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ABSTRACT

Context. The Taurus-Auriga star-forming complex hosts the only paton of T Tauri stars in which an anticorrelation of X-ray
activity and rotation period has been observed.

Aims. We aim to explain the origin of the X-ray activity—rotatioglation in Taurus-Auriga. We also aim to put the X-ray atyivf
these stars into the context of the activity of late-typenvsquence stars and T Tauri stars in the Orion Nebula €luste

Methods. We have usedKMM-Newton's European Photon Imaging Cameras to perform the mosttsensurvey to date of X-
ray emission (0.3-10 keV) from young stars in Taurus-Aurly& investigated the dependences of X-ray activity measuié-ray
luminosity, Ly, its ratio with the stellar luminosity,x /L., and the surface-averaged X-ray flis — on rotation period and compared
them with predictions based solely on the observed depesdgfiLy on a star'd., and whether it is accreting or not. We tested for
differences in the distributions bf /L, of fast and slow rotators, accretors and non-accretors;amgared the dependencelgf/L

on the ratio of the rotation period and the convective tuendimescale, the Rossby number, with that of late-type reaguence
stars.

Results. We found significant anticorrelations b andFxs with rotation period, but these could be explained by thécslty higher
stellar luminosity and fective temperature of fast-rotators in Taurus-Auriga amgar-linear dependence b on L,.. We found
no evidence for a dependencelgf/L, on rotation period, but for accretors to have lowgr/L, than non-accretors at all rotation
periods. The Rossby numbers of accretors and non-accretoesfound to be the same as those of late-type main-sequstarse
showing saturated X-ray emission.

Conclusions. Non-accreting T Tauri stars show X-ray activity entirelynststent with the saturated activity of fast-rotating igtee
main-sequence stars. Accreting T Tauri stars show loweayXactivity, but this cannot be attributed to their sloweatmn.

Key words. stars: pre-main sequence — stars: activity — stars: rotati§-rays: stars — Open clusters and associations: Inditidu
Taurus-Auriga

1. Introduction is believed to be predominantly generated by a dynamo that is
located in a shell at the interface of the radiative and conve
§Re zones and is driven by (@érential) rotational and convec-
tive motions (a2 dynamo! Parker, 1955). This is supported
by observations of signatures of magnetic activity, sucthas-
mospheric K or Ca H and K line emission or coronal X-ray
emission, in stars with convective envelopes. The strength
these activity signatures correlate directly with the pcbgd
rotation velocity,vsini, and inversely with the rotation period
of the star,P; (e.g.[Pallavicini et all, 1981). They furthermore
show a tighter inverse correlation with the Rossby numBegr,

T Tauri stars are young stars contracting toward the main
guence, a subclass of which, the ‘classical’ T Tauri stdrews
signatures that they are actively accreting material frooumn-

stellar accretion disks. Both accreting and non-accréfifguri

stars exhibit strong, variable, X-ray emission which pdes ev-
idence for hot coronae generated by magnetic activity. Keno
questions concerning this emission are the extent to wihish t
magnetic activity is analogous to that exhibited by the Suth a
similar stars, and whatfkect interaction with the circumstellar

material, particularly through accretion, has on the még®e- \yhich is the ratio of the rotation period to the convectiveaver

tivity. _ timescale at the base of the convective envelapgy (e.g.
In the Sun, and all stars whose structure is composed d\@yes et all, 1984).

radiative interior and a convective envelope, magnetiwiagct
The strengths of the activity signatures are observed to sat

Send offprint requests to: K. R. Briggs urate at fast rotation velocities, short rotation periodd &w


http://de.arXiv.org/abs/astro-ph/0701422v1

2 K. R. Briggs: The X-ray activity—rotation relation in Tas-Auriga

Rossby numbers (Vilhu, 1984; Vilhu & Walter, 1987). It is nobur findings and identifying outstanding questions and sstzg
yet known whether this is due to a saturation of the dynamo itxg prospective observing strategies which could addresst
self or constraints on the available volume of the corona ésg.
Jardine & Unruh, 1999).

Pizzolato et al.[ (2003) have shown that the ratio of the %% The XMM-Newton Extended Survey of the Taurus
ray luminosity to the stellar bolometric luminosityy /L., for Molecular Cloud (XEST)
main-sequence stars of spectral types from G to early M

well-determined by the Rossby numbBg, such that_x /L, ~
1032(Ro/Rosa) 2 for Ry > Rosat and Lx/L, ~ 10732 for

The XEST comprises 28 observations with exposure times of
at least 30 ks of regions of the Taurus-Auriga complex that
) ., are most densely-populated by T Tauri staf8M-Newton’s
Ro < Rosas Whe.reRO’sa‘ ~ 0.2 is the Rossby number at WI"'Chcoaligned European Photon Imaging Camera (EPIC) PN, MOS1
saturatlonl sets |n.. ) and MOS2 detectors each have a full field of view approxingatel
T Tauri stars with masses greater than approximatel3,3 30 arcmin in diameter and perform simultaneous imaging; tim
are expected to be initially fully-convective and to deye® jng and spectroscopy of X-rays in the energy range 0.2—12 keV
solar-like structure after nuclear fusion begins in theec&tars with respective resolutions of 6 arcsec (FWHM), less th&rs2.
with masses less than approximately M3 are expected to re- and 50200 eVE/AE ~ 20-50). The survey observations and
main fully-convective. The majority of T Tauri stars are shudata reduction procedures are described in detail in Getcl
expected to have long convective turnover timescales of10(0074).
300 d. Despite the fact that arf2 dynamo cannot operate in - XEST makes key improvements over previous surveys
fully-convective main-sequence stars, there is no engige- of Taurus-Auriga using theEinstein Imaging Proportional
idence for diferent characteristics in the magnetic activity ofamera (IPC) andROSAT Position Sensitive Proportional
these stars: fast rotators show activity at the saturated &0d Camera (PSPC)[ (Bouvief, 1990; Damiani & Mi¢ela, 1995;
only slow rotators show activity well below the saturatedele [Neuhauser et al., 1‘995; Stelzer & Neuhauser, 2001) thariks
(Delfosse et all, 1998; Mohanty & Basri, 2003). marily to the greater sensitivity, broader energy band agier
The T Tauri stars in Taurus-Auriga stand out as the ongpectral resolution of the EPIC detectors, augmented byelon
population of pre-main sequence stars in which an antierreexposure times. XEST reaches X-ray luminosities 3f &gg s*
tion of X-ray activity with rotation period has been obsatveat the 140 pc distance of Taurus-Auriga (Loinard et al., 3005
(Bouvier, [1990;| Damiani & Micela, 1995 Neuhauser et algpproximately an order of magnitude lower than R@SAT
1995 Stelzer & Neuhauser, 2001). The largest survey @ afat PSPC pointing survey (Stelzer & Neuhauser, 2001), engblin
the X-ray emission from T Tauri stars, ti@handra Ultradeep the detection of almost all known T Tauri stars in the surveaa
Orion Project (COUP) observation of almost 600 T Tauri stars down to the substellar mass limit for the first time. This igVi
the Orion Nebula Cluster (ONC), found no such anticorretati for accurately quantifying the dependence of X-ray agtioih
(Preibisch et al., 2005). The Rossby numbers of all the COWRrameters such as stellar luminosity. T Tauri stars, Qdatily
stars with measured rotation periods placed them in theatatli accreting T Tauri stars, are typically surrounded by cirstattar
regime of main-sequence stars, and thifL, was largely con- material or observed through molecular cloud material #fat
sistent with the saturation level of main-sequence starsviih ~ sorbs soft X-ray emission from the star. The broad bandpiass o
a very large scatter. A strong dependence of X-ray lumigosiEPIC allows it to detect the less absorbed harder emissioa. T
on the stellar bolometric luminosity was found, as had be&PIC spectra enabled the absorption to be measured for each T
seen in previous surveys of X-ray emission from T Tauri staif@wuri star and accounted for in calculating its X-ray lungno
(e.glPreibisch & Zinnecker, 2002). Accreting T Tauri staese ity. This is crucial for accurate determination of X-ray lunosi-
found to have generally lower X-ray activity levels than norties and was not generally possible with the data obtaingddy
accretors. Einstein andROSAT surveys. Additionally, since thROSAT sur-

