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Abstract. Several aspects concerning the origin of the very strongy<activity of T Tauri
Stars (TTS) are still not well understood. Important newights came recently from the
Chandra Orion Ultradeep Project (COUP), a unique 10-day I@iwgndra observation of
the Orion Nebula Cluster, and the XMM-Newton Extended Syinfehe Taurus Molecular
Cloud (XEST). Based mainly on the results of these two lamggepts, | will discuss our
current knowledge about the location of the X-ray emittitgatures in TTS, the nature of
their coronal magnetic fields, inferences for pre-mainis@ge magnetic dynamos, and the
relation between accretion processes and X-ray emission.

Key words. Stars: activity — Stars: magnetic fields — Stars: pre-mafueece — X-rays:
stars

1. Introduction etary atmospheres (e.g., Glassgold &t al. P005;

) Wolk et al.| 2005).
T Tauri stars (TTS) are low-masbi(< 2 M) )

pre-main sequence stars with typical ages be- After the first discoveries of X-ray emis-
tweens 1 Myr and a few Myr. They come sion from TTS with the EINSTEIN satel-
in two flavors: the classical T Tauri stardite (e.g.LEeigelson & DeCampli 1981), many
(CTTS) show Hr emission and infrared ex- star forming regions and young clusters have
cesses, which are a signature of circumstellaeen observed with fferent X-ray observa-
disks from which the stars accrete matter. Thieries (e.g.. Casanova ef al. 1995; Gagnélet al.
weak-line T Tauri stars (WTTS), on the othell995; |Preibisch, Zinnecker, & Herbig__1996;
hand, have already lost (most of) their circumEeigelson et all_2002;_Preibisch & Zinnecker
stellar material and show no evidence of ai2002; |Flaccomio et all_2003). While these
cretion. TTS generally show highly elevatedbservations provided important information
levels of X-ray activity, with X-ray luminosi- about the X-ray properties of TTS, there were
ties up to~ 10* times and plasma tempera-also serious limitations. First, the typical sam-
tures up to~ 50 times higher than seen in oumples of X-ray detected objects in each obser-
Sun (e.g.._Feigelson & Montmelle 1999). Thisvation contained hardly more than 100 ob-
strong X-ray emission has far-reaching implijects, too few to allow well founded statisti-
cations for the physical processes in the cical conclusions to be drawn. Second, a large
cumstellar environment, the formation of planfraction of the known cluster members (espe-
etary systems, and the evolution of protoplarcially low-mass stars) remained undetected in
X-rays, and any correlation studies had there-
Send offprint requests to: Th. Preibisch fore to deal with large numbers of upper lim-
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its. Third, especially in dense clusters, the ineluster and produced the most comprehensive
dividual sources could often not be spatiallgataset ever acquired on the X-ray emission of
resolved, and so the proper identification ofoung stars. Nearly all of the 1616 detected
the X-ray sources was flicult or impossible. X-ray sources could be unambiguously identi-
Finally, in most X-ray data sets, only a relafied with optical or near-infrared counterparts.
tively small number of individual young starsWith a detection limit oLy min ~ 10?2 erg'sec
were bright enough in X-rays to allow theirfor lightly absorbed sources, X-ray emission
spectral and temporal X-ray properties to b&om more than 97% of ther 600 optically
studied in detail, and it was not clear whethevisible and well characterized late-type (spec-
these stars really are “typical” cases or perhapsl types F to M) cluster stars was detected
peculiar objects. (Preibisch et al. 2005a); as the remaining%
The basic, still unresolved question conundetected stars are probably no cluster mem-
cerns the exact origin of the X-ray activitybers but unrelated field stars, the COUP TTS
of TTS. Although there is strong evidencesample iscomplete.
that in most TTS the X-ray emission is re- The other large project is the XMM-
lated to coronal magnetic activity, it is uncleaNewton Extended Survey of the Taurus
what kind of structures may be the buildingMolecular Cloud (XEST), a survey of the dens-
blocks of TTS coronae and whether these corest stellar populations of the Taurus Molecular
nae are created and heated by solar-like (aGloud, in X-rays and in the near ultraviolet
though strongly enhanced) magnetic dynam@or details, see¢_Giidel etlal. 2007). The prin-
processes, or whetherfifirent kinds of mag- cipal data were extracted from 28fidirent
netic structures and heating mechanisms are IfMM-Newton exposures with the EPIC cam-
volved. Furthermore, a fundamentallyférent eras, covering a total of 5 square degrees, and
source of X-ray emission may be present iprovided X-ray data on 110 optically well char-
actively accreting TTS: the shocks where thacterized TTS. For several bright objects, high-
accreted material crashes onto the stellar suesolution X-ray spectra were obtained with
face seem to produce soft X-ray emission ithe Reflection Grating Spectrometers.
some TTS (see, e.d., Kastner etial. 2002). Hot The main papers discussing the origin
(2 10 - 30 MK) coronal plasma may coex-of TTS X-ray emission are_Preibisch el al.
ist with cool (€ 1 — 3 MK) plasma in accre- (20054) for COUP and Briggs etlal. (2007) for
tion shocks [(Schmitt et Al. 2005). An impor-XEST. Note that several of the results dis-
tant question, therefore, is whether accretiocussed below were already suspected from the
shocks are an important source of TTS X-ragata of shorter X-ray observations offdirent
emission or only relevant in a few, perhaps pestar forming regions, but were confirmed with
culiar, objects. better data quality and much higher statistical
power in the COUP and XEST data sets.

