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ABSTRACT

Context. The physical origin of the strong magnetic activity in T Tauri stars and its relation to stellar rotation is not yet well understood.
Aims. We investigate the relation between the X-ray activity, rotation, and Rossby number for a sample of young stars in the≈ 3 Myr
old cluster IC 348.
Methods. We use the data of fourChandra observations of IC 348 to derive the X-ray luminosities of the young stars. Basic stellar
parameters and rotation rates are collected from the literature. This resultsin a sample of 82 X-ray detected stars with known rotation
periods. We determined the Rossby numbers (i.e. the ratio of rotation period to convective 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 activity androtation period. Considering the Rossby numbers,
nearly all IC 348 stars are in the saturated regime of the activity–rotation relation defined by main-sequence stars. Searching for
possible super-saturation effects, we find a marginal (but statistically in-significant) trend that the stars with the smallest Rossby
numbers show slightly lower X-ray activity levels. There are no significant differences in the X-ray activity level for stars of different
spectral types and no relation between spectral type and Rossby number is seen. Also, for stars belonging to different IR-classes,
no significant differences are present for the X-ray activity level as well as for their Rossby numbers. We compare the dispersion of
fractional X-ray luminosities of the stars in the saturated rotation regime in IC348 to that seen in younger and older stellar populations.
The scatter seen in the≈ 3 Myr old IC 348 [σ

(

log (LX/Lbol)
)

= 0.43] is considerably smaller than for the≈ 1 Myr old Orion Nebula
Cluster [σ

(

log(LX/Lbol)
)

= 0.63], but, at the same time, considerably larger than the dispersion seen inthe≈ 30 Myr old cluster
NGC 2547 [σ

(

log(LX/Lbol)
)

= 0.24] and in main-sequence stars.
Conclusions. The results of our X-ray analysis of IC 348 show that neither the rotation rates nor the presence/absence of circumstellar
disks are of fundamental importance for determining the level of X-rayactivity in TTS. Our results suggest that the scatter of X-ray
activity levels shown by the fast-rotating members of young clusters decreases with the age of the stellar population. We interpret this
as a signature of the changing interior structure of pre-main sequence stars and 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 – Stars:pre-main sequence – open clusters: individual
objects: IC 348

1. Introduction

Young stellar objects (YSOs) in all evolutionary stages, from
class I protostars, to T Tauri stars (TTS) to zero-age main-
sequence stars, show highly (∼ 103 − 104 times) elevated lev-
els of X-ray activity (for reviews on the X-ray properties of
YSOs and on stellar coronal astronomy in general see Feigelson
& Montmerle 1999 and Favata & Micela 2003). Despite many
years of research, the physical origin of this X-ray activity is
still not well understood. Although there is strong evidence that
in most TTS the X-ray emission originates from magnetically
confined coronal plasma (e.g. Preibisch et al. 2005), it is un-
clear what kind of dynamo processes create the required mag-
netic fields.

For main-sequence stars, the level of the magnetic activ-
ity (and thus the strength of the X-ray emission) is mainly de-
termined by their rotation rate. Observations have revealed a
clear rotation–activity relation of the formLX/Lbol ∝ P−2.6

rot (e.g.
Pallavicini et al. 1981; Pizzolato et al. 2003), which is in good
agreement with the expectations from solar-likeα−Ω dynamo
models (e.g. Maggio et al. 1987; Ossendrijver 2003). The solar
dynamo is thought to be anchored in the “tachocline”, a thin zone
between the inner radiative core and the outer convection zone.

However, the connection between the observed surface magnetic
activity and the properties of the dynamo generating the mag-
netic flux is not yet fully understood (e.g., Işık et al. 2011).

For main-sequence stars, the increase of magnetic activity
towards shorter rotation periods stops for periods shorterthan
∼ 2−3 days, where the activity saturates around log(LX/Lbol) ≈
−3. The physical reasons for this saturation effect are not well
understood (see, e.g., Jardine & Unruh 1999). For extremelyfast
rotating stars, the activity level seems to drop slightly with in-
creasing rotation rate (Prosser et al. 1996; Randich 2000; James
et al. 2000; Jeffries et al. 2011); this phenomenon is denoted as
“super-saturation” and also not well understood.

Studies of stellar populations with different ages show that
that there is a continuous evolution from the very high X-ray
activity levels in the youngest stages to the much lower activ-
ity seen in older (more than a few hundred Myr old) stars (e.g.,
Güdel et al. 1997; Preibisch & Feigelson 2005; Telleschi et al.
2005). This evolution can be explained by the temporal decrease
of stellar angular momentum (Bouvier et al. 1997; Herbst et al.
2007). Furthermore, the presence of strong magnetic fields on
the surface of T Tauri stars has been clearly established (e.g.
Johns-Krull 2007). These pieces of evidence suggest that the X-
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ray activity of YSOs is rooted in similar dynamo processes as
present in our Sun.

