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Zusammenfassung

Sterne entstehen durch Gravitationsinstabilitdten in molekularen Wolken. Wegen der Erhaltung
des Drehimpulses geschieht der Kollaps nicht sphérisch, sondern das Material fallt zunachst auf
eine Akkretionsscheibe zusammen. In dieser Doktorarbeit wird hochenergetische Strahlung von
Sternen untersucht, die noch aktiv Material von ihrer Scheibe akkretieren, aber nicht mehr von
einer Staub- und Gashiille verdeckt sind. In dieser Phase nennt man Sterne der Spektraltypen
A und B Herbig Ae/Be (HAeBe) Sterne, alle spiteren Sterne heifien klassische T Tauri Sterne
(CTTS); eigentlich werden beide Typen iiber spektroskopische Merkmale definiert, aber diese
fallen mit den hier genannten Entwicklungsstadien zusammen. In dieser Arbeit werden CTTS
und HAeBes mit hochauflésender Spektroskopie im Rontgen- und UV-Bereich untersucht und
Simulationen fiir diese Stadien gezeigt.

Fiir zwei Sterne werden Rontgenspektren reduziert und vorgestellt: Der CTTS V4046 Sgr wurde
mit Chandra fiir 100 ks beobachtet. Die Lichtkurve dieser Beobachtung zeigt einen Flare und die
Triplets der He Isosequenz (Sixiil, Ne1x und O vir) deuten auf hohe Dichten im emittierenden
Plasma hin. Die zweite Beobachtung enthélt Daten fiir den HAeBe Stern HD 163296, die in
130 ks mit XMM-Newton gewonnen wurden. Diese Lichtkurve zeigt nur wenig Aktivitat und die
Elementhaufigkeiten entsprechen dem fiir aktive Sterne iiblichem Muster. Das Triplet von O vII
ist vergleichbar mit koronalen Quellen, also beeinflussen weder hohe Dichten noch ein starkes
UV Feld die Emission.

Aus diesen und dhnlichen Beobachtungen, 18t sich schlieffen, dass mindestens drei Prozesse
zur hochenergetischen Emission vom CTTS beitragen: Zum FEinen haben diese Sterne ak-
tive Koronen ahnlich denen normaler Hauptreihensterne, zum Zweiten bildet sich ein starker
Akkretionsschock auf der Sternoberfliche, der das von der Scheibe einfallende Material auf
mehrere Millionen Kelvin heizt und zum Dritten haben manche CTTS energiereiche Jets.
Schocks in diesen Jets konnen das Material so weit erwarmen, dass es im Rontgenbereich
leuchtet. Koronen sind bereits gut studiert; fiir die anderen beiden Mechanismen werden
in dieser Arbeit Modelle vorgestellt. Der Akkretionsschock wird in einem ein-dimensionalen
Modell behandelt, welches aber kein Ionisationsgleichgewicht voraussetzt. Die Vereinfachung
auf nur eine Dimension ist zuléssig, weil das Magnetfeld Bewegungen senkrecht zur Feldrichtung
unterdriickt. Die Strahlungsverluste des als optisch diinn angenommenen Gases werden mit
CHIANTT berechnet. Eine Kombination aus diesem Modell und koronalem Gas wird an die
Beobachtungen von TW Hya und V4046 Sgr angepasst. Fiir beide Sterne reichen relativ
geringe Massenakkretionsraten, um die Rontgenleuchtkraft zu erkliren (2 x 10710 Mg, /yr bzw.
3 x 1071 Mg /yr).

In dieser Arbeit wird ein Modell vorgestellt, das die weiche Emission in der Umgebung von
DG Tau durch Schockwellen entlang des Jets erklart. Schockgeschwindigkeiten zwischen 400
und 500 km s~! sind notwendig, um das beobachteten Spektrum zu erzeugen. Bei Dichten
> 10° cm ™3 ist die Ausdehnung des Schocks so klein, dass erklirt ist, warum er in optischen
Beobachtungen nicht entdeckt wird.

Da im Rontgenbereich die spektrale Auflosung nicht fiir eine Linienprofilanalyse ausreicht, wer-
den UV Daten dafiir herangezogen. Die Linienprofile im UV Bereich der mit F'USFE beobachteten
CTTS sind bis zu 500 km s~! breit. Vermutlich tragen Akkretion und Winde zu der Emission
bei, aber im Moment kénnen die Akkretionsmodelle die Linienprofile, besonders die Breite, noch
nicht erkléren.

HAeBe Sterne besitzen heifles, koronales Plasma, genau wie CTTS. Akkretionsschocks tragen
kaum zur Emission bei; das Triplet von O viI weist auf einen Ursprung in Jets dhnlich wie bei
DG Tau hin. Ein vergleichbares Modell kann auch hier die Rontgenemission erklaren.



Abstract

Stars form by gravitational collapse from giant molecular clouds. Due to the conservation of
angular momentum this collapse does not happen radially, but the matter forms circumstellar
disk first and is consequently accreted from the disk onto the star. This thesis deals with
the high-energy emission from young stellar objects, which are on the one hand still actively
accreting from their disk, and on the other hand are no longer deeply obscured by their natal
cloud. Stars of spectral type B and A are called Herbig Ae/Be (HAeBe) stars in this stage, all
stars of later spectral type are termed classical T Tauri stars (CTTS); strictly speaking both
types are defined by spectroscopic signatures, which are equivalent to the evolutionary stage
described above. In this thesis CTTS and HAeBes are studied through high-resolution X-ray
and UV spectroscopy and through detailed physical simulations.

Spectroscopic X-ray data is reduced and presented for two targets: The CTTS V4046 Sgr was
observed with Chandra for 100 ks, using a high-resolution grating spectrometer. The lightcurve
contains one flare and the He-like triplets of Sixiir, Neix and O Vil indicate high densities in
the X-ray emitting regions. The second target is the HAeBe HD 163296, which was observed
with XMM-Newton for 130 ks. The lightcurve shows only moderate variability, the elemental
abundance follows a pattern, that is usual for active stars. The He-like triplet of O vII exhibits
line ratios similar to coronal sources, indicating that neither a high density nor a strong UV-field
is present in the region of the X-ray emission.

Using these and similar observations, it can be concluded that at least three mechanisms con-
tribute to the observed high-energy emission from CTTS: First, those stars have active coronae
similar to main-sequence stars, second, the accreted material passes through a strong accretion
shock at the stellar surface, which heats it to a few MK, and, third, some CTTS drive powerful
outflows. Shocks within these jets can heat the matter to X-ray emitting temperatures. The
first is already well characterised; for the latter two scenarios models are presented in this the-
sis. The accretion shock is treated in a stationary 1D model, taking non-equilibrium ionisations
explicitly into account. The magnetic field is strong enough to suppress motion perpendicular
to the field lines, so the use of a 1D geometry is justified. The radiative loss is calculated as
optically thin emission with the CHIANTI database. A combination of simulated post-shock
cooling zone spectra and coronal gas is fitted to the observations of the CTTS TW Hya and
V4046 Sgr. Both stars require only small mass accretion rates to power the X-ray emission
(2 x 10719 Mg /yr and 3 x 10~ Mg, /yr, respectively).

The CTTS DG Tau is heavily absorbed and the observed soft X-ray emission originates spatially
offset from the star. In this thesis a physical model is presented which explains the emission
by a shock front travelling along the ejected jet. Shock velocities between 400 and 500 km s~!
are required to explain the observed spectrum. For a electron density > 10° cm™2 all shock
dimensions are so small that they remain undetectable in optical observations as observed.
The spectral resolution in X-rays is not sufficient to analyse the line profiles, so UV data is
used for this purpose. Line profiles extend up to 500 km s~! in sample of CTTS observed with
FUSE. Likely contribution from both, infalling and outflowing gas, contributes to the observed
emission. The current models do not explain the observed line profiles in detail, especially the
line width causes problems.

HAeBe stars have hot plasma, which can only be explained as an active corona, similar to the
CTTS. Accretion does not contribute significantly to the X-ray emission, instead the line ratios
in the He-like triplets point to an origin in the outflows, similar to the CTTS jets. A model
comparable to DG Tau reproduces the observed emission.
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1.1. FROM CLOUDS TO STARS

Chapter 1

Introduction

Compared to human life the sky seems to be
eternal, revolving without change around the
celestial pole. Still, people observed comets or
“shooting stars” already early in the evolution
of mankind and interpreted them, depending
on their culture, either as happy or evil omen.
Also, within just a few nights each observer will
recognise that our Sun, the moon and the plan-
ets move along the celestial sphere with respect
to the stars. The stars themselves, however, ap-
pear immortal. Only rare events, such as galac-
tic supernovae, the death of a massive star, can
be seen by the naked eye. One of the most
prominent observations of this sort was the su-
pernova (SN) in 1054, which is mentioned in
a number of contemporary sources. The most
noted observations were recorded by Chinese
astronomers of the Song and the Liao dynasty,
but more recently also Japanese and European
documents have been uncovered with hints on
this SN. These sightings, distributed over sev-
eral months, allow us today to determine the
date of the explosion and even reconstruct the
lightcurve, so that the type of the SN accord-
ing to the modern classification scheme can the
established (Collins et al. 1999). Today that
specific object is the beautiful Crab Nebula.
More historic SN include the SN 1572 and SN
1604, which were observed by Tycho Brahe and
Johannes Kepler respectively.

Other evolutionary stages in the life of stars
develop on much longer time scales and are thus
not directly visible within a human lifespan. It
was not until the middle of the last century
that astronomers discovered the early stages of
stellar evolution.

Still, the birth of stellar and planetary systems
only takes a few million years. Thus all star

forming regions which provide us with beautiful
pictures today (Fig. 1.1 to 1.3) did not exist
when the last dinosaurs walked on earth or even
the first modern birds or mammals evolved.
In this chapter an overview of the stellar life-
cycle is given with particular emphasis on the
early stages of stellar evolution and the devel-
opment of low-mass stars. Specific observa-
tions and models corresponding the evolution-
ary phases of special importance to this thesis
will be discussed in Chapter 2.

1.1 From clouds to stars

Not all baryon mass of our galaxy is contained
in luminous stars, about half of it remains in
the interstellar medium and in turn a signifi-
cant portion of that resides in dense and cool
molecular clouds. Along the galactic equa-
tor these clouds are seen as black spots, ob-
scuring the light of background stars. They
are relatively cool with temperatures of ten
Kelvin in the interior to thousand Kelvin at
the outer boundaries, where they are illumi-
nated by other stars. One example of such a
cloud is shown in Fig. 1.1. These objects con-
sist mostly of hydrogen in molecular form, the
most abundant element in the cosmos, but a
surprisingly large range of other molecules also
forms under these conditions. Some of the el-
ements condense on dust grains and in turn
the grain surface provides an environment for
more chemical reactions. These clouds are not
static, but constantly in motion. Strong, cool
flows can disturb their structure and in recent
years the importance of turbulence has been
discovered. If parts of the cloud are sufficiently
cold, they collapse due to self-gravity. A sim-
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Figure 1.1: An image of the Taurus molecular cloud, one of the closest star forming regions
in infrared light. Credits: Five College Radio Astronomy Observatory/Gopal Narayanan/Mark

Heyer

ple criterion for the critical mass, given the
temperature and thus the thermal pressure was
provided by J. Jeans. The higher the tempera-
ture, the higher is the critical mass, because the
thermal pressure counteracts the gravitational
contraction. If the mass exceeds the so-called
Jeans mass, the collapse to a first proto-star
happens relatively fast on a time scale of only
10° years. The matter is heated up by com-
pression and eventually the thermodynamical
pressure slows down the infall and stops the
contraction. In this phase the objects can only
be seen in infrared (IR) light, because they are
deeply hidden within the molecular cloud and
in all other wavelength regimes the extinction
is far too high to detect these sources with cur-
rent instruments. In this stage they are called
class I IR sources.

Many of these have powerful bipolar out-
flows, taking the form of highly collimated jets
(Fig. 1.2). These jets inject mass and momen-
tum back in its parent natal cloud, possibly
an important contribution to its energy budget
(e. g. Banerjee et al. 2007). They also drive
the subsonic turbulence that is observed in the
cloud material. Furthermore, the jets are fas-

Figure 1.2: False-colour image of the T Tau bi-
nary system. The disk is inhomogeneous and
some indications of outflow structures can be

seen from the central star to in opposite di-
rections (to the upper left and lower right).
Credit: C. & F. Roddier (IfA, Hawaii), CFHT
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Figure 1.3: False-colour image of the star forming region W5 from Spitzer. Red is dust, white
and green mark hot gas. The young, massive, hot stars in white cones possibly trigger further
star formation, when the hot gas streams out and compresses the surrounding cloud. Credit:
Lori Allen, Xavier Koenig (Harvard-Smithsonian CfA) et al., JPL-Caltech, NASA

cinating objects in their own right. Along the
jet direction several shocks can develop when
faster material catches up with slower material
and where the jet interacts with the interstellar
medium a bow shock heats up the material. All
these shocks can be observed as diffuse emis-
sion regions in He, the so-called Herbig-Haro
objects, and their pictures belong to the most
beautiful objects in our cosmos. All the time
the matter keeps falling in from the surround-
ing envelope, but due to the conservation of an-
gular momentum the matter cannot accrete di-
rectly on the star, instead it builds up a disk ap-
proximately in Keplerian rotation around the
central object. The residual gas and dust in
the envelope is either accreted onto the disk or
blown out of the system by stellar winds and
outflows. In this stage the stars become op-
tically visible, they are now termed classical
T Tauri stars (CTTS) or class II IR sources.
The proto-typical system of this class is T Tau
itself (Fig. 1.2). Similar to the original cloud
the disk consists of gas and dust grains. Its
surface is irradiated by the galactic UV back-
ground and from the central star, consequently

it can reach a few thousand Kelvin. The disk-
midplane is much cooler, protected by the outer
layers and over time the dust settles gravita-
tionally down there. This is the environment of
planet formation, but the exact growth mech-
anism is not yet clear. Small grains will grow
through coagulation, in other words, they stick
together after collisions. When they reach suffi-
cient mass gravity can help to pull more proto-
planetesimals together. At the same time the
planets can migrate inwards or outwards, de-
pending on the physical conditions in the disk.
The time scale of disk-dispersal sets the time
available for planet formation and migration.

Three processes take matter from the disk:
Some of it is accreted onto proto-planets, some
is accreted onto the central star and the rest
is blown out of the system by the combined
pressure of radiation, and the stellar and disk
winds. When the circumstellar envelope ceases
to supply matter to the disk these processes re-
duce the disk mass of the system. Eventually,
after a few Myr the disk becomes thin, and the
mass accretion rate onto the central star drops.
This system has now reached the phase of the
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Figure 1.4: Schematic Hertzsprung-Russel
(HR) digram. Credit: ESA

weak-lined T Tauri stars (WTTS), which are
class III IR sources.

Through all this time the star continues to con-
tract and consequently its core temperature
rises. During the T Tauri phase it already
burns deuterium in its interior. Still, it fur-
ther contracts, until the temperature required
for fusion of hydrogen is reached. Then the
star stabilises for a time much longer than its
evolution to this point took.

1.2 The main-sequence

The star is now said to be on the main-sequence
(MS) and stays in hydrostatic equilibrium, as
long as the fusion process can supply sufficient
energy to balance the energy lost to radiation.
Stars of higher mass are much brighter and hot-
ter than low mass stars; this is conventionally
displayed on a Hertzsprung-Russel (HR) dia-
gram (Fig. 1.4). The lower mass stars reside
in the lower, right corner of the diagram, they
shine in red with luminosities comparable to
the sun or below.

Stars of high mass (upper left in Fig. 1.4) are
much brighter than the cool stars, therefore,
they use up their energy budget much faster.

The lifetime on the MS of an O-type star with
10* —10° times the solar luminosity can be less
then 107 years, whereas the sun will stay on the
MS for roughly 10'° years and lower mass stars
even longer. This fact is used to determine the
age of stellar populations: The most massive
star still on the MS indicates the age of e. g. a
stellar cluster.

1.3 The last phases in stellar
life

When stars with a mass below roughly 2.5 so-
lar masses reach the end of their lifetime on
the MS, the hydrogen burning in their core
ceases and cannot supply sufficient pressure
any longer to keep the star in equilibrium. It
ascends to the giant branch, because the star
collapses until the electrons in the core are
Fermi-Dirac degenerated and the temperatures
reach values high enough to burn helium. In
a so-called Helium-flash the brightness of the
star increases by several orders of magnitude
and the high core temperature reverses the elec-
tron degeneration, the stars move up in the
HR-diagram into the region of the Giants. A
stable phase with core helium burning and a
surrounding shell of hydrogen burning devel-
ops with a lower luminosity. During this time
the star loses a significant portion of its mass.
The star again increases in brightness when the
helium burning is not possible in the core any
longer, but just in an outer shell. This state is
called “asymptotic giant branch”. The burn-
ing is unsteady and the star ejects shells, which
form planetary nebulas. After the exhaustion
of hydrogen and helium burning the star con-
tracts until only the quantum-mechanical effect
of an degenerated electron gas can stop further
compression. This is the stage of a white dwarf,
the last phase of stellar evolution for low mass
stars (on the bottom left in Fig. 1.4).

More massive stars can explode in super-nova
explosions which eject large quantities of mass
in the interstellar medium enriched with heavy
elements. The ejecta mix with the gas clouds
and from this reservoir the next generation of
stars and planetary systems can form.
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Chapter 2

Young stars

This chapter gives an overview of two classes of
young pre-main-sequence (PMS) objects: The
CTTS already mentioned above and the Herbig
Ae/Be (HAeBe) stars. On the one hand, CTTS
are low mass (M, < 3M), cool stars with a
convective envelope, mostly of spectral type G
to K. Some authors encompass a wider range of
objects in this class from F to M, the former are
often called intermediate mass T Tauri stars.
CTTS are traditionally defined by a spectro-
scopic signature, their Ho equivalent width has
to be larger than 10 A, those stars with lower
values are termed WTTS. Many TTS are time-
variable objects and their Ha line fluctuates
around the dividing line. Therefore, a more
physical definition distinguishes between CTTS
as objects which are actively accreting mate-
rial from a circumstellar disk and WTTS, also
called naked TTS (NTTS), where the accretion
has already ceased and the disk is thin or even
absent.

On the other hand, HAeBes are PMS objects
of spectral type A or B with emission lines. In
many respects they are similar to the CTTS:
Both types accrete material, although the ac-
cretion mechanism may be different in the more
massive stars. HAeBes do not have a convec-
tive envelope, so they cannot generate mag-
netic fields in a solar-like dynamo. HAeBes
are much more luminous, but due to the faster
evolution and the smaller number of A and B-
type stars less HAeBes have been studied in
detail. Even more massive stars of O-type can-
not be observed in a stage comparable to the
CTTS and HAeBes, since their evolution is so
fast that they are completely covered by the
molecular cloud until they reach the MS.

In this chapter observational characteristics

and theoretical explanations for the observed
phenomena of CTTS (Sect. 2.1) and HAeBes
(Sect. 2.2) are presented. Although the level
of detail has increased in the observations and
better models have been developed in recent
years, many open questions remain. Some of
them are tackled in this thesis and those are
collected in Sect. 2.3. Sect. 2.4 provides a short
introduction into the observational methods of
X-ray astronomy, the tool employed in most
chapters of this thesis.

2.1 Classical T Tauri stars

The majority of this thesis deals with obser-
vations and models of CTTS in the high en-
ergy regime. Section 2.1.1 summarises the
observational characteristics of CTTS, before
Sect. 2.1.2 explains our current understanding
of accretion related phenomena and Sect. 2.1.3
the theories of outflows.

2.1.1 Observations
Disks

CTTS are still surrounded by circumstel-
lar disks, as evidenced by the IR excess.
Interferometric radio observations show that
these disks do not reach down to the stellar sur-
face, but are truncated at a few stellar radii as
Eisner et al. (2006) proved for the best-studied
CTTS TW Hya.

The upper layers of its disk are heated by the
stellar radiation to about 2 000-3 000 K and
even the molecular hydrogen in the surface is
radiatively excited to the rotational-vibrational
states, mostly by the stellar Lya radiation.



CHAPTER 2. YOUNG STARS

The decay to the ground state can be ob-
served in the UV and FUV by the Hubble Space
Telescope (HST)/STIS and the Far Ultraviolet
Spectroscopic Explorer (FUSE) (Herczeg et al.
2002, 2004). Recent adaptive optics observa-
tions in the IR allow to trace molecular hydro-
gen further out from the central star for sev-
eral CTTS (Beck et al. 2008), but it is un-
clear if the gas resides in a disk or is ejected
in a wind and how it is heated. It is gener-
ally expected that the disks of CTTS are the
environments of planet formation, but the stel-
lar variability introduces great uncertainties in
the usual methods to detect planets. Setiawan
et al. (2008) arouse great interest, when they
announced the existence of a planet orbiting
the CTTS TW Hya, based on high-resolution
spectroscopy. In follow-up observations other
groups could not confirm the detection, e. g.
the proposed period vanished in space-based
photometry from the Canadian MOST mis-
sion in a second observing run (Rucinski et al.
2008) and also other ground-based radial veloc-
ity measurements favour a cool spot on the stel-
lar surface over a hot Jupiter as the most likely
cause of the observed radial-velocity variations
(Huélamo et al. 2008).

Nevertheless there is evidence from 7 mm ra-
dio observations that the dust grains in the
disks around older CTTS have grown to peb-
bles with sizes of the order of a few cm (Testi
et al. 2003; Rodmann et al. 2006). Schegerer
et al. (2006) looked for the signatures of more
complex materials and found emission of crys-
talline silicates in circumstellar disks of CTTS.

Outflows

Undoubtly there is a cool wind, which can be
seen in forbidden optical lines (Lamzin et al.
2004), ejected from the disk and most likely
the star. The temperature of the stellar wind
in TW Hya is still a matter of debate. Dupree
et al. (2005) argue that it can reach the forma-
tion temperature of O v (300000 K) based on
FUV data, but Johns-Krull & Herczeg (2007)
show this to be an unlikely explanation of the
observed line profiles. A useful probe is the He1
line at 10830 A. Edwards et al. (2003, 2006)
use it to study a larger sample of CTTS, and

find a relation between the wind acceleration
and the accretion, where the inflow could ul-
timately power the outflow. Some CTTS like
DG Tau and RW Aur even show highly colli-
mated outflows, which are often bipolar. In the
outflows several “knots” develop, where inter-
nal shocks heat up the gas, so that it radiates
in optical lines, mostly in Ha; they are called
Herbig-Haro (HH) objects. In some cases line
shifts and proper motion studies allow to mea-
sure their velocity and trace the jet back to the
central star. In crowded star forming regions
this can be ambiguous and most large outflows
are driven by younger objects, but McGroarty
& Ray (2004) identify five CTTS, whose out-
flows reach distances larger than a parsec from
the star. More common are micro-jets which
extend only a few hundred AU. High spatial
resolution either from space-based instruments
or by adaptive optics is needed to resolve the
structures on small scales. Fig. 2.1 shows
combined images from spectro-astrometry with
HST /STIS, where long slit spectra were taken
on seven slightly displaced slit positions on the
sky. The images combined from different wave-
lengths corresponding to different radial veloc-
ities show that the fast components of the jet
are more collimated than the slower flows and
reach deprojected velocities up to 600 km/s.
In some younger objects and also in the CTTS
DG Tau X-ray emission could be resolved in
the jet. Up to 5” from the central star, that
is & 1000 AU deprojected with the inclination
of the jet at the distance of DG Tau, emission
could be detected (Giidel et al. 2005, 2008). On
the other extreme, Schneider & Schmitt (2008)
resolved a significant offset of only 50 AU be-
tween the soft X-ray emission and the hard,
stellar component.

The compostion of the outflows from CTTS
is uncertain, specifically their gas-to-dust ra-
tio could deviate from the interstellar medium.
Several driving mechanisms for winds and out-
flows are possible and consequently different
launching regions. The disk can launch a cool,
molecular, wide-angle outflow (Takami et al.
2004), stellar winds possibly have higher tem-
peratures.
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Figure 2.1: Image of the DG Tau jet taken with
the HST. Within 1” of DG Tau the faster com-
ponents are more collimated. “Very high ve-
locity” here means =~ 400 km/s on the plane of
the sky. Taken from Bacciotti et al. (2000).

Accretion

The disk is truncated by the stellar magnetic
field at a few stellar radii roughly at the coro-
tation radius. The inner disk rim is ionised and
due to the Lorentz-force the matter follows the
magnetic field lines. These funnels emit in lines
of hydrogen. Often the Balmer series, Paj and
Br~ line profiles are observed to deduce the ac-
cretion geometry and estimate the mass flux
rate through the funnels onto the stellar sur-
face (Muzerolle et al. 1998a,b; Lawson et al.
2004). The average temperature in the fun-
nels from this data is 6 000 to 10 000 K. Bary
et al. (2008) present observations in the IR of
the Brackett and Paschen series. They explain
the observed line ratios with a relatively cool
gas of only 1 000 K, which is photoexcited by
the energetic stellar radiation.

The footpoints of the accretion funnels on
the stellar surface can now be mapped with
Doppler-imaging techniques, an example is
given in Fig. 2.2. The surface filling factor f,
the fraction of the stellar surface, that is cov-
ered by the accretion footpoints, is typically a
few percent or less.

On the stellar surface a strong shock devel-

0.00

Figure 2.2: Map of the local accretion fill-
ing factor on V2129 Oph derived from com-
bined fits to Zeemann-signatures or photo-
spheric lines and the Cair IR triplet. Taken
from Donati et al. (2007).

ops, which converts most of the kinetic energy
of the infalling material into heat; the post-
shock gas reaches a few 10° K. After passing
through the shock front the plasma cools down
radiatively. This cooling radiation can be ob-
served in X-rays and other spectral bands. A
review of the observational situation before the
advent of high-resolution grating spectroscopy
with the current generation of X-ray telescopes
on XMM-Newton and Chandra is given by
Feigelson & Montmerle (1999). Kastner et al.
(2002) presented the first grating spectrum of
a CTTS. They observed TW Hya, the clos-
est object of its kind with a distance of 57 pc.
Contrary to the known spectra of stellar coro-
nae the He-like triplet of Ovil shows a very
low ratio of the forbidden (f) to intercombi-
nation (i) line, this can be caused by strong
UV-fields or high densities in the emission re-
gion. The stellar radiation field is too weak
to explain this effect, so Kastner et al. (2002)
attribute it to the post-shock accretion zone.
Since, this line ratio has been confirmed in an
XMM-Newton observation of TW Hya (Stelzer
& Schmitt 2004) and similar, although less
extreme, line ratios have been observed in
other CTTS (BP Tau (Schmitt et al. 2005),
V4046 Sgr (Chapter 3), MP Mus (Argiroffi
et al. 2007) and RU Lup (Robrade & Schmitt
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2007)). A notable exception is the higher mass
system T Tau (Giidel et al. 2007b).
Depending on the exact geometry of the post-
shock cooling zone, some of the radiation does
not escape, but heats the underlying photo-
sphere. This produces an additional contin-
uum from the UV to the IR, which raises the
level of the photospheric continuum. Thus the
spectral lines seem to be filled-up in continuum
normalised spectra relative to MS-stars of the
same spectral type. This effect is called “veil-
ing”. Similar to line emission the amount of
veiling present in a system can also be used to
estimate the mass accretion rate.

The star itself

In the early days of X-ray observations with
Einstein the source identification of at least
some sources in crowded star forming regions
was ambiguous (Feigelson & Decampli 1981)
and with ROSAT there was still a consider-
able amount of source confusion, and the spec-
tral characterisation had to rely on coarse spec-
tra (Feigelson & Kriss 1989; Neuh&user et al.
1995), but now surveys of star forming re-
gions with the new generation of instruments
are available. T'wo prominent examples are the
“Chandra Orion Ultradeep Project (COUP)”,
which identified more than a thousand sources
and delivered a large number of lightcurves for
variability analysis and CCD spectra suitable
for fits of two-temperature models (Preibisch
et al. 2005) and the “XMM-Newton extended
survey of the Taurus molecular cloud (XEST)”,
where a larger region of the sky was sam-
pled in short exposures and a few targets have
additional grating spectroscopy (Giidel et al.
2007a).

In many respects the central star behaves sim-
ilar to MS analogues of the same spectral
type. Generally young stars are more active
and thus exhibit a higher level of X-ray activ-
ity. Nevertheless the X-ray luminosity in CTTS
is only half of the luminosity observed in the
slightly more evolved WTTS (Preibisch et al.
2005). The reason for this difference is not yet
clear. Gregory et al. (2007) suggest, that this
difference might not be intrinsic, but due to ab-
sorption in the accretion columns. It has also

been suggested, that the accreted matter cools
down parts of the corona, but no detailed sim-
ulations have been published on this idea yet.
Undoubtly CTTS show an excess of soft emis-
sion compared to MS stars of comparable lu-
minosity (Robrade & Schmitt 2007; Giidel &
Telleschi 2007).

CTTS posses strong magnetic fields on their
surface, which cover a significant part of the
photosphere. Johns-Krull et al. (1999) find
an average surface field of 2.6 + 0.3 kG on
BP Tau using Zeemann-splitting, the fields on
other C'TTS are of the same order of magnitude
(Valenti & Johns-Krull 2004; Yang et al. 2005),
but on some stars they are not ordered on large
scales. The observations are not well repre-
sented by a simple dipole, but require higher-
order components (Donati et al. 2007).

2.1.2 The magnetically funnelled in-
fall model

Uchida (1983) and Koenigl (1991) introduced
the magnetically funnelled infall model for
CTTS to overcome some shortcomings of the
previously favoured boundary layer model,
where the disk was believed to reach down to
the stellar surface. Shu et al. (1994) developed
in much detail the X-wind model, one model
for the accretion onto dipolar field-lines, where
simultaneously to the accretion process a wind
is driven from the inner rim of the disk. In a
simple dipole configuration the infall impacts
at high stellar latitudes. Figure 2.3 shows a
sketch of the geometry. For rotationally sym-
metric fields the accretion spot will take the
form of ring at constant latitude, but observa-
tions of photometric variability in CTTS show
that the funnels impact in distinct spots.

The large-scale accretion geometry is controlled
by the stellar magnetic field, which is complex
in reality, but the field strength of higher-order
contributions drops faster than the dipole field
with increasing distance to the star. The simu-
lations of the full magneto-hydrodynamic equa-
tions from the inner disk edge to the stellar
photosphere started off with dipole fields, in-
vestigating e. g. an inclination between the
axis of rotation and the symmetry axis of the
magnetic field (Romanova et al. 2004). More
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Figure 2.3: Model of disk accretion, taken from
Hartmann (1998).

complicated fields showed different modes of
accretion. For a combination of a dipole and
a quadrupole field the emission might occur in
hot spots at high latitudes and in the equatorial
region simultaneously (Long et al. 2007).

Complementary are extrapolations of the stel-
lar magnetic field, which is reconstructed with
Zeemann Doppler-imaging. Assuming a poten-
tial field configuration the magnetic field lines
can be calculated for a simple set of bound-
ary conditions. Some field lines thread the
disk and they can potentially carry an accretion
stream. The footpoints of these field lines are
distributed over the stellar surface and not all
concentrated on high latitudes (Gregory et al.
2006; Jardine et al. 2008). Furthermore this
technique shows the path of the accreting mat-
ter and thus the column density towards the
star can be estimated (Gregory et al. 2007).

This all allows to estimate the infall velocity,
which the material reaches, when it impacts on
the stellar surface. Even the advanced simu-
lations confirm that the impact velocity is ba-
sically given by the free-fall velocity, although
some accretion funnels may be slowed down be-
forehand and loose kinetic energy to the mag-
netic field. Assuming a simple one-dimensional
geometry of the accretion spot and a station-
ary post-shock cooling zone Calvet & Gullbring
(1998) simulated the gas dynamics and found
that the underlying photoshere is heated to
roughly 20 000 K, enough to explain the op-
tical veiling and the UV continuum excess. In
fact, observations of the Balmer and Paschen
continua can be used to constrain the mass
accretion rate by comparison to these mod-

els. Lamzin (1998) developed a similar model,
but he concentrated on the high-energy (line)
emission. His X-ray spectra were synthesised
for the resolution of the detectors on ROSAT
and ASCA and thus do not resolve the density-
sensitive He-like triplets, which turn out to pro-
vide a powerful diagnostic for the infall den-
sity (see Chapter 4). His model also treats the
pre-shock zone, which gets ionised by the en-
ergetic radiation originating in the post-shock
zone in much detail and predicts line ratios
and line profiles, which can be used as a diag-
nostic of the physical conditions in this range
(Gomez de Castro & Lamzin 1999; Lamzin
2003b,a). A step forward for the interpreta-
tion of X-ray spectra were simulations, which
resolve individual lines and also combine accre-
tion shock models with parameterisations of a
stellar corona, which operates in addition to
the accretion process. This work was done as
part of this thesis and is presented in detail
in Chapter 4. One potential problem is that
the accretion shock might occur deep inside the
stellar photosphere, where the densities are so
high, that the X-ray radiation cannot escape
(Drake 2005). This seems unlikely observation-
ally, because lines of very different absorption
cross sections (the recombination and the for-
bidden line in the He-like triplets) appear both
as predicted in the optically thin model and
new simulations of the time-dependent hydro-
dynamical equations by Sacco et al. (2008) in
the stellar rest frame show the reverse shock,
which moves outward into the accretion col-
umn, to be the one responsible for the gener-
ation of the X-rays, thus only little absorption
is expected.

2.1.3 Properties and driving of jets
and outflows

Observationally it is well established that
CTTS drive outflows, possibly of multiple ori-
gin. Their radiation field is not strong enough
to power line-driven winds as O-type stars
do, but several other launching mechanisms
seem plausible: Theories have been developed
for stellar winds (Kwan & Tademaru 1988;
Matt & Pudritz 2005), X-winds (Shu et al.
1994; Mohanty & Shu 2008) and disc winds
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(R

Figure 2.4: Sketch of the geometry in a system,
where the outflow is a combination of a stellar
and a disk wind, taken from Matt & Pudritz
(2005).

