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ABSTRACT

Aims. We studyjet-driving protostarandT Taustarsto characterizéheir X-ray emissionWe seeksoft spectracomponentshatmay
be dueto shockemissionandsearchfor soft, shock-induce@missiondisplacedrom the stellarposition.

Methods. We studytwo stellarsamplesthe rst consistingof lightly absorbed” Taustarswith strongjets,theothercontainingproto-
starswith disksseemearlyedge-onTheformersamplevasobseredin the XMM-Newnton ExtendedSurve of the TaurusMolecular
Cloud (XEST), while Chande archival dataprovided obsenrationsof thelatter.

Results. We con rm the previously identi ed peculiarspectrumof DG TauA and nd similar phenomenologyn GV TauandDP
Tau,suggesting new classof X-ray spectraTheseconsistof alightly absorbedyery soft componentnda stronglyabsorbedyery
hardcomponentThelatteris aring while little variability is detectedn theformer Theabsorptiorof thehardercomponents about
anorderof magnitudehigherthanexpectedirom the optical extinction assuminga standardyas-to-dustmassratio. For theabsorbed
protostarspnly the hard,stellarX-ray components found.

Conclusions. The aring hardcomponentepresentsictive coronalemission ts strongabsorptions attributedto massin o w from
theaccretiondisk. Theopticalextinction is smallbecaus¢he dusthassublimatedatlargerdistancesThelittle absorbedoftcompo-
nentcannotoriginatefrom the samelocation.Becausehe starsdrive strongjets, we proposethatthe X-raysaregeneratedn shocks
in thejets.We nd thatfor thethreepeculiarX-ray sourcestheluminosity of the soft componentoughly scaleswith the equivalent
width of the[O 1] 6300line formedin the jets,andwith the massout ow rate.In the more stronglyobscuredprotostarsthe soft
components entirelyabsorbedandonly the hard,coronalcomponenpenetrateshe envelopeor the nearedge-ordisk.

Key words. Stars:coronae- Stars:formation— Stars:pre-mainsequence- X-rays: stars— Stars:individual: DG TauAB, GV Tau

AB, DP Tau,FSTauAB, HH 34,HH 111

1. Intr oduction

Pre-mairsequencstarsshawv varioussignsof accretiorandout-
o w, suchascircumstellardisksdetectedtradioandmillimeter
wavelengths(e.g., Simon et al. 2000), molecularout ows ob-
senedin moleculadines(e.g.,Bachiller1996for areview), and
accompayping optical (e.g.,Hirth etal. 1997;Eislo el & Mundt
1998)andradiojets(e.g.,Angladal995).Themostvisible man-
ifestationof out o wsaretheopticallyvisiblejetsthatmaybeex-
citedcloseto the stat in internalshocksalongthe massstream,
or atdistancesipto severalparsecasthefaststreamencounters
theinterstellamediumwhereit shock-ionizeshegasin Herbig-
Haroobjects(for areview of Herbig-Haro o ws, seeReipurth&
Bally 2001).Underideal circumstanceglow extinction, strong
ionization), jets can be identi ed at distancesas closeas 0.1%
to the star (Bacciotti et al., 2002). The samecompactjets are
alsoroutinely detectedat radio wavelengths,wherethe emis-
sionmechanisnis thoughtto be bremsstrahlun§rom theshock-
heatedgas(Rodrguez,1995;Anglada,1995).Radiobrightness
temperaturesuggestoverall gastemperaturesf order 10* K.
This pictureis ambiguoushowever, asanumberof non-thermal
jetshave beensuggestefrom radiopolarizationor synchrotron-
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likespectrakhapegYusef-Zadetetal.,1990;Curiel etal., 1993;
Hughes,1997;Ray et al., 1997; Smith et al., 2003; Loinard et
al., 2005).Magnetic elds maythusplay arole notonly in the
launchingof jets, but in their propagatioraswell.

Two principalfamiliesof modelsfor thejet-launchingmech-
anismhave beenproposedThe magnetocentrifugahechanism
(Blandford& Payne,1982;Konigl & Pudritz,2000)positsthat
out ows are launchedon the disk along outward-bent,open
magnetic elds owing to theincreasingcentrifugalforcesalong
the eld linesthatare co-rotatingwith their disk footpoints.In
contrastthe X-wind model(Shuetal., 2000)assumeshat out-
o ws are launchedfrom magnetizedregions betweenthe star
andthedisk.Magnetohydrodynaiuo simulationsshav thatmag-
neticreconnectiomndsubsequentlasmoidejectionmayleadto
eld-aligned out ows (Hayashietal., 1996).

Accretionandout ow processesareproneto producingX-
rays, given that shockswith shock jump velocities of order
several hundredkm s ! are possibleand sometimesobsered.
Accretiononto the staressentiallyextractsgravitational enegy
andtransformsit into thermalenegy throughshocks.Therel-
evant theory has beenpresentedby Ulrich (1976), Calvet &
Gullbring (1998) and Lamzin (1999). Material falling along
magnetic elds toward the stellar surfacewith nearly free-fall
velocity, v , developsstrongshocksnearor within the photo-



2 ManuelGudeletal.: X-raysfrom jet-driving protostarandT Tauri stars

sphere heatingplasmato temperaturesf T~ 3v? m,=16k

52 10°M=R [K] whereM andR arethe stellarmassandthe
stellarradius respectiely, in solarunits, isthemeanmolecular
weight, m, is the protonmass andk is the Boltzmannconstant.
For T Tau stars,heatingto a few MK is thus entirely plausi-
ble (as, e.g., proposedfor TW Hya, Kastneret al. 2002), but
thetemperatures excessof 10 MK thatoften dominateX-ray
emitting plasmasdn T Tau stars(Skinneret al., 2003; Preibisch
etal.,2005)cannotbedueto accretiorshocksRatherhighelec-
trontemperatured pre-mainsequencestarsarecorventionally
attributedto magnetizeglasmatrappedn corona-like or large-
scalemagnetospherictnagneticelds aroundthestars.

Shocks also form in jets and out ows, in particular in
Herbig-Haro(HH) objects.The relevant theory and a simple
model have beendiscussedy Ragaet al. (2002). The strong-
shocktemperaturecan be expressedas T 1.5 1O5v§OO K
(for fully ionizedgas)wherevi g is the shockspeedrelative to
atargetin unitsof 100km s 1. Jetspeedsaretypically of order
v=300 500kms ! (Eislo el& Mundt,1998;Anglada,1995;
Bally etal., 2003),allowing for shockspeedof similar magni-
tude.If a ow shocksa standingmediumat 400 km s 1, then
T 24MK.

Obsenationshave explicitly demonstratethatfaint, soft X-
ray emissionoriginatesfrom someHH objects(Pravdo et al.,
2001,2004; Favataet al., 2002; Tsujimotoet al., 2004; Praszdo
& Tsuboi, 2005; Grossoet al., 2006).Bally et al. (2003) used
a Chandia obsenationto showv that X-rays form within anarc-
secondof the protostarL1551 IRS-5while the staritself is too
heavily obscuredo be detectedAs this exampleillustratesthe
jet-launchingregion of powerful protostellaijetsis usuallyinac-
cessibleto optical,nearinfraredor X-ray studiesof protostellar
out ow sourceslueto excessive absorptionHowever, thereare
a numberof optically-revealed,classicalT Tau starsthatdrive
appreciablgetsandout ows (Hirth etal.,1997).Theirjetswere
initially dubbed'micro-jets” althoughrecentstudieshave shovn
themto reachparsecscalesandthemasdossratescompetewith
thoseof moreembeddedourcegMcGroarty& Ray,2004).

Oneof themostprominentexamplestheclassicall Taustar
DG TauA, hasrecentlyobtainedscrutiry with high-resolution
Chandia X-ray obsenations.Glidel et al. (2005) discovereda
new type of X-ray spectrumin which a lightly absorbedspec-
tral componentfrom a rathercool (2—3 MK) plasmais com-
plementedby a strongly absorbedcomponentfrom a very hot
(20-30MK) plasmaThe latterwasinterpretedasbeingrelated
to the usualcoronalmagnetospherisourceoftenseenin T Tau
stars,subjectto someexcessabsorptionIn thelight of this in-
terpretationthe coolerplasmais unlikely to be locatedcloseto
themagnetosphericomponenbecausé¢he sourceof absorption
would likely a ectit aswell. The strongjets and high mass-
lossratesof DG TauA motivatedthe suggestiorthatthe soft X-
raysareproducedn shocksin the accelerationmegion of thejet
(the“base”of thejet), whichis unresohedin Chandia or XMM-
Newtonimages Complementargvidencewasseenin faintand
very soft X-ray emissionalongthe optical jet, outsidethe stel-
lar point-spreadunctionandco-spatialvith astrongbow-shock
featureseenin theoptical. Thespectralistribution of thecounts
in the jet sourcewas reminiscentof the countdistribution in
the soft stellarcomponentA spectrunrequiringtwo absorbers
wasalsoreportedfor a proplydin thethe Orion Nekula Cluster
with a variablehard componentut a constantsoft component
(Kastneretal., 2005).Skinneretal. (2006)have detecteda sim-
ilar two-componenspectrumin the strongly accretingFU Ori,
theprototypeof FU Ori-type stars.The cooler, weaklyabsorbed
componenthowever, reachedemperaturesnorecommonto T

Taustars( 8 MK) andwasthereforeidenti ed with a coronal
componentwhile the very hot componentwas againstrongly
absorbed.

