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ABSTRACT

Context. The physical origin of the strong magnetic activity in T Tauri stars andlasiom to stellar rotation is not yet well understood.
Aims. We investigate the relation between the X-ray activity, rotation, and Rosshper for a sample of young stars in th& Myr

old cluster IC 348.

Methods. We use the data of fouthandra observations of IC 348 to derive the X-ray luminosities of the young sBasic stellar
parameters and rotation rates are collected from the literature. This riesuiample of 82 X-ray detected stars with known rotation
periods. We determined the Rossby numbers (i.e. the ratio of rotati@dpgerconvective turnover time) of 76 of these stars from
stellar structure- and evolution-models for pre-main sequence stars.

Results. The young stars in IC 348 show no correlation between X-ray activityatadion period. Considering the Rossby numbers,
nearly all IC 348 stars are in the saturated regime of the activity—rotatlatiore defined by main-sequence stars. Searching for
possible super-saturatiorffects, we find a marginal (but statistically in-significant) trend that the stahstive smallest Rossby
numbers show slightly lower X-ray activity levels. There are no signifid#ferences in the X-ray activity level for stars offérent
spectral types and no relation between spectral type and Rossby nistdeen. Also, for stars belonging toférent IR-classes,
no significant dferences are present for the X-ray activity level as well as for thessBypnumbers. We compare the dispersion of
fractional X-ray luminosities of the stars in the saturated rotation regime 34830 that seen in younger and older stellar populations.
The scatter seen in the3 Myr old IC 348 [ (log (Lx /Lyor)) = 0.43] is considerably smaller than for thel Myr old Orion Nebula
Cluster [0 (log(Lx/Lpa)) = 0.63], but, at the same time, considerably larger than the dispersion séemsn30 Myr old cluster
NGC 2547 pr (log(Lx /Lsor)) = 0.24] and in main-sequence stars.

Conclusions. The results of our X-ray analysis of IC 348 show that neither the rotaditas mor the presenfedsence of circumstellar
disks are of fundamental importance for determining the level of Xaivity in TTS. Our results suggest that the scatter of X-ray
activity levels shown by the fast-rotating members of young clustergdses with the age of the stellar population. We interpret this
as a signature of the changing interior structure of pre-main sequtarseasd the consequent changes in the dynamo mechanisms
that are responsible for the magnetic field generation.

Key words. Stars: activity — Stars: magnetic fields — Stars: circumstellar matter — Starmain sequence — open clusters: individual
objects: IC 348

1. Introduction However, the connection between the observed surface magne
activity and the properties of the dynamo generating the-mag

Young stellar objects (YSOs) in all evolutionary stagespfr netic flux is not yet fully understood (e.g., Isik et al. 2D11

class | protostars, to T Tauri stars (TTS) to zero-age main- . ) . .

sequence stars, show highly (L0° — 10* times) elevated lev- For main-sequence stars, the increase of magnetic activity

els of X-ray activity (for reviews on the X-ray properties ofowards shorter rotation periods stops for periods shafin

YSOs and on stellar coronal astronomy in general see Feigels” 23 days, where the activity saturates around(log/Lyol) ~

& Montmerle 1999 and Favata & Micela 2003). Despite man73- The physical reasons for this saturatidfeet are not well

years of research, the physical origin of this X-ray acyivé unde_rstood (see, e.g.,.J_ardme & Unruh 1999). Foy extrefqety

still not well understood. Although there is strong evidetizat 0tating stars, the activity level seems to drop slightlytwin-

in most TTS the X-ray emission originates from magneticall§'€asing rotation rate (Prosser et al. 1996; Randich 2G0ed

confined coronal plasma (e.g. Preibisch et al. 2005), it is u al- 2000; Jéries et al. 2011); this phenomenon is denoted as

clear what kind of dynamo processes create the required magiPer-saturation” and also not well understood.

