.7 mag per kpc, the pre-
dicted stellar X-ray source density (black line) is in very
good agreement with observations at b = 0◦ (black sym-
bols). At medium (|b| = 14◦) and high (b = 50◦) galactic
latitudes, the standadrd (0.7 mag/kpc) model predictions
(blue and red lines respectively) are compatible with the
observed source densities (blue and red symbols respec-
tively). At a sensitivity of 4 10−3 EPIC pn cnt/s, ac-
cording to model predictions, most of the X-ray sources
(62%) detected in the galactic plane are at most 150 Myrs
old. This fraction is reduced to 26% at mid galactic lati-
tude. Above |b| = 20◦, stars older than a gigayears repre-
sent the overwhelming population.

2.2. Absorbed regions

In some directions, especially in the galactic plane, the
observed stellar X-ray source density can significantly
deviate from standard model predictions.As predictions
are on the mean in good agreement with observations
this behavior is thought to be due to nearby absorption.
We then take advantage of the advanced code capabil-
ity to generate absorption walls (depicted by distance and
Av) along the line of sight to accommodate the observed
counts. We analyzed two of these XMM observations
showing too few X-ray sources than other fields at the
same galactic latitude. A grid of models allow us to de-
rive the absorption require to reconcile model with obser-
vations.

Figure 2. Observed (symbols) and predicted (lines)
logN(>S)-log(S) curves at low (black), medium (blue)
and high (red) galactic latitudes.

Figure 3. Standard (black) and absorbed (green: Av = 4;
blue: Av = 6; both computed for absorption wall at
300 and 400 pc) logN(>S)-log(S) curves in the RXJ0925
XMM-Newton field.

Such an example is illustrated in Fig. 3 (RXJ0925 field).
At a sensitivity of ∼ 10−3 ct/s this XMM observation
show 10 times less sources than on the average. An ab-
sorption wall of 6 mag at 400 pc (red solid line), consis-
tent with Motch et al. (2002) data, lowers the theoretical
logN(>S)-log(S) curve down to the observed density.
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ABSTRACT

The wide field of view and sensitivity of the XMM-
Newton satellite led to the serendipitous discovery of
thousands of new X-ray sources during the last five years.
This large collection of sources allows significant ad-
vances in many high-energy astrophysics fields. In this
framework, XMM-Newton is also carrying out a deep
survey of the Galaxy. EPIC cameras are able to probe
X-ray active stars over larger distances than any previous
survey. We present results of an ongoing program aim-
ing at the identification of stellar coronae in the galactic
plane. We compare observations with an age dependant
X-ray stellar population model. At high galactic latitudes
Log N-Log S curves are in very good agreement with the
observations over six decades in flux. At low latitudes,
however, we are confronted with patchy absorption which
forces us to introduce this feature in the model. Compar-
ison between models and observations (distributions in
distances, colors, magnitudes and hardness ratios) allows
to constrain young stellar population properties which
are usually ill-defined from observations at other wave-
lengths.

Key words: Stars: population - Stars:X-rays.

1. INTRODUCTION

Because of the steep decay of X-ray luminosity with age,
soft X-ray surveys highlight the young stellar population
in the Milky Way. The distribution of young stars with
galactic latitudes, spectral type and luminosity can be
used to constrain the increase of scale height with age and
the mean stellar formation rate history during the last 1-2
Gyr. This is achieved by comparing observationnal prop-
erties of X-ray emitting stars (number, distribution in dis-
tance, magnitude, colour, kinematic properties ...) with
predictions of an X-ray stellar population model (Guill-
out et al., 1996). This model is based on the Besançon
synthesis model (Robin et al., 2003) adjusted on optical
and infrared counts. It provides an overall picture of the
galactic stellar content in terms of spectral types, densi-
ties and ages in a given line of sight. Using a coronal

X-ray spectral model and integrating age dependent X-
ray luminosity functions over stellar densities, the model
predicts the optical and X-ray statistical properties of the
active stars detected by XMM-Newton. In an effort to
update the Besançon stellar X-ray population model an
extensive survey of coronal temperature has been car-
ried out. These observations indicate that stellar X-ray
sources serendipitously detected in XMM-Newton point-
ings at low galactic latitudes have a mean X-ray tempera-
ture similar to that of the Pleiades population (0.07 Gyr).
At high galactic latitudes, the average coronal temper-
ature is compatible with that of the Hyades population
(0.7 Gyr) or older. Since stellar X-ray activity decreases
with age we expect a dependency of the coronal temper-
ature with galactic latitude as a result of the ”heating”
mechanism of the galactic disc. In addition, observations
reveal a clear variation of the coronal temperature with
spectral type (see Guillout et al., 2005, for a full descrip-
tion). The model can now handle these new spectral fea-
tures. Moreover it has the ability to take into account the
bias introduced by the limiting magnitude at which opti-
cal counterparts are spectroscopically identified and can
efficiently use different absorption laws.

2. COMPARISONS MODELS/OBSERVATIONS

2.1. High galactic latitudes

Different stellar populations are present at intermediate
and high galactic latitudes; at high fluxes the youngest
Pleiades-like population dominates number counts. As
sensitivity increases, the contribution of the older popu-
lation becomes prominent and the relative fraction of M
stars rises. As shown in Fig.1 model predictions are in
very good agreement with the observed number counts
over six orders of magnitude. The observed distribu-
tions in distances and magnitudes match also very well
model predictions. Typical XMM-Newton sensitivities
are large enough to detect young stellar coronae up to
200 pc (

�������
cnt s

���
expected in the 0.5-2.0 keV band)

and can thus easily reach the scale height of the youngest
stars ( 	�
 � pc Pleiades-like; 	�� �� pc Hyades-like).
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Figure 1. Log N-Log S curve for stellar identifications
at high galactic latitudes. Bright sources (black) come
from ROSAT survey (RBS, Schwope et al., 2002). XMM-
Newton observations provide a large part of data: Bright
XMM-Newton Serendipitous Survey (Della Ceca et al.,
2004) (red), XMM-Newton SSC (Science Survey Center)
medium sensitivity survey (Barcons et al., 2003) (green)
and a faint XMM-Newton sample (Page, 2005)(magenta).
The faintest sources are identifications from the Champ
collaboration (Chandra; Green et al., 2003). The mean
X-ray stellar population model fit very well the observa-
tions over 6 flux decades. Contributions of various pop-
ulations are also shown (dotted line; � 0.15 Gyr, dashed
line;0.15-1 Gyr and dash-dotted line; � 1 Gyr).

2.2. Low galactic latitudes

At low galactic latitudes the stellar landscape drastically
changes. The youngest stars now represent the over-
whelming population, whatever the count rate is. Their
fraction is typically around 60% while old stars con-
tribute for 20% or less. In general the stellar population
model is in relatively good agreement with the observa-
tions (Fig.2). The distribution in spectral types is not sig-
nificantly different from that observed at high latitudes.
The sensitivity of the EPIC cameras allows to reach 1
kpc in the galactic plane. However, the heterogeneous
absorption is a key parameter that needs to be adjusted
field by field (the case of absorbed regions is presented in
Guillout et al., 2005).

3. PERSPECTIVES

Comparison of model predictions with observational data
at high and low galactic latitudes reinforces the idea
that the default scale heights of the young stars in the
Besançon synthesis model are close to the actual values
(scale heights are namely 70 pc for stars with age � 0.15
Gyr and 190 pc for stars with age 0.15-1 Gyr). Our identi-
fication program carried out in the framework of the SSC

Figure 2. Log N- Log S curve for stellar identifications at
low galactic latitudes. Black; the Rosat Galactic Plane
Survey (Motch et al., 1997), red; identifications from the
XMM-Newton SSC survey of the galactic plane (Motch
et al., 2005). XMM-Newton data results from the merge
of three b 	 ���

fields. The X-ray model has the ability to
take into account the bias introduced by the limiting opti-
cal magnitude and can handle different absorption laws.
Here we use R lim of 17 to 21 depending on the field, and
assume a mean absorption of about Av = 1.7 mag kpc

� �
suitable for deep galactic plane regions..

galactic plane survey will allow to put strong constraints
on this essential galactic parameter and on its variation
with age.
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ABSTRACT

We describe the X-ray source content of five young and
Be rich open galactic clusters for which we have obtained
deep multi-colour wide-field imaging and spectroscopy.
Particular attention is paid to the massive stars in order to
constrain evolutionary processes leading to the Be phe-
nomenon and to search for low X-ray luminosity massive
accreting binaries. The XMM-Newton EPIC spectral and
timing properties of the brightest X-ray sources are dis-
cussed in the light of our current optical identification
work. Most cluster sources are young solar type stars.
In spite of the large number of Be stars located in these
clusters we do not find any plausible new Be/X-ray can-
didate. We confront the apparent scarcity of Be + white
dwarf binaries with the predictions of current theories of
massive binary evolution. We briefly discuss the origin of
the diffuse X-ray component which seems present in the
core of several clusters.

Key words: Galaxy: open clusters - stars: OB, Be.

1. INTRODUCTION

We started a multiwavelength campaign aiming at study-
ing the X-ray and optical properties of early type stars
in open clusters and at searching for low X-ray luminos-
ity high mass X-ray binaries. We report here prelimi-
nary results on 5 young open clusters selected for their
high number of Be stars (see Tab. 1). X-ray observations
were performed with the EPIC cameras on board XMM-
Newton. Each cluster was observed for about 40 ks at
the beginning of 2004. Deep UBVRI wide-field imaging
was obtained with the INT (Canary Islands) in October
2004. Optical spectroscopy of a number of cluster mem-
bers and X-ray source counterparts was acquired during

�
rlopes@astro.u-strasbg.fr; RLO acknowledges financial support

from Brazilian agencies FAPESP, CAPES, and from the Observatoire
de Strasbourg.

several runs with the ESO-NTT, with the NOT (Canary
Islands) and with the 1.93m at OHP.

2. X-RAY SOURCE CONTENT

Many X-ray sources are identified with cluster members.
Most of them are associated with young solar type stars.
Their X-ray spectra are generally well described by a
single

�
T � 0.5–1 keV thin thermal component, albeit in

some cases (usually the brightest ones) a second colder
thermal component seems present. A small number of
sources display hard X-ray spectra which are better de-
scribed by a hot thermal plasma (

�
T � 2–5 keV) or by a

power law with a possible additional soft thermal com-
ponent (

�
T � 0.5 keV). Flare-like events are sometimes

observed. Some optically unidentified sources exhibit
very hard spectra with relatively large photoelectric ab-
sorption. Their properties are consistent with those of
background AGNs.

3. MASSIVE STARS

We only discuss here catalogued OB stars with spectral
type determinations available in the literature (mainly
from the WEBDA data base and from Simbad). Our set
of OB star identifications is thus very incomplete, even at
the bright optical end. Our extensive spectroscopic sur-
vey will soon provide a comprehensive sample of early
and late OB stars in all target clusters. So far, 14 cata-
logued OB stars have been detected in X-rays. All are
earlier than B2.5 (except for a B8 star in NGC 663). Non
detected OB stars range from B0 to B9. Fig. 1 shows
the X-ray luminosity (based on a thermal component with�

T = 0.5 keV) versus bolometric luminosity. At our sen-
sitivity limit, mainly designed to highlight accreting bi-
naries, we only detect the brightest OB stars. At early
spectral types, the observed L � -L ���	� relations are consis-
tent with those derived from field stars. At later spectral
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Table 1. Properties of the target open clusters.

NGC Age # Be stars ����� � � � Detected Catalogued OB stars
(Myr) erg s ��� X-ray sources Detected in X-rays Undetected

(0.5 – 4.5 keV) # (SpT) # (SpT)
7419 14 37 � 9.4 	 10 
�� 63 0 5 (B0-B4)
884 11 25 � 4.6 	 10 
�� 124 4 (O6-B2) 21 (B0-B8)
869 12 28 � 3.8 	 10 
�� 166 5 (B0.2-B1) 71 (B0.5-B9)
663 16 34 � 4.6 	 10 
�� 90 5 (09.5-B2.5) + 1 (B8) 28 (B2-B9)

3766 24 11 � 1.2 	 10 
�� 202 0 12 (B2-B9)

Figure 1. L � -L � � � diagram for OB stars with known
spectral classification. Open squares: NGC 869; cir-
cles: NGC 663; triangles: NGC 884. Arrows show
upper limits. Dotted line shows the relation ob-
tained by Berghöfer et al. (1997) for OB stars with
L ���	�� 10 
�� erg s ��� . The solid line corresponds to the
“canonical” L � = 10 ����	 L � � � relation.

types, part of the excess X-ray emission could be due to
unseen young solar type companion stars.