2. Large X-ray projects on TTS

S . Som neral resul
Very significant progress on these and 0the3r Some general results

questions has been made in the last few yeaxearly all TTS showLy /Ly > 107° and are
with two major observational projects that protherefore much more X-ray active than the Sun
vided unprecedented X-ray data sets on TTS(Lx o/Lboio ~ 107°). There is thus no indica-

The first one is theChandra Orion tion forthe existence of an “X-ray quiet” popu-
Ultradeep Project (COUP), a unique, 10-dalation of stars with suppressed magnetic activ-
long (total exposure time of 838 100 sec) obity. The detection of X-ray emission from sev-
servation of the Orion Nebula Cluster (ONCkral spectroscopically-identified brown dwarfs
with Chandra/ACIS (for details of the ob- (e.g./Preibisch et &l. 2005b) clearly shows that
servation and data analysis see Getmanlet #Hie X-ray activity does not terminate at the stel-
2005). This is the deepest and longest Xar mass limit but extends well into the sub-
ray observation ever made of a young stellastellar regime.
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Fig. 1. Left: X-ray luminosity versus stellar mass for the stars in the ®Qiptical sample (solid dots,
arrows for upper limits) and for the NEXXUS sample of neardistars (open squares, triangles for
upper limits). The thick grey lines show linear regressitsftir the low-massNl < 2 M,,) stars in these two
samplesRight: Plasma temperatures (crosses for the cool compdngntliamonds for the hot component
Txz) derived in the X-ray spectral fits for the TTS in the COUP opitisample plotted versus the X-ray
surface flux. The dashed line shows the relatgrx T®.

The X-ray luminosities of the TTS arel100 knysec, what should cause shocks with
correlated to stellar mass (Fill 1, left) withtemperatures of up to about1(P K, in which
a power-law slope similar to that found forstrong optical and UV excess emission and
the NEXXUS starsi(Schmitt & Liefke 2004), perhaps also soft X-ray emission is produced.
a complete sample of nearby late-type fieldhe expected characteristics of X-ray emission
stars. The plasma temperatures of the COURom accretion shocks would be a very soft
TTS derived in fits to the X-ray spectra withspectrum (due to the low plasma temperature
two-temperature models are shown in the righib the shock), and perhaps simultaneous bright-
panel of Fig.[0l. The temperature of the hohess variations at optighlV wavelengths and
plasma component increases with increasing the X-ray band. Recent high-resolution X-
surface flux. The temperatures of the coaly spectroscopy afome TTS (e.g. TW Hya,
plasma component of most TTS are remarkZ Tau and BP Tau, see Kastner etlal. 2002;
able similar and around 10 MK. Favata et al. 2003; Schmitt et al. 2005) yielded

