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Abstract. We present first results of a survey for companions
among X-ray selected pre-main sequence stars, most of them
being weak-line T Tauri stars (WTTS). These T Tauri stars have
been identified in the course of optical follow-up observations
of sources from the ROSAT All Sky Survey associated with star
forming regions. The areas surveyed include the T associations
of Chamaeleon and Lupus as well as Upper Scorpius, the latter
being part of the Scorpius Centaurus OB association (Sco OB
2).

Using SUSI at the NTT under subarcsec seeing conditions
we observed 195 T Tauri stars through a 1µm (“Z”) filter and
identified companions to 31 of them (among these 12 sub-
arcsec binaries). Based on statistical arguments we conclude
that almost all of them are indeed physical (i.e. gravitationally
bound) binary or multiple systems. For 10 systems located in
Upper Scorpius and Lupus, we additionally obtained spatially
resolved near-infrared photometry in the J, H, and K bands with
the MPIA 2.2m telescope at ESO, La Silla. The near-infrared
colours of the secondaries are consistent with those of dwarfs
and are clearly distinct from those of late type giant stars. Based
on astrometric measurements of some binaries we show that the
components of these binaries are common proper motion pairs,
very likely in a gravitationally bound orbit around each other.

We find that the overall binary frequency among T Tauri
stars in a range of separations between 120 and 1800 AU is in
agreement with the binary frequency observed among main se-
quence stars in the solar neighbourhood. However, we note that
within individual regions the spatial distribution of binaries –
within a distinct range of separation – is non-uniform. In par-
ticular, in Upper Scorpius, WTTS in the vicinity of early type
stars seem to be almost devoid of multiple systems, whereas in
another area in Upper Scorpius half of all WTTS have a com-
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panion in a range of separation between 0.′′7 and 3.′′0. Further-
more, we find no preponderance of systems withlarge bright-
ness differences between primary and companion stars (median
∆Z = 1.m0 . . . 1.m5).

We conclude that binarity is established very early in stel-
lar evolution, that the orbital parameters ofwidebinaries (a≥
120AU) remain virtually unchanged during their pre-main se-
quence evolution, and that thesewidebinaries were formed ei-
ther through collisional fragmentation or fragmentation of ro-
tating filaments.
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1. Introduction

Prior studies of X-ray sources associated with star forming re-
gions based on data obtained by the EINSTEIN satellite led
to the discovery of a new class of low-mass pre-main sequence
stars, the so called weak-line T Tauri stars (WTTS, Feigelson &
Kriss 1981, Walter & Kuhi 1981, Montmerle et al. 1983). How-
ever, the sky coverage of the EINSTEIN pointings is rather in-
homogeneous and thus statistically sound studies of large sam-
ples of T Tauri stars are severely hampered by selection ef-
fects. The ROSAT All Sky Survey (“RASS”) with its uniform
sky coverage provides a much more homogeneous sample and
constitutes a unique database of X-ray sources in all nearby star
forming regions. The number of known T Tauri stars (TTS) has
grown considerably in the course of optical follow-up obser-
vations of RASS sources associated with nearby star forming
regions. Alcalá et al. (1995), Wichmann (1994), and Kunkel
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(1995) identified the optical counterparts to about 500 RASS
sources as T Tauri stars, most of them WTTS.

We now have a large and relatively unbiased sample of low-
mass pre-main-sequence stars which is open for statistical stud-
ies. In our present study we aim at detecting companions to
these T Tauri stars.

Most solar-type main sequence stars are members of bi-
nary or multiple systems (e.g. Duquennoy & Mayor 1991) and
therefore studying star formation means to a large extent study-
ing the formation of binary systems. Understanding binary for-
mation holds the key for a more general understanding of star
formation.

Yet, it is still unknown to what an extent the binary fre-
quency is the same in different kinds of star forming regions
like T associations, OB associations, or dense stellar aggregates
like the Trapezium Cluster in Orion. There may also be sys-
tematic differences between WTTS and classical T Tauri stars
(CTTS).

Recent studies among CTTS and WTTS in the Taurus-
Auriga T association (Simon et al. 1992, Simon 1992, Ghez
et al. 1993, Leinert et al. 1993, Richichi et al. 1994) reveal that
as a lower limit 51% of all T Tauri stars in that particular re-
gion have at least one companion in a range of separations be-
tween 1.8 AU to 1800 AU (for a comprehensive compilation of
all known binary and multiple systems in Taurus, see Mathieu,
1994). Thus the binary frequency in Taurus-Auriga is enhanced
in comparison to main sequence stars in the solar neighbour-
hood, where only 40% of all G type stars show companions in
the same range of separations (Duquennoy & Mayor, 1991, see
also Fig.1 in Mathieu, 1994). The implications of this result are
still unclear, and it is important to see if the excess holds true
for other regions.

Ghez et al. (1993) find “(...) that the WTTS binary star dis-
tribution is enhanced at the closer separations (< 50AU) rel-
ative to the CTTS binary star distribution”, a result which is
disputed by Leinert et al. (1993). Leinert et al. find no sig-
nificant difference in the binary frequency and the distribution
of separations among CTTS and WTTS. This shows that even
in Taurus–Auriga, the best studied region, the results are still
unclear. Results for other regions (Ghez et al. 1993, Reipurth
& Zinnecker 1993) are not statistically sound because of (i)
smaller sample sizes, and (ii) more limited range of separa-
tions. Clearly, one needs a larger sample size in order to estab-
lish unambiguous results.