netic fields. Studies of stellar populations withftBrent ages show that

For main-sequence stars, the level of the magnetic actixat there is a continuous evolution from the very high X-ray
ity (and thus the strength of the X-ray emission) is mainly dectivity levels in the youngest stages to the much lowewacti
termined by their rotation rate. Observations have redeale ity seen in older (more than a few hundred Myr old) stars (e.g.
clear rotation—activity relation of the foriny /Lo o P;Ozt-6 (e.g. Gudel et al. 1997; Preibisch & Feigelson 2005; Telleschi et al
Pallavicini et al. 1981; Pizzolato et al. 2003), which is mod 2005). This evolution can be explained by the temporal degre
agreement with the expectations from solar-like @ dynamo of stellar angular momentum (Bouvier et al. 1997; Herbst.et a
models (e.g. Maggio et al. 1987; Ossendrijver 2003). TharsoR007). Furthermore, the presence of strong magnetic fields o
dynamo is thought to be anchored in the “tachocline”, athimez the surface of T Tauri stars has been clearly established (e.
between the inner radiative core and the outer convectior.zoJohns-Krull 2007). These pieces of evidence suggest teath
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ray activity of YSOs is rooted in similar dynamo processes @§03; Preibisch et al. 2003; Luhman et al. 1998; Luhman 1999;
present in our Sun. Luhman et al. 2003, 2005). For nearly all of these stars, ba-
However, the relation between rotation and X-ray activity isic parameters such as luminositffeetive temperature, mass,
TTS remained unclear until recently, since in most studiesa and age are known. The mean age of the cluster members is

forming regions the number of X-ray detected TTS with knows 3 Myr. Extensive studies with th&pitzer Space Telescope
rotation periods was too small to draw sound conclusiongwvA f provided comprehensive information about the frequenay an
years ago, th€handra Orion Ultradeep Project (COUP), a 10-nature of the circumstellar disk population in IC 348 (Lada e
day long observation of the Orion Nebula Cluster (ONC) withl. 2006; Muench et al. 2007; Currie & Kenyon 2009).
Chandra/ACIS (for details of the observation and data analy-

sis see Getman et al. 2005) and the XMM-Newton Extend
Survey of the Taurus Molecular Cloud (XEST, sei&d@l et al.