The TTS generally show high-amplitudevery high electron densitiesi{ ~ 10" cm™3)
rapid variability, with typically one or two very in the coolest (1...5 MK), OVII and NelX
powerful flares [x peak = 10°*-32erg/sec) per forming plasma components, what has been in-

week on each star. terpreted as evidence for X-ray emission origi-
nating from accretion shocks (rather than coro-

4. X-ray emission and accretion nal loops, with their typical densities of ~
109...11 Cm—S)_

4.1. Is X-ray emission from accretion ther th h
shocks important ? However, neither the COUP nor the XEST

results provided support for a scenario in
According to the magnetospheric accretiowhich the X-ray emission from TTS is domi-
scenario, accreted material crashes onto thated by accretion shocks. First, the X-ray lu-
stellar surface with velocities of up to severaminosities of many accreting TTS atarger
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than, or similar to, their accretion luminosities(s 0.5 keV) X-rays emitted from the shock
ruling out the possibility that the bulk of theplasma within or close to the shock zone.
observed X-ray emission from the TTS could’his problem has also been highlighted by
originate from accretion processes. Drake (2005), who argued that for the typi-
Second, the X-ray spectra of nearly all TTSally estimated accretion rates in TTH! (~
show much higher plasma temperatures (typk0 " Mo/yr), the shock is buried too deeply in
cally a~ 10 MK cool componentang 20 MK  the stellar atmosphere to allow the soft X-ray
hot component) than the 1 — 3 MK expected emission to escape and be detected; only for
from shocks for the typical accretion infall ve-very low accretion ratedy < 10-° M/yr) de-
locities. The vast majority of the TTS showtectable soft X-ray emission can be expected.
neither significant plasma components at tem-
peratures below 3 MK, nor indications for soft4 > Th . £x .
(< 1 keV) excesses that may hint towards emis-“" € suppression of A-ray emission
sion from accretion shocks. by accretion

Third, the high-resolution spectra of TTSThe COUP data confirmed previous indica-
analyzed in the XEST project did not show anyions for systematic dierences in the X-ray
evidence for the high plasma densities as egroperties of accreting and non-accreting TTS.
pected for accretion shocks; the derived densfhe absolute as well as the fractional X-ray lu-
ties are onlyne ~ 3x 10 cm3 for BP Tau and minosities of accreting TTS are systematically
Ne < 10'cm™3 for T Tau N and the Herbig |ower by a factor of~ 2 — 3 than the corre-
star AB Aur (Telleschi et al. 2007). Such |0W5ponding values for non-accreting TTS. Also,
densities are not compatible with standard agc-ray activity appears to be anti-correlated
sumptions of accretion shocks. with mass accretion rate. These results were

Fourth, from simultaneous X-ray and opvery well confirmed with the XEST data and
tical monitoring of 800 stars in the ONC,one can thus conclude that the X-ray activity
Stassun et al.| (2006) found that 95% of thef accreting TTS is somehow suppressed.
ONC TTS didnot show any time-correlated  The most likely explanation for this ef-
X-ray - optical modulations that would be exfect are changes in the coronal magnetic
pected if surface accretion shocks were thigeld structure by the accretion process. The
dominant sites of X-ray production. pressure of the accreting material may dis-

