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Zusammenfassung

Eine der wichtigsten Fragen der Astronomie ist seit derdAgén der astrophysikalischen Forschung un-
beantwortet: Wie entstehen Sterneaihend sich im letzten Jahrhundert ein grobes Bild der Sternentste-
hung herauskristallisiert hat, sind die Details immer noch vage und oft kamtraliskutiert. Inzwischen
wissen wir, dass Sterne nur in den dichtesten Regionen der Galaxienhentste denen Wasserstoff
haupt&chlich in Molekularform vorliegt. Die niedrige Temperatur in diesen Regiariaubt es, dass die
Gravitation die Oberhand it und ein gravitativer Kollaps stattfinden kann. Die “Geburt” eines Sterne
ist jedoch nicht einfach zu beobachten, weil das sichtbare und itéraicht von der Geburtswolke, aus der
der Stern entstanden ist, stark absorbiert wird. Protostellare Jetdddagdn die Geburtswolke und sind
daher oft einfacher zu beobachten als die Sterne selbst. Sie sind efrestén Hinweise auf einen neuen
Stern.

Ein Gesamtbild der Sternentstehung und Sternentwicklung wird sich nun dure Kombination von
Beobachtungen in verschiedenen Wellgngenbereichen, insbesondere unter defi@esichtigung der
Rontgenemission von Protosternen und ihren Jets, ergeben. ddigéhemission stellt oft das hoch ener-
getische Ende des végbaren Spektrums dar und isiufig mit der Existenz von magnetischen Feldern
verknipft. Fur die Rdntgenemission von Protosternen wird direkt ein Magnetfeldtigin wohingegeniir
die Rontgenemission von protostellaren Jets indirekt ein Magnetfeldtiggnvird, da diesediir die Entste-
hung der Jets notwendig ist. Wie im folgenden dargelegt, liggghsich meine Arbeit mit beiden Arten
von Riontgenemission.

In meiner Arbeit wurde ein€handra Beobachtung der Sternentstehungsregion Cepheus A (Cep A)
auf Rontgenemission von Protosternen und protostellaren Jets untersucht.en Stebtosterne mit
Lx > 10%° erg/s wurden detektiert, eine von diesen Quellen war vorher unbek#&@iate neue Quelle
liegt auf der Verbindungslinie zwischen zwél, Emissionsgebieten unddoknte daher der Ursprung
des zugetrigen protostellaren Jets sein. Nur der westliche Teil dieses Jets (HHeh@8iert diffuse
Rontgenstrahlungiber eine Ausdehnung von 0.1pc. DiérRgenemission ist allerdingg&umlich ver-
setzt gegeiber der optischen Emission. Unter der Annahme, dass der Aufhejmazgss zu einem
friheren Zeitpunkt stattfand, kann dieseumliche Verschiebung durch die lange Albkungszeit des
rontgenemittierenden Plasmas érkiwerden.

Die Studie Uber den ®ntgenemittierenden Jet von L1551 IRS5 (HH 154) zeigte, dass die
Rontgenemission im Wesentlichen statiorst, wohingegen optische Emissionsgebiete eine klare Eigenbe-
wegung zeigen. & die Rdontgenemission konnten keine signifikantenaveterungen in den Spektraleigen-
schaften und in der Luminosit festgestellt werden. Diedlie zur Zentralquelle und das konstante Erschei-
nungsbild der Rntgenemission von HH 154knte mit deraumlichen Struktur des Jets zusammiamden,
welche wiederum mit der Jetkollimierung zusammniamdt.

Die Rontgenmorphologie des Jets des klassischen T Tauri Sterns D@Hrelt der des Jets von
L1551 IRS 5. Mittels meiner Analyse von Daten aus zwei verschiedenigradmen konnte gezeigt wer-
den, dass aucliif die innere Komponente des Jets von DG Tau der Grof3teil dietg@nemission nicht mit
der stellaren Positiofibereinstimmt. Diese innere Jetkomponente zeigt, wie die innere Komponente von
HH 154, keine detektierbare Eigenbewegung.

Rontgenabsorptionsspektroskopie stellt einedghthkeit zur Untersuchung von nicht selbst
rontgenemittierendem und damiitdem Material dar. Diese Methode wurde von mir genutzt, um die Staub-
scheibe des nahen und aktiven M Zwergs AU Mic zu untersuchen. Rieplisrenzen der absorbierenden
Saulendichten, die aus dieser Untersuchung abgeleitet wurden, betigender innere Teil der Scheibe
arm an Gas und kleinen Staubteilchen ist.



Abstract

One of the most important questions in astronomy is unanswered since thaibggf astrophysics: How
do stars form? While a coarse picture emerged within the last century, this degastill vague and often
controversially debated. We now know that stars form only in the depsaeistof galaxies, where hydrogen
is mostly in its molecular form. The temperature in these regions is low enough togaeity to overcome
all other stabilizing forces so that a gravitational collapse can happertbiith” of a star itself is not readily
observable as the natal core from which the star forms absorbs most @nibeven infrared light. One of
the earliest signs of new stars are their jets which escape the core ardamdiaften easier to observe than
the protostar itself.

Understanding the various processes involved in star formation and swedlartion requires a multi-
wavelength effort. A complete picture will only emerge by combining results frarious energy ranges
including the X-ray emission from protostars and their jets. X-rays oftame tilae high energy end of the
available spectrum and are associated with some kind of magnetic field. étiagion from protostars di-
rectly requires at least a small scale magnetic field while the X-ray emissiorgirotostellar jets indirectly
requires a large scale magnetic field for the generation of the jets themsMlyeabesis deals with both
kinds of X-ray emission as described in the following.

In my thesis &Chandra observation of the high-mass star formation region Cepheus A was anétyzed
X-ray emission from the protostars and from the protostellar jets. Sewtospars were detected in X-rays
with Lx > 103% erg/s. One of these sources does not have a known counterpéreatavelengths and
is located on the connecting line between tiWg emission complexes. Therefore, this new source might
be the driving source of the associated protostellar outflow. Only the meséet of this jet (HH 168)
shows diffuse X-ray emission on scales of approximately 0.1 pc. Notakly-ttay emission of HH 168 is
displaced with respect to the current working surface and the indivarecentrations of X-ray emission
appear to trace the radio emission in this region. Assuming that the heatingneabgarlier in the outflow
history of HH 168, the spatial displacement can be explained by the lodipgdione of the X-ray emitting
plasma as indicated by our analysis.

A detailed X-ray study of another protostellar jet showed persistenyemassion almost over a whole
decade. Three high spatial resolution X-ray observations of the jet fftb51 IRS5 (HH 154) revealed
that the majority of the X-ray emission is always located close to the drivingcesu Neither significant
spectral nor luminosity changes could be detected. This contrasts thaedyelisguch objects as observed in
the optical, where individual emission complexes clearly show proper mattos proximity to the driving
source and the apparent constancy of the X-ray emission might be rieddtedflow geometry as individual
plasma blobs heated by internal shocks would retain detectable spaciyvelbws, the X-ray emission
could be related to the collimation process of the jet.

The X-ray morphology of the classical T Tauri star DG Tau is very similarabdfiHH 154. Analyzing
high spatial resolution X-ray observations from two epochs, it coulthbess that the majority of the X-ray
emission related to DG Tau'’s jet is separated from the stellar position. Thisjgtr@mponent remains
close to the star without any detectable proper motion and therefore resetmblX-ray morphology of
HH 154.

Another application of X-ray observations is X-ray absorption spect@s to investigate rather cool
material. This method was applied to the X-ray spectrum of the nearby acttxgdyf AU Mic to study its
edge-on debris disk. Upper limits on the amount of individual elements Idokgals or small grains in the
disk could be placed. These limits support a scenario in which the inneofpidue disk is largely void of
gas and small grains.
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1. Star formation

In principle, star formation is simple: Gravita
tional contraction of the material in the interste
lar medium by seven orders in length increases
density by 21 orders of magnitude. The resulti
gravitationally bound object has an interior temper|
ture high enough to burn hydrogen and is commo
known as a star. For some reason, nature is not
simple as this and the details of this process are cd
plex. In addition, observations of forming stars a
hampered by their dense envelope making direct
servations unfeasible. Nevertheless, the initial a
final stages, i.e., the molecular cloud from which t
star forms and the pre-main sequence stars, are r¢
ily observable. Fundamental problems of star for
tion relate to the fact that this process is very ine
cient and only a fraction of the available matter co
denses into stars although free fall times are m
smaller than the age of our own galaxy. On the other
extreme, rotation and magnetic fields would entirefyigure 1.1: Composite image of the Orion nebula
inhibit star formation, if they were conserved duringhowing dust and gas illuminated by massive stars.
the collapse. Thus, it is of fundamental importandéhe image was obtained by combining exposures in
to understand the interplay of these ingredients. broad band filters and distinct emission lines from

the HST ACS as well as the ESO MPI 2.2m La Silla
WEFI. Credits: NASA/ESA

This thesis deals with different stages of the star
formation process in particular with protostellar jetd-1 ~ Molecular clouds
The general interest in jets is twofold: Firstly, they
might play an important role in the star formatioMost stars form in transient structures called molec-
process itself and, secondly, they are often eadiéar clouds, where hydrogen is mostly in its molecu-
to observe than the forming star itself. The scek¥ formin contrast to the inter-stellar medium (ISM)
for these jets are forming stars and the processes\iiere it is mostly in its atomic form (Fegie 2001).
volved in star formation are briefly introduced. Thésolated star-formation is very seldom and most stars
focus is on the formation of single, low-mass staferm in clusters (Lada & Lada 2003; Adams & My-
but note that the number of stars forming in muers 2001). The lifetimes of the molecular clouds
tiple systems increases with stellar mass. The pase probably relatively short with estimated ages of
cesses leading to the formation of these multiple sys-10 Myr (Hartmann 2003). The nearest molecu-
tems might indeed be important for star formation #ar cloud in which massive stars form is the Orion
general. Also note, that it is still under debate, howolecular cloud complex depicted in Fig. 1.1.
high-mass star formation differs from low-mass star Compared to the ISM, molecular clouds have
formation. a high H, density of typically 10*cm=3 (~
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Although H, is the most abundant species in
molecular clouds, it is not easily observed as its
strongest transitions are in the mid-infrared and are
not excited due to the cool temperatures. Therefore,
CO and other molecular tracers are generally used to
reveal the structure of the clouds. The observed dis-
tribution of clump masses is remarkably similar to
the stellar initial mass function (IMF) and requires
only scaling factors between 2 and 3 to match both
distributions. However, observationally column den-
sities instead of volume densities are measured and
it remains unclear whether their interpretation is cor-
rect as discrepancies might also depend on the spatial
scale (Shetty et al. 2010).

1.2 Fragmentation of the cloud and
the formation of the core

Figure 1.2: The horsehead nebula located Withlin L
n order to form stars, gravitation has to overcome

the Orion molecular cloud. The illumination sourc&e stabilizing forces at least in isolated parts of the
o Ori is located upwards in this picture. Reflected 9 b

star light from the dust is shown in green, red molecular cloud. Early theories like the so-called

[ e )
mainly hydrogen emission produced when the hfeans criterion (Jeans 1902), considered only grav-

drogen ionized by the UV radiation recombines. Tt]xémon and gas-pressure and did not include the ef-

) ects of, e.g., turbulence or magnetic fields. Still,
dark patches are due to the dust in the molecugr e .
o the Jeans’ criterion is surprisingly successful and the
cloud. Credits: ESO

predicted scales match that of more sophisticated

theories within factors of only a felv However, ac-

cording to the Jeans’ criterion, the observed masses
10~*’gcm?) with a large spread. The spatial scales molecular clouds exceed the mass for gravitational
of these clouds range from less than 0.1 pc up to tefflapse by far, and thus should form stars at a rate
of parsec. They are usually hierarchically clumpeggher than generally observed (about a solar mass
with small structures of about 0.1 pc andvl; em- per year in the Milky Way, Robitaille & Whitney
bedded in larger structures over a range of massegd ). The fraction of gas actually forming stars in
and sizes (several parsec and thousands of s@laholecular cloud is roughly between a few and 20
masses, Williams et al. 2000). The high densipercent (Leroy et al. 2008; Evans et al. 2009); stars
leads to a high cooling rate, and additionally, selform only in the densest parts of the cloud and the
shielding and dust scattering prevent part of the bagkajority of the gas remains in the filamentary struc-
ground radiation to heat the molecules and graifgye.
so that typical temperatures are usually as low as Therefore, the cloud is in some way supported
10 — 20 K (Larson 1985; Goldsmith 2001). Due tqygainst collapse. Whether magnetic fields, radiation
their dust content, molecular clouds are seen as dfgkdback or turbulence are most important for the
clouds when viewed against a bright backgroupdgylation of the star forming efficiency is still un-
such as distant stars in the galactic plane. This dusgigwn (see references in Price & Bate 2009). Su-
also important for the formation of large amounts of
molecules in these clouds. Whether background ra_lThe initial work of Jeans has been called the “Jeans swin-

diation or cosmic rays dominate the heating depe due to some inconsistent assumptions (Binney & Tremamg
7). However, a thorough treatment leads only to changes in

on the density, the spatial structure and the dust pregsnumerical constants by factors of a few so that the Jeans mass
erties. remains a good approximation (Larson 2003).
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personic turbulence seems to be important at lej
on larger scales. It creates (isothermal) shocks ¢
pressing the gas to sufficiently dense regions for
gravitational collapse. On the other hand, the tur
lence can also disrupt these regions again and m
thereby regulate the star formation efficiency. T
scenario, often referred to as gravoturbulent fr
mentation, seems to be strengthened by nume
simulations which indeed show that supersonic t
bulence can provide global support against the gr
itational collapse. However, turbulence can also p
duce density enhancements in molecular clouds
allow for local collapse (Klessen et al. 2000). A
though the kinetic energy of the turbulence is imp
tant on all scales in the cloud, the energy source
the turbulence is not clearly identified yet. Stell
feedback such as outflows or blast waves of supgs
novae might be important on a certain scale while

the turbulent flow of the ISM might be important orfrigure 1.3: The image of Bok globule Barnard 68
larger scales (Mac Low & Klessen 2004). nicely shows the obscuration of background light by
The importance of magnetic fields is a funt_he dust. This globule might constitute the remnant

damental problem of star formation and Curs_tructure of a molecular cloud disrupted by stellar

rently controversially debated (Bourke et al. ZOOWmd?’ strong UV radlatlor_1 or supernova explosions
nd likely represents the initial stage for the forma-

Mouschovias & Tassis 2008; Crutcher et al. 200@, o
2009, 2010: Mouschovias & Tassis 2010). Furthefo" Of only very few stars. Credits: ESO
more, the importance of magnetic fields might differ

on different stages within the lifetime of a molecustatic equilibrium ¢, is also assumed to be constant).
lar cloud. While in the ISM with densities around'he associated mass and size are

n ~ 1 cm~3 the lack of self-shielding leads to high

ionization fractions, the denser parts of the molecu- Mgpp = %CES

lar cloud are only weakly ionized, so that ion-neutral G1opt

collisions are sparse and the material does not cougigy

efficiently to the magnetic fields leading to efficient lggp = 0.48 Cs 7

ambipolar diffusion. Possibly, magnetic fields only VGp

shift the mass for the initial collapse to higher valuashere p is the mass density; is the gravitational
(McKee & Ostriker 2007). constant and; is the local isothermal sound speed

When an individual density enhancement in tHes = /7%L, k: Boltzmann constant]": temper-
molecular cloud is no longer supported against ca@ture, m: particle mass;y: adiabatic index) and |
lapse by other forces, it further contracts while tHeave useg = pc?. The corresponding Jeans val-
central core does not exist yet. These clumps caes are higher but of the same order. The den-
have masses of or greater than a few hundred sddy profile of such a Bonnor-Ebert sphere is rather
masses; their fragmentation leads to the formationfat towards the center and falls off with increas-
protostellar cores with initially very low masses. Ang distance to the center as»—2. This profile
typical structure to start the collapse is the so-calleften approximates observed prestellar cores (Kan-
Bonnor-Ebert sphere (Bonnor 1956; Ebert 195%)ori et al. 2005). Figure 1.3 shows a so-called Bok
This is the most massive, self-gravitating and isothgtobule which is thought to be the isolated counter-
mal sphere embedded in an ambient medium wjtart of dense clumps usually found in larger molec-
a fixed boundary pressure that can remain in hydrdar clouds (e.g. Alves et al. 2001) and might repre-
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sent the simplest molecular structure in which stals3 ~ Core collapse
can form. The hierarchical structure of the turbu-

lence predicts that the motion becomes sub-SoRige phasic properties of the protostellar collapse have
on scales comparable with the Jeans lengthsef zjready been described by Larson (1969): The grav-
(= 0.1pc). The resulting absence of shocks inducgdiional energy released can initially be radiated
by the turbulence within this region might cause tr}g,\,ay freely, thus the clump remains roughly isother-
smoothly varying density profiles of prestellar corgsig| and produces a strong central density peak. The
(Rosolowsky et al. 2008). central density structure approaches: 2 almost
independently of the initial conditions (e.g. Foster &

Rotation reduces the growth rate of unstabfehevalier 1993). This is directly related to the fact
clumps but the sizes and masses which collapse B the free-fall time is proportional &/ ,/p, which
close to the Jeans or Bonnor-Ebert values. TislEamatically enhances the density contrast in the ab-
is also the case when magnetic fields come iMR8NCe of other forces. The protostellar object forms
play; they also stabilize perturbations and might sici th€ center being opaque and in hydrostatic equilib-
down the collapse (Heitsch et al. 2001) but the crft4Mm-
ical scales can still be approximated by the Jeans The details of the collapse are, not surprisingly,
length. unclear as well and again depend on the importance

of the magnetic field and the location where the col-

) o ] lapse is initiated. There are two different scenarios
The process ultimately determining the universgl; iq collapse that differ mainly in the assumed ini-

shape of the IMF is not clear yet. One explanationys .jump configuration. In the so-called inside-out
Ehat the protostars accrete their mass from a specifiianse. the clump is initially at rest and supported
predetermined” mass reservoir, which is mainly Uy, 4 gnetic pressure. Ambipolar diffusion reduces
altered during their evolution. There are S|mulat|or1|ﬁiS support compared to gravity (Shu et al. 1987)

showing that the accretion of mass in the immeqs ;5 oyentually forming a centrally peaked structure,
ate vicinity of the core leads to the observed IME, o4 qjieqd singular isothermal sphere (SIS) with a

indicating that the clump mass distribution is inde nsity structure o r—2, where magnetic fields in

the dominant factor determining the IMF (Chabrighe canter are virtually negligible (Shu et al. 1999).
& Hennebelle 2010). Another explanation is the Sqyq \nstable clump starts the collapse at its center
called competitive accretion (Bonnell et al. 1997) 4 ihe collapse proceeds as a wave traveling out-
where the initial objects have low masses and accrgfg, s with the sound velocity. In the other scenario,
the remaining mass from the cloud in competitige ¢ japse starts at the outer radius and the ini-
with nearby cores during their subsequent evolutlo[lihl structure can be approximated by a Bonnor-Ebert
This process also produces an initial mass diStribébhere in which gravity overcomes the supporting
tion approximately similar to the observed one (Bajg;ces e g., initiated by larger scale turbulent mo-
2009). Furthermore, dynamical interactions might\s The collapse leads to an increasingly centrally
be important for the distribution of masses since thb%aked structure with a density profilec r—2. This
can lead to the ejection of cores from the deng@giy structure would be the starting point for the
clumps in which they formed (Bate et al. 2002). 54,5 inside-out collapse, but this time the envelope
is already in-falling when the core forms. In this sce-

In summary, all processes possibly contributirfdrio the initial in-fall velocities are supersonic and
to the fragmentation of the cloud result in criticdf€ accretion rates onto the core are higher than for
sizes for the collapsing clumps of the order of tHBe first process, but will decrease with time. Both
Jeans’ criterion and a characteristic distribution 8fctures share the central peak which contains ini-
their masses while only a small fraction of the totéRlly only a small mass and which accretes most
cloud is collapsing eventually. A typical structure fomass from the envelope.
the initial clump could be the Bonnor-Ebert sphere The two processes, also termed the slow and the
and turbulence might initiate the collapse. fast mode of star formation by Larson (2003), might
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simply describe different stages during the forma- Since some amount of rotation is inherent in
tion process, i.e., the fast mode might approximaggery realistic cloud, the developing structure de-
the inner part of the collapse when the first coparts from spherical geometry and a disk forms from
forms while the slow mode applies to later timeshich the matter is accreted onto the protostar. An
and the outer part of the collapsing clump. Gravimportant question in star formation is how the an-
tational collapse times approximately equal free fgjular momentum of the accreted matter is lost as ob-
times, which translates tb0> years once the coreservations clearly show that protostars in later evolu-
has formed. tionary stages, e.g. classical T Tauri stars, spin only

The formation of the protostar, i.e., of a hydrowith about 10% of their break-up speed which is less
static core, proceeds in two steps, one before and ¢imen expected from the strong contraction of the ini-
after the dissociation of molecular hydrogen (Bosial cloud and the conservation of angular momen-
1995). At densities above > 10'°cm™3 the first tum. Some theories which invoke instabilities within
core becomes opaque and the central temperaturdlfie-disk, predict that accretion is more episodic, e.g.,
creases so that the collapse slows down. The fibsirst-like instead of continuous. The FU Ori like
core with a mass of about)—2 Mg, lives until its outburst sometimes observed for protostars, i.e., sud-
temperature rises above abdwf® K and the opac- den increases in the accretion and an associated lumi-
ity decreases because molecular hydrogen dissowsity increase lasting typically for several decades,
ates, which requires aboiio® years. Then the secmight relate to this episodic accretion process.

ond collapse starts and the density of the central part Protostellar outflows accompany almost all steps

appro_aches a value of 1gch This second COr€ of star formation and have indeed been observed dur-
contains only about a tenth of the mass of the fifgf 1o nhases just described (Bachiller 1996). Their
one. Note that the formation of multiple systems cag|a4ive importance for the removal of angular mo-
be initiated during any of these collapse phases, iantm compared to, e.g., viscosity in the accretion
the first core can fragment into multiple cores if '(ﬁisk, is still not clear. The details of these jets are pre-
rotates fast enough. _ . sented in the next chapter and references to my work
AI! gollque scenarios predict a stellar_ embry&ea”ng with protostellar jets will be given there. An-
containing intially only a small fraction of its f'nal_other possibility to remove angular momentum from
mass. Most of the mass has to '_Oe ac.creted durmg disk is the formation of spiral waves in the disk.
the subsequent phases from the in-falling envelo%ey can transport angular momentum outwards in
Since the central part is approximately hydrostatig,e gisk thus allowing the accretion of matter from
the accreted matter prgduc.es an agcrenon ShOthH@ inner rim of the disk. In this scenario, the spiral
the surface and the luminosity of the just formed prgz,, a5 are due to tidal disturbances or related to the
tostar Is the so-called accretion luminosity same instabilities that might be responsible for the

G M, - formation of planets in the protostellar disks.
Lacc ~ 7Maccv

R, During these phases of star formation, the pro-
where M, is the mass of the staR, is its radius tostar is still obscured by its envelope. This fact
and M,.. is the usually varying mass accretion ratand the dominance of cool temperatures during the
As the core is by definition optically thick, the acformation steps outlined above make infrared obser-
cretion shock at the “surface” of the core heats thations very valueable, and the different phases of
material, which in turn causes the core to expand wstar formation can be characterized by the peak of
til it reaches a radius of 4 R and the radiation canthe observed emission as initially proposed by Lada
be radiated away freely. This size is almost indepegd987). The objects pertaining to the processes just
dent of the mass and preserved during most of tthescribed are the Class 0/l objects in this nomen-
protostellar evolution phase. Stars with final massaature. The very young objects with high accretion
belows8 M, start burning deuterium when they reactates during the approximately first fed* years are
a mass about 0.2/, during the protostellar accre-called Class 0 objects. They possess an in-falling
tion phase. More massive stars already start to bmvelope and their emission peaks at sub-mm wave-
hydrogen in this phase (Palla & Stahler 1991). lengths. Further evolved objects during their later
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accretion phase lasting aboli® years are termedthe near-infrared and visible. The infrared colors
Class | objects. They are most luminous in the faf this class might resemble approximately those of
infrared. These objects show disk sighatures and tBkass | objects when viewed almost edge-on.
accretion rate is much lower than during the Class 0 The absence of the dense envelope allows to ob-
phase. serve regions closer to the star at shorter wavelengths
X-ray photons can, just as infrared light, pags < 1um) than before, thus enabling the most de-
through moderately massive protostellar envelopésijed studies of various processes of star formation
thus giving insight into the earliest stages of stellauch as accretion and jet launching. Examples of
magnetic activity. My work deals mostly with X-such studies include the inner hole of the accretion
ray emission related to star formation and | focutisk (Muzerolle et al. 2003), the UV and soft X-ray
on the X-ray properties of young stellar objects iexcess pertaining to the accretion process (Calvet &
the following. For very young protostars, howeveGullbring 1998; Gomez de Castro & Lamzin 1999;
only few reliable X-ray detections are available (e.¢astner et al. 2002; &lel & Telleschi 2007) and the
Tsuboi et al. 2001; Hamaguchi et al. 2005; Getmameasurements of magnetic filde.g. Johns-Krull
et al. 2007, and references therein). It is still u2009). X-ray emission in general is ubiquitous for
clear whether these objects are in general intrin€d@ TS and this class displays the youngest proto-
X-ray sources (Prisinzano et al. 2008) as it is obsetars suitable for X-ray grating spectroscopy show-
vationally not easy to distinguish them from furthang, e.g, high electron densities possibly explainable
evolved Class | objects, because their spectra diffar the accretion process (e.gui@her et al. 2007).
only longwards of about 20m which is often not Although accretion and jet emission can contribute
covered by observations. Furthermore, the strong &b-the X-ray luminosity, the X-ray luminosity in-
sorption due to the in-falling envelope hampers dereases towards later evolutionary stages where these
tections. Due to the inability to safely distinguish therocesses ceased (e.g. Preibisch et al. 2005). The
two classes observationally, they are often mergeause of this pattern is not clear. Nevertheless, de-
into Class O-I. It seems likely that the hard X-ratailed X-ray studies of large samples of CTTS show
emission £ > 2keV) of this Class 0- is compa-that the most active stars ha¥e /Ly, ~ 1073 and
rable to that of the more evolved Class Il and Ill olihat there is a dependence of the X-ray luminosity on
jects (Prisinzano et al. 2008). In chapter 5 a highe stellar mass (e.g. the XEST survey of the Taurus
resolution X-ray study of the Cepheus A star formanolecular cloud, @del et al. 2007). The X-ray jet of
tion region is presented. The protostars in this regithe CTTS DG Tau is investigated in ch. 8.
are probably in their main accretion phase described

above. ) )
1.5 Final pre-main-sequence evolu-

1.4 Classical T Tauri stars tion

Contracting for a few million years, the stars eventu-

The protostellar core becomes a pre-maln-sequegﬁs become hot enough in their center to burn hydro-

: . o
star when it has accreted approximately 90% of .'tsén. Until this stage, the star is considered a young

final mass. A typical timeframe to accomplish this Stellar object. The new star has now settled on the

106 years. The protostellar envelope eventually dis-_. .
0"y P P y ain-sequence where low-mass stars remain for a

appears and the star appears on the so-called “biit -

G _ ng time ¢ 10° years).
line” in the Hertzsprung-Russel diagram, a locus (% g . € y ) .

. The time between the CTTS phase and the main-
almost constant radius of aroundR4,. Low-mass

objects in this stadium are called classical T Tady Juence during which the majority of the circum-

stars (CTTS). CTTS accrete at a rather low rate? ';furridlsstl;rdzfls'legg?rshlzscgtei\q/vﬁilgdcgﬁfege::;I?Oe
approximatelyl0=8...10~7 M /yr from their cir- P : p

cumstellar disk, which has only a marginal effect O%Iass Il objects and do not show signs of accre-

their final stellar mass. The CTTS phase correspondSthe first magnetic field detected for an object at an earlier
to Class Il objects where most energy is radiated dfolutionary stage has been presented in Johns-Krull (2007).
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tion or substantial amounts of circumstellar matt€rutcher, R. M., Hakobian, N., & Troland, T. H.
while some residual disk can be present. During this2008, ArXiv e-prints

intermediate state, a so-called debris disk is often _

observed that is almost devoid of gas and consi§t&/tcher, R. M., Hakobian, N., & Troland, T. H.
mainly of grains. The collisions of larger bodies in 2009, ApJ, 692, 844

these disk produ_ce smaller_gra_ins giving raige to.tPZ?utcher, R. M., Wandelt, B., Heiles, C., Falgarone,
name of these disks. Debris disks have typical Ilfe-E., & Troland, T. H. 2010, ApJ, 725, 466

times of about 10 Myr around solar-type stars and
longer around stars of earlier spectral type, Whigtpert, R. 1955, Zstrophys., 37, 217

might be related to the formation process of the

grains, i.e., the location where planetesimals forfavans, N. J., Dunham, M. M., Jgrgensen, J. K., et al.
The grains are accreted onto the central object 02009, ApJS, 181, 321

blown out of the system depending on their individ- | h
ual properties like size and mass or orbital pararﬁ?mere’ K. M. 2001, Rev. Mod. Phys., 73, 1031

eters. The solar system’s Kuiper-belt is probably@,ciar p. N. & Chevalier. R. A. 1993 ApJ, 416, 303
remnant of such a debris disk. One of the nearest ’ T

stars known to harbor a debris disk is AU Mic whicleetman, K. V., Feigelson, E. D., Garmire, G., Broos,
is also a strong X-ray source. In ch. 9, a study of thisP., & Wang, J. 2007, ApJ, 654, 316

object focusing on absorption features imposed onto

the X-ray spectrum by the debris disk is presented>oldsmith, P. F. 2001, ApJ, 557, 736
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2. Protostellar jets

Protostellar outflows, driven by the forming
protostar-disk system, have now been observed fr
the youngest Class 0 objects to the more evol
classical T Tauri stars. Figure 2.1 shows a nice €
ample of a protostellar jet observed with the Hubb
Space Telescope (HST). Such outflows might play
important role for star formation; they are connectg
to the angular momentum problem and contribute
the turbulence in molecular clouds. In addition, je
provide an important and universal diagnostic of t
star formation process. They relate to the accreti
process (energy conservation), to the magnetic fig|
(jet launching and jet collimation), to disk and ste
lar rotation (angular momentum conservation) and
the accretion disk structure (jet launching).

One part of the work presented in this thesis dej
with the X-rays emission from protostellar jets whil
most prior research focused on the optical emission
from the so-called Herbig-Haro (HH) objects. Thikigure 2.1: HST image of HH 34. A large bowshock
chapter starts with a description of the morpholod§ located at the bottom left with strongaHemission
of protostellar jets to provide the basis for a briégreen). The [Si] emission (red) from the chain
overview over previous observations. It continugf knots traces the jet closer to the star; individual
with a description of some of the theoretical ided#ots are ejected approximately every 15years. Im-
explaining how these jets are launched and a sha@e credit: NASA.
collection of open questions.

or within the flow (internal shocks). Protostellar jets
2.1 Rendering protostellar jets visi- are supersonic as the escape velocity from the grav-
bl itational potential of the forming protostar, approxi-
€ mately 100 kms! for a 1M, star depending on the
(%ctual launching point of the jet, exceeds the sound

After some initial controversy about the nature . : .
o velocity of the ambient medium of roughly a few
the non-stellar emission observed near star forming. :
s . For a deeper understanding of these out-

regions, e.g., whether the emission is star light e

flected by dust, it is now commonly accepted ihJows, one first has to understand the heating and the

one kind of this nebular emission is produced in thcé)Ollng of these objects.

post-shock cooling zones of super-sonic flowshe )
shock heating happens either where the outflow #-1.1 Magnetohydrodynamics (MHD)

teracts with the ambient medium (termination shocm order to derive the properties of a shock front, the

LAnother example of nebular emission is aniHegion ion- dynamics of the plasma can often be described in the
ized by the radiation of hot young stars. framework of hydrodynamics (HD) or, in the pres-
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MHD equations (cgs-units)
N . ap
Continuity equation e +V-(pv)=0
. . . d
Equation of motion (Euler equation) pd—‘t’ +p(vV)v=-Vp+f

, . o d j
or Navier-Stokes equation (dissipative terms) pd—‘t’ +p(vV)v=-Vp+f+vpAv+ J «B
C

Faraday equation (no resistivity) 88—]? =V x (vxB)

or magnetic differential equation (with ress‘uwty)aa—t =V x (vxB)+nV’B

Initially (this property is then preserved) VB =0

Pressure equation p=p(p, T)

Table 2.1: p = nm: mass densityp: number densitym: mean molecular mass;: bulk velocity, p:
pressureB: magnetic fieldj: electric currentf: external force density including gravitation.

ence of magnetic fields, in the context of MHD. Imeasonable to assume that virtually no mass is di-
general, HD considers the behavior of a fluid, i.e. ractly contained in the shock and that all mass mov-
material without rigidity. In the astrophysical coning into the shock leaves the shock at the opposite
text, this fluid is usually a gas or a plasma. Thsde.

essential assumption for the fluid description is that Additionally to the conservation laws, the values
collisions between the constitutes of the fluid are suff the preshock gas and the shock velocity are needed
ficiently frequent, which means that the mean free fully determine the postshock properties. The fol-
path length is much smaller than the macroscopawing relations from Hartigan (2003) apply only to
length scale of interest so that the fluid can be dé&e component normal to the shock front while the
scribed as a continuum. The MHD equations givenher velocity components remain unchanged. As-
in Table 2.1 can be found in various text books (e.guming a constant polytropic indexin the entire
Kulsrud 2005). The currerjt = iv x B and the region, the compression factor of the shock in the

7'(- . . . .
electric fieldE = —v/cx B are derived quantities in2PSence of magnetic fields is given by

this description. These equations have to be comple- nyg v v+1

mented by an equation for the energy conservation. C = = = ———— (21
yaneq ay . 1720 (2.1)
= 4

)

2.1.2 Shocks

where the subscripts 1 and 2 denote the pre- and
When the gradient of a hydrodynamic property sugfystshock propertiesy/ is the Mach number of the
as the density increases beyond a specific point, iy (17 = v/c,) and the other variables have been
assumption of fluid-like behavior breaks down. Thigescribed in Table 2.1. The second line describes
is exactly the case in a shock. However, the fluid dgre limit of high Mach numbers){ > 1) and an
scription remains valid on both sides of the shocigeal gas { = 5/3), i.e., a so-called strong shock.

and basic physical conservation laws, like mass angr high Mach numbers, the temperature of the post-
momentum conservation, relate the fluid propertigfiock gas can be approximated by

on both sides of the shock. The region where the
fluid description is not valid is usually small com- 2(y — 1)mv%

pared to the total volume of interest. It is therefore 27 (v 1)2kp (2.2)
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3mu?
16 kp

Bow shock

~ 1.4 x 10° 030 K,

4.....

wherewq is the initial velocity in 100 kms! and Mach disk
the second line again pertains to an ideal gas. In— ¢ — = %
cluding magnetic fields complicates the structure of .
the equations, but in the simple case of negligible Vet

magnetic field perpendicular to the shock plane, ofnes == == =

can define the fast magnetosonic speedvby =

. VBow shock
- :f

\/ 2 +v%, wherevy is the Alfvén velocity, i.e.,
the velocity of the magneto-sonic wave with equa
amounts of kinetic and magnetic energy. Substitu )
ing M by v /v, eg. 2.1 remains approximately valid ' Working surface
As a shock is supersonic, the postshock gas can- _

not communicate with the preshock material directff;i9ure 2.2: Cartoon of the working surface of a pro-
Nevertheless, there are certain types of precurf@stellar jet. The shock velocity of the Mach disk is
by which the postshock gas can still interact witMach = Vjet = Vws (vws iS the velocity of the work-

the preshock matter. The radiation from the poé_’tlg surface) and the shock velocity of the bowshock

shock plasma can pre-ionize the preshock gas in alSols = Vws — Up, Whereu, is the velocity of the
called radiative precursor. The energy, which woufgaterial ahead of the working surface with respect
have been consumed by ionizing the preshock gigsthe jet source.

now goes into heating. This increases the tempera-

ture of the postshock gas and the resulting postshqgkcp, gisk exhibit higher shock velocities. If the jet
temperature appears hotter than expected for the @Genser than the ambient medium the shock veloc-
tual shock velocity without radiative. feedback.. Anﬁy of the bow shock will be higher. Hartigan (1989)
other way of the postshock gas to interact with thgqe,ssed how the surface brightness of both shocks
preshock gas is by magnetic fields. This allows fgnends on the jet velocity and the density ratio for
so-calledC'-type (continuous) shocks where no jump, giative shocks; the bow shock is again brighter for
in the hydrodynamic variables exists. The resulting,nser jets. When the flow is not continuous, but
emission region appears like that of a non-magnefifisqdic so that the bow shock can move faster than
shock with a lower shock velocity. the replenishing flow, no Mach-disk will form.

v

—
]
=
“

2.1.3 Shocks in protostellar jets 214 Radiative shocks

When a steady supersonic flow encounters another

fluid, as at the front of an astrophysical supersor{}bShOCk is called “radiative” when radiative cooling

jet, usually two shocks form (see Fig. 2.2). In the Sé_ominates over adiabatic cooling. Figure 2.3 shows

called bow shock, the material in front of the jet ighe basic prope-rties of such_a_radiative, coIIisio_naI
accelerated in the observatory frame. This shockSEOCkH I: COSS'SttS Otf. ?I rgdlgtlvethprecursr(]) ' \l’(VhICh
usually located where the outflow interacts with gy heat and potentially ionize the preshock gas,

ambient medium, or in less violent shocks, within tra shallow shock front region where the material is

outflow where gas parcels with different velocitiegompressed' heated and potentu_ally lonized by CO”'._
ns, and a more extended cooling zone behind this

interact. The second shock is generated by the bW o
shock and moves back into the jet. In this so—caIIQEOCk front wht:::re _moit of the_ obser\_/ed emission
Mach-disk or jet-shock, the outflowing gas is decefoMes from. A typmal HH ObJ.eCt radlat_es.mos.tly
erated and the region bounded by these two shockl igecomblnatlon lines and fgrbldden emission lines
referred to as the working surface (Blandford & Re EELS) such as [3]. These lines are excited by the
1974). The density contrast between the jet and thez;on and electron temperatures differ directly behind the

ambient medium determines if the bow shock or tBeock and equilibrate later.
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would be located closer to the shock front than the
[O 1] emission. Hartigan et al. (1987) modeled the
bow shock emission by sampling its shock-velocity
structure with a series of 1D plane-parallel shock
models and tabulated the line emission for a large
Radiative range of jet parameters. These data have been suc-
Precursor cessfully applied to a number of HH objects. How-
ever, discrepancies emerge when the shock velocity
increases, in particular with line ratios involving the
[S n] and Hx emission of high excitation HH objects
(Raga et al. 1996).