Reipurth & Zinnecker (1993) surveyed about 230 CTTS in
the southern T associations of Chamaeleon, Lupus, and Ophi-
uchus and identified16% ± 3% CTTS to be binary or triple
systems in a range of separations between 150AU and 1800AU.
Mathieu (1994) has pointed out that this value is in agreement
with the binary frequency among main sequence stars in the
same range of separations within the statistical uncertainties
(12%± 3%).

Our present study is a continuation of the work by Reipurth
& Zinnecker. We define two goals: first, we want to increase
the sample size by extending our survey to all the newly de-
tected T Tauri stars in the above mentioned T associations in

order to improve our statistics. In doing so, we want to look
for systematic differences in binary frequency among CTTS
and WTTS, since WTTS might outnumber CTTS by a factor
of 2 to 10 (Walter et al. 1994, Sterzik et al. 1995), and hence
dominate the statistics. Second, by including also T Tauri stars
in the Scorpius–Centaurus OB association, we can for the first
time compare the low-mass binary content of T and OB asso-
ciations.

2. The regions under study and selection of programme
stars

Throughout the whole paper we are using the two terms
“WTTS” and “X-ray selected TTS” as synonyms. The same
holds true for “CTTS” and “Hα selected TTS”. There are of
course CTTS which are visible in X-rays and vice versa, but
only≈ 5% of all TTS fall into this category. We note also that
the distinction between CTTS and WTTS is by no means sharp.
Hα equivalent widths are varying and sometimes EHα = 0.5nm
or EHα = 1.0nm is used to distinguish between both classes.

In addition to the ROSAT All Sky Survey also pointed ob-
servations of star forming regions were carried out by ROSAT.
In contrast to the relatively short exposure times in the RASS
(300–1500s), the pointed observations go much deeper (up to
35000s), and thus are more complete with respect to the low-
mass PMS population of the star forming regions. However,
they lack the spatial homogeneity of the RASS. Therefore,
in the first part of our survey, we concentrated on the RASS
sources, but – especially in Chamaeleon – also TTS detected in
pointed observations were observed.

The Scorpius–Centaurus OB association (Sco OB 2) at
a distance of≈ 150 pc is the most nearby OB association
(Blaauw 1964). It consists of the four subgroups Lower Cen-
taurus - Crux, Upper Centaurus - Lupus, Upper Scorpius, and
Ophiuchus. Their ages are 11 Myrs, 13 Myrs, 7 Myrs, and 2-6
Myrs, respectively (Blaauw 1991). The only O-type star still
left in the entire region is the runaway starζ Oph (O9.5).

Blaauw (1991) derived a kinematical age of 106yrs for ζ
Oph. He concluded that the last SN explosion in Upper Scor-
pius, which gave “birth” toζ Oph as a runaway star, hap-
pened about 106yrs ago. Supernova explosions are thought to
have initiated a sequential star formation process, spreading
out from Upper Centaurus over Upper Scorpius to Ophiuchus,
where deeply embedded young stars can still be found in the
center of molecular cloud cores (e.g., Wilking et al. 1989).

In Upper Scorpius, the last SNe very likely initiated the
star formation process in the dark clouds aroundρ Ophiuchi.
Kunkel (1995) identified about 100 T Tauri stars in the course
of optical follow-up studies of sources from the RASS in the
Upper Scorpius region itself. In a parallel programme we car-
ried out an Hα objective prism survey using the ESO Schmidt-
telescope in order to detect and identify CTTS. In this paper,
however, we will only report on the X-ray selected T Tauri stars
since the identification of the Hα selected TTS has not yet been
finished. We will report on these stars in a subsequent paper.
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Situated in the immediate neighbourhood of Sco OB2 is
the Lupus T association. CTTS are known in association with
the four dark clouds Lupus 1 to 4 (Schwartz 1977). Wichmann
(1994) has identified about 115 new TTS as counterparts to
ROSAT sources. In the Scorpius and Lupus region we surveyed
74 of the 112 TTS identified by Kunkel (1995) on the basis
of the RASS. Six of these stars have also been identified by
Wichmann (1994) as new TTS. None of the remaining 107 new
TTS from the list of Wichmann has been surveyed so far.

We additionally observed all the CTTS candidates in Lupus
4 and in the Norma region from the list of Schwartz (1977).
Because of uncertainties in the association membership, their
status as TTS at all (see the comments by Schwartz 1977, Ta-
ble 8 & 9), and distance estimates to the Norma cloud ranging
from 200pc to 940pc (see the discussion by Reipurth & Gra-
ham 1991) we did not include these stars into our final statistics
(Table 5). The only binary found among these objects is Sz 128
(cf. Table 2).

The Chamaeleon T association consists of the three dark
clouds Cha I, II, and III (following the designations of Schwartz
1977) at a distance between 140pc and 170pc. CTTS are only
known close to Cha I and Cha II (Schwartz 1977, Whittet et
al. 1987, Hartigan 1993). Follow-up studies of ROSAT obser-
vations led to the identification of about 100 new WTTS (Al-
calá et al. 1995, Huenemoerder et al. 1994) spread over an
area much wider than that covered by the molecular clouds
themselves. All of the 95 ROSAT sources in Chamaeleon, to
which TTS have been identified as optical counterparts by Al-
calá et al. (1995) and/or Huenemoerder et al. (1994), have
been searched for companions. In the cases where two TTS
fell within the ROSAT error circle, only the one closest to the
X-ray position was observed (RXJ1108.8-7519, RXJ1109.9-
7629, RXJ1301.0-7654). In addition, we observed the 26 Hα
selected TTS from the list of Hartigan (1994). Together with
our previous observations (Brandner 1992, Reipurth & Zin-
necker 1993) we have surveyed all 195 up to now identified
TTS in Chamaeleon.