2007) provided very sensitive X-ray data sets for large sane 348 was the target of four fierent observations with
ples of TTS. The COUP and the XEST data have both showie |maging Array of theChandra Advanced CCD Imaging
that the TTS in Orion and Taurus ahot follow the relation be- spectrometer (ACIS-I). The first observation was obtained i
tween rotation period and X-ray luminosity for main-sequeen September 2000 (ObsID 606, 52.9 ksec exposure time, Pl
stars (Preibisch et al. 2005; Briggs et al. 2007) togeth#rthie  Th, Preibisch); the results were presented in Preibisch &
fact that the TTS spin up during the firs£.0-30 Myr (Herbst & zinnecker (2001) and Preibisch & Zinnecker (2002). Three fu
Mundt 2005) does not lead to an increase of X-ray luminosityyer observations were performed in March 2008 (ObsID 8584,
This puts into question the solar-like dynamo activity soém 50,1 ksec exposure time, PI: N. Calvet, ObsID 8933, 40.1 ksec
for TTS. Another argument against solar-like dynamos inngpu exposure time, PI: S. Wolk, and ObsID 8944, 38.6 ksec expo-
TTS comes from theoretical considerations: at ages BMyr,  sure time, PI: S. Wolk). While ObsID 606 was centered at the
most TTS are expected to be fully convective, and thus shogtical cluster center, ObsID 8584 is shifted b§’ %o the south-
not possess a tachocline. The conventianaf2 dynamo cannot \est, and ObsIDs 8944 and 8944 are shifted’1® the south-
work in such a situation. Several alternative dynamo cotsceyest. The total area covered by the combifbdndra data set is
have been developed for fully convective stars (e.g. Gigapa about 555 square-arcmin and includes most known clustermem
al. 1996; Kiker & Rudiger 1999; Dobler et al. 2006; Chabrier &pers.
Kiker 2006; Browning & Basri 2007; 8gler & Schissler 2007, For the study presented in this paper, we merged and an-
Pietarila Graham et al. 2010). Although the reliability och  31yzed all fourChandra data sets to determine the X-ray lumi-
theoretical models is not entirely clear, there is good @& ngsities of the TTS in IC 348. The source detection in the eérg
for the simultaneous presence of ar-Q dynamoand some jmage was performed in a standard way by usingwiaede-
kind of a small-scale turbulent dynamo in the convectionezofect algorithm inCIAO for locating X-ray sources in our merged
of our Sun (e.g., Durney et al. 1993; Bueno et al. 2004). image. The resulting preliminary source list was extendgd b
Direct observations of the relation between rotation angiding further possible sources identified by visual inipac
magnetic activity for stellar samples spanning a wide ramfge Thjs yielded a catalog of 392 possible X-ray sources. Torclea
ages can provide fundamental constraints to the theokeima-  thjs catalog of spurious sources and to determine the proper
els. Numerous large datasets are available for samplesiof mges of the X-ray sources, we performed a detailed analyfsis o
sequence stars as well as for young stellar clusters witB ag@ch individual candidate source with #elSExtract software
of down toz 30 Myr (e.g. Prosser et al. 1996; Sfmr et al. packagé (Broos et al. 2010), following the procedures described
1997a,b; Randich 2000; Giges et al. 2011). For younger agesin Getman et al. (2005), Townsley et al. (2003), and Broos. et a
however, there is still a clear lack of reasonably largdatsem- (2007). The final catalog lists 290 X-ray sources.
ples for which good activitgnd rotation data are available. The |nyrinsic, i.e. extinction corrected, X-ray luminositifes the
data obtained in the COUP and XEST observations do both &gyrces were determined with tXeHOT softwaré, developed
spresent very young stellar populations, which are entyMyr  ,y Getman et al. (2010), assuming a distance of g10For
old (see, e.g., Weights et al. 2009; Dib etal. 2010; Luhmai.et 5oy rces with less than four net counts (for whkPHOT does
2010). Since the stellar rotation, the magnetic activitgls, and ¢ work), an estimate of the X-ray luminosity was deriveshir
other basic stellar parameters evolve strongly in the aggera the F|LUX2 values computed b§CIS Extract and the median
between 1 Myr and 30 Myr, a sample of stars with an age Ofgergy of the detected photons. For those cluster members th
few Myr can provide valuable information in this context.tWi \yere not detected as X-ray sources in @@ndra data, we de-
an age of 3 Myr (Luhman et al. 2003; Mayne et al. 2007), thgermined upper limits to their X-ray luminosities in the Hfol-
young cluster IC 348 is very well suited in this respect. U8  jng way: first, extraction regions were defined as the 90% con-
is particularly interesting because it corresponds to #18tpn  toyrs of the local PSF and then the number of counts in the tar-
time when the structure of solar-mass stars changes froitya fiyet aperture and an estimate of the local background was dete
convective interior to a radiative core plus convectiveetope mined withACIS Extract. Upper limits for the number of source
structure, and this shouldfact the dynamo processes that argounts were then calculated with the Bayesian method fardet

%(.jl. Chandra X-ray observations

the ultimate source of the magnetic activity. mining confidence intervals involving Poisson-distrildidata
described in Kraft et al. (1991), using a confidence level.6f 0
2. X-ray and rotation data for IC 348 After dividing these source count upper limits by the local e

posure time, an upper limit for the X-ray luminosity was com-
IC 348 is the nearesty( 310 pc, Herbig (1998)) rich and com-puted by applying the mean conversion factor between catmt r
pact very young stellar cluster (Herbst 2008). In a large lo&tm and X-ray luminosity derived for the X-ray detected TTS i ou
of observational studies, more than 300 individual clustem- |C 348 sample.
bers have been identified and well characterized by means_of
optical and infrared spectroscopy and photometry (HerBEfl ! httpy/www.astro.psu.eguray/docgTARA/ae usersguide.html
1998; Lada & Lada 1995; Luhman et al. 1998; Muench et al.? httpy/www.astro.psu.eguserggkostadXPHOT/
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A general description of the resulting X-ray properties and

an investigation of relations to the basic stellar paramei® . T T IR
given in Stelzer et al. (2011). oF A E
2.2. Rotation periods of IC 348 stars from the literature F 4
C A A L _

Numerous determinations of rotation periods have been per- F y ..A.::: O°
formed in the last few years for stars in IC 348 starting with g L fﬁ ool 2 8o 3,° A
Herbst et al. (2000). From the studies of Cohen et al. (2004)~ _aF - ;'@ o oo o E
Littlefair et al. (2005), Kizild@lu et al. (2005), Cieza & Baliber = | ¢ A
(2006) and Nordhagen et al. (2006) we collected a cataldy wit * - ¥ [y v .
rotational periods for 206 stars in IC 348. For most star$ tha,, _| TR y E
are listed in more than one of these studies the rotatiomgeri © ~° |
agreed within typically a few percent. We used the mean value F
of the listed rotation periods in these cases. In a few cakes o E
significant discrepancies, we calculated the mean aftqiing o E
the outlying value. g