Evolutionary models predict that � 5-20% of the Be stars
could be formed through close binary evolution (Van
Bever & Vanbeveren, 1997). This could be the case of
the Be + neutron star system VES 625/RX J0146.9+6121
in NGC 663. However, about 70% of the Be stars formed
in binaries could have a white dwarf (WD) remnant com-
panion (Raguzova, 2001; Waters et al., 1989; Pols et al.,
1991). In spite of this high expected frequency, up to now
no Be + WD system has been clearly established. The
only tenable candidates are the � -Cas analogs (Lopes de
Oliveira et al., 2005), whose X-ray properties share many
similarities with those of cataclysmic variables. The five
target clusters contain at least 135 Be stars, implying that
between 4 to 19 of them could have a WD companion.
At the moment, we cannot find clear evidence of such
binaries apart from the interesting case of a B2Ve star
in NGC 884 which shows an unusually hard X-ray spec-
trum with

�
T � 5.6 keV, and � � � 10 
�� erg s ��� . The (ap-

parent) scarcity of Be + WD binaries could be explained
by the young ages of the target clusters. Although bi-
nary evolution scenarios leading to Be + WD systems ex-
ist at those ages, they may not be as common as those
operating at later times. Our observation could also have
interesting consequences on the likelihood of the binary
channel for Be stars. However, it is also possible that the
likely low eccentricity WD orbits could induce very effi-
cient tidal torque truncation of the Be star circumstellar
disc resulting in a depressed mass accretion rate on the
WD (Negueruela & Okazaki, 2001).

4. DIFFUSE X-RAY EMISSION ?

Diffuse X-ray emission seems present in the core of
NGC 3766, and is also suspected in NGC 869 and 884.
This emission could be either due to unresolved low X-
ray luminosity cluster sources or to hot winds from mas-
sive stars.
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ABSTRACT

We present the initial results of the analysis of the stellar
content of the XMM-Newton Bright Serendipitous Sur-
vey. The survey includes 56 stellar sources observed in
the 0.5 - 4.5 keV energy band. We compare the obser-
vations with the predictions obtained with XCOUNT, a
model of the stellar X-ray content of the Galaxy. In the
same way as in other X-ray shallow surveys, we observe
an excess of stars unexpected by our Galaxy model. Here
we discuss the properties of the detected stellar popula-
tion.

Key words: galaxy: stellar content; stars: activity; stars:
coronae; X-rays: stars.

1. INTRODUCTION

The XMM-Newton Bright Serendipitous Survey1

(XBSS) was conceived with the aim of complementing
the results obtained by medium and deep X-ray surveys.
It contains two flux limited samples of serendipitous
XMM-Newton sources at galactic latitudes |b| > 20◦:
the XMM Bright Source Sample (BSS) and the XMM
Hard Bright Source Sample (HBSS), with a flux limit of
fx ≈ 7 × 10−14 erg cm−2 s−1 in the 0.5 – 4.5 keV and
4.5 – 7.5 keV energy band, respectively (see della Ceca
et al., 2004). The complete sample contains 400 X-ray
sources from the 237 selected XMM-Newton fields
observed with different filters, 389 sources belonging
to the BSS. A total of 56 stellar counterparts have been
optically identify (della Ceca et al., 2004), corresponding
to 14% to the BSS sample.

The BSS is unique since it is the only survey of this kind
where X-ray spectroscopic observations can be taken for
all the detected stars. Here we carry out an analysis of

1The XMM-Newton Bright Serendipitous Survey was conceived by
the XMM-Newton Survey Science Center (SSC), a consortium of 10
institutions appointed by ESA to help the SOC in distinct technical as-
pects, including the exploitation of the XMM-Newton serendipitous de-
tections (see http://xmmssc-www.star.le.ac.uk/).

the X-ray spectra of the 56 sources in the sample identi-
fied with stars (§ 2.1) as well as a study of their light curve
(§ 2.2) in order to detect variability. In addition, a cross-
identification with SIMBAD and 2MASS catalogues has
been made for comparing the results — in terms of num-
ber of stars of a given spectral type — with our model
predictions. In § 3 we give a summary of the cross-
identification results, while the comparison between the
number of stars observed and predicted by our model is
discussed in § 4.

2. X-RAY PROPERTIES OF THE SAMPLE

2.1. Coronal temperatures

A spectral analysis of every X-ray source has been done
using an absorbed (WABS) thermal (APEC) model. A 1T
or 2T model has been assumed for all the sources but
three (HD 32558, GJ 411 and CD-39 7717B), where a
third component is necessary to obtain an accurate mod-
elling of the hard tail of the spectrum. The results show
a first temperature peaking at ∼ 0, 35 keV and a sec-
ond one at ∼ 0, 95 keV, with an emission measure ratio
(EM1/EM2) that peaks at ∼ 1.3. The distribution of
the two temperatures in the sources where a 1T-model is
clearly not enough to reproduce the spectrum, is showed
in Fig. 1.

2.2. X-ray variability

The X-ray light curve of the 20 sources with more than
900 counts in EPIC-PN has been studied. The best ex-
traction region has been determined for each star in or-
der to contain the maximum number of photons com-
ing from the source and the minimum from the back-
ground. Pile-up effects have been avoided when required
by subtracting the central region of the source. Four stars
(IM Vir, GJ 411, HD 32558 and CD-39 7717B) present
large variations in their light curve. Different processes
may be involved in these variations: the binary system
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Figure 1. Distribution of T1 and T2 for those stars with
two temperature components fitted.

IM Vir shows rotational modulation of the emission com-
ing from active regions; energetic flare events typical of
late-K dwarfs and UV Cet type stars have been detected
in the M2 dwarf GJ 411 and the F8 star HD 32558; fi-
nally, the young star CD-39 7717B shows a continuous
rising light curve which could be induced by accretion.

3. CROSS-IDENTIFICATION

A cross-correlation of our sample with SIMBAD and
2MASS databases has been made in order to find opti-
cal and infrared counterparts, respectively. We have used
a search radius of 18 arcsec. Nevertheless, all the 2MASS
counterparts are situated within 8 arcsec from their cor-
responding source (95% with an offset < 5 arcsec). In
spite of the large radius used, only 28 sources show an
optical counterpart in SIMBAD, while the whole sample
has been cross-identified with 2MASS. The color-color
diagram of the infrared counterparts (Fig. 2) suggests that
all the observed sources are indeed main sequence stars.

4. MODEL PREDICTIONS

The X-ray Galactic model XCOUNT (Favata et al., 1992;
Micela et al., 1993) has been used for predicting the num-
ber and properties of the coronal sources detected in the
BSS. A total of 25 stars are predicted by the model for
the observational conditions of the survey: 1 dA, 2 dF,
4 dG, 8 dK and 10 dM, where intermediate-age and old
stars dominate contributing an 83% (43% and 40% re-
spectively). The reason of the large discrepancy may

Figure 2. Color-color diagram of the 2MASS – infrared –
counterparts of the stars in BSS. Dashed line is the main
sequence track.

be related to several causes: uncertainties in the Galac-
tic structure model, adopted X-ray luminosity functions,
and statistical uncertainties in the simulation (see Feigel-
son et al., 2004). In addition, exotic sources such as cat-
aclysmic variables and white dwarfs are not predicted by
the model. Spectral types have been derived from the
J − Ks color for the 2MASS counterparts. The results,
in terms of number of stars of an specific spectral type,
have been compared with the predictions, obtaining that
there is an excess of yellow stars similar to the observed
in other X-ray shallow surveys. Optical spectroscopic ob-
servations of our sample are ongoing.
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1. INTRODUCTION

Chemical composition is one of the key properties of
many astrophysical environments. In particular, it is rel-
evant to classify stellar populations, and to study “ambi-
ent” effects in the vicinity of individual young stars, such
as selective trapping in grains, high-energy photon and
particle irradiation of the circumstellar medium, mass ex-
change between stars and protoplanetary disks via accre-
tion processes or outflows, fractionation effects in stellar
magnetospheres or coronae.

2. AIMS AND METHODOLOGY

We performed a detailed spectral analysis of X-ray
sources in the field of the Chandra Orion Ultra-deep
Project (COUP, Getman et al., 2005) having high pho-
ton counting statistics, and identified with late-type pre-
main-sequence stars. The aim of this analysis is to pro-
vide a census of individual element abundances in the
coronae of these young stars, and to explore possible de-
pendences of such abundances on the magnetic activity
level, the presence of circumstellar disks, indicators of
accretion, and the properties of the local environment.

The study of a large and homogeneous stellar sample
allows us to overcome the statistical uncertainties asso-
ciated to the analysis of individual medium-resolution
Chandra/ACIS-I spectra. This is demonstrated by means
of extensive simulations performed to validate our spec-
tral fitting results. At the same time this approach yields
reliable ensemble properties for the Orion Cluster stars.

3. THE SAMPLE

We have selected late-type stars (
���������
	��

K) with
at least �� ��	�� total (net) extracted counts in the 0.5-
8 keV energy band, and spectra not affected by strong

pile-up. These criteria ensure signal-to-noise ratios of
the extracted spectra, and an excellent knowledge of the
instrument spectral response. The final sample includes
146 COUP sources.

4. SPECTRAL DIAGNOSTICS

We considered the elements O, Ne, Mg, Si, S, Ar, Ca,
Fe, and Ni. At the coronal temperatures (

�����
	��
K)

typical of young active stars, most of them have impor-
tant H-like or He-like ion lines in the ACIS wavelength
range (1.5–27.6 Å). However, the presence of clear spec-
tral signatures depends on several factors: emissivities,
plasma emission measure distribution vs.

�
, abundances,

line blending, ISM absorption.

Here we report results based on a global spectral fitting
approach with classical two-component (2-T ) or three-
component (3-T ) thermal models, based on the APEC
emissivity code V1.3.1. The solar abundances adopted
for reference are those of Anders & Grevesse (1989).

5. RESULTS

First, we performed 2-T and 3-T model fitting of all
the observed spectra. The results obtained with the

Figure 1. Box plots of temperatures, ratios of emission
measures, and H column densities, derived from 2-T and
3-T fits. The upper and lower edges of each box com-
prise the central 68% of the data, the central value is the
median.
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Figure 2. Abundances derived for the COUP sources.
The two box plots for each element (sorted by increas-
ing First Ionization Potential) show the fitting results for
the count-limited (left) and the flux-limited (right) sub-
samples. The individual abundances obtained from the
analysis of high-resolution grating spectra of four active
stars are also shown.

3-T model were chosen only if the 2-T model yielded a
poor fit ( ��� probability

� ��	
%) and the 3-T model pro-

vided a significantly better fit (F-test probability
� �
	

%).

We verified an increasing spread of abundance values
for increasing interstellar absorption, as measured by
the best-fit hydrogen column density ��� , together with
larger and larger statistical error bars. Hence, we have
empirically established a threshold � � ��� � �
	 �	� cm 
��
(corresponding to �� ��� –4) to avoid biased abundance
results, especially for the Ne (whose lines fall in the long-
wavelength tail of the spectrum). Figure 1 shows the dis-
tributions of best-fit temperatures, corresponding volume
emission measures, and ��� for this low-absorption sub-
sample.

To check the reliability of our abundance measurements
we have considered two further subsamples: a count-
limited sample (35 sources with � ��	��

counts), and a
flux-limited sample (37 sources, ����� � � ��	 
�� � erg
cm 
�� s 
�� in the 2-8 keV band). The distributions of the
best-fit abundances for each element are shown in Fig. 2,
for both these subsamples.

In Fig. 2 we also show a comparison of the abundances
for COUP sources with the abundances of three young
active stars, the classical T Tauri star TWA 5 in the TW
Hya association (Argiroffi et al., 2005), the Weak T Tauri
star PZ Tel in the � Pic association (Argiroffi et al., 2004),
the ZAMS star AB Dor (Sanz-Forcada et al., 2003), and
for the older active binary V851 Cen (Sanz-Forcada et al.,
2004); for these four stars the abundances were derived
from analysis of high-resolution grating spectra, taken
with Chandra and/or XMM-Newton.