The lower X-ray activity of accreting T Tauri stars ha¥eys many more low-mass members of Taurus-Auriga have been
also been observed in Taurus-Auriga (Damiani & Micela, $99klentified by optical and near-infrared photometric sus/@yg.
Neuhauser et all,_1995; Stelzer & Neuhauser, 2001), asd hihmanetal.. 2003), making the known population of T Tauri
been usually attributed to their typically slower rotatmmd an Stars much more complete.
anticorrelation of X-ray activity with rotation period.

We use the results of a new X-ray survey of Taurus-Auriga, ;
the XMM-Newton Extended Survey of the Taurus Molecularg' Sample selection
Cloud (XEST), described in Se€l. 2, to reinvestigate theedep We performed a literature study to compile a catalogue afgec
dence of X-ray emission on rotation in this star-formingioeg nised members of Taurus-Auriga and their relevant data) suc
Our sample selection and data analysis methods are dedcribgstellar luminosity,.,, effective temperaturd,es, multiplicity,
in Sects[B anfl4, respectively. In Sddt. 5 we present, and ppbotometric rotation period?.o;, projected equatorial rotation
pose an explanation for, the observed dependences of Xeray\eelocity, vsini, and signatures of accretion such as the equiva-
tivity measures on rotation period. In Ségdt. 6, we exploeartile lent width of the Hy line. This catalogue and the many sources
of rotation in the dfferent activity levels of accreting and non-of information used in its compilation are found, along wiitle
accreting stars. We investigate the dependence of X-rayitgict XEST X-ray data for these stars,lin Gudel etlal. (2007a).
on Rossby number in Se€i. 7, to examine the observed activity The XEST data provide an almost detection-complete sam-
in the context of the activity of solar-like main-sequentars ple of more than 100 T Tauri stars (excluding Class | protssta
and of T Tauri stars in the ONC studied by COUP. In 9€ct. 8, wéerbig Ae stars and substellar objects) evenly divided betw
make a careful comparison with, and reexamination of, thetmaccretors and non-accretors and well-spread in masseffbom
comprehensive previous X-ray study of Taurus-Auriga, niade to 2.5 M,. We have chosen to restrict our study to T Tauri stars
Stelzer & Neuhauser (2001) with tHROSAT Position Sensitive of spectral types M3 and earliefd > 3400 K). No star in the
Proportional Counter. In Seéfl 9, we conclude by summagiziiXEST sample of later spectral type has a measured photametri
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period, and few such stars have measwrsihi. Stars of later
spectral type are typically less-well studied and are npeeted —
to develop a solar-like structure. "
We have excluded four undetected accreting T Tauri stars
for which Lx upper limits could not be calculated due to lack I
of knowledge of absorption (Coku-Tau 1, HH 30, ITG 33Aand 7 g}
IRAS S0430%261), two T Tauri stars whose characteristic X- I
ray activity could not be assessed because a decay fromea larg
flare persisted throughout their XEST observation (DH Tadi an
V830 Tau), and all T Tauri stars for whichyg andor L, were
not available, or whosé&s; andL, placed them outside the stel- I { < ad
lar evolutionary model grids of Siess et al. (2000). The geaxfa
a large flare also dominated the XEST observation of FS Tdu, bu » $
we have used addition@handra data to assess its characteristic & | g
X-ray activity. I
Our sample contains a total of 74 T Tauri stars, 47 accretors 001 o1 1 10
and 27 non-accretors. These include 23 stars with a measured L)
photometric rotation period, of which 13 are accretors ehdrg *e
non-accretors. There are 47 stars that have a meagsned of Fig.1. The dependence of X-ray luminosity upon stellar lu-
which 30 are accretors and 17 are non-accretors, and thigisanminosity for the accreting (black triangles) and non-atioge
includes all stars with a measured photometric rotatiomoger (grey circles) T Tauri stars in Taurus-Auriga observekiyM-
except for the accretor XZ Tau. Newton. The black and grey lines show the best-fitting corre-
lations for accretors and non-accretors, respectivelyndous-
ing the EM algorithm in ASURV/|(Telleschi etal., 2007). Open
4. Data Analysis symbols and downward-pointing arrows mark upper limitse Th

. . o . cross shows KPNO-Tau 8, which was excluded from the fitting.
Our study comprises four investigations. The data anafysis

formed in these investigations is described in this sectidrile

the reSUItS of e_ach_investigation are presented and distuss: ing the ROSAT PSPC. The results of this comparison are pre-
dedicated section in Secfs[5-8. sented and discussed in S&¢t. 8.

Firstly, we examined the correlations with rotation perioq The X-ray activity measures and rotation periods we used
of the three most commonly-used measures of X-ray actifre gescribed in Secs_#.1 dndl4.2, respectively. Theiorite
ity: the X-ray luminosity, Ly, its ratio with the stellar bolo- \ye ysed to distinguish accretors and non-accretors is given
metric luminosity,Lx /L., and the surface-averaged X-ray fluxgect 48 The estimation of the convective turnover tirakesc

Fxs = Lx/4rRS. In order to compare to previous studies Weyr aach of the stars in our sample is described in §edt. hd. T
have treated accreting and non-accreting stars as a SaWEs.  garistical methods used in our investigations are desdrib
We tried to understand the observed activity—rotatiortiaia in Sect[Z5.

terms of the near-linear dependencylgfon L,, and the typi-
cally lower Ly of accreting stars, which have been consistently
observed in populations of T Tauri stars that do not show an ahl. Determination of the X-ray activity measures

ticorrelation of activity on rotation (e.g. Preibisch el, #005; X vt Lo /L dF lculated
Preibisch & Zinnecker, 2002). We used the correlations.of -ray activity measures,x, Lx/L. andFxs, were calculate

on L, derived separately for accretors and non-accretors in iﬁéeam star using the data tabulated in Gudel et al. (J00e
2

log Ly (erg s

XEST study byl Telleschi et all (2007, see Aig. 1) to calcula of each observed T Tauri star was calculated in Gudel et al.
the expected., and hence thexyL* a,nd Fys, of each star in | 007a) as follows. A s(pectral_ fit of each source was made
our sample based on its, and whether it was accreting or not." XSPEC (Arnaud; 1996) using a model‘ composed of an
We compared the resulting correlations with rotation pio6 optically-thin collisionally-ionized, so-called ‘coratfi, plasma

the expected and the observed activity measures. Thegesalt (’?‘PEC; _Smith etall 20(.)“1]),; having f[itwo-polvt\_/elr_-lzw qtiﬁttitb':]
presented and discussed in SEEt. 5. of emission measure with temperature, multiplied with atpho

Secondly, we tested the hypothesis that the | L. of electric absorption model (WABS). The emission measuteidis
y OM}@ *

accretors compared to non-accretors is due to their slogver E?:'ﬁ; VY::n?;twﬁe?é flifegr;g 35@;?;5'; drr}?grtr?lhziab#_rr]ganlc?is
tation period. In this analysis we have divided the full séamp P 9

described in Sect. 3, into subsamples based on rotationq)el)l('ray spectra of young stdsThe power-law index at low ener-