Radiation

log T/T,

log p/p,

V/Vs

Preshock i Postshock
Distance

2.1.5 Protostellar flows
Figure 2.3: Sketch of the evolution of the hydrody- _ _ _
namic properties for a radiative shodk is the post- OPservations of protostellar jets usually show emis-

shock temperature immediately behind the Shmk,sion_from many different shocks. Their evol_ution
is the preshock density, is the shock velocity, and@nd interpretation depends on the flow properties and
v is measured relative to the shock front. on the ambient medium through which they travel.
Although protostellar jets are magnetically colli-
hot electrons of the postshock plasma. The lengthighted, they are essentially ballistic supersonic flows
the cooling zone can be approximated accordingdgyond some distance to the driving source. In gen-
Reipurth & Bally (2001) by eral, the density of the ambient medium does not
100 cm3 v 4 suffice to provide the required pressure for further
d =~ 30 < ) ( 1) AU . (2.3) collimation. Therefore, the flow becomes ballistic
" 100 kms when the inertia of the plasma exceeds the decreas-
The details of the emission depend on (a) the shaol magnetic forces beyond a certain distance from
velocity, (b) the magnetic field, and (c) the ionizahe driving source. At typical distances of roughly
tion of the preshock material. The latter point is rd-00 AU, i.e. about an arcsec for the nearest observed
lated to the shock velocity as the radiative precurgatotostellar jets, the ballistic approximation probably
can ionize the preshock material for shock velodiolds’. For these “non-magnetic” flows the opening
ties exceeding approximately,,.. > 110kms™! angle2a relates to the sonic Mach numb&f by
(Cox & Raymond 1985). Balmer-line emission is cs 1
also emitted immediately behind the shock front as sinov = - =+, (2.4)

any neutral H atom entering the hot postshock gas

has a relatively large chance to become coIIisionaﬁ? disturbances perpendicular to the ﬂO_W cannot pro-
excited before being ionized over a large range %e?ed fastt_—zr th_an the local 59“”" velocn)_/. When _the
shock conditions (Chevalier et al. 1980). Thereforjé‘,'t"f"l,CO”'mat'on due tq helical magnetic fields is
the Hn emission denotes the actual shock Iocatio%l'.'ﬁ'c'emIy strong, the high Mach numbers of proto-
HH objects are usually optically thin with the poss?te”ar jets naturally lead to _the small observed open-
ble exception of the UV range (Hartigan et al. 1999’?.9 angles even at large distances from the driving
The highest shock velocities, and thus the higﬁgurce.
est excitation conditions, are found at the apex of
the bow shock and subsequent lower shock velo@-2 Qbservations of protostellar jets
ties are found at larger distances from the jet axis
as the shock becomes increasingly oblique for ifthe pioneering works of Herbig (1950, 1951) and
creasing distances from the jet axis. In the coolitdaro (1952, 1953) identified that the nebulous emis-
ane’ hlgher Ionization species _domlnate th_e e_mls'3CoIIimation is observed at these scales, thus the magnetic
sion close to the shock front while lower excitatiofe|q strength beyond this distance should be smaller than the
species are found at greater distances. E.g)I[JO inertia of the outflowing matter, see sect. 2.3.
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sion lines, such asdd [O 1] or [S 11], are related to nozzle in contrast to a moving knot, which is not eas-
star formation. The continuous numbering of protdy explained in such a scenario (Rubini et al. 2007).
stellar outflows as HH 1,2, ... etc. is reminiscent &isloffel & Mundt (1998) measured the proper mo-
these first works. Typical sizes of protostellar jetson of protostellar jets in the Taurus star forming
are a few tenth of a parsec in length and roughiggion and showed that space velocities of individ-
103 AU in size for their emission regions, e.g., inual knots are typically 100-200 knt$. However,
dividual knots. the measurement of the proper motion of individ-
As outlined in the previous chapter, the protasal knots is complicated by cooling and shock heat-
stars accrete with the highest rates during their eing of individual parts of the knots. Therefore, these
liest evolutionary stages and the accretion declinegasurements require a very high spatial resolution
with increasing age. The relation between outflovirs general as the cooling time of individual knots is
and accretion predicts that the mass-loss rate atemmparable to the time on which ground-based ob-
decreases with increasing age of the protostar sesvations are sensitive to position changes (roughly
the mass-loss rate is typically 10% of the accretienfew years). High-resolution observations of indi-
rate (Cabrit et al. 1990; Hartigan et al. 1995). Thigdual HH objects with the HST showed that typical
tight correlation observationally shows that the outelocities are indeed 100-200 km'swhile the ve-
flows are powered by accretion or are at least intpcity dispersion between individual knots is rather
mately connected with the accretion process. Thmv, e.g., the velocity dispersion between the knots
fraction of jet driving sources decreases with stellar Fig. 2.1 is only about 25knTs. In addition, the
age; while probably all Class 0 objects drive protdtow velocity decreases with increasing distance to
stellar outflows, this fraction significantly reduces tdhe jet/flow axis, and the highest velocities have been
wards CTTS. However, the substantial circumstellareasured for the knots which just peaked out of the
envelope of the youngest protostars renders optidahse shell surrounding the protostar (e.g. the jet as-
observations of their outflows close to the launckeciated with HH 34, Reipurth et al. 2002).

ing region virtually impossible. Therefore, the de- In a few cases, proper motion of X-ray emitting

tailed studies of CTTS jets within the innermost feWnots has been claimed, e.g., HH 154 (Favata et al.
10AU of the launching zone currently provide thgnggy and 7z CMA (Stelzer et al. 2009). However,
best observational Constralnt.s forjet.launchlng moﬁ’fe initial position of the knot is not clear for either
els. Nevertheless, observations of jets from deeplyhese two observations. Therefore, it is strictly
embedded driving sources (Class l) in the IR md'caéﬁeaking not known whether the observations show
that their jets share many similarities with their oIdc—H moving knot or the in situ heating of plasma, i.e

counterparts, indicating a similar launching mechgs ;v the problem that optical observations faced
nism (Ray et al. 2007; Garcia Lopez etal. 2010). pefore the HST era. The results from the recent

~ As this thesis partly deals with the X-ray emisy,, ., 4., DG Tau large program show that the outer
sion of_protost_ellarjets, selected properties of protg:ray emission region of DG Tau's jet indeed has a
stellar jets which can be measured by X-ray obsef:, o motion comparable to the motion of the opti-
vations are compared to observations at other WaYET knot, in contrast to the inner X-ray jet component

lengths in the following section. The molecular oufiy4e| et al. 2010). In ch. 7 a third epoch X-ray ob-
flows often accompanying protostellar jets will n ervation of HH 154 is presented where no further

be discussed here as they represent the slowest Rtion of the claimed X-ray knot is found.

of the outflow and are thus unlikely (directly) related _ ) _
to the X-ray emission. The inner parts of jets are often detected as radio

sources as the emission at cm-wavelengths is not sus-
pect to strong absorption. Additionally, these obser-
vations profit from the high angular resolution avail-
As jets are dynamic objects, proper motion measui®e at cm-wavelengths. These observation are able to
ments provide insights into the heating process. thace the inner few 10 AU of the jets even for distant
continually heated stationary emission region woudnbedded sources. However, the nature of this radio
indicate an overpressured outflow expanding out oémission, probably free-free (thermal) emission, is

2.2.1 Imaging
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not entirely clear yet. Furthermore, the spectral indéxe flows tend to decelerate with increasing distance
« which traces the spectral shape of the measutedhe driving sources. Due to the low surface bright-
flux asS, ~ v« is subject to optical depth effects foness of protostellar jets, it is virtually impossible to
protostellar jets (Goridez & Canb 2002). More- measure line-shifts for the X-ray emission.

over, the ionization effects the shape of the observed Near-infrared (IR) observations are able to trace

spectrum. Given these uncertainties, cm-radio 0bsgfa jets from deeply embedded sources closer to the
vations provide high resolution images c_>f the closgtual launching region. Two typical regimes in
vicinity of embedded sources and sometimes cleagjpich protostellar jets are observed in the near-IR
show jet-like structures aligned with the outer largefe the high excitation lines of Fe such as [ife
scale jet. Even proper motion of individual emissiogng the molecular hydrogen emission, e.g. the
structures has been detected (e.g. Rptz et al. 1.9 (1) line at 2.122m. While the first lines trace
2005). Such radio observations proved to be of spRaterial withT ~ 10K, molecular hydrogen re-

cial importance for the articles on HH 154 (ch. 7) a’lﬁhires temperatures below approximately 3000K to
Cep A (ch. 5). survive. If shock-heating is the excitation source for
There are also observations which resolve thgs 7, emission, the shocks will be non-dissociative.
cooling zone of the shock, e.g., HH 47 (Heathcofg,ig requires either low shock-speeds (.. <
et al. 1996) or HH 34 (Reipurth et al. 2002). Theyqykm s1) or a magnetized but low-ionized medium
show that the K emission which indicates the acin \which a magnetic precursor can slowly heat the
tual shock front and the [8] emission from the material by ambipolar heating ahead of the shock (C-
cooling zone are spatially separated as expected frgl'%cks). ThusH- emission is preferably found in

teristics, i.e. the highest plasma temperatures at {§6¢-ray emitting plasma.
gpex_and increasingly lower temperatures at increas The near-IR lines of [Fai] allow for higher
ing distances to the shock front, also apply to the X-
. o plasma temperatures thah and are therefore more
ray portion of the jet is not clear yet. All observa- : o .
. valuable for investigating the environment of the X-
tions to date were hampered by low count numbers. o . . .
: ray emission. [Fell] has density sensitive lines
In ch. 7, a trend in the mean X-ray photon energy is.. -
which can be used to measure electron densities

found for HH 154, indicating that the cooling Iengtfglnd lines from the same upper level that can be

of the X-ray emitting plasma might be longer thansed to determine the reddening (e.g. 1.267Vand

for the optical part. Chapter 6 shows an X-ray stu ¥644Mm). ltoh et al. (2000) applied this method

of the cooling zone of HH 168 where no such cle?r HH 154 and these values are of special impor-

trend was found. However, the emisslon region o7 e for the X-ray analysis of HH 154 presented

HH 168 is much larger, and the densities are muc ) )

o In ch. 7, where the evolution of the absorbing col-

lower than those of HH 154, thus it is not clear when . ;
umn density can be compared to the evolution of

and where the X-ray emitting plasma of HH 168 VaRe X-ray photon energy. In the outer parts of the
initially heated. . oo . .
jets where the absorption is lower, also line ratios of
[SI] (A\4068/4076 toaA10318/10337) can be used
2.2.2 Spectroscopy to determine the absorption (Miller 1968; Solf et al.

Spectroscopic observations of protostellar jets oftéf88, who applied this method to HH 1). Knowing
show line-shifts of 100-200 knT< for the emission the absorption, line fluxes can be compared to shock
coming from individual knots. These values are cof10dels, and one can deduce the heating process (e.qg.
sistent with the proper motion measurements. GROck heating of the DG Tau jet, Lavalley-Fouquet
the other hand, the typical line-width which indicate! al. 2000).

the shock velocity is often only a few 10km’s Spatially resolved [Fal] spectroscopy allows

but again consistent with the low velocity dispersiailm map the kinematic structure of the jet close to
derived from the proper motion of individual knotsthe driving source (Pyo et al. 2002, 2003, 2005,
There are a few cases where entrainment of ambig09). With such observations one can measure
gas has been postulated, which might explain wthe linewidth as a function of distance to the driv-
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ing source. [Fel] observations of HH 154 show

a decreasing linewidth with increasing distance ‘ ‘ ‘ :
the launching region. This indicates that collimatic ;1| EBV)=-03 ]
probably occurs within the innermost 100 AU. Thi

spatial scale for the collimation region is compar:
ble to measurements of jet widths as a function
distance (Garcia et al. 2001a).

The abundances within HH objects are appro»
mately solar (Bhm & Matt 2001). The abundance ,s|
of refractory elements, i.e., elements with high me
ing points, and in particular the abundance of f  1°°
does not depend on the shock velocity, although ¢ 1000 2000 2000 6000 8000
would expect that grains survive only low velocity Wavelength ()
shocks and would be destroyed by the UV radiation

of stronger shocks. This can be interpreted as arlizégure 2.4: Extinction curves for E(B-V)=0.3 and

ing from a strong shock which all material in thg(B'V):l'0 using the galactic extinction curve (Fitz-

HH flow experiences, or might relate to the Iauncl*?—atrICk 1999).
ing region of the material. One can speculate that

the stationary X-ray emission regions of HH 154

7 ray properties of jet driving sources and proposed
and DG Tau's jet (see ch. 7 and 8) are related tOZt the soft X-ray emission from so-called Two Ab-

this “ubiquitous” strong shock. However no‘Fe, thasorber X-ray (TAX) sources is generated within the
the abundance of refractory elements might incre

as? . -
. . . - et while the abscence of soft X-ray emission from
with increasing distance to the driving source (e. tronaly obscured iet driving sources can be easil
Nisini et al. 2005). gl J 9 y

For hiah velocity shocks. th K emission f IIexplained by the absorption.
or nigh velocity Snocks, the peak emission 1afis One conclusion from the observations is that

into the UV regime. Strong UV lines tr he tem- . o
to the UV regime. Strong U es trace the te st HH objects have large space velocities, but, on

. . 0
erature range closest to that associated with ther%— o .
b € rang . . . h e other hand, often resemble low excitation condi-

ray emission and can provide a detailed view on the ) .
pns as expected from shocks with velocities much

heating process as lineshifts and widths are reaifozver than the flow velocity. There are two possi-

measurable in the (F)UV but not from avialable . ) .

. . : . lF explanations for this morphology. One is a pe-
ray observations. The first detailed observatlonsrcl) dic. or at least pulsed. outflow creating internal
the UV emission of HH objects have been obtaineﬁi ' P ' 9

with the International Ultraviolet Explorer (IUE) shocks with veIo_cme_s of approximately the ampli-
. o . tude of the velocity differences, thus the flow moves
High excitation lines such as I€ have been ob-.

served, but never indicated shock velocities in e'Q.—to a medium already set in motion by previous

cess of 100 km's'. Neither the [Nv] 1240A line _e!ectl_on periods. Another explanation are mstapﬂ-
ities in the outflow, such as hydrodynamic Kelvin-

nor Ovi emission have been observed for the X-rq_)( : i : )
o . . elmholtz instabilities which can cause oblique trav-
emitting HH 2, which points towards a rather low

amount of plasma with’ ~ 3 x 10°K. The use of eling shocks leading to sma}IIer shock velocities than
UV observations to study the inner parts of the jetthe flow speed (Raga & CanP003). However, the

. . Fisetection of X-ray emission from protostellar jets
is generally hampered by strong absorption even rg Pravdo et al. 2001; Favata et al. 2002) casts
moderate absorbing column densities (see Fig. 2.%115,[5 about the labsen;:e of high veiocity shocks

The strong absorption also applies t ft X-r ;
e strong absorption also applies to so a.)é?nce plasma temperatures abd®é K are required

'Efe P ’J{;"C:é)e?gf ;/I)’(ggg;s) Iaer?;)?zrggﬂﬁgcsepdeg;;? ! 0 emit the detected X-ray photons. In turn, this re-
' ' quires shock velocities in excess of 300 kM sThe

“In contrast to modern space based mission, IUE was cc(J)nr-Igln of the X-ray emission is still not well under-

trolled by astronomers visiting the control station in Villafrancgt00d. In a simple approach, Raga et al. (2002) ex-
del Castillo, Spain. plained the basic properties of strong shocks with

Transmission

E(B-V)=-1.0
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respect to X-ray emission. More detailed hydrody- Alfvén surface

high outflow velocities above 1000kms are re-
quired to produce the observed X-ray luminosity.
However, most of the knots produced in these si
ulations will exhibit low space velocities compatible ®
with observations.
Evidence for jet rotation has now been found for
a few jets (Bacciotti et al. 2002; Coffey et al. 2004;
Woitas et al. 2005; Coffey et al. 2007). However, |t
should be noted that the approaching and the reced-
ing lobes of the jet of ThA 15-28 appear to rotateigure 2.5: Sketch of the accretion disc with attached
in opposite directions. It is currently not clear yemagnetic field lines. The energy density in the mag-
whether this indicates that the claimed rotation sigetic field has to be lower than the rotational energy
natures more realistically represent upper limits pf region 1 while it dominates the other forces in
the “true” jet rotation or that the opposite rotatiofregion 2. Beyond the Alfén surface, the intertial

sense of the two lobes is real. Nevertheless, the @rces of the matter dominate the magentic forces
served rotation signatures would support current j@ggion 3).

launching theories.

Magnetic field lines

gravitation (Fig. 2.5). The Alfén surface marks the
position where the velocity of the plasma equals the
éfv én velocity. Up to this Alfen surface the mag-

The small opening angle of protostellar jets close . ) i .
to their driving sources differs considerably fronr11et|cforces dominate the dynamics of the outflowing

a largely uncollimated, pressure driestellar or material and acceleration happens in this region. Be-

coronal wind. In order to achieve the required coY-Ond this surface, the inertia of the material exceeds

limation of outflows, magnetic fields are currentlge magnetic for_cesl arr‘]d IFalfsei;h_e magnetlchflgltjr] :0

the most promising candidate and most work has Ecomtehlng_ressggyl eollca; V,;’r'] _|ncre3i|ng elg:r

cused on the launching of a wind from the protosteef- ove the disk. 'Sf‘ eads ? © ihward force cotl
ating the outflow (“z-pinch”.F| grentz = J=Bg)-

lar accretion disk. However, some contribution frorw h ind tract | wom f th
a stellar wind is currently not ruled out (e.g. RY Tal uch awind can extract angular momentum from the

Gomez de Castro & Verdugo 2007). accretion disc (Blandford & Payne 1982) and thereby

The basic idea of such a wind is that a “suitableregmate the accretion rate.

magnetic field is anchored to the Keplerian accre- While this coarse picture is well established
tion diské, and the disk material, once loaded onfénore details can be found, e.g., in Spruit 1996;
a magnetic field line, freely moves along the fielgudritz & Ouyed 1999), many open issues remain.
line (like a “bead on a wire”). The rigid rotation offhey partly relate to the term “suitable”, i.e., to the
the magnetic field close to the disk surface and R&gin of the magnetic field and its actual shape. Fur-
inclination with respect to the disk surface force tH8ermore, the mass loading onto the field lines and
material to flow outwards along the field lines. Thiie acceleration of the material including thermody-
happens once the disk material has been lifted off f8Mic effects are currently not fully understood.
Keplerian orbit as then the centrifugal force exceeds The term “suitable” is well defined for so-called

2.3 Launching protostellar jets

cold disk winds, where the enthalpy faccelerat-

SPressure driven means that the wind is launched due to t% . . - . .
hydrostatic stratification of the outer layers of the object and h % the wind is negligible. In this theory, it means

“underdense” environment. that the strength of the magnetic field has to be lower
®Actually, there are feedback effects of the jet to the disk. than the rotational kinetic energy in the disk and that
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the inclination of the field lines with the disk has tbetween the stellar magnetic field and the disk mag-
be less than 60 Whether the magnetic field is crenetic field (X-wind) could also be responsible for the
ated by a turbulent dynamo within the disk or it isbserved X-ray morphology.

dragged inward from the ambient medium during the

protostellar collapse is not clear. In any case, large

scale fields have to be present, and some field ' Open questions

have to open to infinity instead of connecting back

to the disk. Outside the disk, the magnetic energyq,stellar jets are tightly related to the accretion
exceeds all other forces, i.e. the magnetic field i$,cess and to the configuration of the magnetic
force-free. The field strength decreases with increasqq Therefore. the most fundamental questions re-
ing distance to the disk and the gas loaded onto g g the launching process itself. Where is the jet
field lines is accelerated until it reaches the &V |5nched? How is the outflow accelerated, how is it
surface. Outside the Algn surface, the magnetiGo|jimated? Are different launching mechanisms in
field is not force-free due to the inertia of the gas arb%eration? Answering these questions will greatly

begins to become wound-up, i.e., increasingly hejiznact our knowledge of the star formation process.
cal. Depending on the field configuration at large Can we make use of the observed X-ray emis-

distances from the driving source, which again dgi'on from protostellar jets to tackle these ques-

penqls on the mass loading, the a}symptotic Co'”"}?dns? The answer strongly depends on the na-
tion is either cylindrical or parabolic. ture of the observed X-ray emission. How are the
Mass loading of the open magnetic field lingsigh plasma temperatures achieved within protostel-
transfers the radial plasma motion of the accreti¢sr jets? Strong shocks provide an attractive expla-
process into the vertical one of the jets. However, thation, but indications for shock velocities sufficient
details of the mass loading which is actually a crucifdr plasma heating to X-ray emitting temperatures
parameter of the theory are not clear yet, but surdigive not been observed at other wavelengths. In
involve some vertical structure of the accretion diskny case, the X-ray emission traces an outflow com-

The picture sketched above captures the essBAN€Nt which has escap_ed detection in other wave-
tial part of the disk wind theory. However, more ad€N9th ranges so far. It is clear that understanding
vanced models have been developed. They cantii Origin of this high velocity component will con-
subdivided depending on the exact location in tifJ@in the launching mechanism as itimposes a lower
disk where the wind is launched. Prominent exarf€!0City limit to which the outflow engine should be

ples are the X-wind (Shu et al. 1994) and cold/warfiP!€ to accelerate the flow. Furthermore, the appar-
disk wind models. Cold vs. warm relates to the inf"tly stationary X-ray component within DG Tau's

portance of the enthalpy farccelerating the wind; 16t @nd HH 154 might pertain to some kind of base
cold disk winds predict excessive terminal spee880CK for which also indications at other wavelength
and low outflow densities which are not consisteR¥ISt: The shock location bears the potential to re-
with observations (Garcia et al. 2001a,b). Warm di¥g@! the structure of the outflow close to the driving
winds currently appear to be capable of producing®@Urce &s such a strong shock is not expected for a
jet compatible with the measurements, in particulgPntinuous or slowly varying outflows and approxi-

with the observed speeds, the mass-loss rates and#Rée!Y parabolic magnetic field configurations.

rotation signatures (Ferreira et al. 2006). In these

models, part of the heat produced within the disk,

e.g., by turbulence, can be absorbed by the jet, dBibliography

mass is lifted from the disk by the plasma pressure
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3. Chandra in context

The observations analyzed during the course | ym—m
this work are almost exclusively X-ray observation}ig Sl
where the term X-rays means photons with eng :
gies between roughly 0.1 and 10 keV. | will thereforj | JfooaL
give a brief overview on the properties of current
ray satellites focusing on ti@&handra Observatory
operated for NASA by SA®as my work is based
mainly on the data from this satellite.

X-rays do not penetrate the earth’s atmosphg
and space based observations are therefore req
to detect astronomical X-ray sources. Furthermo
the mirrors used for longer wavelength photons, i.
optical telescopes, would absorb the X-rays instead ]
of reflecting them, so that usually a so-called Wolterigure 3.1: Lightpath through a Wolter-type tele-
type telescope is used. This kind of telescope us&9Pe (Image courtesy: ESA).
grazing incidence reflection and a pair of parabolic

and hyperbolic mirrors to focus the X-rays. In Orgyts in a very sharp PSF in the central field of view
der to increase the effective area of Wolter-type tel@\_-ov) of Chandra, a less sharp PSF for XMM-
scopes, several mirrors are folded within each othg&wton and an even worse PSF for Suzaku.

(see Fig. 3.1). Beside the increased financial de- e associated weight of th€handra mir-
mand, the associated increase of the_effective af§Rand mirror support allows only one X-ray tele-
has a severe drawback as an exact alignment of 386 o e carried on board the satellite, while
individual shells is required for a sharp point spreag\spm-Newton consists of three X-ray telescopes so
function (PSF). However, this is technologically imgat all detectors can operate simultanectisijhe
practicable for a large number of shells and migy, ., 44 focal plane detectors have to be changed
alignment errors cause a wider PSF. Probably eV§ the Science Instrument Module (SIM). It har-
more importantly, a solid mounting of the reflectivg,,s wwo different types of detectors, the Advanced
surface is required to allow accurate shaping anddg-p Imaging Spectrometer (ACIS) consisting of 10
maintain this shape during the course of the mié‘narged Coupled Devices (CDDs) and the High Res-
sion. This, in turn, increases the weight of the X;tion Camera (HRC) consisting of seven micro
ray telescope, requiring some compromise in tragannel plates. The former provides an intrinsic en-
ing effective area against angular resolution powgkyy resolution of about 50 - 100 eV, while the latter
Today's most advanced X-ray telescope®andra provides practically no intrinsic energy resolution.
(see Fig. 3.2), XMM-Newton and Suzaku, differ ifhe HRC has a lower sensitivity than ACIS but, on
exactly this property. Th€handra Observatory has ihe other hand, a smaller spatial pixel size.

four accurately shaped, Iridium coated mirrors on a the pixel size of the ACIS detector (0.492s

solid mount. XMM-Newton uses 57 nested shellg, j3rge 1o utilize the full resolving power of the su-
and Suzaku employs at total of 175 shells. This r§ary mirrors ofChandra. The half-energy radius is

*http: //cxc. harvard. edu *The RGS is designed as a reflection grating allowing to be
2Smithonian Astrophysical Observatory operated in conjunction with the imaging CCDs.
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0.42" at Epnoton = 1keV, thus comparable to ter
restrial optical observations under excellent seeif
conditions without adaptive optics. The intrinsic e
ergy resolution of ACIS allows to separate spatial .‘
close-by sources of largely differing spectra by e
ergy filters and is therefore in some cases superiog
the HRC-I (the imaging part of the HRC) despite i§
larger pixels. The power of this approach has bej
utilized for an analysis of the inner X-ray emissiof
regions of the classical T Tauri star DG Tau in ch.

For observations of faint X-ray sources, the e
ceptionally low background of the ACIS detectd
allows to measure source properties with unpred
dented detail. Additionally, ACIS can be operated M
the so-calledery fai nt mode, which means thatrigyre 3.2: Thehandra X-ray observatory. Cred-
the 5<5 pixel island surrounding the brightest pixgls- NASA/CXC/SAO
are telemetered instead of the standax@® pixel is-
land. This allows an improved background reduction
by a more robust identification of non X-ray photon§ion regions. This property of the LETG is utilized
i.e., the particle background which often has a diffdf! the paper on AU Mic (see chapter 9), in which the
ent signature than X-ray photons. The endpoints d#sorption caused by the edge-on disk of AU Mic
particle tracks can resemble the energy distributi$hinvestigated. A particular problem for this anal-
of “real” photons when one only considers the cepsis was the lack of energy resolution of the HRC.
tral 3x3 pixel island, but differ more strongly fromAs typical for transmission gratings, the individual
real events when the>5 island is considered. Af-diffraction orders are spatially superposed, leading
terglow events result from cosmic rays depositing g order confusion when the detector lacks sufficient
much energy in consecutive pixel that a photon evdftrinsic energy resolution to separate the individual
is mimicked in several successive frames. Thelklers. Another instrumental difficulty is the rela-
events are also almost completly identified and rfdely high background count-rate which results from
jectedinthevery fai nt mode. The loss in “real” & weiring error during the assembly of the HRC-S
source photons is usually negligible (1-2%). detector. The other grating on-board@handra is
. o the HETG which provides two spectra of the highest
My studies of X-ray emission of protostellar . .
jet sources are based on observations with ACﬁ:grr_entIy available spectral resoluﬂo_n. However, the
available wavelength ranges, covering in total 1.2 —

Wh'Ch is the prime msltrument for these stu_d|es, @ A, are significantly smaller than that of the LETG.
it allows accurate spatially and spectroscopically re-

solved measurements of the source on a very low
background level.

Both focal plane detectors can be used in com-
bination with either the Low or the High Energy
Transmission Grating (LETG and HETG). These
transmission gratings disperse the incident light
and greatly increase the energy resolution for point
sources, albeit with a drastically reduced transmis-
sion efficiency of roughly 10%. In combination with
the HRC-S (the spectroscopic part of the HRC), the
LETG covers the 1.2-174 wavelength range. This
enormous range can provide a strong handle on the
absorption in the line of sight towards X-ray emis-



4. Overview

My articles deal with the X-ray emission of pre- The subject of ch. 7 is the protostellar jet from
main-sequence stars, from a very young star anth51 IRS5 which is another X-ray emitting jet
from protostellar jets. Therefore, the articles are drom a very young driving source (probably Class I).
dered according to the (assumed) age of the oljecEhe available tweChandra observations showed that
rather than to their chronological order. the bulk of the emission is located close to its driv-
ing source in both exposures with differences mainly
in the outer part of the jet. This is particularly inter-
esting as shock heating requires the postshock gas to

Chapter 5 deals with the X-ray of Class O-I objecf§tain at least a quarter of its initial velocity. We ob-
in Cepheus A (Cep A), and these objects are protgg'med a third epocichandra observation to clarify
bly the youngest ones studied in my thesis. Cepte nature of this inner jet component and the results
is the second nearest high-mass star forming regi8hthe new observation are presented in ch. 7.

The central part of this region is crowed by differ- Chapter 8 deals with the X-ray jet of the 1-2 Myr
ent sources of often unknown nature, and@an- ©ld CTTS DG Tau. This jet is one of the most well
dra observation of this region has resolved some $iudied protostellar jets. In the immediate vicinity
the ambiguities. As expected from their evolutiorf2f DG Tau, four different X-ray emission regions are
ary stage, the objects in this region are highly olcated (outer X-ray jet, inner X-ray jet, counter-jet,
scured, which complicates the interpretation of th&G Tau). The detailed analysis of the inner X-ray
data. Information from other wavelengths is usd@t component confirms the claimed jet nature of the
to construct a consistent scenario of the processe§@f X-ray emission almost co-spatial with the stellar
this region, e.g., which sources are of stellar natUp@sition.

or relate to protostellar jets.

Young stellar objects

Debris disks

Protostellar jets Chapter 9 presents an application of X-ray transmis-
. o sion spectroscopy to debris disks. The oldest object
Chapter 6 deals with the X-ray emission of HH 16&qijed in this thesis is the nearby active M-dwarf
which is located within Cep A. This HH object isay Mic with an estimated age of approximately
covered by the sam€handra exposure as the cen-» Myr. It possesses an edge-on debris disk, and
tral part of Cep A. Although the driving source ofye apsorption signatures from the debris disk can,

this HH object is not known yet, itis very likely thain principle, reveal the chemical composition of the
the driving source is also a Class 0-1 object, qualima)| grains and gas in the disk.

fying this article to be presented second. The X-ray

emission from this object was known from a previous

XMM-Newton observation which indicated that then chapter 10 my work is summarized. A short out-
X-ray emission of HH 168 is extended. The distriook into the future is given which includes some of
bution of the X-ray emitting plasma, however, coulthy ongoing projects further investigating the nature
only be revealed by the ne@handra observation.  of the X-ray emission from protostellar jets.

1The X-ray emitting plasma within protostellar jets is typi-
cally much younger than their driving sources and the age of the
associated power source is used for the ordering.
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ABSTRACT

The central part of the massive star-forming region Cepkecsntains several radio sources which indicates multipli@v phe-
nomena, yet the driving sources of the individual outflowgeh@ot been identified. We present a high-resolu@bandra observation
of this region that shows the presence of bright X-ray savéh luminosities olLx > 10°° erg s?, consistent with active pre-main
sequence stars, while the strong absorption hampers thetidet of less luminous objects. A new source has been dised\ocated
on the line connecting Hemission regions at the eastern and western parts of Cephdiss source could be the driving source of
HH 168. We present a scenario relating the observed X-rayaadid emission.

Key words. stars: pre-main sequence — stars: winds, outflows — X-régis s stars: individual: Cep A:HW 2 —
ISM: individual objects: Cep A East

1. Introduction T e N

Stars form in collapsing molecular clouds. The largest dfou’. B89 “owarasuuies . |_W

harbour very massive protostars in addition to the numdetes ™. ,3,, 6 N e o

type stars. Cepheus A is the second nearest high-massstar fo S awa & Fadio emision

ing region at a distance of about 730 nson 195y7 s ® ®crrw 3 & nemsson
greg polt 9 e HWS5 = § < Radio jet

The Cep A region contains multiple outflows, e.g. large scale ... ™
molecular outflows, extending several arcmirl(® AU) from ’
their driving source with velocities of a few 10 kmisThe com-
plicated outflow geometry has been explained by dense cenden.._
sations, which redirect the outflouC¢della et al. 2003Hiriart
et al. 2004, but can be also interpreted as independent outflows
or by the evolution of a single outflow.