-7F 4
2.3. Construction of the rotation - activity catalog E o o ]
The starting point for the construction of the rotationhatt 0.1 1.0 10.0 100.0
catalog was the membership list for IC 348 from Luhman et al. Prot [days]

(2003) which contains stellar parameters such as boloerletri Fig 1. Fractional X-ray luminosity versus rotation period. This plot
minosity, spectral type andfective temperature for 288 mem-compares the 1C348 TTS (solid black dots) to MS stars from Pizzolato
bers. This sample is thought to be completeAgr< 4 mag and et al. (2003) and Messina et al. (2003) (grey boxes) and the Si848C
for massedM > 0.03M,,. For each star with known rotation pe-sources with strong flares during tlihandra observation are marked
riod, we searched for an associated X-ray source withf of by triangles.

the catalogued optical position. For the 18 cluster memiviths
known rotation periods that are located in tBleandra area but . .
not detected as X-ray sources, we used the upper limits to theThe ratation periods of the X-ray un-detected_stars arerath
X-ray luminosity as described above whereas stellar paemme uniformly distributed across the full range of periods fioe -

were taken from Luhman et al. (2003) and Muench et al. (200%5}‘.y detected stars. This implies that the X-ray detectiomtli
Our final rotation - activity catalog consists of 82 starshwitd0€S not produce a systematic bias against very fast or slow r

measured X-ray luminosities and 18 stars with upper lingts {ators.

the X-ray luminosity. Tables 2 and 3 list the stellar pararet | € data show that the X-ray afctik\]/ity level for the TTS inh
and X-ray luminosities for the 100 stars in our final sample. |C 348 seems to be independent of the rotation period. For the
fast rotators (periods 5 days), the absence of an activity—

rotation correlation may be arnffect of saturation as seen in
3. X-ray activity and rotation periods main-sequence stars. However, there is a considerableanahb
) ) o rather slowly rotating IC 348 stars (pericdslO days) that show
In Fig. 1 we show fractional X-ray luminositidsc/Lyol VErsus much higher X-ray activity levels than similarly slow rateg
rotation periods for the TTS in IC 348 and compare them {Qain-sequence stars. We can thus confidently concludett@at t
data for main-sequence stars. The periods for the starsrin @348 TTS do not follow the same relation between rotation pe

sample range from.B85 days to 30 days. It is obvious that thgjoq and fractional X-ray luminosity as seen for main-sewpee
IC 348 stars do not follow the well established activityatatn gigrs.

relation shown by the main-sequence stars, i.e. increasing
tivity for decreasing rotation periods followed by satioatat
Lx/Lpol ~ 1072 for periods below~ 3 days. Instead, the IC 3484. X-ray activity and Rossby Numbers
stars show no relation between X-ray activity and rotatien p
riod. In order to identify stars that showed large X-ray ftader-
ing the Chandra observation, we inspected the X-ray lightesi
Stars, for which the amplitude of the count rate variatiothie
lightcurve is higher than 10 are marked by triangles in Figvé
note that the two stars with the highest fractional X-rayiluwsi-

ties (log(Lx/Loot) = —2.6 for star J034427.02320443.6 and Orion Ultradeep Projects (Getman et al. 2005). An analysis of the X-
log (Lx/Lbo)) = —1.9 for star J034359.6821402.9) showed ray lightcurves was used to derive “characteristic” X-ray luminosities
strong X-ray flares during th€handra observation; the ampli- by removing the fiect of strong flares. It was found that theffeli-
tude of the count rate variation was 29.6 and 36.5 and the-exp@ice between these “characteristic” X-ray luminosities and the average
nential decay time of the flares was4-6 ksec. Therefore, the X-ray luminosities (i.e. the mean values, determined without remov-
effect of these short flares on the mean values of X-ray luminosg flares) is very small and does not significantfjeat the relations
ity averaged over the entire duration of the observatiomiglls between X-ray and basic stellar properties (Preibisch et al. 2005). Our
3 IC 348 Chandra observations have long enough exposure times (com-
pared to the typical short duration of a flare) to expect that individual
3 A detailed analysis of theffects of flares on the mean X-ray lu-flares also cause only very mindfects on the average X-ray luminosi-
minosity X-ray of TTS was performed in the context of tGbandra ties.