" X ies,a, is unconstrained in EPIC spectra and was fixed2pas
calculated fronvsini and on whether the star was accreting c%bserved in young solar analogués (Telleschi ket al., | 200%.

not and statistically compared the distributiond gf/L, of the ree parameters were the break temperature of the two power
subsamples. The results are presented and discussed "Secfaws, 63 > logTo > 7.5, the power-law index at high energies,

Thirdly, we compared the X-ray activity of the T Tauri stars 5 > B > +1, the normalization, and the equivalent hydrogen

in our sample with the activity of solar-like main-sequest@s ., density of the absorbing gaé,. We integrated the flux

and T Tauri stars in the ONC based on the dependenbg/ﬁ* Lénder the best-fitting model between 0.3 and 10.0 keV and as-

on Rossby number. The results are presented and discussed In

SeCtD' . . . . ! The abundance values used were, with respect to the solar pho
Finally we compared our activity—rotation relations withospheric abundancesof Anders & Greve5se (19899.45, N=0.788,

those obtained by the previous most-comprehensive X-ray s0=0.426, Ne-0.832, Mg=0.263, AE0.5, Si0.309, $:0.417, A=0.55,

vey of Taurus-Auriga, made by Stelzer & Neuhauser (2001) u8a=0.195, Fe-:0.195, Ni=0.195.
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sumed a distance of 140 pc to calculate the X-ray luminosithat theLyx of the components scales linearly with, as moti-
Time intervals in which a star was clearly flaring were remibvevated by Fig[dL. Thus, each component of a multiple system is
before spectral analysis if possible. assumed to have the sarbg/L,, which is the ratio of the ob-
We excluded observations of stars in which the emission wesrvedLyx and the total stellar luminosity of the system. The
clearly dominated by a flare throughout the observatiomdfé multiplicity-correctedLyx of the primary is therefore the ob-
were two or more acceptable observations of the same star seevedLx multiplied by the fraction of the summed stellar lu-
calculated the X-ray luminosity as the logarithmic averafie minosities that is contributed by the primary. This frantiwas
the individualLy determinations. estimated using the luminosities of the individual compuadf
For each observation of a star we estimated the uncertaintytiese had been determined, else the magnitutirences in the
Lx by finding the 68 per cent confidence intervaNp and cal- K-band orl-band, as availatfie Lx /L, was always calculated
culatingLy for the best-fitting models witN fixed to the lower using the uncorrected observied and the total stellar luminos-
and upper limits of this confidence intervak was poorly con- ity of the systemFxs = Lx/4nR2 = (Lx/L,)o T4 was always
strained when there were few counts, particularly wNgrwas calculated usind.x /L, and the §ective temperaturd,es of the
appreciable¥ few x10?* cm2) and the slope of the spectrumprimary.
at energies above 2 keV was not well-defined. A degeneracy be-
tween logT andNy sometimes developed, that in the worst case
led to well-fitting models with very low lod, and very high 4.2. Rotation periods
Ny, hence high_x. Such cool temperatures were not observed ) ) ) )
in good-quality spectra showing log and it is therefore likely Rotational data in the form of rotation periods and spectps
that such models highly overestimdtg. In such cases the er-VSsini have been taken from Rebull et al. (2004), where a com-
ror bars plotted throughout this work extend from these bty Prehensive list of references can be found, with a small num-
unrealistically high values dfx to lower values correspondingPer of additions from L. Rebull (priv. comm.), and were alway
to more realistic hotter models with lowdl. In some poorly assigned to the primary in the cases of unresolved multysle s
constrained fits we fixe@, usually the least well-constrainedtems. For the larger sample of T Tauri stars with measuséi,
parameter, to a typical value efl. In[Guidel et dl.[(2007a) we We est|mat_ed rotation per_lods Bt/ sini = 27R, /vsini. These
also fixedNy in several particularly poorly-constrained caseare essentially upper limits to the rotation pefidmiit we note
to the value indicated by the visual or near-infrared etiomc ~ that for a randomly oriented samp(sini) = 7/4 ~ 0.785, the
However, this results in unrepresentative uncertainiesvae 1o lower limit to sini is 0.73 and there is just a 10 per cent
ha\/e reana|ysed those four cases here W|thﬁu‘9ted to -1. chance that sinis less than044RY T.au, cha 21 and CW Tau
The results of this additional analysis are given in Table 1.  have tabulated photometric periods.in Gudel et al. (200ti&)
We have also performed additional spectral analysis Bteir high measuredsini indicate that the photometric peri-
four jet-driving accreting T Tauri stars, DG Tau A, GV TauQds are too long to be the rotation periods (Bouvier et ab319
DP Tau and CW Tau, whose X-ray spectra could not be weli995) and we use only thesini values for these three stars in
described by a model with just a single absorbing columHlis work.
Gudel et al. [(2007b) found instead a little-absorbed uyingr
low-temperature component, which they proposed to be due to ) L
shocks in the jets, and a highly-absorbed and variable at co*3- Accretion criterion
ponent, which they attributed to a corona. We have modelled : . . .
the hot component with the spectral model described abové‘cCreting pre-main sequence stars, classical T Tauri, stare
rather than the absorbed isothermal plasma used by Gudel e een tradltlonally identified through.thelr stroklyr emission,
(2007b) — and, the cool component with an isothermal mo qeheved to arise from heated accreting matehhi.emlssmn IS
with photoelectric absorption. The hot components of DGAay &S0 Produced by chromospheric activity, but, outside cex
and GV Tau were strongly variable in their XEST observatjongonal flares, is restrlcteq bY the saturation of magn_ettﬁ/n_l;c
In these cases we have first used the average spectrum fro one can gse the criterion Idlg(’,/l‘*) >‘ __,3'3,}0 |dent|_fy
whole observation to determine the best-fitting parametittee  2ccreting stars (Barrado y Navascués & Matin, 20035 irm-
unvarying cool component. The parameters of the cool comp‘H-er to measure the equalgnt width O.f tﬁe‘ line, EWha, but
nent were then fixed to these values when we fitted the spectrﬁ?ﬁ’ler stars _have less continuum emission atHieline and
of the time intervals when the star appeared to be in a low 3¢ € Critérion becomes a function of spectral type. We have
‘quiescent’ X-ray emission state to derive characterisdiame- adopted the dependence on spectral type pEMe'“ grjterlon
ters for the hot component. CW Tau required no cool compon(%ﬁJlt was proposed by Barr_ado v Navascueés & Maitin_(£)03)
when we excluded energies below 0.5 keV. We figetd —1 in Cirectly based on the criterion logga/L,) > —3.3. The clas-
these fits. Nevertheless, |dg was unconstrained in all cases, ngcauon of the primary was used in cases of multiple system
we have calculatety for logTy = 7.0 and have expressed thd 0t resolved b)XMM-Newton.
range of uncertainties found when lbgwas a free parameter
(see Tabl€ll). : - o . .
Just one star in our sample, FV Jauwas not detected in 2 TheK-band is not ideal as accr(_etlon dls_ks can emit substantl_ally
the XEST observaton. FV Tgehas no measured photometid= 21, &0 ower mess comanions et s e e
rotation period owsini. As described in_Gudel etlal. (2007a)

. S . ter reason, however, many multiplicity studies haven formed
we calculated a 95 per cent confidence upper limit to its EP|Gihis band. y pletty byoer

count-rate and used a spectrum withTog= 7.0 andg = -1, s 0 of the slowly-rotating non-accretors, HBC 358 and HB® 35
with Ny estimated from its optical extinction, to calculate aRaye only upper limits twsini of 10 kms* and hence lower limits to
upper limit to its X-ray luminosity. Pt/ Sini of > 6.98 and> 6.72 d, respectively.

