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ABSTRACT

Context. The ROSAT All-Sky Survey detected many young objects outside any known star forming region. Their formation is yet unclear.
Aims. In order to improve the knowledge about these X-ray bright objects we aimed at measuring their rotational properties, which are fundamental stellar parameters, and at comparing them to young objects inside molecular clouds.
Methods. We monitored photometric variations of 5 T Tauri stars in MBM12 and of 26 young objects in the Taurus-Auriga molecular cloud
and south of it. Among the 26 young objects there are 17 weak-line T Tauri stars, 7 zero age main-sequence stars and 2 of unknown type. In
addition, 2 main-sequence K-type stars were observed, and one comparison star turned out to be an eclipsing binary.
Results. We found periodic variations for most of the targets. The measured periods of the T Tauri stars range from 0.57 to 7.4 days. The
photometric variation can be ascribed to rotational modulation caused by spots. For a few of the periodic variables, changes of the light curve
profile within several weeks are reported. For one star such changes have been observed in data taken two years apart. The exceptions are
two eclipsing systems. One so far unknown system – GSC2.2 N3022313162 – shows a light curve with full phase coverage having both primary and secondary minima well resolved. It has an orbital period of 0.59075 days. From our spectroscopic observations we conclude that it is
a main sequence star of spectral type F2 ± 4.
We further compared the oﬀ-cloud weak-line T Tauri stars to the weak-line T Tauri stars inside the molecular cloud in terms of rotational
period distribution. Statistical analysis of the two samples shows that both groups are likely to have the same period distribution.

Key words. stars: rotation – stars: fundamental parameters – stars: starspots – stars: variables: general – stars: pre-main sequence –
stars: binaries: eclipsing

1. Introduction
The ROSAT All Sky Survey (RASS, Voges et al. 1999) has
detected a large number of T Tauri stars (TTS) in the wide
surroundings of nearby star-forming regions such as Taurus
(Neuhäuser et al. 1995), Lupus (Wichmann et al. 1997),
Chamaeleon (Alcalá et al. 1997), Orion (Alcalá et al. 1996),
etc. There is an ongoing debate on the nature of the origin of

Based on data obtained at the German-Spanish Astronomical
Center, Calar Alto, which is jointly operated by the Max-PlanckInstitut für Astronomie, Heidelberg, and the Instituto de Astrofísica
de Andalucía (CSIC) and further data obtained at the Himmelsmoor
Private Observatory, Hamburg.

Appendices are only available in electronic form at
http://www.edpsciences.org

such stars, because they lie far from well known clouds. If the
stars formed in dark clouds, a velocity much higher (≥3 km s−1 )
than the typically measured average velocity (1–2 km s−1 ) is required to carry the stars to their present locations. There are
two alternatives which can explain the origin of these stars:
i) ejection from their birth clouds with high velocities, as a result of close gravitational encounters (Sterzik & Durisen 1995);
ii) formation in small cloudlets which have dissipated. Both
theories have a diﬀerent impact on the rotation of the stars. If
the stars were ejected at velocities of 3–10 km s−1 , the ejection
would truncate the accretion disk at radii between 1 and 10 AU
(Armitage & Clarke 1997). Due to this disruption, the star is
supposed to begin to spin up earlier (because of the lack of
magnetic breaking) than it is expected from normal evolution.
Consequently it is able to reach smaller values for its rotational
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period. If the stars were born in cloudlets, two facts could have
led to rotational periods longer than those of the previously
studied weak-line T Tauri stars (wTTS): the long life of the
accretion disk due to the lack of interaction with other matter
than the star and, possibly, the very low angular momentum
of the pre-collapse cloud (as suggested by the lack of remnant
dust).
The spectroscopic measurement of the projected rotational
velocity of these stars has the disadvantage, that it is only
a lower limit for the rotational velocity due to the unknown
inclination. A photometric monitoring, on the other hand, can
help if inhomogeneous distributions of temperature on the stellar surface cause rotationally modulated brightness variability.
Such inhomogeneous distributions, in the form of cool and hot
spots, have been observed on TTS since the 60’s (Hoﬀmeister
1965) and have been used in the last decades to determine the
rotational periods of many TTS (e.g., Bouvier et al. 1993a,b,
1995; Allain et al. 1996; Bouvier et al. 1997; Cohen et al.
2004; Lamm et al. 2004; Herbst et al. 2004). Having color information from two or more filters allows the distinction of spot
driven brightness variations from other causes, such as eclipses,
flares, and pulsations (e.g. Joergens et al. 2001).
With the aim of studying the ROSAT discovered TTS population south of the Taurus clouds, we have carried out a photometric monitoring campaign. Observations were carried out
during three observing runs and in at least two filters. Here we
present the resulting rotational period distribution and we compare it to that of TTS located in the Taurus clouds. We also
present the results of a photometric monitoring carried out of
5 members of the MBM12 association.

Fig. 1. Lithium equivalent widths of the objects in this work are plotted versus the eﬀective temperature in order to determine their evolutionary status. The TTS of this work are represented by black squares,
the TTS known before ROSAT by × (adapted from Neuhäuser et al.
1997). In case of low-resolution spectra, where Lithium and iron lines
cannot be separated, upper limits are given. The Pleiades are drawn
as small circles (values from Soderblom et al. 1993; García Lopez
et al. 1994) together with the upper envelope as a solid line. This line
defines the Lithium test. Stars with more Lithium than ZAMS stars
of the same spectral type (e.g. Pleiades) are younger than ZAMS,
i.e. PMS. The conversion from spectral type to eﬀective temperature of the comparison samples was done following Bessell (1991).
Furthermore, the iso-abundance lines are shown as dashed lines (from
Pavlenko & Magazzù 1996).

2. The sample
Our sample consists of 34 stars: 5 in MBM12 (3 cTTS,
2 wTTS) and 26 young objects and 3 main sequence stars
(MS) in the direction of Taurus-Auriga and south of it. Among
the 26 young objects, there are 18 wTTS, 6 zero age mainsequence (ZAMS) stars, and 2 of unknown type which are
probably young. One of the MS stars was not part of the original sample, but added later because of its apparent photometric
variability. The spatial location of the wTTS in and south of
Taurus was used to group the objects in in-TA and oﬀ-TA subgroups. For the definition of the oﬀ-TA positions on the sky see
Magazzù et al. (1997), Fig. 1.

3. Observations
Observations were conducted at the 1.23 m telescope of the
Calar Alto Observatory (Spain) during two observing runs,
named hereafter run I and run II. Further observations were
carried out at the Himmelsmoor Private Observatory Hamburg
(Germany): run III.
Run I took place in November 8 through 17 in 1998 and
21 objects were observed several times per night, using the
Johnson VRI filters. Due to unfavorable weather conditions,
there are no data for the third and fifth nights. The telescope
was equipped with the detector Tek#7, a 1024 × 1024 pixel

CCD camera. Read out noise (RON) and gain of the used detector were 5 [e− ] and 0.8 [e−/DN], respectively. All objects were
observed on 9 consecutive nights in three Johnson filters VRI.
Typically there are 11 to 30 measurements in each filter per object. Characteristic exposure times were 10–30 s in I, 20–50 s
in R, and 50–300 s in the V filter.
Observations during run II were carried out between
December 9 and 23 in 2000. Because of bad weather, data were
not taken during the night 8, 14, and 15. The observations of all
objects span a period of 13 days. Of the 12 objects monitored
in this run, two have been already observed during run I. The
telescope was equipped with the detector SITe#2b, a 2K × 2K
CCD camera.We used a 1K × 1K readout window. RON and
gain were 6 [e− ] and 2.6 [e−/DN], respectively. The objects in
this run were observed in the Johnson BV filters with exposure
times ranging from 10 to 300 s in V and 45 to 400 s in B depending on weather conditions and the brightness of the object.
Fewer objects were observed leading to many more measurements per object, better S/N, and much better light curves than
in Run I.
The field of view (FOV) of both runs I and II was approximately 14. 1 × 14. 1.
Photometric observations of some of the targets of run I
and run II have been also carried out at the 0.4 m SchmidtCassegrain-telescope ( f = 2.95 m) of the Himmelsmoor
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Private Observatory Hamburg (Germany) in 26 nights between
September 22, 2000, and January 24, 2001, henceforth called
Run III. These observations were performed in white light, i.e.
without a filter, and with a high sampling rate. Due to weather
conditions not every object was observed in every night. The
telescope was equipped with Apogee AP7p, a 0.5K × 0.5K
CCD camera with a back-illuminated SITe SI502 chip and
a 16-bit analog-digital converter. RON and gain were typically
7−11 [e−] and 4−5 [e− /DN], respectively. The typical exposure
times were 30 s. The CCD camera was operated by MaxIm1
software. The FOV was approximately 14.3 × 14. 3.
There are always several comparison stars (CS) in every
field but diﬀerent CS were used in Run I and II because of the
diﬀerent orientation of the FOV in the two runs.
For the eclipsing binary GSC2.2 N3022313162 a lowresolution CAFOS spectrum was taken at the 2.2 m telescope
of the Calar Alto Observatory (Spain) to check the nature of the
object. The spectral range was chosen to include both Hα and
Lithium lines because of the object’s proximity to a ROSAT
position. The slit was oriented so that it covered both the target
and its close neighbor, the wTTS RX J0409.3+1716.