The line of sight towards the centre of Cep Affgsus

Ammonia emission

infrared (IR),Lenzen et al(1984) derivedAy > 75 while Goetz

et al. (1998 estimatedAy > 200 from their inability to detect Fig. 1. Sketch of some emission sources in the Cep A region. Se@ Fig.

the central radio source in their IR-images (assuming aype-t for the exact location of the individual sources. The amm@mission

star).Sonnentrucker et af2008 derive the hydrogen absorbing's Sketched from the observationsTafirelles et al(1993.

column density from the silicate absorption feature at8n/to

range from a few 1¢f cm~2 to higher than 1& cm~2. Therefore,

only radio observations provide detailed maps of this regioresolution cm-wavelength observationSugiel et al. 200%

Several distinct sources withftiérent apparent sizes and specSome of the radio sources, located approximately in thetiine

tral indices have been revealed by cm-wavelength obsenaati of this jet at distances of a few 10 arcsec (HW 1, HW 4, HW 5

(Hughes & Wouterloot 1984Garay et al. 1996 we also use and HW 6), are likely shock-induced free-free emission comp

their nomenclature “HW1. .. 9" to designate radio sourceBat nents (with non-thermal contributions) powered by the HWt2

region (as sketched in Fid). (Garay et al. 1996 There has been some debate on the inter-
The most radio luminous object of these HW-sources metation of the observations very close to HW 2 itself. Some

HW 2, which probably harbours a B0.5-B2 star with a masbservations indicate the presence of a disk (e.g. HCII0,

of about 15-20M;, (Hughes & Wouterloot 1984Garay et al. CH3zCN, SQ, 335 GHz continuumforrelles et al. 199650mez

1996 Curiel et al. 2005 This source is usually refered to as thet al. 1999Patel et al. 2005)iménez-Serra et al. 200Torrelles

center of the Cep A region. A thermal radio-jet with a positioet al. 2007 respectively), while signatures of radio emission ex-

angle of~45° is present Curiel et al. 200% indicated by ar- plained by the presence of young stellar objects (YSOs) have

rows in Fig.1. It is probably related to (at least) one part of thalso been foundGuriel et al. 2002Brogan et al. 2007Comito

large scale molecular outflow, which has a similar position aet al. 2007. Jiménez-Serra et 82007 show that disk signa-

gle and is directed towards HW 2. The jet contains knots motures are present very close to HW 2, suggesting a disk with a

ing with velocities of about 500 knts as derived from high size of about 600 AU.


http://dx.doi.org/10.1051/0004-6361/200912995
http://www.aanda.org
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912995&pdf_id=1
http://www.edpsciences.org
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i s aq 2 . ‘ . 1 TheLx/Lyo ratio increases from 16 for mid-B stars to higher
[ x @ O i values for A stars and later objects. A-type stars have X-r
- 5 % luminosities of usually just below & ergs? and later stars,
jszm@ . =O 4 even young M-dwarfs, can easily emit more tharf®1érgs?

:’55.0
}50.0
}45.0
}01 :40.0 7c

-35.0
[ 220

4
C? GPFW3

"2 X7

- @ 3dO GPFW1a

X5 b <>

X4 ©)

7b GPFW2

X6 -
O7a

210 22:56:‘2040 19;0 18.0 I7.‘0

(Preibisch et al. 2005 Typical mean plasma temperatures fo
later-type stars are about 1.4 keV, while early-type stansave
relatively low temperatures of only a few 0.1 keV. A study o
young O and B-type stars in the Orion nebu&tg]zer et al.
2005 showed that a second temperature component arot
2 keV is mostly present in the early and mid B-type stars.
Although column densities above 20cm=2 almost com-
pletely absorb any soft stellar X-ray emissioh « 1 keV),
higher energy photons remain detectable inGhandra obser-
vation. Cep A was already observed XyIM-Newton Pravdo
& Tsuboi 2005. That observation found hard X-ray emissiol
from the region around HW 2, but was not able resolve the i

dividual sources due to the large point-spread functior-jR%
Fig. 2. X-ray image (1.5-9 keV) of the central region of Cep A. TheKMM-Newton; the authors speculate that deeply embedded

radii of the blue circles designating the radio sources abeatcsec tostars or high-velocity outflows might be responsible foe t
while that of the red circles naming the X-ray sources areatcSec. ghserved X-ray emission.
Numbers indicate HW radio sources. The blacks diamondseteetsd The focus of this article is to ughandra’s high angular res-

infrared sources. olution to disentangle the sources in the central regionegf £.

The radio complex HW 3, located 3—4 arcsec south of HW;
(see Fig.1), constitutes an elongated structure oriented primar-
ily in the east-west direction, which is resolved at highesa- 2.1. Observation
lutions. Due to their spectral properties and dense corassm- .
ciation with masers, all subcomponents have been propasedhandra observed Cep A on 2008-04-08 for 80 ks with ACIS-
harbour an internal energy source; i.e., they could be &sdc (Obs-ID 8898). The analysis was carried out using CIAO 4.1
with an YSO (e.gHughes 2001Garay et al. lggﬁBrogan etal. and the science thread-S pUbIIShed at CIAO WebSine data
2007). However, there is no consensus about their nature in tH@s not reprocessed, i.e., standard parameters like pixel r
literature. In the vicinity of HW 3a, 3b and 3d water maser aglomisation are applied to the data.
tivity has been found@ohen et al. 1984Torrelles et al. 1998
while HW 3c has an associated submillimetre c@e@an et al. 2
2007 and a composite spectrum, suggesting the presence
a jet Hughes 200)L HW 3a breaks up into two time-variableFor point source analysis, the extraction regions wereats
components; one might be associated with an infrared soutgtain about 90% of the source photons (1.5 arcsec cirdle)
(GPFW 1la (diamond in Fidl): Goetz et al. 1998 enzen 1988 energy range for our analysis is 0.3 keV to 9.0 keV; we theeefc
Garay et al. 1996Hughes 199y HW 3d also breaks up into at define a low band from 0.3 keV to 1.5 keV and a high band fro
least four distinct objects in high-resolution observasio 1.5 keV to 9.0 keV. We used a background region which co

HW 8 and HW 9, located close to HW 2 and HW 3 (a fewains 72 photons in a circle of 11 arcsec radius (48 photons
arcsec distance), are two relatively compact radio souste@sv- the high band). The estimated background within the extmact
ing large variations in their flux densities and are theref@s- regions of the individual sources is therefore about 1.31toin
sumed to be associated with low-mass pre-main sequense sigtal, 0.9 photons of them in the high band. To derive the st
(Hughes 2001Garay et al. 1996 tistical significance of a source at a specific position, tlee

HW 7 consists of several radio emission regions aboptobability to find a source at a given position by chance, v
20” south-east of HW 2. The main components b, c and d anen a source detection algorithmelldetect) on the central
aligned at a position angle of 1@7%ointing towards just south field of view (three arcmin radius), where the PSF is stilroar
of HW 2 at one of the HW 3 sources. Therefo@aray et al. In this region 34 (25) sources with®N value above 3(4) are
(1996 proposed that HW 3d drives an outflow directed towardgesent (not to be mistaken as the significance of the séjurc:
HW 7, which is interpreted as shock induced radio emissiohhe source with the lowest/N discussed in the following is
From their proper motion measurements of the individual-corfound by the source detection algorithm@N = 1.7. Within
ponents of HW 7Curiel et al.(2006 propose that the driving the 3 arcmin radius 68 sources were then found. Corrected
source is located just north of the HW 7a component, maintlye chip gaps, statistically fewer than 0.01 sources arectrd
because HW 7a moves almost perpendicularly to the rest of thi¢hin the extraction region at any position specified a prio
HW 7 sources due south. We identify this source with GPFW 2 XSPEC v12.3.1xArnaud 199¢ was used to estimate the
(Goetz et al. 1998 plasma properties of the individual sources. For the speatr

Just as radio waves, X-rays penetrate through a high absabsorbed plasma emission model (APE®&ith et al. 200lwas
ing column density and are therefore a useful tool to disegiea chosen. Errors denoterlconfidence ranges and quoted X-ra
individual emission components. In the case of Cep A, B-type
stars are potentially associated with the radio sourcesy Th! http://cxc.harvard.edu/ciao/
have a typical X-ray luminosity 0£10°C ergs™ for late B stars 2 http://cxc.harvard.edu/ciao/download/doc/
and up to~10*2 ergs? for BO stars Berghoefer et al. 1997 detect_manual/index.html

Observation, data processing and analysis

.2. Processin
& g



http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912995&pdf_id=2
http://cxc.harvard.edu/ciao/
http://cxc.harvard.edu/ciao/download/doc/
detect_manual/index.html

CHAPTER 5. THECHANDRA X-RAY VIEW OF THE POWER SOURCES IN CEPHEUS A

35

P. C. Schneider et al.: THghandra X-ray view of the power sources in Cepheus A 323
Table 1. X-ray properties of X-ray, radio and infrared sources inrégion around HW 3.
Source Radio Infrared RA Dec CouhtMedian Temperature Absorption Luminosity Radio  Spectrdiared
ID ID ID energy’ KT (keV) 10 cm? loglx (ergs?) flux (mJy) index mag
X1 IRS6b 22:56:22.2+62:02:00.5 137 23 2.0-3.0 1.4-22 30.7-30.9 - 8.4
X2 IRS6d 22:56:20.9+62:02:04.0 44 4.2 290 10-18 30.9-31.1 - 111
1.0 20-32 32.0-32.3
X3 o 22:56:17.4+62:01:58.6 36 4.3 290 10-18 30.9-31.1 -
1.¢¢ 17-26 31.8-32.1
X4 GPFW 2 22:56:20.2+62:01:41.4 64 3.9 0.9-1.7 11-32 31.2-32.3 - 15.6
X5 9 22:56:18.6+62:01:47.8 60 4.1 0.7-1.3 20-38 31.8-33.4 3.0 -0.2
X6 22:56:18.1+62:01:43.2 50 5.5 290 32-50 31.5-31.8 -
1.0¢¢ 61-83 33.1-33.4
X7 3c 22:56:18.0+62:01:46.0 60 6.4 290 62-106 32.1-32.5 3.7 0.4
1.c¢ 127-175  34.0-34.5)
la 22:56:16.2+62:01:37.8 2 - <29.8 (30.5) 2.2 -0.6
1b 22:56:16.6+62:01:42.6 2 - <29.8 (30.5) 2.9 -0.3
2 22:56:19.0+62:01:49.4 <4 - <30.0 (30.7) 7.5 0.7
3a GPFW 1la? 22:56:17.462:01:43.9 1 - <29.6 (30.3) 0.2 - 14.7
3b 22:56:17.7+62:01:45.0 6 4.6 - 29.9 (30.6) 5.0 0.0
3d 22:56:18.2+62:01:46.0 3 - <29.9 (30.6) 7.7 0.3
4  GPFW3 22:56:18.5+62:01:56.0 1 - <29.6 (30.3) 4.4 -0.2 12.6
5 22:56:19.7+62:01:59.5 1 - <29.6 (30.3) 1.3 -0.5
6 22:56:20.2+62:02:03.0 0 - <29.2 (29.9) 3.8 -0.3
7a 22:56:20.2+62:01:39.9 2 - <29.8 (30.5) 9.6 -0.1
7b 22:56:20.8+62:01:39.6 1 - <29.6 (30.3) 2.8 -0.4
7c 22:56:21.4+62:01:37.4 0 - <29.2 (29.9) 3.8 -0.4
d 22:56:21.9+62:01:36.5 1 - <29.7 (30.4) 24 -
8 22:56:17.7+62:01:47.0 9 6.2 - 30.1(30.8) <0.12 -
IRS6c 22:56:17.5+62:01:51.1 1 - <29.6 (30.3) - 8.5

2 Including a background of 1.3 ct&jn keV; ¢ K-band; visible in theGoetz et al(1998 IR-images: fixed; ! this value is unlikely high for a
stellar source, see Se8t2.2 ¢ data fromHughes & Wouterloo(1984); " L-band.

luminosities are dereddened luminosities in the 0.3—16\0 killustrates the uncertainties of the basic plasma parasele-
band. rived for the four most luminous X-ray sources. From thisffegu
it is clear that a more detailed spectral analysis of soungds
even fewer counts does not lead to additional insightsgedine
errors in the parameters already span about an order of mag-
. . . ) . _nitude. The spectra of all sources can be characteriseddnygst
In Fig. 2 an overview of the central region of Cep Ain the_h'g%bsorption. Virtually any low energy X-ray emission is atisl,
band is shown. All X-ray sources are visible; no source i thiy cept for X1. This source is absorbed by a column densityabo
region is present only in the low band. The locations of radig, order of magnitude lower than all other X-ray sourceshén t
sources and infrared point-like sources are also indic&td cage of stars, the detected X-ray emission representsgheht
sketch in Fig.1). We summarise the properties of the X-ra)érgy component of the plasma. Those sources (X3, X6 and X7)
sources (detected with &N ratio above 3 bycelldetect) yith the highest median photon energies do ndlisiently re-
in Table1, where cross-IDs, position, plasma parameters, radifict the plasma temperature. Best fit temperatures wel@b
fluxes and infrared luminosities for the detected X-ray e88r 1 kev are unlikely for the dominating plasma component of
and limits for the non-detections are given. Infrared magtés (quiescent) stellar sources. Plasma temperatures aboke\10
were taken fromLenzen et al(1984 for the IRS sources and gre rare even for large flares. Therefore, an estimate fdethe
from Goetz et al(1999 for the GPFW sources; radio fluxes are,eratyre of the hot plasma component is needed, whenewver a re
from Garay et al(199. The source position is either given bYs,naple fit value is not available. The high temperature @emp
the chatlon of the respective radio source or by the detectignt of B-type stars is usually around 2 keStélzer et al. 2005
algorithm. The source positions were slighty0(4 arcsec) ad- \ye yse this as an estimate of the plasma temperature. For com-
justed to contain a larger number of counts for X5 and X6 (O”Harison we also give the values foF = 1.0 keV. The fits of
towards the south). The large extinction towards the ceuitre ihose sources with a relatively high count number show simi-
Cep A (Sonnentrucker et al. 20p8bsorbs the low-energy X-ray 5 vajues. Both temperatures are commonly found for prgzxma
emission from embedded stars and only the high band remalgg, ,ence stars and therefore can be used as an estimate of the
observable. A plasma with an equilibrium electron tempeeat 5 |35m4 temperature almost independently of spectral fpe.
of 1 keV still radiates 13% of its energy-loss (3% of the phQ;napsorbed luminosity depends strongly on the adoptedabso
tons) in that band. A source with a large fraction of low eyergjon, (see Fig3 for examples). We therefore give only the range
photons would be a foreground object, while an object witly ong¢ |y minosities corresponding to the lowest and the highbst
high energy photonsiis either located within the cloud or&ba g6 ption columns (). For those sources without a reasonable
ground object. _ _ temperature value, a temperaturekdf = 2 keV was assumed
Due to the strong absorption, only a relatively low numand used to estimate the absorption and the unabsorbed X-ray
ber of counts is available for the individual sources. Feg8ir

2.3. Data analysis
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31.0

3.1. The non-detection of HW 2

g The central component of the HW 2 emission is not signifigant
e detected in X-rays, only one photon is observed within a r
5

T (keV)

dius of 1 arcsec, where 0.6 photons are expected from the be
ground. Enlarging the extraction region to a radius of 1& ar
—_—— sec also increases the count number to three but overlapsiwi
source towards the north-east (whose photons are not iedjud
Therefore, the number of source photons is very likely noemc
than two. Taking the absorption column density for the regb
HW 2 from Sonnentrucker et a(2008 of 1.3 x 10 cm 2, the
upper limit for the X-ray luminosity of HW 2 is & 10?° erg s%,
assuming a plasma temperature of 2.0 keV. This luminosity
about two orders of magnitude lower than that of a typical m
B-type star since a luminosity of up tol0°? ergs? is reason-
= 6 . able for massive stars. In this case, the absorbing columsitgte
ny (10% cm™) needs to be-2 x 1074 cm2 with the other parameters as in the
first case to explain the non-detection of HW 2; this value ldou

0.0 05 1.0 I5 2.0 30.0

ny (102 cm™?)

2.5 3.0 15

2
ny (102 cm™?)

)
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Fig. 3. Confidence ranges of the important spectral propertiesedbiir -
brightest sources. The X-ray luminosity is displayed ocobdied and as correspond tdy 2 1000 according t&/uong et al(2003. We

dotted contours. The range of spectral parameteferdibetween the INfer that the absorbing coI}JZmn density towards HW 2 needs
sources. be above a few times #0cm™2 to hide any X-ray emission from

the presumed B-type star with a 2 keV plasma component.

4 X5

2.5 1.
T B 3.1.1. The HW 2 jet in X-rays?
gl' 4 g;' ) The proper motion of the resolved radio jet of HW 2 is abol
gro %+ 1. Zo. o] 500 kms? (Curiel et al. 200pand therefore sficient to pro-
8o. il S 8 ‘; = duce X-rays, when ramming into a medium at rest. Interpodati

I L jj—— S I the apparently linear motion of the radio emitting knotstte t

Time (ks) Time (ks) date of theChandra observation (year 2008), we expect thi

two outer knots at a separation of 2.0 arcsec south-west ¢
Fig. 4. X-ray lightcurves for the sources X4 and X5 (10 ks binning). 1.8 arcsec north-east from HW 2, respectively (see B)g.
Unfortunately, the radio source HW 8 is located exactly whe
o ) ) ) the south-west knot is predicted. Although no definite exala
luminosity; the derived values f&iT = 1keV are giveninbrack- tjon for the nature of this highly variable radio source igwm,
ets. ) o ) ) it is likely a pre-main sequence star and also the emittehef t
The lightcurves of the individual objects (Fig). show some yeak X-ray emission at this position. This interpretatissip-
variability, but no flare can be clearly recognised. Usydlifyes ported by the high median energy of the excess emission.
are also associated with an increase in the median photogv;enemasma produced by a shock speed of 500 khreeds to be
Due to the lack of any detected soft emission and the low numl‘,)/%ry luminous to account for the observed hard emission, t

of counts, such a signature is not significantly seen expesti- cause the peak of the emission is absorbed and only the higl
bly, in the source X4, which show a monotonic decrease inX-ranergy tail remains observable.

luminosity resembling the decay phase of a large flare. Qurin

. h ° s ’ At the position of the north-eastern X-ray emission neith
the first half of the observation the photons exhibit a higlaue P Y '

h radio nor infrared sources are known. The seven photons-at
of the mean energk{ ~ 4.4 keV, 46 photons) than during the .y the expected position of the radio knot are softer then
second halfl('l_’ ~ 4.0 keV, 18 photons). . south-western ones (median energies of 4.4 keV and 6.2 ke
Upper limits on the X-ray flux of the non-detected radig\ge,ming that (at least) the north-eastern X-rays are hgee
sources are estimated by assuming a plasma temperaturgy pleq by shocks, what does this imply for the shock luminc

KT = 20 keY2 (1.0 keV) and an absorbing column density gt > The velocity of the radio components (500 kr)sgives
ny = 102 cm2. The maximum source count rate was chosenrlﬁ/

be such that for the given limiting X-ray luminosity in 90% o plasma temperature = 0.3 keV using the formula of
Lo - ° OR t al(2002. The ab tion i k , but i
the realisations the number of detected photons would beeshig aga et al(2003. The absorption is unknown, but assuming

than observed. A typical source count number of three prmtciﬁ‘lue ofny = 4 10° cm %, which is on the same order as
: e value derived bysonnentrucker et a(2008 and compat-
corresponds td_x = 4.8 x 10?7%(2.2 x 10°% ergs™. vau ved by N (2009 P

: iple with the value found for HW 3c, implies a luminosity of
There appears to be no correlation between X-ray and ra(f P Y

e . 5 ergs?. Such a high luminosity would require a verffie
luminosity for the sources. The X-ray detected radio saiare g g v q i

. Lo e '~ cient process transforming kinetic energy into X-ray eioiss
neither the radio brightest ones nor outstanding in terntsesf . o plasma temperature, on the other hand, of 1.2 keV, the
spectral indices. ) ) . )

minosity drops by four orders of magnitude, but requiresghhi
velocity componenty( ~ 1000 kms?), embedded in the ma-
terial observed at radio wavelengths. Such an onion-likest
ture has been seen in DG TaBa(ciotti et al. 2002 Using the
We group the sources depending on their association with @énther et al(2009 formula for the mass loss! (Eq. (6)), we
dio and infrared emission, starting with the non-detectibtne  find M ~ 2.5x 10~ M, yr~* for the lower temperature and five
prominent radio source HW 2 (see Figr 6 for a sketch). orders of magnitude smaller for the higher temperature.l&Vh

3. Results and individual sources


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912995&pdf_id=3

CHAPTER 5. THECHANDRA X-RAY VIEW OF THE POWER SOURCES IN CEPHEUS A 37

P. C. Schneider et al.: THehandra X-ray view of the power sources in Cepheus A 325

the first value is probably too high, the lower value can béyasoutflow. This source is not detected in X-rays, possibly HW 3d
achieved by pre-main sequence stars like HW 2. The posgibilconstitutes only shock induced radio emission without del¢ s
that the source is a positional chance coincidence is betéw lar core. HW 3a is located further westwards than the otherdHW
(see Sect2.2). radio sources, and might be associated with an infrarecceour
The relatively low median energy of the weak excess X-rdfsPFW 1a,Goetz et al. 1998without any significant excess
emission at exactly the position of the north-eastern radimt X-ray emission. Still, the same arguments presented in e d
points to shock-induced emission, but requires a higheckshocussion of the non-detection of HW 2 (Se8tl) apply here:
speed than the velocity of the radio knots. Otherwise the fleew-mass YSOs cannot be detected with the available obser-
quired luminosity is implausibly high. Therefore, eithéiese vation, if the strong absorption towards HW 3c is also presen
X-ray photons are caused by an unknown embedded pre-mi@wards the other HW 3 components.
sequence star, located at the opposite position of HW 8 with r
spect to HW 2, or these photons are indeed caused by thetfa

ste, L
component of the HW 2 jet. §:§ Sources with infrared counterparts

In the field presented in Fi@ four X-ray sources can be identi-
3.2. Sources associated with radio sources fies with infrared sources.
The following X-ray sources are associated with radio einiss

components. 3.3.1. X4

This source is probably associated with the infrared source
3.2.1. HW 9 and HW 8 GPFW?2 Goetz et al. 1998 which lies at the tip of the radio
complex HW 7 Rodriguez et al2005 analysed the proper mo-
The X-ray source X5 clearly coincides with the radio sourd#&ns of the individual knots of the HW 7 radio emission comypl
HW 9. The derived absorbing column density is a few timeand postulated that the driving source is located closeg@th
higher than the value derived [§onnentrucker et a(2008, sition of X4. We follow this interpretation and regard thelia
compatible with circumstellar matter as expected for thdyeaemission of the HW 7 emission complex as shock heated mate-
evolutionary stage of this star. The X-ray light curve showsal (as also proposed b@aray et al. 1996Goetz et al. 1998
a variation in the count rate of a factor of three (see Bjg. The X-ray source itself is absorbed less than those soulwss ¢
Although the shape of the lightcurve does not resemble thatto HW 2 and HW 3. The average luminositylof ~ 10° erg s
large flare events, such variations are typical for youngact is very high for a low-mass star, but the lightcurve showsra co
stars. The unabsorbed luminosity 0&510%2 ergs™ is on the tinuous decrease in count rate during the observation @ig.
high side for massive stars but not implausible. All thesgppr We interpret it as the decay phase of a strong flare, suppbyted
erties support the idea that HW 9 is of stellar origin (prdipabthe lower mean energy of the photons in the second part of the
of spectral type B), which is in line with the expectationsnfr observation (see Se@.3). Therefore, the quiescent luminosity
radio observationdHughes et al. 1995%5aray et al. 1996 of this object is probably significantly lower than the vatle
At the location of HW 8 a clear photon excess is found (sétved here, thus also a low-mass star can produce the olaserve
Sect.3.1.1). The nine photons at the expected position haveXaray emission.
very high value of the median energy (6.2 keV) and suggest an
interpretation in terms of an embedded pre-main sequeace
Its X-ray luminosity would be 1¥ erg s for an absorbing col- %‘3'2' X1, X2 and X3

umn density of 18 cm andkT = 2.0 keV. The X-ray source X1 exhibits the lowest values for the me-
dian energy and the fitted absorbing column density &
3.2.2. HW 3b/c (X7) 1.6 x 1072 cm?). Its X-ray luminosity of 6x 10 erg s? is rel-

atively low in this sample, but still about ten times highlear
The identification of the radio counterpart of X7 is not cjéart the median luminosity of the sources in Bieandra Orion Ultra
it is located closest to HW 3c. Therefore, we favour an asso&leep project, where a star forming region (Trapezium region
ation with HW 3c, which is also associated with SMA §7% the Orion Nebula cloud was observed for 730 ks (CGhkifeman
emission Brogan et al. 20017 From the X-ray point of view etal. 2009; only a tenth of the COUP sources exceed this value.
HW 3c can be characterised by an even higher absorbing coluXhis also visible in the infrared images bénzen et al(1984
density than HW 9 (X5). The unabsorbed luminosity, assumigg IRS 6b. These properties point to an object located oretiie n
a plasma temperature kT = 1.0 keV, is unreasonably high for side of the cloud.
a stellar source or a shocked outflow. Consequently, we favou The source X2 is located in the direction of the north-easter
a model with a higher temperature and less absorption and contflow of HW 2 and probably the infrared source IRS 6d. It is
sequently lower X-ray luminosity. No X-ray photon with an-enagain deeply embedded, and the lower limit of the absorgion
ergy lower than 5 keV has been detected. The iron line enmissi@bout 7x 10?2 cm2, which matches the expected value at that
complex around 6.7 keV contributes a large fraction of the oposition. Its high X-ray luminosityl(x > 3x 10°* erg s') again
served emission indicative of hot plasma, arguing for arttar points to an embedded massive protostar, the coincideribe wi
emission component rather than a power-law spectrum. Fhe tfze outflow is probably a projectiortect.
dio component 3b also shows a weak excess X-ray emission of X3 can be characterised by an absorbing column density on
six photons with a lower value of the median energy than HW 3e order of a few 1% cm 2 and a luminosity of & 10 erg s*

In particular, a subcomponent of HW 3d was suspected fiar a temperature of 2 keV. It is again, most probably, a mas-
be a protostar, driving a jet with a position angle of abol@°10 sive pre-main sequence star. In Fig. 4Gdetz et al(1999 this
(Garay et al. 1996Torrelles et al. 1998Goetz et al. 1998 source seems to be also present as an infrared source, lut is n
and therefore a candidate for driving the large scale east-wnoted as a source by these authors.
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Fig. 5. Zoom into Fig.2 for the region around HW 2 and HW 3. Largeand radio emission. The outer jets are mostly found in rabieova-
circles indicate X-ray sources and small circles are radisces. tions, while X-rays originate only close to the jet drivingusce.

(Garay et al. 1996 The non-detection in X-rays is therefore ir
line with the expectation for these radio sources.
The most interesting source in the region unrelated to any ra
dio or infrared source is X6. It is located 2.5 arcsec south qf .
the HW 3 radio emission complex or about 5 arcsec south f SUmmary and conclusion
HW 2. With a median energy of 5.5 keV, its X-ray spectrum i®ur analysis of the high resolution X-ray observation ofdae-
very hard pointing to a deeply embedded source. The minimypg| region of Cep A relates the detected X-ray sources wi
absorbing column density required to explain the spectsiminown radio and infrared sources of that region. Prior to tt
3 x 107 cm 2 for a fixed temperature of 2.0 keV. This sourc&handra observation only very few radio sources had possib
appears to be slightly extended towards the west, i.e.,tii@o counterparts at other wavelengths. X-rays are thus thenslec
direction of HH 168, where an excess of about 3 photons is segiergy regime in which more of these sources are detected.
(see Fig.5). The available data is not Sicient to exclude the  |n Fig. 6 a sketch of a possible scenario including X-ra
presence of a second object close to the bulk emission GaUsdAd radio sources in the central region of Cep A is shown. Tt
the distorted structure of this source. Due to the low coumntn scenario dfers in some respects from ti@oetz et a|(1998
ber source variability cannot be excluded. This sourceslisse pjcture, but follows the main ideas presented there. Thendyi
to the connecting line of antEmission complex in the west as-source for HH 169 and HH 174, located in the eastern part
sociated with HH 168 and anztomplex at the eastern side.Cep A, remains the precessing jet of HWQufiningham et al.
Cunningham et a(2009 estimated the distance of the connec009. Although HW 2 is undetected in X-rays, X-ray emissiol
ing line to be 5-10 arcsec south of HW 2, which is exactly the the expected position of the radio knot within the HW 2 get
value of X6. Thus, X6 is possibly driving the HH 168 outflow. compatible with this scenario. Unfortunately, HW 8 coiresd
with the expected position of the counter jet and hence pi
vents us from drawing any conclusion on the origin of the X-re
emission observed at that position. Also, none of the susgec
From the radio sources which were suspected to harbour ansources in the vicinity of HW 2 are detected, which can be e
ternal power sourceQGaray et al. 1996 HW 2, 3a and 3d do plained by a very high absorbing column density, but reguir
not show up in X-rays. The non-detection HW 2 can be eashatall those sources are deeply embedded. IRS 6d is loca
ily attributed to the extensive absorbing column densityd a approximately in the direction of the outflow and also show
HW 3a might simply be too dim for a detection with the availX-ray emission (X2), but is probably unrelated to the outfloy
able data. It was suggested that this source is a low-luritynosas its shape is consistent with a point-like source. Funtoee,
star and thus probably does not reach an X-ray luminosity offee non-detection of any of the radio sources, which aretéaca
few 10*° ergs* as required for a detection; on the other handh the direction of the HW 2 jet (HW 1, 4—6), supports the shoc
the radio flux density is higher than in HW 3c, which showmnterpretation of these radio sources.
strong X-ray emission. The south-eastern radio complex HW 7 has been also int

As B-type stars might potentially exhibit rather soft X-raypreted in terms of shock action, supported by the detectfon
spectra, th€handra observation cannot exclude the presence &R line emission at the tip of this emission complex. The ir
such stars, since the required X-ray luminosity to shineubh dividual components show proper motions pointing to a dri
an absorbing column density of 2cm2 for a temperature of ing source close to HW 7&Rpdriguez et al. 20Q5which we
only 0.3 keV is 3x 10°2 erg s which might not be reached byidentify with X4 (GPFW 2), whileGoetz et al(1998 proposed
the B-type star. Therefore, in the case of HW 3d, a B-type stdkV 3d as the driving source. The X4 lightcurve resembles t|
can be related to the observed radio emission, althoughiitis decay phase of typical flares of active pre-main sequencg s
detected in X-rays. (Fig. 4), which are known to eject powerful outflows.

All other radio sources, in particular the HW 7 complex and  For the westward directed outflow (HH 168), another drivin
HW 4, 5, 6 and 14 have been interpreted as shock emissi@ource than HW 2 is probably needed, since the position arfigle

3.4. Source without any counterpart (X6)

3.5. Non-detection of the other radio sources
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of both. The source of this outflow was not discusse@Gogtz

et al. (1998, but Cunningham et a2009 state that HW 3c is peferences

a good candidate for the driving source as also a blue shifteg ) . .

eastward directed CO lobe emerges from the location of HW %Uadlldé KH AJ- 19z6v g‘JAgfonom'%PDgta ?ga'ys'lsoiogvamasyswms v,
_ feci : ed. G. H. Jacoby, . barnes, ont. ser., ,

We speculate that the absence of X-ray emission from theragi, ‘' £ zo0 5 p “undt, R.. Eisial, J.. & Soff, J. 2002, ApJ, 576, 222

complex HW 3d could be explained by interpreting these cleiMmBerghoefer, T. W., Schmitt, J. H. M. M., Danner, R., et al. 1998A, 322, 167

(also located east of HW 3c) as dense condensations, heate@bgan, C. L., Chandler, C. J., Hunter, T. R., Shirley, Y.& Sarma, A. P. 2007,

the outflow of HW 3c (thermal jet emission), while the weak ApJ, 660, L133

~ icci it i ella, C., Bachiller, R., Benedettini, M., et al. 2003, RNS, 341, 707
X-ray emission at the position of HW 3b does indeed represeg?ﬁo en R, J.. Rowland, P R. & Blair. M. M. 1954, MNRAS. 21054

a star. An opening a“_9|e of app_rquately’Z@osnmn angle Comito, C., Schilke, P., Endesfelder, U., Jiménez-Serr& Martin-Pintado, J.
of 90°) suffices to excite the individual clumps of the HW 3d 2007, A&A, 469, 207
complex. This model would be in line with the interpretata@n Cunningham, N. J., Moeckel, N., & Bally, J. 2009, ApJ, 692394
Brogan et al(2007), who detected submillimetre emission toCUf!E‘:’ 2 I.""'Sa?’é”' ﬁ'ﬁaﬂt"z\l’ ff F'QSSSZAA%S%& >
s yiuriel, S., Ho, P. T. P., Patel, N. A., et al. , ApJ,
wards HW 3c, but not tpw_ards HW 3b or 3d. However, the Ong.@aray, G., Ramirez, S., Rodriguez, L. F., Curiel, S., & Tiese J. M. 1996,
of the water maser emission within the HW 3d complex remains ap; 459, 193
unclear in this scenario. The X-ray source X6 has no couatérpGetman, K. V., Flaccomio, E., Broos, P. S., et al. 2005, ALBB, 319
at any wavelength and seems to be elongated towards the weegtz, J. A., Pipher, J. L., Forrest, W. J., et al. 1998, Ap4, 359
As it lies closer to the connecting line of HH 168 and its CmntggnmtﬁZ}JHFKA S?;l%%“‘éA-F,'-v&Tﬁi”‘;"ej 236(';’;)-’22‘\'- }132935"7%14’ 287
outflow, it coulq a_Iso be the driving source. If'the opemnglm‘ Hiriart, D., Salas, L., & Cruz-Gonzalez, |. 2004, AJ, 128129
HW 3c outflow is indeed as large as”2@ is unlikely o drive the  Hughes, V. A. 1997, ApJ, 481, 857
large scale outflow, which is more collimated, and X6 would beughes, V. A. 2001, ApJ, 563, 919
the natural candidate for driving HH 168. :Ugﬂe& x ﬁ-, er\:OuteFr{logt,;-g- A 1384?013592576'\,/'2&1% -
. ugnes, V. A., Conen, R. J., arrington, S. ) I
In Summary.’ thé:.handraObserv.atlon of C.ep A detected tWOJiménez—Serra, 1., Martin-Pintado, J., Rodriguez-Fraicpet al. 2007, ApJ,
of three potential driving sources in the region. HW 3c arel th g1 | 157
driving source of the HW 7 complex (X4) show the characterohnson, H. L. 1957, ApJ, 126, 121
istic X-ray properties of pre-main sequence stars. Thecgoof Lenzen, R. 1988, A&A, 190, 269
the massive north-east outflow (HW 2) cannot be detected ffiz", ';-v 'é%‘:iiﬁ’PéKg‘r’:ghi;g”vTJ-Klggt“él'“%d ;3;‘;12[257 109
X-rays, which is explained by the strong absorption t_oweﬂnas Pravdo, S. H.. & Tsuboi, Y. 2005, Apd, 626, 272 '
position. The X-ray source X6 provides a new candidate fer tbravdo, s. H., Tsuboi, Y., Uzawa, A., & Ezoe, Y. 2009, ApJ, 70495
driving source of HH 168, for which observations at other /v Preibisch, T., Kim, Y.-C., Favata, F., et al. 2005, ApJS,, Y81l
lengths are highly desirable. Raga, A. C., Noriega-Crespo, A., & Velazquez, P. F. 2002, A6, L149
Rodriguez, L. F.,, Torrelles, J. M., Raga, A. C., et al. 2008y.Rviex. Astron.
Astrofis., 41, 435
i i X Smith, R. K., Brickhouse, N. S., Liedahl, D. A., et al. 2001JA556, L91
Note added in proof. After ac_ceptance of this articRravdo et al. Sonnentrucker, P., Neufeld, D. A., Gerakines, P. A., etG082 ApJ, 672, 361
(2009 published an analysis of the same X-ray data on astro-ielzer, B., Flaccomio, E., Montmerle, T., et al. 2005, Afll®), 557
Their results concerning the power sources of Cep A are cbmp@fgeu‘;;;-AMj \flfge%'\é'ome"egmv L., Ho, P. T. P, Rgaez, L. F., & Canto,
. ’ } : ) . , ApJ, 410,
ible with ours, they also repor_t the non detectlon_of HW 2df|nTo"e”eS] 3. M., Gomez, J. F., Rodriguez, L. F., et al. 19981, 457, L107
the new X-ray source X6 (their source h10), and infer X-ray ltorrelles, J. M., Gémez, J. F., Garay, G., et al. 1998, Ap9, 362
minosities of log_x > 31 and plasma temperature above 1 keYorrelles, J. M., Patel, N. A., Curiel, S., et al. 2007, Apg66L37
for the central sources (see our Tab)e Vuong, M. H., Montmerle, T., Grosso, N., et al. 2003, A&A, 4681
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ABSTRACT

X-ray emission from massive stellar outflows has been dedectseveral cases. We preser@landra observation of HH 168 and
show that the soft X-ray emission from a plasma of 0.55 ke\hiwiHH 168 is difuse. The X-ray emission is observed on two
different scales: Three individual, yet extended, regions mieedded within a complex of low X-ray surface brightnessm@ared

to the bow shock the emission is displaced against the outfi@etion. We show that there is no significant contribufimm young
stellar objects (YSOs) and discuss several shock scerndwadsan produce the observed signatures. We establisthena¢-ray
emission of HH 168 is excited by internal shocks in contrastitmple models, which expect the bow shock to be the mostyX-ra
luminous.