For recognised multiple systems not spatially resolved int 4 The criterion proposed by Martih (1997) gives identicalssifica-
their individual components b¥MM-Newton, we have assumed tions for the present sample.
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Table 1. The results of spectral fits additional to those performe@iinlel et al.|(2007a).

XEST Name Ny (1o range)  lodly (10 range) Lx (1o range) loglx/L.) X%y dof
10%?cmr? K 10%ergs?
04-010 GHTauAB  0.48(0.33,0.63) 6.4 (6.3,7.3) 0.39 (0.7mp —301 089 4
09-010 HO Tau AB 0.27 (0.09,0.44) 6.6 (6.3,6.9) 0.064 (0,038) -4.00 1.11 3
07-011 JH 223 0.19 (0.14,0.31) 6.6 (6.3,6.7) 0.099 (0.018)0 -3.84 0.89 4
11-079 CFHT-Tau21 1.72(1.20,2.20) 7.2(6.3,7.5) 0.225/0.86) -382 068 7
02-022 DG TauA 4.50 (2.07,7.61) 7.0 (6.3,7.5) 0.55 (0.BBY. -4.08 0.77 13
20-046 CW Tau 2.93(1.33,4.72) 7.0(6.3,7.5) 0.11 (0.038)0. -4.60 0.94 9
10-045 DP Tau 6.31(2.98,9.02) 7.0(6.3,7.5) 0.33(0.088)0. -3.37 116 8
13-004 GV TauA 3.02 (1.31,5.16) 7.0 (6.3,7.5) 0.55 (0.1B5Hp. -4.11 0.82 6
‘ ‘ ‘ ‘ 4.5. Statistical analysis
RN Igoniom We used assumed power-law correlations between the X-ray
AR . activity measures and rotation period, and we have used the
L] ASURV survival analysis package (Lavalley et al., 1992)¢o-p
S i e’ . form the regression. Although ASURYV is designed to analyse
5 | data containing upper afat lower limits (Isobe et al., 1986)
~ while our sample of T Tauri stars with measured photomet-
jﬁ ric rotation periods contained no non-detections, thisbbsth
us to compare our results directly with those of previous-stu
ies (e.gl Stelzer & Neuhauser, 2001; Preibisch et al., /2006
used the parametric Estimation Maximization (EM) methad fo
the regression and have quoted the full range of probagsiliti
2F 4 ] of no correlation calculated by the three tests in ASURV (Cox
Proportional Hazard, Generalized Kendatfsand Spearman’s
A T TS S S SN S p)
6000 5000 4000 3000 We used the two-sample tests in ASURV to assess the proba-
Terr (K) bilities that pairs of observed distributionslof/L, were drawn

Fig. 2. Convective turnover timescales of T Tauri stars in Taurugr-Om the. same dlstrlbupon _(one of the subsample_s of stals wi
no rotational information includes an upper limit). We have

Auriga observed b)XMM-Newton, plotted as a function ofteec- o .
; ; guoted the full range of probabilities calculated by the fests
tive temperature. The values have been interpolated frénesa in ASURV (Gehan's Generalized Wilcoxon Tests using permu-

calculated for T Tauri stars in the Orion Nebula Cluster (gno tation variance and hypergeometric variance, Logrank F

by grey squares, Preibisch et al., 2005, Preibisch, primmg, : 4 .
based on stellar luminosity andfective temperature. and Peto Gen_erallzed Wilcoxon Test, and Peto and Prentice
Generalized Wilcoxon Test).

5. The observed activity—rotation relations and their
origins

4.4. Determination of convective turnover timescales Fig.[3 (left) presents the relationship of the observedvigti
measured x, Lx/L, and Fxs with rotation period for the 23
Convective turnover timescales must be determined enafliric Stars in our sample with measured photometric rotatiorogeri
or derived from stellar models. In Preibisch et al. (2005)pa- |f we consider accretors and non-accretors together asgtesin
vective turnover timescale was derived from a full stelladel Sample, as has been done in previous studies, we observe clea
for each of 596 T Tauri stars in the ONC. We have determinédticorrelations olx and Fxs with rotation period. The tests
the value ofreny for each T Tauri star in the XEST sampleperformed in ASURV give probabilities of less than 0.01 that
from the values calculated for the ONC stars (Th. Preibiggia, no correlation exists. The slopes of the correlations apeag-
comm.), based on its stellar luminosity arftbetive temperature mately—1 (Table[2). However, we see no convincing anticorre-
(see Fig[P). For multiple systems, the and Te; of the pri- lation of Lx/L, with rotation period; the tests in ASURV give
mary were used where available. The stars Wigh < 4100 K probabilities of 0.14-0.26 that there is no correlation dmel
are essentially all fully-convective according to the ewioin- best-fit slope of approximately0.4 is less than 1.5 standard de-
ary models of Siess etlal. (2000) and have very similgs, of  Viations from zero (Tablel2).
200-250 d. The stars in our sample witl in the range 4100— Telleschi et al.|[(2007) found a near-linear correlation_pf
5400 K have radiative interiors and shortggn, but these are with L, in the XEST sample which they proposed was due to
still longer than 100 drcony falls steeply with further increasessaturated activity. When they analysed the correlatiorsofe-
in Teg. As the three G-type stars in the XEST sample (SU Autors and non-accretors separately, using the parametri@EM
HD 283572 and HP Td®2) are much less luminous than stargorithm in ASURYV, they found similar slopes bk with L, for
with similar Teg in the ONC sample, all we can say is that théhe two samples but thaty was systematically 0.4 dex (a fac-
Tcony Of these stars are shorter than the shortest value caldulat 2.5) lower for accretors (see Fig. 1). The best-fittingtiens
for ONC stars, 11.6 d. were: logLx = (30.24+0.06)+(1.17+0.09) log(L/Le) for non-
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Table 2. Regression parameters and their standard deviations&arlifits of observed and expected values oLlpglog(Lx /L)
and logFxs as a function of lo@P. A is the intercept andB is the slope. The expected activity measures were calcufate
each star based on its stellar luminosity and whether it \wwascaretor or not. The regression was performed using theaidric
Estimation Maximization method in the ASURV analysis papgké_avalley et all, 1992).

Values logLy (ergs?) log(Lx/L,) logFxs (ergcnt?sT)
A B A B A B

Observed 3D4+0.21 -120+030 -320+0.16 -037+024 753+0.17 -1.04+0.25
Expected 3M8+025 -127+036 -327+010 -044+015 746+0.17 -111+0.24

accretors and logx = (29.83+0.06)+ (1.16+0.09) log(L«/Ls) so the dependence of rotation b andTes, and hence the ob-

for accretors. served correlations dfy, Lx /L, andFxs cannot be expected to
There is the impression in Figl] 3 (left middle) that th&e the same in all populations of T Tauri stars. _ _
accretors have consistently loweg /L, at all rotation peri- An intrinsic dependence of X-ray activity on rotation pefio

ods, while the absence of a significant anticorrelatiohyofL, isnot required to produce the anticorrelations bk andFxs on

with rotation period supports the concept of saturatedsiagti rotation period observed in Taurus-Auriga, and as suclc@nti
Nevertheless, the significant anticorrelationsgfandFxs with  relations have not been reported in other populations ssitiea
rotation period still suggest some kind of X-ray activitgtation ONC, we consider there to be no convincing evidence that they
relation. are intrinsic properties of the magnetic activity of T Tagtars.