4. Photometry

4.1. Data reduction
For run I and II the data were reduced using the CCDRED
package of IRAF2 . The common photometric reductions were
performed: overscan subtraction, bias subtraction, and flat field
division using sky flat fields. A dark current correction was not
necessary.
The data of Run III were reduced by bias subtraction, sky
flat field division and dark image subtraction using MIRA3 .
The CCD reductions and extraction of the CAFOS spectrum were done using IRAF. No standards were observed since
a flux calibration was not needed.

4.2. Instrumental magnitudes
Instrumental magnitudes for run I and II were determined for
all objects in the field of view. If possible, this was done
with aperture photometry: all counts inside a predefined radius were counted. The sky level is determined inside a sourcefree concentric ring around each object and subtracted. If
this was not possible because of very close companions
with overlapping point-spread-functions (PSF), PSF-fitting
was done to get the instrumental magnitudes. This was necessary for the objects LkHα262/263, RX J0312.8-0414NW/SE,
1

MaxIm is a commercial software solution for Windows OS from
Diﬀraction Limited, 25 Conover Street, Ottawa, Ontario K2G 4C3,
Canada.
2
IRAF is distributed by the National Optical Astronomy
Observatories, which is operated by the Association of Universities
for Research in Astronomy, Inc. under cooperative agreement with
the National Science Foundation.
3
MIRA AP is commercial software for Windows OS from Axiom
Research, Inc., 1830 East Broadway Blvd, Suite 124-202, Tucson,
AZ 85719, USA.
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RX J0407.3+0113S/N. For both tasks the IRAF package
DAOPHOT was used.
For Run III instrumental magnitudes for most of the
brighter objects in the field of view were determined by aperture photometry using the software MIRA. The PSF of the objects was only used to determine the optimal radius of the circular apertures and the surrounding annulus. Usually the inner
radius of the annulus for local background determination was
larger by 2 pixels compared to the radius of the aperture. For
small apertures, a good measurement depends upon correctly
accounting for the partial pixel coverage. MIRA properly accounts for this case with an exact partial pixel algorithm.
For estimation of the error values of the measurements,
MIRA lists a theoretical or calculated estimate of the 1-sigma
error based on the readout noise, gain, exposure time, aperture size, and signal level. Further, an empirical or measured
estimate of the 1-sigma error based on the noise measured in
the background annulus plus the gain, aperture size, and signal level is computed. From both values, the larger value was
taken.

4.3. Differential photometry
In order to determine the period of the photometric variability
of the objects, only relative brightness variations are relevant.
Therefore, diﬀerential photometry was performed. It has the
great advantage of compensating for changes in atmospheric
extinction due to clouds and high fog as long as the changes
are uniform over the FOV and independent of wavelength. For
a small FOV of 14. 1 the first assumption can be considered to
be valid. The error introduced by assuming wavelength independent extinction depends heavily on the filter used, the temperature diﬀerence of the objects and the airmass change of the
observations (variations due to clouds are grey, but those due
to airmass changes are not, as can be global changes of the extinction behavior of the atmosphere).
We applied a new algorithm for diﬀerential photometry
(Broeg et al. 2005) in run I and II. It makes no a priori assumptions of the CS but rather determines the degree of constancy
recursively from the measurements. Therefore it can handle
unknown CS and noisy data better than current techniques.
Variable or noisy CS will be weighted down or rejected completely. In a first step, the instrumental errors calculated by the
photometry software (in our case IRAF) are considered to be
correct (to be precise, the average of all observations for each
object is used). All CS are then used to calculate a weighted
brightness average taking into account the instrumental errors
of each CS. This average is subtracted from the object, giving a first diﬀerential magnitude. The same is done for all CS,
treating them in the same way as the object and using all remaining CS as reference stars keeping the same weights as
with the calculation for the object. After this first step, (differential) magnitudes for all CS are available. By calculating
the standard deviation of all (time series of) diﬀerential magnitudes of the CS, an empirical error estimator for each CS is
available. This estimator can now replace the instrumental errors in the calculation of the weights hence leading to slightly
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diﬀerent weights and again slightly diﬀerent standard deviations for the CS. This procedure is repeated until all values converge to constant values. In a final step, the instrumental errors
are adjusted by two parameters until their average resembles
the empirical standard deviation for all CS. If this is not possible for some CS, those CS must be intrinsically variable and
must be removed from the calculations. Now, the above procedure can be repeated one more time giving relative photometry for the object with well defined error bars for all measurements. For a in-depth discussion of this method together with
a detailed error analysis concerning eﬀects due to a non-grey
atmosphere see Broeg et al. (2005).

– the alias periods (if any) must be clearly identified – either
by applying Eq. (1) or by using the Monte Carlo simulation;
– the resulting period must be larger than twice the average
sampling time and shorter than the total time of the observing run.
The error bars for the resulting periods represent either the unbiased estimator for the standard deviation of the found periods in the diﬀerent filters and with the diﬀerent methods, or the
width of the string-length minimum in the string-length algorithm – whichever is larger.

6. Results
5. Time series analysis
In order to search for periods we mainly used the string-length
algorithm, as first proposed by Burke et al. (1970) and discussed in more detail by Dworetsky (1983).
Due to non-random sampling of the data, so-called alias
periods are introduced into the signal. For the dominant period,
namely one sidereal day, the alias periods can be determined
by the well known formula:

−1
−1

Ptrue
Pfalse
= 1.0027 ±
(Tanner 1948)
(1)
1 day
1 day
which takes into account that objects are observed close to
meridian passage. Unfortunately, further sampling eﬀects, i.e.
observing the same object every n hours can introduce further,
more complicated alias periods.
Because of these diﬃculties, we used a second, statistical
method, based on Monte Carlo simulations to identify the correct period. It takes into account the error bars of the measurements, which are known due to the photometry algorithm (see
Sect. 4.3). It generates random light curves of sinusoidal shape
with the sampling, amplitude, and errors of the observed data.
By doing so, it discovers all alias periods that are produced by
the sampling of the data. By comparison of the string-length
diagram of real and generated data, the correct period can
be determined. This algorithm is described in detail in Broeg
et al. (2002) where one of the objects of this study is used as
an example.
We did not consider confidence levels since they only give
the probability that random noise produces the same period.
For all objects there is one or more candidate period where this
probability is very low, lower than 1%. The drawback with
this value is that it gives false confidence in the results: it only
says that it is highly unlikely that the signal is just noise, but
it does not make any predictions for the alias periods. In some
cases two or more periods are equally likely, all have confidence levels above 99.9%, but it is not possible to determine
the correct period. In such a case, and when other methods to
distinguish between alias and correct period fail, we conclude
that no period could be determined.
We accepted a period as correct if the following criteria are
fulfilled:
– all filters that allow the determination of a period must arrive at the same period;