6. SIMULATIONS & TESTS

We have performed several simulations (1000 realiza-
tions each, taking into account the actual photon counting
statistics of the observed spectra) by assuming 2-T , 3-T ,
or multi-T input models but different abundance distribu-
tions. In particular, we performed simulations in which
all abundances were fixed to the median values of the dis-
tributions obtained for the count-limited sample. Then,
we compared the simulated and observed distributions for
Fe and Ne abundances: a formal K-S test shows that the
distributions in each pair, for any element, are not statis-
tically distinguishable, i.e. the observed distributions are
compatible with a single abundance pattern for all stars.

7. CONCLUSIONS

The X-ray brightest COUP sources show a clear pattern
of abundances vs. First Ionization Potential (FIP). Exten-
sive simulations make us confident about the robustness
of this result. Comparison of the observed abundance dis-
tributions for the Orion stars with simulated distributions
indicate that all stars may actually have the same abun-
dance values, i.e. the abundance spread is entirely due to
statistical uncertainties. Possible outliers (e.g. stars with
very high Ne abundance) are exceptions, and the size of
the sample may not allow us to identify them in a reli-
able way. The ensemble properties of the X-ray brightest
PMSs sources in Orion confirm the low metallicity of the
coronal plasma (Fe abundances 0.2–0.3 solar), with re-
spect to the solar photospheric value. There is a clear
trend of increasing abundances for elements with FIP
higher than Fe, and possibly also for elements with FIP
lower than Fe (i.e. Fe is the least abundant in most cases),
when solar photospheric abundances are adopted for ref-
erence. The observed abundance pattern is remarkably
similar to that found from the analysis of high-resolution
grating spectra of active stars, except for the case of the
Ca abundance where the uncertainties are very large.
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2Space Telescope Science Institute, Baltimore, USA

3Department of Physics and Astronomy, University College London, UK

ABSTRACT

The peculiar Of?p spectral category notably contains two
stars, HD 108 and HD 191612, that were found to dis-
play spectacular line profile variations in the visible do-
main: these stars apparently alternate between two differ-
ent spectral states. To discover the origin of this intrigu-
ing behaviour, we undertook a multiwavelength cam-
paign, with a special emphasis on X-ray observations.
The analysis of the X-ray emission provides crucial in-
formation for constraining the nature of these peculiar
objects and testing conflicting models. We have obtained
high-quality XMM-Newton observations of these objects
and we present here a preliminary analysis of these data.

Key words: X-rays: stars – Stars: early-type – Stars: pe-
culiar – Stars: individual: HD 108, HD 191612.

1. INTRODUCTION

The Of?p category was introduced by Nolan Walborn in
1972 to describe two stars, HD 108 and HD 148937, with
spectra that were slightly different from those of normal
Of supergiants. Notably, they exhibit C III lines around
4650Å with an intensity comparable to that of the neigh-
bouring N III lines. In addition, their spectra show sharp
emission lines and some P Cygni profiles. A third star
was added afterwards to this new class, HD 191612.
Of all Of?p stars, HD 108 is the best studied, but also
the most controversial one. Some authors found radial
velocity (RV) variations reminiscent of a binary motion,
usually with a relatively short period (Hutchings 1975) al-
though Barannikov (1999) derived a much longer period.
However, other papers (e.g. Vreux & Conti 1979, Under-
hill 1994) reported no sign of orbital motion and rather
attributed the RV and line profile variations to wind in-
stabilities. To settle the conflicting situation, a new cam-
paign for observing the Of?p stars was thus needed.

∗Postdoctoral Researcher F.N.R.S. (Belgium)
†Research Associate F.N.R.S. (Belgium)

2. OBSERVATIONS OF OF?P STARS

After an intense monitoring at the Haute-Provence Obser-
vatory, the visible spectrum of HD 108 revealed an un-
expected behaviour (Nazé et al. 2001). The carefully
measured RVs do not show any signature of orbital mo-
tion, but the star clearly undergoes long-term line profile
variations: the Hydrogen and the He I lines pass from
emission or P Cygni profiles to absorptions. This be-
haviour doesd not affect the whole spectrum of HD 108,
since some lines remain unchanged, like He II λ 5412. As
He I λ 4471 varies while He II λ 4542 does not change,
the star then apparently displays spectral type variations,
from O6 (in the high emission state) to O8 (in the low
emission state). Such a transition already happened in
the past (Nazé et al. 2001), and the recurrence timescale
is approximately 50-60 years. More recently, Walborn
et al. (2003) reported a very similar phenomenon in the
spectrum of another Of?p star, HD 191612 (see Fig. 1),
but with a much shorter timescale (∼540 days). However,
the last member of the Of?p class, HD 148937, does not
seem to show significant spectral variations. Note how-
ever that the data are rather scarce for this star, and that
very long (tens of years) or very short (a few months)
variation timescales could have been missed (Nazé 2004).

Barannikov (1999) detected magnitude and color varia-
tions for HD 108 and the analysis of recent Hipparcos
observations can not exclude a variability for HD 108 and
HD 148937. Moreover, a clear modulation (with a period
of approximately 540 days) was detected in the Hippar-
cos photometry of HD 191612 (Nazé 2004, Walborn et
al. 2004). These photometric changes and the spectral
variations appear correlated (see Fig. 1).

To better understand these peculiar stars, we have re-
quested and obtained XMM-Newton observations. The
XMM-Newton data of HD 108 were taken during Rev.
0494 and revealed a thermal X-ray spectrum, well fit-
ted by a two temperature optically thin plasma (with
kT1 ∼0.2 keV and kT2 ∼ 1 keV), and a slight over-
luminosity compared to the classical LX − LBOL rela-
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Figure 1. Variations of the EW of the Hα line (top), of
the He I λ 4471 and He II λ 4542 lines (middle) and the
Hipparcos photometry of HD 191612 (bottom).

tion (Nazé et al. 2004). In addition, three observations
of HD 191612 (Revs 0975, 0981, and 1004) are already
available and a last one will be taken in October 2005.
These data sample the descending branch of the EW vari-
ations (see Fig. 1). A preliminary analysis shows that the
X-ray spectrum of HD 191612 is very comparable to that
of HD 108, with similar absorbing columns and temper-
atures (see Fig. 2). No significant changes of the spec-
tral parameters were found when comparing the XMM-
Newton observations between one another, but the data
clearly indicate a small decrease of the X-ray flux, of
the order of 15%. Such a small variation in flux could
not have been detected before because of the large er-
rors bars on the ROSAT and Einstein data of these
stars. Finally, we may note that the ROSAT spectrum
of HD 148937 suggests similar spectral parameters, com-
pared to those of HD 108 and HD 191612 (Nazé 2004).

3. DISCUSSION AND CONCLUSIONS

Our multiwavelength observational campaign has re-
vealed many new aspects of the Of?p stars HD 108 and
HD 191612. First, we have uncovered spectacular long-
term variations of many line profiles that appear cor-
related with broad-band photometric changes. The re-
currence timescale of these variations is ∼540 days for
HD 191612 and ∼50-60 years for HD 108, but we note
that no sign of orbital motion was detected during the
analysis of the RVs of these stars.
To explain this peculiar behaviour, we first postulated
the existence of a compact companion that would ac-
crete matter near periastron and emit then X-rays capa-
ble of altering the wind ionization structure (Nazé et al.
2001). However, the XMM-Newton observations have

now shown that the X-ray luminosities of these stars are
too low for X-ray binaries (Nazé et al. 2004). In addi-
tion, the X-ray flux apparently decreases simultaneously
with the visible emission lines, contrary to what could be
expected for the compact companion model.
The variations of these peculiar stars could then result
from a particular type of wind variability (like e.g. in
the case of a variable magnetic field, of stellar pulsations,
or of a peculiar, pre-LBV evolutionary stage). On the
other hand, the strict, long-term recurrence of the vari-
ations, the rather high value of the second temperature
fitted to the X-ray spectra and the slight X-ray overlumi-
nosity is rather reminiscent of the presence of a collid-
ing wind phenomenon in an eccentric binary composed
of two ‘normal’ stars. A thorough analysis of the latest
XMM-Newton data of HD 191612 (especially the RGS
ones) will certainly help us to distinguish between those
models. Note that a last challenge might also be men-
tioned: the similarity between HD 148937 and the other
Of?p stars.

Figure 2. The EPIC spectra of HD 191612 taken during
Rev. 1004, superimposed on the best-fit mekal model.
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ABSTRACT

XMM-Newtonobservations ofζ Orionis suggest a new
interpretation of the X-ray spectra of hot stars. The broad,
slightly asymmetric lines all have the same velocity pro-
file and probably originate in collisionless shocks behind
which the exchange of energy between ions and electrons
is so slow that electrons keep cool. The spectrum is ex-
cited instead by protons.

Key words: X-rays; OB stars; winds; shock waves.

1. SHAPE OF THE X-RAY LINES IN ζ ORIONIS

The nearby O9.7 Ib supergiantζ Orionis was observed
with the Chandra high-energy gratings by Waldron &
Cassinelli (2001), who argued that at least some of the X-
rays originate very close to the stellar surface at the base
of the powerful wind that is a ubiquitous feature of such
hot stars. Its X-ray spectrum has proved to be typical of
those seen from O stars. Miller et al. (2002) commented
on the little understood broad line widths and tried to rec-
oncile the data with the popular view that shocks develop-
ing from instabilities in the wind line-driving mechanism
are responsible for generating the X-rays.

XMM-Newtonis ideal for observing such hot stars. The
bandwidth of the Reflection Grating Spectrometer (RGS)
matches perfectly that part of the X-ray spectrum in
which the lines occur, extending theChandraspectra to
the CVI line near 34̊A and beyond. The RGS resolves the
lines and its high sensitivity allows the accumulation of
enough statistics to study line profiles in detail. The RGS
spectrum taken on 2002-09-15 is shown in Fig. 1. Where
they overlap, the RGS and HETG spectra were essentially
identical. In common with other O stars, the continuum
was weak or absent.

Comparison, for example, of the Lyα lines of
C VI λ33.734 and NeX λ12.132 separated by nearly a
factor of 3 in wavelength shows their shapes in velocity

Figure 1. The RGS spectrum ofζ Orionis on 2002-09-15.

space were indistinguishable. We have been able to syn-
thesize a good fit to the entire spectrum with the same ve-
locity profile for every line using a triangular line-profile
model characterized by three parameters: independent
red and blue velocities where the profile goes to zero and
a central velocity shift from the laboratory wavelength.
The best-fit parameters reported in Table 1 were calcu-
lated for a combined fit all the availableXMM-Newton
andChandragrating spectra, which were taken over two
years apart but agree well both in the shapes of the lines
and in overall luminosity to within a few percent. The
line-profile fits show some asymmetry inζ Orionis’s lines
with the line centre blue-shifted by about−300km s−1

with similar blue and red widths about70 to 80% of the
terminal velocity ofv∞ = 2100km s−1.

2. SHOCKS IN O-STAR WINDS

The general physical principles that govern the develop-
ment of shocks (Zel’dovich & Raizer, 2002) were con-
sidered recently by Pollock et al. (2005) for the binary-
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blueV −1585±25 km s−1

centralV −303±31 km s−1

redV +1723±30 km s−1

Table 1. Best-fit line velocity parameters for the simul-
taneous fit to all the lines in XMM-Newton and Chandra
grating spectra ofζ Orionis.

system colliding-wind X-ray shocks in WR140. Simi-
lar considerations for single hot stars lead to some inter-
esting conclusions. An O-star wind is a plasma flow in
which particle interactions are long-range Coulomb col-
lisions with particularly slow energy exchange between
ions and electrons. The ion-ion collisional mean-free
path isli−i ∼ 7.0× 1018v8

4/ni cm (Spitzer 1962) where
ni is the ion density andv = v8 × 1000km s−1. Close to
the photosphere ofζ Orionis, where the density is high
and the velocity low,li−i is small, but then increases
rapidly with radius. At about3R∗ above the stellar sur-
face in the heart of the acceleration zone,li−i ≈ 0.1R∗
while at10R∗, li−i ≈ R∗. If strong shocks are to develop
at all then some dissipation mechanism other than col-
lisions must operate. Collisionless shocks (e.g. Draine
& McKee 1993) are probably involved in which ions
are heated to high temperatures while electrons remain
cold. Any subsequent equilibration takes place down-
stream through energy exchange between ions and elec-
trons though this happens slowly on a length scale of
many stellar radii. The low X-ray luminosities of O-stars
show that only a small fraction of wind material is in-
volved, the vast bulk of which remains cool. It seems
likely, then, that shocked gas will not survive for long be-
fore it is mixed back with cool material and disappears
from view, leaving no chance for electrons to contribute
to X-ray line or continuum emission. It is further likely
that the X-ray plasma is far from equilibrium.