Let us assume that the X-ray activity of T Tauri stars in
Taurus-Auriga is saturated in the sense thatLx /L, andFxs
have nointrinsic dependence on rotation period, Hut is in- 6. Origin of the lower Lx/L, of accretors
stead characterized solely by the dependencds.aand accre-
tion reported by Telleschi et al. (2007). We have thus cated
the expected value dfyx, and hence_x /L, andFxs, for each
star in our sample based on its stellar luminosity and wihrett
it is an accretor or non-accretor. Then we analysed thetiegul
correlation between each activity measure and rotatioogeis
we did for the observed activity measures (Eig. 3, right).five

that significant anticorrelations afx and Fxs, with probabili- . . . .
g X xS b If we analyse the correlation dfx /L, with rotation period

ties of less than 0.01 that no correlation exists, resudh@lvith telv for th " d ¢ thesdest
a shallow anticorrelation ofyx/L,. The intercepts and slopesSeloara ely for the accretors and non-accretors, thesdesiip

of these anticorrelations are consistent with those fonrhe 2ccretors and 10 non-accretors, are very small and thetaesul
observed data (see Table 2). fitsin ASURV have large uncertainties and low significances a

can be strongly influenced by a single data point. The prdibabi
that no correlation exists is approximately 0.5 for both gks.
The slope of+0.16 + 0.19 for the non-accreting sample sug-
gests that x /L, is not anticorrelated with rotation period, but
the slope of-0.38 + 0.34 for the accreting sample leaves open

The lower Ly /L, of accretors compared to non-accretors in
Taurus-Auriga has been reported befare (Damiani & Micela,
1995;|Neuhauser etlal., 1995; Stelzer & Neuhauser,| 2@01),
has usually been attributed to their slower rotation andthien

of an activity—rotation relationship. However, the asstiorpwe
made in the previous section was that accretors had andntrin
cally lowerLy /L, than non-accretors at all rotation periods.

The anticorrelation oLy with rotation period can be ex-
plained by the the dependencelof on L, and the observa-
tion that the fast rotators in Taurus-Auriga are typicallprm
luminous, while the slow rotators are typically less lumiso

(Fig.[4, top). The shallow anticorrelation b /L, with rotation the possibility that rotation could play a role in the lovisi/L
period can be attrlbut.ed to the lowle of accretors at any given ¢ agcretors.xl'he exclusion of szﬁ)éeduces the slope fort[he
L, and the observation that the fast rotators in Taurus-Aurl%CretorS t6-0.11 + 0.34

are mainly non-accretors, while the slow-rotators are igaio-
cretors (Fig[¥). The anticorrelation &f%s with rotation period
then arises from the shallol /L, relation due to the observa-
tion that the fast rotators in Taurus-Auriga have geneeslfier

We have used the larger sample of T Tauri stars with mea-
sured projected equatorial rotational velocitiesini, to study
in more detail the dependences lof/L, on rotation for ac-
; : cretors and non-accretors. This sample contains 30 acsreto
?gtzct:érrzil-tryepéeas",::Serlc(eLZl?FF;gg_ﬁg.[ZI, bottom), than the slow- and 17 non-accretors. We have calculated rotation pe(ieds a

T ) > T eff Prot/ Sini = 27R,/vsini. Fig.[8 showsLy/L, plotted against

A plausible physical explanation for the dependence of e ./ sini.
tation period on accretion and stellar luminosities afiice
tive temperatures has been described by Bouvier et al. [f19
T Tauri stars spin up if they conserve angular momentum
they contract toward the main-sequence. Accreting staystiaa
prevented from spinning up either by losing angular monrant

through their strong outflows or by being magnetically ceopl giqyipy itions for the three subsamples of accretors arever

to the rotation of their accretion disks, whereas non-dirage log(Lx/L,) than the distributions for the three subsamples of

stars have been allowed to spin up as expected. More masgiiE - retors, and that the distribution for fast-rotgtincretors
stars, which have highdr, andTgs, may originate with faster

rot_atlon or may spin .UD more quickly due to their faster evo=s XZ Tau has the highedty /L, of the accretors, and has the lowest
lution toward the main-sequence. We note, however, that trt}n%ss and stellar luminosity of any star in our sample with asueed
lowest-mass T Tauri stars (spectral types later than M2Ichvh 1ation period. It is moreover a binary system whose semgndias
are largely excluded from our study, also appear to be tyigicaknown to be undergoing an optical outburst that influencedXray
fast rotators/(Herbst et al., 2006), and other star-forméggons emission of the system at the time of the observation usedE8TX
have diferent mass and age distributions from Taurus-Aurig@iardino et al., 2006).

We have divided both the accretors and non-accretors into
Eﬁ)ﬁree subsamples: fast-rotators, Witfg;/ sini < 6 d, slow rota-
s, WithPyot/ Sini > 6 d, and stars with no measuresini. The
cumulative frequency distributions of Idg{/L,.) for these sub-
Y%amples are compared in Fig. 6. We can immediately see that th
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VI ] However, for each of the three subsamples, the distribsition
A ] of Lx/L, of accretors and non-accretors are significantly dif-
A ] ferent Psame = 0.01-0.03 for fast-rotators; 0.002 for slow-

1 rotators, and 0.005-0.03 for stars with no measwrgdi). We
therefore find good evidence for a property of accretorsrothe
than their slow rotation to be the reason for their lowgyL,.

If we separate the samplesRt:/ sini = 5 d instead of 6 d,
Fig.4. The stellar luminosities (top) andffective tempera- the distributions ofLx/L, of fast-rotating accretors and non-
tures (bottom) of T Tauri stars in Taurus-Auriga with meaaccretors are less significantlyfidgirent Psame= 0.03—0.10) but
sured photometric rotation periods. Black triangles iathcac- the distributions of_x /L, of accreting fast and slow rotators are
cretors and grey circles mark non-accretors. Filled sysitdel even less significantly fierent Psame= 0.18-0.49). There is no
note stars observed bYMM-Newton in the present survey; support for a dependencelof/L, on rotation.
unfilled symbols denote additional stars observedRQBAT The slightly higher lod(x /L) of fast-rotating accretors in
(Stelzer & Neuhauser, 2001). our analysis may come about from an underestimatidn, dbr

some starsLy /Ly and P/ sini are not entirely independent
variables a®,osini « R, andR, « +/L,. If L, is underesti-
is at higher log(x/L,) than those for the slow-rotating accreimated, a data point moves to the upper left in Elg. 5, to higher
tors. The mean lodi /L) of each sample is given in Tallé 3.log(Lx/L.) and lowerP,q/ sini. ThelL, of accretors can be dif-
The means of the three subsamples of non-accretors are wielllt to determine due to veiling and absorption. Three @f th
within 1o of each other, while that of the fast-rotating accreour accretors wittPo/ sini < 5d and log(x/L.) > —3.4 have
tors is approximately @ higher than those of the other accresuspiciously high ages of 10 Myr in the table of Gudel et al.
tors. For each of the three subsamples, the accretors hagara n{2007a) which suggest underestimatgd
log(Lx/L,) at least 3 lower than the non-accretors. The accreting stars have noticeably larger error bars than t

We have used the two-sample tests in ASURV to assess tlan-accretors. The accretors had typically lower-qua{iBST
probability, Psame that the distributions of.x /L, in pairs of X-ray spectra, partly due to their lowey, which gives a lower
these subsamples were drawn from the same distribution. Theay flux from the star, and partly due to highdp, which
distributions ofLx /L, for the subsamples of non-accretors arabsorbs more of this X-ray flux. However, the upper limits of
indistinguishable from one anotheP{ e > 0.5). The distri- the larger error bars are produced by models with large atsoun
butions ofLx/L, for the accretors which are slow rotators andf very cool plasmaTy ~ 2 MK), absorbed by very highly.
those with no measuredsini are also indistinguishable from As models with such cool temperatures were not found to fit the
one anotherFRs,me > 0.75), and not significantly dierent from spectra of either accretors or non-accretors withMwwe con-
that of the fast-rotating accretorBstme = 0.09-0.35 for slow- sider these unlikely to be realistic models. Such modelslavou
rotators and 0.16—0.24 for stars with no measuwrsihi). We anyway point to fundamentalfiierences in the coronae of these
find no strong evidence for a dependencé.@fL, on rotation accretors and the non-accretors, in temperature rathefiha-
for accreting or non-accreting T Tauri stars. nosity.