Key words. stars: winds, outflows — X-rays: ISM — Herbig-Haro objectSMt jets and outflows — ISM: individual objects: HH 168

1. Introduction surfaces within the outflow might be responsible for the ingat
but they require rapidly moving components within the flow so
Star formation is intimately linked to accretion and outflple-  that the velocity dierence still provides enough energy to pro-
nomena. Early in the formation process, the collapsingpstdr duce X-rays.
is deeply embedded and therefore invisible, yet, powerfitd 0 | the case of DG Tau, such a high velocity component has
flows emerge from these systems. At a later stage, the amerefiot heen detected in UV, optical or IR observations. However
proceeds from a disk. For low-mass stars, the magneticaiyhen compared to the outflow’s total mass-loss this spealat
funneled infall model explains many observed phenomena siggh velocity componentwould constitute only a very smiaitt
cessfully, but, even in their case, the jet and wind drivirgeht  tion of the total mass-loss and energy and, therefore, nhigie
anism remains elusive. Current theories expect mass 1dss tqascaped detectiorS¢hneider & Schmitt 2008Ginther et al.
driven by magneto-centrifugal disk winds, possibly withtels 2009
lar contribution. The physical mechanism, which acceéssand This paper deals with the Cep A West region, where the
collimates the outflow also remains elusive. Jets have bben g iflow HH 168 is located. The central region of the complex,
served at all stages of star formation over a wide mass ranRggich presumably contains the jet driving source, will balan
in different wavelength regions. HH Piavdo et al. 2001and g in a forthcoming articleSchneider et al. 2009In the next
HH 154 Favata et al. 2002Bally et al. 2003 Favata et al. section, we will provide a brief overview of the Cep A regiarda
2009 were the first massive, large-scale outflows d'scove!'ﬁ'gthe subsequent two sections the observation and reselts a
in X-rays. The latter object has already been observed wicgacanted. We then discuss the properties of the emittéasg

so that the proper motion of its X-ray emitting regions coulfefore we investigate possible scenarios explaining tsemed
be tracked. The proper motion of 500 kmian explain the X-ray emission.

observed temperatures in terms of simple shock models of a

thin gas ramming into the ambient medium. Examples of fur-

ther evolved objects are the low-mass star DG Taiidel et al. . . .
2008 Schneider & Schmitt 20085iinther et al. 2009where 2+ 1h€ Cepheus A high-mass star-forming region

the X-ray emission from the jet is confined to the inner regiafgpheus A is the second nearest high-mass star-formingrregi

of a few hundred AU and the intermediate mass HerbigB&e 4t 5 gistance 0£730 pc Johnson 1957Crawford & Barnes

star HD 163296 %wartz et al. 2005Gunther & Schmitt 2000 197q see Fig.1 for an overview). Three Herbig-Haro objects

Because of the low surface brightness of these jets and a I?glﬂ 168, HH 169, and HH 174) are located around the center

of nearby young intermediate and high-mass stars, X-rays fr ot cep A, where several distinct radio sources have beerdfoun

their outflows have only been detected in very few cases.  (named HW 1-9Hughes & Wouterloot 1984HW 8 and HW 9
Most models of high-energy emission in outflowing materialere detected by subsequent observations). Because of the

adopt some type of shock. The interface between the outftpwistrong absorption towards the center of CepAy ¢ 75 mag)

material and the ambient medium seems to be a plausible heatlio observations are the most suitable for imaging thgsre

ing source but evidence of additional X-rays produced ctoseln the IR wavelength range (e.g. 12u5, Cunningham et al.

the star is increasing. Thus, a more complex scenario might2009, none of the radio sources has been clearly detected and

required to explain the observed phenomena. Internal wgrkithe region appears dark in Fig.
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differ, pointing to diferent production mechanisms of the ra
dio emission although simultaneous observations, as dee
for time-variable sources, have not been carried out. Onre «
ject seems to bare an ultra-compact, optically thick cotdlev
another is consistent with shocked gas emissi@aréy et al.
1996.

In this region Hartigan et al(2000 observed nine, approxi-
mately point-like, Hr emission components, which they relate
01:000 to young T Tauri stars, bufunningham et al(2009 found no

o teemn . point-like sources in their infrared images in this regiemen
250 5.0 0. 2 0 55:55.0 though their sensitivity should be igient.

) - " : Using Hr images of HH 168Lenzen (1988 measured
Fig. 1. SDSS DR7 (Abazajian et al. 2009i-band (7481 A) image of : ;i ;
the Cep A region. The ellipse indicates the soft X-ray eroissiThe the proper motions of individual knots ranging from 100 t

diffuse object south of the ellipse is a reflection nebula probeigited 210 km s* (the HW-object in total has a velocity of 110 kit

by a source close to HW 2 or by HW 2 itseHi4rtigan et al. 1986 Raines et al.(2000 measured the HW object in [Fa]
1.644uum and found an object moving with a space-velocit

of ~850 kms?, while the bulk of the [Fai] emitting material
For the HH 169 and HH 174 outflows, HW 2 is currently thénoves only with 400 km's. The Hu lines of the HW object,
most promising candidate for the driving source, while inis  as well as the nearby knot E, extend from zere-#90 kms*
clear which source drives the HH 168 outflow, the possibiiti (Hartigan et al. 1986
being HW 2 and HW 3c, as well as an isolated region of star for- Cunningham et al2009 proposed that the brightdemis-
mation located at the eastern end of HH 168 (gnningham sion within HH 168 is caused by high-velocity material encou
etal. 2009. tering already decelerated material, thus forming shoskedk
The Cep A region also contains multiple molecular outflow§Peeds possibly reaching 400 kms These authors further pro-
The extent of the large-scale outflows is on the arcmin scithe wipose that the HW object is produced by two colliding wind:
typical velocities on the order of a few 10 krfsThe multicom- ©ne producing the HH 168 object that is driven by a sour
ponent appearance of the outflow geometry can be interpireteglose to HW 3c and the outflow of HW 2 that drives the eas
terms of dense condensations redirecting the outfldadglla €rn HH object. )
et al. 2003 Hiriart et al. 2004 and references therein), but mul-  In summary, there is no consensus about the nature of
tiple outflows or the evolution of a single outflow are also-po®bserved objects in the literature. However, the large @rop-
sible. The position angle of the northeast-southwest nutgec tion of some of those objects isfiigient for the production of
outflow is consistent with the elongation of HW 2 at radio waveX-rays by shocks. _
lengths. Observations of the gas dynamics, in particulahef _ The region of Cep A was observed wikMM-Newton by
H. gas Hiriart et al. 2003, show a clear velocity gradient within Pravdo & Tsuboi2005 for 44 ks. They detected very soft dif-
the western b structure (blueshifted at the eastern end and ftse X-ray emission at the position of HH 168 and constrain
approximate|y Zero Ve|0city at the western end)_ the total IUmInOSIty and temperature of the reglon. Due ®tl
The prominent HH object 168 is located west of the centrlilited spatial resolution, they could not identify the gise lo-
sources of Cep A. Its kinematic lifetime is on the order of-segation of the soft X-ray source(s). Thefltise X-ray emission
eral 1000 years. Thed [Su], and [Qu] images observed by the HH 168 shows a temperature 8f= 5.8'33 x 10° K absorbed
Hubble Space Telescope (H3Tartigan et al. 2000show that by a column density ofiy = 4 + 4 x 10? cm 2.
in the region of HH 168 no single type of shock can be respon-
sible for the observed emission. In some of the bright regioré . .
the location of H emission downstream of thearemission is S- Observation and data processing
indicative of a shock-type that heats the material in frdithe  The Cep A region was observed on 8 April 2008 for 80 k
shock slowly without dissociating thexhinolecules. _with ACIS-I (ObsID: 8898). We used CIAO 4.1.2 to analys:
~ Radio emission has also been observed from a few regiqAg data, following closely the science threads publishebe
within the HH object Hughes & Moriarty-Schieven 1990The  C|AO websité. We used the archival data without reprocessir
radio brightest one is designated HW-object (without anpnu theent? file; therefore, the standard parameters are applied to
ber) by Hartigan & Lada(1985 and is located at the easterryata. The analysis is restricted to events with energiesdset
end of HH 168. Four (or even five) small emitting regions havg 3 keV and 10.0 keV, i.e., the energy range with a reliablie ca
been resolved within this objecRodriguez et al. 20Q5all of  pration.
them being time-variable on timescales of years. Furthegmo  For both, detection and spectral analysis, an estimateeof
they have large proper motions (arguing against a stellgindr background is needed. The background for the X-ray emissi
increasing from east to west from 120 km £ 280 kms™. The  related to HH 168 was estimated from two regions. The smal
motion of these objects is directed westward which is approxne is a nearby ellipse of approximately the size of HH 1¢
mately consistent with the direction of HH 168 itself. (a = 30", b = 16”) containing 557 events in the full energy
Rodriguez et a(2009 proposed that the luminosity changesange (30 photons in the 0.3-1.5 keV range, i.e., the range
of the individual sources might be caused by holes in a stregfich shock-induced X-rays are expected). The secondmeg
flowing around condensations and exciting the radio emissigs more than seven times larger (6€adius) and is located fur-
These authors estimated an outflow speed of about 900%m sher off-axis to ensure that it is source-free, e.g., that no sour
which still accelerates the radio-emitting objects. Thecs@l s visible in the 2MASS images nor identified by any of th
indices of these radio emitting objects within the HW objeat|AO source-detection algorithms in that region); it canga

62:02:00.0

! http://www.sdss.org/ 2 http://cxc.harvard.edu/ciao/
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Q'f/ Table 1. Diffuse X-ray emission in HH 168 (0.3-1.5 keV).
Component Photons  Est. background  Median Area
b photons energy  arcsec
Ellipse 133 32.0 0.95keV 1463
1 HW object 16 1.3 1.1 keV 61
Knot E 30 2.4 0.85 keV 108
o Knot F 11 1.0 1.1 kev 44
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Fig. 2. The region around HH 168 in soft X-rays (energies betwe
0.3 keV and 1.5 keV). Single pixels show individual photorsigions.
The blue contour is the édemission fromHartigan et al(2000, while
the red contour shows the smoothed X-ray photon distributibich
are multiples of four times the background rate. The propetion of
the HH object is directed toward the right.

261 photons in the 0.3-1.5 keV range. Both background e
mates agree approximately in terms of their predicted clawnt
els (57x1072 ctgpixel for the large area, and®< 1072 ctypixel

the Hx emission (e.g., knot S) by Z0At the interface between
the outflow and the ambient medium, only a very weak X-ray ex-
cess close to knot S is found. Within a circle ¢ffadius around
knot S (the only K knot showing bow-shock characteristics),
we detect 5 photons, where 2 are expected from the background

No soft point-like source can be detected at a level
above 1.%r. At this detector position, one would expect that
drore than 95% of the photons from a point-source (with the ob-
served soft spectrum) are located within a circle of radfuss’

(in Figs. 2 and 3, we show these circles for comparison). The
area with the highest photon density in that region contsixs
photons within the 1/5radius circle and lies within the highest
contour in the middle panel of Fi§.

Three individual components with an enhancetldie emis-
sion are clearly visible within the large region, and are ahsli-
gated in Fig.2 and shown in greater detail in Fig. (Table 1
summarizes their properties). The location of the eastem o
coincides with the HW-object found bijughes & Wouterloot

for the smaller one, in the 0.3—1.5 keV energy range). We ug?84 at cm-wavelengths, and the central one is located close
the average of both values to determine the estimated bakkbut diset to the east, the brightaHknot E in the nomen-
ground. Their full range median energies coincide to withigfature ofHartigan et al(2000), which shows also weak radio

about 100 eV.
The spectral analysis was carried using XSPEEn&ud

emission. The third component is located close to knot Felvhi
also emits at radio wavelengths. There are further radisemi

1996 assuming an absorbed optically thin plasma emissi§iPh components at the western end of HH 168 showing equally

model (APEC Smith et al. 2001 We adopt & errors through-
out the paper.

4. Results

Figure2 shows an overview of the HH 168 region in soft X-ray
In soft X-rays,vtpdetect of the Chandra CIAO 4 tools finds

an extended source in the HH 168 region. We indicate the exc

region by the green ellipse in Fig, which approximately coin-
cides with the lowest X-ray contour (red). In this regiorgrin

strong radio emission but outside the X-ray contour of Ei@®n
the other hand, all three regions with enhanced X-ray eomssi
have radio components in their vicinity.

The low count density renders an estimate of the true size of
the emission regions impossible. For th&wule emission close

Jo the HW-object and knot E, circular regions coinciding@pp

imately with the second contour in Fi§.(4 x 1072 ctgpixel,
gight times the background level) were used to extract tiee ph
tons of these two components. For knot F, we show the circle in

Fig. 3.

is an excess of 104 13 photons over the expected background The knot E region has an excess of 2& photons (area
in the 0.3—1.5 keV range while noftlise excess is present in108 arcse®) and the region around the HW object has an ex-
hard X-rays (1.5-9.0 keV; see Taliléor the number of detected cess of 15 4 photons (area 61 arc$gcClose to knot F, the

counts and estimated background counts).

X-ray emission has an excess of 10 photons (area 44 &jcsec

Within HH 168, approximately between the HW object anéll of these regions areot compatible with single point-sources

knot E, a hard, point-like X-ray source containing 10 phsto

s we would expect only 2—-3 photons outside &’ Ir&dius

is present (J(2000% 22:56:07.8+62:01:51.3). It can be char-for the numbers at hand, in contrast to the observationaltres
acterised by a median energy of 2.6 keV and no X-ray photorigwever, it is possible that e.g., six of the photons in thetkh

below 1.5 keV. The estimated unabsorbed X-ray luminosity

fegion are indicative of an active pre-main-sequence Ftaa.

7.5 x 10%° erg's assuming a plasma temperature of 1.4 keV adnission close to knot F do@st coincide with the position of

an absorbing column density ofS3x 10?2 cm2. This model
reproduces the median energy.

4.1. Morphology

The soft X-ray contour (starting at four times the backgidu

the foreground star from which no X-ray emission is observed

There is dffuse emission beyond the three individual emis-
sion components. Excluding the knots from the region defined
by the ellipse, a clear excess of 4810 photons is found. We
therefore regard the contours in Fgjas real, although we do
mot claim that the shape of the contours represent the precis

level) overlaps with the H contour, but lags behind the head ofjeometry of the emitting volume.
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Fig. 3.Zoom into selected regions. In theft panel, the HW-object, in theniddle panel, the region around knot E, and in thght panel the knot F
region are shown. Squares denote individual photons. Ttheawrtours are the X-ray contours from FiyHe emission is shown as blue contours
and green diamonds designate radio sources Rodriguez et al(2005; Hughes & Moriarty-Schieve(l1990.
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: 1 Fig. 5. Contours showing diierent confidence levels of the plasma pa
rameters. The contours designate the 0%, and 99% confidence lev-

. o . _els. The X-ray luminosity is color coded and indicated by da¢ted
Fig. 4. Spectrum of the photons within HH 168. The fitted model ignes.

shown in red.

1 2
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2 x 10?° erg s* for knot E, the HW region, and knot F, respec
tively).
The diference in the median energy of the photons can «

Considering the energies of the photons within these theee f1€r be caused by afiérent absorbing column density or by ai
gions, we find slight dferences between the median energiélgtrmsmally diferent temperature of the plasmas. In either cas
of the photons within the HW-object (1.1 keV) and the knot €N€ peedsto approximately double eitfiesr ny to increase the
photons (0.9 keV). A KS-test infers a probability of only 1594nedian energy by 0.2 keV. ) »
that both samples are drawn from the same distribution. ®n th AN estimate of the electron density of the X-ray emitting
other hand it is probable (60%) that the photons around knoPSma can be given by the volume emission measii pro-
and those of the large-scaldfdise emission are drawn from theVided by the fit) needed to achieve the observed flux by
same distribution.

Ignoring for a moment this éierence, we show in Figt the n = EM @
spectrum of the photons within the ellipse. The spectrunbean °~ \/0.85. f V’
described well by an absorbed, thermal, optically thin pias
with KT = 0.55+ 0.1 keV and an absorbing column densityvhereV is the volume of the emitting regior,the filling factor,
of ny = 3+ 1x 10°! cm 2. These values are consistent wittand the factor 5 reflects the solar ratio of electrons to H-atorr
the XMM-Newton data of Pravdo & Tsuboi(2009. Using the in anionized plasma). The EM for the large region has a value
conversion betweeny and Ay from Vuong et al.(2003, we  6.4x 10°2 cm3, while it is a few 1x 10°2 cm2 for the individual
find thatAy ~ 2. regions. Assuming spherigallipsoidal volumes, we find.2 x

Using the best-fit values, the total unabsorbed energy-Idg®? cm? for the entire area,.1x 10°* cm for the knot E region,
of the difuse emission component in X-rays is abouf & and 46 x 10°° cm?® for the HW region leading to densities of
10® erg s. Figure5 shows the contours of several signifine = 1.3 cnt? for the large-scale emission and about 10&m
cance levels in thek{, ny)-plane; this plot illustrates the de-for the smaller regions.
pendence of the luminosity on the adapted spectral parasnete None of those objects exhibit significant variability in ithe
The energy-loss within the smaller components scales Wi t light curves. However, the low number of counts is ndfisient
photon numberslx ~ N/Niga - LI® = 5x 107%, 3x 10?° and  to exclude minor variability (factor2) within 10 ks.

4.2. Spectral properties and energetics
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5. Is the emission really diffuse? region (located within the W contour) and the apparent soften-
.ing of the outflow from east to west, are not explained. Howeve

The appearance of afflise emission component can in prinCiz jimitad number of weak discrete sources cannot be excluded

ple be mimicked by a superposition of a large number of digye therefore conclude, that the vast majority of the emiso
crete sources as Cep A is a young star-forming region. We{hel'hdeed difuse.

fore assume in this section that a great number of YSOs psoduc
the soft X-rays, and highlight the problems of this scenafie
concentrate on the 0.3-1.5 keV energy range to which the h@dare the X-rays produced in shocks?

X-ray source does not contribute. ) ) )
A solution for the heating of the observed hot plasma is shock

1. For the entire region of HH 168, not even one pixel coreating. In this section, the properties of the observedy-r
tains three photons. Assuming that the individual sourcemission are related to those expected from shocks.
contribute only 5 photons each, then 20 of these sources are
needed. Lowering the significance of the source-detectio
gorithm as far as possible, only 26 sources are detected
a mean count number of about two. Thus, a higher numbegtie observed X-ray emission is produced by plasma with tem-
of discrete sources-60) is required to explain the soft X-rayperatures of around or above®1R. Because shocks are the ul-
emission with point sources. timate origin of this hot plasma (ignoring possible conitibns

2. The relatively small absorbing column density should alsyy coronal emission of unresolved stars in this region) we re
ensure that pre-main sequence stars are detectable indhgsome relations between properties observable at otnes-

IR and possibly also as disources. Taking the saturationiengths and X-rays.

limit of Lx/Loor ~ 1073, we find that a single highly ac-  From the strong shock jump condition, the temperaluce
tive mid-M dwarf would produce a single X-ray photon athe plasma is

a distance of 730 pc. Thus, about 100 M-dwarfs are needed

within the HH object to account for the total luminosity. A Ubs 2

mid M-dwarf has an apparei-magnitude of about 20 as-T ~15x 10°K (m) ’ )
suming thatAy = 2. Thus, even in the unlikely case that

only M-dwarfs and later objects are present in HH 168, athereuys is the velocity of the pre-shock material in the shock
least some should have been detected with the available cdst-frame and the cooling distandg,, can be found by the
servations. Furthermore, the X-ray emission does not seéwterpolation formula oHeathcote et a[1998

to be concentrated in the shallow strip as the peaksan H

For the enhanced emission close to the knot E, we note tlaat |~ 2.2 % 101
the X-ray emission isffiset from the bright kt emissionand —°* ~

the potential position of the YSOs. . : .
) o which depends on the pre-shock particle number dengignd
3. No difuse hard X-ray emissiorE(> 1.5 keV), expected to has a~20rz%) accuracy v?/ithin the 550—400 kmsrange R%a
?ﬁgﬁiﬁ?;:}n I?e\g'r;n:ts:rﬁr%’gﬁ'p:oﬁﬁgr;%euif:’ir']stﬁgsg%? al. 2002. Furthermore, the mass flux rates for quasi-stationary
p p ck configurations can be calculated from the thermal en-

nebula cloud (COUPPreibisch et al. 2005Getman et al. ’ N
2005 is more than a factor of three higher than the bes?—rgykT and theEM according toGiinther et al(2009 to be

fit temperature of the fliuse HH 168 emission. Taking the M EM 0.33 keV\1 7

median count number of the COUP sources, the expectédhock ~ 2.7 X 1011—@( > 3)( : \/) . 4)
count number of this “normal” stellar source would be about yr \10°2emr KT

10 photons for the absorption and distance of Cep A. The

highest photon density within the HH 168 area contains six2. Are the spectral properties consistent with shocks?
photons within the 95% region of a point source. ) _

4. The probability of finding a YSO in the HH 168 region! he range of possible plasma temperatures (seefigaches
can be estimated using the stellar surface density of tffigm 0.1 keV to 0.6 keV. The corresponding shock speeds are
Cep A region derived butermuth et al(2009 from mid- 280 kms™* and 680 km's", respectively; speeds in that range
infrared imaging. Assuming a uniform distribution of theihave been deduced in this region. The proper motion of iddlivi
sources, we derive a probability of about 0.2% of findingal knots is~300 kms* and possibly even higheRgines et al.
one source within a 1 arcseegion. The stellar surface den-2000, the emission line width might be as great as 400 kin's
sity also matches approximately that of the Trapezium regiéHartigan et al. 2000and Rodriguez et al(2003 speculate
in Orion, which was studied during the COUP project wit@bout inhomogeneities in the outflow moving with 900 krhs
a 25 times higher X-ray sensitivity than the observation ¥ superposition of flows with dierent shock speeds might also
Cep A. From the surface density of the 1616 COUP X-rdigsult in the observed spectrum. _ _
sources, we estimate a probability of about 0.5% of finding The observed low absorption is compatible with the detec-
one X-ray source within 1 arcsedBoth values correspondtion of NIR and Hr emission in that region. [erences in the
to less than one expected source within the three individi@sorbing column density have not been investigated with th
components, while two (five) sources are expected within tgailable observations, although, a uniform absorbingircol

large source ellipse. These numbers are too low to accodgfsity is unlikely. _ N _
for the luminosity of the object. The derived densities (assuming a filling facfoof unity)

are about a factor 1000 lower than those estimated fromaidptic
We regard a stellar population of only M-dwarfs and later olemission linesKlartigan et al. 2000 but the thermal pressufe
jects without any hard X-ray emission, as an unlikely sowfce of the hot plasmaR = nkT, k Boltzmann’s constant) and that of
the observed diuse X-ray emission. The shape of the emittinthe optically observed material (~ 10* K andn ~ 10* cmi3)

n .
vﬁtr]i X-ray emission from shocks

Ubs )4,5

cm2ngt (7 3
© {100 kms? ®)
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differ by only a factor of ten. To avoid the low pressure of the Therefore, the heating most probably occurs in these abje
X-ray plasma, a filling factof of less than a tenth is mandatorybecause of an interaction of the outflow with another mediui
Alternatively, the hot ions might represent a co-spatiaheo This might be the ambient medium or a low-density bubb
ponent of a denser and cooler gas, which is not yet therndalisproduced by a protostellar object as suspecte@tavdo et al.
In collision-dominated plasmas, a few mean free path lengtt2004 because of the presence of a hard X-ray source betw¢
are stficient to arrive at a Maxwellian energy distribution. Thehe soft X-ray emission components. For HH 168, the X-re
mean free path for collisions with neutrals of number den-emission is not located at the head of the outflow where bo
sitynis shock structures are observedbftigan et al. 2000 but a hard
o 1 6.1 . X-ray source within in the soft diuse X-ray emission is also
I'=(nnag) ™ ~ 10t em?, ®) present. The large-scalefiise emission found in the case o
whereay is the Bohr radius of the hydrogen atotraig 1999. HH 168 is not present in any of the other sources, which &
For typical densities af = 10° cm™3, a hotion populationwould extended on the scale of a few arcsec.
thermalise within a few AU. Thus, we cannot expect to find two  For HH 2 and HH 8¢B1, the X-ray emission correlates ap
distinct populations in a given volume in the abscence ofihga proximately with radio emission knots in the sense that éorac
and we reject this scenario. Therefore, either the X-rayssion  component is located close to the X-ray emission, whileethe
is produced in only a thin surface layer of gas filled bubles;  are also radio knots without X-ray emission. Knot E in HH 16
sibly at the interface between the driving flow and the antbiepight be an exception of this rule.
medium, or in smaller individual knots such as the &t radio
features within HH 168Hartigan et al. 2000Rodriguez et al.
2005.
With an estimate of the density of the X-ray emitting plasmg,, |_ocation of shocks
we can derive the cooling time of the material by
3KT N \-1 Where should we expect the shocks heating the plasma to
T=——— =16x10%tscnt = 5x 105( ° ) yr, (6) observed X-ray emitting temperatures to be located? Beca
neA(T) cm’ of the long cooling time of the X-ray emitting material, thie-o
where we assumed for the cooling functi?(T) = 8 x served X-ray emission might have been heated some time ac
102 erg cn? st and the best-fit model valu = 0.55 keV.
Thus, only for densities afi, ~ 10° cm™ are the cooling time
and the kinematic lifetime of the outflow of the same ordercsi 7-1. Shocks at the head of the outflow

typical ti les for th f th tfl in the rarf
syeE/Ig?aI R%%c;ezs;s.or © age otthe outfiow are in the rarige ?he natural position of strong shocks is the head of the autflc

Only for densities abovee ~ 10° cm 3 is the cooling time since there the velocity fierence is largest, but the bulk of the

suficiently short for the plasma to remain within around 730 ATy emission is located in the eastern part of the éinis-
(an arcsec) of its heating location assuming a proper mationSion (S€e the X-ray contours in Fig). If HH 168 is bounded
0.1” yr-1. Otherwise, the timescale for the cooling is so long th& & Shock front sfliciently strong to reach X-ray emitting tem-
the position of the plasma is not necessarily close to thetioe  Peratures, only a smallfiset is expected, because some tir
where the heating occurred. is needed to reach the ionisation equ!llbnum. For a derdfity
If we assume that the HW object and the knots E and F af§’ ¢M7°, we checked the timescale with a shock code that e
currently heated by ongoing shocks, so that we observe e p& icitly calculates the ionisation timescal&iinther et al. 2007

shock cooling zone, we can calculate the mass loss accaringnd find; that the shock would produce@, whose line emis-
Eq. (@), as~10710 M, yr1. ion dominates plasmas of the observed temperature, wit

The total X-ray luminosity of HH 168 is an order of magni-3o AU. The calculation scales inversely with the electron-de

tude larger than the X-ray jet of DG Tau (which is a pre-mairity SO that even for a lower electron density of a few 10%m
sequence star of less than one solar mass) and in-betwesn t%e ionisation equilibrium is reached after less than taodsAU

of HH 2 and HH 8@81. In those cases, the mechanical enerd{fSS than one arcsec). This value is much smaller than
of the outflow is by far sflicient to power the X-ray emission,0Pserved iset between the X-ray emitting material and th
which is probably also true for HH 168; although the kinetie e Ha contour.
ergy of the outflow is not known, that of the molecular outflow The brightest k& knot (knot S, seeHartigan et al. 2000
alone exceeds the required energy by a few orders of magnitughows the characteristic properties of a bow shock with the a
Thus, we conclude that all spectral properties are comsist9ient medium, but has, at most, only weak excess X-ray em
with shock heating and the properties derived from otherewasion (three photons above the estimated background). Agetro
lengths. absorption at this part of the outflow than at the eastern énd
HH 168 might reduce the observed flux. Doubling the absanpti
) . would decrease the count rate by a factor of four renderiag 1
6.3. Comparison with HH 2 and HH 80/81 detection of soft X-rays virtually impossible, but a lowé&iosk

Soft X-ray emission within similar HH objects has also bee¥elocity or a smaller radius of the obstacle would also rteaw
detected from HH 2Rravdo et al. 2001 HH 8081 (Pravdo Smaller amount of material being heated to X-ray emittimg-te
et al. 2002, and HH 210 Grosso et al. 2006 Their tempera- Peratures and thus a reduction in the observed flux.

tures KT ~ 0.1 kV) and association with an HH object are very  The shocks might have been more energetic in the past,
similar to HH 168. The density, ~ 50 cnT3 of the X-ray emit- thatin case of a low plasma density & 10° cm3) the observed
ting material is for HH 2 and HH 80 higher than the values ahaterial was heated much earlier in the outflow history aed t
HH 168. In these cases, the brightest X-ray emission compominosity at the current shock front (in particular knot iS)
nents are correlated with brightaHemission knots exhibiting below the detection limit. The shape of the X-ray emissiogtrhi
bow-shock-like structures. then represent the “shock history” of the outflow.
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7.2. Shocks within the HH-object one moving in the primary direction of the flow, and the other

. o - traveling backwards relative to the bulk material. At anyegi
Since most of the X-ray emission is observed within the owtflo pointin time, the reverse shock appears similar to intewoak-

another explanation for the observed_features is pre_sented ing surfaces, which are caused by intrinsic inhomogerssitie
There has been some speculation about a high Velogi jet, but its post-shock cooling zone can be found towtirels
component {900 kms™) within HH 168 Raines et al. 2000 pead of the outflow. In this case, the X-rays of the HW object
Rodriguez et al. 205 which is suficiently fast to produce o knot E are the sign of an extended cooling zone. At some dis-
X-ray emission within HH 168 when encountering denser angnce to the shock, the matter cools t@ emitting temperatures.
slower material, such as a thin bubble expanding from the hafpis scenario is attractive, because it can explain therabde
X-ray source between the HW object and knot E similar to thgtset between X-ray emission andrktontours, although, we

scenario proposed biyravdo et al(2004) for HH 80. The in- \yoy|d expect at least some optical emission close to theahctu
dividual X-ray components are not aligned in the east-west dpqck front.

rection of the large-scale outflow, but a single preces®h¢gjs
proposed for the eastern HH objec®ynningham et al. 2009 ) ] )
with an opening angle of only 20 degrees can reach all X-rdy ai.4. An expanding bubble filled with hot plasma

radio components (assuming a driving source at Cep A East)FA A . e
- : . : or a cooling time on the order of the kinematic lifetime of th
deflection of the outflow at high density clumps offdient out- tlow andga launching point somewhere in the region of the

flows might also explain the morphology. Therefore, the sarrgéjd. : L. - )
: : : ; . io sources in Cep A East, it is possible that the X-ray emit
high velocity flow heating the HW-object might also heat thﬁng material might be heated closer towards the centre avher

material (;Iose to knot E a_nd k_not_ F. the absorption is higher and thus the heating source mayimema
The highest X-ray luminosity is observed close to knot E a detected in X-rays by current observations

might be a remnant of strong shocks in that region. The veligti : .

low density of the X-ray emitting material and its lower mesdli t ino(ﬂ Iirgf rcigg;esln(dz http%[sic)i Ege?lifrggegmvﬁzgaggy

energy compared to the HW object, support a scenario in whig ve beeen foundlpwnsley et al. 2003Giidel et al. 2008aThe

_the heating happened (_earller ?”d the currently emittingrizat minimum electron densities iﬁ the case of HH 168 are close

is not at the position O.f its heating. . to these values. However, the proposed B stars in Cep A East

efihve a lower mass-loss and slower wind speeds than the O type

Utars usually needed to fill the large bubbles. Furthermare,

all other cases the X-ray emitting gas seems to be channeled
surrounding H, while in this case, the Hemission shows
natures of strong interaction with the ambient mediuow(b

shocks,Cunningham et al. 20Q@o-spatial with the X-ray emis-

sion. However, HH 168 might be a kind of a transition object,

'@ere a low density plasma, heated either within the outflow o

lose to the driving sources, survives in a bubble blown gut b
lier outflow episodes.

the region closest to the driving source of the HH 168 o
flow, (or harbouring the driving source itselfGaray et al.
1996. Goetz et al(1998 and Cunningham et al(2009 spec-
ulate that the outflow might be deflected somewhere around
HW-object, or that two outflows (those of HW 2 and HW 3c) col
lide at this position. It is possible that the heating of thesma
happens somewhere near or within the HW-object and the X-
emission westwards is from cooling plasma. In this scentr®
difference between the median energy of the HW-object and
knot E photons reflects the cooling of the material, and a den-
sity of a few 100 cm?® is necessary to explain the softening of
the. photons by radiative losses. The Iac_k of significant X-ra Summary
emission at the western end of the HH-object would be ndyural
explained in this scenario. The weak X-ray emission close T#ie Chandra observation of HH 168 confirms the presence
knot S is then, if real, caused by small shocks of the outflgwirof diffuse soft X-ray emission within HH 168 as seen by
material with the ambient medium. XMM- Newton. The spectral properties of both observations
However, the correlation of the optically observed materiagree well. The higher angular resolution of fBkandra ob-
(in particular Hr emission), the radio emission and the brightservation clearly shows the filise character of the emission
est X-ray emission points to a similar heating mechanism fand discards YSOs as the origin of the X-rays. Furthermore,
all of these features. The electron density estimated frmma- the substructure within the X-ray emission shows a good cor-
dio observations is about a hundred times higher than thiat egelation with the optical and radio “knots”. Although thisre
mated from X-rays but another factor of ten lower than calctelation has been seen in other HH objects such as HH 2 and
lated for the material radiating in forbidden emission $inéhis HH 80/81, the bulk of the X-ray emission in the case of HH 168
would imply a pressure balance, if less than a tenth of the dB-not at the location of bow shocks. Instead, the X-rays &re d
served volume is filled with a hot plasma. Thus, the observgtced towards the driving sources against the outflow timec
X-ray emission probably traces the (former) location obsty by several thousands of AU. We regard this as evidence of in-
shocks that in the mean time decelerated explaining ffeeto ternal shocks probably powered by a high velocity component
between k¥ and X-ray emission seen in knot E, and on a small@fithin the large-scale outflow. The X-ray emitting plasma-co
scale within the HW object. Thefilise X-ray emission, which is relates with kv emission but is displaced from theatknots.
also present between the individual knots, is probably tleiry This points, in combination with the low density of the X-ray
plasma heated earlier in the outflow history and cooling slow emitting plasma, to cooling plasma heated by the same outflow
component leading to the currently observed ¢mission. The
detection of difuse emission apparently unrelated to the knots is
7.3. A reverse shock indicative of a thin hot plasma heated by earlier shock event

Another possible way of explaining theffset between the
Ha emission and the X-ray emission are reverse shocks. SoRwge added in proof After acceptance of this paper an article dealing
time ago, two shock fronts originated in the head of the owtflowith the same X-ray data appearedRnavdo et al(2009. However,
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these authors concentrate on the central region of Cep Ar dwilts
concerning the spectral properties and the location of thayXemis-
sion of HH 168 are compatible with ours.
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ABSTRACT

Protostars are actively accreting matter and they drivetapalar, dynamic outflows, which evolve on timescales @frgeX-ray
emission from these jets has been detected only in a few aasditle is known about its time evolution. We present a i@handra
observation of L1551 IRS 5's jet in the context of all avaitald-ray data of this object. Specifically, we perform a spltiresolved
spectral analysis of the X-ray emission and find that (a)dted X-ray luminosity is constant over almost one decadgethi majority
of the X-rays appear to be always located close to the drismgce, (c) there is a clear trend in the photon energy asciidanof
the distance to the driving sources indicating that therpéis cooler at larger distances and (d) the X-ray emissitocated in a
small volume which is unresolved perpendicular to the j& by Chandra.

A comparison of our X-ray data of the L1551 IRS 5 jet both witbdals as well as X-ray observations of other protosteltargeows
that a basestanding shock is a likely and plausible explanation forapparent constancy of the observed X-ray emission. Interna
shocks are also consistent with the observed morpholodyeifstipply of jet material by the ejection of new blobs iffisiently
constant. We conclude that the study of the X-ray emissioprofostellar jet sources allows us to diagnose the innernegsons
close to the acceleration region of the outflows.