All the above mentioned optical follow-up studies of
ROSAT sources have in common that they are magnitude lim-
ited with the faintest stars having mV ≈ 15m – 16m. Deeper
optical surveys suffer from the growing contamination by ex-
tragalactic objects. But also the ROSAT All Sky Survey itself
is magnitude limited. There are WTTS too faint in X-rays to be
discovered by ROSAT. Both indicates an incompleteness of our
current survey towards the low-mass end of the IMF in these
regions.

Finding charts and additional information (e.g., Lbol and
spectral types) for the TTS in Chamaeleon can be found in Al-
calá (1994), Alcalá et al. (1995), Feigelson et al. (1993), Har-
tigan (1993), and Huenemoerder et al. (1994), for the TTS in
Upper Scorpius in Kunkel (1995), and for the TTS in Lupus in
Wichmann (1994).

3. Observations and data reduction

3.1. 1µm imaging (NTT)

Table 1.Journal of observations

telescope/instr. date filter seeing
NTT/SUSI 20.3.1994 Z (1µm) 0.′′45–0.′′80
NTT/SUSI 17.5.1994 Z (1µm) 0.′′60–1.′′10

MPIA 2.2m/IRAC2B 17.6.1994 JHK 0.′′8–1.′′3
NTT/SUSI 6./7.2.1995 Z (1µm) 0.′′60–1.′′00

Fig. 1.Histogram of the distribution of seeing values (FHWM) for the
observations of X-ray selected TTS in Scorpius/Lupus (solid line) and
in Chamaeleon (dotted line) with SUSI/NTT. The typical exposure
time was 30s, except for the two exposures with a seeing value of
0.′′44, when the exposure time was 10s.

The search for close companions was carried out in four
nights at the NTT under sub-arcsec seeing conditions. In 1994
March 20 we observed X-ray selected TTS in the Upper Scor-
pius region and in Lupus from the list of Kunkel (1995),
and in 1994 May 17 we observed X-ray selected TTS in the
Chamaeleon region from the list of Alcal´a et al. (1995). Finally,
in February 1995 we observed again the Chamaeleon region,
but this time X-ray selected TTS from the list of Huenemo-
erder et al. (1994), and Hα selected TTS from the list of Harti-
gan (1993) as well as CTTS in Lupus 4 and Norma (Schwartz
1977). The observations were obtained with SUSI, the SUperb
Seeing Imager, which is equipped with a 1K TEK CCD (ESO
#25) and has an image scale of 0.′′13/pixel. An intermediate
band 1µm (“Z”) filter (ESO #759 or #760, FWHM 50nm) was
used. Observations in the far-red benefit from the better seeing
compared to the visual and facilitate the detection of compan-
ions either embedded or of very late spectral type. The NTT is
equipped with an active optics system which allows us to check
(“image analysis”) and, if necessary, correct the image quality
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Table 2.Detected pre-main sequence binaries and their measured parameters

ROSAT design. α(2000) δ(2000) alias separation PA ∆Z SpT mV EHα
RXJ1039.5-7538a 10 39 31.8 -75 37 56 HD 92727 5.′′04±0.′′05 351.◦2±1.◦0 ≈ 1.5 G0 9.3+10.1 W
RXJ1101.3-7627b 11 01 18.2 -76 26 59 CHXR 9C 0.′′96±0.′′01 268.◦9±1.◦0 0.04 12.2(R) W

11 02 34.1 -77 29 12 Hn 1 0.′′68±0.′′05 77.◦2±2.◦0 1.52 14.6(R)
RXJ1108.1-7742c 11 08 02.7 -77 42 28 VW Cha, Sz 24 0.′′72±0.′′03 178.◦6±1.◦0 0.25 K5 12.6 C
RXJ1108.2-7728 11 07 55.7 -77 27 24 CHX 10 1.′′87±0.′′05 119.◦8±1.◦0 1.06 K6 13.60 W

11 09 19.3 -76 30 27 Hn 9d 0.′′92±0.′′05 216.◦1±1.◦0 1.64 17.0(R)
11 14 25.9 -77 33 06 Hn 21 5.′′54±0.′′05 71.◦8±1.◦0 0.66 16.5+17.1(R)
11 18 20.2 -76 21 59 CHXR 68b 4.′′46±0.′′05 215.◦3±1.◦0 1.50 12.2(R) W

RXJ1150.9-7411 11 50 44.9 -74 11 13 0.′′91±0.′′03 106.◦7±1.◦0 1.38 M4 14.43 W
RXJ1207.9-7555e 12 07 53.5 -75 55 14 CPD-75 783 0.′′64±0.′′03 8.◦2±2.◦0 0.01 K2 9.9 W
RXJ1243.1-7458 12 42 52.0 -74 58 46 2.′′58±0.′′03 261.◦6±1.◦0 1.78 M3 15.10 W
RXJ1301.0-7654f 13 00 56.3 -76 54 02 1.′′43±0.′′03 5.◦9±1.◦0 1.98 K1 12.5 W