The recently conductedXMM-Newton ExtendedSurve of
the Taurus Molecular Cloud (XEST henceforth;Gudel et al.
2006) o ersuniqueaccesso numerousstellar objectsin the
TaurusMolecularCloud (TMC). It coversmoststellarconcen-
trationsin the TMC molecular laments ando ershigh-quality
spectraandlight curvesfor ary “typical” T Taustarin the eld
of view. XEST alsocoversa numberof well-studiedjet-driving
T Tau starsand protostarsThe obsenationscon rm theinitial
discovery of the anomalouDG Tau A andadd substantiakv-
idencefor a jet-relatedorigin. We nd further clear examples
of thesetwo-absorbeiX-ray sourceTAX sourceshenceforth).
Thepresenpaperdescribethesenew obsenationsandpresents
a detaileddiscussioron the possibleorigin of the X-ray emis-
sion. For a comparisonwe also presentX-ray spectraof jet-
driving sourceghat aredeeplyabsorbedy their thick circum-
stellardisksseemearlyedge-onThesoftcomponentif present,
would thusbe absorbedunlessit is displacedsu ciently from
the starto make it separatérom the stellarX-ray image.These
complementarylataare basedon high-resolutionChandia ob-
senations.

The plan of the paperis asfollows. In Sect.2, we brie y
describeour dataanalysisandintroducethetargetsof this study
Sec.3 presentghe resultsthat are further discussedn Sect.4.
We concludein Sect.5.

2. Targets and obser vations
2.1. Data reduction

The obsenations reportedhere were obtainedas part of the
XEST project and have beensubjectto a datareductionpro-
cedurethatis describedn detailin Gudeletal. (2006).1n brief,
the XMM-Neawton (Janseret al., 2001)datahave beenobtained
usingall threeEPIC cameragMOS andPN; Turneretal. 2001,
Strideretal. 2001),with themedium Iter insertedWe applied
extractionregionsthat maximizethe signal-to-noiseatio; their
radii amounto 22°0 15°° 13°° and12°%or ourtargetsDG TauA,
GV Tau,DP Tau,andCW Tau, respectiely. Standardesponse
matricesdistributedby the XMM-Newtonprojectwereused,and
ancillaryresponsédes werecreatedor eachsource An observ-
ing log is givenin Tablel. For DG TauA andGV Tau,we also
extractedthesimultaneousight curvesfrom theOpticalMonitor
(OM; Masonetal. 2001).TheOM datareductionis describedn
Audardetal. (2006).

For spectralanalysis,we usedthe XSPEC software pack-
age (Arnaud, 1996). We appliedthe vapecthermalcollisional
ionization equilibrium modelsthat include emissionlines and
bremsstrahlungontinua,combinedwith the photoelectricab-
sorption model, wabs basedon absorptioncross sectionshy
Morrison& McCammon(1983).

The Chandia exposuresdescribecherewerereducedusing
standardstratgyiesfor ACIS. The obsenationsof DG Tau AB,
FS Tau AB (= Haro 6-5 AB), HH 34, and HH 111 usedthe
“Very Faint Mode” of ACIS to minimize backgroundcontribu-
tions, while the GV Tau (= Haro 6-10 AB) obsenation used
the “Faint Mode”. The datawere reducedin CIAO vers.3.0.2
following the standardanalysisthread$. Theseproceduresn-
cludedcorrectiondor chagetransferine cieng/ andafterglow,
andselectiorof goodtimeintervals.Spectravereextractedfrom

1 https/cxc.hanard.ediciadguides
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Table 1. Principaltargetsandobsenations

Parameter DG TauA GV Tau DP Tau CW Tau

XEST number 02-022 13-004 10-045 20-046
ObsID(XMM-Nevton) 0203540201 0203541301 0203542201 0203542001
Starttime (UT) 2004-08-1706:08:10 2004-08-2511:11:23 2005-03-095:56:38 2004-09-1207:04:43
Endtime (UT) 2004-08-1717:32:46 2004-08-2519:59:19 2005-03-0514:44:30 2004-09-1215:52:37
Exposurdime (s) 41076 31676 31672 31674

BoresightRA (J2000.0) 04h27m19.6s 04h29m52.0s 04h42m20.9s 041412.9
Boresight (J2000.0)  26dey 09° 25° 24deg 36°47° 25deg 20° 35 281212

Star:RA (J2000.09 04h27m04.70s 04h29m23.73s 04h42m37.70s 04h14m17.00s
Star: (J2000.0) 26deg 06° 163 24deg 33° 003 25deg 15° 375 28deg 10°57%8
Parameter DG TauB FSTauB HH 341RS HH 111IRS

XEST number C3-2 11-054=C2-1 .

ObsID(Chandg) 4487 4488 4489 4490

Starttime (UT) 2004-01-1102:58:51 2003-11-0812:57:58 2003-12-098:59:23 2004-11-2117:05:50
Endtime (UT) 2004-01-1111:52:21 2003-11-081:56:34 2003-12-0517:38:31 2004-11-2201:36:42
Exposurdime (s) 29717 29674 28590 28795

BoresightRA (J2000.0) 04h27m02.3s 04h22m00.2s 05h35m32.07s 05h51m54.97s
Boresight (J2000.0)  26deg 04°56°° 26deg 58°07° 06deg 26°530 02deg 48°583
Star:RA (J2000.0) 04h27m02.55s 04h22m00.70s 05h35m29.84s 05h51m46.31s
Star: (J2000.0) 26deg 05° 3¢9 26deg 57°32%50 06dey 26°58%0 02deg 482972

& For origin of coordinatesseeGudeletal. (2006)
b For origin of coordinatesseeTables5 and6

level 2 event les with specetractwhichalsoproducesesponse
matricesandancillaryresponseles.

2.2. Jet-driving T Tau stars

The XEST suney containsseveraljet-driving, opticallyrevealed
classicall Taustars(Hirth etal.,1997),in particularDG TauA,

GV TauAB = Haro 6-10 AB, DP Tau, CW Tau, XZ Tau, UZ

Tau, and DD Tau. One further object, HN Tau, was obsened
with the Chandia HRC-I but wasrecordedonly asa very faint
source(Gudeletal., 2006).

At leastthreeXEST targets,namelyDG TauA, GV TauA,
DP Tau,andpossiblyafourth, CW Tau,revealthe sameanoma-
lous spectralphenomenologyreviously describedor the rst
object(Gudeletal., 2005).Further UZ Taurevealsa peculiarly
soft spectrumwhile DD Tau shows a very hot sourcethat is
subjectto ananomalouslyhigh photoelectri@bsorptionjudged
from thevisualextinctionwhichis relatively small(Gudeletal.,
2006).Thepresenpaperconcentratesn adiscussiorof the rst
threeunambiguousases.

Basicpropertiesof the four peculiarX-ray sourcesarecol-
lectedin Table2. Thetablelists spectraltype,infraredclassi -
cation(*YSO class”), T Tauritypeaccordingto theH equiva-
lentwidth, the stellare ective temperaturd¢ , thestellarmass
basedon Siesset al. (2000) evolutionary tracks,the stellarra-
dius computedrom the stellarluminosityand T, , the equiva-
lentwidth of [Ol] 6300lines (thatcanbe formedin jets, Hirth
etal. 1997),the stellarphotospheriduminosityL , thebolomet-
ric luminosity Ly (integratedfrom theinfraredtopticalspectral
enegy distribution, including contributionsfrom disksanden-
velopes)theextinctionsAy andA;, themassaccretiorrate Mg,
themassout ow rate My, estimate®f thetotal disk massMgisk,
the estimatedchgeasderived from Siesset al. (2000) evolution-
arytracks,thejet radialvelocity v;ag andits dispersion Vyag, the
rotation period (derived from vsini), andthe projectedequato-

rial velocity vsini. For DG Tau, we alsolist a valuefor the jet
propermotion vpm. Multiple valuesaregivenif they aresigni -
cantlydi erent,asreportedn theliterature.A few notesonthe
individual starsfollow.

DG Tau A is a classicalT Tau star whoseinfrared spec-
trum, however, shavs arare, at infraredspectralenegy distri-
bution (Andrews & Williams, 2005).1t drivesa very enepetic
jet (Mundt & Fried, 1983)similar to Classl protostarsjnclud-
ing a counterjet (Lavalley-Fouquetet al. 2000). The jets can
be tracedout to a distanceof 14.£ (McGroarty& Ray, 2004).
DG Tau A is oneof the mostactive CTTS known, and ranks
amongthe CTTSwith the highestmassaccretionrandmassout-
0 w rates,competingwith well-studiedprotostellarjet sources
(Hartiganet al., 1995; Bacciotti et al., 2002). The star hasin-
deedbeensuggestedb beatransitionobjectbetweerprotostars
andCTTS(Pyoetal.,2003).0Ontheotherhand thestellarvisual
extinctionis rathermodestwith reportedAy in therangeof 1.4—
3.3mag(Hartiganetal., 1995;Muzerolleetal., 1998; White &
Ghez,2001; White & Hillenbrand,2004).A muchlower visual
extinctionhasbeendeterminedor thejet'sHerbig-Haroobjects,
namelyAy = 0:39 mag(Cohen& Fuller,1985).