Key words. stars: winds, outflows - X-ray: ISM - Herbig-Haro objects MSet and outflows - ISM: individual objects: HH 154 -
ISM: individual objects: L1551 IRS 5

1. Introduction the starting point of the X-ray discoveries. These outfloves a
driven by deeply embedded protostars (or their accretisksili
However, X-rays from the outflows are observed also from mor
- : e f evolved objects. The single classical T Tauri star DG Tawvsho
only infrared and radio emission, and potentially hard ¥sra a complex X-ray morphology: There is the outer X-ray jet emis
penetrate the d_ense circumstellar environment. Yet, ougflde- sion complex, the inner X-ray emission region located awa fe
tectable at various energy bands, escape the protostellar € 15 Ay from the star and the stellar X-ray emission (Gudelet a

lope announcing the birth of a new star. At later stages dBste 500g. Schneider & Schmitt 2008: Giinther et al 2009)
evolution, when the accretion proceeds from a disk and @re st~ ' ) )

becomes visible in the optical, outflow activity is still @vsed. In order to achieve high shock velocities within the jets,
However, the driving mechanism of these outflows remains eféfrongly varying outflow velocities are required to reachiay-
sive; neither the acceleration nor the collimation of théflow €mitting temperatures. The models by Bonito et al. (2018b) r
are currently fully understood, magneto-centrifugalilyiahed 9uire ejection velocities of a few 1000 kimisin order to be rec-
disk winds, with a possible stellar contribution are cuthede- ©onciled with the X-ray observations. Such high velocitiesé
bated (e.g. Ferreira et al. 2006). not been detected in UV, opt_lcal or IR observations. Howeve

The most spectacular manifestations of these stellar offté SPace and shock velocities predicted by these models ¢
flows are the condensatigsbocked-regions termed Herbig-onIY a frapﬂon of the |n|t|.'_;1l flow velocities and th_ereforem-
Haro (HH) objects. The proper motion of these knots withiRatible with the observations. Also, only a f(actlon of tkne_ t
the outflows is generally in the range of a few 100kihs tal mass-loss and energy are probably re_quwed to_ exp_lmn tt
Protostellar jets are intrinsically dynamic objects; theiolu- ©PServed X-rays. Therefore, part of the high velocity miater
tion is observable on timescales of a few years and modets wiRight have escaped detection. It is not clear, if the low neimb
variable ejection velocities can successfully explain edga- Of detections is caused by the low X-ray surface brightnéss
tures of these jets (e.g. Raga et al. 2010). In these mouels,tf‘eselets or if only a few outflows actually emit X-rays at all
overtaking of small slow blobs by faster more recently emditt ~ With our third epoch high-resolutioBhandra observation
blobs leads to shock fronts with shock velocities on the oofle of the L1551 IRS5 jet (HH 154) we aim to determine the time-
the amplitude of the velocity fierence. variability of the X-ray emission in order to constrain thigin

HH objects with X-ray emission are a recently discovereaf the X-ray emission. Our article is structured as followe
phenomenon. Ten such objects have so far been detected amoimgduce in the L1551 IRS 5 region in the next section. Irt.s&c
the hundreds of known HH objects; shock velocities arourtde observations and the data analysis are described. We tF
500 kms? are required to heat material to X-ray emitting temproceed to our results (sect. 4), which are discussed in 5ect
peratures in terms of simple shock models. HH 2 (Pravdo et ®e review the implications of these results on current moitel
2001) and HH 154 (Favata et al. 2002; Bally et al. 2003) markesedct. 6 and close with a summary in sect. 7.

During the early stages of star formation the protostar eptie
embedded and therefore usually invisible at optical wangtles;
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7T, Ciroumbinary Haro (HH) objects further downstream at distances between
4 yiske/ envelope few and 12 (1700 AU). The jet inclination has been estimated

: \ fPHKl to ~ 45 (Fridlund et al. 2005).
LIRS 57 JetsC> At a distance of about 3arcsec away from IRS 5 proper
N — motion measurements of individual knots have been cartigd o

]
Circumstellar

o disks [/ on a baseline of 30 years, revealing substantial motiondif in
K . vidual knots; the inner knots show the highest space-vigsci
of up to 300 knfs (Fridlund et al. 2005; Bonito et al. 2008).
These values are approximately consistent with highest- (pr
Fig. 1. Sketch of the region around the L1551 IRS 5 sources showilgcted) blue shifted emission of up to 430 fenfFridiund et al.
only a few components of the system (scales are only appesgipn 2005). However, high-resolution near-infrared [Fe 1[]446m
preserved). Shown are the inner two [ieemission knots from Pyo observations of the inner part showed an emission comple
et al. (2009). Note that the northern optical jet might altyuae driven  which is virtually constant over four years (Pyo et al. 2003
by the southern binary component (only one counter-jetasvsi). The 2005, 2009). The position-velocity diagrams (PVDs) shoat th
one arcsec wide stripes are used later in the article (s&@)tadd are the low-velocity component (LVQy < 200 kms1) dominates
shown here fore reference. the emission out to almost two arcsec, where the high-wigloci
component (HVC, 200knTt$ < v < 450kn's) becomes dom-

As proposed by Bonito et al. (2010b) throughout the tedpant. High-resolut_ion Hubble Space Telescope imagemtilke
the term “knot” describes a region of enhanced emissionevhifmall band-pass filters (e.g.oH[S u]) can be explained by a

“blob” refers to a moving gas clump which is not yet shockeddhtjet (i.e., less dense than the ambient medium), lginto a
i.e. not observable in X-rays. denser ambient medium (Fridlund & Liseau 1998; Hartigar.et a

2000). Spectroscopically, the outer knots show a linewift

110 km s?, densities from a few Fxm to 8x 10°cm3 and an

2. L1551 IRS 5: Overview of previous observations excitation rising with decreasing distance to IRS 5 (Lisetal.

. . 2005, and references therein). Concerning the nomenelahe
The Lynds 1551 (L1551) star forming region (Lynds 1962) iisyal knots are designated F, E and D (in increasing distanc
located at the southern end of the Taurus region at a distafi¢s, |RS 5, see Fridlund et al. 2005), the inner near-intlare
of approximately 140 pc; Fig. 1 shows a sketch of the immediai, o5 are termed PHK 1...3 (Pyo et al. 2003) in increasing dis
region around IRS 5. Within this region, a number of protite 1ance to IRS 5 (cf. Fig. 1). Knot D coincides with PHK 3 and
objects and associated outflows have been found (e.g. H#/aslyot F with PHK 2. Whether IRS 5 is also driving HH 28 and

| | 140 AU |
| —— 1 —an | T [E——

Py0 2009). HH 29, which are located further downstream of HH 154, is no
yet clear (Devine et al. 1999), possibly L1551 NE is theivithg
2.1. The L1551 IRS 5 sources source.

. . . Throughout the text we will use the term HH 154 for all out-
The term HH 154 describes the jet emanating from the sourggg, partl;gasslj)ciated)\(/vi\?rlw t\rllvelz Lu1551 IRS5 jet. u

collectively called L1551 IRS 5 (Strom et al. 1976). IRS5 con

sists at least of a protostellar binary system and additicora-

ponents are possible (see, e.g., the VLA data of RodrigL@z e 2.3, X-rays from HH 154

1998). Each core is surrounded by its own circumstellar disk

(~ 10 AU) and the complex is again embedded within a largéH 154 was first discovered as an X-ray source by Favata et ¢

envelope £ 10000 AU; Fridlund et al. 2002). All central sourceg2002) from an observation witiMM-Newton. Despite of the

are hidden by substantial absorption of at Igst- 20 mag, but large PSF oXMM-Newton ¢ 15”), the authors correctly con-

probably as much as 150 mag (e.g. Snell et al. 1985; Camplsdlided from the spectral properties of the photons that thayX

et al. 1988). Therefore, the masses of the protostars aer-unemission cannot be associated with IRS 5 and proposed knot

tain, but from spectral mapping of the reflected light esegiie  as the source of the X-ray emission; knot D is the brightest of

envelope Liseau et al. (2005) derived masses of 0.3 &9, tical knot and probably the current terminal working suefac

These masses are consistent with the total system massi§ 1.2Higher resolutionChandra observations (see Fig. 2) revealed

derived by Rodriguez et al. (2003). The separation of the twhat the X-ray source is actually located further inwardaots

sources, and consequently their jets, is only 0.@D AU). We IRS 5 at a distance of 0.5-1'0from IRS 5 (Bally et al. 2003). A

will use the term IRS 5 for both sources jointly although nafst second epockhandra exposure showed a somewhaffeiient

the time the source of the northern jet is considered. morphology of the X-ray emission being more elongated tha
the 2001 ACIS data. This elongation has been interpreted :

. a moving X-ray knot with a projected space velocity of about

A double-lobed CO structure around L1551 IRS 5 was first de- Based on their initial detection of X-rays from HH 2 Pravdo
tected by Snell et al. (1980). Subsequent high resolutidicalp et al. (2001) proposed shocked, high-velocity knots asxtpkae
and near-infrared observations revealed two separatéyarts nation of the observed X-rays. The first analytical desmipof
directed jets emanating from the immediate region arourd tthis process was presented by Raga et al. (2002) and Borito et
two VLA sources. They can be traced out to abdu{&20 AU, (2004) performed the first numerical hydrodynamic modeth wi
e.g. Fridlund & Liseau 1998; Itoh et al. 2000), where they b&n emphasis on the X-ray emission. These models have been
come indistinguishable (Fridlund & Liseau 1998; Pyo et atended towards variable blob ejection velocities by Boeital.
2003). The inner most part is only observable at radio wavg2010a,b) and their analysis revealed that very fast blddcie
lengths (e.g. Rodriguez et al. 2003). Since the northerisje ties of more than 1000 kfs are needed in order to explain the
brighter and faster, it is believed to be responsible foHbebig- observations by shock heating, i.e., by internal shocksmirg
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when fast blobs overtake slower ones. An ejection “peridd” Gable 1. Analysed X-ray observations of HH 154.
two years matched the X-ray observations best.

Date Observatory  Setup Obs-ID exp. time
2000-09-09 XMM-Newton - 0109060301 56 ks
R i 2001-07-23 Chandra  ACIS-I 1866 80 ks
3. Observations and data analysis 2004-03-..2 XMM-Newton ~ —  0200810201... 107 ks
. . i 2005-10-27 Chandra  ACIS-I 5381 98 ks
Table 1 lists all the available X-ray observations of HH 164 2009-12-29  Chandra ACIS-S 11016 66 ks

used the ACIS-S detector for the third ep@itendra exposure,
since the back-illuminated ACIS-S chip has a higher seuitsiti aThis dataset consists of 11 short exposure distributedsivetays
at lower energies than the front-illuminated ACIS-1 CCDsttW in March 2004 where HH 154 isfibaxis by about 2 arcmin.

the VFAINT mode, this setup provides a similar sensitiviytze
longest ACIS-I exposure for the energies at hand; and an e
higher sensitivity for plasma at cooler temperatures asebepl
for individual knots moving outwards and cooling.

We usedCIAO version 4.2 throughout the data analy
sis and followed the science threads on @&O webpagé.
The ACIS-S observation was reprocessed to account for !
VFAINT-mode®. We experimented with pixel randomization
but since the relevant scales are usually at least twice ¢he
tector pixel scale, thefiect of pixel randomization is virtually
negligible. We explicitly note in the text where we expedsth
assumption to be invalid.

In order to improve the astrometric accuracy, the thre
Chandra observations of HH 154 were aligned by calculatin
the centroids of the brightest sources detected byCthe© tool
celldetect and the photon events were reprojected so that t 2000 2002 2004 2006 2008 2010
mean dfset between these centroids vanishes. We usefthe « Date (Year)
set obtained from the three brightest sources weighted &y g 3. Unabsorbed X-ray luminosity (0.5-10keV) of HH 154 includ-
square-root of their count-number. These sources are a&80-Ming the XMM-Newton data for the 2000 and 2004 data points. s t
bers of the Taurus star forming region and located on the ACI$MM-Newton data lacks sficient spatial resolution to resolve the X-
S part of the CCD array. Using more sources (detected witly emission, the displayed luminosity pertains to thel tobserved
S/N>3) and equally weighted or photon number weighted meakgay emission for all datasets.
changes theftset by less than 0.5 pixel (0.2 Thus, relative
positions are at least accurate to within one pixel (0)48or
a cross-check of the positions we calculated the centradit pog Results
tions of HH 154 using the photons within a circle of 2.5 pixa! r
dius centered on the brightest emission peak in the enengyeraThe X-ray images of HH 154 in the 0.5-3.0 keV energy band fo
0.5 - 3.0 keV. They coincide to within approximately 0,3vell the three availabl€handra observations are shown in Fig. 2.
within our estimated accuracy. Note that these centroidalsh To extract photons we use an ellipse with a semi-axis lengtt
coincide only in case of a stationary source. We give digtanof 3.7’ and 2.3, respectively, whose semi-major axis is aligned
relative to the radio position with respect to the nominal pavith the centroid in declination, i.e., which is aligned app
sitions of the 2001 observation where the comparison seurdately with the jet axis and contains all photons attribilga
show a good agreement with their optical positions but rfwaé t to the X-ray emission of HH 154. Using a nearby source fre
this position is accurate only within 0’5 background region (no X-ray sources detected nor a 2MAS

We also retrieved the archivalXMM-Newton data (Skrutskie et al. 2006) or SIMBA@SOUI’CE knOWﬂ), the ex-
(Obs-ID 0109060301) from 2000 for a spectral crosgected backgroundEghoon = 0.5...3.0 keV) within the ellipse
check and eleven exposures during March 2004 (Obs-i®0.7 photons for the 2001 observation), 1.0 for the 200%Lbs
0200810201...0200811301), where HH 154 is located abdf@ion and 1.4 in the 2009 observation.
two arcmin df-center for a luminosity check. SAS §.@vas
used for the analysis of the XMM-Newton data. We extractegl
the source photons within a circle of ’15around the source ™
position of HH 154 for the March 2004 exposures and derivatle used XSPECv12.5.0 (Arnaud 1996) for the spectral moc
the background from a nearby source-free region. We concefling and assumed that the observed material can be descrik
trated on the MOS data since the PNfets high background by optically thin thermal plasma emission (APEC, Smith et al
levels (using standard filters only 40 ks PN on-time remairg001) and included absorption by neutral gas along the line
However, both count-rates agree within their respective Isight in our fits. We set the abundance to half the solar valu
ranges. We converted the count rate to luminosity by assyimifusing Anders & Grevesse 1989) since the XEST survey of th
the same spectral properties as during the 2001 XMM-Newt@aurus region found on average a sub-solar metallicitydgbii

©

00

Ly (10% erg/s)

1. Energetics

observation. et al. 2007a).
Figure 3 shows the unabsorbed X-ray luminosity of HH 154
'http://cxc.harvard.edu/ciao/ during the last decade. It clearly indicates that the lursiilydn

2nttp://cxc.harvard.edu/ciao/threads/createl2/
Shttp://xmm.esa.int/sas/ “http://simbad.u-strasbg.fr/simbad/
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2001 2005 2009

N

L.,

Fig. 2. The ellipse for the global plasma properties, also, thetiogaf the 2005 “knot” is shown. The crosses indicate thatfmrsof the radio
sources and their size approximately indicates the positicertainty.

plasma properties leads to an unstable fit with two solutitzs
| scribing the data reasonably well; the two possibilitieslated
T in Tab. 2 (top). One solution is only weakly absorbed and re

10
T

quires rather high plasma temperatures. Although thistisolu
1 is statistically favored, we regard this solution as phgitjdess
= ‘ plausible due to the following reasons. The Si lines &9 keV
— are not reproduced by this model but clearly present in the da
(bottom panel of Fig. 4) and the loly value contrasts the high
absorption derived for the region close to the driving searc
— L H- (Ny 2 10%° cm™) and along the jet axifNy > 8 x 107 cm?,
e.g. Itoh et al. 2000; Fridlund et al. 2005). In the followinge
—L will therefore concentrate on the fit solution | with highdr-a
T sorption and lower plasma temperature. The plasma preperti
within the ellipse are compatible with each other for thevied

8x10
T

normalized counts s keV-*
6x10~
T
1
Il
|

4x104
T

2x10™
T
|
[
—
I

«‘7:&:1 L¢fﬁi Jr ¥ ual exposures (t). The discrepancy between the values giver
el — ‘ —— 1 by Favata et al. (2002) and our values results partly from th
05 Y ety ® change of metallicity (the respective-tanges overlap for solar

metallicity).

In order to estimate an upper limit for the presence of coole
plasma, we added a second temperature componentto the fit e
fixed its temperature to 0.3keV (0.2keV). The ipper limit
on the luminosity of this cool component is4ix 10?°ergs?
(3.0x 107 erg s1) when the absorption is forced to the value of
the one temperature fit which also agrees with the optieat-
infrared value. Allowing the absorption to vary, the lumsity
of the low temperature component decreases as the absorpt
also decreases for this two temperature component fit.

6x10 8x10*

normalized counts s keV*
4x10

4.1.2. Local plasma properties

2x10™

For a quantitative comparison of the th(@leandra observations
we divide the region around HH 154 into1” (2 ACIS pixels)
wide spatial bins as indicated in Fig. 6. For a point sourcaiab
Energy (keV) 80% of the photons are located in theseuiide stripes. This
) o ) ) procedure is essentially a projection of the photon numhbés o
Fig. 4. Spectrum of all photons within the ellipse (see Fig. BB  he flow-axes (i.e., the x-axis). Figure 6 shows the resultife
Individual spectra,Bottom: Co-added spectra (the Si-lines aroun dividual exposures. Naturally, the exact values depenthe
1.8keVare clearly visible). stripes used, therefore, we checked the results by shiftiag
stripes or using a ffierent width of the stripes (about 90% of the
photons of a point-source would be included in a three pixééw
the the HH 154 region appears constant and deviations frem tripe). Any property which depends crucially on the chaite
mean value do not exceed 22%. the stripes is regarded as an unphysical artifact (Tab. 3).

The mean energy of the photons in the individual strips alon
the flow axis is displayed in Fig. 5 (top panel), showing arclea
decrease of photon energy with increasing distance to thieagr
The spectra extracted using the photons within the ellipse &ource.
shown in Fig. 4, however, we caution that the assumption of The slope of the mean energy depends on the detector’s spe
homogeneous plasma properties throughout the emittirigrregtral response and on the stripes used. However, the spsattal
is probably not valid (see sect. 4.1.2). Averaging ovéiedént ening with increasing distance is independent of the deteet

4.1.1. Global plasma properties



CHAPTER 7. THE X-RAY PUZZLE OF THE L1551 IRS5 JET 57

P. C. Schneider et al:: X-rays from the L1551 IRS5 jet

T T T T T Table 2. Plasma properties of HH 154 witholerrors. Spectra are
2.0/ @ 0bs2001 . binned to~ 44 eV wide channels, i.e. about three times oversamplin
¢ 0bs2005 the intrinsic energy resolution of the ACIS detectors, wedus-stat
B 0bs2009 and the energy range 0.5-5.0 keV. Unabsorbed fluxes (0.8el).are
s by 1  given.
(0] . L]
S 5 M
31.6— 1 : ] Ny KT EM Fx
Q s : N ¢ (102 cm?) (keV)  (1C'cm3) (107 erys)
o 1 ] Composite spectrum (ellipse)
c
é 1.0 e ‘ e | Solution | 1.1+ 0.1 0.6+ 0.1 7.9:2.2 82.7_*5%‘87
" Y obs200% 86728 89.7243
1ol L 1 0bs2005° 7753 81.6715
. | | | | " 0bs2009 7.4+22 77.6358
- 0 T2 3 4 Solution II 02+01 1.8 1.9:0.2 18.421
Distance (") : :
Individual spectra (ellipse)
18 I‘:lxed‘temr‘JeratL‘Jre ‘ ‘leed‘ abso‘rpt|on‘ XMM (2000) 1.0+0.1 0.5+0.1 8.438 89.7:2%2
obs2001 L1 06% 898 9723}
1.6 obs2005 1.:0.2 0.6:0.1 7.833 79.8281
< obs2009 1.a:0.2 0.6%52 7.033 73.4357
g 14 Composite spectra
5 Eastern region 142 0.7+0.2 6.627 78.1
5 i .
= .
° ., Western region 083 0.3:0.2 0.42% 5.0
g

2Ny andkT fixed to values from co-added spectra

-
o

“““ 0bs2005 (ACIS-I) \‘
--  0bs2009 (ACIS-s) |

20 15 1.0 05 00 1.6 12 08 04
Ny (102cm™?) kT (keV)

08— :

changes of the other paramet®liy(= 2 x 10?2 — 0 cnr? or

. ) ) ) KT = 1.2 — 0.2 keV).
Fig. 5. Trend of mean energies, stripes are those of Fig. 6. Phosats u o i i .
within 0.5-3.0 keV. The red dash-dotted line is intendedtiialg the eye The errors shown in Fig. 5 (top) were obtained by simulatin
in the lower panelTop: Thick symbols indicate data points with moreSpectra containing a specified number of photons and theo-cal
than three photons while the smaller symbols refer to datatpwith lating the mean energy range which contains 68 % of the trial:
fewer photons. Errors are obtained using the simulatioseof. 4.1.2. For photon numbers larger thar20, the error £0.1 keV) de-
Distances are estimated with respect to the nominal cefitdteara- pends only very weakly on the number of photons; furthermore

dio source in the 2001 observation but note that the absphstion  the error depends only weakly on the assumed plasma prepert
uncertainty is approximately 0:5Bottom: Simulations for fixed tem- ¢4 the spectra at hand.

perature and fixed absorption along the jet axis.

sponse since only relative changes within the same detamor4'2' Morphology along the jet axis
compared. __ The structure of the X-ray emitting region observed in 2060 n

For a cross check of the trend of the mean energy, we dividggbr resembles the structure present in 2001 or 2005; it i® mo
the emission region into a “eastern” and a “western” region gxtended than the 2001 structure, but does not show excéss en
that the component close to the driving source(s) is astatiasjon as far downstream as the 2005 exposure. The emission
with the “eastern” region and the outer part of the emissi@h W gion close to the driving source, which is also present in al
the "western” region (these two regions essentially spiipes previous exposures, is most notable. The new ACIS-S observ
2-7 into 2 separate regions); Table 2 lists the associated-fit tion does not show a clear knot westwards (downstream) of tr
sults. Since the total number of counts in the right regi@miy  main emission component as suggested by the 2005 image ¢
42 when summed over all ACIS exposur&fioton = 0.3~ there is no X-ray emission even further downstream as woul
5.0 keV), we checked the results by fixing either the tempee expected for a moving knot of constant luminosity. Not th
ature or the absorption to the values obtained for the left pthe ACIS-S exposure is more sensitive to low energy photor
of the emission, this results in a decrease ofNlevalue con- than the 2005 ACIS-I exposure and that, according to Fidhes, t
sistent with Fig. 5 and the temperature for the right emissighotons soften with increasing distance to the driving seur
component, respectively. Therefore, any emission with comparable properties astibe p

Figure 5 (bottom panel) shows the change required in eithens attributed to the “knot” should be detectable with tB62
the plasma temperature or the absorption to explain thel treffCIS-S observation. Furthermore, there are no photonstiete
of the mean photon energy; fixing one parameter requires lasgestward (downflow) of the 2005 recorded photons.
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2001 2005 2009
1 2 B 4 3 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
|
N
L
W
0 17 37 4 4 0 1 0 22 i7 9 7 4 1 3 13 26 13 8 1 0
3 I 3 3 i
2 2 r!' 2 —-!—
52 3 82 i 82 !
1 1 i i 001 1 - 2005 1 ! 009
- RN & l “H e = T
-05 05 15 25 35 45 55 -05 05 15 25 35 45 55 -0.5 05 15 25 35 45 55
Distance (") Distance (") Distance (")

Fig. 6. One example of stripes (Width) used to extract count numbers, mean energies andrapétthe bottom row, the projection onto the
outflow direction (here assumed to coincide with the x-aishown, the thick black line is the measured photon nuntberthin blue dashed
line indicates the mean photon number ignorinfjedences in theficiency of the individual exposures. The red bars indicageetkpectation
value for a constant emission, shown are the 70 % and 90 % lpfithpsanges. Distances are given as in Fig. 5.

with models which reproduce the trend in the mean energges (s
Fig. 5), they are listed in Tab. 4. As the predicted count neirsb

Table 3. Stripe properties (mean energy is in keV).

Observation Stripe differ by less than one count, the statistical error overwhelm
1 2 3 4 5 6 the error due to the unknown spectrum. Due to thtedént en-
2001  Counts o 17 37 4 4 0 ergy response of the 2001 ACIS-I and 2009 ACIS-S, the sca
Meanenergy — 17 14 12 11 - ing factors relative to the 2005 observation are 0.83. 7 arad
2005 ﬁg;’rr‘“esnergy 0 12% fa 192 171 fz 0.91...1.20 depending on the assumed spectra (high photon ¢
2009 Counts 3 13 26 13 8 1 ergy and low photon energy, respectively).
Mean energyl.2 17 14 14 09 1.7 The individual stripe models are normalized so that the to

Stripes shifted by 0’5 tal count number summed over the three ACIS observations

2001 Counts 7 33 16 5 1 1 each stripe is conserved. Thus, the predicted total counbeu
Meanenergy 17 15 13 12 12 1.0 jna single stripe matches the observed value, which isstati
2005 Counts 4 36 14 6 7 3  (glly the best estimate for the model normalization for ¢amis
2009 l\éiir:“inergy 1:;’8 ;75 i';' i'zz 11'0 11'6 emission. Figure 6 exemplarily shows the result for the rhode
Meanenergy 1.2 16 13 11 12 17 with KT = 0.5 keV and variable absorption along the flow-axis
. : : : : ’ (which is virtually indistinguishable from the model wittor-
stant absorption and variable temperature).
Table 4. Spectral models for sect. 4.2.1
Model Ni KT 4.2.2. Time variable emission?
(102 cm?)  (keV)
Ei?:at dﬁttevrﬁl;:rsature 01612 0 0(-)65 To test if the observations are statistically consisterth e
Fixed absorption 06 03-12 hypothesis of constant emission, we perform Monte-Carte si

4.2.1. Comparison of the Chandra observations

ulations to estimate a confidence interval to accept or réjes
hypothesis, i.e., to check if the observed photon distidoLis an
exceptional realization for a constant emitting regiomc8inei-
ther the time when new blobs appear nor their speed is pestlict

A direct comparison of the photon numbers is not possibleéaueby current theories, the location of a new blob is not known ¢
(a) different exposure times and (bJtérent detector responsespriori. Therefore, the statistical significance of any conam-
Nevertheless, we show in Fig. 6 the mean photon number lger enhancement in a given region depends on the number of i
noring the dfferences in the sensitivity of the individual expodependent regions in which such an enhancement would be cc
sures. We note that all observations are compatible with tlsidered a knot. Essentially any stripe in Fig. 6 can be reghad
rough mean value using the error obtained by Gehrels weightpossible region for a knot, however, the result does natmip
ing (Gehrels 1986). strongly on, e.g., the inclusion of stripes 1 or 7, althouigé t
For a more detailed comparison of the observations, a spgeneral result does depend strongly on the set of stripek Tige
tral model is constructed (not fitted) in each stripe. We expeensure that our results are not biased by the particulactsaie
imented with models which use the overall best fit values awdstripes, we repeated the simulation foifeient sets of stripes,
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4.3. Extent perpendicular to the flow direction

1 ?ﬁ In order to check whether tighandra exposures show evidence
L for an extent of the emission perpendicular to the jet axis, w
have to take into account the exact position angle of the je
’ Otherwise, the distribution of the photons around the jés ax
would be artificially broader. We adopt a PA of 26tr the out-
3 flow (Pyo et al. 2009).
Since we know the absolute position of the jet axis only tc
0.5, we estimate its position by the mean position of the pho

o
o

Count fraction
© ©
D [0))
\\

| 001 tons perpendicular to the jet axis. Figure 7 shows the bigion
— 2005 of the photons perpendicular to the jet axis for the photqms a
0.2 ) — 2009 proximately in stripes 2 and 3 in Fig. 6. Due to the slightiincl
: —  Point source nation of th_e jetaxis with 'the x-axis, both regions do notriae
= Simulation (1") exactly. This figure also mclu_des a Mérslmulatlon c_>f_an ex-
0.0 tended (2) source for comparison. From this figure it is evident
' 0.5 ) 1.5 25 that the X-ray emitting region is smaller thafi-Land possibly
Distance (arcsec) smaller than 0.5. We adopt a maximum extent of 0fr the

Fig. 7. Encircled count fraction perpendicular to the jet axis ggis- lateral source extent but note that a source size smallerthis
sentially the photons within stripes 2 and 3 in Fig. 6. The MA&m-  value is possible. We also note that the superposition ofizben
ulation shows a source with an extent ¢fdr comparison. of smaller emission regions can mimic the observed photen di
tribution, thus making the physical extent of the emissigion
smaller than 0.5.

Figure 7 shows slight deviations between the individual ex
posures, whether these are due statistical fluctuationaetal
intrinsic changes in the emission region is hard to judgeesin
variations are most evident on sub-pixel scales where, @iten
pixel-randomization turnedff) the photon locations within the
individual detector pixel become important. The standaed-d

One simulation involves a set of three new exposures simation of the photon distances to the jet axis are 0.65, 0.6, 0
lated as new individual photon numbers for each stripe. &hesixel (which is 0.492) for the 2001, 2005 and 2009 observation,
simulated photon numbers were based on the expected phaigspectively (energy range 0.5-3.0 keV), i.e., ratherlsimal-
number in that stripe (sect. 4.2.1) and Poisson statistios.in- yes; the standard deviation for a point source is 0.57. Towre
dividual likelihoods, i.e., the likelihoods to observedely the we will concentrate in the following on changes of the plasm:
simulated photon number in a given stripe-observation éomiroperties along the jet axis instead of changes perpeladicu
nation, depend on the assumed expectation value for the pfo-
ton number in this particular stripe. We derived this expgeoh
value a posteriori from the simulated counts in a particstigpe
using the relative ficiencies from sect. 4.2.1. The total like5 piscussion
lihood for each simulation was then calculated as the prbduc
of the individual likelihoods. Thus, the fraction of realtions The interpretation of the X-ray findings depends cruciatiythoe
with a total likelihood better than the observed one can be irequired mass loss rate, shock velocity, plasma densitytiend
terpreted as the probability for time variability. We findope- cooling time of the X-ray plasma within the flow. Therefores w
bilities between approximately 50% and 96% depending on thtart our discussion by deriving estimates for their retpeval-
exact stripes used. The lowest and the highest probabditles ues.
were found for the three pixel wide stripes. Note that thefav
able choice of stripes for the 2005 “knot” region is the drifcr
the high significance result. The corresponding stripe sithn
ered on its own, has a significance for variability of mormtheUsmg the formula given in Schneider & Schmitt (2008, eqc®) f

95 %. Also note that this approach does not include backgroue mass|oss rate required to explain the observed X-rag-em
events or other detectoffects like alignment errors between thg;ign we find My_ray ~ 15 x 10712M, yr! or approximately

which are two or three pixels wide and which have mutuisais
of one pixel.

5.1. Mass loss rate and shock velocities

individual exposures. a factor of 10 lower than the inner X-ray emission componer
In summary, theChandra X-ray observations can be re-of DG Tau. This formula assumes that the material observe
garded as statistically compatible with time constant Xemis- Wwith Chandrais shocked only once, which should be a relatively
sion. However, the significance is poorly constrained asit dgood approximation since high shock velocities are reguioe
pends crucially on the stripes used. The inability to findemcl heat the material abovE > 10°K. According to Raga et al.
sign for time dependence independent of the stripes useltmi2002), shock velocities of approximately 700 kmh are needed
be caused by the low number of counts since the 90 % cda-heat the material to the observed 0.6 keV close to IRS !
fidence level easily covers a range almost twice as large vile only ek ~550 kms? is needed for the lower temper-
the value itself in the outer regions of the outflow. Thereforature at larger distances in case this outer X-ray emittiagrpa
small scale time variability may be present, however,stiatilly is heated in situ and not the cooled down remnant of the inne
time-dependent emission is not required. Note, howevatttie X-ray component.
“knot” region shows exactly the count number pattern exga:ct
from a transient knot. Shttp://space.mit.edu/cxc/marx/
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5.2. Densities (ne 2 4x10*cm™3) as pure pressure support if the magnetic fielc

ales with the density as expect®&I~« nP with p = 0.5...1)

The low densities of the HH flows cannot be directly measuréﬁme measured magnetic fields in HH objects indicafed or

with X-rays, however, we can derive a lower limit on the derl; _ 10 ¢S (Hartigan et al. 2007). For the lower temperature

, however, MHD self-collimation seems
reasonable scenario, thus the wound-up (helical) magoatic
lend pressure support for the X-ray emitting plasma largely
Sr’i'ibiting lateral expansion of the hot X-ray emitting maaéri

0.5’=70 AU and along the jet axis by’2and estimate that at
least 80 % of the photons originate in this region. These e
mate translates into a maximum volume of 30* cm™3 for an

inclination angle of 45 For a filling factor of unity, the electron

density of X-ray emitting plasma is then 5.3. Plasma cooling
EM Three processes contribute to the cooling of a plasma: Raglia
Nx = 1/ ——— ~ 1400 cm®. (1) cooling, cooling by expansion and thermal conduction. Tiesp
0.85-V sure work done by the plasmadsv = pdV and the radiative

This value is a lower limit on the density since the plasmah’nigIosses are

2

be concentrated in individual denser clumps, i.e., themelfill- 0Qrad = ~NeV(OA(T)d, ®)
ing factor could be less than unity. Very close or co-spatighhe wheren, is the electron density/ the volume and\(T) is the
X-ray emission material of lower temperatures {0* K) has cooling function. The conductive heat flux is given by
been observed (e.g. [Fe Il]), so we consider a filling factor o
unity rather unlikely since some intermediate temperatuae- Qeond = —k(T) VT, (4)
rial will connect both temperature components.

In the optical and near-IR direct density values from line r
tios have been derived mainly for the outer part of the jetrehe T5/2
densities of a few cm3 are found (e.gne = 7.6 x 10° cmr3, K(T) = kop— erg s*Ktem (5)
Liseau et al. 2005). Densities up to®xin3 have been derived n
for the inner 2 by Itoh et al. (2000) from an analysis of [fi¢ with xo = 1.8 x 10" and the Coulomb logarithm I, which
near-infrared lines. Note that the [RElines have a higher criti- describes the collision properties of the plasma and is déor
cal density than the [§] lines usually used for the density mea10. When the mean free path length for energy exchange igof tl
surement. High hydrogen densities have also been foune tdossame order as the thermal scale height, the conductiondheul
the driving sources for a few other sources (e.g. Melnikoalet approximated by the saturated flux
2009; Bacciotti et al. 2000). 3

Considering the thermal pressures of these two temperature Osat = 5¢pCs., (6)

components, we find that the lower limit on the thermal prEssy . . - .
i - N : ith ¢ ~ 0.3 (e.g. Borkowski et al. 1989, is the mass density
of the X-ray emitting plasmall ~ 7x 10°K) is andc;s is the local sound speed). For an estimate of the impol
_ - 6 tance of the saturated flux, we assumed a linear temperature
Pxc= 2nxkgTx ~ 3 10°° dyn/en. @) crease. Under these circumstances the Spitzer value extteed

The high densities of the material observed inffFeesults in an saturated flux on spatial scalt_es of about 10 AU for the coolin
approximate thermodynamic pressure equilibrium of botin-co from T1 = 10°Kto To = 10°K, |.e.,(t)£1e saturated flux should be
ponents, i.e., densities of a few time$ &3 suffice to provide USed for these steep gradientsy(10°).