However, the relation between rotation and X-ray activity in
TTS remained unclear until recently, since in most studies of star
forming regions the number of X-ray detected TTS with known
rotation periods was too small to draw sound conclusions. A few
years ago, theChandra Orion Ultradeep Project (COUP), a 10-
day long observation of the Orion Nebula Cluster (ONC) with
Chandra/ACIS (for details of the observation and data analy-
sis see Getman et al. 2005) and the XMM-Newton Extended
Survey of the Taurus Molecular Cloud (XEST, see Güdel et al.
2007) provided very sensitive X-ray data sets for large sam-
ples of TTS. The COUP and the XEST data have both shown
that the TTS in Orion and Taurus donot follow the relation be-
tween rotation period and X-ray luminosity for main-sequence
stars (Preibisch et al. 2005; Briggs et al. 2007) together with the
fact that the TTS spin up during the first∼10-30 Myr (Herbst &
Mundt 2005) does not lead to an increase of X-ray luminosity.
This puts into question the solar-like dynamo activity scenario
for TTS. Another argument against solar-like dynamos in young
TTS comes from theoretical considerations: at ages of≤ 2 Myr,
most TTS are expected to be fully convective, and thus should
not possess a tachocline. The conventionalα−Ω dynamo cannot
work in such a situation. Several alternative dynamo concepts
have been developed for fully convective stars (e.g. Giampapa et
al. 1996; K̈uker & Rüdiger 1999; Dobler et al. 2006; Chabrier &
Küker 2006; Browning & Basri 2007; V̈ogler & Scḧussler 2007;
Pietarila Graham et al. 2010). Although the reliability of such
theoretical models is not entirely clear, there is good evidence
for the simultaneous presence of anα−Ω dynamoand some
kind of a small-scale turbulent dynamo in the convection zone
of our Sun (e.g., Durney et al. 1993; Bueno et al. 2004).

Direct observations of the relation between rotation and
magnetic activity for stellar samples spanning a wide rangeof
ages can provide fundamental constraints to the theoretical mod-
els. Numerous large datasets are available for samples of main-
sequence stars as well as for young stellar clusters with ages
of down to>∼ 30 Myr (e.g. Prosser et al. 1996; Stauffer et al.
1997a,b; Randich 2000; Jeffries et al. 2011). For younger ages,
however, there is still a clear lack of reasonably large stellar sam-
ples for which good activityand rotation data are available. The
data obtained in the COUP and XEST observations do both re-
spresent very young stellar populations, which are only<∼ 1 Myr
old (see, e.g., Weights et al. 2009; Dib et al. 2010; Luhman etal.
2010). Since the stellar rotation, the magnetic activity levels, and
other basic stellar parameters evolve strongly in the age range
between 1 Myr and 30 Myr, a sample of stars with an age of a
few Myr can provide valuable information in this context. With
an age of≈ 3 Myr (Luhman et al. 2003; Mayne et al. 2007), the
young cluster IC 348 is very well suited in this respect. Thisage
is particularly interesting because it corresponds to the point in
time when the structure of solar-mass stars changes from a fully
convective interior to a radiative core plus convective envelope
structure, and this should affect the dynamo processes that are
the ultimate source of the magnetic activity.

2. X-ray and rotation data for IC 348

IC 348 is the nearest (≈ 310 pc, Herbig (1998)) rich and com-
pact very young stellar cluster (Herbst 2008). In a large number
of observational studies, more than 300 individual clustermem-
bers have been identified and well characterized by means of
optical and infrared spectroscopy and photometry (Herbig 1954,
1998; Lada & Lada 1995; Luhman et al. 1998; Muench et al.

2003; Preibisch et al. 2003; Luhman et al. 1998; Luhman 1999;
Luhman et al. 2003, 2005). For nearly all of these stars, ba-
sic parameters such as luminosity, effective temperature, mass,
and age are known. The mean age of the cluster members is
≈ 3 Myr. Extensive studies with theSpitzer Space Telescope
provided comprehensive information about the frequency and
nature of the circumstellar disk population in IC 348 (Lada et
al. 2006; Muench et al. 2007; Currie & Kenyon 2009).

2.1. Chandra X-ray observations

IC 348 was the target of four different observations with
the Imaging Array of theChandra Advanced CCD Imaging
Spectrometer (ACIS-I). The first observation was obtained in
September 2000 (ObsID 606, 52.9 ksec exposure time, PI:
Th. Preibisch); the results were presented in Preibisch &
Zinnecker (2001) and Preibisch & Zinnecker (2002). Three fur-
ther observations were performed in March 2008 (ObsID 8584,
50.1 ksec exposure time, PI: N. Calvet, ObsID 8933, 40.1 ksec
exposure time, PI: S. Wolk, and ObsID 8944, 38.6 ksec expo-
sure time, PI: S. Wolk). While ObsID 606 was centered at the
optical cluster center, ObsID 8584 is shifted by 5.6′ to the south-
west, and ObsIDs 8944 and 8944 are shifted 13.1′ to the south-
west. The total area covered by the combinedChandra data set is
about 555 square-arcmin and includes most known cluster mem-
bers.