Although the éiciency of the magnetic field generation in the
a—Q dynamo model increases with the rotation rate, this is not a
direct causal relationship. Rather, the dynamo numberraipe
on the radial gradient of the angular velocity and the charac
teristic scale length of convection at the base of the convec
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tion zone (see Ossendrijver 2003). A detailed theoretinal-a
ysis shows that the dynamo number scales as the inverseesquar AN AN T NN
of the Rossby numbeRo (e.g. Maggio et al. 1987), which is
defined as the ratio of the rotation period to the convective
turnover timerg, i.e. RO := Pyot/7c. This theoretical prediction -2
is well confirmed by data for main-sequence stars, that show a
considerably tighter relationship between magnetic agtand
Rossby number than magnetic activity and rotation periogl (e -3
Montesinos et al. 2001; Pizzolato et al. 2003). Numeroug-stu
ies have confirmed that, for slowly rotating stars, activiges _{
asLy/Lpo o« Ro2. Saturation at thd.x /Ly ~ 107 level is x _4
reached arounBo ~ 0.1, which is followed by a regime of ‘su-_
persaturation” for very small Rossby humbe®e, < 0.02 (e.g., ©
Randich 2000; Jé&ries et al. 2011). _5

4.1. Determination of convective turnover times for the TTS

The convective turnover time scatg is a sensitive function of
the physical properties in the stellar interior. For magaisence
stars, semi-empirical interpolations ef values as a function —7
of the color or the stellar mass are available and provideaay e 0.01 0.10 1.00 10.00
way to estimate Rossby numbers. For TTS, which have a consid- Rossby number
erably diterent and quickly evolving internal structure, the situgig. 2. Fractional X-ray luminosity versus Rossby number for the
ation is much more complex since thevalues change strongly IC 348 stars. Black arrows indicate upper limits on the X-ray activ-
with age. The convective turnover time scales for the youh§ T ity. The grey shaded area shows the relation and the width of its typical
are several times larger than for main-sequence stars efithe scatter found for MS stars (from Pizzolato et al. 2003).
mass. Detailed stellar evolution model calculations ageired
to determine reliable convective turnover times for TTS &eH-
consistent way.

Model calculations of this type had been performed for t%
analysis of the activity — rotation relation in the Orion Né&b

of stellar models was computed with the Yale Stelar Evonti __/ diflerence between TTS and main-sequence stars mati-
fests itself in the wide dispersion of fractional X-ray lurosities

Code (see Kim & Demarque 1996) for stellar masses betwe : L
0.065M, and 40 M,,. In the second step, the convective turnovegtna given Rossby number among the TTS. The activity levels

: : : dcatter over more than one order of magnitude, in remarkable
time for each star in the observed sample was determined frofi} "t the much smaller scatter found for main-secaienc
the model that reproduced its observetkeetive temperature

inosi i i : stars in the saturated rotation regime (see Pizzolato 208B).
and luminosity. This resulted in a database of 56&edént This result suggests that additional factors, other thanrth
(Terr» Lbol 7c) values.

. . . tation period, are important for determining the level ofas
We used these results to determine convective turnovestln%gctivity in TTS.

for the TTS in IC 348 by interpolating their stellar paramste

Ter andLyg against those in the database to determindhis

resulted in Rossby numbers for 82 stars in our sample. 4.3. The activity — Rossby number relation for stars of
different spectral types and infrared-classes

TTTT 1117171 ‘ TTTT 1117171 ‘ TTTT T 117171 ‘ TTTT T 117171 ‘ TTTT T 117171 ‘ TTTT T 117171
L]
Q@
L]
L]
H
Lttt ‘ Lttt ‘ Lttt ‘ Lttt ‘ Lttt ‘ Lttt

markably low activity levels between3.7 and—4.1. If this is

real dfect, the border for supersaturation would be shifted
about a factor of 3 compared to the border determined by
Randich (1998) for main-sequence stars.

4.2. The activity — Rossby number relation for the TTS A comparison ofLx /Lyol versus Rossby numbers forfidirent
spectral classes is shown in Fig. 3.