é/vhere the thermal conductivity according to Spitzer is

the required pressure at a temperatur€ ef 10* K. This would Thermodynamics states that the energy change of a plasr
imply that the density within the jet increases by approxitea Cell is described by
tpv::gjg;?:(;)s of magnitude within the innermo$t5.000 AU (de- dU + 6W = 6Q = 6Qraq + Geond - A dlt @)

A conical outflow decreases its density by exactly two ordewgth the internal energy) = aNKT (a = 3/2 for a fully ionized
of magnitude from 0.5 to 5”. However, HH 154 is likely not plasma), the particle numbg¥, the Boltzmann constark the
strictly conical since Fridlund et al. (2005) noted that tipen- temperaturd andA is the surface area through which heat con-
ing angle close to the driving source might be as large s 9Quction proceeds. We uge= 2nkT in the expression for the
which is consistent with the estimated lateral jet size 6f By pressure work and follow Giidel et al. (2008) by writing egs7
Pyo et al. (2002) at this distance. Therefore, the densityedse
beyond 0.8 is probably less than for a conical outflow as an _ dT N dv _ (neA(T) L ko
opening angle of only abouf 3see footnoté) does not sflice “ToTvV "
to decrease the densityfBuiently for large inital opening an- ) )
gles. Thus, it is not clear if or where the “cold” jet componhervhere we usede = ne - V and note that this expression holds
is in pressure equilibrium with the X-ray emitting plasma. ~ ©nly in the presence of fiiciently small temperature gradients.
Another possibility is that the magnetic pressure supports N order to estimate the relative importance of the thred-coo
the X-ray emitting volume against expansion. We estimate ' terms, additional information is needed, in particutae
strength by assuming a plasra@f unity (B? = 87Pgg) and find OPening angle of the X-ray emitting jet, its density struefuhe
B~ 6mG . Such a value is reasonable close to the driving souf€g'Perature gradient, the surface for the heat conduatibich

(see Tab. 1in Hartigan et al. 2007) and requires lower deasitvould include the magnetic topology and the properties ef th
environment, e.g., its ionization. These quantities areanail-

5The size of the Mach-disk of knot D located at a distanced”  able for the X-ray emitting part of the jet. We therefore dieci
(0.6, Fridlund et al. 2005) indicates the local size of the jet. to give some order of magnitude estimates for the cooling$im

T5/2
9 A—V
2kT(t)  2ngVKT AInA T)d. (@)
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As described by Gudel et al. (2008), the expansion add
tionally reduces the density of the emitting plasma andeter
— Radiative cooling . === Expansion Conduction lowers the number of emitted photons more strongly than e»
pected on the basis of the temperature decrease alone. &or ac
sistency check, we calculated the expected number of photo
at 3.83' from the driving sources from the ratio of the emis-
sion measures at 0’5and 3.3 and the drop in temperature.
Assuming constant absorption, we expect a drop in photor nur
. o0 Ao ber by approximately a factor of about 6 from ©0.50 3.5 for

an opening angle of’3which is approximately compatible with
the observed value. The larger opening angle ¢fwould re-
duce the photon number more strongly, i.e., the combinatfon
e b=10° the temperature and density decrease reduces the expécted
"""" ton number by about 200 for the same distance.

n=10"cm™

Temperature (10° K)

5 10 20 25 30

15
Time (years)

5.3.2. Radiation cooling
Fig. 8. Cooling curves for the dierent cooling processes. We solved eq. 8 using the cooling function of Chianti vergidh
(Dere et al. 1997, 2009) assuming half solar metallicityuiré 8

s ) . I shows two cooling curves for radiative cooling. According t
of the individual processes ignoring contributions of thikeo eq. 8, the cooling time depends linearly on the density. It it

ones. As we will see, there are distinct regions in the patame ar that radiative cooling does not contribute signifitato

A |
space where each process seems to dominate, so we regarcfﬁ iB0oling as long as the density does not exceed 0* cm3.
approach reasonable.

Figure 8 shows the cooling curves for thé&dient processes
assuming dierent parameters for the jet. For radiative and coB-3 3. conductive cooling
ductive cooling, the mapping of time to distance in this fegur
depends on the actual, deprojected space velocity of tiseyla Magnetic fields are essential for the launching of jets, vene
A rough estimate is 0’3yr*, which implies that today’s inner at greater distances, small magnetic fieldsl00uG) influence
X-ray emission will reach the position of today’s outer esii®  the jet dynamics (Hartigan et al. 2007). They can also styong
in 15 years. Adiabatic cooling, on the other hand, does not dgppress heat conduction perpendicular to the field lines ev
pend of the outflow velocity but only on the initial cross-#e¢  for weak fields ¢ 1u G, see eq. 5-53 in Spitzer 1962). In the

of the plasma and on the opening angle. presence of turbulent magnetic fields, heat conduction tigh
suppressed by about two orders of magnitude or even enhanc
5.3.1. Adiabatic cooling relative to the Spitzer value (e.g. Narayan & Medvedev 2001

Cho et al. 2003; Lazarian 2006) depending on the scale of tt

Protostellar jets usually show an approximately conicalcst turbulence. We regard it as plausible that heat conductamksv
ture at some distance from the driving sources so that the flowost eficiently along the jet axis while it is suppressed by some
expands mainly perpendicular to the jet axis. In the limiadi  kind of magnetic field (e.g. helical, Chrysostomou et al. 200
abatic cooling Staf et al. 2010) perpendicular to the jet axis. The Spitzer valu
TV ! = const (9) forthe heat conduction assumes an ionized plasma, whichtmig

] not be entirely true throughout the jet, however, a consioler
holds. Since we do not observe local temperatures, we haveyfaount of ionized material should be present close to thayX-r

average the temperature, weighted by defisiiyer the volume emitting plasma. Given these uncertainties, we estimatewo
used to measure the temperature. We use the following abprajige cooling by

mation for the volume of the plasma cell

V = 7l (ro + r tanb)? , (10)

.
wherer(t) = v -t is the position along the jet axis measured 2 52
from the initial distance, while, = 0.25” is the initial jet radius =~ _ 2( n )( | ) ( T ) years (12)
at this position and 2b the opening anglel (s the length of 1000cm?3/\210AU/ \3x 108K

the cell along the jet axis). The initial cross-section igdand

the temperature decrease depends only on the positiontéileng . . )
outflow. From the size of the Mach disk about’1Grom the givenin Orlando et al. (2005). We show in Fig. 8 a cooling eurv
driving sources, we estimate an opening angle of 3fatthe by numerically integrating the conductive cooling for a fixe
flow, where the separation of the working surface and the Ma@Rnsityn and for cylindrical geometry\( ~ A - 1). The fect
disk argues for values closer t6. Different outflow velocities Of the conductive cooling depends on the density of the piasrr
would change the curve for the expansion cooling in Fig. 8 bafd on the temperature gradient, i.e., on the cooling le(wgth
would not lead to another spatial temperature structurgglse assumed 600 AU for a temperature decrease from 0.6 keV

the dependence ancancels out in the equationsl 0.1 keV) The curve shown in Flg 8 is intended to giVe a rOUgl
impression of this #ect and we caution that the provided esti-

"Note thatEM = n2V = nN with a constant number of particlés mate for the conductive cooling might b& @y orders of mag-
in each cell. nitude in some scenarios, e.g., for turbulent magneticdield

nl2
2.6x 1orgm s (12)
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5.3.4. Cool conclusions 0.5-1.0" offset from L 1551 IRS 5 (R.A.(2008D4"31M34£15,

F Fi itis cl h lina b ion domi Decl=1808'08'04) towards the south-west. Its luminosity and
rom Fig. 8 itis clear that cooling by expansion dominatés oViemperature remains virtually constant within a timespén o

radiation. Whether conduction is important depends on &re d g5t nine years.

sity, the temperature gradient and the magnetic fleld_conﬂgu Therefore, it seems necessary to review the arguments whi

tion. V\tlhfi'f' rtm)otheat |s|_trarlsfgrreq p?rpwd'cﬁ:i‘;to t?e gg’e prohibit an association of this inner component with oneathb

expect adiabatic cooling to dominate. We will tnerelore®on - ¢ e central driving sources themselves. Essentialgsarare

that cooling process in the following. (a) the astrometry and (b) the absorption. Concerning k&), t
centroid of the inner component is placed at least &&m the
5.4. Trend in mean energy location of radio sources in every of the three availaiitandra

) _ observations. Although this is marginally compatible wattr
Judging from the absorption valul ~ 1.4x 10°? cm ) close  estimated astrometric accuracy, this is unlikely to be edusy
to the driving sources, the visual absorbing magnitudefs@p  a repeated incorrect pointing of the satellite since theroats
imately Ay ~ 8 mag (Vuong et al. 2003). Itoh et al. (2000) anfysing the photons in the inner= 1” circle) of the inner com-
alyzed the [Fen] 1.644 umy1.257 um line-ratio as an estimate ponent match to within 0/3for all observations. As to (b), the
for the evolution of the visual extinction along the jet aaisd interpretation of the scattered light and the non-deteaiodi-
found avalue oAy ~ 7 for distances greater thafi rom IRS 5. rect emission places a firm lower limit @, > 20 on the ab-
This is compatible with our estimate from the X-ray spectrungorption towards IRS 5 (Stocke et al. 1988). This transliaties
Therefore, we expect that the correlation/sf and Ny holds  an absorbing column density dfy > 4 x 1072 cm2, at least
in the jet region. Closer to the driving sources the extortth-  three times higher than measured. The measured value, on
creases up téy ~ 21. Fridlund et al. (2005) also derivéld;-  other hand, corresponds well to the one estimated for therinn
values, which are slightly lower than the values of Itoh et gkt from the near-infrared line-ratios and suggests theayand
(2000) for the optical knots located further downstreameyTh near-infrared emission spatially coincide.
find that the extinction decreases slowly towards the outetsk Bally et al. (2003) sketched a possible scenario in whict
whereAy ~ 2 -3 is found. At the position of knot F which scattered X-rays are responsible for the observed X-rag-emi
is closest to the driving sources, they estimate an absorpfi  sjon. However, these authors concluded that this option i

Av>4. ) ) less likely and we agree with their evaluation. The parame
Assuming that the absorbing column density decreases frgshs required for this scattering scenario, e.g., dessifen ~
Ny = 1.4x 10P2cm 2 at 1” from the driving sources tdly = 10° cm3, are not strictly ruled out, but would be exceptional for

8x 10°'cm? at 8, the plasma temperature still has to decreaggotostellar jets. Furthermore, the trend in the mean sralsp
from 0.7 keV to 0.4 keV in order to explain the decrease in thgques against the scattering scenario, because Thomattersc
mean energy. We therefore conclude that the temperature figris not very sensitive to the scattering angle and indegen
crease of the X-ray plasma significantly contributes to #fé- s of the wavelength. Dust scattering, on the other hand, isaby f
ening of the photons beyord1”. It is possible that emission is not sufficient to explain the observations using the usual conve:
coming frp, the innermost‘lwhere it is more strongly absorbed sjon factors.
For an upper limit on the temperature change alongthe flosraxi  we therefore associate this feature with the apparently st
we fix the absorption tdly = 8 x 10°* cm?, which requires, tionary [Fen] emission complex observed by Pyo et al. (2009,
according to Fig. 5, that the plasma temperature decrees®s f2005, 2002). Their [Fe] A1.644um data, obtained over a times-
approximately 1.7 keV to below 0.2 keV withir/ 3 pan of four years, show an apparently stationary compone

An opening angle of a few degrees reduces the plasma teflyrse to the driving sources. Pyo et al. (2009) already sego
perature along the outflow as required by the above estimai@t the inner X-ray emission component is associated Wih t
consistent with the assumption that adiabatic cooling datess  jnnermost [Fei] emission peak, called PHK1 (distance to IRS 5:
the plasma cooling. As discussed in sect. 5.3.1 the reduofio 1 17). The total flux in [Feu] (~ 5 x 10715 erg's'cn®) is within
photons along the jet axis is compatible with a shallow opgnian order of magnitude comparable with the X-ray flux (0.5-
angle. _ o 10.0keV: 4&107° erg's'cn? or unabsorbed810714 erg's/cn?).

As we have no good estimate for the cooling time of the The [Fen] emission at PHK1 is dominated by low veloc-
plasma, it is possible that cooling is verffieient and re-heating ity material withv ~ —60--- — 150 knys (or deprojected =
of the X-ray emitting plasma along the inner few arcsec is reg5. .. 212 knys, for an inclination ofi ~ 45°). Interestingly,
quired in order to produce observed X-ray emission at larggfe post-shock velocity of a shock with an initial velocitf o
distances from the driving sources. However, the tempeFaty—700 knys is 175 ks, i.e., within the range of the low ve-
decrease along the jet axis remains virtually constant @@er jocity component. Pyo et al. (2002, 2009) noted that theaiglo
years of observation so that also the hypothetical re-hgatijispersion of the low velocity [Fa] emission decreases with
must be relatively constant over this period of time. Lange iincreasing distance to the driving source, which they prietr
dividual blobs with varying velocities, ejected every feeays, as a collimation of the outflow. The large opening angle of the
would probably produce a more variable temperature strectuflow close to the driving sources and the shallow openingirt
Smaller, unresolved internal shocks could, on the othedha@  gownstream support this interpretation. Collimation nhiglso
present so that the cooling time of the plasma can be shbeer the responsible for the X-ray production and would naturely
derived from the decrease in the mean energy. plain their stationary appearance. Since the high-vel§Ei i
material appears approximately where the X-ray emissisn di
appears, it is tempting to associate this material with owtfig
plasma not as strongly shocked as the X-ray emitting materic
The most striking feature observed in all observations & tiHowever, the total mass-loss derived for the X-ray compbner
existence of a luminous X-ray emission region close to thelower than for the optical part of the jet so that it remains
driving source(s). The peak of this feature is approxinyatetiear whether the “absence” of highly blueshifted emissiose

5.5. The inner emission component
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to the driving sources is somehow connected to the exist@cen particular in DG Tau, the majority of the X-ray emission
X-ray material, i.e., if a large fraction of shocked highaaty from the jet is also located close to the driving souraes ap-
material reaches X-ray emitting temperatures. pears virtually constant over a timespan of several yeaes. W
associate the beehive proplyd and similar COUP sources wi
o this group (Kastner et al. 2005). Equally striking, the fiosr
5.6. The extended or outer emission component velocity maps in [Fe Il] (e.g. Pyo et al. 2003, 2009), which

During the 2005 ACIS-I observation, an enhancement of pht€ available for DG Tau and HH 154, are remarkably similar
tons two arcseconds downstream from the bulk of the 0th outflows exhibit a low velocity component close to the

ray emission is evident (Favata et al. 2006). We estimated " While the high velocity component is located furthewd-
sect. 4.2.2 that the low number of counts in the correspandift’€am. Other jet-driving sources like HL Tauri and RW Aakg
region might be a statistical fluctuation. Neverthelesis &till SoW @ slightly diferent pattern in [Fe I1] (Pyo et al. 2006) with
possible, if not even physically plausible, that the eldiugedi- the low velocity component at a larger distance from thdastel

ferences are caused by a transient X-ray emitting knot,ipigss POSition. _
comparable with other X-ray emitting knots within HH object __/An obvious diference between the X-ray jets of DG Tau anc

Concerning the position of this blob, its 2005 position eoirmH SJE)E:ﬁ’CIZ tﬂﬁwdg\%?%gIsasfrp?oﬁmfféﬁ?gﬁﬁéoseeetﬁvtge(gm('
cides with one or all emission peaks in the “F’-complex (Boni h 9 " | h’ | p peop
et al. 2008). The space velocities measured in this regiogera as approximately the same plasma temperature as HH 154. F
from ~ 100 kms™ to 500 km s* in optical forbidden emission D€ Tau. the inner X-ray component is only marginally hotter
lines (Fridiund et al. 2005). At this distance from the driyi than the outer one, while for HH 154 the outer jet seems to b

source the high-velocity component in [ becomes dom- COCler bY a factor of two compared to the emission close to th

inant over the low-velocity component, and velocities up §/ving Source. Since adiabatic cooling decreases the aemp

500 km s* have been measured (Pyo et al. 2005). Furthermofiure strongly along the flow, it seems unlikely that the sam
’ : pfasma found close to the driving source is also responfible

Pyo et al. (2005) noted that the outer high velocity {ffeom- . .
ponent might exhibit ime-variability at approximateletiame e Outer X-ray component of the DG Tau X-ray jet and interna
I§_hocks cause the high temperatures further outwards.

time of the appearance of the X-ray knot. However, the
: - g . Stelzer et al. (2009) recently detected the appearance of .
complex did not change much during this time in its optical aB(-ray knot after ;n FU)Ori like )(/)utburst of Z cnﬁg i.e., X-ray

pearence _(Bonlto etal. 2008). . . emission located about 2000 AU from the driving source. Thit
The distance traveled by this hypothetical knot betwe ission is much farther out than in HH 154, which can eithe

5 ’ 1
2005 and 2009 would be approximately 0.6:3(200 kms indicate that the lifetime of such knots might be relativieigg

---500 kms%). In the corresponding regions zero or one photqgy . strong shocks also occur further outwards in the fisw.
are recorded during the 2009 ACIS-S exposure, which is MQre7 c\a the X-ray emission in other HH objects is located fur-
sensitive than the previous ACIS-| obse_rvatlon atlow emasrg“\ ther out along the jet. If the correlation of the X-ray regisith
maximum of seven photons can be attributed to the 2005 *knofye of the working surfaces in these outflows is an obsemvaitio
so that the luminosity of this blob must have decreased durif;g o ch that X-rays between the knots are less likely tebe
four years. For the interpretation of these phenomena,abk ¢ ognized as associated with the HH object or if it is an intdns
ing time of the X-ray emitting plasmais crucial butunfora@ly - foarre of the X-ray production mechanism is currently heac
not known with the required precision. _ In summary, two properties make X-rays from the proto-
When the cooling time of the hot plasma is short compareghjar jets identifiable, (a) a TAX-like spectrum and (bya§
to the travel time to the outer locations of X-ray emissidnisi emjssion displaced with respect to the driving source c@ri
impossible that the material |s_on_ly' heatgd close to theryiv speaking, HH 154 belongs to the TAX class of objects and th
sources and then just cools while itis flowing outwards.rm€ giyong absorption of the driving sources makes the detectio
shocks are a natural explanation for the re-heating, bubkhe extended emission possible. We speculate that the X-ray mc
servations require a nearly constant decrease in shockiielophology of HH 154 also applies to the other TAX sources wher:
with increasing distance to the driving sources (see th@tie  the angular resolution is infiicient to resolve all details. As the
the mean energy, sect. 5.4). ' o outflow rate required to produce the observed X-rays in thbse
If, onthe other hand, the plasma is not significantly re-betatjects is lower than estimated from the optical emission bgve f
while flowing outwards (no internal shocks), either a vagaborders of magnitude, it seems likely that such a high vejocit
mass outflow or a statistical fluctuation are respOnSibIGﬂfer component has escaped detection in other Wa\/e|ength regim
apparent knot. In any case, a rather constant temperatse chut is still powerful enough to lead to the observed X-rayésix
to the driving sources is required, which translates to atzomn
shock velocity for shock heating. In both cases, a shallognep . o
ing angle is mandatory and magnetic fields probably supprdssModel implications
heat conductionféiciently. The decregse in plasma temperatulgar the discovery of X-ray emissionfiset from the driving
along the flow reflects the cooling time of the plasma and exqrces (IRS 5) by Favata et al. (2002) and Bally et al. (2003
plains, why no emission is detected at larger distances flem 5 \ariety of models have been proposed in order to explain th
driving sources. phenomenon. In particular Bally et al. (2003) describedran e
semble of possible explanations covering a broad rangef pc
5.7. Comparison with DG Tau and other jet X-ray sources sibilities including, e.g., X-rays from the driving sou(sgre-
flected into the line of sight from the outflow cavity. Bonito
The so-called TAX sources (Gidel et al. 2007b), which shoet al. (2010a) performed detailed magneto-hydrodynarsicsl
spectra composed of two emission components with vastly diflations of a jet with a variable outflow velocity focusing on
ferent absorbing column densities, e.g. from an embedded stigh velocity shocks within the outflow and the associated X
and a less embedded jet, show a striking similarity to HH 15day emission. These authors discuss folfiiedént scenarios for
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discussed in sect. 5.6 and depend crucially on the unknoaln cashock model become indistinguishable and share the plifysibi
ing time of the X-ray emitting plasma. for small amplitude time variability.

Concerning the location of the base-shock, it seems plea
ing to attribute the brightest X-ray spot to the location loé t
base-shock consistent with the [keobservations of Pyo et al.

This is the model discussed by Bonito et al. (2010a,b). Thé#C09). However, the increasing absorbing column, whiefmse
simulations can produce an emission complex close to the djo cause the hardening of the photons in the innermost péreof
ing source, when a recently ejected faster blob overtaked!¥: can absorb the soft X-rays closer to the driving sources
more slowly moving blob (cf. their Fig. 2). In the absence ofNUS: it is possible that the true location of the shock negso
strong cooling, the proper-motion of such a knot would be dgidden behind a larger absorbing column and located closer
tectable with the available high resolution X-ray obsepra. he driving source. _

Concerning the inner, apparently stationary source, theeiso 1 n€ trend inthe mean energy is also a natural outcome of th
of Bonito et al. (2010b) predict that the most probable jmssit Scenario, when the plasma is heated to X-ray emitting teaaper
of a shock is close to the driving sources. tures close to the driving sources and cools while flowing out

The virtually constant X-ray luminosity and the relation tgvards: Adiabatic cooling, providing an upper limit on theko
the constant [Fe II] emission argues against a strong i@miaf ing time, is approximately consistent with the observeddrie

the shock velocity or location. One solution for these diper the mean energy.
ancies is a relatively regularly modulated jet so that a tzors
luminosity might be mimicked by the superposition of a rolygh 6.3. pPrecessing jet
constant number of smaller shocks formed close to the dyivin i ]
source. The trend in the mean energy would then reflect tHe colt precession seems to be required for some of the obsen
ing of these smaller individual blobs, while they travelrajdhe Jets (e.9. HH 34 Masciadri et al. 2002). The precession time
outflow (e.g., see also the sub-radial blobs modeled by Yirake usually rather longx(10°yrs), therefore, the change in out-
et al. 2009). Another possibility is that variations in thesk flow direction for HH 154 would be small between the 2001 anc
properties are hidden by the low photon numbers and the indle¢ 2009Chandra observations. Still, some kind of a drilling ef-
X-ray emission is caused by larger knots shocked close to fig§t might be present. A constant flow hittingferent parts of
driving source. The constant appearance would then notteflethe envelope would lead to a constant appearance of the inr
constant outflow but would rather be a chance coincidence. €mission component. As the opening angled(’) close to the
In this model the absence of X-ray emission farther dowfoUrce is probably large compared to the expected precessi
stream would be explained either by a lower density or a lo@ndle, we regard it as less likely that the direction charigee
temperature of the plasma inhibiting its detection. Thenipg OUtflow is responsible for the X-ray emission.
angle of the optical jet is roughly consistent with this pret It
re_ql_Jires, however, that strong shocks at Iargerdistqmqﬁsﬁwe 6.4. Stellar wind
driving source are less probable than close to the drivingess,
which is true for the models of Bonito et al. (2010a). In cas€he solar wind has roughly the temperature and velocity ok
of a short cooling time the decrease of the plasma temperataerved for HH 154’s X-ray emission. We can imagine that dur
reflects a decreasing shock velocity with increasing distan ing the early stellar evolution the outflow rates of stellanag
the driving sources, which would provide another explamati are much higher than for the present-day Sun and that the sa
for the non-detection of X-ray emission farther downstream process leading to the collimation of the slower outflow comp
any case, the observations clearly show that the heatingrery X nents collimates the stellar wind. A stellar wind might bgom
temperatures is a function of the position along the flow. tant for the angular momentum problem. but cannot be respol
sible for outflow rates above 1D M,/year due to the result-
o ing excessive X-ray emission (Decampli 1981; Matt & Pudritz
6.2. Base/collimation shock 2008). However, the outflow-rate required for the observed X

: ) . ray emission is orders of magnitudes lower and Gomez decast
Guided by the firs€handra observation, Bally et al. (2003) pro- : - .
posed thgt some kind of stationary base-s);lock c(an ex?:)?ain Verdugo (2007) found evidence for a stellar driven wind for

> X . L Tau. These authors suggest that the superposition of many
gf)ztirtfede)riv::}g?)éecﬁ‘ht?é t;]nggﬁrecr;ieTg{ggg;iggn(gr'}gg%um jvidual small-scale outflows from the stellar surface ketadob-

netic fields can collimate the outflow and can also suppoijgthe served morphology of the FUV lines. Therefore, a stellardyin

: . N .. while not responsible for the main outflow, might provide the
S%i'rr:]s; the thermodynamic pressure of the hot X-ray erglttIPééquired high temperature plasma close to the driving gourc

; ) . " . This stellar wind would not require high outflow velocities f
This scenario requires lower velocities than the |nternﬂr 9 9

A > ; e shock heating since it is already of approximately threexd
shock model, but still higher than detected in availablespe hen | hed. H h ot X-
The “deflection” angle might be relatively large @5 as the temperature when launched. However, the association afyX-r

opening angle close to the driving sources might also belang emission with shocked material at other wavelengths malies t
g explanation less likely but would be another possibilitplein-
that flow velocities of 18 km s suffice for the X-ray produc- P y P P

tion. Also, the concentration of the X-rays within a ratheradl ing the constant appearance.

volume close to the driving sources and the virtually camsta

X-ray luminosity are a natural consequence of this scen@ie Summary

base-shock scenario does not inhibit jet mass flux variationl

is consistent with the observations as long as the amplitideOur new, third epoctChandra observation clearly shows that
these variations is small enough. Foffstient clumpiness and the process responsible for the X-ray emission in HH 1541is co
blob ejection cadence, the base-shock model and the ihterstant over at least one decade. The position, the luminasitly

6.1. A jet with random ejection velocity/Internal shocks
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temperature of the X-ray emission are virtually the samdlin @ere, K. P., Landi, E., Young, P. R., et al. 2009, A&A, 498, 915
observations. Whetherftierences between the observations a'ﬁ:@VlTe, E-,‘;ewzuﬁgv BM"& Falg’ J-tl9|936€g, igi %% 17

Pl . f . H : H avata, F., Bonito, R., Micela, G., et al. , , f
statistical fluctuations or intrinsic fierences in the flow cannot 2/ c i g 1 "cT\ M|, Micela, G., Sciortino, S., &k, A. A. 2002,
be definitely decided due to the low count statistics. From th™ pex 386 204
trend of the mean energy along the jet axis, we show that théreira, J., Dougados, C., & Cabrit, S. 2006, A&A, 453, 785
plasma is cooler at larger distances from the driving saurce Fridiund, C. V. M., Bergman, P., White, G. J., Pilbratt, G, & Tauber, J. A.

We discus several models and find that a standing sholgrlglo?év '?:&C' &32 E?seéa R. 1008, ApJ, 499, L75
. - Idiunga, C. V. M. I u, R. ) i ’

most naturally explains the observed morphology given e C iy 0y’ ¢ v, ., Liseau, R., Djupvik, A. A, et al. 2005, A& 436, 983
stant total X-ray Iumlnoslty: The quatlon of the X-ray emisgehrels, N. 1986, ApJ, 303, 336
sion, where the outflow is likely collimated, and its stadon Goémez de Castro, A. I. & Verdugo, E. 2007, ApJ, 654, L91
appearance argue for this model. Depending on the detatieof Gudel, M., Briggs, K. R., Arzner, K., et al. 2007a, A&A, 46853
plasma cooling, the trend in the mean energy can be nature%g% "%’75"'"”9“ S.L., Audard, M., Briggs, K. R., & CabB. 2008, AGA,
explained in this model. The features of the X-ray emiss®@m C gyqel, m., Telleschi, A., Audard, M., et al. 2007b, A&A, 46815
also be explained in terms of a pulsed jet, where internadleho Ginther, H. M., Matt, S. P., & Li, Z.-Y. 2009, A&A, 493, 579
cause an apparent stationary X-ray source as the most protyatigan, P., Frank, A., Varniére, P., & Blackman, E. G.20apJ, 661, 910
ble location of an X-ray emitting shock is close to the driyin Ha;f;%i'i‘v’\FA’-'yg;ieyg-ég‘ozak’éj-ggfoégv 120, 1436
source. The_ t_rend in the mean energy might then ref_lect |O\I\£ﬁ_" Y., Kaifu, N., Hayashi, M., et al. 2000, PASJ, 52, 81
shock velocities or the cooling of the plasma depending en tRaster, J. H., Franz, G., Grosso, N., et al. 2005, ApJS, 38D,
detailed cooling times of the X-ray emitting plasma. The eXazarian, A. 2006, ApJ, 645, L25
istence of knots within protostellar jets is usually atitéd to :leedau,BR-% Flrgiél;ntk CJSV7Mi' & Larsson, B. 2005, ApJ, 61999
N ) N : - ynds, B. T. y ApJS, 7,
.tlme V'?‘”ab'e Ol?]tflOWS, tll’]elrefored S|UChdaﬂm0del IS atlrlfa(_:tDUF Masciadri, E., de Gouveia Dal Pino, E. M., Raga, A. C., & NgaCrespo, A.
it requires a rather regularly modulated flow, since the s 2002, ApJ, 580, 950
the temperature and the luminosity appear constant. \itityab matt, S. & Pudritz, R. 2008, in Astronomical Society of thecFia Conference
at larger distances from the driving sources might be pteseh  Series, Vol. 384, 14th Cambridge Workshop on Cool StardlaBt®ystems,

can be explained either by local shocks or variations of taggn _ and the Sun, ed. G. van Belle, 339-
loss rate Melnikov, S.Y., Eisldfel, J., Bacciotti, F., Woitas, J., & Ray, T. P. 2009, A&A,

. . 506, 763
A comparison of our new results for HH 154 with other Xnarayan, R. & Medvedev, M. V. 2001, ApJ, 562, L129

ray emitting jets, in particular with DG Tau, the only nearbyrlando, S., Peres, G., Reale, F., et al. 2005, A&A, 444, 505

jet X-ray source where multi-epoch observations are dvigija Pravdo, S. H., Feigelson, E. D., Garmire, G., et al. 2001uia13, 708

_ - Pyo, T., Hayashi, M., Kobayashi, N., et al. 2002, ApJ, 570} 72

shqws that soft X-ray photons close to the driving spurcmete Pflo’ T Hayashi, M., Kobayashi. N.. Terada, H.. & Tokuna&yaT. 2009, ApJ,
unique to HH 154. Therefore, the necessary heating aparent 5o, 54
takes place very close to the driving source within the owtflo pyo, T., Hayashi, M., Kobayashi, N., et al. 2006, ApJ, 64% 83
With an increasing number of X-ray observations it becomes iPyo, T., Hayashi, M., Kobayashi, N., et al. 2005, ApJ, 618, 81
creasingly clear that the origin of the X-rays is tightly ceated ;3;25 A Kgba’\{gfizg:'égggzsm: b :Z'q ﬁ2§3bA.‘:’Jé§§§ ;‘;6 L140
to Fhe flow propgrtle_s within the innermost few 1_0 AL_J, eitheed Raga: A c:: Riera, A., & Gor{zéiéz-ebmez, Dol '20'10, A&A,75A20+
to inhomogeneities in the outflow or by the collimation pre&e Rrogriguez, L. F., D'Alessio, P., Wilner, D. J., et al. 198&ture, 395, 355

New ensitive X-ray observations of HH 154 with a higheRodriguez, L. F., Porras, A., Claussen, M. J., et al. 2008, A86, L137
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ABSTRACT

The classical T Tauri star DG Tau shows all typical signatwe X-ray activity and, in particular, harbors a resolveday-jet.

DG Tau’s jet is one of the most well studied jets of young atadbjects, having been observed for more than 25 years hyetywaf
instruments. We demonstrate that its soft and hard X-raypoorents are separated spatially by approximately 0.2 atnsderiving

the spatial @set between both components from the event centroids ofafieasd hard photons utilizing the intrinsic energy-
resolution of theChandra ACIS-S detector. We also demonstrate that tffiisei is physical and cannot be attributed to an instrumental
origin or to low counting statistics. Furthermore, the libma of the derived soft X-ray emission peak coincides withission peaks
observed for optical emission lines, suggesting that boftb&rays and optical emission have the same physicalmrigi

Key words. stars: individual: DG Tauri — stars: winds, outflows — X-ragfars — stars: pre-main sequence

1. Introduction (Gudel et al. 2008 which can be traced out to a distance of
The evolution of protostars to young stellar objects (YSi®s) ~5” from the central source with a luminosity of about 10%
accompanied by accretion from a circumstellar envelope a@tithe central soft X-ray component. Second, the X-ray prope
disk as well as the loss of angular momentum by a substdigs of DG Tau resemble that of the class of “two-absorbesi-
tial, often jet-like mass-outflow perpendicular to the digkg. (TAX) sources” Gudel etal. 200,72008. X-ray spectra of TAX
Kénigl & Pudritz 2000; however, neither the launching mechasources are basically the sum of two thermal componerttsrdi
nism nor the collimation process have been unambiguousiyid ing not only in mean temperature but — in contrast to mostrothe
tified. The jet of DG Tau is among the most well studied jets éf-ray spectra — also in absorbing column density. In DG Tau,
YSOs, and these observations have placed tight consti@intsthe emission regions of the soft and the hard componentsappe
the nature of the relevant processes, e.g. the detectiootaf r to be disjoint spatially. In aiXMM-Newton observationGudel
tion in the outer regions of the DG Tau j&dcciotti et al. 2002 et al. (2007 found an increase in the hard component's count
constrained the launch radius of the outflow. rate during a flare, while the soft component remained caotista
DG Tauiis a classical T Tauri star (CTTS), whose basic profitey proposed therefore, supported by the spectral piepert
erties were summarized Ieytidel et al(2007). Its mass-outflow the soft component, an interpretation of the soft compoasnt
(a few 107 Mo yr ! extending out to~10” ~ 2300 AU) was internal shocks in a jet close to the star. Motivated by tlaicia-
first resolved byMundt & Fried (1983. Most observations of tions that the soft X-ray componentin DG Tau might be spigtial
DG Tau's outflow were carried out in forbidden emission linéetached from the hard X-ray component, we performed a de-
regions (FELR), which trace material at temperaturesk* K tailed position analysis of both components utilizing thperb
and densities below10” cm™3. These studies indicated that agngular resolution of th€handra telescope.
distances larger than0.5” from the central source the forbid-
den line emission is concentrated in individual blobs mgwah . . .
velocities of~300 km s (projectec~0.3" yr-1) approximately 2. Observations, data processing, and data analysis

along the jet axisRyo et al. 2008 The structure of the inner- The availableChandra data of DG Tau cover a total exposure
most region of the DG Tau system is subject to permanent vaine of 90 ks split into 4 individual observations performniest
ations. Several studies revealed evidence for materiaiftdrd tyween 2004 and 2006 (see Table 1@®iidel et al. 2008for

ent speeds and morphology (etgepner et al. 1993Bacciotti 5 symmary). The details of these observations were presente
et al. 2000 Takami et al. 200p indicating an evolution on time py Giide| et al.(2008. Our data reduction was completed us-
scales of years. The material in the vicinity of the star ishar ing CIAO Version 4.0, along the lines of ti@handra analy-

bly denser than in the more distant jet compon&ul{& Bohm  gjs threads with the aim to derive accurate source positivies
1993. In particular, the jet shows an onion-like structure véheryefine a soft (0.3-1.1 keV) and a hard (1.7-7.0 keV) spectral
the higher velocity material is embedded in more slowly mgvi component and list their relevant properties in Cols. 3 anf 4
material Bacciotti et al. 200p The favored heating mechanismrap|e 1; because of the TAX property of DG Tau, the mutual
for the jet emission is internal shocks, heating up the m@t&  contamination of the components is quite small.

temperatures 0f10* K (Lavalley-Fouquet et al. 2000 TheChandra-calibration team states a 0(lLo") accuracy for

As many (if notall) CTTS, DG Tau is an X-ray source, firste|ative positions on the ACIS S3 detectoThis implies that an
detected byreigelson & Decampl{1981). From the X-ray point

_of view the source is unusual in two ‘aspects. First, DG TaUhttp://cxc,harvard.edu/cal/docs/cal_present_status.
is the only stellar X-ray source harboring a resolved X-r@ty jhtml#rel_spat_pos
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Table 1. Offsets for the individual observations.