6.1. General
In this section, the rotational periods for objects of all runs are
presented. In diﬃcult cases, or if the object is special in some
way, a small paragraph explains the details. The results for all
objects are summarized in Table 1. It lists the rotational periods
if determined, the classification, and some spectral information
for all objects.
In the first observation run, Run I, variation in the brightness could be detected for most objects. If no period could
be detected, this was with one exception due to the relatively
sparse sampling of the data.
As stated in Sect. 3, all objects of Run II were observed
much more frequently than those in Run I. This was probably
the reason why variation could be detected and a period could
be determined for all objects in this run. The determined periods are therefore very reliable.
The phase folded light curves of the objects for which a
period could be determined are shown in Figs. 3–11 for Run I
and Figs. 6–9 for Run II. Only the V band results are plotted in
the images to conserve space. The V band was chosen because
it was used in both runs. For the observations in the other filters
see the Online Appendix, Figs. A.1–A.5.
The nature of the variation could be identified as (cold
or hot) surface spots by the change in amplitude for diﬀerent
wavelength bands. For spots, the amplitude of the variation increases towards shorter wavelengths, i.e. from the I to the V filter. This was observed in all cases. Only sometimes, the very
large noise in the I filter would mimic a larger variation than in
the R band when looking at the peak to peak variation. See the
data tables (Tables A.1 and A.2) where all important summary
data is given for Runs I and II: for each object the noise of the
averaged CS was compared to the object’s standard deviation
and absolute amplitude. This is a suitable way to compare the
signal with the noise. In this manner the results for all objects
are characterized, and additionally the derived period, number
of data points available, total time-span covered, and the range
in air-masses is printed. The same information for Run III is
shown in Table A.3 but no color and noise information is available there.
For the two eclipsing binaries, we have combined all available photometric measurements, i.e. for GSC2.2 N3022313162
the data from run II and run III and for RX J0408.2+1956 the
data from all three runs were combined as shown in Fig. 12.
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Table 1. Results for all objects. We list all observed objects grouped by membership (MBM12, in-cloud (in TA), oﬀ-cloud Taurus-Auriga
(oﬀ TA), or Orion) and sorted in order of ascending right ascension. The object name is the most common one used in literature – in one case
the Guide Star Catalog number was used. The second column gives the observing run in which the object was observed. The calculated
period together with the 1σ error is given in the next column followed by periods as determined by other groups. In the next five columns,
v sin i values from literature, the spectral type, the classification of the object (w: wTTS,c: cTTS,Z: ZAMS, MS: main sequence, ?: unknown)
together with the relevant quantities for the lithium-test (Wλ (Li), Wλ (Hα)) are given. Negative values stand for emission, f means the absorption
lines are partially filled by emission. The last columns give comments on the nature of the object where relevant (SB1/2: single/double-lined
spectroscopic binary). For all values, the sources are given as footnotes at the bottom of the table.
Group
Run
Period
other P.
v sin i
SpTy Type
Wλ (Li)
[mÅ]
Object name
[days]
[days] [km s−1 ]
MBM12
RX J0255.4+2005
I
3.36 ± .17
6.22l
10.0a
K6a
w
440a
l
i
–
M1 IIIe
c
412a
LkHα262
I
1.27 ± .02
3.13(?)
a
c
543a
LkHα263
I
6.6 ± .48
–
M4
24.3a
K5a
c
836a
LkHα264
I
7.4 ± .2
2.603l
–
K4a
w
499a
E0255.3+2018
I
n.P.
0.505(?)l
oﬀ TA
RX J0312.8-0414NW
I
n.P.
33 f
G0b
w
350b
RX J0312.8-0414SE
I
n.P.
11 f
G8b
w
300b
RX J0324.4+0231
I
4.7 ± .1
12 f
K5b
w
330b
RX J0333.1+1036
I
n.P.
20 f
K3b
w
320b
RX J0344.8+0359
I
1.34 ± .09
27 f
K3b
w
300b
f
b
RX J0351.4+0953W
I
3.65 ± .2
7
K1
w
300b
f
b
RX J0407.3+0113S
I
n.P.
13
K3
w
350b
f
b
RX J0407.3+0113N
I
n.P.
29
G4
w
200b
k
f
RX J0422.9+0141
I
n.P.
37/14
F8
Z
no/60k
k
b
RX J0434.3+0226
I
n.P.
7
K4
w 300b , 200k
f
b
RX J0444.7+0813
I
2.93 ± .11
17
K3
Z
280b
1RXS J044534.0+120917
I
3.35 ± .15
–
–
?
–
K7b
w
350b
RX J0445.5+1207
I
6.34 ± .05
83 f
RX J0450.0+0151
I
2.23 ± .03
67 f
K3b
w
350b
k
k
RX J0528.9+1046
I
7.04 ± .36
10,9
K3
Z
270/150k
k
b
RX J0529.3+1210
I, II
2.14 ± .20
18
K7–M0
w 350b , 270k
in TA
RX J0403.4+1725
II
0.574 ± .001
112c
K3c
w
487c
j
c
c
32/44
K7–M0
Z
0c
RX J0406.8+2541
II, III
1.70 ± .02
1.73
c
c
K4
Z
257c
RX J0407.9+1750
II
0.985 ± .005
27/24
j
j
–
K2
MS
<40z
RX J0408.2+1956
I, II, III 3.0109 ± .0002
3.02
c
c
M1
w
299c
RX J0409.3+1716
II, III
0.60 ± .01
73
y
GSC2.2 N3022313162
II, III 0.59075 ± .00020
–
F2
MS
–
K5c
w
495c
RX J0439.4+3332A
II
2.42 ± .02
24c
RX J0447.9+2755
II, III
1.27 ± .02
36/27c
K0c
Z
203c
IRAS 04451+2750
II
20.0 ± 2.0
–
–
?
–
K6c
w
583c
RX J0452.8+1621
II, III
3.6 ± .1
41/26c
K3c
Z
247c
RX J0455.8+1742
II, III
8.1 ± 0.5
19/20c
j
c
c
RX J0457.1+3142
I
9
>37.6
25/27
K2
MS
138c
Orion
RX J0530.7-0434
I
9.4 ± .9
10h
K3b
w
530g

Wλ (Hα) Remark
[Å]
–1.26a
–32.10a
–32.90a
–58.90a
–1.6a
0.2b
2.5b
–0.40b
–0.8b
0.3fb
0.5fb
0.5fb
3.3b
1.5 f
–0.8b
–0.8b
–
–2.0b
0.5fb
0.1fb
-2.0b

see text
see text
see text
see text

SB2, Porb = 5.368 dk
SB1, Porb = 603 dk

SB2, Porb = 7.672 dk
SB1, Porb = 462.8 dk

–0.5d
–3.0d
–0.2d
0.5d
–5.1e
11.0y
–0.7e
–
–
–0.5e
–
0.9d

SB1
SB2, triple
SB1
Eclipse
SB2c
Eclipse
SB1c
SB2c

–0.04g

SB2h

SB2, triple
SB2c
SB1c

a

Hearty et al. (2000b); b Magazzù et al. (1997); c Wichmann et al. (2000); d Martín & Magazzù (1999); e Wichmann et al. (1996); f Neuhäuser
et al. (1997); g Alcalá et al. (1996); h Alcalá et al. (2000); i Mora et al. (2001); j Bouvier et al. (1997); k Torres et al. (2002); l Herbst et al.
(2004), (?): tentative period only; y from low. res. CAFOS spectrum; no Li found; z personal communication by Eike Guenther.

This was done by adding an oﬀset to the instrumental magnitudes. The scaling was untouched. This is only a rough estimate, since the amplitudes of an eclipsing light curve will vary
with wavelength if the primary and secondary component are
of diﬀerent spectral type, which is the most likely situation.

Otherwise the primary and secondary minima would be of similar depth.
The periods as determined from run III data are consistent with the results from run I and run II for all objects
(RX J0406.8+2541, RX J0408.2+1956, RX J0409.3+1716,
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GSC2.2 N3022313162, RX J0447.9+2755, RX J0452.8+1621,
RX J0455.8+1742). The resulting light curves of the TTS are
shown in Fig. 13. The zero points of the magnitude scale have
been chosen so that the magnitudes correspond roughly to the
R-band apparent magnitudes. The given typical error in the
lower left corner corresponds to the error of the diﬀerential
magnitudes, only.

6.2. Evolutionary status
Most of the stars had been originally detected by the RASS due
to their conspicuous X-ray hardness ratio and classified as premain-sequence (PMS) candidates. In follow-up observations,
their spectral type and Lithium abundance were determined
to verify this classification (see Alcalá et al. 1996; Wichmann
et al. 1996; Magazzù et al. 1997; Neuhäuser et al. 1997; Martín
& Magazzù 1999; Wichmann et al. 2000; Alcalá et al. 2000;
Hearty et al. 2000b). For most of them, their PMS nature could
be confirmed.
In order to determine the evolutionary status of the objects,
we use the Lithium equivalent width Wλ (Li), because Lithium
is depleted at the early stages of star formation (Neuhäuser
et al. 1997). It is our major criterion because of its higher accuracy in the measurable quantities when compared to the second method: placing the objects in the Hertzsprung-Russell
Diagram (HRD) and comparing them with theoretical premain-sequence tracks, for which the distance is needed (but
unknown).

6.2.1. Age from Lithium test
Since stars deplete their Lithium diﬀerently for diﬀerent spectral types, we compared the Lithium abundance to stars of
the same spectral type that have just reached the ZAMS: the
Pleiades.
The results for all objects in this sample are shown in Fig. 1.
They all have more Lithium than the corresponding Pleiades
stars. The final classification of the objects can be found in
Table 1 together with the results of this study.