Rossby numbers were computed by dividing the rotation gerio  We find no statistically significant fierence between the
of the stars by the values for their local convective turmévee median values of the fractional luminosity with regard te tfif-
as derived above. Fig. 2 shows the fractional X-ray lumiiesi ferent spectral types. Also the ranges of Rossby numbetkdor
of the TTS versus the resulting Rossby numbers. The plotshagifferent spectral types seem to be quite similar. While the three
no strong relation between these two quantities as expéatedG-type stars have larger Rossby numbers than the K- and #-typ
such low Rossby numbers. Nearly all TTS have Rossby numbetars, this may simply be arffect of small-number statistics.
< 0.2 and therefore are in the saturated or super-saturatedeegi  In Fig. 4 we show X-ray activity versus Rossby number for
of the activity — Rossby number relation for main-sequet@ess different infrared-classes, that trace the circumstellar miahte
To search for indications of super-saturation we comparadound the young stars. We used the infrared-classes derive
the fractional X-ray luminosities of the TTS in the satudhteby Lada et al. (2006) from the observ&itzer/IRAC spectral
(0.1 > Ro > 0.02) and super-saturateRq < 0.02) regimes. We energy distributions between63:m and &:m. Objects with an
found nearly equal median values of Idg /Lyo) = —3.51 for SED slope ofaz_ g > —0.5 are Class 1 and are thought to be
the TTS in the saturated regime an8 56 for those in the super- very young stellar objects surrounded by circumstellakslend
saturated regime; thus the stars from IC 348 show no clear esnvelopes. Class |l objects@.5 > a3 g > —1.8) are stars with
dence for supersaturation. Nevertheless, there may be &ohin thick circumstellar disks. Clasglll objects 1.8 > a3z g >
supersaturation if we consider only stars with very smali$by —2.56) are thought to be stars surrounded by “anemic” disks,
numbers ofRo < 0.006. All three stars in this range show rewhereas Class Il objecta g < —2.56) are disk-less stars. The
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Fig. 3. Comparison of fractional X-ray luminosity versus Rossby nuntig. 4. Comparison of fractional X-ray luminosity versus Rossby num-
ber for stars in IC 348 for the flerent spectral types G (blue asterisks)ber for stars in IC 348 for the fierent IR-classes Il (blue triangles),
K (green triangles) and M (red squares). The grey shaded ares shd/lll (green squares) and Il (black crosses). The grey shaded a
the relation and the width of its typical scatter found for MS stars (froshows the relation and the width of its typical scatter found for MS
Pizzolato et al. 2003). stars (from Pizzolato et al. 2003).

“anemic” disk objects are probably transition objects thate non-availability of reliable Rossby numbers for young prain
either optically thin disks, or disks with large inner holeee sequence stars.
Lada et al. 2006). Here we consider two other young clusters for which sim-

The plot shows no obvious tierences in the X-ray activity ilarly good X-ray and rotation data as well as reliable Rgssb
levels or the Rossby numbers of thefelient infrared classes.numbers are available for afigiently large number of stars.
This suggests that the presefadesence and the properties of thehe first data set is the sample of TTS in thd Myr old Orion
circumstellar material does noffact the level of X-ray emis- Nebula Cluster from Preibisch et al. (2005). The second sam-
sion. This is consistent with the results obtained fréhandra  ple is taken from the recent study of tke30 Myr old cluster
observations of the Orion Nebula Cluster (Preibisch etG052. NGC 2547 by Jries et al. (2011).

Investigating the plot of rotation periods versus fracédn- In Fig. 5 we compare the relations between X-ray activity
minosities for the dferent infrared classes we found no signifiand Rossby numbers for these three clusters. The three sam-
cant relation. We also find no indications for a relation lesw ples are similar in the sense that no correlation can be seen
Rossby number and infrared class. between X-ray activity and Rossby number. A strikingfel
ence is however seen in the scatter of the X-ray activity lev-
5. Comparison of IC 348 to young clusters of els_for the stars in the saturated Rossby _number re_g_imeeTabI

e 1 lists statistical values for the scatter in the activityels
different age seen in each sample. The scatter is largest in the Orion Blebul