3000

Rotation period (d)
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oo Table 3. A comparison of the mean loig¢ /L) of subsamples
T 7 of T Tauri stars in Taurus-Auriga observed EMM-Newton.
’ Stars in thdast samples hav@,./ sini < 6 d, those in thalow
sample havé,q/ sini > 6 d, and those in theone sample have
> no measuredsini.
5
gr Sample Non-accretors Accretors
= N (log(Lx/Ls)) N (log(Lx/L4))
E 0L il Fast 9 -327+006 17 -361+0.09
2 ° Slow 8 -328+008 13 -381+0.09
£ None 10 -331+0.13 17 -379+0.10
(@]
7. Comparison with the activity of main-sequence
stars and that of T Tauri stars in the ONC
o Il

s Fig.[d showd x /L, plotted as a function of Rossby number for
T Tauri stars in the XEST sample with measured photometric
rotation periods, or for which rotation periods could bei-est

Fig.6. Cumulative frequency distributions dfy/L, for sub- mated fromvsini as in Sec{16. Fid.]7 also compares this sample
samples of T Tauri stars in Taurus-Auriga observeddM- With main-sequence stars studied by Pizzolato et al. (2808)
Newton. Grey lines show non-accretors and black lines show aE-Tauri stars in the COUP study of the ONC (Preibisch et al.,
cretors. Unbroken lines mark fast rotatof/ sini < 6 d), 2005).
dashed lines mark slow rotatorB§/sini > 6 d), and dot-  The K-and M-type T Tauri stars in our sample all have val-
dashed lines mark stars with no measursihi. ues ofRy that place them deep inside the saturated regime. The
non-accretors with measured photometric rotation periai®
Lx /L. andR, consistent with the main body of saturated main-
sequence stars. The non-accretors with rotation periodigede
from vsini have a little lower_x /L, but still within the range
of values observed for saturated main-sequence stars. ki¥e co

. clude that the X-ray activity of non-accreting T Tauri stars
We conclude that there is no demonstrable dependencerg rus-Auriga is entirely consistent with that of mainseice

Lx /Ly on rotation among T Tauri stars in Taurus-Auriga. Thgtars showing saturated activity

f%tg/'%r';cigggrsste;; d,WIEg $?(I)nrgn§r?f;(r:?:tgzo?st [It?r?élgé)vaTue The accretors have Rossby numbers concentrated toward the

are consistent with those found for T Tauri stars in the ON igher end of the range of values of the non-accretors, due to
eir typically longer rotation periods, but well withindhrange

(erilgltsocrr::rf-zd&: ri?gr‘r’s)isﬂéf Clngsd;é/bl‘*ﬂ?;rasﬁggsé?rrs com- ¢ Ry that defines saturated main-sequence stars. However, as
P y oLt we saw in Secf.]6, theyx /L, of accretors is significantly lower

to some other property that distinguishes accretors from NQhan that of the non-accretors and a significant fractiorehav

el e A et A Ao JoiLy/L.) < . Such anacivtyleve vl e lary recog-
p : filsed as unsaturated for a late-type main-sequence stan-and

e et Agpreed as evidence [ & esaent magelc cynamo due
output of accreting stars fb slow rotation. If T Tauri stars harbour the same kind of dy-
) namo, therqon, Of these stars would need to have been system-
Additional to these discussions, Jardine etlal. (2006) haatically overestimated by approximately an order of magtet
proposed that the coronae of T Tauri stars, and hence they X-for this interpretation to explain the lower activity of thecre-
emission, are limited by pressure stripping (resultingower- tors.|Wuchterl & Tscharnuter (2003) have presented prermai
mass stars having lowery, as observed e.g. in the ONC), busequence evolutionary models in which T Tauri stars thatidvou
those of accreting T Tauri stars may be further limited by tHae expected to be fully convective instead have radiativeso
encroachment of the accretion disk. As a reasonable estimamnd a solar-like structure due to ongoing accretion. Thialdio
for the location of the inner edge of the accretion disk ishat t result in shorter convective turnover timescales than we da-
corotation radius, where orbiting material rotates ardinedstar termined here, but detailed modelling would be requiredao d
with the same period as the star itself rotates, Jardine &iral termine how much shorter. Even if this would be the case, it
ther suggested that the wide rangelgfand Ly /L. observed would be the fect of accretion on thecon, that would cause
among the accreting T Tauri stars in the ONC could result frothe lower X-ray activity of accretors compared to non-atunse
this rotation dependence. We have observed neither a wide raand not their slower rotation. Our results, however, pass|to
in Lx/L, among accretors nor a positive correlationLgf or areduced magnetic dynamfiieiency and more to theffects of
Lx /L, with rotation rate. However, a directly observable depegircumstellar material on the stellar surface and atmospas
dence on rotation could be swamped by other influential paraem explanation of the lower X-ray emission of accretors ége
eters in the model (e.g. stellar mass or coronal tempepaturkelleschi et all, 2007; Preibisch el al., 2005).
and the mass-dependencelgf and the lowerlLy /L, of ac- Also striking in Fig[T are the positions of the G-type T Tauri
cretors in the XEST sample reflect those observed in the ON@Grs SU Aur, HD 283572 and HP T&=2, for which we could
(Telleschi et al., 2007). Therefore, the Jardine et al. rhage estimate only upper limits te.on,. Although they are among the
pears to be a viable description of the X-ray charactesgifc fastest rotators in our sample, their shqgt, moves them to the
T Tauri stars that merits further observational testing. highestRy, and they are almost outside the expected saturated