6.2.2. Age from Hertzsprung-Russell Diagram (HRD)
We also tried to verify the ages of the objects by placing them
in the HRD and comparing them with theoretical evolutionary
tracks. Since standard stars were only observed in run I, we had
to rely on literature values for the absolute brightnesses of all
objects in run II, which have relatively large errors.
The next step is correction for interstellar extinction. We
use E(R − I) and where 2MASS data are available we supplement it with those data because we think that those bands
are least aﬀected by IR- and UV-excesses (see Luhman 2001;
Voshchinnikov & Ilin 1987). For the color conversion from
spectral type we used Kenyon & Hartmann (1995) for early
spectral types and Leggett (1992) for spectral types M0 and
later. Masses and ages are interpolated from D’Antona &
Mazzitelli (1994).

Fig. 2. Hertzsprung-Russell diagram with PMS tracks and isochrones.
Models are by D’Antona & Mazzitelli (1994). Over-plotted are all
weak-line TTS (+) and classical TTS (∗) studied in this paper. Typical
error bars are given in the lower left corner. The distance of the
Taurus-Auriga objects was assumed to be 140 pc (Elias 1978), for
the MBM12 objects a distance of 90 pc (see text) was used.

The distance to the Taurus-Auriga molecular cloud is generally agreed to be around 140 pc (Elias 1978). Concerning
the distance to the objects in MBM12, there have been many
distance estimates in the past (see Hobbs et al. 1986; Hearty
et al. 2000a; Luhman 2001; Straižys et al. 2002; Andersson
et al. 2002). For this paper we assume a distance of 90 pc,
the shortest of the suggested distances. Enlarging the distance would only make the objects brighter, thus younger. All
our MBM12 stars are, using a very small distance of 90 pc
and therefore probably overestimating their age, younger
than ZAMS.
For each of the studied TTS, the relevant stellar parameters
from literature have been compiled in Table A.4. The resulting
positions in the HRD relative to PMS tracks and isochrones
by D’Antona & Mazzitelli (1994) are shown in Fig. 2. Most
objects are confirmed to be young by the ages inferred from the
HRD and a few might have already reached the main sequence,
whereas some of the objects classified as ZAMS by the Lithium
test, might still be younger.
Since the equivalent widths of the Lithium line can
be determined quite precisely, and since the errors in the
HRD method are larger (especially due to the unknown color
excesses), we decided to keep the classification of the Lithium
test.

6.3. Information on selected targets: MBM12
6.3.1. RX J0255.4+2005
Herbst et al. (2004) give the rotational period as 6.22 days, our
derived period is 3.36 days – close to half the period determined
by the other group. As Herbst et al. (2004) have only one data
point per night for each object, their Nyquist frequency prevents them from detecting periods shorter than 2 days and
3.36 days is less than twice that number so this will be
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Due to the time sampling, Herbst et al. (2004) were not sensitive to the correct period. Moreover, in our data, the 3.13 day
period of Herbst et al. (2004) does not appear at all.

6.3.3. LkHα263
For this late-type cTTS (M 4), Herbst et al. (2004) do not report
any period, whereas we found a period of 6.6 days. This could
be due to the fact that the amplitude during our observations
(∆I = 0.22 mag) was twice the value they registered.

6.3.4. LkHα264

Fig. 3. Phase folded light curves: the MBM12 objects in run I for
which a period could be determined. For each object only Johnson V
is plotted for two orbital phases. All values are given in relative magnitudes ∆V with arbitrary zero point. The objects’ name and period (in
days) are printed above each graph. Each data point is given a symbol corresponding to the observation interval it belongs to: when
for example plotting a period of 2 days, data points from the first
2 nights will be drawn as plus(+), nights 3 and 4 as asterisk(∗),
nights 5 through 6 as diamond, followed by filled diamond, triangle, filled triangle, square, filled square, X, circle, and finally if more
than 10 phases are present, filled circles are printed for all remaining
intervals.

diﬃcult to discover. In our data, the 6 day period is also present
but it gives a much weaker signal and shows an obvious double maximum in the folded light curve. So we can be sure that
3.36 days is the correct period.

6.3.2. LkHα262
This object shows the strongest variation among the targets
of the sample. The period is determined to be P = 1.27 ±
0.02 days. The star is clearly classified as a young cTTS by its
strong Hα emission and Lithium absorption. The strong variability can be attributed to hot spots on the surface of the accreting star. This interpretation is supported by the amplitude
decrease from the V to the I filter. The point that deviates from
the lightcurve at phase 0.25 could be due to a flare, since flares
are frequent for cTTS (e.g. Guenther & Ball 1999; Stelzer et al.
2000).

This star is a cTTS that shows strong variability both in terms
of lines (Gameiro et al. 2002) and continuum light. The period that best fits our observations (7.4 days, amplitude I =
0.45 mag) does not match previous results and this could be
interpreted as due to long term variability. Mendoza et al.
(1990) monitored the star for 10 nights recording an amplitude of 0.59 mag in the V band, but no periodicity. Fernandez
& Eiroa (1996) found two tentative, aliased, periods of 1.67
and 2.60 days for August 1991 (amplitude I = 0.26 mag)
and two similar values, 1.74 and 2.33 days, for five nights in
August 1992 (amplitude I = 0.18 mag). During the long monitoring carried out by Herbst et al. (2004) in 2001 to 2002 the
amplitude was small, too (0.28 mag in the I band). They found
a period of 2.603 days with a false alarm probability = 0.007.
Further research on the variability of this star is on
progress and it will be published elsewhere (Fernández et al.,
in preparation).

6.4. Information on selected targets: off-TA
6.4.1. RX J0312.8-0414NW and RX J0312.8-0414SE
No period could be determined for these two objects. This was
not due to a lack of variability, but was caused by the very
poor S/N level achieved. The PSF of these two objects overlapped to a great degree making it diﬃcult to separate the light
of the two sources. It turned out that the noise introduced by
the PSF fitting was too large to detect a signal. On the level of
the achieved accuracy, these objects appear to be constant.

6.4.2. RX J0333.1+1036
This object clearly shows variability. Nevertheless, no period
can be determined. The results in the diﬀerent filters are not
coherent. The Monte Carlo simulation suggests a period in the
vicinity of 2.1 days. However, this is speculative. With better
sampling, though, it should be possible to determine the rotation period in this manner.

6.4.3. RX J0344.8+0359
In this case, the amplitude of variation is only slightly larger
than the noise. Only around ten data points were available per filter. Nevertheless, all algorithms lead to the same

1142

C. Broeg et al.: Rotational periods of T Tauri stars in Taurus-Auriga, south of Taurus-Auriga, and in MBM12

period in all three filters. We therefore identify the period as
P = 1.34 ± 0.09 days.

6.4.4. RX J0407.3+0113S and RX J0407.3+0113N
As for RX J0312.8-0414, the PSFs of the two stars overlap
strongly. The photometric precision is only around 0.2 mag.
This is not enough to detect a periodic variability in this case.
But in contrast to the binary RX J0312.8-0414NW (Sect. 6.4.1)
at least one of the stars appears to be variable. The time-scale
of the variation seems to be of the order of 2 days. In order to
determine a more precise period, a better photometric precision
and sampling rate are required.

6.4.5. RX J0434.3+0226
No variation can be detected here despite the very good sampling. Apperently, this star did not exhibit strong spot activity
at the time of observations. According to the classification (see
Table 1), the star is at the border to the ZAMS. Its age, or a long
rotational period, could be the reason for its low variability.

6.4.6. 1RXS J044534.0+120917
This object was not part of the original sample. It was a CS that
showed variability. We determined a rotational period of P =
3.35 ± 0.15 days. As of now, there is no spectral information
for this object.

The light curve shows a very steep rise in brightness around
the minimum of the light curve. All open circled data points
belong to the same interval of observations, i.e. were observed
consecutively. This shows that the rise is not an artefact from
wrong phase folding, but a true increase in brightness. The plot
for the period P = 2.23 ± 0.03 days is shown in Fig. 5 including
the flare data points.

6.4.9. RX J0528.9+1046
This object was first classified as a wTTS but after resolving
both components of this double lined spectroscopic binary, the
Lithium equivalent width for each component was reduced to
less than 300 mÅ, the threshold value for spectral type K. So
we now classify this star as ZAMS. Furthermore, Torres et al.
(2002) conclude that this object is member of λ-Ori, so does not
belong to the Taurus-Auriga group. See Fig. 5 for the V light
curve of this star.