The jet is also known from radio obsenations (Cohen&
Bieging, 1986).High-resolutionstudieshave shawvn thata nar
row jet ploughsthrough progressiely slower and wider out-
o w structuresA few arcsecondfrom the star the propermo-
tion of the jet indicatesvelocitiesin the plane of the sky of
194 20km s !, on average(Dougadoset al., 2000), with a
maximumof > 360km s ! (Eisld el & Mundt, 1998).Thejet
radial velocity is 210-250km s 1, compatiblewith the reported
inclinationangleof 38 deg (Eisld el & Mundt, 1998).Bulk gas
speedseach500km s ! (Bacciottietal., 2000;Beristainet al.,
2001),with FWHM line widths of 100-200km s * (Pyoetal.,
2003).

The high-velocity jet shovs bow-shocklike structuresout
to distanceof several arcsecqalsoknown asHH 158, Mundt
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Table 2. Fundamentaparametersf optically revealedstars

Parameter DG TauA Ref* GV TauA Re? GV TauB Ref DP Tau Ref CW Tau Ref
Spectrakype K5-M0 4,5,7,8,15 K3-7 4,8 M0-0.5 5,8 K3 7
YSOclass 1] 4,8 | 4,6,8 I 4,6,8,18 Il 4,6,8
FQ 6,18
T Tautype CTTS 5,17 CTTS 8 CTTS 5 CTTS 17
Te (K) 4205 7 4730 7 5150 12 3778 14 4730 7
4775 8 4000 8,12 3800 8
Mass(M ) 0.9-1.8 7,8 0.7-2.1 4,8 2 12 0.52-0.53 4,8° 1.4 4°
0.67 15
0.88 5
Radius(R ) 2.5 . 2.¢ . 31 12 1.09 . 1.6 .
w(o 1) (A) 11-22 15 3.8 2 0.7 2 35 2
7.9 15
L (L) 3.62 8 1.8 8 0.2 14 1.1 7
1.7 7,15 1.3 12 0.3 5 0.76 5
1.15 5
Lpor (L ) 6.4 4 6.98 4 6.1 12 0.7 4,8 2.7 4
8 1
Ay (mag) 1.41 5 3.3 11 49 12 1.26 5 3.4 15
2.20 10 5.6 12 1.46 4 2.29 4
3.32 8 12.1 8 35 13 6.31 8
3.2 15
A; (mag) 0.36 7 0.41 14 0.55 7
log Maee (M yr 1) -7.34 5 -6.71 8 -8.50 5 -7.99 5
-6.13 8 -6.92 8
-5.7 15
log Moyt (M yr 1) -6.19 8 -6.54 8 -7.42 8 7.1 15
-6.5 15
-6.1 10
-6.6 16
Maisk (M ) 0.02 6 0.003 6 <0.0005 6 0.002 6
age(Myr) 1.3-2.2 7,8 0.89-098 4,8 1.5-7.2 8,14° 7 4°
Viag (KMs 1) 250 2 80-300 2 90-110 2 110 2
Vom (kms 1) 194 3
Viad (km's 1) 90 2 86 2
Prot (d) 6.3 19 < 5:6° < 2:8° < 2:9®
vsini (kms 1) 28.6 8 25.3 8 19.2 8 27.4 8

a8 Referencesl Cohen& Kuhi (1979);2 Hirth etal. (1997),radial velocities(alongline of sight)for the high-velocity out ow component3
Dougadostal. (2000),propermotionfor DG TauA; 4 Keryon & Hartmann(1995);5 White & Ghez(2001);6 Andrevs & Williams (2005);
7 Bricefio et al. (2002);8 White & Hillenbrand(2004);9 2MASS, Cutri et al. (2003); 10 Muzerolleet al. (1998);11 Leinertet al. (2001);
12 Koreslo etal. (1997); 13 Ménardet al. (1993);14 Luhman(2004); 15 Hartiganet al. (1995);16 Bacciottietal. (2002);17 Keryon et al.

(1998);18 Hartmannretal. (2005);19 Bouvieretal. (1993)
FS= at-spectrumsource(alsol/Il)

® QO o T

Radiuscalculatedrom T, andLpg
Upperlimit to rotationperiodcalculatedrom radiusandv sini

& Fried 1983) but canbe followed down to 0.1%°from the star
(Bacciotti et al., 2000; Pyo et al., 2003). Recently Bacciotti
et al. (2002) measuredotation of the jet aroundits o w axis,
which has subsequentlybeenusedto infer the origin of the
jet in the inner disk (0.3 4 AU for the lower-velocity compo-
nent,and possiblyin the X-wind region at the innerdisk edge
at 0:1 AU for the high-velocity jet; Andersonet al. 2003; Pyo
etal. 2003).The jet mass-lossate hasbeenestimatedoy vari-
ousauthorsin therangeof (224 7:9) 10 ‘M yr ! (Hartigan
etal.,1995;Muzerolleetal., 1998;Bacciottietal., 2002;White
& Hillenbrand,2004). This rate amountsto about30% of the
accretionrate, Maec = (0:8  2) 10 ®M yr ! (Hartiganet al.
1995; White & Hillenbrand2004; White & Ghez2001give a
somevhatlower accretiorrate).Shocksseenmto bethe principal
sourceof heatingandexcitation(Lavalley-Fouquetetal., 2000).

Agesandmassegalculatechasedn parametergivenin the citedreferencesysingSiessetal. (2000)evolutionarytracks

We notethat DG Tau B, a jet-driving protostay is locatedat a
considerablelistancefrom DG TauA (separation 50°Y, much
larger thanthe PSFof the EPIC camerasWe will discussthis
secondsourcefurtherbelow.

GV Tau = Haro 6-10AB is a closebinary systemwith a
separatiorf 1.3%° consistingof anoptically revealedT Tau-like
staranda deeplyembeddedinfrared companion’consideredo
beasaprotostarTheinfraredspectrunof the systemis thatof a
protostarClassl, Table2). Thisbinaryhasrecevedparticularly
detailedstudyin theradiorange(Reipurthetal., 2004).Thejet
shows radial velocitiesin therange80-200km s * (Hirth etal.,
1997).

DP Tau drivesa jet thathasbeenrecordedto a distanceof
atleast27°C andpossiblyto 111°° Thejet is orientedrelatively
closeto theplaneof thesky (Mundt& Eislo el, 1998)although
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Fig. 1. Averagespectraof DG TauA (left), GV Tau(middle),and DP Tau (right). Also shavn arethe ts to the spectra(black histogramsynd

separatelyhe soft (red) andthe hard(blue) spectracomponents.

radial velocitiesof the jet still reachabout110km s * (Hirth
etal., 1997).The starshavs strong[Ol] emissionfrom the jets
(Hirth etal., 1997).

CW Tau drivesabipolarout ow thatcanbetracedoutto at
least4—6"°from the star (Hirth et al., 1994),with Herbig-Haro
objectsfoundoutto 16.8° (McGroarty& Ray,2004).Dougados
etal. (2000)reporteda highly collimated,trans\ersallyresohed
jet structure.

2.3. Jet-driving protostars

We took advantageof the high spatialresolutionof Chanda

to obtainimagesof four protostellarsourceghat drive strong,
collimatedjets andout ows. Their circumstellardisksareseen
nearly edge-onso that ary soft emissionwill be strongly ab-

sorbedunlesst is originatingsu ciently faraway from thestar

This allows usto distinguishbetweenX-ray sourcescoincident
with the protostarandsofterX-raysfrom internalshocksn the

jets(Bally etal., 2003)andwill thusassistin ourinterpretation
of thesoftcomponentseenin the T TausourcesThis geometry
alsopermitsusto probethe disksandernvelopeshemseles,by

studyingphotoelectriabsorption.

Two objects,DG TauB andFS TauB = Haro6-5B, arepart
of the XEST sunwy, but we alsodiscussheretwo further stars
thatarelocatedin the Orion region at larger distancesnamely
theprotostellarsourceof theHH 34 andtheHH 111jets.

We usedthe wavdetectalgorithmincludedin the Chandia
CIAO softwareto identify relevant X-ray sourcesandto deter
mine their positions.The algorithmwasappliedto imagescon-
tainingphotondn the0.3—-10keV rangetheinspectedeld con-
taining approximatelyl0® standardACIS pixels of size 0:5%°
0:5% We setthe sigthreshparametent a valueof 10 8, which
meansthat only one X-ray detectionin the eld is likely to be
spurious.

To optimizethe positionalinformationfor the X-ray sources,
we registered,asfar aspossible, eld sourcesagainst2MASS
catalogentries(Cutri et al., 2003) but found that the positional
agreements extremely good, with typical o setg of < 0:4%
which is not signi cant. We provide somespeci ¢ information
onthefour sourcedelow.

DG Tau B is anembeddedernvelope-dominatedet-driving
protostardescribedn detail by, amongothers,Mundt & Fried
(1983),Mundtetal. (1987),andEislo el & Mundt(1998).Near

2 The 90% sourcelocation error circle in Chanda hasa radius of
about0.5" seeChanda ProposersObsenatory Guidev.8.

infrared imaging shavs two narronv cavities and a thick dust-
laneseemearlyedge-onbut probablynotthe protostarPadgett
etal. 1999= P99).DG TauB is consideredo bein a Classl

stage(Watsonet al., 2004).It wasdetectedasaradio sourceby
Rodrguezetal. (1995).