(Blandford & Payne 1982; Anderson et al.
2005). In Fig. 2.4 a sketch is shown of a sys-
tem with a stellar and a disk wind. The stellar
wind escapes at higher latitudes and should be
observed predominantly in systems, which are
seen pole-on and the disk wind dominates in
systems seen edge-on.

CTTS rotate far below their break-up velocity,
although they actively accrete material with
angular momentum from the disk. Next to
disk-locking of the magnetic fields winds are a
promising process to extract angular momen-
tum from the system. In some systems the
winds are collimated to form jets. The inner-
most component is the fastest and its velocity is
just sufficient to heat matter to X-ray emitting
temperatures in internal shocks (Chapter 7).
Also jets and outflows may explain some of the
peculiar line profiles observed in the UV range
(Chapter 6).

Ferreira et al. (2006) discuss contributions from
three components to the outflow in their mod-
els. They find a self-collimated disc wind,
which confines a pressure-driven coronal stel-
lar wind. Additionally, mass is ejected from
the magnetopause in random intervals, which
travels outward as hot “blob”. There is no gen-

eral consensus about the wind driving mecha-
nism. It is easy to construct models for disk
winds, but how to launch strong stellar out-
flows is unsolved. The model of pressure-driven
coronal winds is questioned by Matt & Pudritz
(2007), who argue that a wind of high tempera-
ture and high mass loss rate would produce X-
ray emission orders of magnitude stronger than
observed, thus pressure-driven winds can only
contribute little to the total outflows. So far we
only know that the only way to power a strong
wind is by the accretion energy and in the con-
version from inflows to outflows magnetic fields
presumably play a role.

2.2 Herbig Ae/Be stars

HAeBes are no longer “cool” stars, they do
not posses an outer convective envelope and
thus are not expected to drive stellar activ-
ity as known from the sun. Still, studies
of HAeBes indicate that a large fraction of
this class actively emits X-rays (Skinner et al.
2004; Hamaguchi et al. 2005; Stelzer et al.
2006). In many cases this may be due to unre-
solved emission from an optically fainter com-
panion in the same evolutionary state, that
is a CTTS, but the detection rate of 70%
(Zinnecker & Preibisch 1994) is not only much
larger than the 10-15% found for field A-type
stars (Schroder & Schmitt 2007), but X-ray
emission is also detected in some systems,
where even with Chandra and HST imaging
no companion has been found.

The high luminosity of the central star makes
HAeBes interesting targets for studies of the
disk. It can be directly imaged with corono-
graphic observations, e. g. using the HST.
Observations separated by several years show
differences in the appearance of the disk. In
some of the observations morphological struc-
tures can be seen. This could be due to time
variability in the inner disk rim (Wisniewski
et al. 2008), which shadows some parts of the
disk, thus they are not observed in scattered
stellar light. Studies of this kind bear the po-
tential to discover the planets or proto-planets
through their gravitational influence on the
surrounding disk. The existence of planets
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around MS stars is now fully established, how-
ever, there is still some uncertainty to the for-
mation scenario and the youngest system that
can possibly harbour a planet. Observations of
the disk structure and the grain size distribu-
tion also help in planet formation theories.

Some HAeBes drive powerful outflows with ap-
parently time variable outflow velocities. In
the HAeBe HD 163296 nine knots are known,
two on the one side and seven on the other.
This asymmetry is intrinsic and not only due
to asymmetries in the sourrounding interstellar

medium (Wassell et al. 2006).

HAeBes resemble CTTS in many respects:
They both posses evolved proto-planetary
disks, both actively accrete matter from a disk,
both drive outflows and both are detected in
X-rays. HAeBes appear as the more massive
brothers of the CTTS. Looking in detail a few
differences turn up, for example is the magnetic
field of the HAeBes not strong enough to sup-
port magnetically funnelled accretion, instead
the matter is expected to rain mostly radi-
ally down onto the photosphere. Consequently
there is no strong accretion shock.

So far three HAeBes have been observed with
X-ray grating spectroscopy: AB Aur (Telleschi
et al. 2007), HD 104237 (Testa et al. 2008) and
HD 163296, which is presented in Chapter 8.
HD 104237 has a known, but unresolved com-
panion, but the other two stars seem to be sin-
gle to the best of our knowledge. The X-ray
generation in HAeBes should be quite differ-
ent to CTTS, due to the absence of a solar-
like dynamo. Still, a corona could be pow-
ered by decaying primordial fields. Chapter 8
of this thesis analyses a deep exposure taken
with XMM-Newton. The signal is better than
in the observation of AB Aur and —in contrast
to HD 104237— there are no indications of a
close companion. The aim of this observation
is to clarify the origin of intrinsic X-rays from
HAeBes. This requires a good signal-to-noise
ratio. This observation supports some of the
conclusions drawn for the other two HAeBes,
but improves critically upon the He-like triplet
of Ovii, which allows to rule out a number of
otherwise promising scenarios.

2.3 Open questions

This section summarises some of the open ques-
tions and problems in the field of high-energy
processes in star formation. In the following
chapters these questions are addressed through
a combination of observational and theoretical
work. There is now a general agreement on
some of the solutions, other lines of reasoning
are still actively persued. The contribution of
the specific work presented in this thesis is fi-
nally summarised in Sect. 9.

2.3.1 What are the X-ray properties
of CTTS?

A large number of CCD-spectra of CTTS with
medium energy resolution were obtained by
surveys of star forming regions, but only few
CTTS have been observed with X-ray grating
spectroscopy. With a small sample size there
is always a probability to concentrate on pecu-
liar objects. This seems to be the case here,
because TW Hya, the best-studied CTTS, is
also the one of the softest sources and exhibits
the lowest f/i-ratio in the He-like triplets. It is
thus important to increase the sample size and
publish further observations. This was done as
part of this thesis in Chapter 3, concentrating
on the emission measure distribution, the ele-
mental abundances and the line ratios in the
He-like triplets.

2.3.2 Do the accretion shocks signif-
icantly contribute to the ob-
served X-ray emission from

CTTS?

The magnetically funnelled infall model for
CTTS predicts accretion spots on the stel-
lar surface, but the lightcurves of CTTS show
flares similar to other active stars, thus accre-
tion cannot be the only X-ray emission mech-
In Chapter 4 a numerical model for
the accretion shock is presented, which pre-
dicts spectral properties of the post-shock cool-
ing gas and thus allows to fit a combination
of accretion shock and coronal models to ob-
served spectra. When this work was started,
it was still questioned, if the accretion con-

anism.
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tributes to the observed X-ray emission at all
(Feigelson et al. 2002; Drake 2005). The anal-
ysis is done for TW Hya, because well-exposed
spectra from Chandra and XMM-Newton are
available in the archives. Chapter 5 applies the
same method to V4046 Sgr.

CTTS show an excess of soft X-ray emission
(Robrade & Schmitt 2007; Giidel & Telleschi
2007), which leads to a low ratio of the
Ovir/O VIl emission line ratio compared to
MS stars. The Ovii/Ovr for CTTS is now
higher than in MS stars, together these results
are used to pin down the excess temperature in
CTTS (Chapter 6).

2.3.3 Do accretion shocks signif-
icantly contribute to the
observed UV emission from
CTTS?

The spectra of CTTS in the UV range contain
several emission lines of hot ions like C111, C1Vv
and O vI. They are often several hundred km/s
wide, much broader than expected from rota-
tional and thermal broadening and show of-
ten asymmetric line profiles (Ardila et al. 2002;
Herczeg et al. 2002). Their red wings could be
due to emission from the accretion funnel in
the pre- or post-shock region. Chapter 6 inves-
tigates this possibility in detail.

2.3.4 What 1is the nature of the
CTTS winds and outflows?

Some CTTS show blue-shifted UV lines. This
hints at an origin in an outflow. From line pro-
files the velocity of the outflows can be esti-
mated and from the ionisation stage the tem-
perature of the gas can be deduced, if the line is
collisionally excited. Chapter 6 analyses these
characteristics and discusses possible emission
origins. As a second line of evidence the gas col-
umn density (from the X-ray absorption) and
the dust content (from optical reddening) are
compared.

The determination of the outflow properties
can constrain the possible launching regions.
This is important to decide between differ-
ent theoretical models, which predict different
mass and angular momentum loss rates.

2.3.5 What powers the X-ray emis-
sion of jets from CTTS?

In DG Tau X-ray emission is resolved not only
a few arcseconds out in the jet, but also within
hundred AU from the central source. The X-
ray luminosity ultimately has to be driven from
the kinetic energy of the jet, which is likely con-
verted to heat by shocks. Chapter 7 discusses
several scenarios, which can give rise to shocks,
and their implications for the temporal evolu-
tion of the emission. Potentially, jets could also
contribute to the X-ray emission from other
CTTS in addition to the coronal and accretion
component discussed above. In that respect the
case of DG Tau is important to study these as-
pects in a system, where they can by spatially
separated.

2.3.6 How do HAeBes differ from
CTTS?

HAeBe stars share many properties with
CTTS, but differ in others. In Chapter 8 ob-
servations of the HAeBe HD 163296 are pre-
sented and the full list of issues discussed for
the CTTS is applied to the HAeBe stars: The
emission measure distribution and the abun-
dances of the emitting plasma; the contribution
to the X-ray emission coming from a corona, an
accretion shock and from jets; the role of the
circumstellar environment and the soft excess.
When I proposed this observations at the be-
ginning of my doctoral work, no HAeBe X-ray
grating spectrum was published yet, so it was
unclear what to expect from the observations.

2.4 Observational methods of
X-ray astronomy

Two chapters of this thesis present new ob-
servations from Chandra (Chapter 3) and
XMM-Newton (Chapter 8) and none of the
other chapters is purely theoretical, they all
apply models to previously published data.
Therefore, this section gives a short introduc-
tion into some observational aspects of X-ray
astronomy. The wavelengths considered in this
thesis are not observable from the ground, be-
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cause the photons do not penetrate the atmo-
sphere; instead space-based telescopes have to
be used. These are operated by space agen-
cies, often in multi-national collaborations.
Chandra is a NASA mission with contributions
from the ESA, whereas XMM-Newton is an
ESA mission, where in turn the NASA con-
tributed. Both observatories are open to pro-
posals from astronomers all around the world
and they are heavily oversubscribed, meaning
that only one in seven or eight proposals can
be observed. This limits the possibility to
freely chose interesting targets. Additionally,
the time scale to plan observations is long:
HD 163296 was proposed in October 2006, ac-
cepted in December 2006 and observed in end
of September 2007. The data analysis became
possible, when the new calibration files were
available in December 2007.

The current generation of X-ray telescopes, i. e.
XMM-Newton and Chandra for the first time
fly a combination of CCD detectors with in-
trinsic energy resolution and grating spectrom-
eters. This has revolutionised our ability to
interpret X-ray spectra, because only now the
identification of individual spectral lines is pos-
sible and this technology also allows to ob-
tain medium-resolution spectra from targets
observed in imaging mode.

X-ray grating observations of CTTS, e. g.
V4046 Sgr or stars in the Taurus molecular
cloud, typically take 100-150 ks and still con-
tain only a dozen counts in some crucial lines
(Chapter 3). The analysis is usually limited
by the low number of counts. Compared to
optical or IR telescopes the collecting area of
X-ray telescopes is small; the effective area of
the gratings is less than 100 cm?. (The effec-
tive area of the mirrors is an order of mag-
nitude larger, but only one tenth of the pho-
tons is dispersed by the gratings.) The reason
for the relatively small collecting areas is, that
X-rays are difficult to focus. Lenses and mir-
rors, which work well in the optical cannot be
used to focus X-rays. Instead, mirrors must
be placed nearly parallel to the line-of-sight to
focus the X-rays via grazing incidence reflec-
tions. This makes the area covered by a single
mirror very small, and several of them must

be nested. Chandra has four mirrors in to-
tal, XMM-Newton 58 mirrors per mirror mod-
ule, but the Chandra mirrors are polished to
higher precision and stacked more accurately.
So XMM-Newton provides a larger collecting
area, but Chandra a smaller point-spread func-
tion and therefore a better spatial resolution.
The CCD detectors employed count single pho-
tons and provide an intrinsic energy resolu-
tion. This is used for DG Tau in Chapter 7.
The spectral resolution of the grating spectra
e. g. for the Chandra/HEG depends on the
wavelength, a typical value is R ~ 1000. In
Chandra and XMM-Newton the zeroth order
and the dispersed spectra are recorded simul-
taneously. The direct beam (dispersion order
zero) is stronger than the dispersed spectra,
it can be used to construct lightcurves with a
temporal resolution which would not be possi-
ble from the dispersed spectra alone.
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ABSTRACT

We presenChandra HETGS observations of the classical T Tauri star (CTTS) \&484r. The He-like triplets of ®11, Neix, and
Sixir are clearly detected. Similar to the CTTS TW Hya and BP Taaifohbidden lines of @11 and Nex are weak compared to
the intercombination line, indicating high plasma demsitin the X-ray emitting regions. The Sil triplet, however, is within the
low-density limit, in agreement with the predictions of @xecretion funnel infall model with an additional stellaraoa. V4046 Sgr
is the first close binary exhibiting these features. Togettith previous high-resolution X-ray data on TW Hya and BR,Tand in
contrast to T Tau, now three out of four CTTS show evidencecofetion funnels.

Key words. X-rays: stars — stars: individual: V4046 Sagittarii — st@are-main sequence — stars: coronae — stars: activity

1. Introduction seem to indicate someftkrences between CTTS and those
) without accreting disks (Stelzer et al. 2000; Stelzer & Nauge
T Tauri stars are young (agelO_Myr), Iow-ma_ss M. <3 M) 2001; Flaccomio et al. 2003).
stars evolving down to the main sequence in the Hertzsprung-
Russell diagram; a detailed review of pre-main sequende ste Only with the high spectral resolution of grating spectis
lar evolution is given by Feigelson & Montmerle (1999). Thavailable for a few individual CTTS observed witthandra and
CTTS subclass shows signs of active accretion from a circudiVM-Newton, is it possible to identify spectroscopic signatt
stellar disk as proven by strong infrared excess and a large tht distinguish accretion and coronal emission and t@bél
equivalent width $10 A). Current models of CTTS assume 4lerive the physical properties of the emission region tgh
dipolar stellar magnetic field, disrupting the disk neardbeota- temperature, density, and abundance diagnostics. Spdigil
tion radius, where ionised material is loaded onto magfiiefit @ high spectral resolution survey of 48 stellar coronae bgs
lines and is accelerated to essentially free-fall veloalbng a et al. (2004) showed that most of the coronal densities are
magnetic funnel (Shu et al. 1994). A shock is formed close patible with the low-density limit within the error ranges.
the stellar surface and the material passing through theksko
heated up to temperatures in the MK range. The accretion %
ometries for binaries are understood less well theordyidalit

see Artymowicz & Lubow (1996). densities and interpreted them as the signature of an &t
The X-ray emission from TTS was first detected with th nnel: this was then confirmed by 2MM-Newton observatiol

E;nsttew; Observatory, and exteréswte kX-ray stgg_lresHof a Val€Hescribed by Stelzer & Schmitt (2004). The same Igwdtios
of star forming regions were undertaken WROSAT. HOWeVer, ¢ e Oyyrand Nerx triplets were observed iXMM-Newton

to what extent the observed X-ray emission can actually S spectra of the CTTS BP Tau (Schmitt et al. 2005), v
attributed to accretion processes remained unclear ahe &ib- o~ v e oL EPIC spectra also clearly show the prése
ject of some debate, since a central result of stellar X-&y gy 1aiher hot plasma. The authors interpret the BP Tau d
tronomy states that all “cool stars”, i.e., stars with outenvec- terms of accretion with an additional active corona; sinmtian-
tive envelopes, are surrounded by hot coronae (Schmitt &eie clusions were drawn by Robrade & Schmitt (2006) in a ¢
2004). The usual interpretation of this finding is that tebee ;o4 stdy of the high and medium resolution X-ray dé
in the outer convective zone leads to the production of MB@N&, | cTTS The interpretation of théatios in terms of densit
fields and the ensuing activity, making it natural to atttébthe is not unambiguous. Ness & Schmitt (2005) presented a d:

observed X-ray emission from CTTS to the phenomena of Magamination of density-sensitive iron lines in TW Hya ansb

netic activity rath_er th"’.m of accretion. . showed that neither the UV flux nor line scatterineats the
Imaging studies with loymedium spectral resolution allow ¢ _jike triplets.
re-

large samples of TTS to be studied simultaneously as was

cently performed for the Orion nebula by the COUP project In this letter we preser@handraHETG spectra of the CTT
(Feigelson 2005). In such studies, stars with and withoetteac V4046 Sgr, which we show to closely resemble the X-ray sp
tion disks are dficult to distinguish; however, statistical studie®f TW Hya and BP Tau and to be the third star with very

Only two clear exceptions among cool stars are know
e, the CTTS TW Hya and BP Tau. In tBhandra HETGS
spectrum of TW Hya, Kastner et al. (2002) found unusually



21

L30 H. M. Giinther et al.: X-ray accretion signatures in ttesel CTTS binary V4046 Sagittarii
Total ACIS—S lightcurve: V4046 Sgr (ObsIDs 5423 & 6265) Table 1. Measured line fluxes for V4046 Sgr.
0.2 0.4 0.6 phase 0.8 1.0

-0 ‘ ‘ ‘ E Line ID 1 MEG HEG Photon

» OBE E A) (counts)  (counts) fluk
2 020 E Sixivlye  6.18 32+6 15+ 4 25+ 07

© ] Sixmr 6.64 46+ 8 15+ 4 27+05
Zos E Sixmi 6.69 10 9+3 15+05

2 o0 E Sixu f 6.74 36x7  20+5 2907

b 3 Mg XI1I Ly & 8.42 29+ 6 n.a. 16+ 0.4
05 3559 o 3559 5 35§o 0 3550 5 355;1 0 3551 5 359‘270 Mg xx 9.17 35+ 7 n.a. 27+05

: ’ WD + 50000 ’ ’ ’ Nex Ly 10.23 57+ 8 n.a. 52+0.7

. . Nex Ly a 12.14 280+ 17 102+ 10 487 + 3.0
Fig. 1. X-ray lightcurve of V4046 Sgr, extracted from the Oth ordated NeIx r 13.46 245+ 16 64+ 8 742 + 4.8
and dispersed spectra. The upper axis shows the orbitad pisagy the NeIx i 13.56 107+ 11 26+ 5 320+ 33
ephemerides from Stempels & Gahm (2004). Nerx f 13.70 105+ 11 23+ 5 332+33
Ovii Ly 16.02 235 n.a. 110+ 2.0

Oviilyae  18.97 98+ 10 na 115 +118

He-like f/i-ratios. We therefore suggest that accretion-related X- Ovir 21.6 21+5 na.  48+117
ray emission may in fact be quite commonin CTTS. Ovri 21.8 104+35 n.a. 288+9.0
Ovu f 22.1 30+22 n.a. 0+7.0

NVII Ly & 24.78 28+ 6 n.a. 70+161

. : f Fexvi 15.01 38+ 7 n.a. 170 + 3.2

2. V4046 Sgr: observations and data reduction Fox VI 1526 21e5 o 8119
V4046 Sgr is a nearby CTTS at a distance between 42 pc Fexvi 17.05 21x5 n.a. 140+ 0.3
(Hutchinson et al. 1990) and 83 pc (Quast et al. 2000). Théssta _Fexvi 17.10 22+5 na _ 146+03

isolated from any dark or molecular cloud and has negligiale 2 In units of 10° photons cr? st calculated from the MEG data €
tinction. The CTTS nature of V4046 Sgr has been establishespt for the Ski triplet, where only an upper limit is available for t
through its variable b equivalent width (30-120 A, Byrne Sixuriline;® 2o upper limit.

1986) and a strong infrared excess, IRAS-detected (de La Rez

et al. 1986), while other IR observations are also consis- ,,
tent with a disk surrounding V4046 Sgr (Hutchinson et al.
1990). V4046 Sqr itself is a spectroscopic binary with a well
determined orbital period of 2.4213459 days (Stempels &fsah
2004), consisting of a K7V and a K5V star with mas$és =

0.86 My andM; = 0.69 M., at an orbital separation of less than
10R, (Quast et al. 2000). The observed spectral energy IR distri- f
bution is consistent with an inner disk radius of 1.8 AU (&mns

& Mathieu 1997), the disk surrounding V4046 Sgr is thus cir- 1000 0 01 HH 10 JL ﬁ e [H
cumbinary (Quast et al. 2000). The viewing angle of the sgste 0

21.0 21.5 22.0 225

isi = 35—-45, and the symmetry axis of both the disk and the bi- AA]

nary are supposed to coincide. The high-resolution opsigat- . :
troscopy of higher Balmer lines indicates gas clouds aasedi I;ugigr.].The V4048 Sor MEG count spectrum around theiOtriplet
with the stars well within the inner radius of the circumbina

disk (Stempels & Gahm 2004).

V4046 Sgr was observed with ti@handra HETGS in two The MEG and HEG grating spectra show a typical emiss
blocks, starting on 6 Aug. 2006 for 100 ks (ObsID 5423) and Qfhe spectrum. Specifically, the Ly lines of silicon, magne
9 Aug. 2006 for 50 ks (Obslp 6265). First-order grating speg; m, neon, oxygen, and nitrogen and thegLiines of neor
tra were extracted by applying standard CIAO 3.3 tools, anglq oxygen are detected (cf. Fig. 5). Weak iron lines ared:
then positive and negative orders were summed up. IndiVidygm Fexvir and Fexvim; He-like resonance lines are detec
emission lines in the HEG and MEG spectra were analysed Wiy oxygen, neon, and silicon, while the He-like Mg lineg
the CORA line-fitting tool (Ness & Wichmann 2002), assumingery weak. The forbidden and intercombination lines of ey,
modified Lorentzian line profiles with = 2.5. neon, and silicon are clearly detected and resolved. Theges
detected lines, together with the derived best-fit line ¢®amc
their errors (as determined with CORA), are listed in Table
3. Results In Fig. 2 we plot the observed MEG count spectrum in

The X-ray lightcurve of V4046 Sgr is shown in Fig. 1. SeverdD VII triplet region around 22 A. Obviously, the signal is It
phases of enhanced flux levels are apparent, where the lsardagd yet the r and i lines are clearly detected with extremigly
of the X-ray radiation increases marginally; the seconagolzs  significance (cf. Table 1). However, only03+ 2.2 counts ar
tion starts with what looks like the decay phase of a large flarecorded from the f line, clearly indicating deviationsrfrehe
Variations in the shape of the higher Balmer line profiles atew-density limit. We specifically find/f = 0.33+0.28 for Ov,
known to correlate with the orbital phase (Stempels & Gahwhich must be compared to the low-density limit of 3.9 (Sr
2004), but we do not find any obvious correlation betweeny-r&t al. 2001). Figure 3 shows the observed MEG count spe
flux and phase. We analysed single and combined spectra anthe NeIx triplet region around 13.5 A. All triplet lines a
found no significant dferences between the two observationsjearly detected and, as shown by an inspection of the |
therefore, we use the merged spectra in all of our analysis. spectrum, contamination by Rex (cf. Ness et al. 2003) is of tt

V4046 Sgr: MEG O VII triplet

¢
10

8

6

4

counts per 0.015 A bin

)
s B L L B B B
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(/4046 Sgr: MEG Ne X triplet Table2. Comparison of properties of the three CTTS TW Hya, BP

and V4046 Sgr.

50F

40F

TW Hya BP Tau V4046 Sgr
f/i ratios logne
SiXIn n.a n.a. 19+ 0.6 <13.5
Nelx 0.33+024 040+0.26 105+0.15 120
ovi 0.05+005 037+016 033+0.28 115

30E

20F

counts per 0.005 A bin

10F

1 FFYTTYT FYTYITITI IYVNORTOTI FRVTITTRTI FOORIOINS

oiwww S o ol Ay oy o Ly afr ratios logT (K)
132 134 136 138 14.0 Si 183+ 061 n.a. 113+0.27 710+0.05
MEAD Mg 0.60+ 0.30 n.a. 103+ 0.30 691+0.05
Fig.3. The V4046 Sgr MEG count spectrum around theril¢riplet Ne 063+0.07 251+085 070+009 661+001
region. O 202+041 159+035 236+0.60 651+0.05
abundance ratios solar
. V4046 Sgr: STXII triplet As/Avg 163+ 0.68 n.a. 158+ 0.36 0.93
' ng . Avg/Ave  0.05+0.02 n.a. 008+ 0.02 0.32

Ave/Ao  086+011 066+020 104+0.14 0.18

@

0

TW Hya
Chandra MEG

p— JL . JU}\ s Ln. ) ﬂJhM L

XMM RGS

o

HEG counts per 0.0025 A bin
>

MEG counts per 0.005 A bin
®

Q
6.5 6.6 6.7 6.8 6.9

o
3

Fig. 4. Sixu triplet region of V4046 Sgr in the HEG (black line) and
MEG (shaded). The intercombination line is clearly stronmethe
HEG than in the MEG, but the fits in Table 1 show that both me=asur
ments are statistically consistent.

flux [ photons cm™ ks™" A™"]

order of a few percent at its worst for V4046 Sgr similar to the 3

case of TW Hya (Stelzer & Schmitt 2004). The Nef/i-ratio is

1.04+0.15, derived under the assumption of negligible iron con-

tamination, with the N&x low-density limit being 3.1. Finally, 1

in Fig. 4 we plot the observed HEG and MEG count spectrumin  oE, ... U, | RS W IO ST 2 Wi

the Sixu triplet region around 6.7 A. 10 2 " 6 8 20
All triplet lines are clearly detected in the HEG spectrunfig. 5. Comparison of the X-ray flux spectra of TW Hya, BP Tau,

the f line being approximately at the same strength as threer li V4046 Sgr.

While only an upper limit for the i line can be obtained frone th

MEG spectrum, a Siii f/i-ratio of 1.9+ 0.6 can be derived from

the HEG spectrum, which compares well with thex8i f/i- the low Ov f/i-ratio observed for those two stars. The ques

ratios of the larger sample of active stars studied by Testh e is therefore, wether the very same scenario also applieise

(2004). Since the Sim f line is located exactly on the Si K edgeCTTS V4046 Sgr and possibly to CTTS as a class?

of the detector, we investigated whether the observedisi/i- In Fig. 5 we compare the X-ray spectra in the range 10

ratio (in recorded counts) is consistent with the8i f/i-count 50 A for the three TW Hya (MEG), BP TaX¥IM RGS), anc
ratio for a larger sample of stars. Assuming then that allact o115 v4046 Sgr (MEG). Clearly, the energy resolution of
stars are in the low-density limit for i with logne < 135, RGsinstrument and the SNR of the BP Tau data set is lowe
we conclude that the same applies for V4046 Sgr (as far @S of the MEG spectra. Nevertheless, some common trea
Sixut is concerned). This conclusion is supported by the ratio Qlo| a5 diferences, appear: In all three cases, thaiCLy « line
Fexvi 17.10 A/17.05 A of about unity, which Ness & Schmittis the strongest line, and neon lines are stronger thanines,
(2005) argue to be the low-density limit (log < 13.6); how- \which are weak if not absent. In BP Tau the Ney « line is
ever, uncertain atomic physics require some caution. much stronger than the N He-like r line, the opposite appli
to TW Hya and V4046 Sgr. The flierent Lya to He-like reso
nance line ratios for our three CTTS are summarised in Tal
Interpreting these ratios in terms of affiextive temperature, v
The X-ray data on the CTTS TW Hya and BP Tau have bee@wote that the emission measure in V4046 Sgr cannot be ded
interpreted in terms of an accretion funnel scenario, whieee by a single temperature emission model. We also investighg
X-ray emission is emitted in a shock (“hot spot”) produced bly /Ly 8 ratios for Nex and Oviir and compared the temp
the infall of material along the magnetic field essentiatlfree- atures obtained in this way to estimates from the ratio of
fall velocity onto the stellar surface. The main reason fast to He-like resonance line. The temperatures found in thig
interpretation was the anomalously loww@ f/i-ratio observed are both about 0.1 dex below the peak formation temperatd
for TW Hya and BP Tau, since the extensive spectral survey their respective ionisation stages. We find that the ratie$wudly
Ness et al. (2004) found no star that would even come closectnsistent with optically thin emission, even if the absiompto

4. Discussion
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V4046 Sgr is as large dsy = 107 cm2. A second tracer of The variability of the X-ray lightcurve suggests energetients
resonant scattering is the ratio e 15.26 A/15.01 A, which as observed for the case of BP Tau, as well as in the coror
matches optically thin predictions as well. other stars; and we caution that densities of up to a felara
With regard to the He-like/fratios for TW Hya, BP Tau, (Gudel et al. 2002) seem to be occasionally reached in flag
and V4046 Sgr (cf. Table 2), we find the observedi¥/i-ratio  to abundances, V4046 Sgr shows the very higfONsbundanct
of V4046 Sgr to compare well with what is observed for BP Tatgminiscent of TW Hya, and grain depletion is a suggestige
and to be fully consistent with the lower value of TW Hya. Whenario to explain the apparently high Ne abundance.
interpreted as a pure density diagnostics (i.e., assungrepn- In summary, three of four CTTS with available hi
taminating UV flux), we find logne ~ 115 (Smith et al. 2001). resolution and high SNR X-ray grating spectra show far Ic
Thus TW Hya, BP Tau, and V4046 Sgr are in marked contrastfi ratios in the Ovir and Nex triplets than any other star.
the CTTS T Tau, where Giidel et al. (2006) measurediaaf V4046 Sgrwe are likely to see the emission from a corona i
tio of ~4 and inferred an upper limit to the electron density dfigh-temperature Si lines, and the binary nature of V404
1.4 x 10'° cm=3 (68% confidence). Nk is formed at higher seems to have little influence on its X-ray spectrum. We
temperatures, and the Wef/i-ratio of V4046 Sgr is somewhat conclude that the presence, not the absence, of/icatios ap-
higher than those measured for TW Hya and BP Tau, but sfi¢ars to be more typical of CTTS. Also, the emission mecha
smaller than all the 48 Nx f/i-ratios determined by Ness et al.obviously works in single and close binary stars, presgna
(2004) for their sample of active stars. The formaliXlelen- challenge for future magnetohydrodynamic simulationshe
sity derived for V4046 Sgr is loge ~ 12.0. We stress that the accretion funnel.
f/i ratios for both Nax and Ovii (peak formation temperatures

logT ~ 6.6 and logl ~ 6.3, respectively) clearly deviate fromAcknowledgements HM.G., C.L.. and J.R. acknowledge support from the [

the |0W_'den3ity limit; hence, the X-ray flux is_un"_kely to PEO-  nder grant 500R0105. J.-U.N. gratefully acknowledgespstipprovided by
duced in a stellar corona. On the contrary, thedtio measured NASA through Chandra Postdoctoral Fellowship grant PRB38Cawarded b

for the Sixuit triplet agrees with the Siu f/i-ratios found in the the Chandra X-ray Center, which is operated by the SmitasoAstrophysica
survey by Testa et al. (2004); thex8i1 peak formation temper- OPservatory for NASA under contract NAS8-03060.
ature of logl ~ 7.0 cannot be reached in an accretion shock, so
this triplet probably has a coronal origin.
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ABSTRACT

Context. Classical T Tauri stars (CTTS) are surrounded by activetyeting disks. According to current models material faltsg
the magnetic field lines from the disk with more or less frak+felocity onto the star, where the plasma heats up andrgerse
X-rays.

Aims. We want to quantitatively explain the observed high energission and measure the infall parameters from the dataoldes
flux measurements allow to calculate the filling factor arelrtiass accretion rate.

Methods. We use a numerical model of the hot accretion spot and soévedhservation equations.

Results. A comparison to data from XMM-Newton arthandra shows that our model reproduces the main features very lwell.
yields for TW Hya a filling factor of 0.3% and a mass accretiater2x 107 M, yr=*.