6.4.10. RX J0529.3+1210
This wTTS has been observed in both runs, but only few measurements are available. Surprisingly, with only 8 data points
in each filter in run II, only a period of 2.14 and its alias period
of 0.68 days show a minimum in the string-length algorithm.
Because the amplitude has changed from run I to run II, it is
not possible to combine the data sets. Nevertheless, the rotational period as determined from the two runs is consistent and
we give the period as P = 2.14 ± 0.20 days. The resulting light
curves are printed in Figs. 5 and 9.

6.4.7. RX J0445.5+1207

6.5. Information on selected targets: in-TA
A very good S/N could be achieved for the light curve of this
object due to the availability of a relatively large number of
bright, constant CS. Despite the good quality of the data, the
search for periods turned out to be diﬃcult. There are two minima in the light curves which are not equidistant. The increase
of the amplitude of the lightcurve as the wavelength decreases,
i.e. towards the V band, gives strong evidence for star spots
as sources of the variation. The smallest string-length occurs
at the trial period of 6.3 days in all filters. Because there is
a second minimum in the string-lengths diagram at half the
period, it looked at first, as if this would be twice the correct
period. But on closer inspection, it turned out that both peaks
are of diﬀerent width, namely 2.7 and 3.6 days. This is reproduced independently in all filters. Therefore the light curve
must be caused by two (or more) spots of diﬀerent size on opposite sides of the star. We conclude that the correct period is
P = 6.34 ± 0.05 days.

6.4.8. RX J0450.0+0151
The period search for this star was made diﬃcult by the occurrence of a flare during the observations. After the removal of
the flare data points (the circles around phase φ = 0.5/1.5 in
Fig. 5), the string-length algorithm determined the same period
in all filters.

6.5.1. RX J0406.8+2541
This object’s amplitude of brightness variation is 0.29 mag
in the V-band, the largest amplitude of all the wTTS in our
sample. It also has Hα emission suggesting that there is large
activity.
The period search was diﬃcult despite the large variation.
The reason for this was a flare in the observation and a change
in the spot pattern on the time-scale of one rotation. This can
be seen in Fig. 6: consecutive intervals do not overlap according to the error bars for the found period of 1.7 days. This effect is most prominent around phase Φ = 0.6 in the V band.
This shows that a change in the spot pattern or temperature of
the spots must have occured on short time-scales. It shall be
noted that the prominent deviating data points in the V-band
correspond to a revolution of the star where no corresponding
B-band images were taken (black triangles). The open square
data point (in Fig. A.5), however, has a corresponding simultaneous observation in the V-band which is weaker in amplitude,
as should be the case for flares. All flare candidate data points
are situated away from the maximum brightness of the star, as
is expected for flares correlated to active regions. Furthermore
it has been shown that flaring activity can be connected to
changes in the spot distribution (see Fernández et al. 2004, for
a detailed flare analysis of V410 Tau).
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Fig. 4. Phase folded light curves: all Taurus-Auriga objects in run I for
which a period could be determined (Part I). Explanation see Fig. 3.

It has to be noted that a period of twice the length of the
found period cannot be ruled out. Bouvier et al. (1997) find
also a period of 1.73 days for this object, but they do not have
enough data points to make that distinction. We have to admit,
though, that twice the period is still a possibility. Keeping in
mind that 3.4 days cannot completely be ruled out as period we
conclude that the most likely period is P = 1.70 ± 0.02 days.
This result was independently confirmed in Run III.

6.5.2. RX J0407.9+1750
Because of the poor phase coverage (see Fig. 6), the period of
P = 0.985 ± 0.005 days is a tentative period, only.
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Fig. 5. Phase folded light curves: all Taurus-Auriga objects in run I for
which a period could be determined (Part II). Explanation see Fig. 3.

a more precise period determination. It is now constrained
to P = 3.0109 ± 0.0002 days. This is the value we give in
Table 1. The heliocentric epoch of the minimum is at HJDmin =
2 451 818.4579. The resulting V-band light curves can be inspected in Figs. 4, 7 and a much better light curve from Run III
in Fig. 13.
The combined lightcurve from all runs is shown in Fig. 12b.
The white light observations of run III can’t be expected to fit
properly since the amplitude should vary depeding on filter, but
both V band data sets should be comparable. So it remains unclear why the data points do not overlap according to the errors.

6.5.4. RX J0409.3+1716
6.5.3. RX J0408.2+1956
The object RX J0408.2+1956, also known under the name
of V1196 Tau, was already known to be an eclipsing binary
with a 3.01 day period. The better sampling in run III allows

Looking at the phase folded light curve for the period of P =
0.60 ± 0.01 days in Fig. 7, the scatter in the data points is apparently quite large. On closer inspection, there appears to be
a second period overlaid. Fitting two sinusoids to the data gives
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Fig. 6. Phase folded light curves: the objects in run II for which a period could be determined (Part I). Symbol conventions are the same as
in Fig. 3.

Fig. 7. Phase folded light curves: the objects in run II for which a period could be determined (Part II). Symbol conventions are the same
as in Fig. 3.

Fig. 8. Phase folded light curves: the objects in run II for which a period could be determined (Part III). Symbol conventions are the same
as in Fig. 3.

Fig. 9. Phase folded light curves: the objects in run II for which a period could be determined (Part IV). Symbol conventions are the same
as in Fig. 3.

6.5.5. GSC2.2 N3022313162
two periods: 0.6 and 1.8 days. Therefore we give the period as
P = 0.60 ± 0.01 days mentioning that the second component
of the spectroscopic binary could have a rotational period of
P = 1.8 ± 0.1 days.

This star was serendipitously in the FOV of the
star RX J0409.3+1716 and it was meant to serve as a CS
only. During the diﬀerential photometry procedure, it became
apparent that it is strongly variable. We therefore analyzed the
light curve separately. The result is an extremely well sampled
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Fig. 11. Phase folded light curves: the object in orion (run I).
Explanation see Fig. 3.

6.5.6. RX J0439.4+3332A

(a) Normalized spectrum of GSC2.2 N3022313162

For this object, the second best sampling of the entire campaign was achieved. The variability amplitude of this object is
0.1 mag. The string-length algorithm produces the same period in all filters: 2.42 days. The light curve for this period (see
Fig. 8) clearly shows two maxima, which might hint at 1.2 days
as the true period. However, at closer inspection, the two maxima are of diﬀerent amplitude and they are not spaced evenly
apart. Therefore we conclude that P = 2.42 ± 0.02 days is the
correct rotational period. However, the signal in the B band is
not larger than in the V band in this case. Even though this is
most likely caused by the high noise level in the B band, the
nature of the signal cannot be unambiguously determined to be
spots.

6.5.7. RX J0447.9+2755
(b) Normalized spectrum of RX J0409.3+1716
Fig. 10. Spectra of the two objects a) GSC2.2 N3022313162 and
b) RX J0409.3+1716. The spectral range is 4650 to 8300 Å.

light curve of an eclipsing binary system. It is shown in Fig. 7.
For this object, the combination of runs II and III did not
allow a more precise period determination. The gap in time
between run II and III was too large. The period is determined
as P = 0.59075 ± 0.00020 d and the heliocentric epoch of the
minimum brightness is:
HJDmin = (2 451 910.2865 ± 0.0010)+n · (0.59075 ± 0.00020).
We took a low-resolution CAFOS spectrum to determine
the spectral type of the primary component. The spectra of
GSC2.2 N3022313162 and RX J0409.3+1716 were taken simultaneously in one slit with the goal of obtaining more information about the eclipsing object GSC2.2 N3022313162. Both
spectra are shown, continuum normalized to 1, in Fig. 10.
From the spectrum, we determine the spectral type of the
primary component of GSC2.2 N3022313162 to be F2 ± 4.
Therefore it is a background object. This object has also been
observed in run III where an excellent phase coverage was
achieved. The combined run I and III lightcurve is shown in
Fig. 12a.

This object, like RX J0406.8+2541, seems to exhibit a change
in amplitude during the observation. The amplitude increase at
the end of the observing run can be seen in Fig. 8 which shows
the light curve phase folded with a period of 1.27 days: for
observations at later times (X, circles), the amplitude has become larger. This is probably the reason why the string-length
for three times the period (≈3.9 days) is smaller in some filters. But since it is very unlikely to have three spots of very
similar size spaced evenly apart, we conclude that P = 1.27 ±
0.02 days is the correct period and that a change in amplitude
has taken place during the observations.