FS Tau B = Haro 6-5B is a jet-driving embeddedsource
about20”westof the classicalT Tau binary systemFS TauA.
It was discoveredas a jet sourceby Mundt et al. (1984) and
describedn detail by Mundt et al. (1987),Eislo el & Mundt
(1998),andKrist et al. (1998).Nearinfraredimagingshows it
asa disk-dominatedprotostarin which a thick dustlane,seen
nearlyedge-onseparatesnvo nehulaeconsideredo betheillu-
minatedsurfacesof the ared disk, with a widely opencavity
(P99).FSTauB is probablyin aratherevolved stageof Classl
evolution, in transitionto becominga TTS. In the nearinfrared,
thestaritself seemgo be detectedP99).FSTauB wasfoundas
aradiosourceby Brown etal. (1985).

TheHH 34 sourcedrivesoneof the nest, highly collimated
jets (Buhrke et al., 1988). The optical jet can be followed to
within 1%°0f the Classl protostar The staritself hasbeende-
tectedin the optical (Buhrke et al., 1988),in the infrared (IR)
(Reipurthetal., 2002),andin theradio (Rodfguez& Reipurth,
1996),with amolecularcloud surroundingit.

The HH 111 infrared sourcedrives anotherhighly colli-
matedJongjet but thesourceandtheinnermos22%f thejetare
very highly obscuredReipurthetal., 1997). The absorbedor-
tionsof thejet have beenrevealedin theinfraredby Reipurthet
al. (1999)andReipurthetal. (2000).Radiodetectionshave also
beenreportedby Rodfguez& Reipurth(1994)andReipurthet
al. (1999).They identify a quadrupolaout ow, suggestinghat
thedriving sourceds a closebinary,

3. Results
3.1. Optically revealed, jet-driving T Tau stars
3.1.1. Spectral interpretation

Fig. 1 present€PIC PN spectrdrom DG Tau A, GV Tau,and
DP Tau,respectiely, togethemith spectralts (seebelow). We
have usedthefull exposuretimesexceptfor afew intervalswith
high backgroundradiation. The MOS spectraare similar but
considerablyfainter They were usedfor spectral ts together
with the PN spectrain the caseof DG Tau A, while they were
toofaintto addusefulinformationin the othercases.

All threespectraarerather at andshow two shallav max-
ima, onearound0.65-0.8keV andthe otherat 1.5-3keV, with
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Table 3. X-ray propertiesof the TAX sources

Softcomponent Averagehardcomponent
Star Ni. T2 LS. N3, T2 L%, 2dof
(16%2cm ?) (1P K) (1°emgs?) (10%%cm ?d) (1 K) (16°emgs Y
DG TauA¢ 0.11(0.08-0.14) 3.7(3.2-4.6) 0.96 1.80(1.21-2.40) 69(44-188) 5.1 89.993
=0.45 2.2(2.05-2.35) 9.6 1.71(1.14-2.30) 73(45-220) 5.0 100.294
GVTauA 0.12(0.01-0.79) 5.8(2.1-9.1) 0.54 4.12(2.07-6.47) 80(34-..) 10.2 20.319
=1.12 0.94(0.94-1.31) 4170 3.48(1.69-5.48) 95(42-.) 9.6 24.620
DP Tau 0.00(0.00-1.05) 3.2(0.0-7.7) 0.04 3.78(1.38-14.0) 61(10-...) 11 8.97
=0.29 2.3(0.94-38) 1.1 3.13(0.78-13.8) 104(10-...) 0.92 9.18

& 90%con denceintenalsin parenthesellipsesindicatingunconstrainegparameter)

b Modeledfor the0.1-10keV enegy interval
¢ Fitsappliedto combinedPN,MOS1,andMOS2data

aninterveningtroughat 1-1.5keV. Thesespectracannotbe ac-
ceptably tted with a combinationof thermal coronalmodels
subjectto a single photoelectricabsorptioncomponentaswas
alreadypointedoutby Gudeletal. (2005)for theChanda ACIS
spectrunof DG TauA. Thesoftermaximumis formedby emis-
sionlines of Oviii Ly at18.97A (0.65keV), Fexvii at17 A
(0.73keV) andat 15 A (0.83keV), aswell asFexviii at 16 A
(0.78keV, blendedwith Oviii Ly ) andat 14.2A (0.87keV).
The Neix He-like triplet contributesat 135 A (0.92 keV,
blendedwith Fexvii at 13.8 A or 0.9 keV). All theselines
have maximumformationtemperatured . between3.2 MK
and 6.9 MK (Oviii: 3.2 MK; Neix: 3.9 MK; Fexvii: 5.2 MK;
Fexviii: 6.9 MK). The bestmatchesf the subpeakst 0.7 keV
andat0.80-0.8%eV in the DG TauA spectrumareclearlythe
Oviii Ly andthetwo Fexvii lines.Onthe otherhand,we note
the absencef strongemissionaroundl keV usuallypresenin
very active starswith hot coronag(Telleschiet al., 2005). This
latter emissionwould be formed by Nex at 12.1 A (1.0 keV,
Tmax = 5:9 MK), Fexx at 12.8 A (0.97 keV), and by various
furtherlinesof Fexx-xxiv (Tmax 12 20MK). For typical el-
ementalcompositionsthesespectralpropertiesclearly suggest
emissionby a rathercool plasmain the absenceof prominent
contributions from hot componentsThe rather high emission
level down to 0.2 keV in DG Tau A andto  0:3 0:4 keV
in GV Tau and DP Tau further suggesta ratherlow absorbing
columndensity

Ontheotherhand,the spectraabove  1:5 keV areshallav
andcan,despitethe low countrates,be followed out to 10 keV
for all threestars.This unambiguouslyndicatesemissionfrom
very hot (> 10 MK) plasmawhich would normallyform strong
emissionlinesaroundl keV aswell. Thehardemissionis dom-
inatedby bremsstrahlungvhich, in the absenceof absorption,
risestowardlowerenegies.But thesdow-enepgy featureof hot
plasmaare suppressedby strongphotoelectricabsorption:All
threehardspectrakcomponentsevealaturnoveraround2 keV.

As suggestedy Giidel et al. (2005), thesespectracan be
successfullytted with a modelconsistingof two thermalcom-
ponents,each subjectto a sepaate photoelectricabsorption
componentWe tted the spectraasfollows. For DG TauA and
GV Tau,we rst consideredcountswithin the soft maximum
only (0.25-1.0keV). The abundancesdopted(and held x ed)
re ect an “inverseFirst lonization Potential” distribution often
found in magneticallyactive and pre-mainsequencestars(see

Gudeletal. 2006for a discussion)Fit parametersverethe ab-
sorbinghydrogencolumndensityNy.s, a singletemperaturds,
andthe emissionmeasureEMs. The ts were perfect,with re-
duced 2 < 1. Next, we addedthe hardportion of the obsered
spectrumup to 10 keV but held the t obtainedabore x ed.
We addeda secondspectralcomponentvith its own absorption
componentnd tted the correspondingariablesNyh, Th, and
EM;. To optimizein particularthe overlappingspectralregion
(1-1.5keV), we continuedtting theNy, T, andEM parameters
of bothcomponentsimultaneouslybut thisdid notsigni cantly
changethe parametersThe DP Tau spectrumis too poorto al-
low for step-wisetting. Wethereforetted thetwo components
simultaneouslyrom theoutset.

As farasabundanceareconcernedthespectrunof DG Tau
maiginally suggested somavhathigherFe abundancg0.4 in-
steadof theadopted).2timesthesolarphotospherivaluegiven
by Anders& Grevessel989), but this value was poorly con-
strained,andthe other parametersf interesthere, kT and Ny,
did not changen ary signi cant way. We further experimented
with variableabundancessfollows. We keptthe adoptedabun-
danceratios x ed but variedthe absoluteabundancdevel. For
DG TauA, thebestt resultedin unacceptablyow abundances
of Fe(< 1% of the solarvalue),while thetemperatureandab-
sorptioncolumndensitiesagainremainedsimilar.

The nal resultsarereportedn Table3. TheX-ray luminosi-
ties Lx.s andLx., referto the 0.1-10keV rangebasedon inte-
grationof the best- t model,andassume distanceof 140 pc of
the Taurusassociatior(e.g.,Loinard et al. 2005; Kenyon et al.
1994).

Notingthatthe Ny valuefor thesoftcomponenbf DG TauA
arelower thanthoseanticipatedrom opticalextinction,andNy
is only maminally in agreementith thelowestAy reportedfor
GV TauA, we next adopteda x edNy valuefor thesoftcompo-
nent(markedby “=" in Table 3), usingthe standarccorversion
formula,Ny 2 10*'Ay cm 2, valid for standardyas-to-dust
ratios (seeVuonget al. 2003andreferencegherein). Theset
resultsare alsoreportedin Table 3. Fixing Ny at the expected
valuesprovidessigni cantly worse ts andlowersthe temper
atureof the coolercomponentat the sametime rising its Lx.
The value of the latter is unacceptabldor GV Tau becauset
approaches. , while Ly is usuallyboundby Lx=L < 1032
(Gudel2004 andreferencesherein).We believe thatthe origin
of thisexcessds purelynumericalincreasedNy allows moreand
coolerplasmao bepresentvithoutsigni cant spectraktontribu-
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tion, because&-raysfrom coolerplasmaaresofterandtherefore
more strongly absorbedThe e ect continuesas oneincreases
Ny. This lendsmostcredibility to the best t without enforced
Ny, andthis best t indeedresultsin only modestsuppression
evenatlow enepgies.