13 04 22.3 -76 50 08 Hn 22/23 6.′′11±0.′′05 227.◦8±1.◦0 1.15 M1/M2 13.5+12.2(R)
13 04 55.7 -77 39 49 Hn 24 1.′′64±0.′′03 183.◦6±1.◦0 2.44 13.3(R)

RXJ1517.1-3434 15 17 10.7 -34 34 15 CD-34 10292B 0.′′72±0.′′04 223.◦1±4.◦0 2.19 K1 11.1 W
RXJ1525.2-3845 15 25 17.0 -38 45 26 HD 137059 1.′′05±0.′′02 217.◦7±0.◦4 0.16 G5V 9.3+9.6 W
RXJ1528.7-3117 15 28 44.0 -31 17 39 HD 137727 2.′′20±0.′′02 183.◦7±0.◦1 0.65 K0 9.4+9.9 W
RXJ1530.4-3218 15 30 26.3 -32 18 12 HD 138009 1.′′55±0.′′02 25.◦8±0.◦1 0.14 G6V 9.3+9.5 W
RXJ1535.8-2959 15 35 48.3 -29 58 54 0.′′90±0.′′01 71.◦8±0.◦4 0.04 M4 15.3 C
RXJ1536.5-3246 15 36 33.7 -32 46 10 2.′′38±0.′′02 134.◦6±0.◦1 0.36 M3 14.7 W+
RXJ1537.0-3136AB 15 37 01.9 -31 36 37 CD-31 12102 5.′′91±0.′′01 287.◦4±0.◦1 1.37 G5 9.4 W
RXJ1537.0-3136BC 15 37 01.5 -31 36 35 CD-31 12102B 1.′′41±0.′′01 132.◦0±0.◦1 0.18 K7 12.8+12.9 W
RXJ1540.2-3223 15 40 16.3 -32 23 18 1.′′01±0.′′01 61.◦6±1.◦0 1.54 M3 14.4 W
RXJ1544.0-3311 15 43 39.6 -33 11 24 1.′′25±0.′′03 198.◦2±0.◦6 3.28 G8 11.2 W
RXJ1545.2-3417g 15 45 12.7 -34 17 30 HT Lup, Sz 68 2.′′80±0.′′02 297.◦3±0.◦1 3.41 K0 10.2 W+
RXJ1545.7-3020h 15 45 47.6 -30 20 56 HD 140637 0.′′67±0.′′03 348.◦9±0.◦1 >2.0 K3 9.3 W
RXJ1551.4-3131 15 51 26.8 -31 30 59 0.′′82±0.′′03 270.◦5±1.◦0 1.91 M1 13.5 W
RXJ1552.5-3224 15 52 30.0 -32 24 12 2.′′59±0.′′01 261.◦4±0.◦1 0.08 M2 14.9 W+
RXJ1554.0-2920 15 54 03.6 -29 20 15 1.′′39±0.′′01 75.◦3±0.◦3 1.34 M0 12.4 W
RXJ1554.9-2347i 15 54 59.9 -23 47 18 HD 142361 0.′′73±0.′′03 235.◦7±3.◦0 2.13 G3V 9.1 W
RXJ1555.6-3200 15 55 37.0 -31 59 58 2.′′95±0.′′02 301.◦3±1.◦0 5.09 M2 13.8 W

15 58 07.3 -41 51 48 Sz 128 0.′′60±0.′′01 288.◦8±4.◦9 0.87 M1 13.5 C
RXJ1559.2-2606 15 58 53.8 -26 07 21 HD 143018 B 3.′′03±0.′′02 329.◦6±1.◦0 1.72 K2 12.3 W
RXJ1605.6-2004 16 05 42.7 -20 04 15 ScoPMS 029 0.′′69±0.′′03 355.◦0±1.◦0 0.55 M1 14.3 W+
notes:
∆Z: brightness difference between companion and primary at 1µm.
Spectral types and mV are from Alcalá et al. (1995) and Kunkel (1995). If two values for mV are given, they correspond to the brightness of
the primary and secondary, respectively (Worley & Douglass 1984). An ‘R’ indicates that we give the R rather than the V magnitude.
EHα: Hα equivalent width: W (EHα < 0.5nm), W+ (0.5nm< EHα < 1.0nm), C (EHα > 1.0nm). ”W“ includes stars with Hα in absorption
(i.e. negative EHα)

a This star has already been observed in 1992 with SUSI/NTT. The values reported here are from Brandner (1992).
b Huenemoerder et al. (1994) already noted the binary nature of this star
c Brandner (1992) identified the companion based on direct imaging (SUSI/NTT). The parameters reported there are: sep. 0.′′69, PA179◦,
and∆Z=0.38.
d Hartigan (1993) reports Hn 8 to be a binary with sep.< 1′′ and a PA≈ 210◦. This we could not confirm, but we found Hn 9 to be a binary
with similar properties.
e We reobserved this close binary in Feb. 1995 and found the companion this time to be marginally brighter than the primary (∆Z = -0.07).
f This star was found to be a spectroscopic binary by Covino et al. (1995, in preparation). Thus, if this visual binary is a physical system, this
star forms a hierarchical triple.
g The binary nature of this star was first discussed by Brandner (1992) and Reipurth & Zinnecker (1993).
h primary saturated on the 1µm image, therefore∆Z is only a lower limit.
i Ghez et al. (1993) identified the companion using 2.2µm speckle imaging. The values reported there are: sep.0.′′80± 0.′′01, PA229◦ ± 1◦,
and∆K=2.1.
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online (by adjusting the shape of the primary mirror and the
position and orientation of the secondary mirror).