During the pre-main sequence lifetime of young stars, sgvef-!uster sample (log(Lx/Lyor)) = 0.63], considerably smaller
important changes occur with respect to the level and oridﬁ?lc 348 [0 (log(Lx /Lbor)) = 0.43], and yet smaller in the case

of the magnetic activity. X-ray studies of young clustershwi Of NGC 2547 [o (log(Lx /L)) = 0.24]. We note that the scat-
different age have shown that the level of X-ray activity is aiger seen in NGC 2547 is representative for the scatter seen in
proximately constant during the initial 10 Myrs, and starts to Main-sequence stars (see Pizzolato et al. 2003). As thefage o
decline significantly at ages above 10 — 30 Myr (Preibisch the Orion Nebula Cluster sampledsl Myr, Whereas IC 348 is

& Feigelson 2005). Another important aspect is that therinte® 3 Myrold, and NGC 2547 is: 30 Myr old, we find a decrease
nal structure of the young stars changes from a fully covect of the scatter of X-ray activity levels for stars in the satgd
structure to a radiafive core plus convective envelopecatra, R0SSby number regime with the age of the stellar population.
The timescale for this transitions depends on the stellasma

for stars with masses arouno_l one solar mass thig Changesoc%wConclusions

at ages around 2 4 Myr. It is therefore interesting to com-

pare the rotation—activity relation for IC 348 to that seepther Our analysis of the relation between X-ray activity (aséxhby
young clusters of dierent age. While there is certainly no lackdeepChandra observations) and the rotation properties of the
of X-ray data on young stellar clusters, rotation data aterof TTS in the young cluster IC 348 yields the following results:
not available for a diciently large number of cluster memberd=irst, we show that there is no correlation between the frac-
for statistical studies, especially for the particulamyeiresting tional X-ray luminosity and the rotation periods of the TESgn

age period o 10 Myr. Another serious obstacle is often thehe rather slowly rotating stars (periogs10 days) show very
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Fig. 5. Fractional X-ray luminosity versus Rossby number for stars in IC 88@f{lled circles) compared to the stars (black asterisks) in the Orion
Nebula Cluster (left) and NGC 2547 (right). The grey shaded areasstimwrelation and the width of its typical scatter found for MS stars (from
Pizzolato et al. 2003).

Table 1. Statistical values (mean, standard deviation, median, and me- A possible explanation for thisfiect can be based on the
dian absolute deviation) for the activity level ldgq/Luo) of young stellar interior structure and the corresponding dynamohae

stars in the Orion Nebula Cluster, IC 348 and NGC 2547. nisms that are the basis of the magnetic activity that presluc

the observed X-ray emission. At age ©f1 Myr (e.g., in the

Stat. value Orion 1C 348 NGC 2547 Orion Nebula Cluster), almost all low- and intermediate snas
stars M < 2M,) are fully convective. As already mentioned,

Mean —339 353 —320 the solar-likeo—Q dynamo cannot work in such a situation and

Std. Dev. 0.63 0.43 0.24 . .

Median 331 -353 _323 some kind of s.,mall-_s.cale convective dynamo must be the sourc

MAD 0.39 0.21 0.18 of the magnetic activity. The more or less chaotic natureiohs

a dynamo may be responsible for the very wide scatter of-activ
ity levels seen for stars with similar rotation rates antlatga-
rameters. According to the pre-main sequence stellar gonlu
strong X-ray activity. Second, according to the Rossby nurmodels of Siess et al. (2000), &M, star gets a radiative core
bers (that we have determined on the basis of detailed Istelhan age of about 1 Myr. As time proceeds, stars with lower and
models for pre-main sequence stars), all TTS are in the salkmwer masses get radiative cores4at.7 Myr for 1.2 M, stars,
rated regime of the rotation—activity relation defined byima at= 2.3 Myr for 1.0 M, stars, and at 4.2 Myr for 0.8 M, stars).
sequence stars. Third, we find no significant evidence foersupAs soon as a star has a radiative core, the conditions forghe o
saturation among the fastest rotators, although our dgigesti eration of a solar-liker—Q dynamo are met, that will gradually
that stars with extremely low Rossby numbeR® (< 0.006) replace the convective dynamo. When the total magneticigctiv
show slightly smaller activity levels. This seems to be ineag is dominated by the—Q dynamo, stars in the saturated rotation
ment with the results from figies et al. (2011), who claim that in regime show a rather homogeneous level of X-ray activity,d.
their NGC 2547 sample supersaturation occurs onl