In summary the spectraof DG Tau A, GV Tau, and DP
Tau are thus composef two componentsa cool component
subjectto very low absorptionand a hot componensubjectto
photoelectricabsorptionaboutone order of magnitudehigher
Thecoolcomponenshavs temperatureatypicalfor T Taustars
(Skinneret al., 2003; Telleschiet al., 2006), rangingfrom 3—
6 MK (bestt), while thehotcomponentevealsextremelyhigh
temperature$60—100MK). If Ny is tted to the spectrumiit
tendsto belowerthanexpectedirom the optical extinction.

The spectrumof CW Tau resembleghe spectrumof DP
Tau but is too weakto derive de niti ve results.This sourceis
alsoa ectedby the wings of the nearbyandvery bright X-ray
sourceof V773 Tau (at a distanceof 1.5%. A singleT t to the
hardemphotongabove 1.2keV) requiresanexcessvely absorbed
(N4 10?2 cm 2), very strongcoolcomponenwith T 4 MK,
but thereis a mamginal excessof countsbelov 1 MK thatre-
quiresa further, low-absorptioncomponentBetterquality data
areneededWe notethatthe stars Ay = 2:29 mag(Kenyon &
Hartmann1995)suggesteamuchsmallerNy 5 10%cm 2.

Resultdor thethreefurtherjet/out ow driving sourcesnen-
tioned above, UZ Tau, DD Tau, and XZ Tau, are summarized
in Gudel et al. (2006).UZ Tau (a triple system)revealsa rela-
tively soft spectrum(emission-measureeightedaveragetem-
peratureof 5-7 MK). On the contrary the very faint spectrum
of DD Tauis extremelyhard,reminiscenbf the hardercompo-
nentof the sourcesdiscussedabove, with T,y = 38 42 MK
andexcessabsorption(Ny = [2:3 2:9] 10%' cm 2, whereas
Ay = 0:39magafterWhite & Ghez2001,0r A; = 0:05magafter
Bricefio et al. 2002).A soft excessis not found for this source.
Adoptingajet bulk velocity of 300km s ! anda radialvelocity
of iag 75 km s 1 (Hirth etal., 1997),we infer aninclination
angleof 75 deg. The strongphotoelectricabsorptionmay be
dueto disk material,while the low valuesof Ay andA; maybe
a ectedby scatteredight. No anomalywasfoundfor XZ Tau.

3.1.2. Light curves and time-resolved spectroscopy

We presenthelight curvesin Fig. 2, wherewe usedcountsbe-
low 1lkeVandabore 1.6 1:8keV (dependingpnthespec-
tral shape¥or the softandthehardcomponentrespectiely. All
light curvesshow clearsignatureof aring. Surprisingly how-
ever, aring isrevealedonly in thehardcomponenwhile thesoft
componentemainsat a low level. We testedthe background-
subtractedight curvesfor constanyg, applyinga 2 test.To do
so,we rebinnedthe light curve of DG TauA suchthatthe bins
of the soft curve contained,on average,8 or 11 counts.This
requiredbins of 1500-2000secondswhichis su cientto still
recognizetypical ares. With the samebinning, the hardcurve
containedpnaveragep or 8 ctsbut shovedthestrong are well
resohed.For GV Tau,we binnedto 2000and3000s, which on
averageresultedin only 2.3and5 ctsperbin, respectrely. The
hardcurve shawvs a 2.7 timeshighercountrate. A testfor con-
stany resultedin areduced 2 thatwassmallerthan unity for
thesoftlight curvesof DG TauA andGV Tau,whereaghevari-
ability in thehardcurveis highly signi cantwith 2, 10 17.
DP Tauis toofaintfor ameaningful 2 testof this kind.

To furtherclarify the spectrabehavior in time, we extracted
EPICspectraduringvariousepisodeg$or DG TauA andGV Tau
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Fig. 2. Background-subtractdijht curvesof DG TauA (top),GV Tau
(middle), and DP Tau (bottom), binnedto 500 s, 500 s, and 1000 s,
0.35-1keV for DP Tau);hardphotong1.6—7.3keV for DG TauA, 1.7—
7.3keV for GV Tau, 1.8-10keV for DP Tau);full band(0.4-7.3keV
lines.Only thetimeintenvalsobseredjointly by all threeEPICcameras
areshawn.

(low level, are rise,and are decayfor DG TauA; low level,
rst are episodeandsecondare episoddor GV Tau;seeFig. 2
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Table 4. Time-dependenX-ray propertieof the TAX sources
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Softcomponent Averagehardcomponent
Star Nii T2 LS. A T2 L%, 2=dof
(1%2cm?) (1K) (1°emgs?t) (10%%cm?) (1K) (1°emgs Y
DG TauA low*® =:0.11 3.7(3.3-46) 0.91 =:1.80 23(14-42) 2.1 24.533
DG TauA riséf =:0.11 3.9(3.1-5.6) 0.89 =:1.80 396(144-...) 124 27.931
DG TauA decay =:0.11 3.9(3.3-49) 1.02 =:1.80 74(44-144) 6.7 15.724
GV Taulow =:0.12 4.7(3.0-9.7) 0.54 =412 17.5(4.3-63) 7.3 5.45
GV Tau are 1 =:0.12 2.1(..) 0.16 =:4.12 77 (24-...) 16.3 3.72
GV Tau are 2 =:0.12 4.5(..-12.6) 0.45 =:4.12 119(52-...) 19.9 6.7/7
a8 90%con denceintervalsin parenthesegllipsesindicatingunconstrainegrarameter)
b Modeledfor the0.1-10keV enegy interal
¢ Fits appliedto combinedPN,MOS1,andMOS2data
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Fig. 3. Upperpanel: Spectraand ts of DG TauA duringlow-level episodegleft), duringtheriseto thelarge are (middle)andduringthe decay
phase(right). Lower panel: Spectraand ts of GV Tau during low-level episodeqleft), duringthe rst are episode(middle) and during the

secondare episodgright).

for a graphicalde nition of the correspondingime intervals).
The correspondinglots are shawvn in Fig. 3. The hard com-
ponentvariesbothin ux andin spectralshape:ithe shallover
slopeduringthe ares indicateshighertemperaturesyhile the
soft componentemainsat the samelevel. This is borneout by
spectral ts performedfor the sameintervals. The resultsare
reportedin Table4. Becausehe spectraaretoo poorto t Ny
reliably, this parametemwasfrozen at the valuefound for each
integratedspectrumThe temperaturef the soft componente-
mainsconstantwithin the errors,while the temperatureof the
hard componentisesduring the are episodesNote alsothat
the X-ray luminositiesof the soft componentare very similar

(the spectrumof the rst are episodeof GV Tauis too faint to
producereliableresults).

3.1.3. Comparison with Chandra spectra

Both DG Tau A and GV Tau have beenobsened by Chandia
ACIS as well (seeGlidel et al. 2006 for an obsenation log).
The sourcesareratherfaint,andno aring wasdetectedduring
the obsenations.We thereforepresenbonly the integratedspec-
traandcompareghemwith theintegratedXMM-Newntonspectra.
Figure4 shaws the obsered Chandma spectraogethemwith the
spectralmodel of the soft componenbf the XMM-Neawton ob-
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Fig. 4. Chanda spectrumof DG Tau A (from ACIS-S)and GV Tau
(from ACIS-I). Thehistogramcorrespondso the soft componentnod-
eledfrom XMM-Newton databut folded throughthe appropriateACIS
responses.

senations,foldedwith theappropriateACIS responsenatrices.
We notethatthe Chandia and XMM-Neawton obsenationswere
separatedby 7 monthsfor DG Tau A andby 8 monthsfor GV

Tau.

Whereaghe ux of thehardcomponentsariedgreatlydur-
ing the 30—40 ks XMM-Newton obsenations,the ux of the
soft componentshangedittle in the 7—8 monthsbetweenthe
Chandia and XMM-Newton obsenations, althoughsome de-
tails in the spectrumdo di er. The Chandia spectrumof DG
TauA shavs excessux at0.8—-0.9keV, a discrepang thatdid
not disappeaif the the soft portions(<1 keV) of both spectra

were tted simultaneouslyevenif we changedhe abundances.

Fitting the Chand@a spectrumnds a best- t Fe abundanceof
0:2 (Anders& Grevesse,1989),the samethat we adopted
for the XMM-Newnton model. The soft-componentNy is again
low ( 0:6 10°'cm 2) andmamginally compatiblewith XMM-
Newton, althoughthe best- t temperaturés someavhat higher
(4.4 MK). No signi cant deviation betweenthe soft Chandia
andXMM-Newtonspectras foundfor GV Tau.