Key words. accretion, accretion disks — methods: numerical — staesnin sequence — stars: late-type —
stars: individual: TW Hya — X-rays: stars

1. Introduction to estimate mass accretion rates in CTTS with typical vatf

) 108 M, year! (Gomez de Castro & Lamzin 1999; Johns-K
T Tauri stars are young<(LO Myr), low mass 1. < 3 Mg), pre- gt al. 2000).

main sequence stars exhibiting strong éfission. The classof T Tauri stars are copious emitters of X-ray emiss
“Classical T Tauri stars” (CTTS) are surrounded by an agmnet Specifically, X-ray emission from quite a few CTTS was

disk and are actively accreting material from the disk. Tisksl tected with theEinstein (Feigelson & Decampli 1981; Feigels
do not reach all the way to the stellar surface, rather theyran- g Kriss 1989) andROSAT satellites (Feigelson et al. 19¢
cated in the vicinity of the corotation radius. InfraredYdser- Neuhauser et al. 1995; Gregorio-Hetem et al. 1998). The
vations typically yield inner radii of 0.07-0.54 AU (Muzél® gin of the detected X-ray emission is usually interpretech
et al. 2003), consistent with the corotation radius. Diskena scaled-up version of coronal activity as observed for oum,
rial is ionised by energetic stellar radiation and — somehowan( the data and their interpretation prior to the satelltsM-
loaded onto the stellar magnetic field lines, traditionaligumed Newton andChandra are summarised in a review by Feigel:
to be dipole-like (but see Valenti & Johns-Krull 2004; Grego g Montmerle (1999). However, recent observations of the &
et al. 2006). Along the magnetic field accretion funnels oF curwy Hya (Kastner et al. 2002; Stelzer & Schmitt 2004), BP
tains develop and matter impacts onto the star at nearhféiee (schmitt et al. 2005) and V4046 Sgr (Giinther et al. 2006)
velocity (Uchida & Shibata 1984; Koenigl 1991). This pra&eshe grating spectrometers onboard XMM-Newton &fendra
can remove angular momentum from the star (Shu et al. 199@}icate very high plasma densities in the X-ray emittingjoes
Observationally the accretion can be traced in the optitéié mych higher than those observed in typical coronal soutites
Ha line profile (Muzerolle et al. 2000), in the IR (Beristain &t a finding suggests a flerent origin of at least the soft part of 1
2001) and in the UV (Herczeg et al. 2005). Further support f&t.ray spectrum in CTTS. Simple estimates show that X-
this scenario comes from the measurement of magnetic fields, indeed be produced in the accretion spot of a typical
in some CTTS using the technique of spectropolarimetry agidamzin 1998). We present here a more detailed accretiark:
Zeeman-broadening (Johns-Krull et al. 1999, 2003; Synimgtmodel, which predicts individual emission lines and carstbe
et al. 2005). The kinetic energy of the accretion stream 4s Igirectly confronted with observations to determine modz
producing the observed veiling continuum, and also linesemizccretion rate.
sion in the UV and X-rays. The emitted UV continuum radi-  ynfortunately, only a few CTTS have so far been studie
ation was previously calculated by Calvet & Gullbring (1998etajl using high-resolution X-ray spectroscopy wittffisient
and detailed models of the accretion geometry prove thalestasjgnal-to-noise ratio. It is therefore unknown at presenetie!
states with two or more accretion spots on the surface ca exhe observed low forbidden to intercombination line ratio
(Romanova et al. 2004). The UV emission has been also uggljike ions as measured for the CTTS TW Hya, BP Tau
V4046 Sgr are typical for CTTS as a class. Lower resolt
* Based on observations obtained with XMM-Newton, an ESA scgiudies of CTTS show significantftérences between indivi
ence mission with instruments and contributions directipdied by ual stars, possibly caused by considerable individualrcairac-
ESA Member States and NASA. tivity, and in general it is dficult to disentangle coronal a
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accretion contributions (Robrade & Schmitt 2006) in theay-r
spectra of CTTS. Other suggested sources of X-rays include lpre—shock l
dense clumps in the stellar or disk wind of CTTS, heated up by zone
shock waves. Simulations by Matt et al. (2002) shoftisiently l
dense regions in the stellar magnetosphere.
The goal of this paper is to consider the maximally possiblestellar l l
accretion shock contribution, to determine the physicaickh ~surface
parameters, compute the emitted X-ray spectrum and assesst = Loccooooooooo-d shock front
what extent other emission components are necessary targtcco y cooling or (z:=0)
for the observed X-ray spectra. The detailed plan of our pape post-shock
is as follows: in Sect. 2 the observations used in this study a y Zone
described briefly, in Sect. 3 we present our model and give the maximum
main assumption and limitations, in Sect. 4 the results ef th ~/ ==~y 11 Swvdepth
simulation are shown and applied to observational datyfeld . .
by a short discussion of the main points in Sect. 5. stellar interior
Fig. 1. Sketch illustrating the structure on the accretion columrnhe
2. Observations stellar atmosphere a thin standing shock front forms fodidwy a ra

diative cooling zone.
2.1. Stellar parameters

With a distance of only 57 pc (Wichmann et al. 1998) TW Hygqfiles withg = 2.5. A flare occurring in the second half
is the closest known CTTS; it is not submerged in a darfe gpservation was already mentioned by Kastner et al2(2
molecular cloud like many other CTTS. Photometric obsefs, our global fitting approach we excluded the flaring petio
vations show variability between magnitude 10.9 and 11.3 fysiq contamination due to the probable coronal origin @
the V-band (Rucinski & Krautter 1983). BroaddHprofiles fi5re.

(FWHM ~ 200 km s?) were observed by Muzerolle et al. " Apqgther X-ray spectrum was taken with XMM-Newt
(2000), and TW Hya apparently belongs to a group of object july 9, 2001 with an exposure time of 30 ks (Obs
with similar age, the so-called '!'W Hydrae association (TW, 1112880201) using the RGS as prime instrument. An analy
Webb et al. 1999). TW Hydrae's mass and radius are usuallys gpservation was presented in Stelzer & Schmitt (2004
quoted asM. = 0.7 Mo, R. = 1.0 R,, and its age as 10 Myr neyy reduced also this dataset with the XMM-Newton Sci¢
from Webb et al. (1999). Alternative values are given by Beta Analysis System (SAS) software, version 6.0 and appliec

etal. (2002), who place TW Hya on the HR diagram by B&ra ¢andard selection criteria. The X-ray spectral analysis var
et al. (1998) and determine stellar parameters from the opibg oyt using XSPEC V11.3 (Arnaud 1996), and CORA

cal spectrum, which fits an older (30 Myr) and smaller Stgfe fitiing. Because the line widths are dominated by ins

(R. = 0.8 R). The spectral type of TW Hya is K7 V-M1 V 00 proadening we keep them fixedzat = 0.06 A. The

nearly pole-on (Kastner et al. 1997; Wiiner et al. 2000; Aken %8s spectra cover a larger wavelength range than HETGS

. e -~ tra and include, in addition to the He-like triplets of Ne aD¢
& Bfr_;\ltalha 5002|) Morﬁp\t/]er:, TWbHya _dlgsplays; v;natl(_)ns 'ﬁ“nalso the N triplet. Both observations show the observediire
protiies and vetling, which have been Interprete ?S siged like triplets to be incompatible with the low-density linaibd ar
accretion spot rotation (Alencar & B_atalha 2002; Batalhalet emission measure analysis indicates the presence of plaishr
2002). TW Hya has been observed in the UV WIIE, FUSE - o\ nmillion degrees emitting in the soft X-ray region (K
and HST/STIS (Herczeg et al. 2002), revealing a wealth of Het al. 2002: Stelzer & Schmitt 2004)
emission lines, consistent with the origin in the surfaca af ’ ’ ’
radiated disk, and in X-rays witROSAT by Costa et al. (2000),
Chandra/HETGS (Kastner et al. 2002) and XMM-Newt®GS 3. The model

(Stelzer & Schmitt 2004), where the grating data indictega s . .
nificant accretion shock contribution. In the currently accepted accretion paradigm the mateoia

lows the magnetic field lines from the disk down to the sur
. of the star. Here we only model the base of the accretion col
2.2. X-ray observations where the infalling material hits the stellar surface, iated ug
We use high resolution spectra obtained w@handra and in a shock and cools down radiatively. A sketch of the envasl
XMM-Newton. TW Hya was observed for 48 ks with theaccretion scenario is shown in Fig. 1. Calculations of theees
Chandra HETGS on July 18, 2000 (Chandra Obsld 5). Kastn@ontinuum produced in this region were carried out by Caly
et al. (2002) report atypically high densities measurethftbe Gullbring (1998). Lamzin (1998) already computed the err
Ovn and Nex triplets, and a very high neon abundance as olg soft X-ray emission from such shocks, but due to bin ¢
served for many active coronal sources in combination withad 50 A his results do not resolve individual lines, thus aeae
low iron abundance; the anomalously high neon abundanceird much of the valuable diagnostic information. Neventise
TW Hya was investigated in more detail by Drake et al. (2005)is models show that the hot spot produced by accretior
A different approach to assess the plasma density of the emissibly produce not only the veiling, but also the soft X
ting material by means of iron line ratios was performed bgmission. In our modelling we resolve all individual emist
Ness & Schmitt (2005). First-order grating spectra were eknes, allowing us to use line ratios as sensitive tracerthe
tracted applying standard CIAO 3.2 tools, positive and negdensity and temperature in the emitting region, and detez
tive orders were added up. Individual emission lines in tlSH the elemental abundances of the emitting regions. Additip
and MEG spectra were analysed with the CORA line fitting toale explicitly consider non-equilibrium ionisation statedd dis-
(Ness & Wichmann 2002), assuming modified Lorentzian linehguish ion and electron temperatures.
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We assume a one-dimensional, plane parallel geometry fdumerical evaluation of the above equations behind theea
the accretion column. This is reasonable because the ffiitg tion shock front results in electron temperatures orderaadg-
tor f, expressing the ratio between total spot #izg;and stel- nitude lower than the ion temperature. Furthermore, the fars:
lar surfaceA, = 47R?, is quite small as will be demonstratedhe shock front so fast that other degrees of freedom thagtik
a posteriori. The magnetic field is assumed to be perpendi@ie not excited and therefore kinetic and ionisation teaipees
lar to the stellar surface and the material flows along the-magf the ions substantially ffer.
netic field lines. All turbulent fluxes are neglected and oodel
further assumes a stationary state. We use a two-fluid appr
imation attributing diferent temperatures to the atbom Tion
and to the electron componerifg of the plasma. However, In the following section we compute how the originallyfdient
both components move with the same bulk velocityecause kinetic temperatures of ions and electrons as well as thie
they are strongly coupled by the microscopic electric fieWle sation temperature equilibrate and calculate the emittedy:
ignore energy transport by heat conduction which is justifiespectrum.
again a posteriori (see Sect. 3.4) and any radiative trahégee
Sect. 3.5).

9. structure of the post-shock region

3.2.1. Momentum balance

In the post-shock region heat is transferred from the iomitié
electronic component, at the same time the gas radiateats
Once the infalling material impacts onto the stellar siefa@ down, so the energy of the gas is no longer conserved. Hoy
shock forms, defining the origin of the depth coordinafsee the particle number flux of ions (and atoms)

Fig. 1). The shock front itself is very thin, only of the ordsr

a few mean free paths (Zel’'Dovich & Raizer 1967), thus corl-= " ®)
tributing only very marginally to the total emission. Thiane ;¢ conserved, whene is the iorjatom number density; the ele

it is not necessary to numerically resolve its internalctite, on number density is denoted by. The total momentum flu
rather it can be treated as a mathematical discontinuityttaad jp is conserved, since we ignore the momentum loss by r

total change in the hydrodynamic variables over this diSeon;op. it consists of the ion and the electron momentum asts!
nuity is given by the Rankine-Hugoniot conditions (Zel' Dalv

& Raizer 1967, Chap. 7, Sect. 15), which transform supecsorji, = umunv? + Pign + MeNev® + Pe

motion into subsonic motion in one single step. To simplifg t _ o + nkT: noo? + nokT
numerical treatment we assume the direction of flow to be ex- _ #MHM * M on + MeMet” + NekTe

actly parallel the magnetic field lines, so the Lorentz fatoes AT + NKTion + NeKTe (Me < My) (6)

not influence the dynamics; we also expect the magnetic Beldiw p,,, andP, denoting the thermodynamic pressure of the
suppress heat conduction. Following the treatment by €&ve 5,4 the electron gas respectivells, and T, their temperature

GuIIbr'ing (1998) and Lamzin (1998) we assume the gas to &%, denotes the mass of a hydrogen atomathe electron mas
pand into a vacuum behind the shock front. Because of Iar%e{d# is the dimensionless atomic weight.

viscous forces the strong shock formation occurs only in the

ionic component, while the electron component is first odiaa

batically compressed and subsequently heated througthaiec

ion collisions. In order to calculate the state of the iorasma 3.2.2. Energy balance
behind the shock front in terms of the pre-shock conditiarg o
the fluxes of the conserved quantities mass, momentum and
ergy are required. Marking the state in front of the shockfro
by the index 0, that behind the shock by index 1, the Rankin
Hugoniot conditions become

3.1. Calculation of shock front

4

Let us next consider the energy balance in the post-shoaks

&8%h for the ions and the electrons the evolution of the enpey
article is described by an ordinanyfidirential equation (ODE
tarting from the thermodynamic relation

TdZ - PdV = dU 7
povo = pv1 1) @)

Py +pov§ =P +plv§ (2) whereX denotes the entropy arld the internal energy of tr
5 5 plasma per heavy particle we will derive this ODE for the @
5Py % 5Py + e (3) component. In Eq. (7) the quantifydZ = dQ denotes the he
200 2 201 27 flux through the boundaries of the system. The system “i
looses heat by collisions with the colder electrons. Heattdfel
is most dficient for the lighter ions and especially protons h
‘much larger collision cross sections than neutral hydrege
ey are by far the most abundant species in the plasma. -
cribe the heat transfer between ions and electrons wenf
el’Dovich & Raizer (1967, Chap. VII, Sect. 10), who give
heat flowwej per unit volume per unit time as (in cgs-units)

wherep denotes the total mass density of the gasRiitd pres-
sure.

Requiring that the electric coupling between ions and ele|
trons leads an adiabatic compression of the electron co
ponent, implies a temperature rise for the electronic p&s
component of

(r-1)
p1 3 Ton—Te A
Te =Ta. [ —= 4 o ion e .
€ e)(po) ( ) Wej = EanHneWgz (T n K)

with y = 5/3 denoting the adiabatic index. Because the timghare k is Boltzmann's constant and is the Coulomb
scale for heat transfer from ions to electrons is much Iargﬁ)@arithm

than that of the ions passing through the shock front, ioms an
electrons leave the shock with vastlyffdrent temperatures.A ~ 9.4+ 1.5InTe — 0.5InnNe. (8)
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The number density of hydrogen ions is the number density thie simulations with dferent abundances because lower m:
all heavy particles multiplied by the abundancg, of hydrogen licity significantly lowers the cooling rate and therefohe tex-
and the hydrogen ionisation fracti(xﬁ: tent of the post-shock cooling zone. In this approach it base
assumed tha@co is constant over each time step.
»—§k§ xin MA(TMK) 9)
Wej = 2 HAQlle T3/2 252 . . . '
€ 3.2.3. Microscopic physics

Transforming Eq. (7) written per heavy particle and taking t
time derivative results in
du av dx dQ

E'PPE:TE—E:—U@L

Using the stationarity conditioff = & + %2 = v transforms
this into an ODE with the dependent variakleneasured from
the shock front inwards (see Fig. 1)fldirentiation with respect

to zwill be indicated by. Thus

The calculation of the ionisation state is completely deded
from the hydrodynamic equations given above. In each tie
the density and the temperatures of both plasma compc
are fed from the hydrodynamic into the microscopic equa
below. We assume changes in ionisation to occur only thr
collisions with electrons. lons are ionised by electrorisioins
(bound-free) and recombine by electron capture (free-tp
So the number density of ionisations,i,; per unit time fron
statei to i + 1 is proportional to the number density of iongs

U’ + PoV = —wei. in ionisation state and the number density of electrong for
. o . convenience we leave out a superscript identifying the efe

The internal energy) is in this case the thermal enery = iy question here:
%kT, the pressur® can be rewritten using the equation of state
for a perfect gas. The specific volurveis the inverse of the i—i+1 = Risiaeni. (12)
number density = r—l] We thus obtain Recombination is the reverse process:

3 ' 1V lisi-1 = Risi—iNen;. (13)
U(EkT‘O”) + ”nkTiO"(ﬁ) = ~Wei- 10) e quantityR, ., is the rate cofiicient describing ionisatic

o . . for j = i + 1 and recombination fof = i — 1. For element
The derivation of a corresponding equation for the eleotan- Riso = Ruioz2 = O because 1 represents the neutral a

ponentis similar. Since the heat loss of the ion gas is a @&in {yhich cannot recombine any further, ané 1 the completel
the electrons this term enters with opposite sign, and ai+ ad@ised jon which cannot lose any more electrons. The cexs
tional loss termQco appears representing energy losses by collinn - for each process depends not only on the ion, but al
sions which excite or ionise a heavy particle that in turna#. e relative velocity of ion and electron. On the one hand

It is convenient to write the electron number density a§mper of ions in statedecreases by ionisation to state 1
Ne = X, With Xe denoting the number of electrons per heavyy recombination to state— 1, on the other hand, it increas

particle. by ionisations from — 1 toi and by recombination from+ 1.
3 ’ 1V For an element with atomic numb2ithere is thus a set & + 1
v (ExekTe) + uxenkTe(ﬁ) = wej — QcolXeN, (11) equations

becausewe; already includes the factaxen by definition in d_tl = Ne(Ri—1-i Ni-1 — (Risisr + Rsiz) M + Ryasimir). (14)

Eq. (9). Thus we are left with four independent variables( Through the electron number density the equations for a

ion andTe); therefore, giverxe, the system of the four hydrody- | . s
: ; ements are coupled and together with the condition of 1
namic Egs. (5), (6), (10) and (11} is closed and can be solyed er conservation t%ey providega complete system fiédintia

numerical integration. . . A ;
According to Spitzer (1965, Chap. 5.3) particle velocitieag;?:r'%rt]isdn-rt?:; S)ulsStceoT] ;ggtbdeufil%pgggg tti:r?]nesgdtztr]aggcmmaus
- -\ R
reach a Maxwellian distribution after a few mean free pal Vdrogen and helium, the main donors of electrons, are

lengths. Evaluating the conditions behind the shock franfind pletely ionisedne is mainly given by the hydrodynamics. Tl
that after a few hundred meters such distributions are kst . e . A

: assumption leads to one independent set of equations p¢
separately for both the ions and the electrons. We therefere ent. Dividing by the number density of the elementin g

sume that both ions and electrons each have their own indl- - - ) Lo e
vidual Maxwellian velocity distributions throughout oumsula- nd using that the number densigyof ions in ionisation staga

tion. This allows us to define arffective kinetic temperature for fOr €lementis ng = n.fﬁxé with abundance” of element and
electron-atorfion collisions. Usually collisions are treated usinghe ionisation fractions, finally leads to

the ion rest frame as reference frame, and we fold the kinetic dx,

locities of ion and electron and write the resulting Maxeell —5 = Ne(R-1-i -1 = (Rois1 + Risict) X + Rivnsi Xia). - (19)

eimes ¢ ) ) = e
distribution with the éfective temperatur@er = Te + Tion . - The rate cofficientsR._,j are taken from Mazzotta et al. (19¢

This dfective collision temperature is then used to calculate ttp& dielectronic recombination. for the radiative recomgion

radiative loss temico with the CHIANTI 4.2 code (Dere etal. 5 the jonisation (collisional and auto-ionisation) rae use

Azode from D.A. Verner, which is available in electronicrft
on the web. We calculate only the elements with= 1-28,
Ebnsidering all ionisation states for each of them. The rhix
implemented in IDL (Interactive data language) and the O
are independently integrated using “Isode”, an adaptipsste
algorithm, which is provided in the IDL distribution.

equilibrium ionisation state the tables produced by thdtui
CHIANTI rad_loss procedure, which assumes kinetic and io
isation temperatures equilibrated, are not valid in thsecan-
stead a spectrum with the current state of ionisation dfet-e
tive collision temperature is calculated and integratedr @il
contributing wavelengths to determine the instantaneadimy
tive losses. For fitting purposes it is further necessaretfopm 1 http://www.pa.uky.edu/~verner/fortran.html
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3.3. Verification A0(2) = Arest(1 + v(2)/C), Wwhereldyestis the rest wavelength. Tl

In order to check our computational procedures we consiﬁer%roademngub(z) Is in the case of purely thermal broadenin

several special cases with known analytical solutionss T 02 [2KT@
cludes a pure hydrogen gas withfdrent electron and ion tem-AAp(2) = — [ ———,
peratures to test the heat transfer treatment and the fmmsa ¢ Mion

of hydrogen at constant temperature. We compare our calcW@t turbulent broadening\1(z) may additionally contribute
tions for the collisional ionisation equilibrium to Maztaet al. This cannot be calculated from the 1D-hydrodynamics in
(1998), who use the same data sources as we do without the gfsroach, it can only be included in an ad hoc fashion. O
rections from Verner & lakovlev (1990). Clis the element whe gne hand, at the boundaries of the accretion shock regidn
the largest dierences occur, for allimportantelements affett 3] turbulent flows might reach velocities comparable tdoink
ences are marginal at best. In addition to these physidalwes motion and thus significantly broaden the observed linethe
examined which spatial resolution is possible. We use ap-ad@ther hand, the magnetic fields presumed to be present <
tive step size sampling regions with steep gradientcsently tend to suppress flows perpendicular to the field lines. Fe
densely so that none of our physical variables changes bg mggculation of the optical depth we chosg(2) = 10 km sL. If
than 5%. In order to keep the computation time at a reasonagjg turbulent broadening is larger, the line profiles getewianc

(20)

level, we also enforced a minimum step size of 1 m. the optical depth decreases. All lines considered in thidysare
excited from the ground state. Since in collisionally-doatec
3.4. Heat conduction plasmas almost all excited ion states decay relatively fas

) ~ assume that all ions are in their ground staigy is then the
Thermal conduction tends to smooth out temperature greadieproduct of the ionisation fraction for the line producing jahe
It is not included in our simulation and we use the modelgibundance of that element and the total ion number dent
temperature gradients to estimate its importance. Acogrth is important to consider that the line centre depends onh

Spitzer (1965, Chap. 5.5) the thermal heat f¥na is because of the Doppler shift due to the bulk velocity. Phs
oT emitted at line centre in deeper regions end up in the win

Feond = koT2?=—- (16) the profile in higher layers. Since our simulation does ne
4 clude radiative transfer all lines have to be checked forcaf

Hereko = 2 x 10°5A~1 erg K/2 s cmrl is the codicient of depth dfects. The exact geometry and position of the accr

thermal conductivity. Comparing the thermal heat flux adagg  SNOckK is still unkown, but of substantial importance foireates
to this equation to the energy flux carried by the bulk motioff}€ line optical depth. The radiation could either escapevigh
it never exceeds more than a few percent of the bulk motigte Poundaries of the post-shock funnel perpendicularaalit
energy transport in the main part of the cooling zone exaapt f€ction of flow or through the shock and the pre-shock re
the lowest density cases. Small scale chaotic magnetisfield If the spatial extent of any single accretion funnel is sraal

the plasma are possible: they would be frozen in and expéatedf 'S 10cated high up in the stellar atmosphere, the optiegith
further suppress thermal conduction. in the first scenario is small and the accretion contributibotine

total stellar emission is large. We select this scenaritiénftir-
ther discussion. If, however, the shock is buried deep irstbke
3.5. Optical depth effects lar atmosphere, the radiation can only escape through thek
and the thin pre-shock gas. In this case, denpending in #

Our simulation assumes all lines to be optical thin. The ioent fall conditions, the optical depth of resonance lines cafate
uum opacity in the soft X-ray region is small, however, wedhee ! P P

to check line opacities. The optical deptft) for a given line tompared to unity.
can be expressed as
3.6. Limitations by 1D

() = fk(/l)dl’ 17 Since our model is 1D, all emitted photons can travel only it

. ) down, they cannot leave the accretion region sideways. Tst
wherel measures distance along the photon pathidairis the 555 r0ximation half of the photons is emitted in either di@t

local absorption cd@cient, which can be computed from therhe gownward emitted photons will eventually be absorbe
oscillator strengtit of the line in question, the number density,e gyrrounding stellar atmosphere which will be heatechis
Niow Of ions in the lower state and the line profile functi®M):  (agiation. The influence of the surrounding atmosphere e
s shock region is expected to be small, since the temperata
k(1,2 = —fnew (201, 2), (18) hence the energy flux from the surrounding atmosphere i
MmeC shock region is much lower. We expect the shock structu
with e being the electron charge andhe speed of light. We be well represented in 1D, but the size of the hot spots coe
approximate the line profile to follow a Gaussian distribati underpredicted because, depending on the geometricaleat
law with the normalisatiorf,” ®(1,2d1 = 1 at allz, centred at €ach spot, less than half of the emission escapes.
Ao with the widthAAp(2):

1 2(2?
®(1,2) = V7 A2 exp[—( ' (19) Al our simulations start with a pre-shock temperature
20000 K and and the corresponding (stationary) equilib
Ao0(2) is the wavelength at line centre. Because the shockiediisation state (Arnaud & Rothenflug 1985). This chc
gas is moving into the star, but decelerating, it is Doppleof temperature is motivated by studies of the photoi
shifted with the bulk velocityv(z) at depthz according to sation in the accretion stream by the post-shock emi:

A= 0(2)
Ad(2)

)2] 3.7. Boundary conditions and limitations of the model
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(Calvet & Gullbring 1998) and analytical considerationgab 10'F 110"
the electron heat flux (Zel'Dovich & Raizer 1967). While we ig .
nore heat conduction in the post-shock region, across theksh '
front the temperature gradient is of course large. The relest !
have then mean free path lengths much larger than the shock
front extent will therefore heat up the inflowing gas. We dést

the influence of dterent initial conditions and found that the
post-shock zone depends only marginally on the chosemliniti
ionisation state. We terminate our simulations when theptm
ature drops below 12000 K. Here the opacity begins to play

(K]

Temperature

. ion temperature
an important role and the energy flux from the central core of || -_____ density

the star is no longer negligible compared to the accretion flu 105 ‘ ‘ ‘ ‘ 102
Here and just behind the shock front the accuracyfecéed be-

cause the step size reaches its lower limit and rapid iaoisat 0 200 400 600 800 1000

or recombination processes are not resolved. So the model is depth [km]

expected to be_ more accurgte for lons which exist at h'_gh te&]g. 2. Temperature and density profiles for a shock calculated
peratures e.g. in the formation region ofv@ or Oviil, which "~ 1012 ¢r13 andw, = 525 km s, chemical abundances as fot

are precisely those observed at X-ray wavelengths. in TW Hya (Sect. 4.3.3).
3.8. Model grids 8x10°[
The free fall velocity onto a star with mas4, and radius. is I e‘ectr@?: ,,,,,,
o Bx10°F
[2GM, fM* R, km —
= /—— =617 _— 21 o
Ufree R Mo R, s ( ) 5 L
S 4x10°F
Typically CTTS have masses comparable to the Sun and radii E r
betweerR, = 1.5 R, andR, = 4 R, (Muzerolle et al. 2003), be- £
cause they have not yet finished their main sequence capttact | © 2x10°%F| - e
Most CTTS have inner disk radii of 10-90 solar radii (Muzézol [/
et al. 2003), for the specific case of TW Hya Eisner et al. (2006 L
find an inner disk radius 0£12 R, thus the actual infall speed 0 L L L L
can almost reach the free-fall speed. Previous analysésated 0 1 2 3 4 5
particle number densities of the infalling gas of aboufdn . depth [km]

We therefore calculated a grid of models with infall velast
vo varying between 200 km-% and 600 km s' in steps of Fig.3.lon and electron temperatures in the upper post-shockmégit
25 km s1, and infall densitiesi, varying between 7% cm3 a shock calculated with the same starting conditions asgnZ-i

and 16* cm2 with 13 points equally spaced on a logarithmic
density scale. For each model in the grid we then calculae th
emissivity for selected lines in the X-ray region using tleesion

5.1 of CHIANTI (Dere et al. 1997; Landi et al. 2006). We starg
out with abundances from Grevesse & Sauval (1998) andéterag
the model fits until convergence (see Sect. 4.3.3).

The region where the electron and ion temperature suk
lly differ from each other is much smaller than this maxin
pth, thus a two-fluid treatment is not strictly necessan
most parts of the shock. In Fig. 3 both temperatures areeul
in comparison. At the shock front the electrons stay reddyi

4. Results cool because they are only compressed adiabatically. Beha
) shock front the energy flows from the ions to the electrond
4.1. Structure of the post-shock region already at a depth of 5km ions and electrons have almosti

: : : . cal temperatures. In Fig. 4 we show the depth dependence
Figure 2 shows typical model temperature and density psofnl& nisation state of neon. which produces strong lines olesl

In the (infinitesimally thin) shock, defined at depth O km, th A
ion temperature suddenly rises and cools down directlyrtuehi y Chandra.and XMM-Newton. On passing through the she
ront neon is nearly instantaneously ionised up tafyen the

the shock front because the ion gas transfers energy todhe e ; SR . L
trons. After a few kilometers both ions and electrons have P”O\ng ~50 km the mean ionisation rises until the eq“"'bf'
most identical temperatures and henceforth there is eaignt 'Sbreatcrgg' Tfhtﬁ p[asmtf;l]th]?n cor}talnstr? few FEFCBMNBC’:\L;I,
only radiative heat loss. This region we refer to as the pbstk 'ii Otllf] 00 f € Istli? ﬁ OLnt]ho Ne eres l;:_omgs as e.
cooling zone, where most of the X-ray emission originates (s'_U't"er away irom the snock the 1ons recombine because

Fig. 1). During radiative cooling the density rises and lusea general cooling of the plasma, following the Ioc_al equilion
of momentum conservation the gas slows down at the same tifigSely: SO the fraction of Neil rises. At the maximum dep
ions quickly recombine to lower ionisation states.

(Eq. (6)). As more and more energy is lost from the system, tl i )
density and the energy loss rate increase and the plasms cool The maximal temperatures are proportionalya@s can b
down very rapidly in the end. In the example shown in Fig. &, trS€€n analytically from the equation of state for a perfest ga
shock reaches a depth of about 950 km, which is much smaller

than a stellar radius, thus justifying our simplifying asgtion T Py Noug

2
of a planar geometry a posteriori. 1~ 7~ o~ uilo ~ Up. (22)
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roughly equals the gas pressure of the stellar atmosphka
pressure of the stellar atmosphere rises exponentialydeipth
so, independent of the starting point, only shocks with &
cooling length can be described by the hydrodynamic mau
used here. We place a cuffatz = 1000 km, where the presst
of the surrounding atmosphere will be larger by about anr
of magnitude already.

lonisation fraction

4.2. Optical depth

We find that in all reasonable cases the total column dengés
O 200 400 600 800 1000 the whole simulated region is small, in the best-fit solutic
depth [km] turns out toNy = 1071 cn2, so the continuum opacity is sm
as assumed. Because emission originates at all depths #n
rY,];1(?)sorption columnis even less. The line opacity along treee
tion of flow reaches values considerably above unity, soa
14r e radiation passes through the whole post-shock region aas
F 10 @ ] not escape through the boundaries the emssion in the rese
E o 20 kM ] lines is considerably reduced (e.g. in Fig. 9). However, a
130 / show in the following, the observed line ratios can be col
F 100 ¥ ] tently explained in the accretion shock model, so the ass
/ 100 w/g tion of a geometry allowing most photons to escape, seems
120 «

Fig.4. lonisation state of neon for a shock calculated with the sal
starting conditions as in Fig. 2. See text for a detailed idgtson.

-

realistic.

11 4.3. Application to TW Hya

In order to model the actual X-ray data available for TW |
we applied a two-step process: First we used only the

: B fluxes of selected strong lines detected in the X-ray sp
200 300 400 500 600 and determined the best-fit shock model in an attempt tos
infall velocity vy [km/s] the maximally possible shock contribution. Then, in a sek
sfep, we performed a global, simultaneous fit to all avadat
fower resolution — data allowing for possible additionataral
contributions.