Obs-ID  Ofaxis Soft Hard rset
(arcmin) photons photons (arcsec)
1.43 138 191 0.23
0.55 67 112 0.20
0.55 65 49 0.13
0.55 133 187 0.20

Position angle
(degree)
225
215
191
215

4487
6409
7247
7246

005
~0.00f
—0.05f

—0.10f
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offset between the central source and X-ray emission arising in I ‘ g PN
the inner part of the optically resolved jet is — at least ingiple [ W 2N 1
— measurable, given the fact that the stellar emission coempo s N
is thought to be strongly absorbed at soft X-ray energiesvbel osoh e N
1 keV. We, therefore, derived individual positions for thmmae
defined soft and hard components and calculated their respec
tive centroids with sub-pixel resolution. The most preciséer- Fig. 1. Relative spatial fiset of the soft X-ray component. The harc
mination of source positions is complicated by the fact that component is centered at (0, 0). The circles indicate the 868fi-
superb point-spread function of ti@andra mirrors is slightly dence interval taken from Tabfand Obs-ID 3730. The shaded area i
undersampled by the ACIS-S detector. To compensate fofftheigcluded in the 90% confidence ranges of all observations.
fect of this undersampling, various strategies, such agpsued
event repositioningl( et al. 2004, can be pursued during the3. Results
data processing and data analysis. During pipeline proggss .
the nominal photon positions are randomly distributed imitn 5-1- SOft and hard source positions _
given detector pixel£0.25). Alternatively, no randomization In Fig. 1, we show the computed separations of the soft and t
(cf., Feigelson et al. 2002r re-randomization schemes can b8ard X-ray centroid for all four observations of DG Tau aneith
applied. As a conservative approach we used the archival dg@tlmated error @du. All derived positions were sh.lftad)rder
with standard randomization to minimize possible aliasifig {0 align the position of the hard component. As is clear fro
fects, and verified that our results (and our conclusions)ato Fig- 1, all observations exhibit a (sub-pixeljfset between the
depend on the type of the randomization chosen. soft and the hard X-ray components. For the three well expos

: . . . tions (cf., Tabl#), we find similar dfsets with a separa-
To determine source positions, we experimented with tﬁgserva , .’ ' :
standard source-detection toslsvdetect and celldetect. Uon©of~0.2", while the fourth observation (Obs-ID 7247) show
The celldetect algorithm uses dierent photons (the “search STaller @set, butin a similar direction, and - considering th
region” is always a box in the projected image which is notne! w COX?ttStla;St'is f_OSZtll! qomlpatlbtl)? ‘.Nmé t?teh othertot_saaer_
essarily centered on the centroid) andthedetect algorithm 1ONS- Atotaldiset o1 .21 1S also obtained If the centroids in
reverts to binned data, thus both approaches are not optimi e coadded event-files are considered, which equals thdibes

to find the most accurate source position. Therefore we deviflue dfr“’?d dpy gsggaal_:_rl]ndlwd_l:al obselrvatlc;rt\ﬁ with gre
oped our own iterative source position determination afigor, oS estimated in Secs. € position angies of tne measure:

: : ; w » i~ DG Tau dfsets yield a best fitfset angle 0£218°, which com-
Starting with an approximate “by eye” position, we extrakcte . ” S -
all pho?ons within 2%7’5 radius groznd Ehis position to deterPares well with the position angle 6225 for the jet orientation

mine a new centroid; with this new position photons were thé the optical (e.g.Eisloffel & Mundt 1999.
reextracted and the entire process continued until coevery
This method should operate well for a symmetric point respon3z.2. |s it instrumental?
function, which applies in the central FOV. We note that i s 4 jnvestigate whether the observefiset between soft and hard
component's size might actually deviate from that expeded soyrce positions can be attributed to instrumentedots, we
a point-like source by approximately 0,5while a size 01" yetrieved a number of observations from Bbandra archive
can be excluded at above the 90% confidence level. Howevygken with ACIS-S3 in the VFAINT-mode (Obs-ID 3730 is
the signal-to-noise (SNR) of the available data does ndblenaga|NT-mode). The retrieved observations are listed in bl
statistically robust results to be derived. For these targets, we then performed the same analysis as
The “very faint-mode of the observations leads to a lowhe DG Tau data and computefisets between the soft and har
probability of finding a background photon in our searcheegi source positions. In Fi@®, we show the derivedfset statistics,
which is below 30% for the longer exposures. A single photaghere we distinguish between the “good” data sampiedgis
shifts the derived source position by less than 0,88 that any angle<1.5 and>50 cts) and the “poor” data samplefit@xis
background is essentially negligible in our analysis. angle<® and>25 cts); we note that in this nomenclature ou
During the analysis, we kept the 4 individual exposures sePG Tau is “good” data. Figur@ clearly shows that DG Tau’s
arate. Merging the individual exposures can degrade thiaspaoffset is extremely unusual, and in fact none of the investibat
resolution because the absolute astrometric accuracyafdra data sets and in particular none of the “good” data sets shows
(~0.4’(10)) is worse than its relative accuracy. To account farfset comparable to that observed in DG Tau.
this dfect, we reprojected the individual exposures so that the We investigated the energy dependence of the point respo
centroid of the hard component of DG Tau was aligned in dlinction by calculating the centroids of precomputed sgtith
observations. We coadded the images to be able to derivetighSF-images provided by the CIAO-tadtpsf for the DG Tau
signal-to-noise data as a cross-check; we are aware, hgweseurce position; we found that the centroid position charine
that the positions of the soft X-ray emission might not be-cottess than 1100 pixel between the images for the hardest (7 ke'
stant throughout the observation period of almost two years and the softest photons (0.3 keV), even for Obs-ID 4487, whi

Q0.1
Offset (arcsec)


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810261&pdf_id=1

CHAPTER 8. THE NATURE OF THE SOFT X-RAY SOURCE IN DG TAURI 71

P. C. Schneider and J. H. M. M. Schmitt: The nature of the safa)source in DG Tauri L15

Test oberservation Obs—ID 49899
10 T T T 10 T T
Offaxis angle < 3.0 arcmin & min. 25 cts -----
Offaxis angle < 1.5 arcmin & min. 50 cts

Obs—ID 4487
Obs—ID 6409 —-—-—-—

Obs—ID 7246 — - — —
Obs—ID 7247

0.8

o
@

DG Tau DG Tou

No. of sources

o
S

0.2

Probability
L e B e L B

0 L L L 0.0
0.00 0.05 0.10 0.15 0.20 0.0 .
Offset (arcsec) Offset (pixel)

o
)
o
o
N
o
o

Fig. 2. Statistics of the comparison observations. Fig. 3. Distribution of distances between the soft and the hard yX-ra

Table 2. Probabilities derived from the comparison observatioriee T COMPOnent for point-like sources with simulated countistias match-
90% limit refers to the seperation that only 10% of the treadseed and "9 the circumstances of the DG Tau observations.
the probability is the value for finding the measured or adawset.

Comparison DGTau d<for Probability the numbers in Tablg, statistical fluctuations are an extremely

observation observation  90% % unlikely cause of the observed DG Taffiset.
3730 4487 0.08 <0.1
6409 0.12 0.4 3.4. Offset significance and uncertainties for DG Tau
7246 0.08 <0.1 Neither the studied comparison sources nor our simulations
7247 0.18 21.2 show an dfset between the soft and the hard photon centroids
4470 é‘fgg é)'llél <10'21 suficiently large to explain the observefisets in DG Tau. The

probability of measuring anftset larger than 0/2 is below
~0.01 for the observations of longer exposure times (Obs-OD
4487, 6409, 7246), if both sources are at the same positien. W
note that the measured position angle between soft and bard p
has the largestfB-axes angle. Performing Marx 4.3 simulatidnssition correlates with the optically known jet-directiodsing
that include a model of the individual mirror shells stréngt an estimate of the measured position angle distributios3af
ened this finding. Then we further restricted the energy eangabout the jet-direction (cf., Tablg, the probability that the mea-
of the test-exposures with a high count-statistics such lzs Osured position angle is located in the same range for allrebse
ID 3730, 4470, 49899, and 626 to the outer edges of the enexggions is only 77 x 1074, assuming that they are distributed
bands, e.g. 0.3-0.7 keV and 3.0-7.0 keV, to check whether th@formly. Thus, formally, we estimate a probability of $ethan
offset becomes larger. A positive result would imply that the ce10°8 that the observedftset distribution is obtained by chance
troid position is dependent on the energy range used. Hayeand therefore conclude that any systematic errors are falfesm
the measured separationgter only slightly from the previous than the observedisets and that the errors in our measurements
results, and remain, in any case, far smaller than our DG Tare dominated by counting statistics.

offsets. Finally, we split the hard X-ray component of DG Tau,

which represents the coronal emission in our interpretatido 4 piscussion

two groups; the fisets between the mean positions of theses g, . idering the measuredrset of 0.2 between the soft
groups are consistent withip0.1” margin of error, which in- o4 the hard X-ray centroid position as physical, we can con-
c_reased when the hard component s d|V|deq into two. The POGLt this dfset into a physical distance of 45 AU from the cen-
tion angle also dfers from that of the separation of the hard an al source, assuming a distance of 140 pc and a disk inidimat
the soft component. In summary, we conclude that no evidengeag Eigsrel & Mundt 1999. This distance is an order of
supports the idea that the measurédet can be attributed to anmagnitude larger than reasonable launching regions ofehe j
instrumental ffect. (~1 AU, Anderson et al. 2003 and our results therefore fa-

. . vor strongly the interpretation that the X-ray emissionesbied
3.3. Is it statistical? close to the star is originating from internal shocks of #te gs
We investigated the statistical errors in the soft and haign  proposed byGiidel et al(2007). Internal shocks are incidentally
centroid positions. To assess the statistical scattererstiurce also the preferred heating mechanism for the optically olesk
positions, we artificially reduced the number of photonshi@ t FELRs. With this interpretation, the total X-ray lumingsibf
high count statistics test observations (cf., Tad)ley selecting the jet is an order of magnitude higher than that of@hendra-
randomly the same number of “source” photons as observed-#solved part of the jeGiidel et al. 2008 although even then its
the individual DG Tau observations in the desired energgean luminosity is far smaller than the optical jet luminosityr fex-
and computed the source centroid positions and tiEsets. An  ample,Lavalley-Fouquet et a{2000 derived a luminosity, for
example of the simulatedfiset distribution (using 1Orealiza- the first emission peak of the [O I]-line, ofllx 10~* L, which
tions) is shown in Fig3 and the relevant properties of the distriis a factor of~40 higher than the energy-loss by X-ray emission,
butions are summarized in TalleAs is obvious from Fig3and  suggesting that only a small amount of the outflowing malteria
reaches X-ray temperatures. We model the X-ray jet by a-cylin
2 http://space.mit.edu/ASC/MARX/ der of radiug and1.5 heighdl; the base of the cylinder is located

7246 0.12 <0.1
7247 0.19 32.3
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Table 3. Comparison observations. optically observed shocks have speeds of only up to 100km <
ObsTD Source Tads MinOfset Lavalley-Fouquet et al. 200Qve carJBthen_ deriva > Nmin =
() counts () ke To/ (dmax- A(T)) = 1.3 x 10° cm. Using these values of
4470 GI569A 05 1565 0.03 Nmin and dmax t0 calculate the emission measure, we estime
49899  Prox Cen 0.6 1040 0.02 the efective outflow cross sectional ardar? ~ 1 x 10?° cn?
o7l TWAS 03 568 003 or far2 ~ 6x 1072 AU2. The launch and collimation distance o'
3730 GJ3275 0.6 492 0.02 C ; . :
6416 NGC 1977 311 20 436 004 the jetin DG Tau is believed usually to be approximately 1 Al
626 HD 113703 B 0.7 400 0.05 Therefore, the filling factor of the X-ray emitting materialist
6417 NGC 1977 311 2.8 205 0.07 be small and we envisage a scenario of hot X-ray plasma wit|
?2766 Séllzf;gs c 8-3 19198 8-82 small filling factor, immersed in cooler material with a farger
2489 2MASS 05352360-0628244 563 04 041 filling factqr. A frgctlon of the shocked materlal is cleady-
6417 CSV 6218 28 88 0.17 served ra_dlatlng in the resolved jet at a dlstancef’oquDG Tau
. : at essentia e same X-ray temperature as the “inner
4510 NGC6791 KU B16 0.9 86  0.05 t tially th X t t the © (25
6416 V*V372 Ori 0.7 8l 0.04 cooling time of this material may be Siciently large to enable
4476 GJ1245 8B 05 63 004 the material to move the distance required; this would dese
4485 1WGA J2203.9-5647 1.7 56 0.16 X i
5427 HD 179949 03 49 008 the density and the filling factor by one and two orders of ma
627 HD 129791B 1.7 45  0.13 nitude, respectively, in comparison to the values abovepk&e
4510 NGC6791 SBG 9315 1.4 44 011 fer, however, an interpretation in which the resolved jgtassi-
6121 HD 179949 06 43  0.06 bly “re-shocked” material. At any rate, only a minor fractiof
7247 2MASSs J042654260628 LI 4L 007 th)é outflowing material in the “ir?ner 'ét” e>)</ eriences shoelk
630 CXOSEXS|J175823:%563950 1.5 36  0.16 g : g p -~
6417 JW 94 15 34 0.6 ~300 kms* or more, while the densities and mean velocities «
6120 HD 179949 0.3 31 0.04 the hot T ~ 3 x 10° K) and the cool T ~ 10* K) material are
4488 FS Tau 0.8 31 014 similar to within factors of a few.
4487 2MASSs J04265%260628 1.9 31 013
6417 V* V372 Ori 0.8 29 012
6416 Parenago 1606 14 25 0.08 . Summary

Our detailed analysis of the spatial distribution of the a¢-r
at the shock region, where the material is heated to some tegmission of DG Tau shows that the soft and the hard X-ri
peratureT, and the shocked material flows through this cylindemission can be spatially separated, which is consistehttie
with some post-shock velocity. We assume that the shockeguggestion ofGldel et al.(2007). The measured separation i
material cools predominantly by radiation with a cooling¢i 0.21” ~ 48 AU and the X-ray jet of DG Tau is therefore no
¢ given byt = 3k T/ (NA(T)), wheren is the plasma density, only located at large distances (up t6)%ut also close to the
T the (post-shock) temperaturg(T) the cooling function, and stellar emission. If we identify the hard X-ray componenttwi
kg Boltzmann’s constant. The cooling distartté.e., the height coronal emission from the stellar surface, which is suggelky
of the cylinder, is then given byt = 7. - v = 3kgTv/ (n- A(T)). its stronger absorption compared to the soft component, tf
We further know the total emission measiEM of the X-ray the position of the soft X-rays coincides with a region in th

emitting plasma and write DG Tau jet where enhanced emission in the FELRs is observ
Only a small fraction of the total mass-loss and the radédtigs
EM=f-n?-A-d=3f-n-ar? vkgT/A(T), (1) is needed to explain the observed X-rays, and thereforeanl

- small fraction of the outflowing material appears to reacta)(-
where f denotes an unknown filling factor of the hot plasmgntting temperatures. Unfortunately, the available okméons
The mass outflow ratblx_ray of the X-ray emitting plasma can g4 not allow any detailed studies of the spectral featurabef
be computed from soft X-ray component, and therefore a grating observation

; _ 2 DG Tau would provide deeper insights into the true nature
Mxray = My 10717 0 = MyA(T)EM/ (3keT), 2) the soft X-ray component’s emission process.

i.e. the mass outflow rate of the X-ray emitting material iscknowledgements. This work has made use of data obtained from@hendra
only determined by the observed quantititsand EM. Our data archive. P.C.S. acknowledges support from the DLRngrdat 500R703.
spectral fit provides a mean temperatureTof~ 3.4 MK for
the shocked plasma a&M ~ 3.5 x 10°? cm™2 (APEC-models, Ref
metallicity at 0.3 solar) compatible with the values given b ererences
Gldel et al(2008. With these numbers we find an outflow raténderson, J. M., Li, Z.-Y., Krasnopolsky, R., & Blandford, R. 2003, ApJ,
of 1.3 x 1071 My/yr using A(T) ~ 2x 1022 erg cn¥s. This _ 590, L107
value is _indeed or_ders of magnitude smaélaler than the outfiey r gzgg:gg: E l&ﬂ:;d},. FFE.',' l\?z:md: RP:: g;%ﬁg% égff', 33;?)53 A, 576, 222
of the high velocity material only (% 10~ Mo/yr, Lavalley- Eiisfel, J., & Mundt, R. 1998, AJ, 115, 1554
Fouquet et al. 2000 Are such values physically reasonableReigelson, E. D., & Decampli, W. M. 1981, ApJ, 243, L89
We note that the soft X-ray component is more or less poirfteigelson, E. D, Broos, P., @gey, IIl, J. A, etal. 2002, ApJ, 574, 258
like if we disregard for the time being the extended jet corfg-E‘deL M., Telleschi, A., Audard, M., et al. 2007, A&A, 46815

. - . . tidel, M., Skinner, S. L., Audard, M., Briggs, K. R., & Cabi®. 2008, A&A,
ponent described budel et al(2008. Given the distance of ™ ;7g 797
140 pc towards DG Tau, this implies that the regix has Kepner, J., Hartigan, P., Yang, C., & Strom, S. 1993, ApJ, 4139
the approximate size of 112 AU (one ACIS pixel). If we estikonigl, A., & Pudritz, R. E. 2000, Protostars and Planets759
mate the outflow speed of the shocked material to be apprfvalley-Fouquet, C., Cabrit, S., & Dougados, C. 2000, A&&S, L41
imately 300 km s, which is on the one hand the speed of thb‘lhﬂatKaRS"E'F'rféy”JP\;\'/gcl’gg'g'E' Y etal- 2004, ApJ, G104

: ; A . . R, JJW. , ApJ, 274, .83

high-velocity material measured in FELRs and on the othedhapy,, 75’ kobayashi, N., Hayashi, M., et al. 2003, ApJ, D
approximately the speed required to produce the obsenfed Solf, J., & Bohm, K. H. 1993, ApJ, 410, L31
X-ray temperature by means of the strong shock formula (tfi&kami, M., Chrysostomou, A., Bailey, J., etal. 2002, AfB.5.53
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ABSTRACT

AU Mic is a young, nearby X-ray active M-dwarf with an edge-@ebris disk. Debris disk are the successors to the gasesks di
usually surrounding pre-main sequence stars which forer #fe first few Myrs of their host stars’ lifetime, when — presbly —
also the planet formation takes place. Since X-ray transionisspectroscopy is sensitive to the chemical compositithe absorber,
features in the stellar spectrum of AU Mic caused by its detlisk can in principle be detected. The upper limits we @driom our
high resolutionChandra LETGS X-ray spectroscopy are on the same order as those f\mbdorption measurements, consistent
with the idea that AU Mic's debris disk possesses an inneg fadth only a very low density of sub-micron sized grains os.ga

Key words. circumstellar matter — stars: individual: AU Microscopistars: coronae — X-rays: stars — protoplanetary disks

1. Introduction 1.2. AU Mic and its debris disk

The disks around young stars undergo dramatic changesgdurgrggk ft'(r)StI F;R%ng?gswﬁzhcgfhig??tee;cl;aelsgrgrl:]?sdsi (’)A;J aMt/L%ﬁ)go

the first~10 Myr after their host stars’ birth, when the gas co h : ;
tent of the disk largely disappearsiéxander 2008Meyer etal, (Mathioudakis & Doyle 1991Song et al. 2002 A clear infrared
2007 Hernandez et al. 2008leaving behind a so-called debrisSXCeSS at 85@m in the spectral energy distribution (SED) of
disk. The Kuiper belt and the asteroid belt are the solaesyst ~Y Mic was detected byiu et al.(2004), clearly pointing to the
analogs of stellar debris disks. The main components of &in ofgXiStence of a debris disk. By assuming an optical thin disk a
cally thin debris disk are small grains with about sub-miceter SIngle temperaturé,iu et al. (2004 derived a mass of 0.0M,
sizes, larger bodies in the cm range and, possibly, planatsh and a temperature of 40 K for the disk. These values have been
are thought to form in the same time-span. The initial cor’hpo%onf'rmed byRebull et al.(200§ from Spitzer data (see also
tion of the material in the debris disks after the transifitrase Chnen etal. 2005 Metchev et al(2009 also confirmed the dust
is not well known. Collisions of already formed smaller kesii Mass of about 0.0M, composed of grains in the submicron
replenish the dust in the “older” debris disks, while it is okear, "€9iMe by modelling the optical, near-IR and SED data.
whether this is also the source of the initial dust in the atisk Optical observations bi{alas et al(2004), initiated shortly
or whether it is remnant proto-planetary dust. afterLiu et al. (2004, clearly showed the presence of a debris
disk around AU Mic with a radial extent of at least 210 AU
and almost perfectly edge-on. The disk has then been subse-
1.1. AU Mic and its activity quently studied at optical wavelengths with, e.g., the Hebb
Space Telescope (HST) and adaptive optics, making it one of
the most well studied debris disks. The models derive# st
et al. (2009 from their HST observation restrict the disk incli-
nation toi > 89°; they also confirmed the small-scale brightness
variations detected bi{alas et al.(2004). These disk inhomo-
geneities can be readily explained by the existence ofingit
planets, however, no clear signatures of a planet have been f
to date Hebb et al. 200;/Metchev et al. 200p
At X-ray wavelengths AU Mic has been observed many Two studies aimed at the detection of circum-stellar gas in
times. The firsiChandra observation provided the highest resthe AU Mic disk. By their non-detection of far-UV Habsorp-
olution spectrum, but was limited to the wavelength range bﬁ)n, Roberge et ak2005 derived an upper limit on the gas col-
low ~25 A (Linsky et al. 2002 The XMM-Newton observa- umn density along the line of sight &f;, < 10*° cm2. The
tion of AU Mic in 2000 was simultaneous with UV and VLA detection of H in fluorescence enablderance et al(2007) to
observations revealing several flar&@r(th et al. 2005Mitra-  derive a column density 0f810'°cm? < Ny, < 2x 107 cm2
Kraev et al. 2005Ness et al. 2003or line fluxes). Furthermore, (Ty, = 800 K and 2000 K, respectively). Comparing theiy H
AU Mic was the target of FUSE and Hubble Space Telescopelue with the the CO results afu et al. (2004, they conclude
STIS observations (e.§agano et al. 200®Robinson et al. 2001 that H, contributes less than aboyBDth to the total disk mass.
Del Zanna et al. 2002aiming at the determination of the tem-The H absorption mainly traces interstellar rather thaoueir-
perature structure of its chromosphere and corona. stellar material and has a column Bf; = 2.3 x 10" cm™

AU Mic is a 12331 Myr old M1 dwarf at a distance of about
10 pc, which belongs to the Pic moving group (e.gBarrado
y Navascués et al. 1998uckerman et al. 2001AU Mic is one
of the brightest nearby X-ray emitters (lbg ~ 29.3) and shows
strong flaring activity, making AU Mic a valuable target faarié
studies as shown by e.g. UV observatioRslfinson et al. 2001
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(Wood et al. 200§ thus corresponding to within a factor of 1.2 Ny=2x10" ¢z

five to the Mg absorption measurementsRédfield & Linsky 0.8 e
(2002 Nyg = 1.6 x 1_013 cm?), assuming solar abundances and 04 m
Mg 11 to be the dominant Mg specieSlavin & Frisch 2002 00| (solar abundances) 1079 s

1.3. Disk models 1or ]
Krist et al. (2009 used three-dimensional models of the scat- _ 0.8[ =
tering cross-section densities throughout the disk torpmé 2 r 1
their HST images. They find that in the inner disk region 2 0.6f ]
(12 AU < r < 49 AU) the observations can be explained by arel- 2 [ ~3]
atively uniform scattering cross-section density (fordvacat- 2 04r Corbon aos ]
tering particles with an albedo of 0.5) in approximate clare [ d

tion with the non-flaring disk model dfletchev et al(2005. o2r Jabsorption

Augereau & Beus(2006 inverted the visible and near-IR scat- oof

tered light profiles to study the grain properties and find the 14

scattered light is reflected at grains with sizes mainly leetwv

0.1um and 1um. However, they require only about2Dth of 1.2

the total disk mass to account for the scattered light. 10

The dynamics of the grains were included 8yrubbe &
Chiang (2006 into their models and led them to explain the 0.8
observations with a “birth ring” at about 40 AU, where larger
planetesimals of about decimetre size are located. Bysgmiis
of these planetesimals the submicron sized grains are peddu 0.4
which then, depending on their size, the radiation pressbee
gas content of the disk and the stellar wind, are expellech fro “\iabsorption 9=07 Lo -
the system or dragged into AU Mi&trubbe & Chiang2006 0.0 ‘ ‘ ‘ ]
conclude that AU Mic’s debris disk is dominated by destmuecti 50 100 150 200
grain-grain collisions and that the inner part of the disigely Wovelength (A)
void of submicron sized grains. These small grains mainhupo Fig. 1. X-ray transmission curves for fiierent absorbers usirtgmabs
late the outer part of the disk and resultin the blueish aggpez  from the PINTofALE-package based on the dat@afucinska-Church
of a debris disk relative to the star, since submicron sizathg & McCammon(1992. Top: Absorption by cold gas with solar abun-
provide the largest fraction of the scattered ligite¢chev et al. dancesMiddle panel: Gaseous carbon absorptidottom: Absorption
2009. In contrast to the scattered light, the IR excess is caugdgcarbon grains. The individual curves are slightly shifetong the
by larger bodies because the mass of the submicron sizewsgraidirection to maintain clarity. The C-K edge is located at48. For
is too low to account for the observed emissiBitgerald et al. the grain absorption, the column density gives the totallemof car-
2007). Augereau & Beus(2006) already noticed the need toﬁgg g‘ft‘;:gﬁtacli‘;gge:&i '(')r:]etﬁ;z?ahi; ;hzeereifgre\'l;rr‘g Qlémbem’tfr‘gzggi‘:
increase their disk mass c_ierlved from the s.cattered ligh to sion curves for a fixed column density. For comparison, tteheld line
prodgce_the SE,D' The _Vo'd of sma]l grains in the inner part the gas absorption panel describes the transmissiorriobicgrains
the disk is consistent with the polarisation datazshham et al. \yith N. = 3 x 101 cm2.
(2007 and the near-IR data #itzgerald et al(2007), who de-
rived an upper limit on the mass of submicron sized grainisén t
inner zone of the disk of 6 M.

0.6

\ | ~ .
\ i S
N :Carbom grain -

0.2

o

the dfects of X-ray absorption on the transmission curves fi

different column densities and the resulting soft X-ray spettrt
2. The role of X-rays near the carbon K-edge and out to 200 A | i.e., in the band pi

) o _exclusively accessible to tehandra LETGS. We specifically

The disk models strongly suggest that AU Mic is directly shintonsider the case of cold gas absorption with solar aburesan
ing through its disk, therefore, absorption features eelao the (Fig. 1, top panel), the case of a pure carbon absorber with v
disk should in principle be present in the observed spectrujjys column densities (Figl, middle panel), and the case of
AU Mic s strong X-ray emission make this system a prime tagarbon absorbers locked up in various grain sizes (Eidpot-
get to search for X-ray absorption features from a circueflest tom panel); clearly, for an absorber significantly composéd
disk. The dominance of dust lets us expect a substantial Bmograins, self-shielding within the grains becomes impdrfan
of carbon in AU Mic s d|Sk, and .thUS we examine the |nﬂuenc@]e calculation of its transmission properties (See AppeAd
of carbon on an X-ray transmission spectrum. in Wilms et al. 2000. From Fig.1 (bottom panel) it is clear that
graphite grains with sizes around @uh are ideal to derive col-
umn densities from the carbon absorption edge, because t
are so small that self-shielding is unimportant; the detigel-
X-ray transmission spectra contain absorption featunesctly umn density represents (almost) the number column denkity
related to individual elements and, therefore, can be usedcarbon. With increasing grain sizes, the absorption featap-
probe the elemental composition of an absorber (digastro proach that of grey absorbers and grains with sizes in exafes:
et al. 2005 Williams et al. 2007. In particular, X-ray transmis- 10um are virtually completely grey at X-ray wavelengths witt
sion spectroscopy allows an assessment of the carbon colwnty a marginal reduction of transmission. Therefore, thee:
density in the disk of AU Mic. In Figl we therefore illustrate spondence of absorption edge depth and column density hc

2.1. X-ray transmission in the disk of AU Mic
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strictly only for gas and small grains, while it breaks doven f 2200 ) )
unknown grain sizes (in particular for size8.3 um).

Figurel also illustrates that it is virtually impossible to re- 400 - : : )
construct the elemental composition of an absorber fromehe ! '
duced transmission outside the absorption edges. The sffiape = 3sof -

the reduced transmission at longer wavelengths can be min £
icked by choosing appropriate column densities for almust e
ery composition, e.g., thefiierences in transmission between a
pure oxygen or a pure helium absorber in €wandra LETGS
wavelength range longwards of 50 A is less than 10%. Note the

iy 4\

I} Y - {\

only very few narrow absorption lines are available in theeoaf 320][\} {;% {‘{\ '}’,}' } } S \f :
\\} , ‘\}, \}I

360

340f--

Count rate

(low ionised) disks. In particular the 1s-2p transition®gr§gen
(23.5 A) and carbon~44.8 A, estimated from the &energy) 300
are available\\vilms et al. 2000Henke et al. 1998

In the case of an absorber with solar abundances the absor
tion due to H, He and O reduces strongly the transmissiomarou
the absorption edge of C, however, the flux ratio between bdtlg. 2. LETGS zeroth order X-ray lightcurve of AU Mic. Time repre-
sides of the edge depends only on the actual carbon column deitts the time after the start of the observation (MJ2643.506).
sity. For a column density dfiy = 10°* cm™2 assuming cold gas
with solar abundances, the transmission is reduced by arfact;oms. The number density of carbon atoms in the line of sight
of 20, but the transmission at the low energy side of the C—Kihen
edge is about twice that of the high energy side, yet thetiagul
low flux level makes it virtually impossible to measure theite -2 ~015 7x 10 *g/cn?
of the C—K edge. Therefore, using the carbon absorption ec{él%_ e~ T 12x 1.66x 10 2g
requires carbon to be strongly enhanced in the absorbeaso th . . .
it contributes significantly to the absorption without theerall WhereXc is the mass-fraction of carbon (15%) amd is the

reduced transmission by other elements. mass of a carbon atom. o )
From Fig.1 it is clear that such column densities should im-

pose strong feature on the transmission spectrum deteetéthl
2.2. The mass column density of AU Mic aChandra LETGS observation.

Time (ks)

=5x10%cm2, (2

The range of possible disk masses and hence column densiéie?) . . . .
for AU Mic is relatively narrow. The dferent methods indepen-=- OPservations, data reduction and immediate
dently point to a total disk mass of@L M, (=6 x 10 g, cf., results
Sect. 4.1 in France et al. 20Q7Fitzgerald et al. 2007 how-
ever, the distribution of this disk mass between small graimd
larger bodies and their locations are not particularly welh- Au Mic was observed on 30 June 2008 with €teandraLETGS
strained. The most recent disk models including the grain d{Obs-ID 8894). The total exposure time was 50 ksec and tlze dat
namics attribute less than a tenth of the total mass to smaafigy reduction was carried out using CIAO Br(scione et al. 2006
while most of the mass is stored in larger bodies with siz&8he photon detector of the LETGS is the HRC-S, a micro-
up to~10 cm. In order to test these scenarios we calculate tbieannel plate, which does not provideftzient energy resolu-
mass column density by distributing 0.04; uniformly within  tion to separate the individualftfiaction orders superposed on
the inner zone of th&rist et al. (2009 model (10 AU-50 AU, the same detector area. Therefore, to allow an analysiseof th
h~ 2 AU), i.e., the zone where the dust causing the infrared edata with standard tools like XSPE@rhaud 1996, we con-
cess should be located. The mass column densigygiven by  structed new response matrices including up to ninffradi-
tion order contributions following the instructions giventhe

3.1. Observation and data reduction

M M M CIAO thread$ (see AppendiX). Line fluxes were obtained us-
oc=—d = — (ro—-1)=—""— (1) ing CORA which accounts for the Poisson character of the data
v 7h(rs — ) 7h(ro +1i) (Ness & Wichmann 2002
~ 7x10g/cn?, We experimented with the “standard” filters (light, medium

and heavy) and with the ne@in Map and Pulse-Height
filter2. Around the carbon edge, thefdirence in the background
fraction is only a few percent between the light and mediuterfil
while significant for the new filter; we list the correspongliral-

whereM is total disk mass within 50 AUV is the volume occu-
pied by the diskd is the line of sight and, andr; are the outer

and inner radii of the considered region, assuming no s@mifi ¢ in Tablep. The figures and numbers given in the text pertain
contribution of larger bodies. to the standard light filter, unless otherwise noted.
As discussed above, the associated X-ray absorption é&satur
depend on the chemical composition of the disk and the grain .
sizes and shapes. Althoutoberge et al(2006 found that in 3-2- Global plasma properties
thep Pic disk the chemical composition might deviate from solgp Fig. 2 we show the zeroth order X-ray count rate of AU Mic

by factors of a few with carbon being overabundant, we assume time; obviously, the light curve is more or less constant
for the AU Mic disk that H and He are virtually absent and that

the mass is stored in the remaining elements with solar abunhttp://cxc.harvard.edu/ciao/threads/hrcsletg_orders/
dances. This implies that15% of the mass is stored in carbon? http://cxc.harvard.edu/contrib/letg/GainFilter/
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1000

Counts/0.05A

Wavelength (A)

Fig. 3. The measured spectrum in the spectral range relevant fangigsis. Shown is the sum of the positive and the negatii'adiion order.

during the first 40 ksec of the observations, afterwardsetiger Table 1. Coronal properties of AU Mic .
a small flare-like increase. We do not treat this increasa-sep

rately but analyse the observation in total. In Figwe show Property Value
the recorded LETGS spectrum up to 120 A; sub-regions will be Ni 2x10%cm?
shown individually in the next sections. AU Mic 's X-ray spec KTy 0.29 + 0.02 keV
trum is typical of an active star, showing the strong Ne emis- EMy 7.5 >§M}4061 cm®
sion features and a strong OVIII Lyine; the carbon Ly line is KT, 0;63?0103 k‘iVms
also quite strong. The OVII triplet between 21.6 and 22.1 A as %"2 llg-jgés}fe\f
well the Fe XVII feature at 15.03 A are relatively weak as well EM33 56715 % 1 0FL oP
as all features attributable to N; we do point out the emissio Element ~Abundance
lines between 90 and 120 A attributable to highly ionisedh.iro C 09+0.3
We used XSPEC to fit the X-ray spectrum using a combination N 0.8+0.3

of three APED models (variable abundanc@siith et al. 2001 o 05+02
with one absorption component. The increasing backgrotind a Ne 1393
longer wavelengths make these bins less useful for therspect Si 03+01
analysis. We therefore restrict the wavelength range toegbe- FSe 00121%6

-0.04

tween 5 A and 35 A. Using the full wavelength range does not
influence the two low temperature components; only the biestyjotes. Abundances are given relative to thatAdplund et al. (2009
temperature of the high temperature component doubles.if hiand 90% errors are given.
mainly driven by a single, somewhat strangely shaped Fe XX
line at 132.85 A. Furthermore, the abundances of Mg, Al, Ca
and Ni (low FIP) were coupled to that of Fe in order to dea promising absorption feature in ti@handra LETGS wave-
crease the number of free parameters. The thus obtained fitlemgth band. In this region, the line emission is relativatyall
sults (listed in Tabld) show the inverse FIPect usually found compared to continuum emission. The oxygen edge, locatec
in M-dwarfs (Robrade & Schmitt 2005The temperature struc-23.1 A (536 eV), is also a good candidate, but with an e
ture and the abundances compare well with a fit performed wilanced line-to-continuum ratio. This increases the esorse
the XMM-Newton RGS-data of AU Mic (Obs-ID 0111420101).the prediction of the line emission is not possible with the r
quired precision. Unfortunately, the Yin shield of the HRC-S
also contains a large amount of carbdix (= 108 cm2) lead-
4. Absorption at the carbon edge ing to an instrumental feature very similar to that of expdct
interstellafcircum-stellar carbon absorption. Still, the high cor
The carbon K-edge at 43.6 A (284 eV, i.e., the energy needilium fraction of the first order emission around the C—Keedj
to expell a K-shell electron from an isolated carbon atom) ieakes this region more promising than the O—K edge.
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60,

Table 2. Contributions at the C—K edge (summed continuum and line
emission).
501 A
Contribution Wavelength range
3043 A 44-48 A -
Light filter: 12 40r 1
Total counts 6495 2593 3
First order emission 1546 23.8% 1014 39.1% S
Higher order contribution 569  8.8% 172  6.6% £
Background 4251 65.4% 1287 49.6% 5
Gain Map and Pulse-Height filter: 20 )
Total counts 4582 1939
First order emission 1467 32.0% 949 48.9% !
Higher order contribution 565 12.3% 173 8.9% 10t : N e B | |
Background 2376  51.9% 705 36.4% ‘ ‘ ‘
30 35 40 45 50
Notes.Listed are the total counts of the complete model (sum of-posi Wavelength (4)

tive and negative diraction order). Top is the result from the standard.. L
light filtering and in the bottom the corresponding valuestfe new ?:'g' 4. Model and data around the C—K edge (sum of boffratition

Gain Map and Pulse-Height filtering are shown. orders).