These results show clearly that in the vagort the large-scale stellar magnetic field (e.qg.
majority of TTS the X-ray emission must beRomanova et al. 2004) and the magnetospheric
dominated by a coronal component, and ndtansfer of material to the star can give rise
by accretion shocks. Of course, these argte instabilities of the magnetic fields around
ments do not exclude the possibility that acthe inner disk edge. The presence of accret-
cretion shocks may contribusemefractionof  ing material should also lead to higher densi-
the X-ray emission in TTS. Itis critical to noteties in (parts of) the magnetosphere; these high
that the CCD detectors @handraand XMM-  densities may inhibit magnetic heating of the
Newton are not very sensitive to the cooleaccreting material to X-ray emitting temper-
plasma expected from these accretion shockaures. The accreting material will also cool
However, note that the scenario of X-ray emitthe corona when it penetrates into active re-
ting accretion shocks also faces problems frogions and mixes with hot plasma. If the plasma
theoretical considerations. The existence of agets cooled below a few MK, its very soft X-
cretion shocks doesot necessarily imply that ray emission is essentially undetectable for the
one should expedietectable X-ray emission CCD X-ray detectors o€handra and XMM-
from these shocks: according to models dflewton, and thus the observed X-ray luminos-
the shock structure (e.g., Calvet & Gullbringty of the accreting stars is lower than that of
1998), the material above the shock has typicabn-accretors (see also Telleschi el al. 2007).
column densities ok 10?°cm? and should Jardine et dl/(2006) have recently modeled
thus completely absorb and thermalize the sattte X-ray emission of TTS assuming that they
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have isothermal, magnetically confined coroé. X-ray emission, rotation, and
nae. In stars without a circumstellar disk, these dynamos
coronae extend outwards until the pressure of
the hot coronal gas overcomes the magnet&:1. X-ray activity and rotation
field, explaining the observed increase in the
X-ray emission measure with increasing steFFor main-sequence stars, the well established
lar mass. In stars that are surrounded by a citorrelation between fractional X-ray luminos-
cumstellar accretion disk, the outer parts of thity and rotation period (e.d. Pallavicini et al.
coronal magnetic field are stripped by the inte{t981; | Pizzolato et all_2003) constitutes the
action with the disk. This stripping provides amain argument for a solar-like dynamo mech-
good explanation for the observed lower X-ragnism as the origin of their X-ray activity. The
luminosities of accreting stars. existence of a similar relation between rota-
tion and X-ray activity could never be con-
vincingly established for TTS; in most stud-
ies the small number of X-ray detected TTS
5. X-ray emission from magnetic with known rotation periods did not allow to
star-disk interactions? draw sound conclusions. A relation between
rotation and X-ray activity was previously sug-
Another possibility for a non-solar like ori- gested for the TTS in the Taurus star forming
gin of the X-ray emission from TTS may beregion [Stelzer & Neuhauser 2001); however,
plasma trapped in magnetic fields that comew data have now revealed that this is only
nect the star with its surrounding accretiompparent because the Taurus TTS population
disk. The dipolar stellar magnetic field lineds biased toward fast rotators having, on aver-
anchored to the inner part of the accretion diskge, higher mass, thus being brighter in X-rays
should be twisted around because of thedi (Briggs et all 2007). The COUP and the XEST
ential rotation between the star of the disk. Thidata have both clearly confirmed that the TTS
twisting should lead to reconnection eventdo not follow the activity — rotation relation for
that heat the trapped plasma to very hot, X-rapain-sequence stars (see [Elg. 2, left panel).
emitting temperatures and produce large X-ray Theoretical studies of the solar-like— Q
flares. dynamo show that the dynamo number is not
Favata et al.| (2005) performed a detailedirectly related to the rotation period, but to
MHD model analysis for the 30 largest flares more complicated quantities such as the ra-
seen in COUP data. The analysis suggests tiltial gradient of the angular velocity and the
very long magnetic structures (more than a feeharacteristic scale length of convection at the
times the stellar radius) actually are presefiitase of the convection zone. It can be shown
in some of the most active TTS. Such verythat the dynamo number is essentially pro-
large structures may indicate a magnetic linportional to the inverse square of the Rossby
between these stars and their disks. HoweverumberRo (e.g. . Maggio et all_1987), which
for the majority of the analyzed flares muchs defined as the ratio of the rotation period
smaller loop lengths were found. Furthermordo the convective turnover time,, i.e. Ro :=
the COUP and XEST results show that, in gerPt/7c. For main-sequence stars, the theoreti-
eral, the X-ray luminosity is strongly linked cal expectations that the stellar activity should
to stellar parameters like bolometric luminosshow a tighter relationship to the Rossby num-
ity and mass, but does not strongly depend drer than to rotation period are well confirmed
the presence or absence of circumstellar disks.g/Montesinos et Hl. 2001). For large Rossby
as traced by near-infrared excess emission. Thembers, activity rises strongly & /Ly o
bulk of the observed X-ray emission from TTSRo~2 until saturation atlLy/Lpe ~ 107 is
therefore originates probably from more comreached aroun&o ~ 0.1, which is followed
pact coronal structures, presumably with geby a regime of “supersaturation” for very small
ometries resembling solar coronal fields. Rossby number$&o < 0.02.
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Fig. 2. Left: Fractional X-ray luminosity versus rotation period. Thistgompares the ONC TTS (solid
dots) to data for main-sequence stars flom_Pizzolata e2808%) and Messina etlal. (2003) (open boxes)
and the SunRight: Fractional X-ray luminosity versus Rossby number for theGONI'S. The grey shaded
area shows the relation and the width of its typical scattendl for main-sequence stars.