TR TN

infall density log(ng) [cm

(@]

Fig.5. The length of the cooling zone dependent on the logarithm
the infall density logy and the infall velocityvy (abundances from
Grevesse & Sauval 1998): the length of the cooling regioalielled.
The dotted area marks regions where the deeper parts ofninéaséd

shock are below the cutfo 4.3.1. Fit to line fluxes

Ratios between emission lines of the same element allow
These estimates are obtained using Egs. (1)—(3) and nieglectermination of the best model parameters independent al#l
the initial pressure. emental abundances. Specifically, the XMM-Newton data
A higher infall velocity leads to a deeper post-shock caplintain the helium-like triplets of N,O and Ne, which strongiyie
zone since the material reaches higher temperatures asd-coat plasma temperatures of a few MK (see Table 1). For i
quently needs longer to cool down, so it flows for longer timeghree elements the correspondingdlines are also measure
and penetrates into deeper regions. Secondly, lower idémlt while we do not use any of the Bflines because they provi
sities result in shocks with a larger spatial extent. Siteeen- relatively little additional temperature sensitivity aade sub
ergy losses roughly scale with the square of the densityyarlo stantially weaker than the bylines. For each model we thel
density will increase the cooling time of the gas to cool dowfore compute three line ratios for each of the elements N, d
to photospheric temperatures. Figure 5 shows that cooting z Ne, i.e., the so-called R- and G-ratios defined from the Ke
lengths between 1 km and 10000 km can be reached depeinighets (Gabriel & Jordan 1969; Porquet et al. 2001) thit
ing on the chosen model parameters. Our model assumes a Reef /i andG = (f +1i)/r respectively as well as the ratio of t
plasma flow during cooling without any direct influence frdret Ly« to the He-like r-lines. These nine line ratios are compao:
surrounding stellar atmosphere. As long as the infallinghys the data via thg?- statistics; the resulting contour plot gf as
a suficiently large ram pressure, the model assumption sho@dunction of the model parametergandug is shown in Fig. 7
be applicable, since the surrounding atmosphere is pustag aCorrecting for the absorption does not alter the resultsedity
and mixes with the accreted material only after cooling.thor is small Ny = 3.5 x 10?° cm™2; Robrade & Schmitt 2006). Tt
gases the ram pressure is lower and the gas needs more timé@ést model is found for the parametess= 525 km s! and
cooling down. Therefore in the deeper and denser layersthe Bp = 10'? cm™3 with an unreduceg? = 319 (7 degrees ¢
proximation of a freely flowing gas is no longer valid and th&eedom). One has to be careful here in interpreting the-:
whole set of model assumptions breaks down. The depth, whirte value of they? because it is derived from very few higl
this happens, depends on the stellar parameters. The shtk fsignificant numbers with non-Gaussian errors.
forms where its ram pressure The strong neon lines confine the fit mosteetively be-
cause their values have the smallest statistical uncéesif he
Pram = PV3, (23) density is mainly restricted by R-ratios, the velocity by
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Ne |X <f+ ‘\/r> ratios observed in both the XMM-Newton RGS afthandra HETGS
14 F ‘ ‘ 5 grating spectra of TW Hya.
E o > ]
‘o ]
\: 4.3.2. Global fit

19 \ In our second step we implement the shock emission as X¢
P i table model and proceed with a normal XSPEC analysis ¢
E medium and high resolution XMM-Newton spectra. The an
> sis of both theChandra and XMM-Newton data (Kastner et
1 2002; Stelzer & Schmitt 2004) suggested the presence oéf

E temperature plasma possibly from an active corona; thedlas
] served in th&Chandra observation may be a signature of activ
To account for these additional contributions we add u
three thermal VAPEC models and include interstellar exiomc
200 300 400 500 600 These additional thermal components are calculated incth:

infall velocity v, [km/g] density limit and are meant to represent a coronal contdbt

The elemental abundances for all components are coupl

Fig.6. Contour are labelled with calculates Ne G-ratios. The aleser would be interesting to check if the accreting plasma isn
value for TW Hya is shaded in greydterror). depleted compared to the corona, but the data quality isufidt
cient to leave more abundances as free fit parameters. Beot
the parameter degeneracy between the emission measue
E ] cool component and the interstellar absorption coluvpn we
13E & i kept the latter fixed &l = 3.5x107° cm2, a value suggested |
1 Robrade & Schmitt (2006, where a detailed discussion isgi

@45 1 The fit uses the data from one of tkbIM EPIC MOS detector:
@ ] RGS1 and RGS2 arthandra’ sHEG and MEG simultaneous
/ in the energy range from 0.2 keV to 10 keV. The normalise

log,g(infall density ny[em™])
N

14

7
150

i 300 P 1 between the instruments is left independent to allow fabead
11 F E tion uncertainties and possible brightness variationséen the
E ] observations. Because of the much larger count rates ther
r resolution MOS detectors tend to dominate iestatistic. Tc
10% balance this we include all available grating informatibot
200 300 400 500 600 only one (MOS1) low resolution spectrum in the global fit.
infall velocity vo [km/s] The fit results for our dferent models are presented
Fig. 7. Contours are labelled with unreducgd values for TW Hya Tat_)le 2. Model A re_presents thF.".bESt fitting pure accretionls)
(7 d.o.f.), data from XMM-Newton. while models B-C include additional temperature composy
the main improvement is obviously brought about by the
troduction of a high temperatur&T ~ 1.30 keV) componen
Lya/r-ratios, which are temperature-sensitive. The Ne G-ratigpresenting the emission from a hot corona. “Normal” ¢
deviates from the best fit parameters significantly (see &ig. nae usually have emission measure distributions that caled
Its observed value is.1+ 0.13, which points to infall velocities scribed by a two-temperature model (Briggs & Pye 2003)
between 300 km# and 400 km s; fitting only the remaining this motivates us to add cool low-density plasma comporre
eight ratios we obtain the same best fit model as before. Thenfiedel C. Although the reducegf is only marginally smalle
does not depend on the chosen background radiation temp#¢@-regard this as a better model, because it can be nature
ture in the range 6000 K to 10000 K. terpreted in terms of a stellar corona. A third low-densityne
The availableChandra data include a somewhatftiirent Ponentdoes clearly notimprove the fit any further (modell®
wavelength interval. Only the triplets from O and Ne are coV=ig. 8 we show the recorded EPIC MOS1 low resolution s
ered, but theChandra MEG has better spectral resolution, alirum, our best-fit model and separately the accretion and-
lowing to reliably measure several iron lines. We use theghrnal contributions. An inspection of Fig. 8 shows that at e
lines of Fexvi at 16.78 A, 17.05 A and 17.09 A, and calcugies below~1.2 keV the overall emission is dominated by
late the ratio of the two doublet members and the total do8POck emission, while at higher energies the coronal duuttdn
blet to the third line (see Table 1). The best fit model for th@oMinates because of the thermal citad the shock emissiol
data set has, = 575 km s, slightly higher than found for A distinction between high and low density plasma is pos
the XMM-Newton data, andl, = 102 cm3, with an unre- c_)nly by examining the line ratios in the He-like triples oriiian
duced value/? of 8.3 for 6 degrees of freedom. Again there i#n€s. In broad band spectra cool coronal and shock plasw
no difference between 6000 K and 10000 K taken as temp@fb't the same signatures. The ratio of th_elr emission nrea
ature for a black-body radiation background. The neon @-ratvas therefore taken from the RGS modelling alone (model ¢
points again to lower infall velocities. Both fits have a tiggwer D) Our global fit reproduces the triplet ratios quite satisbrily
bound on the density, = 102 cm2 of the infalling gas. We es- S shown in Fig. 9 for neon and in Fig. 10 for the oxygen tri|
timate the error as one grid point, i.e25 km s for vy and
+0.33 for log (o). The free-fall velocity for TW Hya is between ~ The resulting infall velocity for model C is 53 km s*
500 km st to 550 km s?, setting a tight upper bound and weand the densityy = (1 x 10" + 3 x 10*) cm™ (errors art
adoptvy = 525 km s? as the best value. We thus conclude thatatistical only). In this scenario the total flux is domithby the
the same shock model is capable of explaining the line ratiascretion shock (3 x 1012 ergs cm? s™1) which is about fou

log,o(infall density ny[cm™])
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Table 1. The line ratios used in the fitting process for both obseovatiare shown with their errors. The two rightmost columrastesults fol
the best-fit scenario from the simulation with= 10" cm2 for both models.

Line ratio XMM/RGS ChandiddETGS vy =525km st vy =575kms?
N R-ratio 033+ 0.24 n. a. 0.00 0.00
N G-ratio 088+ 0.31 n.a. 0.77 0.75
N Lya/NvIr 4.04+1.00 n.a. 2.40 2.82
O R-ratio 006 + 0.05 Q04+ 0.06 0.02 0.02
O G-ratio 051+ 0.07 082+ 0.22 0.73 0.71
O Lya/OvIrr 2.01+018 219+ 043 1.49 1.97
Ne R-ratio 050+ 0.07 Q54+ 0.08 0.32 0.31
Ne G-ratio 110+ 0.10 Q94+ 0.09 0.80 0.75
Ne Lya/Neix r 0.27+0.04 062+ 0.06 0.26 0.49
Fexvil (17.09A+17.05Ay16.78A n.a. B2+088 2.25 2.22
Fexvi 17.09417.05A n. a. B8+ 0.16 0.81 0.79
red.y? 4.6 14
‘ o
o
% >
S < | |
g Sk L
E corona 8
B s 38
£ £ 31 1
shocl shock
SL
o
‘ — o — —+—corona —

0.2 0.5 1
Energy [keV]

Fig.8. Data for the MOS1 (black symbols) and the MOS2 (geey
symbols) together with our best fit model C and its components

normalized counts/sec/keV
0.1

corona

o
13.2 13.4 13.6
Wavelength (Angstroem)

o
21.4 21.6 21.8 22 22.2
Wavelength (Angstroem)

Fig. 10. O triplet: Data from RGS1 with model C (black) and accre
(redgrey upper line) and coronal component (gdy lower line).

Table 2. Reduced/? values for models with zero to three VAPEC cc
ponents with temperatui€l; to kT3 in [keV] and one shock comp:
nent. The absorption column is given in units ofﬁgn?]. The shocl
model converges ta, ~ 530 km s® andny ~ 10'? cn 2 in all case
except A (o pegs at the free-fall velocity 6§575 km s?).

Model KTy KT, KTs Ny red.y?(d.of)

A — - - =35 28589
B - - 133 =35 1.63(580)
C 027 - 135 =35 157(577)
D 027 072 126 =35  1.56(573)

4.3.3. Elemental abundances

The abundance fitting has to be performed recursively ume
abundances converges, becausiedint abundances lead to «
ferent cooling functions and thus change the whole shocic<
ture. Specifically, we start from the set of elemental abaods

Fig.9. Ne triplet: Data from RGS2 with model C (black) and accretio'aetermined by Robrade & Schmitt (2006) and iterate. Oura
(redgrey upper line) and coronal component (ggdy lower line).

times stronger than the cool corona0210-?erg cnt? s™1) and
five times stronger than the hot corona8®1071% erg cnT? s71)
in the 0.3-2.5 keV band.

fit procedure yields abundance values (Table 3) relativelar
abundances from Grevesse & Sauval (1998), the errors gre
purely statistical (& range), while we believe the systematic
ror to be about 15%. As a cross-check we compare the i
sities of lines from dierent elements in our pure shock mc
from Sect. 4.3.1 and find that the abundance ratios estiniia
this way roughly agree. The final abundance estimates (B
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Table 3. Abundance of elements relative to Grevesse & Sauval (1998 specifically use a density profile from AMES-cond-v2.eh
and first ionisation potentials (FIP). The errors are diatibonly, we effective temperatur.s = 4000 K, surface gravity log = 4.0

estimate the systematic error to 15%. and solar metalicity (Brott & Hauschildt 2005 based on All
etal. 2001). The chosen stellar parameters resemble thtyge

Element abundance FIP [eV] ical CTTS. The shock front is expected to form, where the
C 02009 11.3 pressure approximately eq_uals_ the stellar atmqspherkspre

N 05100 14.6 which increases exponentially inwards. In a strict 1D-gety

o 0.25:001 13.6 photons emitted upwards out of the cooling zone will be

Ne 24600 21.6 sorbed by an infinite accretion column, but in a more real

Mg 0.37+010 76 geometry they can pass either through the stellar atmosyin

Si 0.17+097 8.1 the pre-shock gas as can be seen in Fig. 1. We estimate a

S w2 104 limit for the hydrogen column density &y = 10%° cm2, the

Fe 019001 79 actually measured column density i$% 10?° cm? (Robrade

=001 & Schmitt 2006) by adding the column density between st

# Formal 2r limit. front and emitting ion to the the column density of the preeit

gas, which the photons penetrate before escaping from #
show a metal depleted plasma with the exception of neon jwhieretion funnel outside the stellar atmosphere. The optieptt
is enhanced by about a factor of ten compared to the other éléthe stellar atmosphere is far higher than our lower limitthe
ments and nitrogen, which is enhanced by a factor of two. Mef€-shock gas. This estimate proves that shocks, as deddry
depletion has also been observed in the wind of TW Hya gyr model, are actually visible; for a contrary view on thibs<
Lamzin et al. (2004) and was noted by Argficet al. (2005) J€ct matter see Drake (2005).
using X-ray observations of the non-accreting quadrupBéssy
TWA 5 in the vicinity of TW Hya. Stelzer & Schmitt (2004) in-
terpret the abundances as a sign of grain depletion, where
grain forming elements condensate and mainly those elemehihe best fit parameters of our shock model to match the >
are accreted, which stay in the gas phase like the noble gas n@bservations of TW Hya are obtained by using a shock witl
This is discussed in more detail by Drake et al. (2005), whe cparameters, ~ 525 km st and logny ~ 12. Previously infal
lect evidence that metal depletion can be also seen in the welocities closer to-300 km s* were reported by a number
frared and the UV, where the spectral distribution indisatell authors (Lamzin 1998; Calvet & Gullbring 1998). Other ob
advanced coagulation into larger orbiting bodies, whiclynea  vational evidence also suggests lower values; in the UV&om
sist the inward motion of the accreted gas. On the other haigifound in highly ionised emission lines (€, N v and Ovi) ex-
stars with active corona often show an enhancement of eksmeending up tox400 km s and in cool ions in absorption (F&
with a high first ionisation potential (IFIP), which also tkato against a hot continuum likely emerging from an accretioot

?ﬁ Discussion

an enhanced neon abundance (Brinkman et al. 2001). (Lamzin et al. 2004). Since the gas strongly accelerateedh
the stellar surface, the density will be lower in the highoedly
4.3.4. Filling factor and mass accretion rate region because of particle number conservation, so, dépg

A comparison of the observed energy flfixs (at the distance ©N the geometry of the accretion funnel, the emission me

d to the star) and the simulated flis per unit area allows to i this region may well be very small. In this case the obse
calculate the accretion spot si2gy.through

lines will have weak wings extending to larger velocitiejet
are dficult to identify observationally. We therefore regard #
fobs(d) 2 observations only as a lower bound; an upper bound is prd

Aspot = fsim(&)4”d . (24) by the free-fall velocity 0f-500-550 km s,
Measurements of TW Hya in filerent wavelength regiol
The filling factor f is the fraction of the stellar surface coveregead to conspicuously distinct mass accretion rates. Gépg

by the spot: the published estimates far exceed the results of our siion)
) which gives an accretion rate ef(2 + 0.5) x 10710 Mg yr!

f= Aspot _ _fon(d) d° (25) and filling factors of 0.2%-0.4%. Alencar & Batalha (2002}
4R2 fsim(R) R? Batalha et al. (2002) use optical spectroscopy and photg

(2nd state a mass accretion rate betweef aad 108 M, yrt
ggnd a filling factor of a few percent. In the UV the picture
inconsistent. On the one hand, two empirical relations ifte
intensities as accretion tracers (Johns-Krull et al. 20@dipate
dm mass accretion rates abovecd08 M, yr~! (data from Valent
ot = Psporvo = AsportMHNoo . (26) et al. 2000, evaluated by Kastner et al. 2002), on the othredl
fitting blackbodies on the UV-veiling by Muzerolle et al. (Z0)
&ggests a significantly lower valuex4.071° M, yr2. A sim-

and the mass accretion rate is the product of the spot sizéhan
mass flux per unit area, which in turn is the product of the g
densitypg = umyng and the infall velocityy:

We assume that half of the emission is directed outward amd

be observed, the other half is directed inwards, where ibis Har procedure has been earlier applied by Costa et al. (¢

sorbed. For model C the spot size isx 10?° cn?, yielding fill- -\ in "2 uch larger filli ;
; ' ger filling factor. The previous X-ray analy &g
ing factors of 0.15% and 0.3% f&®. = 1 R, andR. = 0.8 R, Kastner et al. (2002M = 10°8 M, yr-) and Stelzer & Schmi

respectively and accretion rates of abowt 2070 Mg, yr. (2004, M = 10-11 M, yr-1) sufer from the problem that the
o use filling factors extracted from UV-measurements (frorst@
4.4. Shock position in the stellar atmosphere et al. 2000 and Muzerolle et al. 2000 respectively) and a-

We now compare the ram pressure of the infalling gas shock density calculated from X-ray observations whichs
the stellar atmospheric pressures as calculated #BOENIX; not necessarily represent the same region. Our simulator
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Feigelson, E. D., Casanova, S., Montmerle, T., & Guibeft993, ApJ, 416, 62

Fig. 11. Estimated mass accretion rates sorted by the energy of the Glabriel, A. H., & Jordan, C. 1969, MNRAS, 145, 241
servation+: optical and UV measurements; *: X-ray, for the data fronsomez de Castro, A. I., & Lamzin, S. A. 1999, MNRAS, 304, L41

Stelzer & Schmitt (2004) the dotted line connects to the U\asuee-

ment, which delivers the filling factor,: this simulation; data sources:

see text.

is the first attempt to rely solely on the X-ray measuremen

Gregorio-Hetem, J., Montmerle, T., Casanova, S., & Feagl€. D. 1998
A&A, 331, 193

Gregory, S. G., Jardine, M., Simpson, |., & Donati, J.-F. @INRAS, 371
999

Grevesse, N., & Sauval, A. J. 1998, Space Sci. Rev., 85, 161

gumher, H. M., Liefke, C., Schmitt, J. H. M. M., Robrade, &.Ness, J.-U
‘2006, A&A, 459, L29

The diferent values for mass accretion rates are summarisemgpczeg G. J., Linsky, J. L., Valenti, J. A., Johns-Krull 1., & Wood, B. E.

Fig. 11.

2002, ApJ, 572, 310

A physical explanation for theseftirences goes as follows:Herczeg, G. J., Walter, F. M., Linsky, J. L., et al. 2005, A2912777
At longer wavelengths one observes plasma at cooler tempél‘%”s"(m”r C. M., Valenti, J. A., & Koresko, C. 1999, Ap1& 900

tures and in general the filling factor and mass accretiogsral

are higher, because the spot is inhomogeneous wfiterent in-
fall velocities. Fast particles would be responsible fothack

t]0 ns-Krull, C. M., Valenti, J. A., & Linsky, J. L. 2000, Ap339, 815

Johns-Krull, C. M., Valenti, J. A., & Gford, A. D. 2003, in Rev. Mex. Astrol
Astrofis. Conf. Ser., 38

Kastner, J. H., Zuckerman, B., Weintraub, D. A., & Forveille 1997, Science

region with high temperatures which is observed in X-rays, 277,67

whereas in other spectral bands cooler areas can be detect

ner, J. H., Huenemoerder, D. P., Schulz, N. S., Camszate R., &
“Weintraub, D. A. 2002, ApJ, 567, 434

and therefore the total area and the observed total masssflugdenigi, o. 1991, ApJ, 370, L39

larger. Accretion spots with these properties are preditie

Lamzin, S. A. 1998, Astron. Rep., 42, 322

the magneto-hydrodynamic simulations recently perforfmgd Lamzin, S. A, Kravtsova, A. S., Romanova, M. M., & Batalha 2004, Astron
Romanova et al. (2004) and Gregory et al. (2006). Very priyoab Lett., 30,413

some of the dference can be attributed to intrinsically changinbfl

accretion rates. Simulations of the inner flow region ofteovs

ndi, E., Del Zanna, G., Young, P. R., et al. 2006, ApJS, 262,
att, S., Goodson, A. P., Winglee, R. M., & Bohm, K.-H. 20050574, 232
Mazzotta, P., Mazzitelli, G., Colafrancesco, S., & VitmrN. 1998, A&AS, 133

highly unstable configurations (von Rekowski & Brandenburg 403

2006).

We showed that basic properties of the X-ray spectra fro,{p
CTTS can be naturally explained by accretion on a hot spot, k.

Muzerolle, J., Calvet, N., Bricefio, C., Hartmann, L., & itbrand, L. 200(
ApJ, 535, L47

uzerolle, J., Calvet, N., Hartmann, L., & D’Alessio, P. Z)@&pJ, 597, L149
ss, J.-U., & Schmitt, J. H. M. M. 2005, A&A, 444, L41

this is not the only X-ray emission mechanism. To understangss, J.-U., & Wichmann, R. 2002, Astron. Nachr., 323, 129
especially the high energy tail we had to introduce two tfedrmNeuhéuser, R., Sterzik, M. F., Schmitt, J. H. M. M., WichmaRn & Krautter,

components which fit a corona as it is expected in late-tygus st
and suggested by observations of activity; in the case of &/ H

J. 1995, A&A, 297, 391
Porquet, D., Mewe, R., Dubau, J., Raassen, A. J. J., & Kaaktta 2001, AKA
376, 1113

the shock can dominate the overall X-ray emission. Forthiegm roprade, J., & Schmitt, J. H. M. M. 2006, A&A, 449, 737

high-resolution observations will hopefully allow to emtbthe
sample of CTTS, where a similar analysis is feasible.
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Modelling the X-rays of classical T Tauri stars
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Abstract. Three classical T Tauri stars (CTTS) have so far been obdevith high SN
and high resolution X-ray spectroscopy yet: TW Hya, BP Tadi #4046 Sgr. Their spec-
tra indicate high densities and it is still a matter of sombate if they are exceptional
objects or representatives of their class. V4046 Sgr is sedwnary consisting of two K
stars with typical signatures of CTTS. It has been obseni¢id @handrdHETGS for 150
ks. The helium-like triplets of Si, Ne and O are clearly dezdcUsing a 1-dim, stationary,
non-equilibrium model of the post-shock accretion zone,giission observed can be de-
composed in accretion and coronal components. The aaewsith its comparatively high
densities explains unusudl fatios in the triplets, the coronal component explainshtiog
energy emission at temperatures, which cannot be reactsdadocretion shock.

Key words. Accretion — Methods: numerical — Stars: pre-main sequer8tars: individ-
ual: TW Hya, V4046 Sgr — Stars: late-type — X-rays: Stars

1. Introduction nel, where the material impacts on the ste
surface with free-fall velocity.

Classical T Tauri stars (CTTS) are low-mas# this paper we model the accretion com

pre-main sequence objects still actively accretent, add a low-density coronal component

ing from a surrounding disk. It has been knowfit the Chandra observations in order to obte

for a long time that they are X-ray emitters (seaccretion flow parameters.

review byl Feigelson & Montmeile 1999), but

only observations with high resolution grat-

ings revealed through He-like triplet diagnos-z' The model

tics that the emitting plasma shows unusuFhe model is described in detall

ally high densities, which cannot be interpreteiinther et €l.  [(submitted to A&A), fc

as a scaled-up version of the solar coronawing the ideas of Shu etial. (1994). A shi

(Kastner et all 200Z; Stelzer & Schrnitt 2004develops, where the ram pressure equal:

Schmitt et al! 2005;_Gunther etial. 2006). Wehermodynamic pressure of the surrount

follow the idea of Koenigli(1991), that the ac-stellar atmosphere (see Figl 1). The st

cretion proceeds along magnetically funnelle treated as a mathematical discontini

streams and the X-ray emission is produced where the ion gas is heated according to

an accretion shock at the footpoints of the funRankine-Hugoniot conditions, it sets the ori
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Fig. 1. A sketch of the accretion shock geometry. Energy [keV]

Fig.2. CCD spectrum of V4046 Sgr with best
of the z coordinate. In the post shock coolingnodel (redgrey). The model components are
zone we stepwise integrate the hydrodynamf#ock (orangéight grey) and the the low-dens
and the ionisation equations in a two fluiccorona (bluglack).
approximation of electrons and ions under the
following assumptions: No heat conduction .
through the boundaries or inside the cooling &} ) f .
flow, no viscosity, both components have VEG dota |

T
=)

their own Maxwell distribution, stationarity of 3
the problem, all gas is optically thin and thes
magnetic fieldB|Jv, so it does not influence the ¢
flow. We futher assume that hydrodynamic$
and atomic physics can be treated separately

shock + corona |
<

o |

=]

i

!} |

during each step. This leads to an ordinary gl J ]~| + H‘ |
differential equation for the ion temperature I | } T‘ﬁ ) ﬂ
Tion in depthz: I g e R T Ry
d 3 d 1 1 1 Wuj/z\.esngth (Angsli:m) "
V— (_kTion) + VNKTion— (_) = —Wei (1) . . . .
dz\2 dz\n Fig. 3. Nex triplet in V4046 Sgr, see Fi 2. Or

the high density accretion shock component

for the ions with number density and bulk tributes to the intercombination line.

velocity v, wherek is the Boltzmann constant.

we describes the heat flow from the ions to

the colder electrons according to Coulomb inbest-fit results are shown in Fig. 2. The ac
teractions. A similar relation is obtained fortion shock dominates in the soft part of
the electrons, containing additional terms fospectrum and its flux rapidly fallsfibabove
radiative losses. We vary the model paramd-keV, because the infall velocity sets an ug
ters infall velocityvp, infall densityng and the limit on the energy per particle. The more
abundances of C, N, O, Ne, Mg, Si, S and Fergetic part is dominated by the corona. [l
We then use XSPEC to fit out shock and twghows the He-like N& triplet. In purely coro
low-density APEC components, representingal sources the forbidden line is stronger t
the corona, with coupled abundances simultéhe intercombination line. Here the high d
neously to the data. sity plasma in the accretion shock emits
the i line, resulting in a/f ratio close to 1
This density-sensitive ratio constrains the
fall density, the temperature the infall vels
The observation and data reduction is dety. From the normalisation of the shock en
scribed in detail in_Giinther etlal. (2006). Ousion the total emitting area and therefore

3. Results
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Table 1. Best fit parameters for the CTTSplace inside the optically thick stellar atn

TW Hya and V4046 Sgr sphere, but still the photons can escape thr:
the thinner cooling flow and pre-shock zo
Parameter TW Hya V4046 Sgr This picture is fully consistent with the me:
Vo [km s71] 525 535 sured column densities.
no [cm~3] 10%? 2 x 101t
filing factor  2x 1073 1x10°3 )
M[Moir]  2x 10720 3% 101 4. Conclusions

A° (dof) 1.57 (577) 1.23 _(1113) Accretion shocks are an important contribt
obs. flux (energy band 0.3-2.5 keV) in ﬁlrzg?/s to the X-ray emission from V4046 Sgr. An
shock 37> 10"~ 121077 tailed model of the accretion shock well |
corona Dx 10 12x10 plains the density sensitive line ratios. It
Agws to estimate the infall parameters and i
a mass accretion rate based on X-ray obs:
tions alone. In addition V4046 Sgr is founc
posses a "normal” stellar corona.
filling factor, defined as the ratio of spot area
to stellar surface, can be estimated. We a&cknowledgements. H.M.G acknowledges supp
sume a distance of 83 pb_(Quast efal._2000yo™ the DLR under grant 500R0105.
The resulting numbers are given in talfile 1
and compared to results for TW Hya fromreferences
Ginther et al.{(submitted to A&A). V4046 Sgr
is a system of two CTTS, a K7 and a K5 dwarff-eigelson, E. D. & Montmerle, T. 19¢
As it is not resolved in our observation and the ARA&A, 37,363 .
parameters of both stars are similar, we treat§regory, S. G., Jardine, M., Simpson, 1.,
in the same way as a single star. The resulting Donati, J.-F. 2006, MNRAS, 371,999
mass accretion rate is possibly split betweetinther, H. M., Liefke, C., Schmi
both objects. J. H. M. M., Robrade, J., & Ness,
In general the mass accretion rates obtainedU. 2006, A&A, 459, L29
by our method are surprisingly low. This isGunther, H. M., Schmitt, J. H. M. M., Robrax
likely due to geometrical fects. In our sim-  J-, & Liefke, C. submitted to A&A
ple 1D approach half of emission is generate§astner, J. H., Huenemoerder, D. P., Sct
upwards, but in reality photons crossing from N. S., Canizares, C. R., & Weintraub, D.
the comparatively thin plasma in the accre- 2002, ApJ, 567, 434
tion funnel into the stellar atmosphere get ad$oenigl, A. 1991, ApJ, 370, L39
sorbed. This lowers the total intensity observe@Uast, G. R., Torres, C. A. O., de La Re
(see FigL) and leads to an underestimation of R., da Silva, L., & Mayor, M. 2000, in IAl
filling factor and mass accretion rate. Because Symposium, 28P+
the local geometry of the accretion funnel anRomanova, M. M., Ustyugova, G. V., Koldol
the size of individual spots are uncertain, it A V., & Lovelace, R. V. E. 2004, ApJ, 61
is very dfficult to estimate the importance of 920
this effect. Furthermore, recent simulations inSchmitt, J. H. M. M., Robrade, J., Ness, J..
dicate that the accretion spots may be inhomo- Favata, F., & Stelzer, B. 2005, A&A, 42
geneous with a distribution of infall velocites L35 _
(Romano\/a et all_2004; Gregory el Al 2006)Shu, F., Najlta, J., Ostriker, E., etal. 1994, A
In X-ray observations only the highest veloc- 429, 781 _
ity regions can be probed, where the temper&telzer, B. & Schmitt, J. H. M. M. 2004, A&/
ture is reaches a few MK. All accretion ragions 418, 687
with infall velocities below about 450 knT$
are X-ray dark. We stress that the shock takes

a: Churazov weighting necessary because of t
small number of counts per bin
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ABSTRACT

Context. Classical T Tauri stars (hereafter CTTS) show a plethora-cdind outflow signatures in a variety of wavelength bands.
Aims. In order to constrain gas velocities and temperatures, \akys@ the emission in the hot ion lines.

Methods. We use all available archivelUSE spectra of CTTS to measure the widths, fluxes and shifts afeékected hotion lines and
complement these data wiliST/GHRS andHST/STISdata. We present theoretical estimates of the temperategebed in possible
emission models such as jets, winds, disks and accretiorefsiand look for correlations with X-ray lines and absanpiproperties.
Results. We find line shifts in the range from170 km s? to +100 km s?. Most linewidths exceed the stellar rotational broadening
Those CTTS with blue-shifted lines also show excess alisorjt X-rays. CTTS can be distinguished from main sequehees@fter
MS) stars by their large ratio of the Q1 to OvI luminosities.

Conclusions. No single emission mechanism can be found for all objecte. foperties of those stars with blue-shifted lines are
compatible with an origin in a shock-heated dust-depletetiaw.

Key words. stars: formation — stars: winds, outflows — ultravioletrsta

1. Introduction system Shu et al. 1994Matt et al. 2002 Gomez de Castro .

Ferro-Fontan 20Q%Pudritz et al. 200y The outflows can tak
T Tauri stars (TTS) are young<{0 Myr), low mass 1. < the form of winds observed from radio to the UV (eAdencar
3 M), pre-main sequence stars exhibiting strongéission. & Basri 200Q Beristain et al. 2001Lamzin et al. 2004Dupree
The subclass of Classical TTS (CTTS) are accreting materélal. 2005aEdwards et al. 2006 or collimated, often bipole
from a surrounding disk. This disk is truncated close to tive€ jets, again observed atftirent wavelength bandf¢drigue:
tation radius by interaction with the magnetic field. At theér 1995 Coffey et al. 2004 Gudel et al. 200p The dynamics ¢
rim, the material is ionised by the stellar radiation anddled the surrounding gas have been successfully probed by UV
onto the field linesYchida & Shibata 1984Koenigl 1993 and troscopy withHST/GHRS, HST/STISandFUSE, especially in th
accelerated to nearly free-fall velocity along an accrefisn- Hy lines, which show outflows and fluorescence on the hot
nel before hitting the stellar surface where an accretimtish surface Ardila et al. 2002#; Herczeg et al. 2002005 2006.
forms. Angular momentum may be transferred from the star oo the specific case of TW Hy&upree et al(20053 claim the
the disk by magnetic torquéshu et al. 1994 at the same time existence of a warfhot wind. Their conclusion assumes t
this process is expected to drive outflows possibly in thenforthe Clll and OVI lines have an intrinsic Gaussian shape, thid
of a disk wind or bipolar jetsRomanova et a[2004) performed centroid matching the stellar rest-frame. The observethass
full magneto-hydrodynamic (MHD) calculations of the ad¢me try of the ClIl and OVI line-profiles can then be explained
geometry, while the accretion shock and its post-shockiegol the presence of a continuous and smoothly-acceleratedind
zone were simulated by fiierent authors@alvet & Gullbring absorbing the radiation in the blue wing of these particlies.
1998 Lamzin 1998 Giinther et al. 2007 However,Johns-Krull & Herczed2007) argue that this mod

Observational support for the scenario described above'ﬁs'ncompatIble withHST/STIS observations, especially for t

found in data from dferent wavelength bands. The shocked m&1V 1950 A doublet. The existence of a hot wind in TW H
terial is heated up to temperatures in the MK range and shoRgrefore, remains an openissue. )

produce copious amounts of X-ray emission. Density-siemsit [N this paper we analyse the shifts and widths of hot
X-ray line ratios strongly suggest a post-shock origiiiither spectral lines, particularly G 977 A and the Q1 doublet a
et al. 2007 of the cool parts of the plasma observed at X-ra$032 A and 1038 A, observed witRUSE. This complement
wavelengths, and the cooling matter veils absorption linéise earlier studies of all pre-main sequence stars observéd Wi
optical and infraredQalvet & Gullbring 1998. The geometry of (Valenti et al. 200D, GHRS (Ardila et al. 2002¢b) and of the H
the pre-shock accretion funnel can be traced lyliHe profile emission in CTTS flerczeg et al. 2006 In Sect.2 we briefly
analysis Muzerolle et al. 2000 Undoubtedly CTTS also show summarise the properties of the sample stars, and in Sact
outflows (a review is given bRally et al. 2007, however, the describe the observations and data that we use in our p
precise origin and the physical driving mechanism(s) aeun analysis. In Sec# the line profile analysis is presented, sev
tain. Theoretical models propose a variety of collimatedlat possible formation regions for the observed propertiesdas
outflows and disk winds to remove angular momentum from tleeissed in Sech, and in Secté we summarise our results.


http://dx.doi.org/10.1051/0004-6361:20078674
http://www.aanda.org
http://www.edpsciences.org
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2. Stellar properties 25 TWA5

In this section we present the most important propertiesuof o>allmen et al(2000 present theFUSE spectrum of TWA 5

sample stars in Tabl& and provide a short summary of theirT WA 5 is a hierarchical multiple system, the main compo
main characteristics. being a M 1.5 dwarf. On the one hand, TWA 5 has no signifi

infrared excess indicating the absence of a didktthev et al

2004 Weinberger et al. 2004Jchida et al. 2004 also, X-ray

2.1. RU Lupi observations byArgiroffi et al. (2005 suggest that the emissi
- ] ) _originates in a low-density region, not in an accretion &hamn

RU Lupi is a strong accretor, heavily-veiled and stronglyiva the other hand, TWA 5 has anaHequivalent width of 13.5 /

able at diferent wavelengthsStempels & Piskunov 2002Its 54 signatures of outflowd/fohanty et al. 2008 therefore we
period is uncertain. A wind can be studied using cool, meta”regard it as a transition object.

lines with a low first-ionisation potential, and inFs demon-
strated byHerczeg et al(2009. The line profiles of hot ion
lines in the UV exhibit complex structureEakami et al(200)) 2.6. GM Aur
show by spectro-astrometry that therHemission is signifi- G
cantly extended and compatible with a bipolar outflow. In X
rays, RU Lupi is observed to be a typical member of the CT
class Robrade & Schmitt 2007 specifically, it shows a lovi /i-
ratio in the O VIl triplet as well as a soft X-ray excess.