3.2. Embedded, jet-driving protostars

Theembeddedget-driving protostarseemathighinclinationex-
pectedlyrevealratherfaint X-ray ux esowing to strongphoto-

Fig.5. Chanda ACIS-S imagesof jet-driving sources.Pixel size is
0:49° all imageswere exposedfor 30 ks and shav countsin the
0.5-7keV rangeexceptfor HH 111,whereonly countsin the3-7keV
rangeareshavn to minimize backgroundFromtop to bottom:DG Tau
A andB (separation 50°9; FSTauA andB (separation 20°; HH34
IRS; HH111IRS (tentatie detection).
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Table5. Protostellarjet-driving X-ray sources
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Parameter DGTauB Ref FSTauB Ref HH34IRS Ref HH111IRS Ref
Usefulspectrarange(keV) 2-6.5 - 2-7 - 3-7 - 3-6.5 -
DetectedX-ray counts 9 - 32 - 15 - 4 -
Position:

ExpectedR.A. (hms) 042702.55 1 042200.70 2 053529.84 2 055146.31 3
Expected (deg °%9 260530.90 1 2657 32.50 2 -062658.40 2 024829.72 3
ObseredR.A. (hms) 042702.58 - 042200.71 053529.84 055146.30 -
Obsered (deg °% 260530.91 - 265732.17 - -062658.24 - 024829.70 -
O set(™ 0.40 0.36 - 0.16 - 0.15 -
X-rays: -

Expected\? 1.4 6 >16,>2,46 1,64 1 5 >6 7
Measured\;] 51(6-72) 26 (10-37) - 28(14-54) - -

a Referencesl = Padgettetal. (1999),2 = 2MASS, Cutri etal. (2003),3 = Rodfguez& Reipurth(1994),4 = Krist etal. (1998),
5 = Reipurthetal. (1986),6 = Mundtetal. (1987),7 = Reipurth(1989)

b Expected\y; from reportedoptical extinction: Ny

2 10%A,cm?

Ny is givenin unitsof 10?2 cm 2, 90%con dencerangesarein parentheses

DG Tau B observed (black), unabsorbed (red)

FS Tau B, observed (black), unabsorbed (red)

HH34 IRS, observed (black), unabsorbed (red)
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Fig. 6. Binned ACIS-SCCD spectra(redgray, with error bars)of (from left to right) DG Tau B, FS Tau B, andHH34 IRS, comparedwith the
modeled response-foldethtrinsic spectraf the photoelectriabsorptioris removed (black solid histograms).

electricabsorptionTable5 summarize-ray detectionproper
tiesandresultsfrom spectralts (seebelow).

Threeof the four target sourcegDG TauB, FSTauB, and
HH 34 IRS) were clearly detectedvery closeto the expected
positionsbasedon wavdetect while only 4 countswere regis-
teredfor HH 111 (Fig. 5). Theclosepositionalcoincidencewith
the radio source(0.15° distancefrom the HH 111 radio posi-
tion givenby Rodfguez& Reipurth1994),the strongclustering
of the countswithin a radiusof 1-2 pixels (Fig. 5), the enegy
of thefour counts(3.3—-6.4keV, very similar to thedistributions
foundfor the otherabsorbedources)andtheratherlow back-
groundlevel make it probablethatthesephotonsoriginatefrom
theHH 111jet-driving protostaralthoughthesigni canceis too
low to prove thisidenti cation. The backgroundevel wassuch
that 0.1 countswould be expectedin the 3—-7 keV rangein a
circle with a radiusof 3°°aroundthe source,and0.6 ctsin the
0.3-10keV range.

To avoid systematiee ectsin the spectralts dueto coarse
binning of the few counts,we usedthe C statisticin XSPEC
in combinationwith unbinneddatain the enegy rangeof 0.5—
8 keV. Themetallicity was x edat0.2 timessolarphotospheric
values(Anders& Grevessel989),coincidentwith the adopted
Fe alundancefor the otherspectral ts (we notethatthe only
emissionlines signi cantly contributing to the absorbedpro-
tostellarsourcesare thosein the Fe complex at 6.7 keV; even
adoptingsolar alundancedid not changeour resultssigni -
cantly).For illustrationpurposeswe shav in Fig. 6 binnedspec-
tratogethemwith the best- t unabsorbednodels.These gures

illustratethatmostof the ux is suppressetdy photoelectriab-
sorption.The best- t resultsandthe acceptablé®0% rangesor
Ny aresummarizedn Table5; otherparametersverenotsu -
ciently constrainedor furtherdiscussion.

4. Discussion

The TAX spectrafrom the optically revealedjet-driving T Tau
starspresentedh this paperclearlyrequiretwo spatiallydistinct
sourcesbecauseboth their time behaior and their absorption
alongthe line of sightaredi erent.We now discusspossible
models.

4.1. CTTS: The hard component

The hardcomponentf the spectrareveal very high tempera-
tures. Suchtemperaturesre commonlyfound in other T Tau
stars(Skinneretal., 2003;Telleschietal.,2006).The ares seen
in the light curvesclearly arguein favor of a magneticorigin.
For DG TauA, the U bandlight curve extractedfrom the simul-
taneousbsenationswith the OM pealed beforethe X-rays,in
analogyto solar ares (Fig. 7, upperpanel). We thereforein-
terpretthis componentsbeingdueto a magneticallycon ned
coronaabove the surfaceof the star The time resolutionof the
OM datais too coarseto reveala cleartemporalrelationfor GV
Tau(Fig. 7, lower panel).

Theexcessve absorptiorof this coronalcomponentequires
alargeamountof cool gasalongtheline of sightto theobsener.
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Fig. 7. CorrelationbetweenX-ray emissionandU bandemission.The
U banddataareshawvn by thelargecrossesibose the X-ray light curves
andreferto they axislabelson theright side.Top: DG TauA; bottom:
GV Tau.

A cool wind or a molecularout ow are potential absorbers.
However, in thatcasethesoftcomponentnustbelocatedatvery
large distancedrom the starin orderto escapdrom strongab-
sorption.Also, dustadmixtureswould leadto correspondingly
strongoptical extinction of the star whichis notobsened.

We proposeascenariaelatedo accretiorstreamsThemass
accretionratesof our starsare amongthe largestfoundin ary
TTSin the TMC (Table2). Much of the gasaccretingfrom the
circumstellardisk is only weaklyionized. This gaswill stream
along the magnetic eld lines that form the coronaand thus
enshroudX-ray bright coronalloops so that photoelectricab-
sorptionattenuateshe soft X-rays from the underlyingcoronal
plasma.

Why, then, is the optical extinction of the starsrelatively
small? The measured\y columnswould imply Ay 10
20 magfor eachstarwhile measureapticalextinctionsareonly
a few magnitudegTable2). Suchdeviationsare possibleif the
X-raysarepropagatinghroughananomalousnixtureof gasand
dustin which dustis depletedDustdestructiorandevaporation
occursattemperaturearoundTg,, 1600 2000K (D'Alessio
etal., 1998; Whitney etal., 2004),andthe dustsublimationra-
diusfrom the centerof the starcanbe estimatedrom theempir
ical formula,
|
Rsub _ Tsub. 2085

R Te

(1)
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(Whitney etal. 2004,whereTsy, = 1600K hasbeenassumed).
UsingT. from Table2,we nd radialdistance®f7 10R .As
aconsequencehereshouldbeno strongextinction by dustfrom
the accretionstreamsawhile photoelectricabsorptiorremainsin
e ect.In thispicture,visualandnearinfraredextinctionsaredue
to the largerscaleernvironmentof the star while photoelectric
absorptionis dueto both the large-scaleervironment(for the
soft componentsand, more strongly the immediatesurround-
ings of the star(for the hardcomponent)Our obsenationsmay
thusgive indirectevidencefor dustsublimationin theinnercir-
cumstellaraccretiordisksof T Taustarsonthe onehandandfor
stronggaseousiccretionstreamsn theinnermostegion or onto
thestaronthe otherhand.

4.2. CTTS: The soft component

The soft componentdominateghe spectrumbelov 1 keV. The
spectralshapein this region shavs no indication of an equally
prominentplasmacomponentat temperatures 10 MK. This
componentconsideredn isolation,is unusualfor T Tau stars
that normally reveal spectradominatedby hot temperatures
(Telleschiet al., 2006). The exceptionextensiely discussedn
therecentliteratureis TW Hya, the X-ray spectrunmof whichis
strongly dominatedby a soft spectralcomponenif this kind.
TW Hyais, however, a ratherevolved classicalT Tau starwith
anageof 10Myr andalow accretiorrateof4 10 1°M yr !
(Muzerolleetal., 2000).Kastneret al. (2002)proposedhatthe
low temperatureandthe high electrondensitiesinferred from
the O VII He-like triplet are indicative of X-rays producedin
accretionshocksratherthancoronalX-rays. Stelzer& Schmitt
(2004)arguedthatthe anomalousabundancesoundin the TW
Hya X-ray spectrumarefurthersupportfor this picture.

In the caseof the jet-driving sourcesthis explanationfaces
seriousdi culties.The accretionratesmeasuredor thesestars
areamongthe highestknown in TMC. If X-rays are produced
nearthe footpointsof accretionfunnels,thenwe would expect
that the samegas streamsabsorbingthe hot coronalemission
alsostronglyabsorhthe soft component.

On the contrary the measuredbsorptioncolumndensities
tend to be smaller than expectedfrom the optical extinction
of the star at leastfor DG Tau A. Either, the soft X-rays es-
capethrougha region of depletedgasin betweenthe accretion
streamspr they areformedsigni cantly outsidetheimmediate
ernvironmentof the star ConsultingTable 2, the distinguishing
propertyof the TAX sourcesretheirjets. Thestrongdi erences
in Lx of thecoolcomponen(ratioof 1:0.56:0.04or DG TauA :
GV Tau: DP Tau)mirror in two parametergheequivalentwidth
of [O 1] (1:0.23:0.05),andthe massout ow rate (1:0.4:0.06).
Althoughno linearrelationis to be expectedthe trendis rather
suggestie for out ow-relatedX-ray actity.