For the study presented in this paper, we merged and an-
alyzed all fourChandra data sets to determine the X-ray lumi-
nosities of the TTS in IC 348. The source detection in the merged
image was performed in a standard way by using thewavde-
tect algorithm inCIAO for locating X-ray sources in our merged
image. The resulting preliminary source list was extended by
adding further possible sources identified by visual inspection.
This yielded a catalog of 392 possible X-ray sources. To clean
this catalog of spurious sources and to determine the proper-
ties of the X-ray sources, we performed a detailed analysis of
each individual candidate source with theACIS Extract software
package1 (Broos et al. 2010), following the procedures described
in Getman et al. (2005), Townsley et al. (2003), and Broos et al.
(2007). The final catalog lists 290 X-ray sources.

Intrinsic, i.e. extinction corrected, X-ray luminositiesfor the
sources were determined with theXPHOT software2, developed
by Getman et al. (2010), assuming a distance of 310pc. For
sources with less than four net counts (for whichXPHOT does
not work), an estimate of the X-ray luminosity was derived from
the FLUX2 values computed byACIS Extract and the median
energy of the detected photons. For those cluster members that
were not detected as X-ray sources in theChandra data, we de-
termined upper limits to their X-ray luminosities in the follow-
ing way: first, extraction regions were defined as the 90% con-
tours of the local PSF and then the number of counts in the tar-
get aperture and an estimate of the local background was deter-
mined withACIS Extract. Upper limits for the number of source
counts were then calculated with the Bayesian method for deter-
mining confidence intervals involving Poisson-distributed data
described in Kraft et al. (1991), using a confidence level of 0.9.
After dividing these source count upper limits by the local ex-
posure time, an upper limit for the X-ray luminosity was com-
puted by applying the mean conversion factor between count rate
and X-ray luminosity derived for the X-ray detected TTS in our
IC 348 sample.

1 http://www.astro.psu.edu/xray/docs/TARA/aeusersguide.html
2 http://www.astro.psu.edu/users/gkosta/XPHOT/
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A general description of the resulting X-ray properties and
an investigation of relations to the basic stellar parameters is
given in Stelzer et al. (2011).

2.2. Rotation periods of IC 348 stars from the literature

Numerous determinations of rotation periods have been per-
formed in the last few years for stars in IC 348 starting with
Herbst et al. (2000). From the studies of Cohen et al. (2004),
Littlefair et al. (2005), Kızılŏglu et al. (2005), Cieza & Baliber
(2006) and Nordhagen et al. (2006) we collected a catalog with
rotational periods for 206 stars in IC 348. For most stars that
are listed in more than one of these studies the rotation periods
agreed within typically a few percent. We used the mean value
of the listed rotation periods in these cases. In a few cases of
significant discrepancies, we calculated the mean after dropping
the outlying value.

2.3. Construction of the rotation - activity catalog

The starting point for the construction of the rotation-activity
catalog was the membership list for IC 348 from Luhman et al.
(2003) which contains stellar parameters such as bolometric lu-
minosity, spectral type and effective temperature for 288 mem-
bers. This sample is thought to be complete forAV ≤ 4 mag and
for massesM ≥ 0.03M⊙. For each star with known rotation pe-
riod, we searched for an associated X-ray source within≈ 2′′ of
the catalogued optical position. For the 18 cluster memberswith
known rotation periods that are located in theChandra area but
not detected as X-ray sources, we used the upper limits to the
X-ray luminosity as described above whereas stellar parameters
were taken from Luhman et al. (2003) and Muench et al. (2007).

Our final rotation - activity catalog consists of 82 stars with
measured X-ray luminosities and 18 stars with upper limits to
the X-ray luminosity. Tables 2 and 3 list the stellar parameters
and X-ray luminosities for the 100 stars in our final sample.

3. X-ray activity and rotation periods

In Fig. 1 we show fractional X-ray luminositiesLX/Lbol versus
rotation periods for the TTS in IC 348 and compare them to
data for main-sequence stars. The periods for the stars in our
sample range from 0.585 days to 30 days. It is obvious that the
IC 348 stars do not follow the well established activity-rotation
relation shown by the main-sequence stars, i.e. increasingac-
tivity for decreasing rotation periods followed by saturation at
LX/Lbol ∼ 10−3 for periods below∼ 3 days. Instead, the IC 348
stars show no relation between X-ray activity and rotation pe-
riod. In order to identify stars that showed large X-ray flares dur-
ing the Chandra observation, we inspected the X-ray lightcurves.
Stars, for which the amplitude of the count rate variation inthe
lightcurve is higher than 10 are marked by triangles in Fig. 1. We
note that the two stars with the highest fractional X-ray luminosi-
ties (log(LX/Lbol) = −2.6 for star J 034427.02+320443.6 and
log(LX/Lbol) = −1.9 for star J 034359.69+321402.9) showed
strong X-ray flares during theChandra observation; the ampli-
tude of the count rate variation was 29.6 and 36.5 and the expo-
nential decay time of the flares was∼ 4-6 ksec. Therefore, the
effect of these short flares on the mean values of X-ray luminos-
ity averaged over the entire duration of the observation is small.
3

3 A detailed analysis of the effects of flares on the mean X-ray lu-
minosity X-ray of TTS was performed in the context of theChandra

Fig. 1. Fractional X-ray luminosity versus rotation period. This plot
compares the IC348 TTS (solid black dots) to MS stars from Pizzolato
et al. (2003) and Messina et al. (2003) (grey boxes) and the Sun. IC348
sources with strong flares during theChandra observation are marked
by triangles.