M Aur is one of the most popular systems to observe st
isk constitution and chemistry (e.Bergin et al. 2004Huesc
Guillot 2005; Salyk et al. 200y. Numerous observations
the radio use the disk of GM Aur to analyse the distributiod
evolution of dust grains in the disk (e.Bodmann et al. 200
Schegerer et al. 2008ased on an optically-thin inner disk s
22 TTau rounded by an optically-thick outer regioNgjita et al.(2007)
classify GM Aur as a transition object. X-ray observatiooe
T Tau is the defining member of the class of TTS. It is a hieEM Aur are discussed in Se@.3.
archical triple system, where the northern component T Tau N
is optically visible, while the southern component T Tau@&)-c 2.7. TW Hya
tributing mainly in the infrared, is itself a binari{¢resko 2009.
The T Tau system shows a very significant soft X-ray exceBgcause of its proximity and the absence of a surroundinig
without the high densities seen in TW Hy@ifdel et al. 200\ molecular cloud, TW Hya is a key system for the study of CT
Nevertheless, accretion and winds are detectable usirgfaiat Although relatively old by comparisor~(0 Myr), it is still
other wavelengths/an Langevelde et al. 1994bDupree et al. actively accreting from a surrounding didkisner et al(2006)
20053, and Herczeg et al(2000, for example, attribute ob- interferometrically resolve its disk aniderczeg et al(2004)
served fluorescenttemission to outflows. The first analysis ofconstrain the inner disk temperature to about 2500 K usig
this FUSE data, completed bilkinson et al.(2002), provided fluorescence irHST/STIS and FUSE data. Observations wi
the first discovery of extra-solar ,MN\Verner-band emission. STIS and FUSE show, in addition to K, atomic emission line
with notably asymmetric shapes. The analytical models &
a cold wind to be driven by magnetic fields from the dishq(
2.3. DF Tau et al. 1992, and this can be traced observationally from sil
or double ionised ions.@amzin et al. 200t TW Hya has bee
extensively observed in X-rays, which revealed a compaely!
cool and dense emission region interpreted as signatureax-
cretion hot spotiastner et al. 2002Stelzer & Schmitt 2004

DF Tau is a binary system consisting of two M stars, resoleed f
the first time byChen et al(1990. The orbital parameters are
still uncertain after several revisionSchaefer et al. 20Q&nd
the distance of the system is still a matter of debate. The m : . R
reasonable estimate is provided Bertout & Genova2008), Oégwn theoretical modelling supports this vieBi(nther et al
who showed DF Tau to be a member of the Taurus-Aurigae mov-~ 7"
ing group £&140 pc), in spite of its lovHIPPARCOS parallax of
39+ 7 pc.Lamzin et al.(2001) presenHST/STISandIUE spec- 3 Qpservations
tra showing accretion and wind signatures and attribute &FsT

erratic photometric variability to unsteady accretion. Dt is  3.1. FUSE data
one of few Doppler-mapped CTT8fruh et al. 1998 Herczeg
et al.(2006 demonstrated that fluorescent emission found in
FUSE observations is consistent with models of a warm disk s
face. X-ray observations for DF Tau are discussed in Se8t.

In order to perform a systematic study of the FUV prope
of CTTS, we retrieved all availablEUSE observations of TT
Yom the archive. For a comparison with “normal” stars,
selected two main sequence stars, the rapidly-rotatingak
AB Dor and the solar analog Cen A. Table2 lists the ob
2.4. /4046 Sgr servation logs; all targets exceptCen A are observed usii

the LWRS aperture with 30x 30” field of view. We reduce
Sallmen et al(2000 present théeUSE spectrum of V4046 Sgr. the data with CalFUSE v3.2.@{xon et al. 2007, performing
V4046 Sgr is a close binary system with separation-8fR, extractions of the complete data set and night-only timert
(Quast et al. 2000 Both of the components are almost identivals to check for airglow contamination. With the exceptad
cal CTTS, which are accreting matter from a circumbinarkdisGM Aur, the spectral regions of interest are nfieated by air
Chandra X-ray observations show line ratios indicative of higtglow. To coadd the individual exposures, we used the CalF
density plasma, which cannot be explained by coronal agtiviget_shift task and applied two fierent methods: both met
but must be attributed to hot accretion shockgigther et al. ods involved cross-correlation, the first using a stellaission
2006). line (Ov1 1032 A on the 1aLiF detector andi€ 977 A on the
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Table 1. Stellar sample propertiedl, lists only values derived from X-ray observations.

Star Spectral type d Urad vsini i Ny Ay
[pc] [km s!] [kms™] [] [10%cm?  [mag]
RU Lup G5V 140 -19+002(17) 91+0.9(17) 24 (19) 18 (15) Q07 (9)
T Tau G5V 140 18 (9) 265(9) 15 (9) 5(5) B (9)
DF Tau MO-2 140 26+92(4) 158+ 1.0 (7) >60 (21) 3-8 5 (9)
V4046 Sgr K5 83 -6.94 (12) 149+ 0.9 (18) 35(18) <2 (6) Q0 (18)
TWAS M3V 57 14 (20) uncertain (20) n.a. 3(2) n.a.
GM Aur K5V 140 24 (10) 13 (3) 56 2 (16) 0.2-0.4 (81 (11)
TW Hya K8V 57 125+ 0.5 (1) 5+2 (1) 7+1(13) Q35 (14) 00 (8)

References: (1Alencar & Batalhg2002); (2) Argiroffi et al.(2005; (3) Basri & Batalha(1990); (4) Bouvier et al(1986); (5) Gudel et al(2007);
(6) new fits to the data fron®inther et al(2009; (7) Hartmann & Staffer (1989; (8) Herczeg et al(2004); (9) Herczeg et al(2006; (10)
Joy (1949; (11) Muzerolle et al(1998 (12) Quast et al(2000; (13) Qi et al.(2004); (14) Robrade & Schmit{2006; (15) Robrade & Schmit
(2007; (16) Simon et al(2000; (17) Stempels & Piskuno¢2002); (18) Stempels & Gahnf2004); (19) Stempels et al2007); (20) Torres et al
(2003; (21) Unruh et al(1998.

2bSiC detector), and the second method using a strong &irgftable 2. FUSE observations.
line (H LyB and H Lyy). Airglow lines completely cover the

aperture and cannot therefore be used to judge centering of a Target Date Exposure time  Data ID
target. We studied all stellar spectra withvDand Crr lines [ks]
sufficiently strong for cross-correlation, and found no sigaific RU Lup 2001-08-28 24 A1090202
differences between the line profiles derived using both methods T Tau 2001-01-15 21 P1630101
Using airglow lines does, however, at times enabjeshhission \?ZOTA%US 2000-09-13 26 A1090101
. ! L gr 2000-05-18 16 P1920202
to be detected in the 1bLiF channel. This is in contrast tdetbe TWAS 2000-05-15 15 P1920101
accurate cross-correlation achieved using Igiv Sellar lines. GMAur  2004-03-03 32 D0810101
It seems that in our observations the targets did not drift -(?V'\\/I, ﬁ;; 22%%%(1)%%% 3; g(i%%%llgzl
through the apertures. Therefore we shift all airglow i lipes TWHya  2003-02-20 15 C0670101
to match the laboratory wavelength. As the targets may be pos ~ Tw Hya 2003-02-21 15 C0670102
tioned diferently in aperture we perform the following check: AB Dor 1999-10-20 22 X0250201
Herczeg et al(2002 discovered molecular hydrogen at rest AB Dor 1999-12-14 24 X0250203
compared to the star, so we identify khes in the 1bLiF chan- AB Dor 2003-12-26 102 D1260101
nel in TW Hya (the shift between channels a and b on the same @ CenA"  2001-06-25 15 P1042601
chip is smaller than 8 knT$, Dixon et al. 2007 the shift of our @Cen A" 2006-05-05 13 60810102

H; lines should now match the radial velocity of TW Hya. Thidotes: (1) MDRS aperture.
fixes our wavelength scale and from here on we use TW Hya as

our reference spectrum. To avoid the need for a spectratifden

cation, we search the 1bLiF channel of the other observafamm . . .
strong features, which correlate with TW Hya. Only lineshwit € wavelength calibration below 1000 A for these threessit
the same strengths in full and night-only extractions arestb  therefore uncertain. ,

ered here. We also check that no airglow feature is expetted a For data of low SNR CalFUSE sometimes overcorrect:
that position according teldman et al(2001). The line widths Packground, leading to negative flux intensity values; vzt
we find are as small as expectédefczeg et al. 2006lending fore always fsepargtely fit the background in line-free reg,
further credibility to the coaddition of single exposuresng close to the line of interest.

an airglow line. In addition, we cross-correlate largelioeg of

the spectra without strong airglow features and find that¢he 3.2 HST data

quired shifts are in agreement with the analysis of singledi ~

For RU Lup, T Tau and DF Tau we correct for the velocity of thEour of our sample stars (RU Lup, T Tau, DF Tau and TW +
H: outflow relative to the star froiHerczeg et al(2006. Taking have been observed with gratings onboard ofHI$&. RU Lup,
into account the stellar radial velocities, the lines shifonfirm T Tau and DF Tau were observed with B8RS, these obse
the shifts adopted above from the HAines. For V4046 Sgr, vations are presented Byrdila et al.(20023 andLamzin et al
we do not have &ST/STIS measurement of Hlines, and for (2001) and we adopt the linewidths and shifts measured by 1
TWA 5 and GM Aur no suitable features in the 1bLiF chanauthors. TheSTIS observations of RU Lup were carefully an
nel were found. However, given the success of the wavelengied byHerczeg et al(2009 and those of TW Hya bierczeg
calibration for other stars, we are quite confident that iteis et al.(2002 andJohns-Krull & Herczed2007). We use thé&TIS
liable also in these cases. We estimate the total waveletgthspectra of T Tau and DF Tau from CoolCARyres 2003, which
ror in the 1#bLiF channels to be 20 knts We then correlate is a database of reduced and calibrated UV spectra taker
the 2bSiC channel with the 1aLiF channel using the stellsit O STIS for cool stars. These spectra all belong to HST pro-
1032 A line. Unfortunately the signal-to-noise ratio (fafter gram 8157 and were taken in the year 2000. The observ:
SNR) in 2bSiC is much lower than in laLiF and for T Taupf TW Hya are not contained in CoolCAT, because they \
DF Tau and GM Aur we have to use the HApirglow line. taken in a non-standard setup. For a consistency check ke
Because thé-USE channels are not perfectly aligned, the pof Tau, and find that the spectra presented there agree wi
sition of the target in the various channels might bedent; previously published results iHerczeg et al(2005).
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Table 3. ROSAT observations. c 977 0 VI 1032 0 VI 1038
1.5
Target Date Exposure time Obs ID of MR
[ks] i
DF Tau 1993-08-93 10 WG201533P.N1 N w}\gﬁ% o
GM Aur  1992-09-22 1.3 WG201278P.N1 fz
GM Aur  1993-03-04 4 WG201278P-1.N1 b T Tou

PSP I O
i AL

0.5
3.3. X-ray data 0.0 l%ﬁJ

Most of our sample stars have been observed at X-ray wave: | of rou
lengths withChandra, XMM-Newton or both, and we obtained '*
these data from the literature. For DF Tau and GM Aur, theres
are no X-ray spectra available in the literature, howevethb oo

DF Tau and GM Aur have been observed WRDSAT/PSPC 5
pointings. We therefore retrieved tfROSAT X-ray data from 1o

the archive in order to enlarge our sample for comparisons of
optical and X-ray absorption. In Tab%& we provide informa-
TWA 5

V4046 Sgr

0.0

tion on the data used. THROSAT data were reduced using s
EXSAS version 030ct. Source photons were extracted from a,
circle with a radius of 2.5 arcmin to avoid contaminationnfro
nearby sources. The background was taken from a region closé
to the target without detected sources with a radius threesti  °°
larger. We measured fluxes 0003+ 0.002 cts s for DF Tau | ow aur
and 0021+ 0.003 cts s* for GM Aur. Using MIDAYEXSAS, '°
we fitted Raymond-Smith and Mewe-Kaastra models assumingp
cold absorption. The ROSAT data are of low SNR. We there<, fﬂwﬂﬁﬁf
fore tried to use dierent data binnings and compared our fi- s
nal results. We provide a range of possible absorption cotum 1.0 4
densities in Tabld, because, as often found, observationally a, s {

large amount of cool plasma and small interstellar absompti A

lead to very similar signatures. To test the reliability of pro- }

cedure, we fit thdROSAT data for AB Aur, which is located in =~ " ™% g™ ™ 7 7% 0™ 0 70 20 0™

the same field as GM Aur. We measure an absorption °°'“"H?§;. 1. Hotion lines observed witRUSE in CTTS and best fit Gaussi:

denstiy Ny of 2-3 x 102(.) cnr?, .Wh'Ch is approximately half profiles ordered by the shift in the @ 1032 A line. All line profiles
of the measurement derived usiKlylM-Newton data presented gre normalised to their the Gaussian profile peak value asidmed tc
by Telleschi et al.(2007). We therefore conclude that, takinginstrumental resolution.

into account systematic errors, tROSAT-derived absorption

columns are consistent with those derived usiivgM-Newton

data.

q
ind) ]

TW Hya

T
LR UL RS

e
CEriel

absorption line. We note that this absorption is not ¢
absorptionHerczeg et al(2005 identify the absorption in th
4. Results OvI 1032 A as H 6-0 P(3) shifted by-23+ 5 km s relative
4.1. FUV lines to the H rest wavelength, and the absorption iviOL038 A as
" Cu. Using the package H2oolt8/cCandliss 2008 we iden-
In Fig. 1, we present the @1 line profiles at 977 A and both tify the absorption component in1@ to be a superpositic
components of the @1 doublet at 1032 A and 1038 A for our©f the equally strong b 2-0 P(5) and 11-0 R(3) shifted
targeted stars. Each spectral line is fitted with a Gaussiafilp ~—10+15km s again relative to the krest wavelength. Withi
and shown normalised with respect to the fitted peak value. Tthe Ovi 1038 A line of TW Hya, we fit the @ blend on the blu
best-fit parameters for line flux, shift of the Gaussian-tieatre, side with an additional Gaussian component. Unfortunated
and its full width at half maximumRWHM), ordered by the ob- _data _q_uality does not enable further blends and featureg
served shift in the @1 1032 A line, are given in Tablé, where identified. In theFUSE bandpass, numerous fluorescent Ly
the shift is corrected for the radial velocity of the stareTia- and Werner band Hlines are present, which are usually re
tistical errors on the shift and tH&AVHM given in the table are tively sharp Herczeg et al. 2006 The lines in Fig.1 are well-
typically comparable to our systematic calibration uraiattes. described by one-peaked distributions, so the contribwtf@ny
The systematic errors on the fluxes are of the order 10-20mgividual blending line has to be small compared to the 8
The Ov1 doublet line at 1032 A is detected in all sample stafgn lines. _ _
and the Qi line in all except GM Aur. In all cases, the line shifts ~ Atomic physics predicts that the 1032 A component of
measured in the @1 and Ov1 are consistent, arguing for relatedO V1 doublet should be twice as strong as the 1038 A cor
emission regions; only for T Tau is there a statisticallyndig nent. We can confirm this prediction for the data of V4046
cant diference, probably due to uncertainties in the wavelengahd TWA 5. In Tabled, significant deviations from the expec
calibration of 2SiC detector data, as discussed in Sett. line ratio can be seen in RU Lup and TW Hya, where a
In the case of RU Lupi, an absorption component is clearlipnal components complicate the fit. However, in the cad
visible in all three lines, which is also fitted with a GaussiaT Tau, DF Tau and GM Aur the @ 1038 A line is almos
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Table 4. FUSE best fit parameters, fluxes in 20 erg cn? s72, width and shift in km s, errors are statistical only.

Cm 977 A Ovi 1032 A Ovi1038 A Cm 1175 A
Star Flux Shift FWHM Flux Shift FWHM Flux Shift FWHM Flux
RU Lup 70+ 60 -120+10 120+20| 24+6 -170+20 300+60| 15+8 -100+20 170+30 20+ 2
— Absorption| -60+40 -130+10 100+20| -4+0 -200+6 50+20 | -10+2 -100+10 120+ 30
T Tau 10+ 4 1+13 90+ 30 8+2 -50+10 130+30 n.a. n.a. n.a. 18+ 2
DF Tau 17+ 6 -6+12 120+30| 11+3 -22+16 200+40 n.a. n.a. n.a. 44+ 2
V4046 Sgr 60+ 20 50+20 310+70| 37+6 19+8 160+ 20| 16+4 1+12 150+ 30 50+3
TWAS 30+ 10 60+20 160+40| 30+5 30+7 130+ 20| 14+3 19+9 110+ 20 25+2
GM Aur n.a. n.a. n.a. 5+1 60+ 20 210+ 60 n.a. n.a. n.a. 24+2
TW Hya 200+25 1006 190+ 20| 220+ 20 74+ 5 220+ 15| 100+15 35+15 290+40 310+ 4
— Blend 9+9 -140+14 80+40
RU Lupi T Tou NV Si v CIv
_ 20 _ 40 2.0
‘% 15F M E % 0 15b RU Lup L
< 1of 9 < 1.0 E
£ L2
ﬁg’ 51}-”’-':‘ HUL-L“(L i 9§ 10 ’J\J\J|_|‘_|JH" os ]
e o I Y E L YWY I |
5 -sp ] ER Rt:a! Tt 93
" 0 " 0 15F T Tou 3
1173 1174 1175 1176 1177 1178 1179 1173 1174 1175 1176 1177 1178 1179
lambda [A] lambda [A] 1.0 H r
DF Tau V4046 Sgr 0.5 t
_ 40 _ 40 0o
% * % * 79:8 1238.8} 1393.8] 1548.2-
E 20 E 20 15 DF Tau 1242 8f 1402 8F 1550 &
5 5 10
To 10 To 10
SR A fpae 1 2 i S oo
E 2 v 0.0
-10 . . . . . -10 . . . . . 05
1173 1174 1175 1176 j177 1178 1179 1173 1174 1175 1176 j177 1178 1179 —400 -200 0 200 400 -—400 —200 0 200 400 —-400 -200 0 200 400
lambda [A] lambda [A] v [km/s] v [km/s] v [km/s]
TWA 5 GM Aur . . . . .
_ _ Fig.3. Hot ion lines in theSTIS spectra. The relative flux of the r
;E E 15E ] doublet member is multiplied with a factor of 2 (fgcey lines).
e I L fit yields no useful information, and in Tabfewe present onl
3 5 -5p 1 the total flux and its statistical error. The dereddened w@itthe
-10 fluxes in the Qi1 977 A line and the 1175 A multiplet is, in pri
1173 1174 1175 1176 1177 1178 1179 1173 1174 1175 1176 1177 1178 1179 . . . . .
lambda [4] lambda [4] ciple, density-sensitive in the range<8logn < 11 accordin
W Hya to the CHIANTI databaseQere et al. 1998Landi et al. 2005
T However, apart from RU Lup the observed values are far b
€ the predicted ratiosRedfield et al(2002 have analysed this lir
2 ratio in FUSE observations of late-type dwarf stars, dbwalpree
° et al.(2005Hh for luminous cool stars. Both authors conclude
2 the Crm 977 A line is optically-thick in the transition region a
E that in addition there is strong interstellar line absanpti
1175 1174 1175 1176 1177 1178 1179 The STISdata from CoolCAT is shown close to the hot io
fombdo [4] doublets Nv 1240 A, Sitv 1400 A and O/ 1550 A in Fig.3.
Fig.2. The Cur multiplet around 1175 A rebinned to instrumentain €ach case, the expected intensity ratio is two to one. it
resolution. itate the comparison of the line profiles we show the flux of

red doublet member increased by a factor of two. In the ale

) of blending and interstellar absorption, both lines shaiow &

completely absent, because of absorption by larger malecyberfect match. The red member of thevNioublet at 1242.8 ,
hydrogen columns (see Tablg in the lines k 5-0 R(1) at js totally absorbed by an interstellariNine, so we do not a
1037.1 A and 5-0 P(1) at 1038.2 A. RU Lup and T Tau, botlempt to fit the line profile. For the other lines, the resufta
CTTS with blueshifted emission, are found to have the ldrges with a single Gaussian component are shown in T&blm
reddening and absorption column density. DF Tau there is no overlap between the two lines shown il
In Fig. 2, we present the FUSE observations of thet@ul-  middle panel of Fig3. Therefore they cannot be doublet me
tiplet at wavelength 1175 A. Unfortunately the SNR of theadat bers, but have to be other lines, likely H hese lines also distc
too low to be able to resolve the H2 lines, and to fit the indiaild the red member of this doublet in the other two stars, leatti
line components. This analysis would have enabled denisityy d a shifted centre in the Gaussian fit. The large errors resutt
nostics to be measured. For RU Lup and T Tau in fact, the mulgienerally non-Gaussian line shapes. The Table also inshid
pletis barely detectable. Therefore a detailed Gaussiaetitn  GHRS data and the observations of TW Hya, resembling
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Table5. HST best fit parameters, for references see Se2t.

Nv 1239 A Sitv 1394 A Sitv 1403 A Civ 1548 A Civ 1551 A

Star Instr. Shift FWHM Shift FWHM Shift FWHM Shift FWHM Shift FWHM

kms? kms? | kms' kms?! | kms? kms?! | kms? kms? kms? kms?
RU Lup | GHRS 5+5 270+10| -31+6 250+10|-20+20 340+40 | -10+10 300+ 30
RU Lup | STIS | -15+25 190+70| 26+20 200+50| -20+20 180+50|-25+25 230+80 | 15+18 120+50
T Tau GHRS -15+7 220+20|-50+10 220+30| -25+6 250+ 10 0+6 150+ 10
T Tau STIS | -45+30 220+80|-1+20 180+50|-40+20 130+50|-25+20 230+70 |-10+20 150+50
DF Tau | GHRS 300 300 10+£10 350+30 | 10+10 320+20
DF Tau | STIS 30+40 187+85 -40+40 230+100|-50+40 180+ 120
TW Hya | STIS | redshifted, seetexi| 42+3 170+6 9+3 130+ 8 redshifted, non-Gaussian, see text

FUSE data. These profiles are nearly triangular, rising sharply ' ‘
close to the rest wavelength and extending to about 400&km s
on the red side (see Fig. 7 kerczeg et al. 2002 Of similar
shape, although extending only to 200 kr en the red side, is
the Crv 1550 A doublet in DF Taul(amzin et al. 2001in the
GHRSobservation. This data is fitted with multiple Gaussians by
Ardila et al.(2002g. We give here the values for the dominant
component only.

Despite the uncertainties in the profiles of individual §ne
it is obvious from Tablegl and5 and Figs.1 and3, that FUV
lines in CTTS cover a range of wavelength shifts from blu
shifted to red-shifted velocities of the order-e200 km s* out
to 100 km s, and could therefore potentially originate in in- or
outflows or both. RU Lup clearly shows blue-shifted emission
the same is likely the case for T Tau, because tha €hift can
be more accurately determined than theiGhift. DF Tau and

AA Tou (variable) 4 |

12

8

CPWO“ cm

o s
S L e e e e e e T s s B

ray Ny

\ OF Tou

%TTULJ

V4046 Sgr are consistent with centred lines and TWA 5, GM Aur a SY Aur
and TW Hya with red-shifted lines. V4046 Sgr
4\ RU e A BP Tau
. HD 163296 B . o
4.2. Excess absorption o[ T P e Af> T ﬂ’ S ‘
In Fig. 4, we show the absorbing column densities as fitted to the ” . A, Fr;jog] e o

X-ray observations and optic&l, values. With a standard gas-

to-dust ratio, they should be related through the formijja=  Fig. 4. Optical reddening and absorbing column density from X-r
Ay - 2x 1072 cm2 (Savage & Mathis 197%ut seevuong et al. Error bars represent 90% confide_nce inter\_/als or\théit, except f_on
2003 for a compilation of other conversion factors in the litera®F Tau and GM Aur where we give the (tighter) ranges discuss
ture, all roughly consistent with this value). The deteration of ie‘ftésf‘lgz—?‘e:rﬁgned line indicates the values predicted usihg=
Ay values is dificult for CTTS, where not only the spectral type; :
but also the veiling needs to be known to compute the intinsi
colours. This render8y values in the literature notoriously un-
certain, especially if they are based only on photometritraot

on spectroscopic information. We have tried to compile thstb
available estimates in Table For AA Tau and possibly other
CTTS, the circumstellar absorption and the veiling are tim& 18U, DF Tau, T Tau, RU Lup and V4046 Sgr all show m
dependent. In Figd, we show mean values for AA Tau from!arger X-ray absorbing columns than expected from the af
Schmitt & Robrad¢2007) andBouvier et al(1999. TheA, for €Xtinction, indicating large amounts of gas with a very smiast
T Tau is often given one magnitude larger than the value wge u§8f.”te”t compared to the |nterste_lla_r m_edlum. Thisd is sig-
but Walter et al.(2003 convincingly show that this is an over-"' icantly larger than the uncertainties in the andNy values
estimate. In the case of DF Tau, most values are between 0/21/4046 Sar the relative uncertainties are higher compéw
(Kenyon & Hartmann 1996and 0.55 Strom et al. 1989 with the other stars, becau§handra is not as sensitive a¥MM-
the exception of B + 0.6 in Cohen & Kuhi(1979; for RU Lup, Newton at spft X-ray energies. In RU Lup_and, pOSSIt_)Iy, T
all modern measurements agree on the lyvalue Lamzin the hotion lines exh|b|t5|gn_|f|_cant blue shlfts._'l'heretotmay
et al. 1096 Stempels & Piskunov 200Berczeg et al. 2005In well be that the hot UV-emitting plasma provides the obse
addition to the TTS studied in this paper, we included datthie <8y €xcess absorption.

young stars BP Tau and SU Aur frdRobrade & Schmitf2006 All Ny values provided are obtained by fitting a cold
andErrico et al.(2007), for BP Tau, AB Aur and HD 163296 sorber model, implying that the elements contributing te
from Telleschi et al.(2007, see references therein) and foX-ray absorption are not fully ionised. The most importaln
MP Mus fromArgiroffi et al. (2007 andMamajek et al(2002. ements are O, H, and He; with increasing temperature ané
In the case of AA Tau, reddening and absorbing column are esation an even larger column density is necessary to prove
ceptionally large, because this object is seen almost edge-observed absorption.
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Fig. 5. Ratio of dereddened fluxes in thev@ triplet at 22 A to the Or1
1032 A line vs. total luminosity in those lines for CTTS (trigles) and
other stars (squares). See text for data sources.

4.3. Ratio of O VIl to O VI luminosity

741

5.1. Blue-shifted emission

The detected emission of hot-ion lines in fdSE data appeal
blue-shifted in RU Lupi and, probably, in T Tau. Both syste
show small values afsini compared to zero-age main-seque
stars and their inclination is close to face-on (TableHowever
TW Hya is a counter-example with small inclination and 1
shifted emission.

5.1.1. Shocks in outflows

We assume that an outflow exists, produced by either a di
stellar wind. Blue-shifted emission could then be due thes
internal shock fronts or to termination shocks of outflows-
ning e.g. into an ISM cloud. For the case of RU Lupi, the n
sured centroid velocity is found to bgps ~ 200 km st away
from the star, and the peak formation temperature ofi @
300000 K Mazzotta et al. 1998 If we assume that the @
gas is heated by a strong shock wave, follow#ed'Dovich &
Raizer(1967) we can infer that the shock front properties fr
the Rankine-Hugoniot jump conditions. The emission of &4
shock cooling zone would be observed with veloeiy, which
sets a lower boundary on the shock velooifsckto

X-ray data are available for all CTTS sample stars, most of

which were observed using gratings. The resolution of the4ens = Ushock > 800 km s*.
X-ray lines is instficient to determine velocities, and we there-

fore analyse only the measured line fluxes. In Eigwe com-

pare the fluxes of the @ and Ovil lines, where the X-ray data

is taken from the same references as iN Table 1. The ob-
served fluxes are dereddendégi(delli et al. 198pin the UV
with a standard dust grain distribution assunmtyg= 3.1, and in
the X-rays following the cold absorption model Balucinska-

“normal” coronal X-ray emission have been addbiggs et al.

2004, whose Ovi emission is known Redfield et al. 2002

Dupree et al. 20059b WhereNess et al(2004) provide mea-

surements from botXMM-Newton and Chandra, we show two
connected symbols to give an idea of the intrinsic varigbdf

the sources. This by far dominates the observational uaioert

ties, which are approximately 10%. As is clear from Fgthe

CTTS separate well out in the upper right corner of the piet, i
dicating an Ovi1 excess compared to dwarf and giant cool sta

Robrade & Schmit{2007) andGudel & Telleschi(2007) show

a very similar analysis using the¥@ir/O v1I ratio again with an
Ovi excess. These studies clearly show that the observed exgg
radiation of CTTS is confined to a relatively narrow temperat

range about the formation of the He-likeva triplet at 1-2 MK.
We note that the CTTS T Tau has an unusually strongi@x-

cess, with a ratio close to 55. Estimating thgddlumn density
to be roughly a quarter of the total neutral hydrogen absagrbi

column Bloemen 198Y, no more then about a third of thev®

flux in T Tau could be absorbed and the true blueshift can
exceed 100 kms. Otherwise emission blueward of the absorb-
ing Hz P(3)(6-0) line at 1031.19 A would be observed in Hig.
Absorptionin the Ov1lines cannot therefore explain the extreme
Oviito Oviratio. A possible origin for the large emission mea:-
sure at 1-2 MK might be a small-density accretion shock withe

large filling factor.

5. Interpretation

1)

By using line shifts we measure only the line of sight ve
ity, but RU Lupi and T Tau are probably viewed close to p
on, thus we expect this value to be close to the true vel
Typical jets reach up to 400 knt’s(Eisléffel & Mundt 1998,
butRodriguez 1995 report velocities of up to 1000 knts The
highest bulk velocities observed in the jet of the CTTS DG

pare about 500 km$ (Lavalley-Fouquet et al. 2000Using the

strong shock formula the post-shock temperailigg: can be
obtained by

y-1 2umy ,
(7+1)2 Kk Ushock
_ 3umy

- K Uobs

)

Tpost =

wheremy is the mass of an hydrogen atomthe dimensionles

"hean particle masg,is Boltzmann’s constant andis the adia

batic index. In the last step, we uge= 5/3 for an ideal gas ar
E%. (1). The estimated post-shock temperatures: @i 10° K

RU Lup and~2 x 10° K for T Tau are large enough to for
Oviand Ovil. This seems plausible, becaédel et al(2009
present already spatially-resolved X-ray emission fromTd &
jetin DG Tau A. The shifts of the ®1 lines observed in RU Lu
and T Tau are larger than measured for thet Gnes, agreein
with models of post-shock cooling.i@@ is formed at lower ternr

r&(@ratures, when the post-shock flow has lost energy, coolé

wed down.