In order to achieve a high duty cycle we applied a kind of
“snap shot” mode. Only part of the whole CCD, corresponding
to an1.′5 × 1.′5 field, was read out. The telescope was already
pre-set to the next programme star during the read-out proce-
dure. No guide stars were acquired. In each of the two observ-
ing nights in 1994 we obtained about 80 scientific exposures
within 3 hours each, including the time spent on image anal-
ysis and refocusing the telescope. The overall efficiency, i.e.
the time the CCD shutter was open in comparison to the total
telescope time used, was 20%. This value may seem quite low.
However, using speckle techniques or adaptive optics measure-
ments would require a lot more overhead time without allow-
ing us to survey the fainter stars. Thus this mode of observation
does indeed make relatively efficient use of telescope time.

In all nights we found the point spread function (PSF) –
even after doing image analysis – to be slightly elongated.
The mean absolute elongation, i.e. the difference between the
FWHM of the PSF in the direction of elongation and perpen-
dicular to that direction, was about 0.′′13 – independent of the
seeing. See Table 1 and Fig. 1 for more information on the see-
ing values.

The data reduction was done following the procedures de-
scribed by Brandner (1992, 1993). PSFs and close binaries
were analyzed by least-squares methods using GaussFit1, a
‘package for least-squares-fits and robust estimation’ (Jefferys
1991). For all detected binary and multiple systems we mea-
sured separation, position angle (PA), and brightness difference
(∆Z) between companion and primary (cf. Table 2). Simula-
tions showed that the typical relative errors in the separation
are less than 2% and in the brightness ratio are less than 5%.
This accuracy is sufficient for our study.

As is evident from Fig. 1 for 85% of the exposures in Scor-
pius and Lupus, the seeing was 0.′′65 or less. Because of the
image elongations we could however have missed some bi-
naries with a separation larger than 0.′′65, if – by accident –
the PA between primary and secondary should coincide with
the direction of elongation. Given a mean absolute elongation
of 0.′′13 we should have resolved all binaries with separations
larger than 0.′′80, i.e., 120AU at a distance of 150pc. This value
defines our completeness limit.

For the observations of TTS in Chamaeleon in 1994 May
17, the data set can be split up in two parts: during the first
part (one third of the whole sample) the median value for the
seeing (FWHM) was 0.′′93. After doing image analysis, we ob-
tained a median seeing value of 0.′′73 for the rest of our sample.
Thus for the first part of these observations we cannot claim
completeness in binary detection down to 0.′′8 and very likely
have missed some of the closer binaries. However, in the sec-
ond part, we should have detected almost all binaries with sep-
arations down to 0.′′8.

1 GaussFit is available via anonymous ftp from clyde.as.utexas.edu
in the directory /pub/gaussfit.

In 1995 February 6 and 7 the seeing was between 0.′′60 and
1.′′00. If the seeing on individual exposures was worse than
0.′′80, the stars were reobserved. Again the survey should be
complete for binary separations down to 0.′′80.

3.2. Near-infrared Imaging (MPIA 2.2m)

In 1994 June 17 we observed 13 of the multiple systems in the
Scorpius region with IRAC2B in the J, H, and K band at the
MPIA 2.2m telescope on La Silla. IRAC2B is equipped with
a Rockwell NICMOS-3 array. With lens A, the image scale of
IRAC2B is 0.′′153 and the field size is39′′ × 39′′. Each star
was observed twice on different positions on the array. Thus
the second frame could be used for the subtraction of sky from
the first frame and vice versa.

Table 3. Near-infrared photometry of selected multiple systems in
Scorpius and Lupus.

ROSAT design. J J-H H-K
RXJ1517.1-3434 10.m60±0.m01 0.m70±0.m04 0.m22±0.m04
RXJ1525.2-3845 A 8.m15±0.m02 0.m33±0.m03 0.m07±0.m02
B 8.m31±0.m03 0.m40±0.m04 0.m11±0.m02
RXJ1528.7-3117 A 7.m84±0.m03 0.m44±0.m06 0.m12±0.m06
B 8.m59±0.m03 0.m34±0.m06 0.m07±0.m06
RXJ1530.4-3218 A 8.m14±0.m01 0.m41±0.m06 0.m10±0.m06
B 8.m24±0.m02 0.m40±0.m06 0.m09±0.m06
RXJ1535.8-2959 A 11.m06±0.m08 0.m58±0.m11 0.m28±0.m09
B 11.m10±0.m12 0.m62±0.m15 0.m29±0.m09
RXJ1536.5-3246 A 11.m14±0.m03 0.m64±0.m09 0.m24±0.m09
B 11.m47±0.m04 0.m62±0.m10 0.m25±0.m09
RXJ1537.0-3136 A 8.m42±0.m02 0.m42±0.m06 0.m10±0.m06
B 9.m17±0.m02 0.m67±0.m06 0.m23±0.m06
C 9.m52±0.m03 0.m69±0.m06 0.m18±0.m06
RXJ1544.0-3311 A 9.m12±0.m05 0.m51±0.m07 0.m14±0.m07
B 11.m62±0.m25 0.m53±0.m26 0.m18±0.m10
RXJ1545.2-3417 A 7.m67±0.m03 0.m71±0.m08 0.m34±0.m09
B 10.m58±0.m07 0.m80±0.m10 0.m49±0.m09
RXJ1552.5-3224 A 11.m91±0.m04 0.m71±0.m09 0.m26±0.m09
B 11.m97±0.m04 0.m69±0.m09 0.m28±0.m09
RXJ1554.0-2920 A 9.m86±0.m03 0.m70±0.m07 0.m19±0.m08
B 11.m19±0.m03 0.m71±0.m08 0.m21±0.m08
RXJ1554.9-2347 7.m56±0.m04 0.m39±0.m11 0.m11±0.m11
RXJ1605.6-2004 10.m22±0.m04 0.m76±0.m08 0.m28±0.m09

RXJ1517.1-3434, RXJ1554.9-2347, and RXJ1605.6-2004 were
marginally resolved on the infrared images, but we could not derive
reliable photometry for the components.