3. ORIGIN OF THE X-RAY LINES

In the absence of shock-heated electrons, protons in the
immediate post-shock gas are probably responsible for
exciting the X-ray spectrum. Through the shock transi-
tion, the ionization balance is unchanged although ions
characteristic of the cool wind immediately find them-
selves in a hostile environment in which encounters take
place with other ions at relative velocities of the same or-
der as the the terminal velocity ofv∞ = 2100 km s−1

in ζ Orionis. Protons of such velocities are an effec-
tive agent for ionization and excitation because the cross-
sections depend on the relative velocity of the inci-
dent ionizing particle and that of the bound electron,
whose order of magnitude is fixed by the Bohr velocity
vBohr = 2188 km s−1. We suggest that it is the coinci-
dence of this microscopic atomic value and the macro-
scopic terminal velocities ofζ Orionis and other O stars,
that is the basic physical reason for the production of X-
rays in hot stars.

Efforts made so far to account for the shape of the X-
ray lines (e.g. Ignace & Gayley, 2002) have assumed
that the emitting ions are moving with the majority cool
gas, so that the red wing of the lines arises in material
on the far side of the star flowing away from the ob-
server. It is more likely that the line velocity profiles
simply reflect instead the line-of-sight component of the
thermalized motion of ions in the immediate post-shock
gas. For a Maxwellian distribution,HWHM(vx) =√

2 ln 2(kTS/m) = (
√

6 ln 2/4)v ∼ 0.51v. The ob-
served lines inζ Orionis are roughly consistent with this
scheme, showing half-widths of about75% of the value
of 0.51v∞.

4. OTHER CONSIDERATIONS

In contrast to either ionization by electron impact or pho-
toionization, which together account for the majority of
observed X-ray plasmas, single O-star spectra may be one
of the clearest examples of a protoionized plasma. The
term “protoionized” seems appropriate both for the con-
trast with photoionized and because it describes the very
earliest stages of post-shock ionization through which
many plasmas are bound to pass before electrons are hot
enough to take over ionization and excitation. The shock
transitions themselves, though probably smaller in phys-
ical extent than those in colliding-wind flows such as
WR140, obey similar jump conditions. The distinction
between spectra rather lies in the post-shock relaxation
layer, in the amount of equilibration that takes place be-
tween ions and electrons. If the hot plasma is confined
by magnetic fields, as in WR140, for example, relax-
ation may take its course allowing energy to be trans-
ferred from ions to electrons, which may then excite a
familiar plasma spectrum characteristic of collisional ion-
ization equilibrium. Otherwise, in the winds of single O-
stars, no electrons reach high temperatures and we ob-
serve instead the effects of the resonance between the
macroscopic terminal velocity of the wind and the mi-
croscopic Bohr velocity characteristic of the electrons in
bound atomic states.
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ABSTRACT

I report on the survey of a number of X-ray spectra of
cool stars of spectral type G and K. The relation between
the X-ray luminosities (L � ) and the stellar radii is illus-
trated. Two spectra of Capella taken at different times
show considerable difference in count rate. These spectra
have been investigated. Temperature patterns by means
of differential emission measure are given.

Key words: Cool Stars; Capella; X-rays; Spectra.

1. INTRODUCTION

Many cool stars with surface temperatures between 4000
and 7000 K are surrounded by hot plasma (coronae) with
temperatures from 1 MK upto 30 MK or more. The
hot coronal plasmas are strong X-ray emitters. Since the
launches of two advanced high resolution X-ray satellites
(CHANDRA and XMM-Newton) in 1999 these coro-
nae can be studied into great detail. Both the satel-
lites are equipped with grating devices, as described e.g.
for XMM-Newton (1), resulting in high resolution spec-
tra. An ensemble of six cool stars has been observed by
LETGS aboard CHANDRA, among them Capella.

2. SPECTRAL ANALYSIS

I have fitted the total spectrum of the six stars, apply-
ing SPEX (2) in combination with MEKAL (3; 4). The
fit model is a Collisional Ionization Equilibrium (CIE)
model for optically thin plasmas. The ionization balance
is derived from calculations by (5). During the fitting
procedure emission measures and abundances were cal-
culated for 10 equidistant fixed temperature bins. As an
illustration of the quality of the procedure Fig. 1 shows
the fitted model (red) together with the data (black) for
the X-ray spectrum of

�
And.

Figure 1. The LETGS spectrum (black) of
�

Andromeda
together with the model (red). Notice the completeness
of the model and the very good agreement between the
highly resolved line spectrum and the laboratory wave-
lengths of the model.

Here we will focus on the X-ray luminosities only. The
luminosities obtained from these fits are shown in table 1.
Fig. 2 reflects the relation between the X-ray luminosi-
ties and the stellar radius ( �������	� ). This figure suggest
a linear relation with ��
� for main sequence stars and a
deviation from this trend for giant stars.

Figure 2. The relation between the X-ray luminosities and
the stellar radii. The two straight lines indicate ���������� 

and ����������������	��� 
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Table 1. The fitted values of the X-ray luminosities � � obtained by means of a multi-temperature fit to the data.

Parameters � Ceti
�

And Capella UX Ari HR1099 AB Dor
Spectral type K0III G8III+? G1III+G8III G5V+K0IV G5IV+K1IV K0V
����� � 11.6 7.4+? 13+9.2 0.93+4.7 1.3+3.9 1.0
� � [10 ��� erg/s] 4.2 9.80 2.06 18.4 13.6 1.25
(0.07-12.5keV)

3. CAPELLA

Capella has served as a calibration source for the two
satellites, as Capella is considered to be a line rich and
constant source. Its spectrum has been studied exten-
sively in the past e.g., (6; 7). However, the LETGS-
observation 5956 shows a considerably higher flux level
than former observations (e.g., 1248). Fig. 3 shows the
two light curves. Line flux ratios between the two obser-
vations (Fig. 4) show an increase for increasing forma-
tion temperature, indicating observation 5956 being the
hotter. A differential emission measure modeling (DEM)
applying SPEX confirms this conclusion (Fig. 5).

Figure 3. The lightcurves of the Capella observation
1248 (top panel) and 5956 (lower panel).

4. CONCLUSIONS

Main sequence stars suggest a relation between X-ray lu-
minosities and stellar radii.
Capella shows variability in X-ray flux. Although no
flares are recognized in the light curve, hotter plasma
seems to be present in the higher count rate spectrum.

Figure 4. Line flux ratios 5956/1248 versus the optimal
line formation temperature.

Figure 5. DEM-modeling. The thin line belongs to obser-
vation 1248 and the thick line to 5956.
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ABSTRACT

We present first results from the XMM-Newton moni-
toring program of solar-like stars; here we report on the
binary systems αCen A/B and 61 Cyg A/B. During the
last years both targets were observed in snapshot like ex-
posures separated roughly by half a year each. We are
able to resolve both stellar systems and to determine the
X-ray luminosities and respective emission measure dis-
tributions of the individual components. We also inves-
tigate physical changes in the coronae during variability
and activity cycles. An X-ray darkening of αCen A is
observed during this program for the first time, probably
indicating a coronal cycle. 61 Cyg A exhibits a continu-
ation of its cyclic activity as discovered with ROSAT in
the 1990s, making it the first persistent coronal activity
cycle observed on a star other than the Sun.

Key words: X-rays, stars, coronae, activity.

1. MONITORING THE TARGETS

αCen is the nearest stellar system at a distance of
1.3 pc and we present six XMM-Newton observations of
roughly two hours each, taken between 2003 – 2005. In
all our observations the X-ray emission of the system
is dominated by αCen B, a K1V star. We investigate
long-term variability and possible activity cycles of both
stars and find the optically brighter component αCen A,
a G2V star very similar to our Sun, to have fainted in X-
rays by at least an order of magnitude during the observa-
tion program. This behaviour was never observed before
on αCen A, but is rather similar to the X-ray behaviour
observed with XMM-Newton on HD 81809 (Favata et al.,
2004). Earlier spatially resolved observations of αCen
performed with Einstein, ROSAT and Chandra over the
last 25 years always revealed a situation comparable to
the beginning of our campaign in March 2003. We find
that a coronal activity cycle with a duration of∼ 3.4 years
matches all observations, but an irregular event cannot be
ruled out due to the absence of long-term chromospheric
activity data.

61 Cyg, a K5V (A) and a K7V (B) star at a distance
of 3.5 pc, was observed with XMM-Newton during the
years 2002 – 2005 and we obtained seven exposures with
durations about two to four hours. We find a continuation
of the coronal activity cycle on 61 Cyg A, which was dis-
covered with ROSAT in the 1990s and found to be tightly
correlated with the chromospheric activity as measured
in CaII H+K (Hempelmann et al., 2003). 61 Cyg A is the
first example of a persistent coronal cycle observed on a
star other than the Sun. The component 61 Cyg B ex-
hibits a more chaotic behaviour and a cycle can be iden-
tified only as long-term trend. Results derived from the
ROSAT monitoring are included to extend the time-base
of the X-ray measurements.

2. DATA ANALYSIS

The data were reduced with the standard XMM-Newton
Science Analysis System (SAS) software, version 6.0.
Images, light curves and spectra were produced with stan-
dard SAS tools and standard selection criteria were ap-
plied for filtering the data. Spectral analysis was carried
out with XSPEC V11.3.

The derived light curves of the program stars show vari-
ability on short timescales; flaring was observed on
αCen B, 61 Cyg A and strongest on 61 Cyg B. To in-
vestigate possible coronal activity cycles, only data from
quasi-quiescent phases are considered, i.e., time periods
free of strong activity or flares. To determine the X-ray
brightness of our program stars, we use for αCen a PSF
(Point Spread Function) fitting algorithm which is ap-
plied to the event distribution in the sky-plane, while
61 Cyg is well resolved in the EPIC images which allows
us to use individual extraction regions. X-ray luminosi-
ties are determined from spectral analysis, which uses
multi-temperature APEC models and is performed in the
energy range 0.2–5.0 keV, however, sufficient signal in
quasi-quiescence is mostly present only up to 2.0 keV.
Spectral analysis is performed for the αCen system as a
whole, but individual fits of spectra taken from small ex-
traction regions around the respective component lead to
comparable results for both components. Moreover, the
determined X-ray luminosities LX are nearly independent
of the modelling details.
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Figure 1. The αCen system during March 2003 (left) and
February 2005 (right); contours and 5 ′′regions for the
two components overlayed. Image creation is identical
and the counts per image are comparable. The darkening
of αCen A at the upper left is striking and observed with
XMM-Newton for the first time.

Figure 2. X-ray luminosity in the 0.2 – 2.0 keV band for
αCen A and B as determined from MOS1 data using PSF
fitting algorithm and spectral modelling. Plotted errors
are Poissonian derived from the PSF fitting.

3. ALPHA CENTAURI
– THE DARKENING OF THE SOLAR TWIN

In Fig.1 we show two images of the system taken with
the MOS1 detector during the March 2003 and the Feb.
2005 exposure. While the X-ray luminosity αCen B is
constant within a factor of two, a significant change, i.e.
a strong dimming, is observed for αCen A. To quantify
these changes we determine the brightness of each com-
ponent with a PSF fitting algorithm and subsequently its
X-ray luminosity via spectral modelling.

In Fig. 2 we show the long-term light curve of αCen A
and B. The derived X-ray luminosities LX (in 1027 erg/s)
are given in Table 1 for the individual exposures. Spec-
tral analysis shows both stars to have a rather cool (1.5 –
3 MK) and inactive corona with αCen B being slightly
hotter. The observed darkening of αCen A is mainly due
to a strong decrease in emission measure, comparable to
the behaviour of the Sun as observed with Yohkoh (Ac-
ton, 1996). Comprehensive results including the data up
to Feb. 2005 are published by Robrade et al. (2005).

Table 1. Derived X-ray luminosity for αCen A/B.
Obs. Mar. 03 Sept. 03 Jan. 04 July 04 Feb. 05 Aug. 05
LX (A) 0.52 0.14 0.27 0.08 0.02 0.04
LX (B) 1.86 1.98 2.16 1.22 1.79 1.23

Activity

?