A faint softcomponentvasalsofoundat a distanceof 2—5°
from DG TauA, co-spatiawith bow-shockstructuresn thejet
(Gudel et al. 2005, seealso Fig. 5). Becausethe knots at this
distanceshav X-ray emissionwhile thosefurtheraway do not,
Gudel et al. (2005)proposedhat the moreluminoussoft com-
ponentformsin shocksevencloserto thestar presumablyatthe
baseof thejetsbut clearlyoutsidethe magnetospheriaccretion
zonearoundthe star This would simply requirethatthejet por
tions closerto the star containmore emissionmeasureheated
to X-ray temperatureslthoughthe temperaturesvould be the
same.This scenarids supportedy the closesimilarity between
the soft componenbf the X-ray spectrunmobtainedfrom there-
gionwithin onearcsecondroundthe star andthe extendedX-
ray sourcecoincidentwith thejet.
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Furthersupportfor this hypothesiscomesfrom optical ex-
tinction measurementsf the Herbig-Harostructuresn the jet
of DG TauA. Cohen& Fuller (1985)foundan Ay of 0.39mag
while the stellar Ay hasbeenreportedbetweenl.4 mag and
3.3 mag (Table 2). Using standardinterstellargas-to-dustra-
tios, we would expect a hydrogencolumn density of Ny
8 10%° cm ? toward the jet, comparablewith the X-ray de-
terminedvalueof (1:1 0:3) 10°1cm 2

The precisecausefor the heatingof suchjet-relatedX-ray
sourcesis unclear Bally et al. (2003) suggestedfor an X-ray
sourcein the jet but spatiallyresohed from the location of the
fully absorbegrotostal. 1551IRS-5,a numberof scenarios:

i) Shock-heatingit the working surfaceof a bow shockcol-
liding with the ambientmedium,in analogyto shockheating
in the moredistantHH objects;ii) Thompsorscatteringof pro-
tostellarX-rays into the line of sight by a cool, densemedium
perhapsn theouter, expandingregionsof the circumstellardisk
or the accretingervelope;iii) shockheatingat an obstacleim-
mersedn thejet ow, whereeithermagnetic elds or a dense,
ambientmediumredirectsthe initially expandingwind andcol-
limatesit to a jet; iv) wind-disk or wind-wind collisionsin a
binary systemWe arenotin a positionto discriminatebetween
suchmodels,exceptto notethatthe nal optionis unlikely to
applyto our sourcesasdiscussedh the next section.

We speculatehat magnetic elds may further heatthe jet
gas.Thejet of DG TauA hasbeenfoundto rotatearoundits axis.
This motionderivesfrom the Keplermotionof thecircumstellar
disk from wherethejet acceleratesThe motionis di erentialin
radius,andthemasso w alongthe eld generatestrailing spi-
ral (Andersonretal., 2003).1n ionizedgas,such eld con gura-
tionsinducecurrentghatmaydissipateandheatthegasif its re-
sistvity is largeenough Furtherirregularitiescanbeintroduced
by pulsedout ows, precessionandthe shockwith the ambient
medium(Cerqueira& de Gouwia Dal Pinto, 2004). Magnetic
“tangentialdiscontinuities”’may leadto reconnectionthuslib-
eratingadditional(magneticenegy (Parker,1983).Directmag-
netic eld measurement@reyetto be made,althoughradio ob-
senationssuggesthe presencef weakmagnetic elds in jets
orout ows(e.g.,Rayetal. 1997).

We next compardn Fig. 8 threeCCD spectragrom Chandia
(ACIS-S): The spectrumof DG Tau A (black, with soft ex-
cess),the spectrumof FS Tau A (thick, blue), and the spec-
trum of the protostarFS Tau B.3 FS Tau A is subjectto a
similar absorptionto the hot componenin DG Tau A (Ny =
[0:9 1:4] 10%?cm 2, Giideletal. 2006),shovs asimilar (un-
absorbed).x 34 10?°ermgs !, andalsorevealsanextremely
hotelectrontemperaturef 43MK (highertemperaturef atwo-
componentt; Gldeletal.2006).FSTauis, however, notknown
to drive strongjets, althougha poorly collimatedwind seemgo
be present(Hirth et al., 1997). While the two spectraare very
similar above 1.5 keV, the absenceof a soft componentn FS
TauA is striking. The spectrunof thejet-driving FSTauB does
notshawv ary softemissiorbecausesuchemissionfrom the star
andthe jet within an arcseconar so would be absorbedThe
hardcomponentbove 5 keV, however, is againsimilar in ux
to thehardspectracomponenof theothertwo stars suggesting
asimilar coronalcomponent.

Optical jets are detectedin predominantlylow-excitation
linessuchasforbiddenlinesof [O 1], [N 1], and[Si Il] formedat

3 wediscusglataonly from Chanda for thiscomparisorbecauséhe
stronglyabsorbedS TauB is locatedin thewingsof the XMM-Newton
imageof FSTauA, andFS TauA itself wasshawing a gradualdecay
from astrong are duringthe XMM-Nentonobsenration
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Fig. 8. Comparisorof thethreeChande spectrdrom DG TauA (black,
with softcomponent)FSTauA (blue,thick),andFSTauB (red).

no morethanafew thousandlegreeqHirth etal., 1997).0Onthe

otherhandtheX-ray emissiordetectedn directimagingaround

DG TauA (Gudeletal., 2005)andthe soft spectracomponents
suggestetiereto bedueto jetsaswell requireplasmawith elec-

trontemperatureabose 1 MK. Thechallengés to reconcilethe

obsenational evidencefrom two widely disparatetemperature
rangeswhenthe presencef anintermediatdemperaturgange
(10* 1P K) is apparentlyessevidentin theobsenations What

is the statuswith respecto intermediate-gcitationlines?

First, detectabilityof forbiddenlinesrequiresfavorableden-
sities for their formation, and a su cient emissionmeasure.
Modeling of [O 1], [N 1], and[Si Il] linesindicatesthat they
form in distinct regions (Hamann,1994);[O 1] formsin a gas
in the electron-temperatureangeof 9,000—14,00K and high
densitiesne 5 10° 10’ cm 3), while [Si Il] formsabove
13,000K andin lowerdensitiegn. 10° 7 10*cm 3). At high
velocitiesonly, [N 1] and[O II] linesmaybeformed,requiring
Te > 15, 000K andne < 10° cm 2. Theseresultsthereforendi-
catethatn, decreaseaway from the star while T, increasesat
leastasfarashigh-velocity gasis concerned.

Conditionsin the jets may in generalsimply not be favor-
ableto the productionof detectableamountsof ux in higher
excitationlines, e.g.,[O 1ll]. On the otherhand,thereare now
severalreportsof thepresencef hotwindsandout owsfrom T
Taustars Beristainetal. (2001)presentedn extensie studyof
Hel andHe Il emissionline pro les. The importantdiagnostic
power of theselineslies in their high excitation potentials(20—
50 eV), requiringgastemperaturesf (25 9) 10* K in the
caseof collisionalexcitation(Beristainetal.,2001).Theauthors
foundthatblueshiftedabsorptiorfeaturesn broadHe |l line pro-

les andmaximumblue-wingvelocitiesexceeding200km s !
indicatethe presencef hot, coronal windsin abouthalf of their
sample,one of the clearestexamplesbeing DG Tau A with
a maximum blue-wing velocity of 600 km s . Thesewinds
would be launchedn the polarregion of the stars,complemen-
tary to cooler winds that are probably acceleratedcaroundthe
diskkmagnetosphereoundary

Work on He lineswasextendedto theHe | 10830line by
Takamiet al. (2002), Edwardset al. (2003) and Edwardset al.
(2006). This featureis againa high-excitation line (20 eV, re-
quiringT  10*K for collisionalionization)andhasanunprece-
dentedsensitvity to hot,innerwinds. Signi cant absorptiorbe-
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low the continuumwasfoundin 71% of the CTTS, but in none
of the WTTS, suggestinghat the featureis due to accretion-
drivenwinds, originatingin the immediatevicinity of the star

Speci cally in the caseof DG Tau A, absorptionandemission
componentsverefound,identi ed with aninnerwind andthejet

shocksrespectiely (Takamietal.,2002).Further[O 1ll] 4959
and 5007 emissionis indeedalso found in one of the outer
working surfacesof the DG Tau A jet (Cohen& Fuller, 1985)
andin othershock-relatedeaturesn Herbig-Haroobjects(Matt

& Bohm2003andreferencesherein),indicatingthatsinglyion-

izedO is furtherionizedbeyondits ionizationpotentialof 35eV.

Shockmodeling suggestgost-shockelectrontemperaturesn

therangeof (6 7) 10*K (Cohen& Fuller,1985),andhigher
temperatureat speci c locationsin Herbig-Haroshockregions
mustexist to explain recentlydetectedX-ray emissionseesum-
maryin Sect.1).