log (Ly/L,)
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regime. One might expect similar stars with longer rotapen soft energy bandpass of 0.1-2.4 keV and low sensitivitye-esp
riods, perhaps- 5 d instead of 1-2 d, to fall outside the satueially at harder energies, combined with modest exposores;j
rated regime and to show significantly lowle¢/L,. This may provided spectra of ingficient quality for_Stelzer & Neuhauser
have been observed among T Tauri stars with radiative zone420021) to perform spectral fitting for each star. They indtean-
NGC 2264 |(Rebull et all, 2006): while many hbgd/L, at sat- verted observed count-rates to X-ray fluxes using a cormersi
urated levels, a significant fraction also had log(L.) < —-5. factor that aimed to account for absorption through a depecel
The mean lodg(x /L) of the stars with radiative zones was sigen hardness ratio. Our calculations using the PSPC on-ae¢s s
nificantly lower than that of those without. A population tdis tral response in XSPEC have found that the maximum value
with radiative zones showing such low activity is not found iof this conversion factor would account for absorption dioly
the XEST sample. A two-sample test of stars with and withotdy < 2.5 x 10?° cm?, while almost all T Tauri stars in Taurus-
radiative zones finds no significantfidirence in the logx/L, Auriga are observed through greater absorbing columns[8-ig
distributions of non-accretors or accretoPs4me = 0.15-0.44 shows that 42 of the 45 stars detected in both the XEST and
and 0.17-0.21, respectively). We propose that a signifisamt the ROSAT PSPC study have highkey in the XEST studf, and
portion of the stars with radiative zones in NGC 2264 may hbat the factor of underestimation.in Stelzer & Neuh&auge0()
rotating slowly enough that their activity, produced in #ane is dependent oiNy in the manner expected and can exceed an
way as solar-like main-sequence stars, is no longer satlirat  order of magnitude. As accreting stars are generally saded
The T Tauri stars in Taurus-Auriga are concentrated to liigh®y more circumstellar material than non-accretors, theytyo-
Rossby numbers than those in the ONC. This is mainly dueitally observed through higheédy and therefore theiby was
lower-mass T Tauri stars, whose rotational properties acelyp typically underestimated by a larger factor.
_studied in Taurus-Auriga, but which _form a large population The overestimation of, in [Stelzer & Neuhauser (2001)
in the ONC and are mostly fast-rotating. The ONC stars havgme apout from the use of the bolometric luminosities diste
a larger scatter ix/L. (Fig.[1) and the ONC accretors and,y [Kenyon & Hartmarin (1995), as these include emission from
non-accretors have much more overlaplig/L, (not shown - ciroymgtellar material (mostly in the infrared) as well las out-
in Fig.[7) than those in Taurus-Auriga. This could indicdtatt p, ,tfrom the star itself. While the greater amount of circtefiar
younger T Tauri stars experience greater X-ray variabityt  material around accretors led to a greater underestimatibg

could reflect dificulties in estimating théx andL, due 1o ab- ity respect to non-accretors, so it also led to a greateestie
sorption. There are a number of non-accretors in the COU® daiation of theirl, .

with log(Lx/L«) < —4 whose Rossby numbers indicate they o .
should show saturated emission by analogy with solar-lig&m A secondary reason for the underestimationl@f/L, in
sequence stars. Accretion cannot be the cause of loweitpctiptelzer & Neuhauser (2001) was their treatment of multiyke

in non-accreting T Tauri stars, so such stars are potentiafly €mMs. The observetly was divided equally between the com-
interesting for investigating the fiérences between the X-rayPonents, whereas we now know that is approximately pro-

activity of T Tauri stars and late-type main-sequence stars  Portional tol, so this approach typically underestimatesithe
of the primary component. At the same time, the bolometrc lu

_ _ . minosities from_Kenyon & Hartmann (1995) included emission
8. Comparison with previous results from all components of multiple systems, and so overeséthat

The anticorrelations ofLx, Fxs and Lx/L. with rotation theL, of the primary.
period that we have found for the combined sample of These diiiculties demonstrate some of the challenges faced
accreting and non-accreting starsffeli from those found by studies of the X-ray activity of T Tauri stars. While thgher-
by [Stelzer & Neuhauser! (2001) usinBOSAT PSPC data. energy bandpasses and higher sensitivitieXNM-Newton's
Stelzer & Neuhauser (2001) found steeper power-law slégres EPIC andChandra’s ACIS detectors have made it easier to ac-
all three activity measures, approximatehl.5 for Ly and count for absorption than was the case for R@SAT PSPC,
Lx/L, and approximately-2 for Fxs, and a highly significant there are still cases wheidy, and henceLx are very poorly
anticorrelation oLy /L, with rotation period. constrained. Uncertainties inx that account for uncertainties
We have made a careful reexamination of the data usedibBythe spectral fitting are rarely shown in the literatureufdo
Stelzer & Neuhausef (2001, B. Stelzer, priv. comm.) to oy the surprisingly large scatter in the COUP data be attribte
understand the fferences between the two results. This hagich uncertainties? The determination of the spectral &yue
revealed systematic underestimationlgf and overestimation extinction of accretors is complicated by veiling, the figiin
of L,, both of which were stronger for accretors than for nor@f photospheric absorption lines by continuum emissiomfro
accretors. This caused a particularly strong underestmat heated accreting material, which can makealso quite uncer-
Lx /L., and hencé y, for some accretors with respect to nontain. The division of the observed X-ray flux among the com-
accretors. Because the accretors have generally longaiorot ponents of unresolved multiple systems is always somewhat a
periods than the non-accretors, this led to exaggeratpesio bitrary, and even stars which are not recognised to be nhestip
the anticorrelations of the activity measures with rotagie- Mmay yet have undiscovered companions. There remains raom fo
riod. Significant correlations dfx andFxs, and perhaps evenimprovement in studies of the X-ray emission of T Tauri stars
Lx /L., with rotation period are nonetheless to be expected Wile the usefulness of precision measurements is limttee,
the tendency for faster rotators to have highgandTe and to  cause théx of any individual T Tauri star is likely to be variable
be non-accreting is also true in the larger Stelzer & Nesh#u by factors of 2-3 on timescales of weeks—years and by laager f
(2001) sample (Fig.14). tors during flaring on shorter timescales, it is importaravoid
The underestimation dfyx was primarily due to insicient Systematic problems, for example between accreting anel non
accounting of the absorption of X-ray flux by interstelladanaccreting stars.
circumstellar material in the line of sight to the star. R@SAT
PSPC had, in principle, the spectroscopic capability tosuea
and account for the absorbing column density, However, its & This includes also stars with spectral types later than M3.
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with rotation period then comes about from the shallgwL .
—* ] relation due to the observation that the fast rotators irrtigu
L ] Auriga have typically higheT e than the slow rotators.
. Previous studies which have reported the loluefL, of ac-
] cretors in Taurus-Auriga have usually attributed it to thgi-
{ ] cally slower rotation periods of accretors and an antidatian
of Lx /L, with rotation period. Using a larger sample of stars
from the XEST sample with spectral types M3 or earlier, whose
rotation periods were derived frowsini, we find no evidence
. that slow-rotating accretors have significantly lowgy'L, than
faster-rotating accretors, or that slow-rotating nonratmrs have
lower Lx/L, than fast-rotating non-accretors. This is consis-
tent with saturated emission. However accretors were faand
have significantly loweky /L, than non-accretors, whether they
i were fast-rotating, slow-rotating, or had no measwsidi. The
Y ‘ lower Ly /L, of accretors compared to non-accretors is therefore
not due to their slower rotation.
Pizzolato et al.[(2003) have shown that the/L, of solar-

Fig. 8. Logarithm of the ratio of X-ray luminosities in tHiROSAT  like main-sequence stars of spectral types G to early M is de-
study of Stelzer & Neuhauser (2001) and multiplicity-emted termined by the Rossby number, the ratio of rotation period t
X-ray luminosities in the present (XEST) study, plotted as @nvective turnover timescale. We have estimated the cenve
function of absorption column density,;. Black triangles and tive turnover timescale of each star in the XEST sample by
grey circles mark accreting and non-accreting T Tauri stars mterp(_)latlng values calculated for T Tauri stars in the ONC
spectively. Lines show the expected ratio as a functiodpfor ~ (Preibisch et all, 2005) and hence derived the Rossby nuafiber
three Spectra| models Covering the range of temperaturgd:.one_aCh T Tauri star in the XEST Sample with rotational informa-
ered in the XEST survey (Iofp = 6.3, dashed; 7.0, full; 7.5, tion. )

dot-dashed, witl8 = —1 in each case), assuming a count-to- We .have found that all T Tauri stars of spectral types K
flux conversion factor of D x 10—11 erg CI’TTz 3—1 per ROSAT and M in the XEST sample have ROSSby numbers that lie well
PSPC count?® was used to calculate thROSAT luminosi- Within the saturated regime of main-sequence stars. The non
ties/Stelzer & Neuhausér (2001) used this factor in casesey accretors havex /L, entirely consistent with those of saturated
the hardness ratio could not be measured, for example, éor fRain-sequence stars. The accretors have, however, ggneral
most-heavily absorbed stars which were not detected in.the 0lower Lx/L., and a significant fraction have Idg{/L.) < 4.