Figure 3. Long-term chromospheric activity up to 2001
(top) and ROSAT measurements (middle, from Hempel-
mann et al. (2003)) as well as preliminary results from
the XMM-Newton program (bottom), here PN measure-
ments (Robrade et al., in preparation) for 61 Cyg A (left
column) and 61 Cyg B (right).

4. 61 CYGNI
– THE PERSISTENT CORONAL CYCLE

In Fig. 3 we show that 61 Cyg A exhibits a very regular
chromospheric activity cycle with a period of 7.3 years
and a nearly symmetric rise and decay phase. Our X-ray
measurements are well correlated and in phase with the
previously observed cyclic activity as well as the ROSAT
observations in the 1990s. In contrast, the chromospheric
cycle of 61 Cyg B (11.7 yr) is more irregular, not symmet-
ric and its activity index has a higher mean value. This is
also reflected in its coronal behaviour. Although darker
in X-rays, the corona is more active in the sense that flar-
ing occurs more often and with larger amplitudes than
on 61 Cyg A. Our X-ray light curve is rather constant
and correlated variations are not detected over the three
years. However, also in the ROSAT light curve as well as
in chromospheric data, phases of rather constant activity
are observed.
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ABSTRACT 

We  present  X-ray  observations  of  Canis  Major  R1
molecular  cloud  performed  with XMM-Newton  EPIC
camera,  and  supplemented  with  Chandra  ACIS-S
archival  data.  We have detected 135 X-ray sources in
this  region,  confirming  the  presence  of  several
individual  faint  sources,  not  resolved  by our  previous
ROSAT PSPC observations. More than 60 sources are
associated  with   stellar  clusters  embedded  in  the
reflection nebulae BRC27 and VDB92. We present here
the  X-ray  sources  detected  by  XMM-Newton  and
Chandra, mainly T Tauri  and Herbig Ae/Be stars. 

1. INTRODUCTION

Canis Major (CMa) R1 is a moderately distant (d ~ 1
kpc) star forming region associated to S296, a long arc-
shaped emission nebulosity. This nebula coincides with
the boundary of  an expanding neutral  hydrogen shell,
which have led Herbst & Assousa (1977) to suggest that
a  supernova  explosion  may  have  induced  the  star
formation in the area.

In particular, two stellar clusters in BRC 27, a bright-
rimmed cloud (Sugitani et al. 1991), and the reflection
nebula VDB92 (van den Bergh 1966) are found at the
outer edge of S296. Soares & Bica (2002, 2003) have
studied  near-IR  data  of  the  stars  embedded  in  these
clusters.  Based  on  colour-magnitude  diagrams,  they
estimated ages of 1.5 Myr for BRC27, and 5-7 Myr for
VDB92. 

Therefore,  CMa  R1  is  a  very  interesting,  yet  poorly
studied star forming region where only the more massive
members  are  known.  X-ray  observations  not  only
improve the population census down to solar-like stars;
they can also help to ellucidate whether or not the star
formation was triggered by a supernova explosion.

Table 1: X-ray Observations of CMa R1 Region.
Detector Net Exposure

(kiloseconds)

Field Area

(arcmin2)

Sources
Detected

ROSAT PSPC 20 3600 61

XMM EPIC/MOS 3 780 61

Chandra ACIS-S 31 150 83

2. CMA R1 IN X-RAYS

Back in  the 1990's,  our  group observed  the  CMa R1
region in X-rays with ROSAT PSPC (Gregorio-Hetem
et  al.  2003).  An extended  feature  was detected,  very
precisely located on top of the optical diffuse feature,
argued  to  be,  as  discussed  before,  an  old  supernova
remnant.  Since  the  PSF  of  the  PSPC  image  is  very
degraded  towards  the  edge  of  the  ROSAT  field,  the
nature of the extended emission was unclear from these
data: it could be due to unresolved stellar clusters or a
truly diffuse emission. 

Zinnecker & Preibisch (1994) observed Z CMa in CMa
R1, during their survey of Herbig Ae/Be stars. A cluster
of  X-ray  sources  is  visible  in  this  archival  data.
However,  due  to  the  limited  sensitivity  and  angular
resolution of ROSAT, a diffuse component emission at a
low level cannot be rejected.

Fig. 1: DSS-2 Red Image of  the CMa R1 Region. The
large  round  area  is  the  XMM-Newton EPIC  field  of
view, and the two squares at the right are the locations
of Chandra's ACIS-S CCDs #6 and #7. Open squares,
triangles and circles indicate X-ray sources detected by
XMM, Chandra and ROSAT, respectively.



In  order  to  quantify  the  contribution  of  a  possible
extended  X-ray  emission  and  to  improve  the  young
stellar population census, our team performed a XMM-
Newton  EPIC  observation  centered  on  the  cluster
mentioned above. The observation was heavily affected
by flaring background  during ~ 90% of  the allocated
time, preventing us to use PN data. Neverthless, a total
of 61 X-ray sources were detected in this observation.
XMM data was reduced using SAS 6.5 routines. 

Additionally,  we  retrieved  Chandra  ACIS-S  archival
data  (Obs.  ID #3751)  around the  star  Z  CMa.  These
additional data accounted for 83 X-ray sources, where
60 sources were not detected by the XMM observation.
Chandra data was reduced with CIAO 3.2 routines. Fig.
1 shows an optical image of  CMa R1, the area covered
by the X-ray observations, and the sources detected.

3. RESULTS AND DISCUSSION

Of  a total of 61 X-ray sources detected by XMM and
83  by  Chandra,  95%  and  72%,  respectively  have
2MASS near-IR counterparts. We have built color-color
and color-magnitude diagrams of the X-ray counterparts
in  order  to  identify  candidates  with  infrared  excess.
Nearly  half  of  the  sources  show  intrinsic  infrared
excesses.  Comparison  with  theoretical  pre-main
sequence evolutionary models (Fig. 2) indicates that the
sources are younger than 10 Myrs and the masses range
from 0.4 to 10 M¤.

Analysis  of  X-ray  spectra  were  only possible  for  the
brightest Chandra sources. We have performed spectral
fitting using XSPEC 11.3.  An impulsive flare (Fig. 3)
was observed for one object.

Fig. 2: Color-magnitude diagram for the X-ray sources
with 2MASS counterparts. Symbols are the same of Fig.
1.  ZAMS (solid  line)  and isochrones for  1,  5  and 10
Myrs (dotted lines) from Siess et al. (2000).  

Regarding the extended emission issue, no signal of it
was  detected  on  the  Chandra  image.  We  therefore
conclude  that  the  extended  feature  detected  on  our
previous  ROSAT image was due  to  unresolved  point
sources. However, this does not rule out the supernova-
induced star formation scenario, since the detection of a
faint  diffuse  emission  would  require  a  longer  (~100
ksec) exposure.

Fig. 3: X-ray background subtracted light curve for the
source  associated  with  the  star  2MASS  07035575-
1129315.

4. SUMMARY AND CONCLUSIONS
 
Using XMM-Newton observations and Chandra archival
data, we have identified a total of 135 X-ray sources in
the CMa R1 star  forming region.  87% of the sources
have  2MASS  counterparts.  The  color-magnitude
diagram indicates  that  nearly  half  of  the  young stars
candidates have infrared excesses.
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ABSTRACT

The eclipsing active binary SV Cam (G0V/K6V) was
observed during two campaigns in 2001 and 2003. No
eclipses of the quiescent emission are clearly identified,
but a flare was eclipsed during the 2001 campaign. We
have applied a new technique, using purely geometrical
considerations at the phases of the four contacts, to con-
strain the position and size of the flare: the flare is com-
pact (<0.4 R�) and it is formed at a latitude below 65◦.
The size, temperature and Emission Measure of the flare
imply an electron density consistent with the measure-
ments that are obtained from density-sensitive line ratios
in other similar active stars. Quiescent emission, how-
ever, seems to come from either extended or polar re-
gions. We have succesfully applied the same technique to
calculate the flare size and location in eclipses observed
(and reported in the literature) in Algol and VW Cep, bet-
ter constraining the possible solutions.

Key words: stars: coronae; binaries: eclipsing; stars:
late-type; X-rays: stars.

1. POSITION AND SIZE OF ECLIPSED FLARES

We have applied a new method to calculate the positions
and sizes that are consistent with the observed eclispe in
the flare of SV Cam (Fig. 1). This assumes a spheric
shape for the emitting region, and calculates the contact
phases for a grid of all possible values of the geometrical
variables involved: θ (latitude), λ (longitude), h (height
from the center of the star), R3 (radius size of the emit-
ting region). Only those cases in which the values agree
with the observed four contacts are considered valid re-
sults. No results are prefered to others since we apply
only geometrical considerations. The results for the dif-
ferent geometrical configurations are displayed in Fig. 2
and Table 1. Further details can be found in Sanz-Forcada
et al. (2005).

We have identified three other cases of eclipsed flares re-
ported in the literature: VW Cep (Nov 1993) with ASCA
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Figure 1. SV Cam light curve (EPIC/MOS) in March
2001. An eclipse in the flare, around φ ∼ 1.1, is dis-
played in the lower panel. Dotted lines indicate the
phases used for the four contacts. The relative postions of
the stars during the contacts are also indicated (at φ=0
primary star is behind).

(Choi & Dotani, 1998), Algol (Aug 1997) with Beppo
SAX (Schmitt & Favata, 1999), and Algol again (Feb
2002) with XMM-Newton (Schmitt et al., 2003). We
have applied the same technique to calculate the parame-
ters in the cases of VW Cep and the XMM observation of
Algol (the Beppo SAX observation has different require-
ments and it is not included here). A paper with all the
details of this calculation is in progress (Sanz-Forcada et
al., in preparation).
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Table 1. Range of possible solutions (northern hemisphere only) of the SV Cam eclipse

Flaring star Ecl. star θ(◦) λ(◦) h (R�) R3 (R�) log ne (cm−3) B (G)
Pri Sec 0–14 4.7–55.7 1.91–3.28 0.012–0.41 10.6–12.9 66–930
Sec Sec 0–65 145.1–149.1 0.83–2.99 0.006–0.41 10.6–13.4 66–1600
Pri Pri 9.7–62 145.1–149.1 1.31–3.30 0.013–0.37 10.7–12.8 72–880
Pri S+P 12–18 145.0–147.6 2.77–3.36 0.20–0.36 10.7–11.1 74–110

Table 2. All possible solutions found in SV Cam (G0V/K6V, R1,2=1.18/0.76), VW Cep (G5V/K0V, R1,2=0.93/0.50), and
Algol (B8V/K2III, R1,2=3.09/3.29) XMM flare. Note that in Algol it is assumed that the flare comes from the secondary
star.

Star θ(◦) λ(◦) h (R�) R3 (R�) log ne (cm−3) B (G)
SV Cam −65 — +65 ∼5–56 or ∼146 0.83–3.36 0.006–0.41 10.6–13.4 66–1600
VW Cep −66 — +48 ∼21–30 or ∼94–170 0.53–1.87 0.009–0.28 10.7–13.1 90–1200

Algol −50 — +16 ∼197–323 3.75–10.7 0.078–0.76 10.4–11.9 76–420

-3 -2 -1 0 1 2 3
X (Rs)

-3

-2

-1

0

1

2

3

Y
 (

R
s)

1.024SV Cam

-4 -2 0 2 4
X (Rs)

4

2

0

-2

-4

Z
 (

R
s)

1.024SV Cam

Figure 2. Relative positions of the two stars (dashed
lines) during first contact (φ=1.0240), as seen from the
front (left panel) and top (right panel). The solid line
marks the orbit of the stars around the center of mass.
All the possible results are represented with black points
indicating the center of the emitting region (only the so-
lutions in the northern hemisphere are represented).

2. CONCLUSIONS

The set of possible solutions found in all three cases yield
the next general conclusions:

• The latitude is always below 66◦, therefore no polar
configuration is possible.

• The sizes are always below 0.28 R� for VW Cep,
0.41 R� for SV Cam, and 0.76 R� (0.23 R∗) for Al-
gol. In most cases a larger size implies a more equa-
torial latitude.