6.6. Analysis of the distribution of rotational periods
After the presentation of the individual results, we continue
with a statistical analysis of the rotational periods.
The distribution of the wTTS south of the Taurus-Auriga
molecular cloud (oﬀ-TA) is shown in Fig. 14a. It is compared
to the in-TA wTTS composed of the wTTS from this study and
further wTTS in Taurus-Auriga that have been known before
ROSAT (see Table A.5). The period distribution is shown in
Fig. 14b. Unfortunately there are only 6 objects remaining in
our study for which a period could be determined, which were
both located in the southern region and could be confirmed
as wTTS.
To quantify the diﬀerences in the two samples, we computed the Kaplan-Meier Estimators according to Feigelson
& Nelson (1985) and Isobe et al. (1986) with the program
ASURV (1990). It is plotted in Fig. 15: obviously, both
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(a)

(b)
Fig. 12. Phase folded light curves of the two eclipsing binaries.
a) GSC2.2 N3022313162 with data of run II and III. The black squares
are the measurements from run II. b) RX J0408.2+1956 with combined data from all three runs. The open diamonds represent data from
run I, the open squares run II, and the small crosses are the run III
measurements.
Table 2. Results of the two-sample tests. The tested hypothesis was
H0 :F1 (t) = F2 (t): both samples are equal. The probability p of H0
being true is given for the three tests. This shows that the two samples
must be considered equal.

p

Wilcoxon Perm. Wilcoxon Hyp. Log-rank
0.79
0.79
0.75

samples are quite similar. Note that we used no data censoring as the unability to determine a period does not represent
an upper or lower limit. We only used the stars where a period
was determined for the statistical analysis.
In a next step we compared the two samples with
two-sample tests. In order to make as few assumptions as possible we used linear rank statistic tests (for a general overview
of statistical tests, see Sheskin 2000), namely: Gehan’s generalized Wilcoxon Test with permutation variance (1), Gehan’s
generalized Wilcoxon Test with hyper-geometric variance (2),
and the Log-rank Test (3). They are described in detail in
Feigelson & Nelson (1985).
We tested for the null hypothesis H0 :F1 (t) = F2 (t) that
both samples are taken from the same distribution, or more
precisely: in the underlying populations represented by the
two samples, the median of the diﬀerence scores equal to zero.
We want to test the non-directional (or two-tailed) null hypothesis to the 0.05 significance level. The results are printed in
Table 2. Obviously, the null hypothesis H0 cannot be rejected
but quite the opposite is true: it is highly likely that both samples are drawn from the same distribution (P ∼ 80%).

Fig. 13. Phase folded light curves: all TTS observed in run III. Values
are white light apparent magnitudes. The typical error is given in the
lower left corner of each figure.

6.7. Discussion
In order to be able to distinguish between in-situ formation of
the TTS in little cloudlets and ejection from the cloud, we have
compared the rotational periods of the oﬀ-cloud wTTS to the
in-cloud wTTS.
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Fig. 15. Kaplan-Meier estimator of the periods of the wTTS: wTTS
situated south of the Taurus-Auriga molecular cloud (solid line) compared to the wTTS inside the cloud (dashed line). The distributions are
very similar.

(b) in-TA wTTS
Fig. 14. Distribution of rotational periods compared: all oﬀ-TA wTTS
are compared to the in-TA wTTS.

In the frame of the magnetospheric accretion model (see
Hartmann et al. 1998) the rotational velocity depends strongly
on the lifetime of the accretion disk, because the presence of
a disk prevents the spin up during contraction due to magnetic
breaking (Bouvier et al. 1993a; Edwards et al. 1993). Ejection
from the cloud would most certainly disrupt the disk or at least
lead to a significantly reduced lifetime of the disk (Armitage &
Clarke 1997). Therefore, the oﬀ-cloud TTS should rotate faster
if they were ejected from the cloud. In-situ formation in small
cloudlets, on the other hand, should lead to a prolonged disk
lifetime and therefore slower rotation.
As was shown in the previous section, both oﬀ-TA and inTA groups appear to share the same distribution of rotational
periods. This is tentative evidence in favour of the in situ formation model as ejected stars should exhibit faster rotation. It
must be considered, however, that only 6 objects with a determined rotational period remained in the oﬀ-TA sample. For all
other objects (10), the PMS nature could not be confirmed, or
no period determined. Furthermore, it is well known that there
is a dependence of the rotational period on mass and age of the
star (theoretical models predict a spin up of the star during the
first Myr, see Fig. 5 of Bouvier et al. 1997). Therefore, only
subgroups of similar mass and age should be compared for reliable results. Having only 6 objects, this is not possible.
We must therefore conclude, that even though the mean rotation period of the two groups under investigation does not
diﬀer significantly, we cannot distinguish between the two proposed formation scenarios.

7. Conclusions
In this study, 34 objects, among them 22 TTS, were monitored photometrically in three diﬀerent observing runs: Run I
and II at the 1.23 m telescope of the Calar Alto Observatory
in November 1998 (8 nights) and December 2000 (12 nights)
and Run III at the Himmelsmoor Private Observatory Hamburg
from September 2000 to January 2001 (26 nights). For 15 TTS
a period of photometric variability could be determined. It
could be identified as rotational variation caused by star
spots due to the characteristic dependence of the amplitude
on wavelength.
The rotational periods of the TTS in Taurus-Auriga range
from 0.57 to 6.34 days.
All five objects in MBM12 exhibited strong photometric
variation, so that a clear period of variability could be determined for one wTTS and all three cTTS. The wTTS for which
we could not determine a period also showed strong variability but the poor sampling did not permit to distinguish the real
from the alias periods. The rotational periods in MBM12 range
from 3.36 to 7.4 days.
Furthermore, photometric periods, most likely identified as
rotational modulation caused by star spots, could be measured
for 5 ZAMS in/near the Taurus-Auriga molecular cloud.
This study added new rotational periods for 10 TTS and
6 ZAMS stars near the Taurus-Auriga molecular cloud, and
4 new periods in MBM12. Another ZAMS period could be
confirmed.
Two of the objects, both not PMS stars, show eclipses.
For RX J0408.2+1956 this was already known. Its orbital period could be constrained to 3.0109 ± 0.0002 days.
The other one, GSC2.2 N3022313162, shows a very well
sampled eclipsing light curve with an orbital period of only
0.59075 ± 0.00020 days. It was discovered by the algorithm
by its unusually large variability that did not fit the error
model. Spectroscopic follow-up observations show that it is not
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a young object but an old background binary of spectral type
early F.
When statistically comparing the rotational periods found
here for oﬀ-cloud wTTS south of Taurus-Auriga with wTTS
inside the Taurus-Auriga molecular cloud, there is no significant diﬀerence in the period distribution. However, having only
6 oﬀ-TA stars, no conclusions in favour of one of the two formation scenarios can be drawn.
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Appendix A:

A.1. Additional data
Table A.1. Measured periods, variability amplitudes, and errors of all objects in Run I. In this table all measurements in the filters VRI are
given. The first column gives the total time span covered by the observations followed by the total airmass range of the observations. The
next columns describe the noise in each band. For each filter X, the amplitude of variation ∆mX , the standard deviation of the object σX , the
standard deviation of the averaged comparison star σav.
X , as well as the number of data points are listed. Hence, the variation of the object can
be compared to the noise level of the reference stars. The last column gives the determined period together with the 1σ-error. The numbers in
parentheses refer to some comments in the footnotes.
Time cov.
[days]
RX J0255.4+2005
8
LkHα263
8
8
LkHα262
LkHα264
8
E0255.3+2018
8
8
RX J0312.8-0414NW
RX J0312.8-0414SE
8
RX J0324.4+0231
8
8
RX J0333.1+1036
RX J0344.8+0359
8
RX J0351.4+0953W
8
8
RX J0407.3+0113N
RX J0407.3+0113S
8
RX J0408.2+1956
8
RX J0422.9+0141
8
8
RX J0434.3+0226
RX J0444.7+0813
8
1RXS J044534.0+120917
8
8
RX J0445.5+1207
RX J0450.0+0151
8
RX J0457.1+3142
8
7
RX J0528.9+1046
RX J0529.3+1210
7
RX J0530.7-0434
8
Object name

Airmass
range
1.1–2.4
1.1–2.5
1.1–2.5
1.1–2.0
1.1–2.6
1.2–1.5
1.2–1.5
1.2–3.3
1.1–2.6
1.2–3.0
1.1–2.6
1.2–3.0
1.2–3.0
1.1–2.6
1.2–3.1
1.2–3.0
1.1–2.2
1.1–2.2
1.1–2.0
1.2–2.6
1.1–2.6
1.1–2.0
1.1–1.8
1.3–3.3

Object
∆mI
σI
0.088 0.0493
0.22 0.1581
0.457 0.1604
0.4548 0.1442
0.3398 0.0959
0.12 0.048
0.08 0.043
0.223 0.0948
0.116 0.0318
0.0599 0.0342
0.0469 0.0128
0.1043 0.0275
0.0861 0.0188
0.145 0.0506
0.0512 0.0161
0.105 0.0245
0.0722 0.0209
0.0666 0.0277
0.0745 0.0193
0.0585 0.0174