The observed volume emission measures (in unit
10°! cm™3) for RU Lup, T Tau and DF Tau in the @ 1032 A
and 1038 A lines are 1.3, 1.4 and 4.7, assuming the tempe
of maximum emissivity and dereddening of fluxes @grdelli
al. (1989; for Cur the corresponding numbers are 3.9,
and 8.0. Along the jet of the CTTS DG Tau pre-shock dens
between 18 and 16 cm3 are observed, with the higher valt
closer to the starlL@valley-Fouquet et al. 2000We now ust
the fit-formula fromHartigan et al(1987 to estimate the coo

In the following we attempt to constrain the emission regioring distanced and we findd ~ 3 x 10* cm for RU Lup with
and set limits and constraints on possible models for thgirori v = 800 km s* andn = 10* cm™3. The diameter of the jet

of the observed line shapes.

then of the order 1% cm and the column density of the cooli
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5.3. Magnetospheric infall

10 g :
TW Hya I
- AB DOr !
---- ACenA

5.3.1. The basic model

0.8
In the standard accretion scenario for CTTS, the disk iscttet

at a few stellar radii and the temperatures on the disk seideg
a few thousand K at mosHgrczeg et al. 2004 Consequentl
excluding additional energy deposition by magnetic stsk-oh-
teraction, the accreting material reaches the formatiompeza:
ture of Ovi for the first time shortly before it passes through
accretion shock. At this stage, the material on the oppsgie
of the star ought to be blocked from view and only the low ve
ity, low temperature zones of the accretion funnel, closiédir
origin on the disk, can be seen blue-shifted if they face ti«
0.0 i S . ~---44  server. Therefore hot ion lines can be observed only reftesl
400 500 0 200 400 from the funnel flow.

v [Km/s] Using the CHIANTI 5.2 databaségére et al. 1998Landi
et al. 2009 we have numerically modelled the accretion spc
described in detail bgunther et al(2007) for TW Hya and fol
V4046 Sgr Gunther & Schmitt 200)7 We measure the infe
velocities in the accretion funnel to be 525 knt,sand the pre
shock densities around ¥cm™3 for TW Hya and 2 10" cm2
for V4046 Sgr. This matter passes through a shock on the
zone aloneNy = 3 x 10?° cm?, adding to the absorbing col-surface and is heated up to temperatures 2k 10° K. X-ray
umn in the base of the jet, the circumstellar material furthe  emission is produced in the following cooling flow in the pt
and the interstellar column density. Therefore the lardarno ~ Shock zone. We explicitly calculate the ionisation and relob
densities observed for the stars with blue-shifted emissight nation rates, to be able to assess the ionisation stateratiepth
be partly due to jet material. In T Tau and DF Tau the observé&titing this model to high-resolution X-ray data, we measiine
velocities are lower, which results th~ 3 x 10 cm. This is abundances of the most important elements and determirs
too small to explain the observed emission measures. Irethegccretion rates and filling factors between 0.1-0.4%.
emission picture this suggests jets inclined to the lineigtfts Our model explicitly assumes optically thin-radiationdc
so the velocities and therefore the cooling distances aderin Along the direction of infalling flow, most resonance linee
estimated. According to the data in Tallethe inclination of found to be optically-thick up to optical depths above 10e
T Tau is smaller than the inclination of RU Lup, but it is nobpacity is measured using a simple opacity calculation,iex
clear if jets are always orientated perpendicular to theedimn precise value depends on both the infall density and ele
disk. DF Tau has the largest inclination, so we expect tolsee tal abundance. In the He-like triplets of Neand Ovir, ob-
jet at a high inclination. This might explain the large erndss served in X-rays, the ratio of resonance line to intercoratim
measure despite the low observed shift, which is even demsis plus forbidden line is expected to be close to unity from at
with centred emission. physics. This is matched by observations, so we can infé

It could thus well be that the additional absorption of thi€ résonance lines do notfer much absorption. We note tt

stellar X-ray emission is due to the hot gas from which the FU{?€ detailed accretion region geometry is unknown. In pas
lines originate. lar, the system geometry is probably not 1D and photons

well escape through the boundaries of the system rathel
along the direction of flow. Unfortunately, this leads to sioh
5.2. Anomalous line widths erable uncertainty in the computed flux. In our simulatiow
ever, emission is generated in the post-shock region toetme
A comparison of rotational velocities listed in Tallavith the ~€xtent as observed for the OV triplet, but the post-shoak
line widths shown in Tabled and 5 shows that the Observedtribution to the ClII line is small. We caution that this cdunc
lines are superrotationally-broadened despite the meamnt Sion is based on the assumption of very small and hot <
uncertainties. This is not uncommon in late-type staigd Theoretical simulations of the infall geometry using efttipo-
et al. 1997. To illustrate this issue further, in Fig we com- lar fields Romanova et al. 20Q4r more realistic geometri
pare the O/1 1032 A line measured for TW Hya, the much mor&c@led from other star&tegory et al. 200gsuggest inhomog
rapidly rotating K dwarf AB Dor withvsini = 100+ 5 km s Neous spots with a_dlstrlbutlon_ of infall velocities. In estion
(Vilhu et al. 1987, and the slow-rotatoe Cen withvsini = 20nes with smaller infall velocities, the post-shock tenapgres
2.7+ 0.7 km s (Saar & Osten 1997s in fact comparable to and hence the emitted X-ray fluxes are smaller. Stiigcts art
TW Hya. Ake et al.(2000) found significantly superrotationally- N0t included in our models, but could contribute to the b=
broadened coronal lines already in AB Dor and speculate ttfdfV flux. We are unable to reliably constrain fits of inhomc
this might be due to microflare heating. The blue wing dt€0Us spots due to inSicient diagnostics.
TW Hya matches the data from AB Dor quite well, but the asym-
metric profile from TW Hya is significantly dierentonthe red 5 3 5 pradicted UV line shifts
side. At any rate, the @1 1032 A is clearly far broader than the
line from a Cen. In CTTS, redward line asymmetries are usdror TW Hya and V4046 Sgr, where we modelled the ac
ally attributed to emission in the accretion process. Weetloee tion shock in detail, the largest possible post-shock spe
consider if this interpretation is also valid for TW Hya. 125 km s, a quarter of the free-fall velocity. All emissir

0.6

0.4

normalised flux

0.2

Fig. 6. Comparison of the @1 1031.91 A line for three stars.
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other plasma processes such as magnetic waves may sup

10f ‘dom L W e ] required turbulence.
[ simuetion: S Y 1 The line widths could be explained if the emission origis
08 " bwamangl i [y OVIT092 4 in the funnels well before entering the radiative precyrsoa
i broadening| [ [} 1 region high above the stellar surface. A single featuretedirg
0.6+ : : with the star would be observed moving through the line pag

\ ] as the star rotates, and a combination of many emissionns
\ ] may result in a very broad line. In this case diicgent and cur

1
|
|
|
|

rel. intensity

0.4
r ! \ 1 rently unknown heating mechanism in the accretion funrs
ozl ; [ ] needed to form the hot ions. The resolution of the currenay
“r oy ] telescope<Chandra and XMM-Newton is insuficient to detec
0.0 baeerppreanpi o ] line broadening less than about 1000 km er line shifts les:
600 —400 200 o 200 400 600 than a few 100 kms. We are therefore unable to compare

velocity shift [km/s] line-profile measurements with those for hotter ion linelsiclr
are most likely accretion-dominated.
Fig.7. Oviline at 1032 A. Solid line: FUSE data, dashed line: simula-
tion with purely thermal broadening, dotted line: simuatiwith addi-

tional turbulent broadening of 150 km's 5.4. Turbulence in boundary layers

Turbulence is an obvious way to generate significant linetvai

Turbulent flows convert bulk kinetic motion into heat and-

redward of this value must originate in the pre-shock ragtat ticity and a flow along a boundary layer would be an obv

precursor. origin 01_‘ turbulence. If, alternatlve_zly, accretion p_rod_een_ar

During the cooling behind the shock front, the velocity degqliﬁto';'j?; boundatl)rywlvayer,t:]heffthrlvlsnce tlnt_velocn)(/j Itsh give

creases further. The emission fromiiCand OvI peaks at very Iy't € : erfn_cel € et(_en Ie S etartr:o ?('Q‘T' an Ie;:
low velocities. For pre-shock velocities of 300 kmtsOyy CClty Of material accreting close 1o the Kepierian velp

is formed immediately behind the accretion shock. Its vigjoc the stellar surfac@kepler = 1/% ~ 440 km s, whereG

reaches a maximum value of 75 km'sand decreases as thgs the gravitational constant, and the stellar parameteius
cooling proceeds. Depending on the stellar inclination 8ved R and massav, for the example of TW Hya are taken frc

spot latitude, the projected velocity may be even smallee Tyepp et al.(1999. The equatorial velocity can be estima
resulting line profile has its maximum closete: 0 km st with o Veg= LS ~ 40 km s,

a broad wing on the red side. Observationally theidine at In oraer to estimate the dissipated energy, we use th

1032 A is best suited for analysis, because the other menfibep@lent Crocco-Busemann relation, which is valid for tugmi
the doublet at 1038 A is more strongly absorbed byaHd pos- flow along a surface. We follow the treatment White (1991)
sibly by C1v lines. The observeBWHM is about 200 km ¥ and neglect the initial temperature of the infalling flommce the
(Fig. 7). Adding turbulent broadening to our 1D simulation reaccretion disk is cool, and the photospheric temperatuesolh
sults in more symmetric line profiles, the red wing can be fitain a relation between temperature in the turbulent 1ayg
ted with v, = 150 km s, but no blue wing is observed. Inand velocityu of flow:

principle, this could be due to wind absorption, as suggeisye

Dupree et al. (2005a). In the case of TW Hya howevehns- T, (u) = i(Au -u), (3)
Krull & Herczeg (2007 were able to demonstrate that a hot 2cp

wind is incompatible with, for example, the observedvdine

whereAv = vkepler — Veg, U is the velocity of the gas relative

profiles. the photosphere ang) has the usual thermodynamic mear
as specific heat at constant pressure. For an ideal gas3}
5.3.3. Model extensions simplifies toTyp = 2.3 x 10° KAi”ZH(G — %), with G = =

(100kms™)

Depending on the accretion geometry, radiation from the-po§0 the maximum temperature is reached where the infallis
shock zone may be reprocessed in the pre-shock accretion flbas slowed down by¥. For Av ~ 400 km s, the maximun
This will form a photoionised radiative precursorfiiziently hot temperature is & 10° K and 23 x 10° K for half the Kepleriar
to emit in Crr and even Gr1 lines. The emitting region how- velocity. In the example of TW Hya, in both scenarios the
ever is located close to the shock, where the material is mgovimation temperature of @1 is reached. Because the line-of-si
at close to free-fall speed, and emission is redshifted lmpabis perpendicular to equatorial accretion, the peak of tHeci
500 km s'. Lamzin (2003 performed detailed 3-level-atomties should appear close to the rest wavelength with a ligkh
calculations supporting the above considerations with enism comparable to the turbulent velocity. In this scenaric tlearly
cal simulations. He found that the total emission should lipe odifficult to explain the shift of the line centre, but this proc
served as two distinct peaks, one close to free-fall vel@bbut may contribute to the emission responsible for a broad ce
500 km st and the other formed post-shock. Only if the line ohent, especially in stars with with only slightly shifted ission
sightis perpendicular to the direction of flow these two geadn  such as DF Tau, V4046 Sgr and TWA 5 or in TW Hya dul
coincide, but close to the rest wavelength. For TW Hya, whidthe GHRS and STIS observations. For TWA 5, the scenario f
is seen close to pole-on, this would require accretion incprae thermore explains how accretion, as supported by a mes
torial layer. Ha EW of 13.4 A, could proceed. This is in spite of the fact

Figure7 shows that in principle a large turbulent broadeninthe X-ray radiation originates in a low-density region, pably &
could explain the observed line width, but it requires tlebti corona, in contrast to that expected in a scenario of mazaikti
velocities larger than the post-shock bulk velocity. Néveless funnelled accretion in hot spots.
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5.5. Red-shifted emission of low SNR. Comparing th6&HRS and STIS observations, se|

All UV observations of TW Hya show consistently red-shiftegjated by 4-8 years, the observed line width and shifts app

lines. The only possible explanation are matter flows onéo t
stellar surface because the far side of the star is bloclked fr
view by the star itself. On the other hand, as argued aboee,

absence of a double-peaked profile with pre- and post-shqg expected however, that lines ofi8j C1v and Nv will orig-
emission implies that accretion spots are unlikely to ergleeir . ; i i : . s
origin. We therefore now discuss a contribution from theracc !nadte n erglslsmn”hne reglohns If_or Wh'g?fﬁfarl‘ld O\ﬁ emissior
tion funnels. Three-dimensional MHD simulationsRmanova. =~ ektectel ) nd:? cases, the line W'J s'a |nrt] el_range—.
et al. (20049 give accretion spots with inhomogeneous veloci gr?sig':es;]ti al:r)]luec;\li?tg dLubpu't-Ii-nTtal{ht‘g'lrjotl)Ds Zr-i-/ilii(t)nes tlgzsn?lrﬁ
profiles, where the flow speed is close to free-fall at the spot Y :

tre and much slower at the edges. Their simulations use id SySer extent than in theUSE data, conversely, the TW H:

MHD equations and do not take into account the heating gpes are more redshifted in tif@JSE data. This hints at a stroi

turbulence caused by thefidirence in velocity within the ac- \r’]isrr'ﬁt:]'qlgy %gr;rzst‘)gmg;t\?vfnggrgr']r:jagéggﬂgnm'ss'on mec

cretion streams. In general the discussion in See@.applies Lon Zr mongftorin is required to test if thefﬂirence be

with velocity differences of the order of half the Keplerian Veiveen t%le obiects ingour ng le is due t@efient phases

locity, so significant turbulent heating could arise in thariels ctivity and a(J:cretion rate or ith)here are other fungamgiita

themselves, if turbulence is not suppressed by the strorgg m P A

netic fields. Further modelling and clarification of the atiom eﬁﬁ?&ﬁr‘];—g{; ::i;ggir;r% tc?lfszlrt\lf:(;lonrw‘()lgt)I?I;:a&:zsd'uve\z/r;?r;

geometry is required to check the resulting emission measur;_ . . ’ "

Figure 7 shows that the shock, given some turbulent broadegqgrgggoﬂg)it“tﬁ:;&gfﬂg‘;?ﬁﬂ;ﬁ;ﬂgﬂ;‘rl{ dzsooqnﬁl:/gtr?aetl

ing in the post-shock zone, can account for a significantqrop .~ ' PN .

tion of the observed emission in accordance with our postish might also be due to time-variable accretion rates.

cooling zone simulations.

Interestingly, in MS stars lines red-shifted by a few kmh s 6. Summary

are also observed\fres & Linsky 1980 Ayres et al. 1988 so o L

there has to be an emission mechanism unrelated to accretifi have presented the hot ion lines originating fromi@nd

usually attributed to downflows in the stellar transitiogiom. O V1in all available CTTS spectra observeld WRD'SE. The f'tl'

This phenomenon may occur in CTTS as well. ted centroids range from aboufl70 km s* to +100 km s

and the shifts of the @1 977 A line and the @1 1032 A anc

o o 1038 A doublet are consistent. Most, if not all, lines areest

5.6. Other emission origins? rotationally broadened. The blue-shifted lines could in&gg in

Emission in the disk surrounding the star may in principle eg Stellar outflow, maybe a jet; the red-shifted lines are mpoat-

plain broad M-shaped lines, but the temperature at the disk ¢ le with current models of magnetospheric accretion. Tres-

face is only a few thousand Kierczeg et al. 20Q4Neither Ci - €NCe€ Of boundary layers, winds and extended chromospre
nor OVvI forms there. inconsistent with the observed line profiles.

Also, for e.g. TW Hya, where exceptionally broad lines are Furthermore, thglabsplf]birr]lg COIL.‘mln dzgS‘ﬁ?S observed
detected, the projected velocity of the disk at the innek diiige riﬁigée;n;g%’;% ;a\g-ltto-(tjuestogtﬁa arne g ir?trelzlpsgt’erl?;ra;j%ﬁ
is only ~20 km s . We observe no variation in the peak shif This situation holds for the most heavily-veiled ol
between the two observations of TW Hya, so it seems unlik M.Tau OF Tau T Tau SU AUT and. althou hyfor ower ar
;[jhali itis produced by a single feature moving with the rag lute vaIL'Jes of readeniné RU Lup. In E:ases V\?here data aré

isk. ' ' . .
If the lines originate in an extended chromosphere, from ti@@!€ from both UV and X-ray, the corresponding objects der

ratio of equatorial velocity and line width we can estimdte t strate blue-shifted emission in tHeUSE observations. W

; o ) ; i his as a sign of a dust-free absorber, which magist
height of the emitting structures and find, using the vales fNterprett . . : : .
Ov11032 A from Tablet, that the emission is placed at the stelggzngg(r;giﬁteegf furpn?;%ré?t; Igltlhg.lf.?.go dk;g;\:\geg ;[:rlxggﬂruer;uc-e
lar surface for T Tau and at about three stellar radii for Ri,Lu SR ' ; :
V4046 Sgr, GM Aur and TW Hya. This can only explairl?IineOf soft X-ray emission in the o lines. Together w_|th X-ra
shifts if we’assume upflowing material for RU Lup and downr_esults, this illustrates that the signatures of a hot dicerepot

- rem vident in th mperature range 1-2 MK.
flows for TW Hya stable over all exposures, which seems uft® ost evident n the temperature range
likely. Acknowledgements. We thank G. Herczeg and C. Johns-Krull, the referee
their competent remarks, especially on fléSE wavelength calibration. Tt
data presented in this paper were obtained from the MuBimrisArchive at the
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1175 A, in observations acquired ysﬁUSE andHST, we find  George Mason University (USA).
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years. In contrast, a flux flerence of over a factor of five is
measured for RU Lup observationddrczeg et al. 2005 For feren
TW Hya, there are alsBUSE observations separated by severaﬁe erences
years. Unfortunately, the earlier observations are veoytsind Ake, T. B., Dupree, A. K., Young, P. R., et al. 2000, ApJ, 5387L

e roughly consistent. We next considered correlationsdxst
these observations and FUSE data. Excluding the €175 A
ultiplet, for which a line-profile analysis is impossibtaere
g no lines that are in common between the two sets of di
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ABSTRACT

Context. Some T Tauri stars show a peculiar X-ray spectrum that can be modelled by two components with different
absorbing column densities.

Aims. We seek to explain the soft X-ray component in DG Tau, the best studied of these sources, with an outflow
model, taking observations at other wavelengths into consideration.

Methods. We constrain the outflow properties through spectral fitting and employ simple semi-analytical formulae to
describe properties of a shock wave that heats up the X-ray emitting region.

Results. The X-ray emission is consistent with its arising from the fastest and innermost component of the optically
detected outflow. Only a small fraction of the total mass loss is required for this X-ray emitting component. Our
favoured model requires shock velocities between 400 and 500 km s~*. For a density > 10° cm™® all dimensions of the
shock cooling zone are only a few AU, so even in optical observations this cannot be resolved.

Conclusions. This X-ray emission mechanism in outflows may also operate in other, less absorbed T Tauri stars, in

© ESO 2008

addition to corona and accretion spots.

Key words. stars: formation — stars: winds/outflows — stars: individual: DG Tau — stars: mass-loss

1. Introduction

Jets and outflows seem to be a natural consequence of disc
accretion, as they are common phenomena in star forma-
tion. Jets are an especially active area of study at present.
Their innermost region is particularly interesting because
it arises from the deepest in the potential well and thus
probes the conditions there, which cannot be resolved by
direct imaging. This innermost region is crucial for our un-
derstanding of jet launching and collimation. We need to
constrain the different theoretical models of stellar winds
(Kwan & Tademaru 1988; Matt & Pudritz 2005), X-winds
(Shu et al. 1994) and disc winds (Blandford & Payne 1982;
Anderson et al. 2005) to produce reliable estimates of the
associated angular momentum loss from the disc and pos-
sibly the star. This spin-down is needed to explain the slow
rotation of accreting classical T Tauri stars (CTTS).
CTTS also have long been known as copious emit-
ters of X-rays (Feigelson & Montmerle 1999), and we now
recognise that multiple emission mechanisms contribute to
the observed radiation. Studies of large statistical sam-
ples clearly show a coronal component, which occasionally
breaks out in hard X-ray flares (Preibisch et al. 2005; Stelzer
et al. 2007). Additionally a hot spot on the stellar surface
heated by ongoing accretion contributes (Giinther et al.
2007). It shows up in X-ray line ratios originating in high-
density regions, much denser than any corona (Kastner
et al. 2002; Stelzer & Schmitt 2004; Schmitt et al. 2005;
Giinther et al. 2006; Argiroffi et al. 2007). There is rela-
tively recent evidence of X-rays from the outflows them-
selves, starting with HH 2 (Pravdo et al. 2001) and HH 154

(Favata et al. 2002; Bally et al. 2003; Favata et al. 2006). X-
rays very likely trace the fastest shocks in the jets. The first
spatially extended X-ray emission of a CTTS jet was found
using Chandra by Giidel et al. (2005, 2008) in DG Tau. This
star shows a spatially resolved, soft emission extending out
to 5”. Tt is not compatible with a point source origin, and
Gidel et al. (2008, hereafter GS08) model it by a combina-
tion of a linear source plus a Gaussian of ~ 140 AU diame-
ter at the maximum distance to the star. Also, Giidel et al.
(2007) find unusual spectral shapes in some CTTS distin-
guishing these so-called TAX (two absorber X-ray) sources
from most other CTTS. Their spectra can be fitted well
with a highly absorbed hard component and a much less
absorbed soft component. They suggest that the marginally
resolved soft excess is emission from the base of the jet (see
also Schneider & Schmitt 2008). In this paper we develop
this picture further in order to use the X-rays as a probe
of the innermost, fastest outflow and to constrain the jet’s
spatial extent and mass outflow rate. This idea is supported
by the finding of Schneider & Schmitt (2008) that there is a
small but significant spatial offset between the soft and the
hard central components in DG Tau, so even the central
component is marginally resolved.

We focus specifically on DG Tau, since the source is
studied at many wavelengths, especially the stronger jet
to the SW, but much less information is available for the
fainter counter-jet to the NE. In the optical the jet has
been imaged with HST/STIS several times, revealing not
only jet rotation (Coffey et al. 2007), but also the presence
of components with different velocities in the approaching
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jet with up to 600 km s~! (Bacciotti et al. 2000), after
correcting for projection effects.

Based on analysis of forbidden lines, it was inferred that
the jet density rapidly falls off with increasing distance
from the star (Lavalley-Fouquet et al. 2000; Bacciotti et al.
2000). The jet extends to 0.5 pc as HH 702 (McGroarty
et al. 2007), where shock-excited knots are clearly seen, but
also closer to the star there has to be a heating source to
sustain the jet emission. Heating by ambient shocks within
the material itself is a good candidate. Takami et al. (2004)
found a cool and slow molecular wind with an opening angle
near 90 deg, which surrounds the faster and hotter atomic
outflow (see also Beck et al. 2008).

Raga et al. (2001) presented a 3D hydrodynamical simu-
lation of the DG Tau jet. They assume a sinusoidal velocity
variation and precession. The precession broadens up the
working surfaces in an otherwise well-collimated beam and
produces several shocks where the faster material catches
up with the previously ejected slower matter. In this model
the density decreases naturally with the distance to the
stellar source.

In this paper we examine the emission measure, col-
umn density and temperature of the X-ray emitting region
through spectral fitting (Sect. 2) and interpret the soft com-
ponent as a tracer of the fastest component of the outflow
(Sect. 3). We then discuss constraints from other wave-
length bands and their implication for the outflow origin
in Sect. 4. We present our conclusions in Sect. 5 and give a
short summary in Sect. 6.

2. X-ray observations

We rely on the X-ray data presented by GS08, consisting
of a 40 ks XMM-Newton observation (ObsID 0203540201)
and four Chandra exposures (ObsIDs 4487, 6409, 7247 and
7246), which sum up to 90 ks observation time. We retrieved
this data from the archives, reduced it using standard SAS
and CIAO tasks, and analyse it in XSPEC. Because of
the low count rate we merge all available Chandra data.
GS08 show that the error bars on the fitted values over-
lap between the four exposures for the soft component.
The luminosity in the hard component varies by a factor
of three, but the other parameters are compatible. Since
we are most interested in modelling the soft component,
variations in the luminosity and temperature of the hard
component are not important here. We simultaneously fit
the merged Chandra and the XMM-Newton data with two
thermal components with individual absorption. We keep
the parameters for Chandra and XMM-Newton coupled in
the soft component and leave the temperature and nor-
malisation between the hard components free, because it is
observed to be much stronger in the XMM-Newton observa-
tion due to intrinsic variability. As an illustration we show
the data recorded by the EPIC/PN camera which covers
the broadest energy range in Fig. 1. As black and red/grey
lines we show two fits to the soft components with different
temperatures. The fits shown use solar abundances accord-
ing to Grevesse & Sauval (1998).

Due to the low count numbers, the statistical uncer-
tainties are large. In Fig. 1 the black line shows a model
with k7" = 0.3 keV and moderate absorption, very similar
to that presented in GS08. However, a model with a much
cooler temperature (k7' = 0.08 keV), higher emission mea-
sure and larger absorbing column density reproduces the
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Fig. 1. XMM-Newton EPIC/PN data of DG Tau. Overplotted
are the contributions by the soft component for two different
scenarios: kT = 0.3 keV ( Ng = 2.3 x 10%" cm™?; black line)
and kT = 0.08 keV (Nyg = 11 x 10*' cm™?; red/grey line).

data nearly as well, as illustrated by the red/grey line in
the figure. Thus, for the soft component, there is an am-
biguity that makes it difficult to precisely determine the
temperature, emission measure, and absorption column.

To quantify this, we have run a grid of models, keeping
all parameters for the hard component fixed and leaving
the cool component’s volume emission measure (VEM here-
after), temperature and absorption column density free.
The resulting x2-distribution is shown in Fig. 2. At the
99.95% confidence level the distribution ranges over ten
orders of magnitude in emission measure and one order
of magnitude in temperature, following a narrow valley in
Temperature-VEM space. The most likely temperature re-
gion is 0.2-0.4 keV with a second region within the 99 %
confidence contour around 0.08 keV. The secondary peak
around 0.08 keV is caused mostly by Chandra data; it does
not appear in a fit to the data from XMM-Newton, which
is more sensitive to low energy X-rays than Chandra.

We verified that the position of this valley in x2-space
does not change if the parameters of the hard component
are left free. We fit the thermal emission with two APEC
models. When using MEKAL, the minimum y?2-valley is
in the same place, but the absolute minimum y? model is
shifted to lower energies by up to 0.05 keV along the valley.
We regard this as an estimate for the systematic uncertainty
in the fit process.

Due to this and the ambiguity in fitting the temperature
and VEM of the soft component, rather than taking the
formal minimum x? model, we consider a range of param-
eter space that is statistically allowed by the observations.
Future observations will be needed to pin down more pre-
cise values. Thus, we fit a simple power-law to the minimum
x2-valley of figure 2. This gives

-~ 045 - ( ——— 1
0.45 T (1)

VEM 0.33 keV \ >
10%2¢m—3 '
The emission measure of the minimum y2-valley deviates
less than a factor of 2 from equation (1) in the energy range
0.1-0.4 keV (Fig. 2). We will use this relationship in the
following section.
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Fig. 2. This shows confidence contours (at 68 %, 90 %, 99 % and
99.95 % confidence level) fitting the VEM and the temperature
of the soft component. The parameters in the hard component
are held fixed. Assuming a simple shock model (see text for
details) the shock velocity is given on the upper horizontal axis
and mass loss rates in Mg, yr~! are marked in dotted lines in
the plot. For some models absorbing column densities Ny are
given in units of 102" cm™2. The temperatures of the two models
shown in Fig. 1 are marked with dashed lines. Our fit from Eq. 1
is indicated with a red/grey line.

To get a handle on the physical conditions in the emit-
ting region further constraints are needed. The fact that the
central component of the soft emission does not deviate sig-
nificantly from a point source (Schneider & Schmitt 2008),
gives an upper limit on the emitting volume and therefore
a lower limit on the density. Its size should be less than 1”7,
corresponding to 140 AU at the distance of DG Tau. At
the same time Schneider & Schmitt (2008) found the soft
component to be significantly offset from the hard compo-
nent at the stellar position by about 30 AU to the SW, the
direction of the X-ray emitting, approaching jet.

3. A wind model

We use a simple, analytical model for the outflow. We dis-
cuss the observations giving rise to this model in detail in
Sect. 4.3. Those observations indicate a collimated inner
jet, which moves relatively fast. It is surrounded by slower
and consecutively cooler components (e.g. Bacciotti et al.
2000, see Sect. 4.3 for more references). This situation —
resembling the layers of an onion — is sketched in Fig. 3.
The outer wind is launched from the disc whereas the ori-
gin of the inner jets could be either the inner disc region
or the star itself. Disc winds are launched at temperatures
of ~ 10* K or much less (Ardila et al. 2002; Herczeg et al.
2006). Stellar winds, even if launched at coronal tempera-
tures, will cool adiabatically, and the radiative cooling time
can also be very short (Matt & Pudritz 2007). Therefore,
beyond several tens of stellar radii, we expect all compo-
nents of the outflow to be too cool to emit X-rays. The
outer layer contains molecular hydrogen and radiates pre-
dominantly in the IR; the more collimated and faster flows
can be observed in the optical.

Raga et al. (2001) modelled successfully the optical ob-
servations with a jet model using a time-variable outflow
speed. This gives rise to strong shocks, when faster gas

X—raf‘/
$ dcool (JJ] H\rﬂ
" Shock | Optical : Near IR
—_—
R
: 10 - 100 km/s
100 - 400 km/s -
400 - 600 km/s| f ) f
® -
Star Disk

Fig. 3. Sketch of the geometry. The flow launched from the re-
gion closest to the star travels with the highest velocity, and
internal shocks in the flow there can reach the highest temper-
atures.

catches up with previous ejecta. We assume that in the
innermost outflow region the velocity of the flow is high
enough to heat the post-shock material to X-ray emitting
temperatures. The shock forms sufficiently far from the star
that the flow is collimated.

Using the strong shock conditions we can transform the
thermal energy k7', where k is Boltzmann’s constant and 7'
is the temperature, into the pre-shock velocity in the shock
rest frame vghock:

( Ushock ) 2
500 km s~

This velocity is given on the upper horizontal axis in Fig. 2.
We emphasise that, in the case of a travelling shock wave,
the pre-shock gas velocity is the sum of vghock and the mo-
tion of the shock front. Raga et al. (2002) provided a semi-
analytical formulation for estimating the cooling length of
gas heated in fast shocks (Av 2 200 km/s). We checked
this analytic relation with more detailed simulations of the
shock cooling zone using our own code (Giinther et al. 2007)
and found that they agree within a factor of a few. Thus, for
the semi-analytic treatment here, we will use the formula
of Raga et al. (2002), which can be written

105 -3
dever ~ 20.9AU ( om ) (
no

kT
T 033 keV

(2)

=

) )

where nyg is the pre-shock particle number density, equal to
a quarter of the post-shock number density n in the strong
shock approximation.

We assume an idealised cylindrical geometry for the
post-shock flow, Wherg the length of the cylinder is dcool-
The mass flow rate Mghocx through the shock front with
area A is then given by

Ushock

500 km s~

A.Ishock = Avshockp(] ) (4)
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where pg = pmunion, is the pre-shock mass density of the
flow, nion, is the initial number density of heavy particles,
i.e. atoms and ions, i the mean relative ion particle weight,
and my the mass of hydrogen. Assuming solar abundances,
we adopt p = 1.26. It is worth noting that Mshock is less
than the total mass loss rate in the flow, since vgpock 1S
measured in the rest frame of the shock, and shocks in
these systems are observed to travel at speeds of tens to
hundreds of km s~1.
The area of the shock can be determined from

VEM

)
TeMion dcool

_ Volume

A=7R?

5
dcool ( )
where n, and mnjo, are the post-shock electron and ion
number density. Combing Eqs. 2-5, and assuming njon, =
4nion, = 0.83n,, the mass flow rate can be written

. M, VEM 0.33 keV\ 7
Mapoor ~ 2.7-1071729 6
hock yr \ 10%2 cm—3 kT (©6)

It is convenient that, by adopting a simple formula for the
cooling length (Eq. 3) and a simple shock geometry, the
determination of the mass loss rate is independent of the
density of the flow.

‘We can now apply this specifically to the soft X-ray com-
ponent of DG Tau. By combining the observed relationship
of Eq. 1 with Eq. 6, one obtains

Mg, (0.33 keV) 720

Mapook ~ 1.2 x 10711 - i (7)

or, using equation (2),

Af@ 14.5

yr

-1

Mo ~ 1.2 x 10711 (M)
Ushock
These formulae indicate that the mass loss rate required to
explain the observed soft X-rays has a very steep depen-
dence on the observed temperature. It is clear that a better
determination of the mass loss rate requires a more precise
temperature measurement. In Fig. 2 lines of constant mass
loss rate are marked as dotted lines according to Eq. 6.
Over the full length of the confidence contour the mass loss
varies by ten orders of magnitude.

We now look at the physical size of the shock region, R,
which is the radius of the base of the emitting cylinder of
shocked gas. From Egs. (2), (3) and (5), we can solve for
the radius (in AU),

®)

1.125

VEM )

R~ 0.7 ((107em )" 5 70.33keV
A n 1052 cm—3 kT

and using the observed relationship for DG Tau (Eq. 1),

5 _3405 3.875
R ~ 0.65 AU 10°cm 0.33keV .
n kT

(10)

In Fig. 4 the confidence contours for the lower mass loss
rates are shown as functions of the radius of the shock at
the cylinder base and the cooling length assuming a density
of Njon = 10° cm™3 as motivated from the optical observa-

tions. For other densites the scalings are R ~ \/g (Eq. 9)

and deool ~ % (Eq. 3).
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Fig. 4. Confidence contours (at 68 %, 90 % and 99 % confidence
level) are shown for the parameters radius R and shock velocity
Vshock for the case of a cylindrical cooling zone at a fixed density
of n = 10° ecm™®. Dotted lines mark the mass loss rates in
M@ yr71 .

4, Discussion

In this section we will use the formulas and conditions de-
rived above to place limits on the physical mechanism pro-
ducing the observed X-ray radiation.

4.1. Elemental abundance

The signal-to-noise ratio is not sufficient to fit elemental
abundances, so we performed additional fits with the abun-
dances found by Scelsi et al. (2007) for the Taurus molecular
cloud. As usual there is a strong degeneracy between emis-
sion measure and metallicity. On average reduced abun-
dances can be compensated for by a larger emission mea-
sure. Changes in the composition, that is particularly the
Ne/O and Ne/Fe ratio, lead to different thermal structures.
The confidence contours for fits with the abundances from
Scelsi et al. (2007) follow the same valley in x2-space, but
are displaced about 0.07 keV to higher energies. Models
below 0.27 keV are excluded on the 99% confidence level.

It is not clear, however, if the coronal abundance is ap-
plicable to the jet, since the launching region of the X-ray
emitting, fast jet component is unknown.

4.2. Limits on the size of the shock

Figure 2 shows two distinct regions of the parameter space
within the 99% confidence level. That region in the up-
per left corner corresponds to a scenario of a large emis-
sion measure, which is heavily absorbed. The tempera-
ture is only around 0.08 keV and therefore the vghock =
250 km s~!. As an upper limit we assume a density of
105 em™2 (see next section). The cooling length accord-
ing to Eq. 3 should be about 1 AU. In a simple cylindrical
geometry the volume emission measure, transformed to a
cylindrical radius with Eq. 9, requires a base shock with a
radius of 1000 AU, but this would appear as an extended
source, which is not observed for the central component
(GS08, Schneider & Schmitt 2008). Only a density above
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107 em ™3 could push all shock dimensions below = 100 AU,
so they appear as point source in the X-ray observation.
We deem this unreasonably high, also the low energy
region is excluded in fits to the XMM-Newton data alone
or in models with different — but reasonable — abundances,
so we concentrate on the less absorbed case with a higher
Ushock 1N Fig. 4. This parameter region can be realised with
emission from the inner component of the jet only.

4.3. Limits placed by other observations

Observations with the HST allow to spatially resolve the
outflow of DG Tau far below 1” from the central source. The
forbidden optical lines observed place density constraints.
Bacciotti et al. (2000) conducted seven exposures with a
long slit parallel to DG Tau’s outflow in Ha and forbidden
optical lines. They analyse the line shift within 0’5 from
the star and find that the faster moving gas is more con-
fined towards the central axis. The emission of gas faster
than 200 km s~! is mostly confined to the inner slit, corre-
sponding to a cylinder of radius 15 AU or less. Comparison
of intensity maps in [O1], [N11] and [S11] leads them to
conclude that the number density in the fast gas is higher
than 10* cm™2 (the line ratios are not sensitive to densi-
ties above this value). The lower velocity emission occupies
a larger area and originates in regions of lower densities
of the order 10% — 10* cm™3. So, the inner, dense and fast
components seem to be surrounded by slower and less dense
outflows, maybe continuously down to a cool wind observed
in Hy with an opening angle of 90°(Takami et al. 2004).
Consistent density estimates of 10° — 106 cm™2 at distances
less than 0”5, deprojected to ~ 100 AU, were obtained by
Lavalley-Fouquet et al. (2000). Strictly speaking, their line
ratios give only lower limits on the density for the fastest
innermost components, too, but in any case the outer layers
do not contribute significantly to the X-ray radiation.