The rotation periods of the X-ray un-detected stars are rather
uniformly distributed across the full range of periods for the X-
ray detected stars. This implies that the X-ray detection limit
does not produce a systematic bias against very fast or slow ro-
tators.

The data show that the X-ray activity level for the TTS in
IC 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 an effect of saturation as seen in
main-sequence stars. However, there is a considerable number of
rather slowly rotating IC 348 stars (periods>∼ 10 days) that show
much higher X-ray activity levels than similarly slow rotating
main-sequence stars. We can thus confidently conclude that the
IC 348 TTS do not follow the same relation between rotation pe-
riod and fractional X-ray luminosity as seen for main-sequence
stars.

4. X-ray activity and Rossby Numbers

Although the efficiency of the magnetic field generation in the
α−Ω dynamo model increases with the rotation rate, this is not a
direct causal relationship. Rather, the dynamo number depends
on the radial gradient of the angular velocity and the charac-
teristic scale length of convection at the base of the convec-

Orion Ultradeep Projects (Getman et al. 2005). An analysis of the X-
ray lightcurves was used to derive “characteristic” X-ray luminosities
by removing the effect of strong flares. It was found that the differ-
ence between these “characteristic” X-ray luminosities and the average
X-ray luminosities (i.e. the mean values, determined without remov-
ing flares) is very small and does not significantly affect the relations
between X-ray and basic stellar properties (Preibisch et al. 2005). Our
IC 348Chandra observations have long enough exposure times (com-
pared to the typical short duration of a flare) to expect that individual
flares also cause only very minor effects on the average X-ray luminosi-
ties.
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tion zone (see Ossendrijver 2003). A detailed theoretical anal-
ysis shows that the dynamo number scales as the inverse square
of the Rossby numberRo (e.g. Maggio et al. 1987), which is
defined as the ratio of the rotation period to the convective
turnover timeτc, i.e. Ro := Prot/τc. This theoretical prediction
is well confirmed by data for main-sequence stars, that show a
considerably tighter relationship between magnetic activity and
Rossby number than magnetic activity and rotation period (e.g.
Montesinos et al. 2001; Pizzolato et al. 2003). Numerous stud-
ies have confirmed that, for slowly rotating stars, activityrises
as LX/Lbol ∝ Ro−2. Saturation at theLX/Lbol ≈ 10−3 level is
reached aroundRo ∼ 0.1, which is followed by a regime of “su-
persaturation” for very small Rossby numbers,Ro . 0.02 (e.g.,
Randich 2000; Jeffries et al. 2011).

4.1. Determination of convective turnover times for the TTS

The convective turnover time scaleτc is a sensitive function of
the physical properties in the stellar interior. For main-sequence
stars, semi-empirical interpolations ofτc values as a function
of the color or the stellar mass are available and provide an easy
way to estimate Rossby numbers. For TTS, which have a consid-
erably different and quickly evolving internal structure, the situ-
ation is much more complex since theτc values change strongly
with age. The convective turnover time scales for the young TTS
are several times larger than for main-sequence stars of thesame
mass. Detailed stellar evolution model calculations are required
to determine reliable convective turnover times for TTS in aself-
consistent way.

Model calculations of this type had been performed for the
analysis of the activity – rotation relation in the Orion Nebula
Cluster described in Preibisch et al. (2005). First, a largeset
of stellar models was computed with the Yale Stellar Evolution
Code (see Kim & Demarque 1996) for stellar masses between
0.065M⊙ and 4.0 M⊙. In the second step, the convective turnover
time for each star in the observed sample was determined from
the model that reproduced its observed effective temperature
and luminosity. This resulted in a database of 562 different
(Teff , Lbol, τc) values.

We used these results to determine convective turnover times
for the TTS in IC 348 by interpolating their stellar parameters
Teff andLbol against those in the database to determineτc. This
resulted in Rossby numbers for 82 stars in our sample.

4.2. The activity – Rossby number relation for the TTS

Rossby numbers were computed by dividing the rotation periods
of the stars by the values for their local convective turnover time
as derived above. Fig. 2 shows the fractional X-ray luminosities
of the TTS versus the resulting Rossby numbers. The plot shows
no strong relation between these two quantities as expectedfor
such low Rossby numbers. Nearly all TTS have Rossby numbers
< 0.2 and therefore are in the saturated or super-saturated regime
of the activity – Rossby number relation for main-sequence stars.