Gbmez & Verdugo (2001) have analyzedhigh-resolution
pro les of semiforbidderultraviolet linesof C 1ll] 1908 and
Silll] 1892in two CTTS. They concludedthat the lines are
notformedin accretiorshocksbut in ahotwind outside2R and
not fartherfrom the starthan38R (for RY Tau), suggestinca
bow-shapedshocksourceat the baseof the jet, with densities
> 10° cm 3 (i.e., atleast1(? 10° timesdenserthanHerbig-
Haroobjects)andtemperatures therangeof 5 10* 10° K.

Still higher out ow temperaturehave beensuggestedy
farultraviolet obsenations. The CTTSsTW Hya and T Tau
both shav P Cygni pro les, line asymmetriesand absorption
in CIll 977andO VI 1032linesthatareindicative of afast
(400km s 1) andhot (3 10° K) acceleratingput ow closeto
thestar(Dupreeetal., 2005).

In summary althoughthereis no coherentmodel of winds
andjetsatall temperaturenddensitylevels, it appearglearthat
CTTSshaw evidencefor jet- or wind-relatedjasattemperatures
from < 10* K to severaltimes10°® K. It is thennaturalto think
of the X-ray emissionasa continuationtoward highertempera-
tures.It appearghatat variouslocationsin thejet, in particular
in shockregions,conditionsmaybefavorablefor theproduction
of X-rays, while densitiesandvolumesseemto be unfavorable
for appreciabldine emissionat lower ionizationstagessuchas
[O 1]. A speculatie possibility would be that rapidly heated
X-ray sourcesn the jets freely expandandcool in sucha way
thattheir densitiesandemissionmeasuresretoo low for easy
detectionin intermediate-gcitation lines oncethe temperature
hasdroppedo appropriatevalues.ThedominantO I] emission
is not necessarilyormedat the samédocations(Hamann,1994).

4.3. Binarity?

TAX spectramay originatefrom a binarywith componentshat
arelocatedbehindlargely di erentgascolumns,eachthuscon-
tributing oneof the spectrakomponentsThis modelis unlikely
for thefollowing reasonsi) Thelessabsorbedompaniorwould
in all casegevealauniquelysoft, non- aring X-ray component
only. Noneof thebright TTS in the XEST sunwy, singleor mul-
tiple, revealedsuchan X-ray spectrum(Telleschiet al., 2006;
Gudeletal., 2006).ii) Exceptfor GV Tau,no companiondave
beenfoundto the TAX sourceddespitedetailedsearchege.g.,
Leinertet al. 1991).iii) GV Tau = Haro 6-10is indeeda bi-
nary, the more absorbedccomponenbeingan embeddedgroto-
starbehindalargegascolumn(seeReipurthetal. 2004for ara-
dio image).A high-resolutionarchival Chandia image (ObsID
= 4498), however, revealsthat the soft and hard photonsorig-
inate from the samelocation, and this location agreeswithin
the error rangesfor Chandm, the VLA (Reipurthet al., 2004)
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Table 6. Coordinate®f GV TauA, B

Object Obsenration RA(J2000.0) (J2000.09

hms deg 000
GV TauA 2MASS 42923.734 +243300.277
GV TauB® 2MASS 42923.725 +243301.577
GV TauA® VLA 42923.733 +243300.125
GV TauB® VLA 42923.724 +243301.425
soft X Chanda 42923.744(8) +243300.54(11)
hardX Chanda 42923.749(7) +243300.66(10)
total X Chanda 42923.737(4) +243300.53(5)

a Errorsfor Chandi sourcesn unitsof lastdigits; formal wavdetect
t errors

b Applying radioo setto GV TauA 2MASSsource

¢ FromReipurthetal. (2004)

and 2MASS, with the less absorbedcomponentHaro 6-10A
(Table 6; Fig. 9). We concludethat the embeddedHaro 6-10B
doesnot contrituteto the detectedX-ray emission.

We alsonotethatthe prominentjet from the GV Tausystem
is associatedvith the optically revealedstar GV Tau A rather
thanthedeeplyembeddedhfraredsourcgReipurthetal.,2004).

4.4, The protostars

Althoughthe ACIS protostellarsourcesreveryfaint, their pho-
ton enepy distribution is revealing:we detectat mostonecount
belov 2 keV in eachsourcewhich is normally the dominant
spectrakangefor a coronalsource.

The emissioncannotbe radiationfrom shocksin thejets or
Herbig-Haroobjects Suchsourcesretoo softandwill therefore
be absorbedBally etal. 2003). The hardsourcegequiredhere
arereminiscenbof coronalemissionof very active stars.Useful
informationonthehydrogerabsorptiorcolumndensity Ny, can
thereforebe obtainedfor the circumstellardisk

Althoughthe 90% con dencerangesn Ny, KT, andLy are
large (Table 5), the valuesof Ny are consistentlyfound in the
rangeof (5 50) 10°2cm ?if werequire‘reasonabletvalues
for KT andLy (e.g..typical saturatiorvaluesgiventheestimated
L ,andT intherangeof 6 60MK). WethusexpectAy 30
300mag,muchhigherthanreportsin theliterature(Ay 5 25;
Reipurthet al. 1986,Reipurth1989,Mundt et al. 1987,Krist et
al. 1998, P99): Either, the Ay valuesare erroneousdueto IR
emissionfrom the stellarsurroundingor the gas-to-dus{G/D)
ratiosaresigni cantly enhancedhn thesecircumstellardisks.

5. Summary and conc lusions

Jetsareassumedo belaunchedwithin afew AU from the cen-
tral starandhave beenresoheddown to 0.1°0(14 AU) from the
latter at the distanceof the TaurusMolecular Cloud (Bacciotti
etal., 2000). Theseregionsremainunresohed from the central
starin present-day-ray obsenations.Neverthelessseveraljet-
driving T Tau starsrevealpeculiarX-ray spectrahathave been
taken as evidencefor shockformation at the baseof the jets
(Gudeletal. 2005,andour discussiorabove).In all casesavery
weakly attenuatedNy ~ 10°* cm 2), luminousbut very soft
spectralcomponenindicateselectrontemperaturesf no more
thanafew MK. While this componenproducegphotonsnostly
betweerD.5—-1keV, astronglyabsorbedNy > 10?2 cm 2), hard
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Fig. 9. Chanda imagesof GV Tau.Left: Countsin therange0.5-5keV. Thelower crossmarksthe 2MASS positionof GV TauA, theuppercross
theGV TauB protostayapplyingthesameo setto GV TauA asmeasuredh radiodata(Reipurthetal.,2004).Middle: Similar, for the0.5—-1keV

range Right: Similar, for the 2.2—7keV range Pixel sizeis *%492.

spectralcomponentiominatesabove 2 keV, resultingin a shal-
low spectralshapewith two peaks.The hard componenbrigi-
natesfrom hot plasmaof severaltensof MK. In eachcasejt re-
veals ares while no signi cant variability is detectedrom the
soft componentvhose ux is approximatelyconstantgeven on
time scalesof 6-8 months(Sect.3.1.3).

We attribute the hard componentto a magnetospheric
corona,as obsened on most T Tauri stars.Although theseT
Tauri starsare unusuallystrong accretors(with Macc up to
10 8 M yr 1) we do not attribute the soft componento anac-
cretionshockcloseto the surfaceof the starasproposedor the
sofaruniqueCTTS TW Hya (Kastneretal., 2002).Suchemis-
sionwould be subjectto the samehigh absorptionexperienced
by thehardcomponentwhile theobsenedsoftcomponents lit-
tle absorbedInstead we proposethat the soft componenorig-
inatesfurther away from the starwherethe rst shocksform at
thebaseof thejets.Indeedthe X-ray luminosityof thesoftcom-
ponentin thesehreestarsappearso scalewith themassout ow
rateandwith theequialentwidth of [O 1] from thejet.

It is interestingto note that the visual extinction of the T
Tau starsshaving Two-AbsorberX-ray (TAX) spectrais mod-
estanddoesnot agreewith the photoelectricabsorptionof the
hardcomponenif standardyas-to-dusmassratioscompatible
with the interstellarmediumare assumedWe suggesthat the
hardemissionis absorbedy accretingmaterialanthatthis ac-
creting materialis dust-depletedThis is supportedoy the dust
sublimationradiusof our sourcedeingsereralstellarradii. Our
obsenationsthusprovide bothevidencefor dustsublimationin
theinnermostpartof the accretiondisk andfor massve gasac-
cretion streamsfrom the disk to the star enshroudinghe hot
coronalplasma.Becausehe line of sighttoward DG TauA is
inclined againstthe axis at a rathersmallangleof 37.7 3 dey
(Eisld el & Mundt,1998),theabsorbingnassaccretiorstreams
mustreachhigh stellarlatitudesratherthanfall towardthe equa-
torial regions. This fully supportsthe commonpicture of mag-
neticaccretion(e.g.,Calvet& Gullbring 1998).

Detectionof the softjet componentequiredow attenuation
by gas,i.e., it is inaccessiblén embeddegrotostarsalthough
suchX-raysmaylocally existin all jet-driving sourcesWe have
indeedfound only hard componentsn our strongly obscured
targets,andthey coincidevery closelywith the position of the
starsNo displacedsoftcomponentsvereidenti ed althoughwe
recallthata soft jet sourcewasreportedpreviously for DG Tau
A (Gudeletal. 2005;seealsoFig. 5).
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