4.1. The model 3o

As is obvious from Figl the height of the C edge does depend
sensitively on the carbon column density (and on the graesi 10p
Therefore our basic idea to measure the height of that edg®e is
follows: We divide the wavelength range around the C edge int §
a low (44-48 A) and a high energy band (30-43 A) and sum uj2
the counts in these two bands to increase the signal. By con'g
paring these two count numbers with models containing fipeci
amounts of carbon absorption the best fit carbon column gensi
can be found.

We do not extend the wavelength range to longer wave 13} ]
lengths since these longer wavelength bins are close tetieed 12t

Coun

tor gap at 50 A of the negativeffiaction order, where the data 11t
is less reliable. We also exclude the immediate region atthm 39 = N i =0
edge and around the 1s-2p carbon absorption kdd @ A) be- Wavelength (A)

cause of the relatively little known fine-structure of thebman . o
absorption edge. Exclusion of a larger wavelength regionrel  Fi9: 5- The different contributions to the measured counts around the
the edge does not change the results significantly (See7F.ig.bC_K e(.:lge.Top. First order emissiormiddle: Higher order contribution.
f - - . ottom: Background.
Increasing the amount of carbon in the line of sight, chatiges
flux-ratio between the low and high band; since the the change
in transmission in the low energy band is comparably smal, w
normalise our model to match the low energy band. Therefore The continuum is the simplest component since its shape
we carry out only a dferential analysis. around the C—K edge does not change noticeably for reasonabl
For our modelling of the recorded spectrum above and bel@anges in the plasma properties. The main spectral comggone
the carbon edge we consider the following four components are known from our global spectral modelling, but changiog,
contributors to the counts around the C—K edge. example, the temperature by about 50%, changes the number of
. . counts left of the carbon edge by less than 2% (50 cts), while
1. The continuum emission. preserving the counts at the right side of the edge by chgosin
2. The superimposed line emission. ) an appropriate normalisation.
3. The higher diraction orders which cannot be filtered out rpq yreatment of emission lines is less straightforward. We
due to the low intrinsic energy resolution of the photon dessimate that contribution of the firstfitaction order emis-
4 t_ﬁ(}:tor (T]RC'Sé'b " d of the LETGS due t . sion lines is not predictable with a better than 10% accuracy
’ errgr%?tr?g(;ﬁcro?cchg;ggrplz;e dgtector uetoa W'”%erefore, a region of 0.2 A around each strong line (based
’ on our XSPEZAPED emission model) was excluded from the
In the following we describe our modelling of the individuatwo energy bands thus removir@8% of the line flux of these
components and discuss their accuracy; the given errotaiperstrong lines. Only 65% and 73% of the available bins are there
to the higher energy side of the edge while the numbers irkbradore used in the 30-43 A and 44-48 A range, respectively. As
ets correspond to the lower energy side. Since the models areonsequence, the ratio between line and continuum emissio
normalised to match the low energy side of the edge, an errebelow 10% in the high and low band. In addition, the remain-
at this side will also influence the number of predicted cewant ing counts from unresolved lines are predicted from the siaris
the high energy side of the edge (by roughly the same amoumtpdel and are added to the model as a correction; these nsimber
Figure 4 shows the complete model and the individual modélirn out to be 50 and 35, respectively. Taking this numbes as
contributions are shown in Fig. conservative estimate of the error, the impact of theses lore
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Fig. 6. Data and model for the sum of the positive and the negatiiotons (negative count number) as a function of the asswaed
diffraction order. Note that the model is not based on a physicalein bon absorption column density in the model. The flatteninghef
(except for the continuum and the absorption). curves indicates that the flux will, eventually, be comgiethsorbed
in the considered wavelengths range for even higher coluensities.
The dashed line is the average of the positive and negatiler asing
the newGain Map and Pulse-Height filtering. The dashed-dotted
the derived carbon column density is quite small, therefaigp !iné is the result using the wavelength ranges 3042 A and@-
the influence of “unknown” lines ought to be small. The statistical errors reflects only first order errors. Fdisgussion of

the errors see Seet.2
The third difraction order of the LETGS is the strongest

higher order contribution to the region around the C-K edge,

since the second fiiiaction order is suppressed by the grating.2. The influence of carbon absorption

design. Unfortunately, AU Mic being an active star, the Ne IX . )

and Ne X lines are quite strong, and their third order comptme YaTying the absorbing carbon column density changes the+ra
are easily discernible in our LETGS spectrum (cf. middlegbanMission curve in the whole wavelength range (see Eig.
in Fig. 5). However, first and third order are always measured jerefore, it is necessary to re-adjust the continuumtiane
multaneously, thus, by fitting the stronger (identifiablegs in- the amplitudes of the emission lines for the higher orderco
dependently in the wavelength range shorter than the C— edfibution to construct a new best fit model. The influence ef tt
provides the desired description of the higher order coimtam Carbon absorption on the low-energy side of the edge is re
tion. The selection of the lines is based on the APED model (sively small (cf. Fig.1), therefore, we tuned the models so the
Sect.3), the Chandra HETGS spectrum of AU Mic  and on this region matches the data by varying the continuum narmz
the lines visible in the Capella spectrum (Capella is a calib Sation of the model. The normalisations of the models witl ze
tion target of the LETGS, thus providing about 400 ks of da@Psorption antc = 2 x 10'*cm 2 differ by about 20%. Due to
and has an approximately comparable temperature struasurdN€ Strong line emission (there are not many wavelengtionsgi
AU Mic). Note that this method is utiected by the uncertain- Without line emission at shorter wavelengths) and the ireitt
ties of the spectral model. FiguBeshows the model of the wave-Of these lines, this does not noticeably change the fit-tyiali
length range which provides the strongest contaminatigheat the shorter wavelength region. Having thus fixed our model
carbon edge; 97% of the photons in this range are includeddfcount for the number of counts at the low-energy side of t
the model. Taking the remaining 3% as a measure for the &&/bon edge, we can compute the model counts on the high
curacy of the higher order model, these 3% correspond to ofigY Side of the carbon edge as a function of the assumedrear
12 (4) photons not contained in the higher order model batwegd!umn density and hence, by comparison with the observati

30 A and 48 A. We can therefore neglect thiteet on the de- the missing model counts, since increasing the carbon aolu
rived carbon column density compared to the other fact&es IidenSIty leads to a more and more relatively red_uced modeitco
number below the edge. The dependence of this number of m

the statistical noise or a potential error in the higher odiférac- . : .
S olseorap € ghe ¢ ing counts in the model on the assumed carbon absorptior

tion efficiencies, which would for a 10% erforesult in an error . h . .
on the 30 count level (6 cts) graphically displayed in FigZ. Depending on the accepted accu
) racy of our model we can readfdhe maximum number of car-

F ;I'het I?stthcotr)npinent éo_ colnst_idelr is _fthe _ba;(r:]kgroun on atoms along the line of sight assuming gaseous absorp
ortunately, the background Is relatively uniform in thevea (i.e. no self-shielding). If grains cause the absorptiotgrger

length range between 30 A and 48 A. Since the bins in theymper of carbon atoms in the line of sight is required to pred

a|ine-free"¥ regions are all summed up, the impact of the $h0kne same number of missing counts. Explaining gaseousgbst
scale variation should be further reduced. The largestlenob tqn with Nc = 10'8 cm2 requires a 1.3 times higher numbe

of the background in this analysis is the enlarged count ®IMys carhon atoms in the line of sight forlum sized grains, a

leading to an increased _statistical uncertainty which ameto 1 g times higher number for®um and an almost 5 times higher
about 50 (30) counts. Since the models are tuned to match fignper for 10 um grains.

longer wavelength side of the edge, the combined statigtiea  cqjlecting the errors attached to the individual model con
ror is ~75 counts at the high energy side of the edge. ponents, we estimate an overall error of approximately 300 (

counts. We cannot simply add the error of both sides of the ed
3 http://asc.harvard.edu/cal/ since it is rather unlikely that the same error-source tesulan
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erroneously increased number of counts at one side of the edg
while, at the same time, underestimating the counts at ther ot r - 1
side of the edge. Therefore, we conclude that a robust estima Fe xvil 93.92 A
of the error is about 200 counts bz < 10 cm™ (for pure r ]
carbon gas).

The result shown in Fig7 suggests only a small amount L i
of carbon-atoms along the line of sightl{ ~ 107cm™), .
which might be supported by a slight deficit in counts arounde
the carbon 1s-2p absorption line. However, this is probably
only a statistical fect since this fect is reduced by using the
strongerGain Map and Pulse-Height background filtering
(see dashed line in Fig).

Fe XVIII 103.94 A

@

Fe XVIIl 16.08 A

5. Constraining the total absorption T T

The method described abovéars the ability to directly con- o0 (179

strain the column density of carbon in the line of sight. |t isFig. 8. Ratio of the line-fluxes to the Fe XVIIl 14.21 A line us-

on the other hand, not useful to set tight contrains on the “tthg Gaussian-like emission measure distributions with athviof

tal” absorbing column density since only a narrow wavelbngtod(T/K) = 05.

range is inspected. Emission lines located at largeffeidint

wavelengths better utilise the large wavelength coverdgleeo

LETGS. Usage of a single element and ionisation stage redugfiproves the upper limit tdly < 4 x 10*8cm2 (10). Instead of

the dependence on the reconstruction of the abundancebanchging one single ion, we checked the ratio of the two stranges

temperature structure of the corona. o Fe lines at short and long wavelengths (Fe XVII 15.02 A and
A good candidate for such a study is Fe XVIll with lines agg yy 135 g5 A). Their ratio depends more strongly on the tem-

14.21 A (blend of 14.2060 and 14.2085 A), 16.08 A (blen : - ;
; NBerature structure with predicted ratios (132.85402 A) be-
of 16.0760 and 16.0913 A), 93.92 A and 103.94 A. Assumirlgleon'1 o (logT = 6.5) and 2.0 (logT — 7.3) for a shal-

that all these lines are produced in the same environmemt, EMD (AT = 05). However, their resulting upper limit is

relative fluxes of these ions depend only weakly on the tem: : ; 8 cmr2) than that f th
perature structure; the dependence on the density is Wtuarggli\s/lllﬁ]m%glgher (i < 6 10 em?) than that from the

negligible for densities around, ~ 10 cm3 as usually T ) )
- e X-ray absorption at wavelengths of around 100 A is
found in stellar coronae (e.gless et al. 2002 Unfortunately caused mainly by He atoms. The upper limit on He from the ob-

the stronger Fe XVIII lines at shorter wavelength are blmdeserved line fluxes bl < 6 x 1018 cm 2 assuming that the ab-

While the 14.21 A lines dc_) posses only small contnbunorgsormion is caused exclusively by He aid < 14x10%cm-2 for
from the 14.17 A Fe XXl line and the Fe XVIll doublet aty pure Hydrogen absorber. Similarly, upper limits on therabu
14.26 A, the 16.08 A is blended by the strong O VIl doubljance of other absorbing elements can be derived under-the as
at 16.00 A and a Fe XIX line at 16.11 A, which amounts t@umption that they are the only absorbing species.
about a fourth of the Fe XVIII emission for the temperatures i The analysis of the absorption towards Capell€Gayet al.
question. The derived fluxes of the short wavelength lines ab00g using a comparable method has an error of about a
comparable to the available HETGS data (Obs-ID 17). factor of five lower which is consistent with the larger data
The Chianti packagédere etal. 1997L.andi etal. 200pwas  pase available for Capella which is a calibration targethef t
used to predict relative line fluxes. To investigate the terafure  chandra LETGS.
dependence of the relative fluxes, a Gaussian fit of the enissi
measure distribution (EMD) of Append&was performed. The
line ratios were then calculated for Gaussian EMDs wittedi
ent peak temperatures and widths, e.g. the peak tempevedare
changed up ta log(T) = 0.4 (see Fig8). The measured fluxes Neither the edge based method nor the line based method are
(sum of both LETGS orders) of the above lines together witible to find significant absorption along the line of sightacss
predicted ratios (the 14.21 A line normalised to 1.0) aredls AU Mic. For both methods, the statistical error overwhelis t
in Table3. error caused by the incomplete models. This is clear by mspe
From the diference between predicted and measured coutits of Table3 for the line based method but is also true for
the required hydrogen column density (assuming solar abuhe edge analysis. The detectable carbon column density fro
dances) can be calculated. The resulting ranges are listecan analysis of the edge height is.550 x 10" cm~2 for artifi-
Table3, they include the uncertainty in the reconstruction of theial stars with X-ray fluxes within a range of five around thit o
temperature and the statistical error. The influence ofdopted AU Mic (50 ks LETGS exposure). This value decreases only
temperature structure is small compared to the statisgtitals. slowly for even higher X-ray fluxes and “saturates” Mg ~
Comparison of the line fluxes from the standard filtering dnad t 3x10'7 cm2 due to the potential error in the higher order contri-
of the newGain Map and Pulse-Height filtering shows that bution (see AppendiB). The edge-method provides a direct up-
both values agree well. However, the upper limits from theger limit on the carbon content of the disk without any assump
fluxes are higher than that from the light filtered data sihedrt tion on the absorber. Its limit is about that provided by tihe |
line fluxes at longer wavelength are lowdli{ < 11x10"®cm?).  based method assuming that only carbon is in disk, i.e.utzlc
Summing the line fluxes of the short wavelengths lines amaly the maximum carbon column density allowing the detectio
combining the upper limits of the two long wavelength linesf the line-flux from the long wavelengths Fe XVIII lines.

6. Discussion
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Table 3. Strong Fe XVIII lines and measured fluxes.

Wavelength  Measured flux ~ Measured flux Ratio to Predicted Corresponding  Corresponding
(10-5phyc?/s) 14.21 A Ny (10 cm?)  Ne (107 cmr?)
1421 6.3+ 1.4 6.3+ 1.4 -
16.08 57+ 1.3 6.3+ 1.0 0.9+ 0.3(1.6: 0.3) 0.8
93.92 28.9+ 3.7 25.8+ 3.3 46+1.1(4.1+1.1) 3.9+03 0-7 0-8
103.94 11.1+ 3.4 9.7+£2.7 1.8+0.7(1.5£0.5) 1.4+0.1 0-8 0-10

Notes.The values for the ne@ain Map and Pulse-Height filtering are also given. Their corresponding ratios aregin brackets in the ratio
column while the values in the columns for the correspondingprbing column densities are based on the standardfilfdew Gain Map and
Pulse-Height filter; ® plus 0.2 blend.

Two measurements of H (atomic and molecular) restritte disk larger grains hold the mass as predicted by binttp-ri
the total hydrogen column density in the line of sight toveardscenarios.
AU Micto Ny s 4x10cm2 (mainly Hp, Roberge et al. 2005 Roberge et a2005 state that they find weak signs of kb-
From this value, only % 10'8cm2 are atomic hydrogenfood sorption on the order of #8cm2 in their UV data. To reach this
et al. 2005. Note that the conversion of molecular hydrogen tievel with theChandra LETGS setup, longer integration times
Ny in stellar disks is uncertain (e.dg<amp et al. 200, while are required. For Capella, a calibration target of the LET(GS
molecular hydrogen is orders of magnitude less abundant thd, ~ 10'® cm=2 range is accessable. However, it seems unlike
atomic hydrogen in the nearby interstellar mediuhx(200 pc; to reach down td\Ny ~ 10 cm=2 with the present instrumen-
Lehner et al. 2008 The location of the fluorescentHletected tation as would be required to safely distinguish a hypathét
by France et al(2007) is not necessarily along the line of sightcircum-stellar H component in thé\y ~ 108 cm™2 range from
and leaves space for an additional bt contributing to the flu- the interstellar atomic H absorption.
orescent H emission.

X-rays are sensitive to both, atomic and molecular, hydro-
gen. b absorption is about 2.8 times stronger than that of a sifppendix A: Higher order response matrices
gle H atom Wilms et al. 2000. Furthermore, the X-ray absorp-  for XSPEC
tion is insensitive to the excitation state of.H herefore, the & ) . - .
upper limit from the UV measuremeni(, < 17 x 108 cm2) The response matrices contain the probabl_lltles d(_esgllmw
corresponds to aboty < 50 x 101t3cm—5 in soft X-rays; the the dgtector w_|II respond_ on a photon with a given energ
same order as the upper limit derived from the line fluxes a§cluding the higher diraction orders therefore requires to ad
suming a pure hydrogen absorber. The X-ray upper limit on aflditional probabilities at two, or more times the rest wav:
also includes Hin the line of sight located in the inner and outeleNdth. Since the resolution grows with the order numbereth
part of the disk which might have fiiérent excitation stages and®'9y 9rid needs to be refined accordingly. The FITS-spetidica
therefore complements the upper limitRbberge et al(2005. for response files (CAIGEN92-002) already includes the con-
Furthermore, the detected line fluxestat 100 A can be trans- cept of wavelength groups which are ideal to reduce the size

lated to upper limits on other elements restricting the/gasall the final response matrix.
grain content of the disk, e.g., that of carbon in gaseous ford
small grains ¢ 5 0.3 um, see Tabl@). Appendix B: Carbon detectability

To estimate the detectability of carbon absorption fromettige
7. Summary height, we need to quatify the fEérent error contributions as

We analysed the impact of absorption caused by AU Mic’s d@-function of the source count-rate. Concerning the errer d
bris disk on its observed X-ray spectrum resulting in thiepas to unknown unresolved first order emission lines and unct

limits on the column densities for hydrogen, helium and oarb f@iNties in the temperature structure, we regard a coelat
with the statistical error as realistic, since better datalq

— Ny < 2.8x 10“cm2 (pure H absorption) ity enables a more precise temperature reconstructioniand
— Nue < 1.2x 108 cm2 (pure He absorption) turn, a better model for the emission lines around the carb
— Nc < 108cm™2 (pure C absorption). edge. However, the detailed dependence on the source tent:

might be more complicated. The higher order contributi@ies
Assuming an absorber with solar abundances, the upperiéimitvith the source flux; therefore, its error scales also lityeaith
Ny < 10 cm2, which is about a factor of five higher than thethe first order flux since calibration uncertainties domenidie
pure interstellar value. The statistical error caused hyntiog error. FigureB.1 shows the minimum detectable carbon colum
statistics and the high background prevents to set lowdtslim density for diferent source fluxes assuming a pure carbon dis
while the presented methods are in principle more sensitive It shows that column densities belows310' cm2 can only
Both upper limits are consistent with the idea that thiee achieved for stars that are at least one order of magnitt
AU Mic disk is optically thin in the radial direction as proged X-ray brighter than AU Mic and with a hypothetical 500 ks ob
by recent analyses from optical and infrared measuremamdis, servation. However, the existence of other elements in iie d
in line with current disk models, which assume that the inn@rcreases the detectable column density due to the absoiti
part of the disk is almost void of small grains. The debrishef t the first order flux around the carbon edge. Furthermore -wi
collisions of planetesimals in the “birth-ring” populateaimly  out knowing the composition of the disk, the extra absorptic
the outer part of the disk, where their density is so low thayt changes the continuum slope around the carbon edge and th
escape a detection in this X-ray observation. In the inngrgia fore increased the uncertainty in the carbon column density
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Fig.B.1. The detectable carbon column density by measuring tifég. C.1. The reconstructed emission measure distribution. Thedott
jump height at the carbon edge as a function of the X-ray fluie indicates the Gaussian fit to the EMD.

(0.1 keV-2.0 keV). Here, a pure carbon disk is assumed. Theihes

represent a 50 ks and a 500 ks exposure with the LETGS. Thetsame

perature structure as AU Mic is assumed which determinesitieer (Dere et al. 1997Landi et al. 200pand found that the results
order contribution around the carbon edge. The verticaeddine in-  gre strongly influenced by numerical problems due to the-shal

dicates the X-ray flux of AU Mic. low temperature coverage of the observed lines. Howevén, bo
methods give rather similar results.
Table C.1.Strong lines and measured fluxes. It is clear, that most of the emission is produced in the
temperature range.# < log(T/K) < 7.2. We also show in
lons Wavelength  Flux (18phycn?/s) Fig. C.1the location of the three temperature components from
Si X1l 6.65 45+0.7 the XSPEC fit with APEC models (variable abundances). For an
Ne X 10.24 6.3:1.0 estimate of the error in the relative linefluxes in Séate fitted
“2 ')? gig 43-% ;(1) the emission measure distribution with a single Gaussiam. W
. 2. i i i
Ne IX 1518 32810 can then change the centroid and the width of the Gaussian to

analyse the impact of an error in the reconstructed temyrerat

“2 :;2 g?g ;;i ig distribution on the relative linefluxes.
Fe XVIII 14.21 6.3+ 14 . o
Fe XVII 15.01 18.0+ 1.4 Acknoxt/vle;ige{nenas. Wegbar':/llg Dr._tﬁ.trl;—’érﬁdegl (:\_/IE_I_E();;orTI;:_ndIy pkr%wdlng éhe
opportunity to observe ic wi andra . This work has made
E: i{;ﬁ/o':(\elg(lx 115512% 68‘: 11 use of data obtained from th@handra and XMM-Newton data archives.
oVl 16 '01 17 .6+ 1'5 CHIANTI is a collaborative project involving the NRL (USARAL (UK),
: oE MSSL (UK), the Universities of Florence (ltaly) and Camlged (UK), and
Fe XVl 16.08 5.7+ 13 George Mason University (USA). PCS acknowledges suppamt the DLR un-
Fe XV 16.78 121+ 1.2 der grant 500R703.
Fe XVII 17.10 30.2£ 1.9
o Vil 18.97 110.3+ 3.3
ovi 21.61 29.2+ 2.3 References
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10. Summary and Outlook

Star formation is a particularly interesting epoch ifix > 103 ergs! and relatively high plasma tem-
the life of a star. It determines virtually all lateperatures, i.e., consistent with an activity level in
stages and has a wealth of observable phenomen#ine with their most active but more evolved coun-
terparts. Furthermore, we detected a new point-like
X-ray source whose position matches the jet axis of
10.1 Summary HH 168 better than any other source in the region

. . . . and which might therefore be the driving source of
The observations presented in this thesis CONCRIN 168 The final result of our analysis is a con-

stellar sources of different evolutionary _stages AQftent scenario of this region including the nature of
demonstrate the power of X-ray observations for ttag:e radio sources and the X-ray sources
study of individual aspects of the star formation pro- ’

cess. From the evolutionary perspective, the work )
covers the range from Class 0-1 protostars to WTT&0-1.2  Protostellar jets
My summary starts with the youngest protostars obsi< from deeply embedded sources

served in this thesis and subsequently proceeds to the
older ones. The massive HH object 168 is located in the vicin-

ity of the Cep A star forming region. X-ray emis-
sion from this object was discovered in an XMM-
Newton observation. In ch. 6 we analyzed the first
In ch. 5 the second nearest high-mass star forlkandra observation of this object. Our analysis
ing region Cep A was analyzed for X-ray emistlearly revealed the diffuse character of the X-ray
sion from protostars and from shocks associated wémission, albeit with individual concentrations of X-
their powerful outflows. The objects in this regiomay emission roughly related to radio sources and H
are in a very early stage of their stellar evolutiopeaks within the HH object. We showed that the X-
and their emission is strongly absorbed. Thereforay emission with a temperature o ~ 0.6 keV
radio and infrared observations are the only othisrnot located close to the current bow shock but dis-
wavelength ranges allowing to study these objectdaced against the outflow direction towards the driv-
However, their additional information mostly doesg source. The total X-ray luminosity af x =~

not suffice to unambiguously assign the X-ray emis-7 x 1030 erg/s stayed constant between the two
sion to a protostar or jet shocks. This is particularvailable X-ray observations. We derived minimum
true for HW 2 which is the central and most massiy#asma densities of, ~ 1...10cm™3 depend-
object in this region and which remained undetectety on which part of the X-ray emission is consid-
in X-rays. This high-massM ~ 15 M) protostar ered. These low densities allow long radiative cool-
possesses a high-velocity jet emanating perpendiy times. We therefore discussed several scenarios
ular to its circumstellar disk (see recent results Ippssibly leading to the observed morphology as the
Torrelles et al. 2011). Moreover, we found two Xeurrent position of the X-ray emission probably does
ray sources at opposite locations precisely along iitst indicate ongoing shocks. We concluded that the
jet axis. Whether the X-ray emission indeed peX-ray emission is remnant of internal shocks which
tains to jet shocks or rather traces young stellar dimppened earlier in the outflow history. The required
jects remains unclear. We also found several otherbdgh velocity outflow component might stem from
ray emitting sources with luminosities above roughBpisodic events ejecting high velocity blobs. Recent

10.1.1 The early stages of stellar evolution
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observations with th&pitzer satellite show emissionior of both central X-ray components {@el et al.
lines from highly ionized species indicating a sim2007b). Our detailed analysis of the photon posi-
lar hot plasma component located close to the X-régns of this inner X-ray emission component pre-
emission (Green et al. 2011). Their findings confirsented in ch. 8 reveals a small but significant offset
our derived X-ray morphology. of 0.2’ between the soft and the hard X-ray photons.
The second protostellar jet analyzed for the naurthermore, the offset was aligned with the jet axis
ture of the X-ray emission is HH 154. In contrasind persists over the two years of observations. The
to HH 168, the driving source is known to considatter point, confirmed by the ne@Whandra Large
of a multiple system with at least two protostars ¢frogram devoted to the study DG Tau’s X-ray emis-
sub-solar masses. Our third epoch observation veésn, is of particular interest as it is not compatible
intended to investigate the temporal evolution of thigith simple models predicting that individual knots
X-ray emission. The two available observations indire ejected, shock-heated and moving along the jet
cated X-ray emission continuously coming from thaxis. Therefore, the nature of this inner X-ray emis-
region closest to the driving sources with the mosion complex is still not clear. However, the appar-
apparent differences at larger distances. Our detaigad similarity with HH 154 led us to conclude that
analysis of the X-ray emission of HH 154 presentetdme kind of base or collimation shock is responsi-
in ch. 7 indeed showed that the total X-ray lumino$le for the continuous heating to X-ray emitting tem-
ity of HH 154 is constant over almost one decageeratures (see ch. 7). This conclusion is supported
without any significant change in the inferred plasnigy the rather similar appearance of both jets in high
temperature of abotT =~ 0.6keV. We find that resolution [Fe Il] observations. Nevertheless, the in-
the position of the majority of the X-ray emissiowestigation of this phenomenon is ongoing, and | will
appears stationary and that the trend of decreasiaturn to this topic in the outlook.
photon energy with increasing distance to the driving
source also persists. We compared the trend in the
mean photon energy to the evolution of the absorrotostellar jets summary
ing column density along the jet and showed that the
X-ray emitting plasma is cooler at larger distances boseems that, at least observationally, two different
the driving sources. While the stationary appearariypes of X-ray emission from these jets exist:
can in principle be mimicked by the superposition
of individual knots, we find that a standing shock 1. Concentrated, but possibly still extended X-
more natura”y explains the observations. Observa- ray emission close to the driving source. This
tions at other wavelengths show that the majority  emission appears stationary over years without
of the X-ray emission is located close to the region the proper motion usua”y observed for the op-
where collimation apparently takes place, which fur-  tical knots. The luminosity of this inner X-ray
ther strengthens our suggestion that a standing shock  emission almost rivals that of faint protostars

is responsible for the X-ray emission. (log Lx ~ 28...29).

Jets from further evolved sources 2. Diffuse X-ray emission co-spatial with emis-
The classical T Tauri star DG Tau drives an energetic ~ Sion of cooler plasma , located at larger dis-
X-ray emitting jet. The X-ray emission located out-  tances from the driving source(s). New results
side of the stellar PSF was detected biyd@l et al. indicate that this component shows proper mo-
(2005) and further analyzed ini@el et al. (2007b, tion.

2008). The unusual X-ray spectrum extracted around

the stellar position consists of a hot strongly ab¥hile the origin of the latter X-ray emission is con-
sorbed component and a weakly absorbed soft cosistent with shock heating by an episodic outflow
ponent, which led Gdel et al. (2005) to suggest thatomponent with a very high velocity, this is not ob-
this emission is also related to the jet. This suggeseus for the first kind of X-ray emission. Neverthe-
tion is supported by the different temporal behaless, it might be true as well.
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10.1.3 The circumstellar environment of Debris disks and X-rays

young stars _ , . .
With the currently available instrumentation, the ap-

The gaseous disk around CTTS vanishes in thcation of X-ray absorption spectroscopy to the
course of their evolution towards the main sequen&l9e-on debris disk of AU Mic (see ch. 9) will proba-
and WTTS possess only very little circumstellar galdly not experience further improvements. Increasing
This gas, however, is extremely important for iHoe exposure time will not S|g_n|f|cantly increase th_e
structure of the disk as well as for the dynamics §ENSitivity to the column density. Furthermore, addi-
grains and, therefore, also for the formation of plafional suitable targets are not available. On the other
etesimals. Thus, it is of special interest to measit@nd. it might be possible to use X-ray scattering by
the gas content within the disks around WTTS. gust grains in the disk to investigate the structure of
contrast to the detection of the excess IR emissiBPrs disks. However, this seems problematic for
from the grains, the detection of the gas is not &t Mic as the detection of dust Sca;'ierlng2usually re-
easy task because its intrinsic emission is faint, F#ires column densities afy; > 10 cm™=. Such
edge-on disks, absorption spectroscopy can be usealue is ruled out by our analysis by two orders of
X-ray absorption spectroscopy is sensitive to the g@ggnltude_. The analysis of debris disks, however, is
and small grains content of the absorber and in prfpXtremely important to understand the evolution and
ciple also able to reveal its chemical compositiofPrmation of planetary systems. It is currently not
AU Mic represents the prime — and probably the onffear what causes the inner disk clearing: Is it due to
feasible — target for an X-ray absorption study of @€ formation of large bodies in the disk, is it due to
debris disk. AU Mic is close to the sun, is X_ra)gvaporation (X-rays) or is it due to other processes?

bright and possesses an edge-on disk. Our anali?€ Study of these phenomena will likely proceed
sis of AU Mic’s X-ray spectrum presented in ch. @y infrared observations as the contrast between disk

shows that the upper limit on the amount of gas fi'd star is largest in this wavelength range. Pro-
the line of sight isN; < 3 x 10 cm~2. We can 9rams like GAS in Protoplanetary Systems (GASPS

~

also pose an upper limit on the carbon content of tHéh the  erschel satellite, Mathews et al. 2010) or
disk of aboutNy < 10'8cm2. These values areCores to Disks (c2d Lahuis et al. 2007) address the

~

consistent with results from other wavelength rang&¥!ution from gaseous disks to dusty disks.

and in particular, approximately similar to U¥»

absorption measurements. On the other hand, tRisays from protostars

result complements other measurements as it is sen-

sitive not only toH> but to all atoms in the line of X-ray emission of young stellar objects is an ac-
sight, given that the atoms are not locked into boditi¥e field of research and has already proven to pro-
larger than a few tenth of am. Therefore, it rep- Vide deep insights into magnetic activity of proto-
resents a stringent upper limit on the gas/small-gr&it@rs such as the ubiquitous hard X-rays emission.
content of the disk. While the sizes and the dynamit§is emission is probably associated with a small
of the grains in the disk are not directly assessab§ale magnetic field and potentially early dynamo ac-
our result strongly points towards a disk dominatd@n. Surveys of star forming regions, such as the
by destructive grain-grain collisions. The debris ¢fandra Orion Ultra Deep Project (COUP, Get-
these collisions is then expelled from the system, af@n et al. 2005) and the XMM-Newton Extended

the inner part of the disk is almost devoid of smafurvey of the Taurus molecular cloud (XEST{id2!
grains and gas. et al. 2007a), provided a virtually complete census

of T Tauri stars and associated CCD spectra. The
knowledge of X-ray and also magnetic properties of
younger Class 0/l sources is less profound. As indi-
10.2 Outlook cated in sect. 1.3 the highest accretion rates are ex-
pected during the earliest evolutionary stages. How-
The use of X-rays for the study of phenomena assver, these epochs are also characterized by a dense
ciated with star formation is widespread. circumstellar environment which hampers the ob-
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servation of soft X-rays probably associated wifFihis will allow to address the heating mechanism of
the accretion process or jet emission. Hunting ftre X-ray emitting plasma.
serendipitous X-ray emission from these objects is Mid/Far-IR Spitzer observations of the Cep A
biased towards objects with low absorbing colunstar forming region revealed the presence of many
densities. An unbiased sample of the X-ray emissitines tracing plasma of similar temperature as the X-
properties of protostars including Class O-1 objectay emission (Green et al. 2011). Further steps into
is currently not within reach. Nevertheless, X-rathis direction may avoid the problem of absorption
studies of very young star forming regions such #sat observations of soft X-rays suffer from.
Cepheus A (ch. 5) continue to detect early protostars Concluding this work, | am confident that fur-
in X-rays. This may eventually address the evolther investigation of the X-ray emission from proto-
tion of the X-ray properties in the early evolutionargtellar jets will, firstly, reveal a more precise under-
stages without volume complete samples. standing of the heating process and, secondly, that
this knowledge will allow to precisely locate the ori-
gin of the associated high-velocity component. The
highest outflow velocities pertain the innermost part
Some of the work in this thesis is devoted tof the star-disk system. Therefore, it is reasonable
the nature of soft X-ray emission from protosteto assume that the ultimate cause of the protostellar
lar jets. A particularly missing ingredient areX-ray emission is related to the inner region where
near-simultaneous observations in other wavelenggtellar and disk magnetic fields might interact.
ranges. The jet evolution within a timeframe of a
few years makes a comparison with these comp§~ .
mentary observations complicated as they were u ul-bllography
ally obtained too long bgfore t_he X-ra)_/ observat_ioné.etman, K. V., Flaccomio, E., Broos, P. S., et al.
Thereforg, a more detailed pl_ctgre will evolve if all 2005, ApJS, 160, 319
observations are performed within a reasonably short
time span. Such studies are just beginning with ttBeen, J. D., Watson, D. M., Bergin, E., et al. 2011,
observations of DG Tau ranging from IR to X-rays ApJ, 726, L1+
within about one year. The interpretation of the re- .
cent X-ray data of DG Tau in the context of the neffUdel, M., Briggs, K. R., Arzner, K., et al. 2007a,
observations in other wavelength ranges is ongoing.A&A’ 468, 353
We have obtained PMAS daltsz. DG Tau shortly Gudel, M., Skinner, S. L., Audard, M., Briggs, K. R.,
before the nevChandrq observgtlons and | have al- & Cabrit, S. 2008, A&A, 478, 797
ready begun with their analysis. Moreover, | have
successfully applied for new HST FUV observatior@Gudel, M., Skinner, S. L., Briggs, K. R., et al. 2005,
scheduled for spring 2011. Further X-ray observa-ApJ, 626, L53
tions of apparently stationary but jet related X-ray ,
sources will show whether the apparent stationd@#del, M., Telleschi, A., Audard, M., et al. 2007b,
character of the X-ray emission close to the driv- A&A, 468, 515
ing.so_urce indeed represer_us a special class of X'Laa}ﬁuis, F., van Dishoeck, E. F., Blake, G. A,, et al.
emission from protostellarjets.. ' 2007, ApJ, 665, 492

Furthermore, we have just obtained new
Chandra X-ray data of HH 2, the first detected X-Mathews, G. S., Dent, W. R. F., Williams, J. P., et al.
ray emitting HH object, and | will begin with their 2010, A&A, 518, L127+
analysis as soon as possible. This observation will ,
constrain the temporal evolution of the X-ray emis©elles, J. M., Patel, N. A., Curiel, S., et al. 2011,
sion in a comparable way as multi-epoch observa-MNRAS, 410, 627
tions have for the optical part of the jet emission.

X-rays from protostellar jets

YIntegral field spectroscopy between 6G0and 70004.
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