To search for indications of super-saturation we compared
the fractional X-ray luminosities of the TTS in the saturated
(0.1 > Ro > 0.02) and super-saturated (Ro ≤ 0.02) regimes. We
found nearly equal median values of log(LX/Lbol) = −3.51 for
the TTS in the saturated regime and−3.56 for those in the super-
saturated regime; thus the stars from IC 348 show no clear evi-
dence for supersaturation. Nevertheless, there may be a hint for
supersaturation if we consider only stars with very small Rossby
numbers ofRo ≤ 0.006. All three stars in this range show re-

Fig. 2. Fractional X-ray luminosity versus Rossby number for the
IC 348 stars. Black arrows indicate upper limits on the X-ray activ-
ity. The grey shaded area shows the relation and the width of its typical
scatter found for MS stars (from Pizzolato et al. 2003).

markably low activity levels between−3.7 and−4.1. If this is
a real effect, the border for supersaturation would be shifted
by about a factor of 3 compared to the border determined by
Randich (1998) for main-sequence stars.

A difference between TTS and main-sequence stars mani-
fests itself in the wide dispersion of fractional X-ray luminosities
at a given Rossby number among the TTS. The activity levels
scatter over more than one order of magnitude, in remarkable
contrast to the much smaller scatter found for main-sequence
stars in the saturated rotation regime (see Pizzolato et al.2003).
This result suggests that additional factors, other than the ro-
tation period, are important for determining the level of X-ray
activity in TTS.

4.3. The activity – Rossby number relation for stars of
different spectral types and infrared-classes

A comparison ofLX/Lbol versus Rossby numbers for different
spectral classes is shown in Fig. 3.

We find no statistically significant difference between the
median values of the fractional luminosity with regard to the dif-
ferent spectral types. Also the ranges of Rossby numbers forthe
different spectral types seem to be quite similar. While the three
G-type stars have larger Rossby numbers than the K- and M-type
stars, this may simply be an effect of small-number statistics.

In Fig. 4 we show X-ray activity versus Rossby number for
different infrared-classes, that trace the circumstellar material
around the young stars. We used the infrared-classes derived
by Lada et al. (2006) from the observedSpitzer/IRAC spectral
energy distributions between 3.6µm and 8µm. Objects with an
SED slope ofα3−8 > −0.5 are Class 1 and are thought to be
very young stellar objects surrounded by circumstellar disks and
envelopes. Class II objects (−0.5 ≥ α3−8 ≥ −1.8) are stars with
thick circumstellar disks. Class II/III objects (−1.8 ≥ α3−8 ≥

−2.56) are thought to be stars surrounded by “anemic” disks,
whereas Class III objects (α3−8 < −2.56) are disk-less stars. The
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Fig. 3. Comparison of fractional X-ray luminosity versus Rossby num-
ber for stars in IC 348 for the different spectral types G (blue asterisks),
K (green triangles) and M (red squares). The grey shaded area shows
the relation and the width of its typical scatter found for MS stars (from
Pizzolato et al. 2003).

“anemic” disk objects are probably transition objects thathave
either optically thin disks, or disks with large inner holes(see
Lada et al. 2006).

The plot shows no obvious differences in the X-ray activity
levels or the Rossby numbers of the different infrared classes.
This suggests that the presence/absence and the properties of the
circumstellar material does not affect the level of X-ray emis-
sion. This is consistent with the results obtained fromChandra
observations of the Orion Nebula Cluster (Preibisch et al. 2005).

Investigating the plot of rotation periods versus fractional lu-
minosities for the different infrared classes we found no signifi-
cant relation. We also find no indications for a relation between
Rossby number and infrared class.

5. Comparison of IC 348 to young clusters of
different age

During the pre-main sequence lifetime of young stars, several
important changes occur with respect to the level and origin
of the magnetic activity. X-ray studies of young clusters with
different age have shown that the level of X-ray activity is ap-
proximately constant during the initial∼ 10 Myrs, and starts to
decline significantly at ages above∼ 10 − 30 Myr (Preibisch
& Feigelson 2005). Another important aspect is that the inter-
nal structure of the young stars changes from a fully convective
structure to a radiative core plus convective envelope structure.
The timescale for this transitions depends on the stellar mass;
for stars with masses around one solar mass this change occurs
at ages around 2− 4 Myr. It is therefore interesting to com-
pare the rotation–activity relation for IC 348 to that seen in other
young clusters of different age. While there is certainly no lack
of X-ray data on young stellar clusters, rotation data are often
not available for a sufficiently large number of cluster members
for statistical studies, especially for the particularly interesting
age period of≤ 10 Myr. Another serious obstacle is often the

Fig. 4. Comparison of fractional X-ray luminosity versus Rossby num-
ber for stars in IC 348 for the different IR-classes II (blue triangles),
II /III (green squares) and III (black crosses). The grey shaded area
shows the relation and the width of its typical scatter found for MS
stars (from Pizzolato et al. 2003).

non-availability of reliable Rossby numbers for young pre-main
sequence stars.

Here we consider two other young clusters for which sim-
ilarly good X-ray and rotation data as well as reliable Rossby
numbers are available for a sufficiently large number of stars.
The first data set is the sample of TTS in the≈ 1 Myr old Orion
Nebula Cluster from Preibisch et al. (2005). The second sam-
ple is taken from the recent study of the≈ 30 Myr old cluster
NGC 2547 by Jeffries et al. (2011).