CS
σav.
I
0.0396
0.0212
0.0215
0.0774
0.0382
0.0346
0.035
0.0234
0.0432
0.0259
0.0112
0.0184
0.0122
0.0075
0.0088
0.0253
0.0137
0.0078
0.0083
0.0127

#
Pts.
22
21
19
22
16
11
11
15
11
11
20
26
28
23
10
29
21
14
15
16
4
0.0495 0.0192 0.0063 11
0.0515 0.0194 0.0123 13
0.091 0.0236 0.0137 25

Object
∆mR
σR
0.1043 0.0394
0.3083 0.1077
0.5761 0.15688
0.5017 0.1695
0.3138 0.0934
0.146 0.0430
0.09 0.0294
0.2154 0.0960
0.122 0.0458
0.0456 0.0137
0.0379 0.0130
0.1391 0.0348
0.1
0.0383
0.1566 0.0558
0.0463 0.0184
0.047 0.0122
0.0841 0.0258
0.0447 0.0161
0.0558 0.0189
0.0498 0.0159
0.035 0.0106
0.0596 0.0194
0.057 0.0242
0.1153 0.0331

CS
σav.
R
0.0202
0.0148
0.0148
0.0238
0.0392
0.0183
0.0183
0.0112
0.0178
0.0085
0.0063
0.0107
0.0106
0.0052
0.0034
0.0182
0.0059
0.0052
0.0043
0.0099
0.0120
0.0049
0.0090
0.0124

#
Pts.
23
16
16
16
12
8
8
13
11
11
16
23
24
27
7
26
17
13
13
16
13
12
13
23

Object
∆mV
σV
0.1001 0.0874
0.3683 0.3186
0.7073 0.3488
0.6726 0.2104
0.307 0.1164
0.163 0.0501
0.1 0.0344
0.2304 0.0874
0.185 0.0772
0.0571 0.0211
0.040 0.0144
0.0941 0.0280
0.13 0.0379
0.1403 0.0509
0.045 0.0160
0.101 0.0279
0.1038 0.0344
0.0557 0.0201
0.0948 0.0315
0.0673 0.0212
0.0992 0.0276
0.0674 0.0239
0.0804 0.0308
0.1234 0.0385

CS
σav.
V
0.0245
0.0284
0.0248
0.0533
0.0548
0.0166
0.0166
0.0110
0.0247
0.0157
0.0054
0.0143
0.0135
0.0054
0.0044
0.0218
0.0089
0.0065
0.0045
0.0073
0.0083
0.0038
0.0085
0.0118

#
Pts.
20
18
15
18
12
11
11
14
11
10
14
21
23
28
7
25
16
14
14
17
24
11
12
21

Period
[days]
Rem.
3.36 ± 0.17 (1)
6.6 ± 0.48
1.27 ± 0.02 (2)
7.4 ± 0.2
n.P.
n.P.
(3)
n.P.
(3)
4.7 ± 0.1
n.P.
(4)
1.34 ± 0.09 (5)
3.65 ± 0.2
n.P.
(6)
n.P.
(6)
3.03 ± 0.04
n.P.
(7, 8)
n.P.
(3)
2.93 ± 0.11
3.35 ± 0.15
6.34 ± 0.05 (9)
2.23 ± 0.03 (10)
P  9d
(11)
7.04 ± 0.36 (8)
2.14 ± 0.2 (8, 12)
9.4 ± 0.9

Remarks: (1) some data points had to be averaged to get consistent results; (2) too few data points to reject twice this period; (3) noise
comparable to signal, no variation; (4) data not consistent in all filters; (5) alias periods can not be ruled out completely, but all filters give
consistent result; (6) noisy data: despite the large number of data points, no convincing period could be found. P = 1.5 days or even smaller
seems to be likely, a period longer than 2.3 days is highly unlikely; (7) very few data points; (8) spectroscopic binary (see Magazzù et al. 1997);
(9) half the period (3.3 days) possible as well, but not likely; (10) there is a flare in the observations; (11) there are also consistent results in the
B-filter; (12) corrected after data reduction of Run II. Original value: 2.24 days.
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Table A.2. Measured periods, variability amplitudes, and errors of all objects in Run II. In this table, the results in the filters V and B are given.
The information is the same as for Run I in Table A.1.
Time cov.
[days]
RX J0403.4+1725
10
RX J0406.8+2541
12
RX J0407.9+1750
12
RX J0408.2+1956
12
RX J0409.3+1716
12
GSC2.2 N3022313162
12
RX J0439.4+3332A
10
RX J0447.9+2755
12
IRAS04451+2750
12
RX J0452.8+1621
12
RX J0455.8+1742
12
RX J0529.3+1210
7
Object name

Airmass
range
1.1–2.9
1.0–3.6
1.1–3.0
1.1–3.5
1.1–3.0
1.1–3.0
1.0–2.9
1.0–2.9
1.0–2.9
1.0–2.9
1.0–2.9
1.1–1.5

Object
∆mV
σV
0.1414a 0.0394
0.2934a 0.0752
0.123 b 0.0256
0.5276a 0.1325
0.1255a 0.0322
0.5763a 0.1079
0.0971a 0.0207
0.0380b 0.0137
0.0767b 0.0249
0.1480b 0.0556
0.0788a 0.0211
0.1971a 0.0733

CS
#
Object
CS
#
Period
σav.
Pts. ∆mB
σB
σav.
Pts.
[days]
Remark
V
B
0.0074 74 0.1304 0.0381 0.0070 37
0.574 ± 0.001
0.0070 106 0.2735 0.0814 0.0075 48
1.70 ± 0.02
(1)
0.0128 75 0.179 0.0357 0.0177 39
0.985 ± 0.005
0.0069 28 0.6093 0.1364 0.0042 17
3.01 ± 0.02
(2)
0.0037 52 0.1703 0.0434 0.0042 30
0.6 ± 0.01
(3)
0.0037 52 0.5793 0.1254 0.0042 30 0.5908 ± 0.0002
(4)
0.0088 103 0.0712 0.0195 0.0130 45
2.42 ± 0.02
(5)
0.0046 94 0.0539 0.0222 0.0063 43
1.27 ± 0.02
(6)
0.0046 94 0.1008 0.0314 0.0063 43
20.0 ± 2.0
(7)
0.0063 68 0.1430 0.0534 0.0069 31
3.6 ± 0.1
0.0059 72 0.0749 0.0209 0.0046 33
8.0 ± 0.8
(8)
0.0018 8 0.2090 0.0885 0.0021 8
2.14 ± 0.20
(9)

Remarks: (1) consecutive intervals do not overlap according to error. Therefore double the period P = 3.39 ± 0.02 is not impossible. Using
only data with airmass smaller than 1.5 leads to exactly the same lightcurve just with fewer available points (77 in V); (2) in run III the period
was constrained to P = 3.0109 ± 0.0002 d; (3) superposition of two distinct periods probable: 0.6 and 1.8 days; (4) eclipse, not spots; (5) half
of the period possible as well; (6) smallest string-length at 3 times the period in all filters; (7) period larger than duration of observations.
Determination of period by sinus fitting; (8) the confidence interval is not symmetric. The period is in the interval: P ∈ [6.4, 8.7] days;
(9) completely diﬀerent amplitude than in 1998 (factor two), but the same periodicity (Run I: 2.24 ± .12 days).
a
∆m = maximum value − minimum value.
b
∆m = 2 × amplitude of fitted sinus curve.
Table A.3. Measured periods and variability amplitudes in Run III. The second column lists the determined periods with estimated error
interval, the last column gives the amplitude of the unfiltered brightness variation in magnitudes. All results are consistent with Run I and II
measurements.
Time cov.
[days]
RX J0406.8+2541
116
RX J0408.2+1956
122
RX J0409.3+1716
36
GSC2.2 N3022313162
36
RX J0447.9+2755
36
RX J0452.8+1621
60
RX J0455.8+1742
124
Object name