From the total line intensity Lavalley et al. (1997) es-
timate a total mass loss rate of 6.5-107% Mg yr~! if the
gas is heated by shocks. With somewhat similar assumption
Hartigan et al. (1995) obtain 3-10=7 Mg, yr~'. At a dis-
tance of 172 from the central source Lavalley-Fouquet et al.
(2000) estimate a mass loss rate of 1.4-1078 M, yr~!. This
evidence again favours the lower corner in Fig. 2, shown in
more detail in Fig. 4.

In optical and IR line emission is detected blue-shifted
up to deprojected velocities of 600 km s~! (Lavalley-
Fouquet et al. 2000; Bacciotti et al. 2000; Pyo et al. 2003).
An analysis of data covering more than a decade by Pyo
et al. (2003) indicates that the knots in the outflow move
with a common proper motion of 0728 yr—!, which trans-
lates into a deprojected velocity of 300 km s~!.

4.4. The shocked gas component

As shown in Sect. 4.2 the X-ray emission is unlikely to
originate in the slowly moving components of the out-
flow. This leaves the innermost component as the probable
emission origin. Unrealistically high densities are needed to
produce an emission measure of 10°6 ¢cm~3 for low shock
speeds, so we favour a scenario where a strong shock with
Ushock > 400 km s™! heats up a relatively small compo-
nent of the jet. In this case the emission measure is much
smaller, so the required mass flux to power this emission

is several orders of magnitude smaller than the total mass
flux observed in the optical. The dotted lines in Fig. 4 show
the mass loss depending on vgpeck- Taking into account the
observed proper motion of the knots, the gas velocities of
e.g. Bacciotti et al. (2000) are too low to explain the X-
ray spectrum. Because less than 10~* of the total flow has
to reach the highest velocity to produce the X-rays, this
small component was possibly not detected in the optical
observations. In scenarios with standing (collimation shock)
instead of travelling shock waves the innermost component
is fast enough to explain the observed emission easily.

After passing through the X-ray shock the material
quickly radiates away its energy and cools down. Figure 4
shows all dimensions, the cooling length and the radius of
the cylinder, to be small, therefore, they are not expected
to be resolved in the HST observations. The X-ray emitting
shock is only a small disturbance and within a few AU the
material has cooled down again to match the temperatures
of the surrounding gas. The shocks we discuss here cannot
be resolved in images directly, so only a spectral analysis
can help to further refine the model.

4.5. Formation of the shock front

Although the Chandra observations are separated by nearly
two years, no evidence of motion has been detected
(Schneider & Schmitt 2008), but given the size of the error
circles a velocity vgong of the shock front of 100 km s~! in
the stellar rest frame cannot be excluded. In this case the
wind mass loss rate Mying has to be calculated using the
sum of Vgront and Vghock:

VUfront T+ VUshock ,°
j\/['shock

Mying = (11)
If these knots represent internal working surfaces the as-
sociated vghock 18 the difference between the gas motion
and the proper motion of about 300 km s~! for the
knots. This by itself is not sufficient to power X-ray emis-
sion in the high temperature regime of Fig. 2. The knots
seem to be launched irregularly, and the later Chandra
observations could possibly probe a different knot than
the earlier observations. A relatively slow shock speed of
400 km s~! corresponding to a total mass loss rate of
roughly 3x 10719 Mg yr~! (Fig. 4) is then just compatible
with the highest optically detected outflow velocities. One
more scenario can be postulated: Instead of a single (sta-
tionary or moving) shock front a higher number of small
internal shocks could produce the same X-ray signature.
Each of these “shocklets” would not show up in the optical
observations, because radius and cooling lengths were far
below the current resolution limit. This requires a clumpy
outflow, where the jet contains a higher number of little
knots surrounded by the optically detected fast wind. Our
calculated shock area and cooling volume then represents
the sum of all individual shocks. This argument is also valid,
if the matter passes through multiple shock fronts and is
reheated several times. The calculated mass flux rate still
represents the summed flow of matter through all shock
fronts, but it needs to be divided by the number of shocks
to obtain the mass loss rate from the star. The optical ob-
servations discussed in Sect. 4.3 do not resolve the postu-
lated X-ray shock front, but the optically resolved shock
fronts seem to emerge separated by 150 AU (A1 and A2 in
Bacciotti et al. (2000)), so it appears reasonable that the

Ushock
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X-rays may originate in a single shock front within 50 AU
of the central star.

From our modelling there is no clear distinction between
a stationary emission region as provided by a collimation
shock or a moving knot. Only further observations with a
longer time baseline can clarify this point. This is possible
well within Chandra’s lifetime.

4.6. The outflow origin

The X-rays originate in the innermost and fastest compo-
nent, which may originate from the innermost part of the
disc or from the star itself. Matt & Pudritz (2007) showed
that a T Tauri stellar wind with Mwind 2 107" Mg yr—!
cannot be coronally driven, but Alfvén wave driving may be
possible (Cranmer 2008). The spin rate of DG Tau makes
centrifugal launching of a stellar wind unlikely, whereas the
outer layers with lower flow velocities are most likely cen-
trifugally launched from the inner disc regions (Bacciotti
et al. 2002; Anderson et al. 2003).

4.7. Relation to extended X-ray jet of DG Tau

The material heats up while passing through the shock
front and we could show that the cooling length is very
small compared to the spatial extend of the jet. While
cooling, the jet looses energy, so the strength of the shock
fronts decreases, their velocity jump diminishes with time.
In their paper de Colle & Raga (2006) show this in magneto-
hydrodynamical models with a time variable ejection veloc-
ity leading to travelling shock fronts. Additionally, accord-
ing to the optical observations, the density decreases with
the distance from the star. Therefore later heating events
are less luminous, so the resolved source at 5” is weaker.
Although the resolved shock is a spatially extended source,
this does not necessarily require multiple heating events
between 2” and 5", because the cooling length increases
dramatically for low densities (GS08).

If the cause of the shock is a collision with slower, pre-
viously ejected matter we can expect this to happen more
than once. In this picture the knot of X-ray emission at
5" is caused by matter catching up with an older ejection
event. GS08 convincingly show that knots even further out
are far too faint in X-rays to be detected.

5. Conclusion

The soft X-ray emission of DG Tau is consistent with our
model of a shock in the outflow. The cause of the shock
is not yet clear, but future observations can reveal if the
position of the shock front is stationary. In this case it is
likely caused by the collimation of the wind into the jet.
If, on the other hand, the shock front moves, then we can
take this as indication that the outflow ejection velocity is
highly variable. In both cases only the fastest components
of the optically detected outflow provide sufficient energy to
power the X-ray emission. Possible future grating observa-
tions could greatly improve our estimate of the temperature
in the emitting region and narrow down the range of pos-
sible shock velocities and therefore — via Fig. 4 — the mass
loss rate.

DG Tau is an exceptional CTTS in the sense that its
central component is so much absorbed that the origin of

the soft emission cannot coincide with the star. This makes
it an ideal case to search for alternative origins and our
simple model successfully reproduces the observation. On
other CTTS, most notably TW Hya, detailed models of
an accretion shock explain the X-rays production very well
(Glinther et al. 2007). It seems possible, that TW Hya also
has a weak contribution from wind shocks to its emission,
but its outflows are much weaker than those of DG Tau,
so the X-rays would be submerged in the stellar emission.
Next to accretion and coronal activity the wind shocks, as
discussed in this article, may hold as the third emission
mechanism of soft X-rays, although it is difficult to disen-
tangle the contributions except in special cases.

6. Summary

In the X-ray spectrum of DG Tau there is a spatially only
marginally resolved soft component. Because no grating in-
formation is available, the temperature is only poorly con-
strained and plasma models with a wide range of temper-
atures can reproduce the observations. The absorbing col-
umn density is negligible in the case of plasma with a ther-
mal energy of kT' = 0.4 keV and rises to Nyj > 1022 cm ™2
for kT = 0.1 keV. For this second scenario the fitted emis-
sion measure would be several orders of magnitude higher.
We reject this solution because it is not stable to small
changes of the fit parameters and requires physically un-
reasonable values for the density in the shock region.

The emission can be explained by a shock and its
corresponding cooling zone in the innermost and fastest
component of the optically detected outflow. For densities
> 10° cm ™3 this is consistent with all available optical ob-
servations. Compared to the larger structures seen in the
forbidden optical lines, this X-ray cooling zone could be a
relatively thin layer. Only a small fraction of the total mass
loss is needed in the innermost layer in order to produce the
observed luminosity.
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ABSTRACT

Context. Herbig Ae/Be stars (HAeBe) are pre-main sequence objects in the mass range 2 Mg < M, < 8 Mg. Their
X-ray properties are uncertain and, as yet, unexplained.

Aims. We want to elucidate the X-ray generating mechanism in HAeBes.

Methods. We present an XMM-Newton observation of the HAeBe HD 163296. We analyse the light curve, the broad
band and the grating spectra, fit emission measures and abundances and apply models for accretion and wind shocks.
Results. We find three temperature components ranging from 0.2 keV to 2.7 keV. The O viI He-like triplet indicates an
X-ray formation region in a low density environment with a weak UV photon field, i. e. above the stellar surface. This
makes an origin in an accretion shock unlikely; instead we suggest a shock at the base of the jet for the soft component
and a coronal origin for the hot component. A mass outflow of Munoak ~ 10_10]V[@ yr~! is sufficient to power the soft

© ESO 2008

X-rays.
Conclusions.
might be prototypical for its class.

HD 163296 is thought to be single, so this data represent genuine HAeBe X-ray emission. HD 163296

Key words. stars: formation — stars: individual: HD 163296 — X-rays: stars

1. Introduction

The phase between protostar and main-sequence object is a
key stage for planet formation and, furthermore, the prop-
erties of a star are determined precisely during that phase
for the rest of its life. It is therefore important to study ob-
jects of this age in order to understand the origin of plan-
etary systems. Herbig Ae/Be stars (HAeBes) are thought
to be the predecessors of main-sequence (MS) stars in the
mass range 2 Mg < M, < 8 Mg, although the empir-
ically defined object class of HAeBes may in fact encom-
pass a wider range of evolutionary stages such as stars with
magnetospheric accretion (Ae) and boundary layer objects
(Be). HAeBes are certainly young, they do have clear sig-
natures of surrounding disks and thus must be considered
to be the more massive brothers of the better studied clas-
sical T Tauri stars (CTTS), which are young (< 10 Myr),
low mass (M, < 3Mg), pre-main sequence stars exhibiting
strong Ha emission. CTTS are also surrounded by disks,
as evidenced by a strong infrared excess, and are actively
accreting material.

Strong X-ray emission is a characteristic property of
most young stellar objects. A review of the observational
situation before XMM-Newton and Chandra for low mass
stars is given by Feigelson & Montmerle (1999). Zinnecker &
Preibisch (1994) were the first to carry out a systematic X-

* Based on observations obtained with XMM-Newton, an ESA
science mission with instruments and contributions directly
funded by ESA Member States and NASA.

** Fig. 3 is available in electronic
http://www.edpsciences.org

form via

ray survey of HAeBes. Restricting attention to those stars
located within 500 pc, 70 % of all HAeBes were found to
produce detectable X-ray emission with X-ray luminosities
ranging between a few 102° erg s~! and 103! erg s, thus
exhibiting a much larger detection rate than found for field
A-type stars (10-15 %, according to Schroder & Schmitt
(2007)). Also, Giardino et al. (2004) report the detection of
a large X-ray flare (with XMM-Newton) from the Herbig
Ae star V892 Tau, and present strong arguments that the
flare in fact originated from the Ae star in the V892 Tau sys-
tem; note, however, that Smith et al. (2005) show V892 Tau
to be a close binary. Until today it is unclear whether the
observed X-ray emission originates from the HAeBes them-
selves or from unresolved companions, which by necessity
would have to be low-mass, young, and active stars. Skinner
et al. (2004) studied a sample of ten close HAeBes and
showed that the X-ray emission probably originates from a
magnetically confined plasma, although it remains unclear
if this plasma is associated with a companion. In a sample
of 17 HAeBes Stelzer et al. (2006) find X-ray emission in
about 80 % of the objects, more than can be reasonably ex-
pected from late-type companions, although it is possible
that their sample is biased towards known X-ray sources. In
a follow-up paper, Stelzer et al. (2008) detect all objects
in their sample, but again many of them show spectral
characteristics compatible with low-mass companions.

X-ray astronomy has been revolutionised by the avail-
ability of high resolution grating spectroscopy in the current
generation of X-ray satellites. Grating spectra of HAeBes
published so far are taken from AB Aur (Telleschi et al.
2007) and the spectroscopic binary HD 104237 (Testa et al.
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2008), where the main component is a Herbig Ae star with
a CTTS companion of spectral type K3. More observations
are available from CTTS; their high resolution X-ray spec-
tra typically show a soft component (which may be hidden
by large absorption columns) and unusually low f/i-ratios
in the He-like triplets of Ne and O. For CTTS the most
promising explanation for these phenomena is a magneti-
cally funnelled infall model. The inner disk is truncated at
the corotation radius and ionised material is loaded onto
the field, flowing along the magnetic field lines and hit-
ting the stellar surface close to free-fall velocities (e.g. Shu
et al. 1994). In the photosphere an accretion shock devel-
ops, which produces the soft X-ray component. Because
the plasma has relatively high densities, the f/i-ratios in
the Ne1x and O viI triplets are small. This model has been
successfully applied in explaining the X-ray emission from
the CTTS TW Hya in terms of an accretion shock model
plus a hot corona (Giinther et al. 2007).

A question unanswered to date is whether the accretion
disks surrounding HAeBes lead to similar phenomena as
those surrounding CTTS or if other modes of X-ray gen-
eration operate in the more massive stars. This could be,
e.g., magnetically confined winds colliding in the equato-
rial plane as suggested for IQ Aur by Babel & Montmerle
(1997), or internal shocks in unstable winds as in the CTTS
DG Tau (Giidel et al. 2005, 2008; Schneider & Schmitt
2008; Giinther et al. 2008).

All these models require magnetic fields, which are
only weak in evolved A and B stars, because of the ab-
sence of an outer convection zone required for a solar-
type a — Q2—dynamo. Nevertheless the HAeBes could have
magnetic fields, produced by the compression of a primor-
dial field of the proto-stellar cloud. It has been suggested
that they are the progenitors of the magnetic Ap/Bp stars
(Wade et al. 2005), which comprise about 5% of the total
A star population.

In order to investigate the origin of the X-rays from
HAeBes we performed X-ray observations of HD 163296
with XMM-Newton, whose stellar properties we explain in
Sect. 2, before presenting the observations in Sect. 3. We
show the results of our analysis in Sect. 4 and discuss their
implications in Sect. 5. Sect. 6 gives our conclusions.

2. Stellar properties

HD 163296 is an isolated HAeBe far from any natal molec-
ular cloud. With its distance of 12271% pc (van den Ancker
et al. 1998) it is one of the closest objects of its kind, mak-
ing it an ideal target for studies of young A stars. The
presence of cold dust around HD 163296 has long been
known from spatially unresolved observations (Mannings
1994), and a few years ago the disk of HD 163296 has been
coronographically imaged with HST /STIS showing indica-
tions for a planetary body in the disk (Grady et al. 2000).
Furthermore, these observations allow us to trace an out-
flow in the Lya line from 7.3 AU to 725 AU with a velocity
of 22 350 km s~! (Devine et al. 2000). This jet, called HH
409, contains knots up to about 3000 AU from the cen-
tral star, with an asymmetry between jet and counterjet
(Wassell et al. 2006). The surrounding disk has also been
imaged in the millimetre range indicating a strongly evolved
disk, where larger bodies already influence the evolution of
the gas (Isella et al. 2007). The spectrum of HD 163296
displays a strong infrared excess, which can be attributed

Table 1. Observing log.

Observatory ObsID Obs. date  Exp. time
Chandra 3733 2003-08-10 20 ks
XMM-Newton 0144271401 2003-10-11 7 ks
XMM-Newton 0502370201  2007-09-23 106 ks
XMM-Newton 0502370301  2007-09-24 22 ks

to the inner disk regions. Apart from a single outburst the
optical lightcurve has been remarkably constant over the
last 25 years (Sitko et al. 2008).

The star itself is of spectral type Al with an effective
temperature Teg = 9300 K, a radius R = 2.1 R and a
mass M = 2.3 M. According to evolutionary models this
places it at an age of about 4 Myr. With an Ay = 0.25 the
star is only mildly absorbed (van den Ancker et al. 1998).
Hubrig et al. (2006) performed spectropolarimetric obser-
vations of circularly polarised light at the VLT for some
HAeBes, but were unable to detect a significant longitudi-
nal magnetic field (Bz = =57+ 33 G) on HD 163296; they
remark, however, that a monitoring campain, which could
detect accretion funnels, is still missing. Deleuil et al. (2005)
present Far ultraviolet spectroscopic explorer (FUSE) and
HST/STIS observations of HD 163296 showing chromo-
spheric signatures and over-ionised species. These can be
explained by either an accretion shock or in a magnetically
confined wind model. Hydrogen Ly« and C1il lines show
outflow signatures. Swartz et al. (2005) looked for signa-
tures of a companion, but HST/STIS imagery excludes bi-
narity down to 0”05 separation. Their long-slit STIS spec-
tra also show only the emission of an early-type unresolved
point source.

HD 163296 is a ROSAT X-ray source, detected in the
ROSAT all-sky survey (RASS) data with an elongated
source near the position of HD 163296 and resolved in
three sources with an unpublished ROSAT /HRI pointing.
Swartz et al. (2005) confirm the detection of X-ray emis-
sion from HD 163296 using Chandra ACIS-S in imaging
mode. They find an extremely soft spectrum which can be
well fitted with a l-temperature model (kT = 0.5 keV,
where k is Boltzmann’s constant and 7' is the temperature).
Additionally there are five X-ray photons at the position of
the knot H in the jet. This is a significant source detection
at the 95 % confidence level, with a luminosity more than
two orders of magnitude below the central component.

3. Observations and data reduction

We observed HD 163296 for 130 ks with XMM-Newton
with the RGS as the primary instrument, applying the
medium filter to block out the bright optical radiation.
The observation is split in two exposures in consecutive or-
bits. Additionally we retrieved archival observations from
XMM-Newton and Chandra. Table 1 summarises the ob-
servation information. HD 163296 is optically bright, just
below the formal brightness limits of the UVW2 and UVM2
filters, but all exposures of the optical monitor are over-
exposed and unusable for analysis in the inner region. All
data was reduced using the standard XMM-Newton Science
Analysis System (SAS) software, version 7.1 or the Chandra
Interactive Analysis of Observations (CIAO) software, ver-
sion 4.0, in the case of the Chandra observation. Because
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the exposure is partially contaminated by energetic proton ~_ 0-20Ff 1
events we applied a time filtering, where a good time in- < o.18F 3
terval is defined in the usual way for the EPIC/PN camera 3, oel ]
as < 1 cts s71. For the EPIC/MOS detectors we lowered o
the cutoff values to 0.25 cts s™! in order to suppress the — ° 0.14
high energy noise in the spectra. CCD spectra and count S ,,,F
rates were extracted from a circular region within the 15”7 8 °f
around the target for the MOS. We obtained RGS spec- 0Bk
tra and found a strong contamination in the RGS1. We ok
therefore reduced the extraction region for the RGS1 to
the central 66% of the point spread function (PSF), keeping ¢ ~9-2
90% of the PSF extraction region for the RGS2. This step L
helps to suppress the background. To increase the signal we =~
merged the two exposures for each RGS using the SAS task -0
rgscombine. Spectral fitting was carried out using XSPEC —0.5E ‘ ‘ ‘ ‘ .
V11.3 (Arnaud 1996), and individual line fluxes were mea- 0 20 4Oﬁme [ki[]j 80 100200 220

sured using the CORA line fitting tool (Ness & Wichmann
2002). Because the line widths are dominated by instru-
mental broadening, we keep them fixed at A\ = 0.06 A.
For comparison purposes we also analysed the XMM-
Newton data on AB Aur (ObsID 0101440801) which was
already presented in great detail by Telleschi et al. (2007).
We extracted the central 80% of the PSF in order to min-
imise the contribution from the close source SU Aur and
measured the line fluxes in the He-like triplets of neon and
oxygen with the same method used for HD 163296.

4. Results

We first present the variability observed in HD 163296, be-
fore we show fits to the emission measure distribution. Then
we give individual line fluxes and take a closer look at the
density and UV-field sensitive He-like triplets. We compare
the O vl to O vl line ratio with the value found for MS
stars.

4.1. Variability

Figure 1 shows the light curve and hardness ratio of the
observations taken in 2007. They are binned to 2 ks.
We define the hardness ratios as a count ratio of (hard-
soft)/(hard+soft), where the hard band is in the range 0.8-
2.0 keV and the soft band is 0.2-0.8 keV. HD 163296 ex-
hibits only modest variability over most of the observations
with a sudden increase of the count rate by 30% about 30 ks
into the observation. No correlation between the hardness
and the luminosity is visible. In the beginning low count
rates coincide with a hard spectrum, but this pattern does
not persist.

To analyse the long-term variability we compare the
count rates in the EPIC/PN detectors of all XMM-Newton
observations. In 2003 the average count rate was 0.166 +
0.007 cts s~! and in 2007 0.202 #+ 0.002 cts s~ and
0.218 4 0.004 cts s~'. The errors are statistical and do
not represent temporal variation within each exposure.
The exposure in 2003 is too short to extract a meaning-
ful lightcurve. We obtained a ROSAT /HRI count rate of
0.012 cts s~! for a pointing on HD 163296 observed in
1995 from the HRI catalogue and converted it to an energy
flux in the band 0.3-2.0 keV using WebPIMMS assuming
that a spectral model fitted to the XMM-Newton data is
applicable. Fitting the same model to the Chandra CCD
spectrum we also integrated the model flux in the same

Fig. 1. Lightcurve and hardness (soft band: 0.2-0.8 keV, hard
band: 0.8-2.0 keV) during the observations in 2007.

band as the other observations. The ROSAT /HRI luminos-
ity is about 4.3 x 10%° erg s~!; in 2003 Chandra recorded
3.8 x 10%Y erg s71, and with 4.1 x 10%° erg s~! the XMM-
Newton observation taken in the same year shows a flux
very similar to the value from 1995. Our new observations
are slightly brighter, with average fluxes of 4.5x 10?9 erg s~!
and 4.8 x 10%Y erg s~! respectively. The uncertainty of the
luminosities is dominated by the intrinsic variation, not
by count statistics. We find short-term variations of 30%
within a single exposure, and the separate observations dif-
fer on a similar scale. Thus, we conclude that the total
luminosity has not changed much over the past decade, in
accordance with the optical behaviour (Sitko et al. 2008).

4.2. Emission measure and abundance

Because of the absence of significant variability during our
observation in 2007 we jointly fit all available spectra from
EPIC/MOS, keeping them separate, and the two RGS spec-
tra, with the two exposures merged for each detector, again
keeping data from the two detectors separate. The spec-
trum can be satisfactorily described by three thermal com-
ponents with variable abundances. We use VAPEC mod-
els and give abundances relative to the solar values from
Grevesse & Sauval (1998). Our best fit model is shown in
Fig. 2, where it is plotted as a line on the MOS1 data. The
data is binned to contain at least 15 counts per bin. We
show the data only up to 3 keV because the source flux
drops quickly and the high-energy spectrum is dominated
by residual noise in the data. The spectrum is nearly flat on
the low energy side, indicating a weak absorption. Several
emission peaks are visible, most notably the Ly« lines of
Mgxir at 1.35 keV and Sixiv at 1.85 keV. Line contribu-
tions identified in the high resolution RGS spectra are listed
in Table 4.

In Tables 2 and 3 we give the best fit parameters for our
model and the associated errors (90% confidence interval).
The reduced x? value for our model is only 1.1, but fewer
components cannot reproduce the data: A fit with one or
two components fails to produce the correct slope below
1 keV. This can only be compensated for by extra emission
from unresolved carbon lines, which in turn requires a very
low contribution from nitrogen around 0.5 keV. In total
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Fig. 2. Low resolution spectrum (MOS1) of HD 163296 and our
best-fit model.

Table 2. Best-fit model parameters (90% confidence interval).

component soft medium hard
kT [keyj B o‘zg‘,@;g; 0‘5535;33 2.75%;
EM [10°* em™] 2.3 1.27¢ 0.57g 5
Nu  [10% cm 7] 71

Table 3. Abundance of elements and first ionisation potentials
(FIP); errors show 90% confidence intervals.

Element abundance FIP [eV]
C 37738 11.3
0 0.70:2 13.6
Ne 1.279% 21.6
Mg 2.3709 7.6
Si 2.8%07% 8.1
Fe 1.6704 7.9

these models end up with a carbon abundance an order of
magnitude above solar and virtually no nitrogen. We deem
this an unphysical scenario and conclude that at least three
temperature components are present in HD 163296. Within
the error the fit using three components does not change
if nitrogen is taken as a free parameter, but the error on
its abundance is so high that we prefer to keep it fixed at
the solar value. As a cross-check we test the model with the
data of the EPIC/PN detector, which has a larger effective
area but lower energy resolution; for this case we find the
reduced x2,, = 1.1.

Table 3 shows the abundances as determined from the
combined fit. Elements with a low first ionisation potential
(FIP) are enhanced. A similar pattern is typical of inactive
stars and its signatures can be found in many X-ray data
sets (Robrade et al. 2008).

We measure the absorbing column density towards the
source as Ng = 775 x 10%° cm~2. Assuming a standard
gas-to-dust ratio the optical reddening and the X-ray ab-
sorption should be related through the formula Ny =
Ay -2 x 10%'em ™2 (Savage & Mathis 1979, see Vuong et al.

(2003) for a compilation of other conversion factors in the
literature, all roughly consistent with this value). The op-
tical reddening of Ay = 0.25 (van den Ancker et al. 1998)
is fully consistent with the X-ray value.

4.3. Line fluxes

The spectrum is dominated by emission lines; it is shown
binned to a minimum of five counts per bin in Fig. 3 (online
only). Applying the global model to the RGS data alone
gives X?ed = 1.7, significantly more than in the joint fit.
This is not surprising since our model of only three temper-
ature components is a simplification of the real temperature
distribution. Lines which are very sensitive to small temper-
ature differences cannot match the model precisely. The fit
can be improved to x24 = 1.1 by increasing the abundance
of carbon by a factor of two and iron by a factor of four.
As explained above we used a smaller extraction region for
the RGS1. A comparison between spectra extracted using
the standard extraction region and our reduced extraction
region shows that our choice of extraction area reduces the
noise level. The line fluxes measured with both methods
are compatible within the errors. We list the line fluxes in
Table 4. Due to zero-point offsets the measured wavelength
and its theoretical value can differ; in the table we give
the theoretical wavelength of the identified lines together
with the fitted values. To fit multiplets we keep the wave-
length difference between the components constant. Only
three lines are measured in both RGS detectors. In this
case we use the error-weighted mean of the RGS1 and the
RGS2 flux. The photon fluxes of O viil Ly a are fully con-
sistent between the RGS1 and the RGS2 within the errors;
for Fexvir 15.01A and Fexvir 16.78A the derived fluxes
differ by more than the formal lo-error due to the uncer-
tain determination of the background level in particular in
the presence of the very close Fe xvir 15.26A line.

We significantly detect lines of neon, oxygen and car-
bon in the He-like or H-like ionisation stages and, with a
significance just above 20, nitrogen. We also find a number
of Fe XVII lines, which have a peak formation temperature
around 8 x 10% K. From the fitted line fluxes we calculate
the total line intensity, using the absorption cross section
from Balucinska-Church & McCammon (1992). The rela-
tive errors on the line intensity are larger than those on the
line fluxes, because here the uncertainty in the fitted Ny
and the distance contribute to the total error budget.

4.4. He-like triplets

Of special interest are the line fluxes of the He-like triplets
in Ovil and NeiX. These triplets consist of a recombina-
tion (r), an intercombination (i) and a forbidden (f) line
(Gabriel & Jordan 1969; Porquet et al. 2001). So-called R-
and G-ratios are defined as R = f/i and G = (f +1)/r re-
spectively; for high electron densities or strong UV photon
fields the R-ratio drops below its low-density limit, because
electrons can be excited from the upper level of the forbid-
den to the intercombination line collisionally or radiatively.
Figure 4 shows the O viI He-like triplet in the RGS1 detec-
tor. The R-ratio is 4.6, which is above the low-density ratio
of 3.4 as obtained from the CHIANTI database (Dere et al.
1998; Landi et al. 2006) or 3.95 from APEC (Smith et al.
2001). The error on this ratio is dominated by the statistical
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Table 4. Measured line fluxes for HD 163296 with 1o errors

Line ID A (theory) RGS1 RGS2 flux  unabs. intensity

[A] X (fit)[A) [counts] X (fit) [A]  [counts] [107° cts cm ™2 57 [10*7 erg s77]
NeX Ly a 12.14 n.a. n.a. 12.14 £0.01 38+9 51+£1.2 17.7+£6.2
Neix r* 13.46 n.a. n.a. 13.45 £ 0.01 32+9 44+1.2 14.5+5.7
Neix i 13.56 n.a. n.a. 13.55 £0.01 21+9 29+£1.2 9.6 £4.8
Neix f 13.70 n.a. n.a. 13.69 £ 0.01 22+8 3.0£1.1 9.9+4.6
Ovir Lya 1897 18.98 £0.01 74+ 10 18.98 £0.01 117+ 13 18.7+£2.2 54.6 £ 20.4
Ovir 21.6 21.57 +£0.01 42.7+7.8 n.a. n.a. 14.6 £ 2.7 45.2 £ 21.5
Oviri 21.8 21.77 £0.01 7.8+4.4 n.a. n.a. 3.2+1.8 100+ 7.2
Ovi f 22.1 22.07+£0.01 46.2+8.1 n.a. n.a. 14.6 £ 2.6 46.0 + 22.6
Nvii Lya  24.78 n.a. n.a.’ 24.78 +0.01 14£6 3.3+£14 8.0+ 4.6
Cvi Ly« 33.70 n.a. n.a. 33.70 £0.01 50+9 20 £ 3.6 73.0 £ 56.6
Fe xvit 15.01 15.01 £0.01 50+9 15.03 £0.01 101 +13 11.5+1.7 35.5 £11.6
Fexvit 15.26 n.a. n.a.’ 15.28 £0.01 68 £ 11 8.7+1.4 26.8 £9.0
Fe xvir 16.78 16.79 £ 0.01 267 16.78 £ 0.01 59 £11 6.6 1.3 20.0 £ 7.6
Fe xvit 17.05¢ n.a. n.a. 17.05+0.01° 53+ 14 74+19 224493
Fe xvit 17.10% n.a. na. 17.10+0.01° 59 + 14 82+1.9 24.9 £10.0

@ line blended (see text)
b region contains empty bins

¢ lines are not resolved, but two components are necessary to reproduce the line width, for the fit we fix the difference in A
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Fig. 4. Ovil He-like triplet with our best fit to recombination,
intercombination and forbidden line.

error on the weak i line and is significantly asymmetric. We
run a Monte-Carlo simulation to obtain lower limits on the
R-ratio, which are described in detail in appendix A. We
determine the background from the line-free regions in the
range 20-25 A to 30 counts A~1. At a 90% confidence level
the R-ratio is higher than 2.6, at a 99% confidence level the
lower boundary is 1.7, it is thus fully compatible with the
low-density limit, but not with a high-density case. The G-
ratio is 1.275°$ (90% confidence), where the errors are based
on the same method. According to the CHIANTI database
this diagnoses a plasma temperature between 0.02 keV and
0.2 keV, a range below the coolest component fitted in the
global emission measure analysis, but in nature the plasma
is not divided between three components of fixed temper-
ature, instead each component has to be interpreted as a
representative for a range of temperatures. O viI forms only
on the cool end of that distribution, O viI1 is the dominant
ionisation stage above 0.20 keV. Therefore it is not surpris-
ing to find a lower temperature from the O vil G-ratio. A

Fig. 5. Ne1x He-like triplet with our best fit to r, i and f line.
The i lines is blended with strong iron emission.

small G-ratio could also be due to photoexcitation (Porquet
& Dubau 2000).

The interpretation of the NeIx triplet is more difficult
as the i line can be strongly blended by iron lines, predom-
inantly Fex1x and Fe xX. The signal is not sufficient for a
detailed deblending as in Ness & Jordan (2008). However,
there are two indications that the counts in the i line are
dominated by iron contamination: first, we fitted the He-
like Ne triplet keeping the relative wavelength constant;
the results of this step are given in Table 4 and shown in
Fig. 5. Then we kept the wavelength for the r and f line
where the blending is less severe and left it free for the i
line. The best fit is A = (13.53 & 0.09) A, just between
Fexix at 13.52 A and the NeIxX intercombination line at
13.55 A. Second, from a theoretical point of view, we sim-
ulated the spectra in the region of the Ne1x He-like triplet
with CHIANTTI using the emission measures from Table 2
and the abundances given in Table 3. For the spectral res-
olution of the RGS detectors three distinct emission peaks
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Fig. 6. O viI He-like triplet f/i ratio depending on the density
of the emitting region and the position. Those regions of the
parameter space within the 90% confidence range are shaded.

are expected. The middle one is always dominated by iron
lines, even in the case of high densities or strong UV-fields.
It is always predicted with a photon flux comparable to the
r line. However, the f line is dominated by emission from
neon. It is detected with the same flux as the r line in our
observation (Table 4 and Fig. 5), but should be nearly ab-
sent in the case of high densities or strong UV-fields. From
these arguments we cannot obtain a numerical f/i value,
but qualitatively it is clear that the R-ratio of the NeIx
triplet is high, similar to the R-ratio of the O viI triplet.