Separation, PA, and relative photometry for the components
of each multiple system were determined in the same way as
described above for the 1µm data. Stars out of the ESO list
of infrared standard stars (Bouchet 1994, priv. communication)
were observed to allow for an absolute flux calibration. The
photometric reduction was done within the IRAF/DIGIPHOT
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package. J magnitudes and J-H and H-K colours are listed in
Table 3.

A comparison of our photometric results with measure-
ments obtained with the infrared photometer at the ESO 1m
(Kunkel 1995) yields a difference of 0.m04 in J and H, and 0.m03
in K, in the sense that the stars appear to be brighter in our
measurements. No sign for variability in any of the 13 sources
– apart from the systematic differences – could be found.

The seeing varied between 0.′′8 and 1.′′3 with a median value
around 1.′′0.

4. Selection of an unbiased sample of PMS binaries

4.1. Bias induced through X-ray selection

Despite the homogeneous sky coverage of the RASS, the ef-
fective exposure times (and hence limiting X-ray luminosi-
ties) of the X-ray selected T Tauri stars are varying. In Scor-
pius the RASS exposure times were about 500 sec, whereas
in Chamaeleon exposure times were 2.5 times longer. Fi-
nally, the pointed ROSAT PSPC observations of the dark cloud
Chamaeleon I had exposure times of 2× 6 ksec (cf. Feigelson
et al. 1993) and 34 ksec (cf. Alcal´a 1994, Zinnecker et al. 1996,
in preparation), respectively.

The high sensitivity limit of the RASS and the fact that
ROSAT-unresolved binaries are statistically brighter X-ray
sources than single stars induces a detection bias. While all sin-
gle and binary stars with either one component exceeding the
limiting X-ray luminosity Llimitx have been detected, additional
binaries with component X-ray luminosity Lx just below, but
combined Lx above the cut-off would cause an overestimate of
the actual binary frequency.

Out of 92 Hα detected TTS associated with the dark cloud
Chamaeleon I (Schwartz 1989, Hartigan 1993), 47 were de-
tected in the pointed ROSAT observations. In Fig. 2 we show
the integrated X-ray luminosity function of these TTS. X-ray
luminosities are from Feigelson et al. (1993) and Alcal´a (1994).
As has been shown already by Bouvier (1990) for TTS in
Taurus and has been confirmed by Alcal´a (1994) for TTS in
Chamaeleon, there is no apparent correlation or anticorrelation
between X-ray and Hα luminosity. Hence, the Hα selection cri-
terion should not induce any additional bias and the integrated
X-ray luminosity function should be a good representation for
the overall TTS population.

A linear fit yields

dN
dLx

∝ Lx
−1 for 1021.5W ≤ Lx ≤ 1023.5W,

i.e. in equal bins of Lx the number of stars varies with Lx
−1.

The distribution function diverges for Lx → 0, but we are any-
way only interested in binaries with at least one binary compo-
nent exceeding0.5Llimitx .

By assuming that the stars detected in the RASS follow a X-
ray luminosity function similar to the one obtained for the dark
cloud Chamaeleon I, we can estimate the number of additional
binaries in our survey and correct for this detection bias.
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Fig. 2. . Integrated X-ray luminosity function for 47 Hα selected T
Tauri stars associated with the dark cloud Chamaeleon I. The diagonal
hatching marks the completeness limited of the RASS in Chamaeleon
for single stars (lg Llimitx [W] ≥ 22.75), the horizontal hatched area
indicates the possible bias through unresolved binaries with compo-
nent luminosities below the limiting X-ray luminosity, but combined
luminosities exceeding this limit. A linear fit to the integrated X-ray
luminosity function is also plotted.

If we have a sample of N RASS sources, only N−∆N form
an unbiased subsample, the remaining∆N are binaries with the
combined luminosity exceeding the limiting X-ray sensitivity.
Without the use of a priori knowledge on the pairing prefer-
ences of TTS, we can estimate the maximal∆N, assuming that
all binaries with one component’s X-ray luminosity exceeding
0.5Llimitx have a combined X-ray luminosity exceeding Llimit

x .
The completeness limit of the RASS in Chamaeleon is lg Llimit

x

[W] = 22.75 (Alcalá et al. 1995). In Fig. 3 we have plotted

∆N/N =

∫ Llimitx

0.5Llimitx

Lx
−1dLx× BF∫ 1023.5W

Llimitx
Lx
−1dLx +

∫ Llimitx

0.5Llimitx

Lx
−1dLx× BF

as a function of limiting X-ray sensitivity and binary frequency
(BF).

If we assume a binary frequency of 50%, we get∆N/N =
1/6 for the RASS sources in Chamaeleon. The extra number of
binaries∆N is 95/6 = 16 and the total number of binaries in
our biased sample is 16+79/2 = 55.5.