0.4 keV band, while the maximum value used wa6k 10-11, Although this would be interpreted as unsaturated emisteon
hibited by a main-sequence star, the determined Rossbyensmb

of these accretors are approximately an order of magnitmle t
9. Summary and Outlook low to be in the conventional unsaturated regime. This gam
ward some ffect of the coupling of the stellar surface and atmo-
We have used th¥MM-Newton Extended Survey of the Taurussphere to circumstellar material, rather than a reducedmiyn
Molecular Cloud (XEST) to investigate the dependence o&X-r efficiency, as the cause of the lower X-ray output of accreting
activity measured,x, Lx /L. andFxs, on rotation period. T Tauri stars (sele Telleschi et al., 2007; Preibisch lét G052
Using only those stars with measured photometric rotation Identifying the process which causes this general redudio
periods, we found power-law anticorrelations Iof and Fxs an important motivation for future studies, but just oneredat
with rotation periods that are significant at the 99 per cevel, in understanding the complex interaction of magnetic @gtiv
and have slopes of approximateil. However, we found no and the circumstellar environment. Recent studies havediou
significant anticorrelation oEx /L, with rotation period, with for instance, that dramatic increases in accretion rateheae
a best-fitting slope of approximately0.3, which is consistent quite difering efects on the observed X-ray emission in dif-
with saturation. ferent cases (Kastner et al., 2004; Audard et al., 2005)tzatd
Although Stelzer & Neuhauser (2001) found steeper anticof-ray emission may also arise in shocks, in accretion steeam
relations for all three of these activity measures, reeration onto the star (e.g. Kastner ef al., 2002) or in jet outflowg.(e.
of the data used hy Stelzer & Neuhauser (2001) has revdaded Gidel et al., 2007b).
this can be explained by a systematic underestimatids @nd Non-accreting starsfter simpler means for understanding
overestimation ot that preferentially fiected accreting stars,the magnetic activity and dynamo processes in pre-main se-
which are typically slow rotators. guence stars. The identification of non-accretors WithL . sig-
Telleschi et al.(2007) have shown that theof T Tauri stars nificantly below the conventional saturation level and deie
in Taurus-Auriga has a near-linear correlation with stdlimi- nation of their Rossby numbers is a potentially importaober
nosity, suggesting saturation, but that accreting stave kgs- of their dynamo mechanism. In particular, do there exiswslo
tematically lowerLy than non-accretors by a factor of 2.5 atotating non-accreting T Tauri stars with low activity trexe
any givenL,. The anticorrelation ofx with rotation period can analogous to the low-activity slow-rotating solar-likedafally-
be explained by the observation that the fast rotators imiEau convective main-sequence stars and which would provide evi
Auriga have typically higher stellar luminosities than tlew dence for low dynamofciency due to slow rotation?
rotators. The shallow anticorrelation bf /L, with rotation pe- Investigations of the influence of stellar or circumstellar
riod can be attributed to the observation that the fastocddh properties on the X-ray emission depend on a good character-
Taurus-Auriga are mainly non-accretors while the slovatats ization of those properties. The T Tauri stars in Taurusigair
are mainly accretors. The anticorrelatiorFof = (LX/L*)o-Tgff form a relatively small but very important population forcbu

log(Lgosar/ Lxest)
\
|
/

N |

0.01

Ny (10?2 cm™?)
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studies, because they are closeby and they and their citebmspallavicini, R., Golub, L., Rosner, R., et al. 1981, ApJ, 228

lar environments are individually well-studied. The snsalinple Parker, E. N. 1955, ApJ, 122, 293 o

of just 23 stars with measured photometric rotation pertbds P'Z?fg;at&?”" Maggio, A., Micela, G., Sciortino, S., & Vena, P. 2003, A&A,

we have studied here, out of a total ©f200 T Tauri stars in pyeipisch, T., & zinnecker, H. 2002, ApJ, 123, 1613

Taurus-Auriga, demonstrates the potential that that urtipti-  preibisch, T., Kim, Y.-C., Favata, F. et al. 2005, ApJS, &1,

cal photometric monitoring and X-ray campaigns could uklocRebull, L. M., Wol, S. C., Strom, S. E. 2004, AJ, 127, 1029

However, there may remain still more potential in improvegebull. L. M., Staifer, J. R., Ramirez, S. V., et al. 2006, AJ, 131, 2934

characterization of the stellar and circumstellar chamstics in Smétg'é F;'lK" Brickhouse, N. S., Liedahl, D. A., & Raymond(1.2001, ApJ,

the much larger, but more distant, sample of T Tauri starBen tsiess. L., Dufour, E., Forestini, M. 2000, A&A, 358, 593

ONC in combination with refined analysis of the already consielzer, B. & Neuhauser, R. 2001, A&A, 377, 538

prehensive X-ray dataset obtained in the COUP campaigs. It??“escﬂi, ﬁ-, gi}(éen' "\\/l/l BBfi_ggS. T( R;éy eéfﬂ- %1003' GDJZ%%?% i .
H H H H ellescni, A., Guael, M., Briggs, K. R., udara, . roceedings o

also important to study pre-main sequence populat|0.ns w'.th. “The X-ray Universe 20(?3’, 26-30 September 2005, El Estoﬁmd%id,

range Of_ages to L!nderStand the evolution of magne_tlc getivi Spain, ed. A. Wilson, ESA SP-604, Volume 1, Noordwijk, ES/Alations

during this interesting phase of star and planet formation. Division, 45

Telleschi, A., Gudel, M., Briggs, K. R., Audard, M., & Palle. 2007, A&A, this
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Fig.3. The X-ray activity—rotation relation of T Tauri stars in Tas-Auriga observed b¥XMM-Newton. The observed (left) and
expected (right) values of X-ray activity measures aretptbais a function of rotation period: Top, X-ray luminosityiddle, its
ratio with stellar luminosity; bottom, the surface-avezdgd<-ray flux. Expected values were calculated for each staedb on its
stellar luminosity and whether it is accreting or not. Blaglngles indicate accretors and grey circles indicate amretors. Lines
show the best-fitting power-law correlation in each case.
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Fig.7. The ratio of X-ray and stellar luminosities plotted as a tiotof Rossby number. Grey filled circles show late-typemai
sequence stars studied by Pizzolato et al. (2003); grey sgeares show T Tauri stars in the Orion Nebula Cluster stuloye
Preibisch et all (2005); black circles and triangles shespectively, non-accreting and accreting T Tauri starsaimds-Auriga in
the present study. The filled black symbols show stars withsued photometric rotation periods; the open black sysbave
periods derived from sini measurements and argextively upper limits to the Rossby number. The grey leftivpointing arrows
represent periods derived fromsini measurements in_Pizzolato et al. (2003). The black righdvparinting arrows show cases
where only upper limits to the convective turnover time colof estimated.
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