In Fig. 5 we compare the relations between X-ray activity
and Rossby numbers for these three clusters. The three sam-
ples are similar in the sense that no correlation can be seen
between X-ray activity and Rossby number. A striking differ-
ence is however seen in the scatter of the X-ray activity lev-
els for the stars in the saturated Rossby number regime. Table
1 lists statistical values for the scatter in the activity levels
seen in each sample. The scatter is largest in the Orion Nebula
Cluster sample [σ

(

log(LX/Lbol)
)

= 0.63], considerably smaller
in IC 348 [σ

(

log(LX/Lbol)
)

= 0.43], and yet smaller in the case
of NGC 2547 [σ

(

log(LX/Lbol)
)

= 0.24]. We note that the scat-
ter seen in NGC 2547 is representative for the scatter seen in
main-sequence stars (see Pizzolato et al. 2003). As the age of
the Orion Nebula Cluster sample is≈ 1 Myr, whereas IC 348 is
≈ 3 Myr old, and NGC 2547 is≈ 30 Myr old, we find a decrease
of the scatter of X-ray activity levels for stars in the saturated
Rossby number regime with the age of the stellar population.

6. Conclusions

Our analysis of the relation between X-ray activity (as traced by
deepChandra observations) and the rotation properties of the
TTS in the young cluster IC 348 yields the following results:
First, we show that there is no correlation between the frac-
tional X-ray luminosity and the rotation periods of the TTS;even
the rather slowly rotating stars (periods>∼ 10 days) show very
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Fig. 5. Fractional X-ray luminosity versus Rossby number for stars in IC 348 (red filled circles) compared to the stars (black asterisks) in the Orion
Nebula Cluster (left) and NGC 2547 (right). The grey shaded area shows the relation 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-
dian absolute deviation) for the activity level log (LX/Lbol) of young
stars in the Orion Nebula Cluster, IC 348 and NGC 2547.

Stat. value Orion IC 348 NGC 2547

Mean −3.39 −3.53 −3.20
Std. Dev. 0.63 0.43 0.24
Median −3.31 −3.53 −3.23
MAD 0.39 0.21 0.18

strong X-ray activity. Second, according to the Rossby num-
bers (that we have determined on the basis of detailed stellar
models for pre-main sequence stars), all TTS are in the satu-
rated regime of the rotation–activity relation defined by main-
sequence stars. Third, we find no significant evidence for super-
saturation among the fastest rotators, although our data suggest
that stars with extremely low Rossby numbers (Ro ≤ 0.006)
show slightly smaller activity levels. This seems to be in agree-
ment with the results from Jeffries et al. (2011), who claim that in
their NGC 2547 sample supersaturation occurs only for Rossby
numbers lower than 0.005. In all three of these aspects the TTS
in IC 348 behave similarly to the TTS in the Orion Nebula
Cluster.

A remarkable difference is however seen in the scatter of
the X-ray activity levels for the TTS in the saturated rotation
regime. The scatter seen in the≈ 3 Myr old IC 348 sample is
considerably smaller than that in the≈ 1 Myr old Orion Nebula
Cluster sample, but, at the same time, considerably larger than
seen in the≈ 30 Myr old stars in NGC 2547 as well as for main-
sequence stars. This suggests that some process reduces thewide
distribution of activity levels seen in the youngest stars towards
the much narrower distribution in older pre-main sequence and
(young) main sequence stars during the first∼ 30 Myr period,
whereas the absolute level of the X-ray activity remains roughly
constant during that time.

A possible explanation for this effect can be based on the
stellar interior structure and the corresponding dynamo mecha-
nisms that are the basis of the magnetic activity that produces
the observed X-ray emission. At age of≤ 1 Myr (e.g., in the
Orion Nebula Cluster), almost all low- and intermediate mass
stars (M ≤ 2 M⊙) are fully convective. As already mentioned,
the solar-likeα−Ω dynamo cannot work in such a situation and
some kind of small-scale convective dynamo must be the source
of the magnetic activity. The more or less chaotic nature of such
a dynamo may be responsible for the very wide scatter of activ-
ity levels seen for stars with similar rotation rates and stellar pa-
rameters. According to the pre-main sequence stellar evolution
models of Siess et al. (2000), a 1.5 M⊙ star gets a radiative core
at an age of about 1 Myr. As time proceeds, stars with lower and
lower masses get radiative cores (at≈ 1.7 Myr for 1.2 M⊙ stars,
at≈ 2.3 Myr for 1.0 M⊙ stars, and at≈ 4.2 Myr for 0.8 M⊙ stars).
As soon as a star has a radiative core, the conditions for the op-
eration of a solar-likeα−Ω dynamo are met, that will gradually
replace the convective dynamo. When the total magnetic activity
is dominated by theα−Ω dynamo, stars in the saturated rotation
regime show a rather homogeneous level of X-ray activity, i.e. a
small scatter in theirLX/Lbol values.