• The Emission Measure and sizes of the emitting re-
gions of the flares yield a density consistent with
calculations from density-sensitive line ratios, and
it implies magnetic fields of up to 1600 G.
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ABSTRACT

We present the X-ray data and the analysis status of
the DROXO (Deep Rho Oph XMM-Newton Observa-
tion) project, aimed to mainly characterize the spectro-
variability properties of YSOs in the nearby and very
young ρ Oph star forming region. We focus on a few se-
lected initial scientific results for few interesting YSOs,
such as Elias 29 and YLW16A. In Elias 29 we see the 6.4
keV fluorescent Fe line as already reported in literature,
whereas in YLW16A we do not detect the fluorescent line
at odd with previous findings. Hence we conclude that
the line intensity does change with time (and/or physical
conditions).

Key words: Stars: formation; X-rays: stars; Stars: indi-
vidual: ρ Ophiuchi.

1. THE DROXO PROJECT

The DROXO project has collected top quality EPIC spec-
tra and light curves of the ρ Ophiuchi YSOs with the
aim to address key issues related to their X-ray emission:
Can we distinguish between “pure” solar-like coronal and
star-disk interaction activity ? What is the interplay be-
tween accretion and X-ray emission in YSOs ? How
is the accretion channelled and regulated? There is any
feedback at work ? What is the effects of X-rays on small
(planetary) and large (molecular cloud) scale evolution ?
What is the effect of X-rays on the chemistry of proto-
planetary disks ?
DROXO consists of six observations over a timespan of
about 10 days starting on March 8, 2005. The total ob-
serving time was about 500 ksec (i.e. ∼8 days), about 1/5
is affected by very high background and only 1/2 of the
observing time has a really low background level.
Summing all Mos-1, Mos-2 and pn data during the
low background segments and using the Pwxdetect (the

Figure 1. DROXO EPIC X-ray image of ρ Ophiuchi re-
gion.

XMM-Newton version of Wdetect, see Damiani et al.
1997a,b), we have found 130 sources down to fX ∼

3 · 10−15 erg s−1 cm−2; 30 out of 130 are new X-ray
sources; 32 of the X-ray sources have X-ray spectra with
more than 2000 counts.

1.1. Light Curves

Examples of X-ray light curves of ρ Oph members are
shown in Fig. 2. Times are counted in ks from the start of
the first pn observation, thick line is the background sub-
tracted light curve. We observe variability due to flares
(as in the bottom panel, WL2/GY218, class II) which
may last up to 35-40 ks. In other cases we see a smooth
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Figure 2. Examples of time variability in X-ray light
curves of ρ Ophiuchi YSOs. Thick line marks the back-
ground subtracted count rates.

modulation, as in DoAr25/GY17 and WL20/GY240, two
class II YSOs. We observe also more complex behaviour
such as a “modulated” flare (top panel, IRS55/GY380, a
class III YSOs).

1.2. X-ray Spectra

DROXO allows us to get significant insight into the spec-
tral properties of X-ray emission from very young and
deeply embedded stars.
Elias 29, a class I YSO. Other than the Fe XXV complex
at 6.7 keV, we clearly distinguish the 6.4 keV fluorescent
Fe line as already found by Favata et al. (2005) and Iman-
ishi et al. (2001) (Fig. 3). While the 6.7 keV Fe XXV line

Figure 3. Fe 6.7 keV region in the X-ray spectrum of
Elias29.

Figure 4. Fe 6.7keV spectral region of YLW16A. While it
is not evident any neutral Fe fluorescence line at 6.4 keV,
we observe a line feature at ∼7 keV hinting the presence
of very hot plasma.

is due to emission from a very hot plasma, the 6.4 keV
line is likely due to emission from a circumstellar disk,
X-ray illuminated by the star at the center (cf. Tsujimoto
et al. 2005 and Favata et al. 2005).
YLW16A, a class I YSO. Contrary to previous finding
(Imanishi et al. 2001) we do not detect the 6.4 keV flu-
orescent Fe line (Fig. 4). While the Imanishi report was
associated to an intense X-ray flare, we do not detect this
feature in the spectra in the entire exposure as well as in
the first orbit alone, when the star is quiescent. In any
case, we conclude that the 6.4 keV fluorescent Fe line
does change with time. In the spectrum of YLW16A, as
well as in other spectra, we observe also a feature at 6.9
keV, which hints the presence of plasma hotter than 50
MK.
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SUPERSTAR CLUSTERS AND THEIR X-RAY EMISSIION
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ABSTRACT

The diffuse X-ray emissionfrom the hot thermalized
plasmaresultedfrom the collisionsof individual stellar
windsandsupernovaeejectainsidemassive,compactstar
clustersis discussed.A simpleanalyticalformulathatre-
latesthe diffusecomponentof the X-ray emissionwith
theglobalstarclusterparametersandtemperatureof the
X-ray plasmais proposed.ThepredictedX-ray luminos-
ity is thencomparedwith that expectedfrom the inter-
stellarbubblesgeneratedfrom themechanicalinteraction
of the high velocity outflows with the ISM andwith the
X-ray emissionfrom theHMXB population.

Key words:LATEX; Superstarclusters;X-rays.

1. SUPER STAR CLUSTER WINDS AND THEIR
X-RAY EMISSION

In many starburst,interactingandmerginggalaxiesasub-
stantialfraction of the star formation is concentratedin
a numberof compact,young and massive stellar clus-
tersor superstarclusters(SSCs). Their typical masses
are

�����������
	
M � andradii � �����

pc. The extremely
high stellardensities,the largeenergy andmassdeposi-
tion rates,providedby stellarwinds andsupernovaeex-
plosions,suggestthatSSCsarepotentiallystrongX-ray
emitters.IndeedtheX-ray emissionfrom thelocalanalo-
gies to the low massSSCs: Archescluster, Quintuplet
cluster, R136andseveralothers,hasbeendetected.How-
ever theorigin of thisemission,its dependenceon global
starclusterparametersandthe X-ray appearanceof the
SSCsin distancegalaxiesremainunderdebate.

Randomcollisionsbetweennearbystellarwindsandsu-
pernova ejectain compactstarclustersleadto the ther-
malizationof the ejectedmaterialand thusproducethe
high temperatureplasmawhosecentralpressureexceeds
thatof theinterstellargasaroundtheclusterandthusac-
celeratesthe ejectedmaterialandeventuallyresultsin a
high velocityoutflow thatcontinuouslyremovestheove-
abundant(particularlywith  � elements)ejectedmaterial

Figure 1. Thenormalizationfunction ����������� plottedas
function of the X-ray plasmatemperature measured in
keV units. Different lines are marked with the assumed
gasmetallicity.

from thestarclustervolume.Theinterectionof suchout-
flowswith theoutsidegasgeneratesstrongshockswhich
heatthe ISM andshapeit into interstellarbubblesfilled
with ahightemperaturemixtureof theejectedandswept-
up material.Both, theSSCandthesuperbubble,plasmas
shouldbe detectedin the X-ray regime. Onecancalcu-
late theexpectedX-ray luminosity if thedensityandthe
temperaturedistributions are known from the hydrody-
namicalmodel.

In Silich etal.,2005wehavefoundthatthediffuseX-ray
emissionassociatedwith the hot, high velocity outflow
may be well approximatedby a simpleanalyticexpres-
sion:

����� ���  "!$# ���
% � �����&�'���
�)(%+*,.- � %/103254�6�798
:

-
� (1)

where
� %;* is themechanicalluminosityof theSSCmea-

suredin unitsof
��� %;*

erg s:
-
,
, -

is thestarclusterradius
measuredin unitsof 1 pc and � /1032 is thetemperatureof
the plasmameasuredin keV units. The normalization
function, ���<�&����� , dependson the plasmatemperature
andits metallicity andis presentedin Figure1.
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2. RESULTS AND DISCUSSION

We comparedour formula(1) with thatproposedby Chu
et al. (1993) for interstellarbubblesand found that the
total, � � � � �5� � ="� keV, luminosity is regularly dominated
by the bubbleplasma. However the temperatureof the
hot plasmaejectedfrom the starcluster(

���
>
K -

��� *
K),

is muchhigher, thanthatof thesuperbubbleplasma(few
times

���"	
K). Thereforethehardcomponent,�? @� ��� =A� � �

keV, of theX-ray emissionis regularlydominatedby the
plasmaaccommodatedinsidethe starclusterand in the
freewind region.

Severalmorecomplicationsshouldbetakeninto consid-
erationwhencomparingthe resultsfrom equation(1) to
the observed X-ray emission. In particular, the fraction
of the kinetic energy suppliedby SNeandstellarwinds
that is convertedinto the thermalenergy andeventually
drives the outflow (the thermalizationfactor or heating
efficiency B ) is abadlyknown parameterwhosevaluede-
pendson theproximity of thesourcesdepositingenergy,
metallicity of theejectedmaterialandtherelative veloc-
ity at localencounters.Theimpactof B onthestarcluster
diffuseX-ray emissionmay be taken into consideration
by replacingthe energy depositionrate in equation(1)
with its effective value,

� 0DCEC � B � %+* . Becausethetem-
peratureof the plasma,�GF � 0DCECIHKJL , and the rate of
the massejection, JL , doesnot dependon B , the X-ray
luminosityscalesas

��M FNB :
-
.

The X-ray emissionassociatedwith the SSCsshouldbe
also contaminatedby the X-ray binary population(Van
Bever& Vanbeveren,2000).TheHMXB componentbe-
ginsto contributewhenthestarclusterreachesOQP Myr.
It isessentialthatthecontributionfrom theX-ray binaries
scaleslinearly with thestarclustermasswhereasthe lu-
minosityfrom thestarclusterplasmais a quadraticfunc-
tion of the massof the cluster. This implies that for the
mostmassive clustersthe diffusecomponentassociated
with theejectedmaterialmaybecomparableor dominate
over theHMXB population(seeFigure2).

The justificationof the proposedtheoryrequiresa com-
prehensivestudyof theSSCswhichhavebeendetectedin
theX-raysandhave opticalor IR counterparts.Thenthe
starclusterparameters(radii andmasses)canbederived
from the optical or IR observationsandthe temperature
of the X-ray plasmafrom the X-ray spectra. The only
problemthatremainsis how to separatethecontributions
from the diffuseemissionassociatedwith the starclus-
ter plasmaandthat from thebinarypopulationin distant
galaxies.

The theory predictsthat the X-ray emissionassociated
with theHMXBs doesnotdependonthestarclusterradii
andscaleslinearly with thestarclustermasswhereasthe
diffusecomponentassociatedwith thethermalizedsuper-
novaeejectaandstellarwinds shouldbe in inversepro-
portion to the star cluster radii and scalequadratically
with thestarclustermass.Thusthedominantof thetwo
componentsmayberevealedif thedependenceof thede-

Figure 2. Comparisonof thediffuseX-ray emissionnor-
malizedper unit stellar masswith that from the HMXB
populationfor different star clustermassesand heating
efficiencies.Thetemperatureof theplasma,� �  @� � keV,
for thecaseswith B � �

.

tectedX-ray luminosityon thestarclusterparametersis
known.

3. CONCLUSIONS

We proposeda simpleanalyticexpressionthat indicates
how thediffuseX-ray emissionassociatedwith thether-
malizedstarclusterplasmadependson the global clus-
ter parameters.We have alsocomparedthepredictedX-
rayemissionwith thatexpectedfrom thehotbubblesand
from anHMXB population.

We have foundthatcompactandmassive starclustersin
distantgalaxiesshouldbedetectedaspoint-like hardX-
ray sourcesembeddedinto extendedregionsof soft dif-
fuseX-ray emissionassociatedwith the interstellarbub-
bles.In themostmassiveclustersthediffuseX-ray emis-
sionmaybecomparableor evenlargerthanthatexpected
from the HMXB population. The last two components
may be distinguishedby their dependenceon the star
clusterparameters

�
their radii andmasses.
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3Departamento de Matemática, Instituto Superior de Engebharia do Porto, 4150 Porto, Portugal
4Astrphysics Division - Research and Science Support Department of ESA, ESTEC, Postbus 299, NL-2200 AG

Noordwijk, The Netherlands

ABSTRACT

We report the results of two consecutive XMM-Newton
observations (74.4 and 45.1 ks) pointing at the star-
forming cloud L1495E in the Taurus region. The target
is V410 Tau system. We were able to detect 30 sources,
being 12 new X-ray detections without optical counter-
part. From the remaining X-ray sources, 12 show X-ray
lightcurve variations. We also report a preliminary anal-
ysis of the peculiar variation seen on V410 Tau.

Key words: ISM: individual objects: L1495E; stars: pre-
main sequence: V410 Tau; X-rays: stars.