The theory of the He-like triplets is well developed
(Gabriel & Jordan 1969; Porquet et al. 2001) and the R
and G-ratios are understood. To calculate the expected f /i
we use the formula given in Blumenthal et al. (1972):

e 1)
i 1+ ®/P.+ ne /N,

where Ry denotes the low density limit (3.95 for the case
of Ovi). N, and ®,. represent the critical density and pho-
ton field respectively, where the R-ratio becomes density or
radiation sensitive. n, is the electron density. The relevant
wavelength to excite an electron from the upper level of
the f to the i line is 1630 A in the O vII triplet and we ob-
tain the corresponding stellar flux from an IUFE observation
(Valenti et al. 2000). We deredden the flux with Ay = 0.25
(van den Ancker et al. 1998) according to the formula of
Cardelli et al. (1989). This in turn gives a radiation tem-
perature and allows us to calculate the stellar radiation
field to get ®/®. (for details see Ness et al. 2002). We use
a geometric dilution factor W to express the decrease of
the radiation field with increasing distance r to the stellar
surface R,:

W:% - 17(%)2 . @)

Figure 6 shows contours of the expected R-ratio in the O vII
He-like triplet depending on the density of the emitting re-
gion and its position, expressed in stellar radii, where we
define the stellar surface as » = 1. The region compati-
ble with the observation is shaded in grey. Qualitatively

Oxygen luminosity [10% erg s™']

Fig. 7. Ratio of O v flux to O vl flux. (colour in electronic
version only)

this agrees with the requirement of a large R-ratio in the
Ne1x triplet. Clearly we need to look for emission scenarios,
where the emission region is located above the stellar sur-
face and the electron number density is below 10'° cm™3.

The observation of AB Aur is less well exposed.
Additionally the i line in the O v1I triplet contains two miss-
ing data bins caused by damaged rows in the detector. The
f line is clearly present and there can be no contamination
of the oxygen triplet by the near, bright source SU Aur
because it is strongly absorbed. So we agree with Telleschi
et al. (2007) that there are indications for a large f/i ratio,
but we cannot give a reliable number of counts in the i line.
For neon we find f/i = 2.47%3 (90% confidence). Due to
our small extraction region the contribution of SU Aur in
the Ne1x triplet should be negligible, furthermore AB Aur
seems to be iron depleted (Telleschi et al. 2007), but any
iron contamination would further enhance the f/i ratio.
This observation favours low-density emission regions above
the stellar surface, too.

4.5. Cool excess

Robrade & Schmitt (2007) and Giidel & Telleschi (2007)
present an analysis of the O viir/O vII ratio as a measure
of the excess of soft emission in CTTS with respect to stars
on the MS. These studies show the observed excess to be
confined to a narrow temperature range about the forma-
tion of the He-like O v11 triplet at 1-2 MK. In Fig. 7 we add
the two HAeBe stars with resolved O vil and O viil lines
to their sample. The MS stars are taken from Ness et al.
(2004). The sample of CTTS has higher total luminosities in
oxygen than the HAeBes. This is a selection bias because
the analysis requires a clear separation of the O vIir and
O vl line which only grating spectra allow. Those obser-
vations usually probe the most luminous members of each
class. The O viil to Ovil ratio for a given luminosity is
smaller for all young stars than for MS stars, indicating
that the younger stars are cooler. Within the CTTS there
is a tentative trend with the youngest stars in the Taurus
molecular cloud and the Lupus-Auriga star forming region
at the bottom and older objects like MP Mus and TW Hya
closer to the MS. We can plot the ratio only for two HAeBes
with approximately the same age, but both are set clearly
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apart from the MS. As for CTTS, MS stars of the same lu-
minosity would be considerably harder. In CTTS this soft
excess is presumably caused by accretion but a contribu-
tion from winds and outflows is also possible. We present
our interpretation of the cool excess in HAeBes in Sect. 5.4.

5. Discussion

First, we compare our results for HD 163296 to those ob-
tained for AB Aur and HD 104237 (Sect. 5.1). In Sect. 5.2
we present reasons to reject the hypothesis that an as yet
undetected companion is responsible for the X-ray emis-
sion. In Sect. 5.3 we discuss the speculation by Swartz et al.
(2005) on the basis of Chandra imaging, that HD 163296
may be accretion dominated like the classical T Tauri star
TW Hya. A full review of many possible X-ray generation
mechanisms including accretion, winds, and disk-related
models is given in Telleschi et al. (2007). Because little in-
formation is available to constrain many of those models
from X-ray observations, we refer the reader to that publi-
cation for a larger variety of models. In Sect. 5.4 we discuss
which mechanism might be responsible for the soft X-ray
emission and in Sect. 5.5 we present a corona from primor-
dial fields as a good candidate for the origin of the hard
component.

5.1. Comparison to AB Aur and HD 104237

HD 163296 and AB Aur share many characteristics. They
are of the same age and the spectrum differs only by one
or two subtypes around A0. HD 104237 is of spectral type
A8. It thus seems natural to expect similar X-ray proper-
ties from these stars. And, indeed, the total luminosity of
log Lx for the first two stars is 29.6 erg s~!, HD 104237 is
brighter (log Lx a 30.5 erg s~!), although a contribution
of about 10% from HD 104237-B has been removed from
the grating spectrum (Testa et al. 2008). It is unknown how
much luminosity the HAeBe primary contributes and which
fraction is due to the unresolved, close CTTS companion of
HD 104237. In a fit with two emission components, about
one third of the total emission measure is found at 0.2 keV
for AB Aur, in contrast to HD 163296 where, according to
Table 2, 60% fall in this temperature region. Due to their
lower signal, Telleschi et al. (2007) do not split the hotter
component as we do. Their temperature is comparable to
our medium component. We find the hardest component in
HD 163296 to be the one with the lowest emission measure,
although it is significantly detected in our observation. If
the same emission mechanism is invoked for AB Aur and
HD 163296 then a convincing explanation needs to be found
as to why HD 163296 is softer. HD 104237 is significantly
hotter; only little emission measure is found below 0.25 keV
in the reconstructed emission measure distribution. Again,
the hot plasma might be due to the unresolved CTTS.

As for elemental abundances we left carbon as a free
parameter instead of nitrogen as Telleschi et al. (2007) did.
To compare the fitted values for O, Ne, Mg, Si and Fe we
first need to correct them to the same reference values. On
the one hand, in AB Aur Ne and Si have the largest abun-
dance and O, Mg, and Fe the smallest; in HD 163296 on
the other hand C, Si, Mg and Fe, those elements which
condense on grains easily, are found with enhanced abun-
dance. A very similar pattern is found from the spectrum
of HD 104237, only here S was left as a free parameter of
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Fig. 8. Abundances for HD 163296, AB Aur (Telleschi et al.
2007) and HD 104237 (Testa et al. 2008). Error bars show lo
uncertainties and all abundances are normalised to iron.

the fit instead of C. We show the abundance pattern of all
three stars in Fig. 8. The abundance distribution of AB Aur
looks erratic, whereas in HD 163296 there is a trend with
the FIP effect. For HD 104237 the pattern is very similar to
HD 163296 except for a higher neon abundance. However,
in young objects such as HD 163296 with ongoing accretion
the physical mechanism might be different; the same abun-
dance pattern can also be interpreted as an overabundance
of elements released from refractory grains. The noble gas
neon does not condense as easily on grains as the other
elements in Table 3.

For line emission spectra with only little continuum the
absolute metallicity is very uncertain. Although the lumi-
nosities of both stars are equal, Telleschi et al. (2007) find a
larger emission measure for AB Aur and at the same time
a lower metallicity. This likely does not point to a phys-
ical difference but only shows an ambiguity in the fitting
process, so we normalised all abundances in Fig. 8 with re-
spect to Fe. If different emission mechanisms, e.g. a corona
and a jet contribute to the emission, then those abundances
represent an average value. Therefore we conclude than an
emission mechanism for soft X-rays, which is possibly based
in a region of now gaseous former refractory grains, oper-
ates in HD 163296 much more strongly or in addition to
the processes active in AB Aur and possibly HD 104237.

5.2. A companion?

Because HAeBe stars are not expected to posses an outer
convective layer, X-ray emission detected from these ob-
jects is often attributed to low-mass companions. The high
optical luminosity of the main component could overwhelm
the optical emission of close CTTS. In several systems, high
resolution Chandra images allow to separate multiple com-
ponents (Stelzer et al. 2006, 2008); still as yet undetected
companions closer to the central HAeBe star might exist.
In the case of HD 163296 there is no second stellar source
resolved in the images and the source position matches the
expected coordinates within 1o of the Chandra pointing ac-
curacy (Swartz et al. 2005). Furthermore, the same authors
obtained HST/STIS data with no sign of binarity. All this
makes an origin in a late-type companion unlikely. Also, the
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X-ray data differs significantly from both a CTTS in the f/i
ratio and a weak-lined T Tauri star (WTTS) which display
activity seen in hot plasma and variable, flaring lightcurves
(Preibisch et al. 2005).

5.3. Accretion?

The relative softness of the spectrum lead Swartz et al.
(2005) to speculate that HD 163296 may be dominated by a
strong accretion component. Accretion of matter could pro-
ceed along magnetically funnelled streams from the disk to
the stellar surface. This is the standard scenario for CTTS
(Uchida & Shibata 1984; Koenigl 1991). The accretion pro-
ceeds with free-fall velocity and a strong shock develops on
the stellar surface. We fitted HD 163296 with an accretion
shock model (Giinther et al. 2007) and two VAPEC compo-
nents. In short, our model takes the infall velocities and
densities as input. It heats the matter up in a strong shock
and follows the cooling in the post-shock accretion zone in
a 1D geometry. The code explicitly takes into account non-
equilibrium ionisations. The soft emission around 0.2 keV
and some of the medium emission could be produced by a
shock with low densities of 4 x 10'® cm™3 or less which is
falling in at around 550 km s~!. A filling factor f = 7x10~*
of the stellar surface is sufficient to produce the observed lu-
minosity. At the given shock parameters about 20 % of the
total accretion luminosity are emitted in X-rays; the mass
accretion rate in this case would be M = 10~"1Mg yr—1.
Given the stellar parameters of AB Aur a similar sce-
nario could apply to that star, too. The accretion rate is
much lower than the M = 1078 — 10*7ZVI@ yr~1 found
by optical observations (Garcia Lopez et al. 2006) or mod-
elling of the spectral energy distribution (SED) (Dent et al.
2006). This resembles our results for CTTS (Giinther et al.
2007; Glinther & Schmitt 2007) and we attribute it to non-
uniform accretion spots, which only produce X-rays in the
innermost hottest and densest parts of the spot. Our argu-
ment contrasts with Telleschi et al. (2007): they take the
optically determined accretion rate and the density and dis-
tribute it over the stellar surface, which results in a flux
much higher than observed. Our models are more sophis-
ticated and explicitly give the fraction of the accretion lu-
minosity that is radiated in the soft X-ray band, but they
are invalid in the case of strong absorption. The low column
density found in the observation supports the validity of our
model. We expect the post-shock cooling zone to penetrate
the stars down to 0.97R,, but most of the X-ray emission is
generated close to the stellar surface. Due to the low density
of the pre-shock material, the optical depth is low and the
X-rays escape. Observationally a large optical depth would
be seen as a significantly suppressed resonance line in the
He-like triplets, whereas the intercombination and the for-
bidden lines remain unaltered. In all stars analysed so far
the strength of resonance line is compatible with the ex-
pected G-ratio, thus proving that the emission is optically
thin.

In addition to the energetics, the accretion shock model
explains the small f/i ratios found in CTTS with the high
densities in the post-shock cooling zone (Giinther et al.
2007), but in HD 163296 and AB Aur we find an f/i which
is fully compatible with the low-density limit. This ex-
cludes an emission origin close to the stellar sur-
face because here the stellar radiation field of an A type

star would radiatively shift emission from the f to the i line,
if the accretion zone is not shielded from the radiation. If it
is, e.g. by the outer layer of the accretion stream, then the
X-ray emission should be more absorbed, but the measured
absorbing column density already agrees well with the stel-
lar optical reddening (Sect. 4.2) without an extra absorp-
tion component. So we reject the original idea by Swartz
et al. (2005) that the soft X-ray emission in HD 163296 is
powered by accretion shocks.

5.4. The origin of the soft component

The soft radiation in our three component model originates
in a plasma with temperatures around 0.21 keVa 2.4 x
108 K. Plasma can be heated to this temperature if gas
moves with and passes through a strong shock (it can be
slower then the 550 km s~' mentioned above because we
try to explain the soft component only), according to the
Rankine-Hugoniot conditions, which lead to the following
formula:

Ushock 2 ~ kT (3)
400kms*/) ~ 021keV’

where we transform the kinetic energy of the pre-shock ve-
locity vshock in the shock rest frame into the post-shock
thermal energy k7. Situations other than the accretion
shock discussed above can give rise to such scenarios.
Shocks occurring in winds or outflows easily fulfil the con-
ditions of the density and distance to the photosphere set
by the analysis of the He-like triplets. In AB Aur tempo-
ral variation in the X-ray luminosity was detected which is
compatible with the period of 42 h, observed in Mg11 and
Hel lines which are tracers of winds and outflows (Telleschi
et al. 2007). Shocks could develop where fast and slow winds
collide either through magnetic collimation or because of
temporal variability of the launching velocity. Here we want
to discuss a scenario not covered by Telleschi et al. (2007).

HD 163296 drives two powerful collimated jets which are
visible in coronographic images obtained with HST (Devine
et al. 2000; Grady et al. 2000). In this respect it is similar to
the lower mass CTTS DG Tau, where X-ray emission has
also been detected from the jets (Giidel et al. 2005, 2008).
The high extinction of the central source DG Tau itself al-
lows us to detect a significant offset between the soft and the
hard X-ray emission (Schneider & Schmitt 2008), because
it absorbs all contributions from the star in the low energy
band. This offset points to an origin of the soft emission in
the jet forming region, possibly as a collimation shock or in
an emerging knot where faster ejecta catch up with previ-
ous older outflows (Giinther et al. 2008). We searched for
an offset in the Chandra data for HD 163296, but could not
find any deviation from the expected PSF, so the emission
region must be within 100 AU of the star. Line ratios of
Fe1r indicate electron densities between 10* and 105 cm™3
in the knots of the jet (Wassell et al. 2006). Presumably
the density increases towards the star, so we assume a pre-
shock particle number density of no = 10 cm™ in the
shock region. With this assumption we can apply the ap-
proximation to the post-shock cooling length d.oo of Raga
et al. (2002):

6 -3
deoor ~ 0.8AU (10 o ) (

o

4.5
VUshock )
400 km s~

(4)
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and find that deoo is only 0.8 AU. Dividing the volume
emission measure (VEM) by the density we obtain the vol-
ume and - using the equation above - we can transform
this to a radius R of the shock front (in AU) (for details
see Giinther et al. 2008)

6. _3 05 0.5 1.125
R~05 10°cm VEM 0.21keV (5)
n 1052¢m—3 kT

where we assume a cylindrical geometry with the shock at
the cylinder base. The mass flux Mgpockx through the shock
is independent of the density, because lower densities lead
according to Eqn. 5 to larger shock areas:

VEM 0.21 keV\ 7
1052 cm—3 kT (6)

For HD 163296 a mass outflow of the order of Mgnock ~
10*10M® yr~! is sufficient to power the soft X-ray compo-
nent; this is two orders of magnitude lower than the mass
loss rates determined from UV and optical data (Deleuil
et al. 2005; Wassell et al. 2006). Only a small component
of the total jet needs to be fast enough to be shocked to
X-ray emitting temperatures.

This scenario seems feasible in the light of the opti-
cal observations. The velocity of the jet determined from
a combination of radial velocity and proper motion is
Vjet = 360 & 82 km s™! (Wassell et al. 2006) where the
radial velocity is taken as the average of a broader distri-
bution at the position of the innermost knot. The offset
between the central source and the knot A is 9”, at the dis-
tance of HD 163296 this corresponds to 1100 AU. Certainly
the jet is launched faster and decelerates as it goes through
the shock and later moves through the surrounding matter.
In the shock rest frame the velocity v; drops to a quarter of
the pre-shock velocity vg, where the matter passes through
the shock front: 4 - v1 = vy. To heat the plasma to the re-
quired temperatures we need Av = vy — vy = 400 km s~ 1.
This is all fullfilled if the shock front travels outward along
the jet at vgone = 230 km s~ in the jet rest frame. The jet
emerges at Viaunch = Vfront + Yo = 750 km s~1 and the knot
moves at Vjet = VUgront + ¥1 = 360 km s~ with respect to
the star.

Typical jets of CTTS reach up to 400 km s~! (Eisloffel
& Mundt 1998), comparable to the case of HD 163296.
Rodriguez (1995) report velocities of up to 1000 km s~1
out in the jet, so an initial velocity of 750 km s~! is not un-
reasonable. This X-ray generating mechanism may operate
in addition to any of those already suggested for AB Aur or
HD 104237. Possibly HD 163296 is softer because AB Aur
has no jet that could emit soft X-rays.

Several models for the acceleration and collimation of
outflows have been suggested. Even for the class of CTTS
where the sample size is much larger than for HAeBes, the
exact collimation mechanism is still uncertain. Yet, all mod-
els rely on a magnetic field. So the existence of two jets
already makes the presence of magnetic fields in the en-
vironment of HD 163296 very likely. Spectropolarimetric
observations by Hubrig et al. (2007) support this idea with
signatures of magnetic fields in Ca11 H and K lines likely of
circumstellar origin. Unfortunately the signal does not al-
low a qualitative measurement of the field strength which is
needed to estimate the radius of the magnetosphere for al-
ternative models of magnetically confined winds. Also Wade

. M,
Mapou ~ 6- 107122
yr

et al. (2007) have questioned the method used in theses
studies.

5.5. The origin of the hard component

To heat the plasma that is emitting the hot component,
shocks with velocities above 1300 km s~! are needed but
the optical observations show no lines that are shifted by
this amount. Other heating mechanisms must be responsi-
ble and a promising candidate are reconnection events
in magnetic fields in analogy to the solar and other late-
type coronae. No polarisation is found in photospheric lines
(Hubrig et al. 2006, 2007) but this may be due to strong
small-scale fields with only little global dipole contribution.
Young A stars may either still posses primordial magnetic
fields or generate their own. In this evolutionary stage the
simulations of Siess et al. (2000) predict that HAeBes have
a thin outer convective layer where a dynamo could operate
or the shear in rapidly rotating stars could cause magnetic
fields (Tout & Pringle 1995). Given the detection of polar-
isation in circumstellar matter and the collimation of the
outflow we expect that magnetic fields exist on HD 163296
itself.

No flaring activity has been unambiguously observed
on an HAeBe star and especially AB Aur, HD 104237 and
HD 163296 show only little variability in their hard compo-
nents during the observation, but Giardino et al. (2004) give
good indications that the flare they observed occured on a
HAeBe star and not on the known, but unresolved CTTS
companion. We postulate that the medium and hard com-
ponents of the X-ray emission originate in a stellar corona.
At high temperatures the contribution to the O viI and the
Ne1x He-like triplet is small so the observed f/i ratio can-
not trace the UV field in the emission region of the hard
photons.

6. Conclusion

We present an observation of HD 163296 with XMM-
Newton. This is, after AB Aur, the second grating spectrum
of an HAeBe star without -as far as we know- an unresolved
companion. The signal-to-noise ratio (SNR) is significantly
better than in the first observation. Congruently, both stars
show soft spectra with little temporal variability. In all ana-
lysed He-like triplets the line ratios point to an emission
origin in regions of low density and weak UV photon field,
that is at a few stellar radii. On HD 163296 we find an FIP
abundance pattern typical of inactive stars.

Both the spectral shape and data from other instru-
ments make an origin of the X-rays in an unknown com-
panion to HS 163296 very unlikely. Therefore we believe we
are presenting genuine X-ray data for HAeBe which can be
representative for the whole class of these objects.

The optically observed mass flux rates are much higher
than required by the energetics of the X-ray radiation in
the case of accretion shocks or emission from outflows, but
the large f/i-ratios rule out an accretion shock scenario
on the stellar surface. We favour a model where the main
contribution to the soft X-ray emission comes from shock
heated plasma in the jet or wind. Possible geometries in-
clude shocks in unsteady winds or collimation shocks on the
base of the jet. The collimation of the jets is likely related
to a magnetic field, whose origin is unclear. This field can
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be a frozen-in primordial magnetic field or the star may
generate one in a thin convective layer. We find no other
convincing explanation for the hard emission than heating
by energetic events from the magnetic field. Thus we pre-
dict that with longer observation times we should observe
flare-like behaviour on HAeBes.

Acknowledgements. H.M.G. acknowledges support from DLR under
500R0105.

Appendix A: Error estimation for line ratios

For experiments with low count numbers the observed
counts can be taken to be Poisson distributed. For longer
exposure times or stronger sources the Poisson distribution
can be reasonably approximated by a Gaussian distribu-
tion. In this case the error on a line ratio can be calculated
according to the conventional error propagation formulae.
For weak sources, however, the Poisson distribution leads
to significantly asymmetric errors, which are dominated by
the statistical uncertainty in the weakest line.

We set up a Monte-Carlo simulation to determine con-
fidence intervals. The instrumental and source background
is combined in a total background b, which we assume to
be uniform over a range of a few A. It is measured from
a larger line-free region on both sides of the triplet of in-
terest. Thus the mean background level is well known. In
the case of the O vir triplet in HD 163296 we determine
the background from the line-free regions in the range 20-
25 A [no a=... occurs here, because the b stands for
’background’] to b = 30 counts A1

For a fit with ¢ lines, the spectrum is divided into @
bins centred on the lines,; each bin is A\; wide, thus the
expected background per bin is

B, =b-A\; . (A1)

The line profile is given by the instrument profile; in
the case of XMM-Newton the data is best fit by a Lorentz
profile. For each bin ¢ we compute the fraction a;; of the
total line spread function of line j that is expected in bin
i. For known line fluxes f; the observed number of counts
in each bin can then be calculated. We write this in form
of a matrix equation

L=A-F+B, (A.2)

where A is constructed from the a;;, B from B; and F
from f;. L represents the observed counts per spectral re-
gion. Since the sum of Poisson distributions is again Poisson
distributed, we can take the number of counts in each
bin as Poisson distributed, even it is calculated as the
sum over several detector bins. Thus the values of L are
Poisson-distributed and we simulated 100 000 realisations of
a Monte-Carlo calculation for each bin, taking the observed
count number as expectation value [“expectation value”
is meant as the fixed term as it is used in statis-
tics; I cannot use “expected value” here]. Inverting
Eqn. A.2 gives

F=A"1'-(L-B). (A.3)

From the simulations we use this to obtain the values of the
individual line fluxes f. Negative numbers occur if the simu-
lated value of the Poisson distribution happens to be below
the fixed background value. We reset these numbers to 0;

0.10
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Fig. A.1. Statistical distribution of the R-ratio based on 10° re-
alisations of a Poisson statistic for the forbidden and intercombi-
nation line. The red/grey line shows the cumulative distribution
function.

in the analyses of real data they represent situations where
the line seems to be absent, thus producing extreme values
for the line ratio. The simulated count ratios are scaled by
the effective area and the flux ratios are calculated. The
simulated distribution of the f/i-ratio is shown in Fig. A.1.
From the cumulative distribution (red/grey line) the confi-
dence limits can be read off.
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Chapter 9

Summary and outlook

In this chapter I first summarise the scientific
results from this thesis. Then I comment upon
future prospects to persue some issues further.

9.1 Summary

The results presented in the preceding chapters
have already been presented on international
conferences and published as separate articles,
mostly in the refereed journal “Astronomy and
Astrophysics”. The intention of this approach
was to provide the community as early as pos-
sible with the new findings and also to publish
observational results within or close to the pri-
ority period of the PI. Still, they all deal with
the common topic of the high-energy emission
from young stars, highlighting different aspects
of that theme, so it is appropriate to present a
summary of all findings here.

Origin of the X-ray emission in CTTS:
At least three different processes con-
tribute to the X-ray emission from CTTS,
their importance varies between individual
objects. First, there is a solar-like corona,

observed line ratios in the He-like triplets
of Ovir and Ne1x very well.

Mass accretion rate: In TW Hya and
V4046 Sgr the mass accretion rate re-
quired to power the X-ray emission
(2 x 10719 Mg /yr and 3 x 1071* Mg /yr,
respectively) is much lower than values
estimated from other wavelengths. This
might be due to inhomogeneous spots,
partial absorption or accretion streams,
which impact at velocities significantly
lower than the free-fall speed.

Mass loss rate: The mass loss rate required
to power the X-ray emission of the DG Tau
jets is only a small fraction of the total
mass loss rate. This is fully compatible
with optical observations, that show only
the innermost jet component to be suffi-
ciently fast (400 to 500 km s~!) to heat the
gas in shocks to X-ray emitting tempera-
tures. For a electron density > 10° cm™3
all dimensions of the shock cooling zone
are only a few AU, so even in optical ob-
servations this cannot be resolved.

second, the post-shock cooling zone of [V line profiles: In some CTTS the UV

the accretion shock cools radiatively in
X-rays and other wavelengths and third,
internal shocks in jets can heat matter
to X-ray emitting temperatures. This is
studied for the individual sources with
the best spectra, but there is no reason
why these results should not apply to
CTTS as a class. For the stars TW Hya
and V4046 Sgr the observed spectra were
decomposed in the individual contribu-
tions. The combined models explain the

lines originate in outflows, in others there
is likely a contribution from the accre-
tion, however current models cannot ex-
plain the observed line profiles. Either
there are multiple components or the mod-
els are still too simple in neglecting radi-
ation transport and multi-dimensional ef-
fects.

Gas-to-dust ratio: The circumstellar envi-
ronment of some CTTS differs markedly
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from the interstellar gas-to-dust ratio.
This can be explained, if the outflows of
those CTTS are dust-depleted.

HAeBe stars: The X-ray emission from the
HAeBe HD 163296 is very likely intrinsic
and not due to an unresolved companion.
It can thus be established that HAeBes
have a hot emission component similar to
a solar-like corona. The line ratio in the
Ovir He-like triplet rules out an accre-
tion shock origin for the soft emission. We
present a model, where a large fraction of
the soft component is produced in the jet
of HD 163296 similar to DG Tau.

9.2 The importance of high-
energy observations

Observations in the X-ray and FUV range are
expensive, because they are only possible with
space-based observatories and their spectral
resolution is often much lower than in opti-
cal data. If questions can be solved with ei-
ther optical or X-ray observations, it is usually
easier to obtain optical data, but the results
summarised above clearly show that X-ray and
FUV data contribute unique information to our
understanding of young stars, which cannot be
obtained from the ground alone. X-ray obser-
vations always probe the hottest gas compo-
nent present in the system. In the case of an ac-
cretion shock only X-rays can reveal the physi-
cal conditions just behind the accretion shock.
No other tracer than the He-like triplets used
in this study gives the densities in the post-
shock zone directly. This thesis shows that X-
ray data is absolutely crucial, if we want to
understand the physics of the accretion shock.
The same is true for shocks in jets: Altough
optical observations reveal much detail of the
kinematic structure of the DG Tau jet, they
obviously fail to detect the shock front, which
is responsible for the X-ray emission. On the
other hand, the X-ray emission alone does not
show the outer layers of the onion-like nested
structure of the jet, so observations in different
wavelength regimes contribute complementary
to our understanding of the physics of in- and

outflows in young stellar objects.

9.3 Outlook

The results obtained in this thesis and by other
scientists working in the same field have driven
the field of high-energy processes in young stel-
lar objects to maturity. With the new knowl-
edge gained observationally and the refined
theories developed, we can now work on de-
tails of the accretion which were inaccessible
before and rework our original assumptions. In
this section I outline new questions which can
be asked from this thesis and describe projects
which are already under way or could be per-
sued in the future to answer them.

The model of the accretion shock has been ap-
plied to TW Hya and V4046 Sgr only, appli-
cation to the other available CTTS spectra is
not straightforward, but requires substantial
work, because the shock component is less pro-
nounced there and the signal in the individual
lines is often not as good. The combined fitting
in XSPEC does not yield meaningful results, in-
stead a line based method for the decomposi-
tion in shock and corona has to be developed.
Not only needs the sample size to be increased,
also a larger parameter space has to be covered.
One step in this direction will the observation
of IM Lup, a relatively old TTS with a disk,
but with only weak signatures of accretion. I
proposed IM Lup as part of my doctoral work
as PI and an observation of 150 ks will be car-
ried out with Chandra in the on-going AO.
Also, the shock modelling itself can be im-
proved. Recently an Italian group has pre-
sented a very similar model to the one used
here, which is non-stationary (Sacco et al.,
2008). The results shown in the letter are com-
parable to our stationary shock models, so they
confirm the validity of our assumptions, but
they also obtain the depth of the shock in the
stellar atmosphere. It seems, that the shock
is not buried, but travels outward in the ac-
cretion funnel, so only little absorption of the
X-rays is to be expected. Although the mag-
netic field funnels the accretion matter along
the flux tubes, so that a one-dimensional ap-
proximation seems reasonable, 2D (rotationally
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symmetric) or full 3D simulations of the accre-
tion shock should be done in the future to treat
inhomogeneous spots. Given the hydrodynam-
ical structure of the accretion spots radiation
transfer codes like PHOENIX can be used to
provide line profiles for optically thick lines.
This could improve our understanding of the
FUV line profiles.

Observationally we must look for shock oscilla-
tions. This is not trivial, because the count rate
in the X-ray regime is not sufficient to resolve
short timescales and in the optical the contri-
bution from the photosphere is much stronger
than from the shock. In collaboration with
S. Dreizler and M. Hundertmark I proposed ob-
servations at SALT for photometry with sub-
second resolution to check for very fast vari-
ations and check how far the observed situa-
tion deviates from stationarity. Furthermore,
I will propose for GALEX observations, if a
new call for proposals is issued next year in
collaboration with G. Herczeg and others. The
UV grisms in GALEX can resolve line profiles
of UV lines like the C1v doublet 1548/1550 A
on time scales of seconds for bright targets and
thus allow studies which have not been possible
so far.

For the analysis of the X-ray emission produced
in the jets, it is essential to obtain more data
on DG Tau with Chandra, to verify or falsify
the idea that the shock is moving along the jet
material. An XMM-Newton observation can
provide a better signal-to-noise ratio due to its
larger effective area, and thus the errors on the
shock temperature and consequently the errors
on the shock velocities and the mass loss rate
can be reduced. However, XMM-Newton can-
not resolve the jet spatially. DG Tau is not the
only CTTS with a resolved jet, just the one
with the highest luminosity. Observations of
comparable objects can test, whether DG Tau
is a peculiar object or representative of the
class of jet-driving CTTS. On the one hand
the future planned X-ray mission IXO (for-
merly XEUS and Constellation-X) will allow
much better CCD spectra due to its larger ef-
fective area, on the other hand its spatial res-
olution will not be sufficient to resolve the jet,
so most of these observations have to be done

with Chandra and will not be possible again
until the generation after 1XO, whose spatial
resolution is not known yet and which not be
launched within the next two or three decades.
Today the observational input on the theory of
X-ray jets is marginally, so major developments
cannot be expected, before new observations
are available.

Studies of the circumstellar environment of
CTTS in X-rays, that is the ratio of the absorp-
tion column density to the optical determined
reddening, are typical byproducts of other pro-
grams. With increasing sample size it might
be possible to look for correlations between
the stellar parameters like inclination or mass
accretion rate and the absorption properties.
If, e.g., it turns out that only pole-on stars
show dust-free absorption, then this could be
attributed to stellar winds.



Acknowledgements

I want to thank different people for supporting me in my work for this doctoral thesis and for
making my time at the Hamburger Sternwarte a very enjoyable stage of my life.

First of all I want to thank my advisor Prof. Jiirgen Schmitt for his advice on all questions
I ever asked, personal and scientific ones. His principle to let his students participate in the
scientific community through conferences and visits as early as possible has greatly helped me
to gain confidence in my own work.

Further I thank my collaborators at the Hamburger Sternwarte (Jan Robrade, Carolin Liefke),
at the University of Virginia (Sean Matt and Zhi-Yun Li) and elsewhere (Jan-Uwe Ness). It
always was a pleasure to discuss all the magnetic fields and accretion stream and different forms
of low number statistics with them.

I am also grateful to the University of Virginia for hosting me in spring 2008, when part of
this work was done and to all the inspiring people I met there including all the grad student
who included me in their parties straight away. Some institutions I got to know there, like the
“Kovalenko Dinner”, seemed strange to me, but turned out very favourable.

Additional thanks to “Costa” Wawrzyn and Jan Robrade for proof-reading parts of this thesis.

Greeting and thank goes to all people from the Hamburger Sternwarte, from various conferences,
workshops and other scientific occasions for a lot of fun in the field.

Also thanks to my family and friends for everything.

I acknowledge support by the Deutsche Forschungsgemeinschaft, grant number
SCHM 1032/29-1, the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) under
DLR 500R0105 and the Studienstiftung des deutschen Volkes, which financed my visit
to Virginia with a grant.



	Introduction
	The model
	Results
	Conclusions
	Introduction
	Stellar properties
	RU Lupi
	T Tau
	DF Tau
	V4046 Sgr
	TWA 5
	GM Aur
	TW Hya

	Observations
	FUSE data
	HST data
	X-ray data

	Results
	FUV lines
	Excess absorption
	Ratio of OVII to OVI luminosity

	Interpretation
	Blue-shifted emission
	Shocks in outflows

	Anomalous line widths
	Magnetospheric infall
	The basic model
	Predicted UV line shifts
	Model extensions

	Turbulence in boundary layers
	Red-shifted emission
	Other emission origins?
	Variability

	Summary
	References