At the 3 Myr age of IC 348, all stars withM ≥ 0.9 M⊙ (cor-
responding to a spectral type of K6) should have a radiative core;
this concerns about 25% of our stellar sample in IC 348 and can
explain why the dispersion of X-ray activity levels in IC 348is
smaller than in the Orion Nebula Cluster. As time proceeds, an
increasing fraction of the lower-mass stars make the transition
from a fully convective to a core/envelope structure, where the
operation of anα−Ω dynamo gets possible, and this should con-
tinuously decrease the scatter in theirLX/Lbol values. By the age
of ≈ 30 Myr, nearly all stars have attained their final stellar struc-
ture, and thus the scatter in the activity levels has settledto the
rather low dispersion as typical for (fast rotating) main-sequence
stars. This scenario could be a qualitative explanation of the ob-
served decrease of the scatter in the X-ray activity level ofstars
in the saturated rotation regime.
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Table 2. Stellar parameters for the sample of stars from IC 348

Ra, Dec Lbol Spectral Type Turnover time Period Class X-ray Luminosity
mag days days erg/s

034424.57+320357.1 0.44 M1 227.7 4.92 III 1.80·1030

034422.57+320153.7 0.51 M2.5 221.4 1.00 III 3.57·1029

034421.26+320502.4 0.32 M2.5 223.2 6.87 III 5.70·1029

034422.29+320542.7 0.54 K8 209.0 30.00 II 7.18·1029

034421.66+320624.8 0.29 M2.75 223.7 8.38 III 4.06·1029

034411.26+320612.1 0.39 M0 234.9 10.50 III 3.52·1029

034420.02+320645.5 0.12 M3.5 221.6 8.63 III 2.32·1029

034406.79+320754.1 0.17 M4.25 218.6 1.30 II 7.74·1028

034411.22+320816.3 0.14 M5.25 209.3 13.02 III 6.38·1028

034423.67+320646.5 0.39 M2.5 222.7 9.83 III 4.42·1029

034405.00+320953.8 0.93 K3.5 129.5 21.37 III 2.99·1029

034419.24+320734.7 0.26 M3.75 221.0 7.60 II 3.14·1029

034416.43+320955.2 1.4 K0 23.2 3.01 III 2.40·1030

034421.56+321017.4 0.29 M1.5 224.8 7.05 II/III 1.05·1030

034421.91+321211.6 0.29 M4 220.6 13.79 III 1.07·1029

034422.32+321200.8 0.33 M1 228.4 8.42 II 1.66·1029

034422.98+321157.3 0.22 M2.25 225.9 5.09 III 1.00·1029

034501.52+321051.5 0.94 K0 — 1.89 III 7.60·1029

034425.58+321130.5 0.34 M0 237.6 6.1 — 8.99·1029

034426.69+320820.3 0.53 M0.5 227.7 8.90 — 3.81·1029

034433.31+320939.6 0.41 M2 223.8 2.20 II/III 2.14·1029

034427.88+320731.6 0.46 M2 222.5 5.97 III 2.15·1029

034432.77+320915.8 0.36 M3.25 221.7 5.39 II/III 4.38·1029

034432.58+320855.8 0.47 M3 221.2 6.69 II/III 3.33·1029

034432.74+320837.5 4.4 G6 8.1 2.64 III 4.84·1030

034433.98+320854.1 0.56 M0 223.3 16.23 III 1.80·1030

034428.47+320722.4 0.71 K6.5 251.3 7.02 III 6.82·1029

034441.31+321025.3 0.17 M4.75 216.0 3.72 III 2.86·1029

034439.21+320944.7 0.39 M2 224.4 3.97 II 1.69·1030

034437.41+320900.9 0.51 M1 225.8 8.39 II 5.75·1029

034442.58+321002.5 0.24 M4.25 219.7 3.56 II 2.46·1029

034438.70+320856.7 0.24 M3.25 222.3 2.09 III 2.70·1029

034438.72+320842.0 4.1 K3 255.5 2.40 III 7.02·1030

034435.52+320804.5 0.09 M5.25 205.3 1.69 III 3.43·1028

034442.02+320900.1 0.37 M4.25 220.2 16.00 — 2.84·1029

034437.89+320804.2 1.4 K7 224.5 8.25 II 6.36·1030

034438.55+320800.7 0.72 M1.25 222.8 7.50 II 1.75·1030

034435.04+320736.9 1.5 K6.5 221.3 4.50 II/III 2.53·1030

034438.47+320735.7 1.5 K6 219.6 5.19 II 1.38·1030

034439.25+320735.5 3.6 K3 218.6 5.20 III 5.65·1029

034443.53+320743.0 0.92 M1 222.3 8.04 III 1.87·1030

034436.94+320645.4 17 G3 16.1 1.68 II/III 9.32·1030

034434.88+320633.6 0.99 K5.5 227.7 5.45 III 1.64·1030