1. OBSERVATION

The XMM-Newton observations here reported consist of
two consecutive exposures of 74.4 and 45.1 ks nominal;

Figure 1. EPIC-pn image of L1495E in the Taurus region.

the first started on March 11 2001 at 12:40:22 UT and
the second on March 12 2001 at 10:23:10 UT. The PI of
the observations is F.Walter and the main target was the
WTTS V410 Tau triple system. The data was retrieved
from the XMM-Newton public archive and processed us-
ing the standard SAS V6.0.0 pipeline system. Data from
the three EPIC cameras was extracted.

2. DETECTED SOURCES

From the detection process we were able to detect 30
X-ray sources and 12 corresponding to new X-ray de-
tections (Figure 2). From the analysis of the remaining
sources, 12 show X-ray lightcurve variations. From the

Figure 2. XMM-Newton detected sources in the star forming region
L1495E. SS94 ROSAT detection (Strom et al. 1994). ID - Name of
optical counterpart from SIMBAD and USNO B1 catalogs. The search
was within a radius of 10 arcsec from the X-ray source position.
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sources with no optical counterparts, we identify 2 as
members of the star forming region L1495E;

3. V410 TAU

V410 Tau is a well known K7 WTTS with a rotational
period of 1.871970 days (Stelzer et al. 2003, Fernndez et
al. 2004). In this observation, V410 Tau displays a pecu-
liar lightcurve (Fig 3). The X-ray emission rises linearly
by a factor of 1.8 in 30 ks (from 20 ks to 50 ks) and then
decrease back to the original level.

Figure 3. X-ray background subtracted lightcurve of V410 Tau during
the two consecutive observations of L1495E.

We performed a time-resolved spectral analysis, divid-
ing the first observation in 3 segments of 25 ks (part 1),
25 ks (part 2) and 18 ks (part 3) as indicated in Fig 3.
401 represents the full second observation. The spectral
analysis was done with XSPEC package and the best fit
corresponds to a 3-Temperature Mekal model.

Although the lightcurve of V410 Tau is variable, the spec-
tral parameters from the various segments are not quite
different. The 3 temperatures components show small
changes, increasing a little in part 2 and 3. The lightcurve
of part 3 is likely to be explained by a flare superimposed
into some kind of basal X-ray modulated emission; tem-
peratures from part 2 are hotter, but more material (EM)
is involved in the X-ray emission of part 3. From Fig 3
we can see that part 3 corresponds to the brightest phase
of V410 Tau in the V band photometry. Rotational mod-
ulation is one interpretation for the X-ray emission be-
haviour, but we should be careful because the X-ray data
do not cover a complete stellar period.

Figure 4. X-Ray best-fit spectral parameters with 3-T Mekal model.

Figure 5. Multi-wavelength phase plot for the 1.87 optical period of
V410 Tau. From top to bottom: x-ray count rate, V band photometry (
adapted from Stelzer et al. 2003).

4. CONCLUSIONS

The main results are:

• The detection of 12 new X-ray sources with no op-
tical counterpart.

• The identification of 2 X-ray sources with no optical
counterpart as members of L1495E.

• The peculiar V410 Taus lightcurve can not be ex-
plained just by a flare like event. The almost linear
increase in X-ray emission (Part 2) followed by a
decrease lasts for a large fraction of time of the op-
tical stellar period. Part 3 has a flare which is likely
superimposed into some kind of basal X-ray modu-
lated emission.

• Further studies of this X-ray survey of L1495E will
be carried out and the results will be published in
forthcoming paper. RGS data will also be analyzed
in order to try to unveil the mystery behind V410
Tau peculiar x-ray emission.
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ABSTRACT

We analyze a Chandra HETGS observation of the sin-
gle G-type giant HR 9024. The high flux allows us
to examine spectral line and continuum diagnostics at
high temporal resolution, to derive plasma parameters
(thermal distribution, abundances, temperature, ...). A
time-dependent 1D hydrodynamic loop model with semi-
length 1012cm (∼ R?), and impulsive footpoint heating
triggering the flare, satisfactorily reproduces the observed
evolution of temperature and emission measure, derived
from the analysis of the strong continuum emission. The
observed characteristics of the flare appear to be common
features in very large flares in active stars (also pre-main
sequence stars), possibly indicating some fundamental
physics for these very dynamic and extreme phenomena
in stellar coronae.

Key words: High resolution X-ray spectroscopy, hydro-
dynamic loop models.

1. HETGS OBSERVATIONS AND ANALYSIS

Figure 1. Chandra HEG (red) and MEG (blue) spectra
obtained in a ∼ 96 ks observation of the single giant
HR 9024.

Figure 1 and 2 show the Chandra High Energy (HEG)
and Medium Energy (MEG) Gratings spectra, and the
lightcurve for a ∼ 96 ks observation of the single giant
HR 9024. The lightcurves for a hard and a soft spectral

Figure 2. Lightcurve obtained as the sum of total counts
of HEG and MEG dispersed spectra. Lightcurves in hard
(red) and soft (blue) spectral bands are shown.

band, shown in Fig. 2, indicate an harder spectrum dur-
ing the two peaks of the emission (∼ 15 ks and ∼ 80 ks
from the start of the observation), typical of stellar flares.
Table 1 summarizes the characteristics of source and the
parameters of the Chandra observation.

Table 1. Stellar parameters and HETGS observation.

Spec. d R M log Lbol Prot log LX texp

type [pc] [R�] [M�] [erg/s] [days] [erg/s] [ks]

G1 III 135 13.6 2.9 35.4 23.25 31.8 95.7

Spectral Analysis: The high resolution spectra provide
several plasma diagnostics, from the analysis of both con-
tinuum and emission lines, and from the lightcurves in
different spectral bands or in single lines. The evolu-
tion of temperature and emission measure (EM) during
the flare allows to construct a model of the flaring struc-
ture(s) (Reale et al. 1997).
• T is derived from the fit to the continuum emission,

selecting spectral regions ”line-free” (on the basis
of predictions of atomic databases such as APED
[Smith et al. 2001], CHIANTI [Dere et al. 1997]);
the fit also provides an estimate for EM from the
normalization parameter.

• The emission measure distribution (DEM) is derived
through a Markov-Chain Monte-Carlo analysis us-
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ing the Metropolis algorithm (MCMC[M]; Kashyap
& Drake 1998) on a set of line flux ratios (O lines
are the coolest Ar the hottest, i.e. logT[K] 6.2-7.8).
Coronal abundances are evaluated on the basis of the
derived DEM; the abundance is a scaling factor in
the line flux equation to match the measured flux.

2. RESULTS

Abundances and DEM: Fig. 3 show the abundances
(left) and DEM (right) derived for the flare peak, and the
quiescent emission.

- abundances variations between flaring and ’quies-
cent’ phases

- very hot corona, also outside the flaring phase, as
found also from an XMM-Newton observation show-
ing no obvious flare (Gondoin 2003)

Figure 3. Abundances (left) and DEM (right) derived for
the flare and the quiescent phase.

Hydrodynamic Modeling: We aim at reproducing the
observed evolution of temperature, T, and emission mea-
sure, EM. The 1D hydrodynamic model, solves time-
dependent plasma equations with detailed energy bal-
ance; a time-dependent heating function defines the en-
ergy release triggering the flare. The coronal plasma is
confined in a closed loop structure: plasma motion and
energy transport occur only along magnetic field lines.
Parameters: (1) loop semi-length L = 1012 cm (a first
estimate of L is obtained from the observed decay time);
(2) footpoint heating; (3) initial atmosphere: hydrostatic,
T = 2 × 107 K; however, the initial conditions do not
affect the evolution of the plasma after a very short time.

Fig. 4 show the comparison of observed T and EM evolu-
tion, and X-ray lightcurve, with the corresponding quan-
tities synthesized from the hydrodynamic model.

The observed evolution is reproduced reasonably well by
a model characterized by:

- loop semi-length L = 1012 cm (∼ R?);

- impulsive (20 ks, shifted by 15 ks preceding the be-
ginning of observation) footpoint heating triggering
the flare; no sustained heating (i.e. pure cooling);

- volumetric heating ∼ 10 erg/cm3/s, heating rate ∼

8 × 1032 erg/s;

- from the normalization of the model lightcurve we
derive an estimate of loop aspect ratio α = r/L ∼

0.023, i.e. the loop cross-section has radius r ∼

2.3 × 1010 cm.
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Figure 4. Comparison of observed lightcurve (top left)
T (top right), EM (bottom left), and T-n (bottom right)
evolution, with the corresponding quantities synthesized
from the hydrodynamic model (solid lines).

3. CONCLUSIONS

The evolution of this very hot spectrum is reproduced by
an hydrodynamic loop model with L ∼ R?. This loop
model has roughly the same parameters of models satis-
fyingly reproducing other large flares: e.g. flares in pre-
main sequence stars (Favata et al. 2005). Large flares
observed in very active stars seem to have very similar
characteristics, possibly with important implications for
the physics of these phenomena. Large flares as the one
observed for HR 9024 are very unusual in single evolved
stars, while being more common in active binary system.

Future work: (1) finer spectroscopic analysis, and hy-
drodynamic modeling; detailed comparison of observed
spectra with synthetic spectra derived from hydrody-
namic model. The high resolution spectroscopy together
with the high signal for this observation provides a large
amount of constraints to the model. (2) explore possible
evidence of Non Equilibrium Ionization effects. (3) de-
termine robust constraints on abundance variations dur-
ing flare (4) analysis of Fe fluorescent emission: we
can obtain constraints on the geometry of the emitting
plasma, in particular on the height of the illuminating
source, i.e. the loop sizes, obtaining a cross-check to the
results of the hydrodynamic modeling. This observation
provides the first clear evidence of fluorescence in post-
PMS stars other than the Sun (i.e. fluorescence from pho-
tosphere; while in PMS stars there is evidence that the flu-
orescence emission is coming from the accretion disks).
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ABSTRACT 
 We review the X-ray aspects of our ongoing 

Chandra/Spitzer study of regions of star formation.  
Here we focus on three clusters. RCW 38 -  one of the 
most massive clusters within 2 kpc, RCW 108 - a more 
modest O star cluster at a little more than 1 kpc away 
and NGC1579 a relatively nearby cluster of low mass 
stars surrounding the Be star LkHα101. A common 
thread among the fields is that they are embedded with 
a minimum of 3 optical magnitudes of extinction.   

1. RCW 38 
 
Originally discovered as a radio source, early near 

and mid-IR studies discovered 2 embedded sources 
(IRS1/2) - one is a possible protostar, while the other is 
the exciting source of the HII region (Frogel & Perrson 
(1974).  JHK imaging resolves the exciting source into 
at least 5 sources. Images of the core region from 8-13 
µm, resolves the main exciting source as an O5-O5.5 
star Teff~ 44,000K (Smith et al. 1999). The protostar 
candidate is embedded within a very complex ridge 
with four additional 10 µm protostar candidates within 
10".  

In a 100ks observation, we detect over 450 sources 
within the primary Chandra field of view.  About 200 
of these are in the central 2' (1 pc).  We use the X-ray 
colors observed in the central region to discriminate 
cluster members from foreground and background 
objects.  Using this method we ascertain that about 360 
of the X-ray sources are cluster members.  Due to the 
~2 kpc distance of this cluster and our sensitivity, only 
the top 15% of the mass function is sampled (Feigelson 
et 2005).  This implies a total cluster membership of 
over 2000 sources. 

We have IR detections of about 300 of the cluster 
members and find the fraction of X-ray sources with 
K-band emission indicative of disks is about 20%.  As 
a control, we also imaged the region with the VLT and 
find over 50% of the cluster members not detected in 
X-rays do indeed show evidence for disks.  This is 
more in line with the disk fraction expected for such a 
young cluster. Thus we identify that X-ray selection is 
strongly biased against disks at our level of 
completeness.  

We use the near-IR data to calculate dust extinction 
to each star.  We use the absorption column determined 
using X-ray spectral fits to break the degeneracy 
intrinsic to using JHK to measure NH.  We then fit the 
observed dust extinction to the observed Hydrogen 
column and find NH=2.0xAvx1021. There are a few 
outliers in the fit with much larger NH than expected 
based on the observed Av.  This could be the result of 
particular lines of sight to a disk along which the dust 
has grey opacity due to, for example, large particles.  