This can be compared to the actual number of detected bi-
naries (6 systems), yielding a “success rate” of 6/55, i.e. 11%.
Applying the same success rate to the extra number of binaries
due to detection bias, we find 16× 0.11≈ 1.7 systems in excess
of what we would have found in an unbiased survey. Therefore
the corrected binary frequency is6−1.7

95−15.8 = 4.3
79.2 ≈ 5.4% (to

be compared with 6.3% in the biased survey).
In Scorpius the X-ray luminosity completeness limit is

somewhat higher because of the shorter RASS exposure times
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Fig. 3. Maximal fraction of additional binaries among RASS sources
with component X-ray luminosity below, but combined X-ray lumi-
nosity above the sensitivity limit as a function of limiting RASS X-ray
sensitivity and for binary frequencies (BF) of 10%, 50%, and 90%.

(lg Lx [W] ≥ 23.15, Kunkel 1995). From Fig. 3 we get∆N/N =
0.3, i.e. 22.2 additional binaries among the 74 TTS. Following
the same reasoning as above, we derive a “true” binary fre-
quency of 7.0/51.8 = 13.5% (instead of 13/74 = 17.6% without
correction).

Overall binary frequencies of 10% or 90% would induce
smaller errors as i) for a large sample and a small binary fre-
quency a few additional binaries would not make that much
of a difference and ii) for a high binary frequency the relative
number of binaries in the biased and unbiased sample would
not change that much.

The “debiased” binary frequencies derived in this section
present lower limits (since we assumed that all binaries with
one component’s X-ray luminosity exceeding 0.5 Llimit

x would
be detectable) and have of course still to be corrected for
chance projections and incompleteness (cf. section 7.2).

4.2. Notes on individual programme stars

In the following we briefly discuss some of the surveyed ob-
jects (see also the footnotes to Table 2):

RXJ1301.0-7654This star is also a spectroscopic binary
(Covino et al. 1995) and thus very likely forms a hierar-
chical triple system.

RXJ1537.0-3136The only visual triple system in the whole
survey. While magnitudes and separations measured by us
agree well with the values listed in the Washington Double
star catalogue (Worley & Douglass 1984), the PAs do not
match at all. From spectral types and V magnitudes we get
a ZAMS distance of 70–80pc for these stars, hence they
are too distant in order to explain the discrepancy in PA by
orbital motion.

RXJ1540.2-3223The identification as a TTS is uncertain. Li I
is only marginally resolved, Hα is in absorption (Kunkel
1995).

RXJ1554.9-2347This star has already been identified by Wal-
ter et al. (1994) on the basis of EINSTEIN data as a TTS
(ScoPMS 005). Ghez et al. (1993) reported a companion
(see footnotes to Table 2).

RXJ1602.1-2241Mathieu et al. (1988) found this star to be
an SB1 (P=2.4d, e=0.02). Ghez et al. (1993) identified a
tertiary (sep. 0.′′288, PA 347◦, ∆K = 0.m83). This triple sys-
tem (ScoPMS 023 in Walter et al. 1994) is unresolved in
our survey.

RXJ1605.6-2004This star has been identified by Walter et al.
(1994) on the basis of EINSTEIN data as a TTS (ScoPMS
029).

4.3. Selection criteria for physical pairs: separation

Before trying to interpret the observations we have to be sure
that we indeed observed physical binaries and not mere chance
projections. Contrary to most CTTS which can be found in or
close to molecular clouds, WTTS are spread out over a much
wider area of the sky where no dark cloud provides an effec-
tive “screen” against contamination by background stars, espe-
cially giants. Both major regions – Scorpius/Lupus as well as
Chamaeleon – lie well above or below the galactic plane, re-
spectively (b ≈ ±15◦). At a galactic latitude of 15◦ the stellar
density is 500 stars/square degree if we go to a limiting pho-
tographic magnitude of 16, 5000 stars/square degree for 18m,
and 8000 stars/square degree for 19m (Scheffler & Elsässer,
1965). Unlike Chamaeleon, Scorpius lies in the direction to
the galactic bulge (l =340◦ – 0◦). In this direction the stel-
lar density is even higher and reaches 9000 stars/square degree
for 18m. Thus, the fainter the companion the more likely it is
just a chance projection. The faintest secondary in our list is
about 18m in V. The probability to find a star down to 18m

within an aperture of 3′′ radius is 1% to 2%. Hence we would
expect 3 false detections among the about 200 stars surveyed.
RXJ1555.6-3200 (mV prim=13.m8, ∆Z = 5.m1, sep = 3.′′0) is a
good candidate for such a chance projection.

If we allowed an aperture radius of 12′′ and included all
stars down to a limiting magnitude of 18 in V, the probability to
find a star within this aperture would already be 20% to 40%!
Spectroscopic follow-up observations of faint secondaries to
CTTS in Chamaeleon from the list of Brandner (1992) showed
that almost all of them are indeed background giants (Brandner
1995). In order to minimize false “detections” we only con-
sider binaries with a projected separation of 3′′ or less as sure
detections. In the range of separations from 3′′ to 12′′ we have
a number of binary candidates. For these objects photometric,
spectroscopic, and astrometric follow-up studies are necessary
to tell physical binaries from mere chance projections.
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Fig. 4. Near-infrared colour-colour diagram of the components of bi-
nary systems in the Scorpius and Lupus region. The solid line marks
the main sequence (V), the dotted line giant stars (III ). The area be-
tween the two dashed lines indicates the region in which reddened
main sequence stars would fall. Filled symbols mark systems with
strong Hα emission (EHα > 0.5nm). The photometric uncertainties
are indicated.