034442.63+320619.5 0.19 M1 229.2 11.80 III 3.51·1029

034437.41+320611.7 0.51 K7 197.9 6.21 III 2.49·1029

034441.32+320453.5 0.046 M5 199.8 1.59 III 6.98·1028

034425.56+320617.0 0.54 M2.25 221.4 7.42 II 2.20·1030

034427.02+320443.6 0.46 M1 227.0 9.06 III 4.48·1030

034426.63+320358.3 0.39 M4.75 219.4 3.09 III 6.89·1029

034426.03+320430.4 9.9 G8 56.7 6.54 II 5.24·1030

034348.76+320733.4 0.34 M1.5 226.2 20.30 III 3.41·1029

034355.51+320932.5 1.9 K0 60.0 4.86 III 1.85·1030

034349.39+321040.0 0.17 M3.5 216.4 13.10 III 5.36·1029

034423.99+321100.0 3.1 G0 — 2.54 III 3.89·1029

034359.72+321403.2 0.33 M0.75 229.9 13.87 III 1.65·1031

034404.25+321350.0 0.22 M4.75 217.6 1.20 III 7.33·1028

034417.91+321220.4 0.31 M2.5 223.5 4.47 III 6.08·1029

034425.57+321230.0 0.45 M0.5 230.3 8.38 III 1.97·1030

034428.12+321600.3 0.3 M3.25 222.2 2.70 III 3.39·1029

034439.81+321804.2 0.39 M3.75 220.8 9.50 II 1.62·1030

034415.58+320921.9 0.018 M7.5 — 0.59 III 2.35·1028

034438.39+321259.8 0.21 M0 235.2 13.49 III 1.76·1029

034437.79+321218.2 0.19 M4.5 217.9 3.27 III 3.99·1029

034450.97+321609.6 0.35 M3.25 221.7 13.10 III 3.62·1029

8



F. Alexander and T. Preibisch: X-ray activity and rotation of the young stars in IC 348

Table 2. continued.

Ra, Dec Lbol Spectral Type Turnover time Period Class X-ray Luminosity
mag days days erg/s

034440.13+321134.3 1.4 K2 98.3 1.99 III 2.90·1030

034441.74+321202.4 0.17 M5 214.4 2.10 II/III 1.28·1029

034448.83+321322.1 0.13 M2.75 225.2 6.90 II/III 2.67·1029

034444.85+321105.8 0.17 M2.75 213.0 2.29 III 1.81·1029

034501.74+321427.9 1.9 K4 209.2 16.23 III 1.56·1030

034450.65+321906.8 135 A0 — 6.10 III 9.23·1030

034507.61+321028.1 4.9 G1 — 3.34 III 3.02·1029

034455.63+320920.2 1.4 K4 188.0 3.10 III 1.57·1030

034456.15+320915.5 3.9 K0 137.9 2.50 II/III 4.29·1030

034453.76+320652.2 0.18 M4 219.0 9.60 III 1.40·1029

034456.12+320556.7 0.13 M2.75 225.2 3.30 III 6.61·1028

034505.77+320308.2 0.54 M0 221.4 4.9 — 2.25·1030

034418.26+320732.5 0.078 M4.75 208.5 2.24 II/III 1.20·1029

034423.57+320934.0 0.074 M5 205.1 1.72 II 3.74·1028

034427.28+320717.6 0.038 M4.75 202.2 1.53 II/III 6.62·1028

034431.42+321129.4 0.078 M5.25 203.0 1.40 II/III 1.28·1029

034439.44+321008.2 0.057 M5 202.3 1.51 III 5.88·1028

034351.24+321309.4 4.3 G5 — 0.79 III 4.15·1030
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Table 3. Stellar parameters for IC 348 members with upper limits

Ra, Dec Lbol Spectral Type Turnover time Period X-ray Luminosity
mag days days erg/s

034328.22+320159.1 0.768 M1.75 204.5 8.8 <1.67·1029

034345.16+320358.6 0.731 M0 222.2 27.6 <8.39·1028

034359.08+321421.4 0.440 M3.5 212.3 17.7 <4.28·1028

034410.12+320404.4 0.12 M5.75 212.0 2.2 <6.41·1028

034418.19+320959.3 0.15 M4.25 212.5 2.7 <3.48·1028

034420.18+320856.7 0.32 M2 215.4 2.2 <1.79·1028

034421.26+321237.4 0.073 M4.75 213.4 2.3 <4.24·1028

034432.35+320327.3 0.028 M5.5 213.8 1.6 <3.72·1028

034432.80+320413.4 0.065 M5 213.4 1.3 <6.87·1028

034433.79+315830.3 0.492 M3.75 211.6 3.9 <6.32·1028

034434.05+320656.8 0.032 M7.25 138.3 3.4 <5.06·1028

034435.01+320857.4 0.032 M4.75 214.2 1.8 <2.16·1028

034435.44+320856.4 0.16 M5.25 211.5 1.98 <6.85·1028

034435.68+320303.6 0.13 M3.25 214.3 12.0 <4.17·1028

034436.98+320834.0 0.18 M4.75 211.5 2.5 <3.89·1028

034444.23+320847.4 0.040 M5.75 213.5 1.8 <3.84·1028

034444.27+321036.8 0.017 M5.25 214.1 1.5 <3.61·1028

034445.67+321111.0 0.028 M4.75 214.3 1.3 <4.56·1028
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