 

 
Fig 1. The Hydrogen column as derived by X-ray spectral fits plotted 
versus dust extinction.  The line is the best fit passing through the 
origin: NH=2.0xAvx1021. 

 2.  RCW 108 
 

This cluster contains a deeply embedded young 
cluster lying in a dark cloud to the west of the young 
open cluster NGC 6193 (excited by two early O stars).   
The cluster is obscured by Av ~20 and at a distance of 
1.3 kpc (Straw 1987) and so is more embedded and 
closer than RCW 38. The exciting source of the IRAS 
cluster is ~O6-8.  At 8-20 µm, the Midcourse Space 
Experiment Galactic Plane Survey data shows a ridge 
of warm dust passing through the eastern edge of the 
emission peak and traversing 15 minutes in a north-
south ridge parallel but west of the optical ridge.  Our 
SEST mm continuum observations show this dust ridge 
as well. The far infrared luminosity suggests that there 
is more than one significant heating source, i.e., OB 



stars and/or intermediate mass protostars.  The colors 
and luminosities of the infrared sources imply an 
associated cluster of low mass T Tauri stars.  The 
extended infrared nebulosity to the east of the main 
cluster is due to emission and not reflection, suggesting 
a break-out of radiation in this direction.  
    We detected 250 X-ray sources in our 100 ks 
observation. The morphology is striking. The region is 
dominated by unabsorbed sources to the east. Theses 
are associated with the older cluster NGC 6193.  The 
sources associated with RCW 108 proper seem to sit in 
the middle of a void.  This is indicative of a dense 
cloud of neutral gas.  Several specific sites of star 
formation are found within that cloud complex.  These 
align with some, but not all, the 8 µm peaks in the 
MSX data. There are several sites within the warm dust 
cloud containing 1-10 stars. The overall trigger appears 
to be compressive.  

 
Fig 2: Chandra image of RCW 108. The image is about 15' on a side 
and smoothed to about 4" resolution. The contour overlay is 8µm 
emission as measured by MSX.  Note the large gap between the 
sources to the east (left) and the central cluster. The bright source in 
the middle is the HII region associated with the cluster. 
 
3.  NGC 1579 

 
LkHα 101 is a luminous, ~5x103L

☼
, Herbig Be star 

with a strong wind, an associated HII region 
(Sharpless-222) and a reflection nebula (NGC 1579).  
The visual extinction in the extended area is about 1 
magnitude.  IRAS data show 100µm emission 
extending 30' around the star. Recent observations 
(Tuthill et al. 2001) have discovered that this star 
possesses a disk which is nearly face on, and show 
evidence of a secondary star.   

The cluster was first identified by Becker & White 
(1988) as they detected 9 point sources at 6 cm using 
the VLA.  Aspin & Barsony (1994) found 51 sources 
(K<16.8) within 40" of LkHα 101.  Extinction of these 
sources is moderate (3-20 Av) and one-third of the stars 
show infrared excesses consistent with disks.  These 51 
sources do not represent the entire cluster as Aspin & 

Barsony found sources 2 magnitudes fainter than the 
2MASS limit. At an estimated 340 pc, the limiting K 
magnitude of 2MASS corresponds to about 0.3 M . 

☼

In two 40 ks integrations, we detect about 190 X-
ray sources in the ACIS I field of view.  Based on 
sensitivity estimates, we expect this to include about 
75% of the cluster members including almost all the 
stars down to 0.5 M

☼
. About 35 of the X-ray sources 

are bright enough for spectral fits.  We find the mean 
plasma temperature of these sources is about 2.1 KeV, 
which is about the value expected for young stars < 1 
Myr old.  The mean column, NH, is about 4.6x1021 cm-2 
or AV ~ 2.25. 120 of the 192 X-rays sources are 
detected by Spitzer/IRAC, 37 of these have excesses 
indicative of a disk. The disk nature of the remainder 
has yet to be determined.

The Be Star itself, LkHα 101, is well fit by an 
absorbed (NH~2.4x1022) very cool (kT~830eV) plasma. 
The luminosity (log Lx/Lbol~-6) and temperature are 
consistent with the weak wind expected from a mid B 
star. Absorption along the line of sight is about 5 times 
the cluster mean which is perhaps indicative of neutral 
gas above the disk plane or dusty environs surrounding 
the star which is thought to possess a face on disk. 

 
Fig3. The central 12' of the SPITZER image (IRAC band 1= 3.5µm) 
of  NGC 1579.  X-ray contours from 40 ks of Chandra data are 
overlaid.  
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ABSTRACT 
 
As part of Chandra’s ongoing series, a workshop was 
held on 13-15 July 2005, entitled: Star Formation in 
the Era of Three Great Observatories 
(http://cxc.harvard.edu/stars05). The goal of the 
workshop, which was co—sponsored by the Spitzer 
Science Center, was to develop a “white paper”  which 
could serve as a roadmap for the star formation from 
space.  We sought to review topics in star-formation 
which are inherently multiwavelength, and define both 
the current state of our knowledge and the points of 
current controversy where new observations are most 
needed.   
 

1. INTRODUCTION 

We focus on topics for which the Great Observatories 
(HST, Chandra and Spitzer) have the most to 
contribute during this unique period of simultaneous 
operation.  We also consider observations from other 
facilities including radio and ground based optical in 
addition to theoretical work.  We examine star 
formation in both galactic and local-group star forming 
regions. One of the goals we define for star formation 
is to understand how stars and their associated 
accretion disks are assembled from molecular 
material. We identified the following key areas of 
physics which highlight the complimentary aspects of 
the great observatories:  1) Stellar populations. 2) The 
formation and evolution of disk systems. 3) Rotation 
and dynamos. 

 
2. CAPABILITIES 
 
The three great observatories study three distinct 
components of the star formation process (gas, dust 
and magnetic fields), each with their own evolution but 
intertwined with the other two. This complimentary 
nature is extended to ISM studies. The great 
observatories see structure (HST), thermal states and 
embedded stars (Spitzer) and hot gas and hot energy 
sources (Chandra) within the ISM..  
● Hubble - Traces the evolution of the ionized gas.  In 

its first 15 years HST has changed how we view 
almost all aspects of the latter phase of star 
formation.  Three highlights are: 1) The discovery 

of “Proplyds”, 2) Evaporation of molecular clouds 
by O Stars 3) Herbig-Haro object imaging. 

 
● Chandra - Traces the evolution of the magnetic 

field.  Highlights of the first 6 years of Chandra 
included: 1) Demonstrating that X-rays dominate 
cosmic rays as a source of ionization, 2) The 
detection of X-ray fluorescence of protostellar 
disks, 3) The detection of complex flares in 
protostars.  

 
● Spitzer - Traces the evolution of the dust. Recent 

work from D'Alesso (2004) and Calvet (2004) have 
demonstrated IRACs ability to discern stars with 
disks and stars with infalling envelopes (protostars) 
from both each other and diskless stars (out to some 
limit) with ease. 

 
3.  OPEN QUESTIONS  
 
Here we summarize the open issues raised. 
Questions about populations. 
●  How does one obtain a “complete” census of a 

cluster? 
● What is the general sequence of events by which a 

star goes from having a full optically thick disk to 
being “naked”? 

● How does high-mass star formation and the large 
amount of plasma generated effect the ISM? 

●  Is the X-ray emission of ~1 Myr stars dominated 
by the same processes that cause X-ray emission in 
MS stars, or by other processes? 

● Are brown dwarfs formed independently, via 
ejection or both? 

Questions about Disks 
● What is the feedback between ionization and disk 

accretion?  
● In transitional disks, what produces the inner disk 

clearing? 
• Does the inner disk fill again? Are there repeated 

episodes of disk clearing?  
• How does dust settling and growth lead to planet 

formation? 
•  Does rotation at early ages allow one to say 

anything re: planet formation and the fraction of 
stars with giant planets (or terrestrial planets? or 
debris disks?) 

http://cxc.harvard.edu/stars05


• Questions about Rotation. 
● Is the lack of an obvious rotation-activity 

correlation at age ~ 1 Myr due to saturation? 
●  Is there a decrease in X-ray activity at very high 

rotation rates at age ~ 1 Myr? If so, is this due to 
super-saturation? [If so, what is the physical cause 
of super-saturation?] 

● Is there a very slowly rotating population at age ~ 1 
Myr (in Orion) that is very X-ray inactive? 

● Is there a change in the rotational velocity 
distribution at age~1 Myr below some mass?  

● To what extent does the rotational velocity 
distribution seen in the Pleiades and α Persei for 
low mass stars reflect what is already established at 
~1 Myr, and to what extent does it reflect rotational 
evolution on PMS tracks and on the MS? 

 
4. ANSWERING THE KEY QUESTIONS: 
   
It is in the synthesis of various individual observations 
that the physics questions can be addressed: 
 
4.1  CURRENT SPACE OBSERVATORIES  
 
SPITZER 
● IRAC and MIPS photometry needed to classify 

low-mass YSOs. 
● Provide catalogs of embedded protostellar objects 

just emerging from the envelope infall phase to 
fully revealed star/disk systems. 

Chandra 
● Deeper Chandra observations are needed to 

identify cluster populations.  Future X-ray 
observatories will not resolve distant, young 
galactic cluster stars. At 2 kpc and AV ~ 4, a 600 ks 
ACIS-I exposure is needed to achieve a 2-8 keV log 
Lx ~ 28.8 for a cluster of about 1Myr, thereby 
detecting half of all stellar cluster members. 

● Map the Spitzer C2D, FEPS and Glimpse legacy 
fields in X-rays. 

● There is additional interest in the role of 
instabilities and/or turbulence in stabilizing 
planetary orbits. 

HST 
● Carry out pathfinder imaging and spectroscopic 

observations of proto-stellar envelope morphology 
and kinematics. 

Theory 
● Improving our understanding of the formation and 

evolution of  the magnetic field and the temperature 
and pressure balance of the ISM.  

● Developing numerical simulation and visualization 
codes of sophistication sufficient to span the ranges 
of temperatures, densities and chemical conditions 
that obtain during the epoch when protostars 
emerge from molecular cloud complexes. 

 

4.2 FUTURE SPACE OBSERVATORIES 
 
The time and motion domains are still poorly explored. 
Space/time (astrometry, 3D), and Doppler surveys are 
needed to understand the long term evolution of 
clusters. Spatial and spectral capabilties in the mid-IR 
lag behind the optical and near-IR.  The Far-IR and 
sub-mm regimes are still barely explored. These areas 
are critical to understanding the earliest phases of stars 
formation and the evolution of thick disks.  Below we 
list important experiments for upcoming space 
observatories. 
 
SOFIA – 1) Detect and measure tracers of shocked and 
radiatively heated gas produced in infalling envelopes, 
at envelope/ accretion disk interfaces and by accretion-
disk-driven winds and jets. 
 
Herschel (~2008) – 1) Survey cold cores within 500 pc 
of the Sun. 2) Correlate X-ray emission from the 
interstellar medium with mid-Far IR emission, 
 
GAIA (~2012) – 1) Distance to Hyades, Pleiades and 
the various parts of the Orion Complex. 2) Optical 
photometry to well below the brown dwarf limit for all 
clusters within 1 kpc. 3) Measure the cadence and 
magnitude of the optical variability of PMS stars as 
well as measuring the change as a function of time.  
This requires extensive monitoring of a range of 
clusters. 
 
JWST (~2012) – 1) Quantify envelope infall rates for a 
large sample of forming stars spanning a wide range in 
mass: requires high resolution spectroscopic capability 
not planned for baseline mission 2) Quantify the shape 
of the stellar initial mass function (IMF) to masses as 
small as 10 Jupiter masses in nearby star-forming 
regions 3) Quantify the IMF down to the hydrogen 
burning limit in local group galaxies in regions 
spanning a range of metal abundances. 
 
Constellation-X  – 1) Survey nearby TTS for accretion 
and infall signatures in their forbidden lines. 2) Survey 
nearby TTS using reverberation mapping to map the 
surface structure of their disks.  3) Survey all stars with 
10 pc for cometary emission as evidence by charge-
exchange. 
 
Funding Opportunities: – 1) The individual 
observatories are not designed to support synthesis of 
observations and generally require a wavelength 
focused approach. This emphasizes the importance of 
the NASA/ADP and possible “(N)VO”-like 
opportunities. 2) Support for “collaborations of scale” 
sufficient to develop the numerical codes and 
visualization tools necessary to model the physical and 
chemical evolution of molecular clouds. 
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