The convective turnover time scale is a serfor main-sequence stars, where the scatter in
sitive function of the physical properties inlog(Lx/Lpo) at a given Rossby number is only
the stellar interior. The use of semi-empiricadbout +0.5 dex (e.g.l Pizzolato etlal. 2003).
interpolations ofr. values as a function of, This seems to suggest that additional factors,
e.g.,B-V color, may be appropriate for main-other than rotation, are important for the level
sequence stars, but is clearly iffstient for of X-ray activity in TTS.

TTS which have a very étierent and quickly

evolving internal structure. o .
, 6.2. Implications for magnetic dynamos
In the analysis of the COUP data by

Preibisch et al. [ (200ba), convective turnovefhe activity-rotation relation shown by main-
times for the ONC TTS were computed fromsequence stars is usually interpreted in terms of
detailed stellar evolution models with the Yalghea—Q-type dynamo that is thoughtto work in
Stellar Evolution Code. The right panel inthe Sun. Solar dynamo models assume that the
Fig.[@ shows the fractional X-ray luminositiesstrong diferential rotation in the tachocline, a
of the ONC TTS versus the resulting Rossbyegion near the bottom of the convection zone
numbers. The plot shows no strong relatiom which the rotation rate changes from being
between these two quantities. All TTS havalmost uniformin the radiative interior to being
Rossby numbers: 0.2 and therefore are in latitude dependentin the convection zone, gen-
the saturated or super-saturated regime of tleeates strong toroidal magnetic fields. While
activity — Rossby number relation for main-most of the toroidal magnetic flux is stored and
sequence stars. However, a remarkabféedi further amplified in the tachocline, instabili-
ence between the TTS and the main-sequentaes expel individual flux tubes, which then rise
stars is apparent in the very wide dispersion @dhrough the convection zone, driven by mag-
fractional X-ray luminosities at a given Rossbynetic buoyancy, until they emerge at the surface
number among the TTS. The scatter extends active regions. The power of the dynamo
over about three orders of magnitude and i§.e. the magnetic energy created by the dy-
in strong contrast to the tight relation founchamo per unittime) is principally dependenton
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the radial gradient of the angular velocity in thenuch more extended (at least seveRa) or
tachocline and the characteristic scale lengtionsist of structures with considerably higher
of convection at the base of the convectioplasma densities than those on the Sun.
zone. Faster rotating stars have stronger veloc- Various observational constraints are
ity shear in the thin tachoclinal layer, causingiow available:[ Flaccomio etlal! (2005) and
the empirical relationship between X-ray lumiiStassun et al.| (2006) used the COUP data
nosity and rotation rate in main-sequence stang search for time-correlated X-ray - optical
Most TTS, however, are thought to be fullymodulations in the ONC TTS. More than 90%
convective, or nearly fully convective, so theof the TTS did not show such time-correlated
tachoclinal layer is either buried very deeplyyariability, what suggest a spatially rather
or does not exist at all. Another kind of dynamtomogenous distribution of X-ray emitting
is thus required to explain the magnetic activityegions on the surface of the TTS. On the other
of TTS. Theoreticians have developed alterndrand, some TTS did show apparently periodic
tive dynamo concepts (elg. Durney etal. 199X-ray modulations with the same period as
Giampapa et al. 1995; Kuker & Rudiger 1999their rotation period|(Flaccomio etlal. 2005).
Daobler et all 2006) that may work in fully con-This detection of rotational modulation in
vective stars. A general problem with these ansbme TTS implies that the dominant X-ray
other models is that they disagree on the typemitting regions of these stars must be rather
of large-scale magnetic topologies that fullysompact, distributed unevenly around the star,
convective stars can generate, and that theyd do not extend significantly more than a
usually do not make quantitative predictionstellar radius above the surface.
that can be easily tested from observations. As mentioned above, the detailed MHD
Therefore, we once again consider the eXnodeling of large flares Hy Favata el al. (2005)
ample of the Sun. Although the solar corosyggested that most of these flares occurred in
nal activity is most likely dominated by thergther compact loop$ € R.) with geometries
tachoclinal dynamo action, this does not Preesembling solar coronal fields.
vent other dynamo processes fraafso op- Another (tentative) clue can be derived
erating. It is assumed that small scale turbyrom the remarkable similarity of the tempera-
lent dynamo action is taking place throughoy},res ¢ 10 MK) of the cool plasma component
the solar convection zone and is thought to bg the cCOUP TTS sample. This 10 MK compo-
responsible for the small-scale intra-networkent seems to be a general feature of coronally
fields. This means that two conceptually disyctive stars (e.d., Sanz-Forcada ét al. 2003) and
tinct magnetic dynamos are simultaneously ORpay be related to a class of very compact loops
erating in the contemporary Sun, although thgith high plasma density, presumably similar
solar coronal activity is most likely dominatedy X-ray bright points on the Sun.
by the tachoclinal dynamo action. It is there-
fore reasonable to assume that in the (nearly)
fully convective TTS, a convective dynamo IS conclusions
the main source of the magnetic activity.