Airmass
#
Period
Amplitude
range
Pts.
[days]
1.2–2.9 1748
1.70 ± 0.02
0.25
1.2–3.3 1866 3.0109 ± 0.0002
0.53
1.2–2.9 524
0.6 ± 0.1
0.10
1.2–2.9 513 0.59075 ± 0.00020
0.56
1.1–2.4 533
1.27 ± 0.02
0.10
1.3–2.7 514
3.6 ± 0.1
0.16
1.2–3.5 1078
8.1 ± 0.5
0.10
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Table A.4. Stellar parameters relevant for the Hertzsprung-Russell Diagram of all objects. The objects are grouped by type and sorted by right
ascension. For the objects in Taurus, a distance of 140 pc is assumed, for MBM12 90 pc. The color excess that was used to calculate the
extinction AV is given in the neighboring column. To get the real colors of the objects we used the spectral type – color conversion from Kenyon
& Hartmann (1995) for early spectral types and Leggett (1992) for type M0 and later. The masses and ages are interpolated from pre main
sequence models by D’Antona & Mazzitelli (1994). The apparent magnitudes in V for objects observed in Run I was determined by absolute
photometry ourselves. For Run II objects we had to rely on VizieR (Ochsenbein et al. 2000) values – we averaged all available values. For more
details see text.
Object name
Classical TTS:
LkHα263
LkHα262
LkHα264
Weak-line TTS:
RX J0255.4+2005
E0255.3+2018
RX J0312.8-0414NW
RX J0312.8-0414SE
RX J0324.4+0231
RX J0333.1+1036
RX J0344.8+0359
RX J0351.4+0953W
RX J0403.4+1725
RX J0406.8+2541
RX J0407.3+0113S
RX J0407.3+0113N
RX J0409.3+1716
RX J0434.3+0226
RX J0439.4+3332A
RX J0445.5+1207
RX J0450.0+0151
RX J0452.8+1621
RX J0528.9+1046
RX J0529.3+1210
RX J0530.7-0434
Ke stars:
RX J0408.2+1956
RX J0457.1+3142
Zero Age Main Sequence:
RX J0407.9+1750
RX J0422.9+0141
RX J0444.7+0813
RX J0447.9+2755
RX J0455.8+1742
Unknown type:
GSC2.2 N3022313162
1RXS J044534.0+120917
IRAS 04451+2750

log Lbol

log T eﬀ

T eﬀ

Mbol

V

AV

Determination AV

M/M

log Age

–0.870
–1.162
–0.570

3.519
3.585
3.638

3300
3850
4350

6.91
7.65
6.17

14.90
14.83
13.74

0.62
1.16
2.08

E(V − R, I, J; R − I)
E(V − R, I, J; R − I)
E(V − I, J; R − I)

0.20
0.60
0.90

6.35
7.25
7.20

–0.656
–0.195
0.054
–0.176
–0.788
–0.410
–0.539
–0.600
0.000
0.518
–0.506
–0.157
–0.336
–0.362
0.158
–0.399
–0.218
–0.158
–0.658
–0.602
–0.015

3.624
3.662
3.780
3.742
3.638
3.675
3.675
3.699
3.675
3.597
3.675
3.763
3.571
3.662
3.638
3.609
3.675
3.662
3.675
3.597
3.675

4205
4590
6030
5520
4350
4730
4730
5000
4730
3955
4730
5800
3720
45901
4350
4060
4730
4590
47302
39553
4730

6.38
5.23
4.61
5.18
6.71
5.77
6.09
6.24
4.74
3.45
5.97
5.13
5.58
5.64
4.34
5.74
5.28
5.14
6.38
6.25
4.78

12.23
11.84
10.86
11.62
12.69
12.15
12.74
12.64
11.69
11.72
13.85
12.80
13.30
12.46
11.31
13.03
11.96
11.57
13.22
13.26
11.62

0.26
1.29
0.35
0.46
0.0
0.15
0.42
0.30
0.72
1.46
1.73
1.73
0.56
0.54
0.52
0.64
0.02
0.16
0.61
0.20
0.60

E(V − I, J, H, K; R − I)
E(V − J, H, K; R − I)
E(R − I)
E(R − I)
E(R − I)
E(R − I)
E(R − I)
E(R − I)
(Chavarría-K et al. 2000)
(Chavarría-K et al. 2000)
E(R − I)
E(R − I)
(Chavarría-K et al. 2000)
E(R − I)
E(V − I)
E(R − I)
E(R − I)
E(B − V)
E(R − I)
E(J − K), E(V − I)
E(V − J, R − I)

0.82
1.10
1.12
0.95
0.71
0.90
0.80
0.79
1.33
0.55
0.83
1.00
0.50
0.76
0.90
0.80
1.02
1.13
0.74
0.54
1.32

7.30
6.94
7.60
7.60
7.65
7.40
7.60
7.88
6.80
5.009
7.55
7.70
6.16
7.20
6.07
6.70
7.20
6.88
7.80
6.90
6.80

–0.307
–0.066

3.690
3.690

4900
4900

5.51
4.91

13.04
11.80

1.38
0.74

E(R − I)
∅ Tau-Aur (Chavarría-K et al. 2000)

0.93
1.18

7.38
7.02

–0.060
0.107
–0.318
–0.445
0.012

3.662
3.792
3.675
3.720
3.675

4590
62004
4730
5250
4730

4.89
4.47
5.54
5.85
4.71

11.27
11.79
13.23
12.34
11.29

0.1
1.43
0.38
0.45
0.35

(Chavarría-K et al. 2000)
E(B − V)
E(R − I)
E(J − K)
E(V − J, V − H, V − K, V − R)

1.19
1.11
0.96
0.85
1.27

6.75
7.60
7.25
7.80
6.75

–0.848
–0.763
0.294

3.829
3.720
3.690

6740
5250
4900

6.86
6.65
4.00

13.27
13.23
11.70

0.56
0.54
1.55

same as neighbor
E(R − I), SpTy(K0) from V − K
E(all filters), SpTy(K2) by adjustment

–
–
1.53

–
–
6.50

A,B
A,B
A
A
Torres et al. (2002): T eﬀ
= 5050; 2 Torres et al. (2002) T eﬀ
= 4800, 4550; 3 Torres et al. (2002) T eﬀ
= 4350; 4 Torres et al. (2002) T eﬀ
=
4550, 6300.
9
Note that this age is not consistent with the Lithium-Test (classified as ZAMS). However, in lower resolution spectra by Martín & Magazzù
(1999) the Wλ (Li) was given as 590 mÅ.
1
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Table A.5. All wTTS in the comparison sample. They have been
known prior to the ROSAT All-Sky Survey. The table lists the rotational period together with the classification of the object. All objects
are weak-line TTS, wb stands for binarity, wt for triple system, wsb is
a double-lined spectroscopic binary. The last column states if the object was detected with the Einstein observatory (marked with X) and
is therefore X-ray selected like the stars found by ROSAT.
Name of the object
L1551-51
LkCa 4
NTTS 043124+1824
HD 283572
IP Tau
L1551-55
LkCa 14
LkCa 19
LkCa 3
NTTS 034903+2431
NTTS 041559+1716
NTTS 042417+1744
NTTS 042835+1700
NTTS 043220+1815
V827 Tau
V830 Tau
V836 Tau
DI Tau
VY Tau
IW Tau
LkCa 7
V410 Tau
V819 Tau
V826 Tau
NTTS 045251+3016
CoKu HP Tau/G2
HP Tau
UX Tau A

Type
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
wb
wb
wb
wb
wb
wb
wb
wsb
wt
wt
wt

Period P
1.21
3.37
3.32
1.55
3.25
6.20
3.35
2.24
7.20
1.60
2.58
2.70
3.38
3.20
3.75
2.75
7.00
7.50
5.37
5.60
5.64
1.8714
5.60
3.70
4.70
1.20
5.90
2.70

Source
1
1, 4
4
3
1
4
3
1, 4
3
1
3
4
1
4
5
5
6
1
7
1
1
8
6
5
1
2
3
5

EO
X
X
X
X

X
X
X
X
X
X
X
X

X
X
X

Sources: (1) Bouvier et al. (1993b); (2) Vrba et al. (1989); (3) Bouvier
et al. (1995); (4) Grankin (1993); (5) Bouvier et al. (1986);
(6) Rydgren et al. (1984); (7) Grankin et al. (1991); (8) Herbst (1989).
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A.2. Light curves in other filters

Fig. A.1. Phase folded light curves: I band light curves of the
MBM12 objects in run I for which a period could be determined.
Explanation of the symbols see Fig. 3.

Fig. A.2. Phase folded light curves: R band light curves of the
MBM12 objects in run I for which a period could be determined.
Explanation of the symbols see Fig. 3.
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Fig. A.3. Phase folded light curves: the I band light curves of all Taurus-Auriga objects in run I for which a period could be determined.
Explanation see Fig. 3.
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Fig. A.4. Phase folded light curves: the R band light curves of all Taurus-Auriga objects in run I for which a period could be determined.
Explanation see Fig. 3.
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Fig. A.5. Phase folded light curves: the B band light curves of the objects in run II for which a period could be determined. Symbol conventions
are the same as in Fig. 3.