The observed X-ray properties of TTS strongly
suggest that the bulk of their X-ray emission
has its origin in coronal magnetic activity. The
The up to 18 times higher fractional X-ray lu- surface of the TTS is probably covered by
minosities of TTS clearly require that the struca large number of compact and very dense
ture of their coronae must be quiteffiérent magnetic structures, which confine the X-ray
from that of the Sun, where the X-ray emissiogmitting plasma. Magnetic interaction between
is dominated by a moderate number of activéhese regions may be the driving source of the
regions with magnetic field configurations typfrequent and powerful X-ray flares.

ically limited to heights of well below one stel-  In some TTS, very extended magnetic
lar radius. The coronae of TTS must be eithestructure with lengths of 10x R,, which pre-

7. Implications for coronal structure
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sumably connect the star to the circumstelldfeigelson, E. D., et al. 2003, ApJ, 584, 911
disk, seem to be involved. Flaccomio, E., et al. 2003, ApJ, 582, 398
The TTS do not follow the activity-rotation Flaccomio, E., et al. 2005, ApJS, 160, 450

relation seen in late-type main-sequence sta@agné, M., Caillault, J.-P. & St#lier, J. R.

and the action of a solar-like — Q-type dy- 1995, ApJ, 445, 280

namo seems to be excluded by their (nearl@etman, K. V., et al. 2005a, ApJS, 160, 319

fully convective stellar structure. The ultimateGiampapa, M.S., et al. 1996, ApJ, 463, 707

origin of the X-ray activity of the TTS may be Glassgold, A. E., Feigelson, E. D., Montmerle,

a turbulent dynamo working in the stellar con- T., & Wolk, S. 2005, ASP Conf. Ser. 341:

vection zone. Chondrites and the Protoplanetary Disk,

Accretion shocks at the stellar surface can 341, 165

not be responsible for the bulk of the observe@udel, M., et al. 2007, A&A, in press [astro-

X-ray emission in the vast majority of TTS. ph/0609160]

Despite observational hints towards accretiodardine, M., et al. 2006, MNRAS, 367, 917

shock related X-ray emission in some TTS, thiKastner, J. H., et al. 2002, ApJ, 567, 434

emission mechanism seems important (in conlker, M., & Rudiger, G. 1999, A&A, 346,

parison to coronal emission) only in a few ex- 922

ceptional objects. Maggio, A., Sciortino, S., Vaiana, G.S., et al.

1987, ApJ, 315, 687
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