4.4. Near-infrared checks of physical companions

The near-infrared colour-colour diagram(J −H) vs.(H−K)
is shown in Fig. 4. For comparison, the location of main se-
quence and giant stars is also indicated. With the exception
of RXJ1545.2-3417 (Sz 68), a classical T Tauri star (EHα ≈
0.6nm) associated with a reflection nebulosity (e.g., Reipurth
& Zinnecker 1993) and its companion, none of the sources,
primaries or secondaries, show any intrinsic IR-excess or any
significant foreground extinction. Within the uncertainties, all
stars have colours of dwarf stars. The lack of extinction indi-
cates that all of the identified companions are not background
stars but members of the association. The fact that both Sz 68
and its companion show an IR-excess makes it very likely that
they both belong to the nebulosity and hence form a physical
binary.

Systems with rather strong Hα emission (EHα > 0.5nm)
are marked by filled symbols. With the exception of Sz 68, they

are of spectral type M2 or later. Thus, similar to the main se-
quence where we can find chromospherically active dMe stars,
very-late type stars among X-ray selected T Tauri stars show
strong activity.

Within the photometric uncertainties the NIR-colours for
most primaries in general agree quite well with their spectral
type and are consistent with luminosity class V. The two ex-
ceptions are RXJ1528.7-3117 (SpT K0), whose NIR-colours
would suggest a slightly later spectral type for the primary
(K1) and an earlier spectral type for the secondary (G8),
and RXJ1544.0-3311 (SpT G8), whose NIR-colours suggest a
spectral type of K2/K3 for the primary.

4.5. Common proper motion pairs

Positions and proper motions for many stars brighter than
10m in V can be found in the “Positions and Proper Motions
star catalogue” (PPM, Bastian & R¨oser 1993). Some of the
brighter binaries are already listed in the Washington Double
Star catalogue (WDS, Worley & Douglass 1984). In Table 4 we
have listed all binaries for which proper motions are available
and/or for which at least two relative astrometric measurements
from different epochs exist. In the following we discuss some
of these objects in greater detail:

RXJ1525.2-3845This star is the binary with the longest time
base. However, only 1/12th of a whole orbit has been ob-
served yet. The star has moved about 3.′′2 south and 3.′′6
west in 97 yrs. The similarity between the separations and
position angles measured in 1897, 1980, and 1994 implies
that both components share the same proper motion. Hence,
we attribute the changes in separation and PA solely to or-
bital motion: The PA has changed by 23◦ in 83yrs from
1897 to 1980 and by 6◦ in the following 14yrs. At the same
time the projected separation has shrunk from 1.′′3 to 1.′′05.
This would imply a system with an eccentricity larger than
0.2 approaching its periastron.

RXJ1528.7-3117This star has moved about 3.′′8 north and 1.′′2
east in 81 yrs. The constancy of the separation (2.′′2) mea-
sured in 1913 and 1994 implies that both components share
the same proper motion. The change in PA can be attributed
to orbital motion.

RXJ1530.4-3218This star has moved about 2.′′0 south and 1.′′8
west in 66 yrs. The similarity between the separations and
positions angles measured in 1928, 1938, 1961, and 1994
implies that both components share the same proper mo-
tion. The change in separation and PA can be attributed to
orbital motion: The system’s PA has changed by 9◦ in 33yrs
from 1928 to 1961 and by 5◦ in the following 33 yrs. At the
same time the separation has grown from 1.′′3 to 1.′′55. This
would imply a system with an eccentricity larger than 0.2
approaching its apastron.

RXJ1537.0-3136The only visual triple system observed in
our survey. The primary has moved about 2.′′7 south and
2.′′2 west in 81 yrs. We note that the discrepancy in PA be-
tween our measurement and the values given in the WDS
catalog cannot be explained by proper motion or orbital
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Table 4.Astrometric data

ROSAT design. IDS design. epoch separation PA referenceµα in s µδ in ′′

RXJ1039.5-7538 IDS 10374-7507 A 1931 4.′′9 347 WDS
1992.1 5.′′04±0.′′05 351.◦2±1.◦0 B

RXJ1108.1-7742 1992.1 0.′′69±0.′′01 178.◦7±3.◦2 B
1994.5 0.′′72±0.′′03 178.◦6±1.◦0 BAKMZ

RXJ1525.2-3845 IDS 15189-3823 BC 1897 1.′′3 247◦ WDS -0.0032 -0.033
1980 1.′′1 224◦ WDS
1994.3 1.′′05±0.′′02 217.◦7±0.◦4 BAKMZ

RXJ1528.7-3117 IDS 15226-3057 AB 1913 2.′′2 179◦ WDS 0.0012 0.047
1994.3 2.′′20±0.′′02 183.◦7±0.◦1 BAKMZ

RXJ1530.4-3218 IDS 15242-3158 B 1928 1.′′3 40◦ WDS -0.0022 -0.030
1938 1.′′3 37◦ HIC
1961 31◦ WDS
1994.3 1.′′55±0.′′02 25.◦8±0.◦1 BAKMZ

RXJ1537.0-3136 A–BC IDS 15308-3117 A 1913 4.′′5 32◦ WDS -0.0021 -0.033
1961 81◦ WDS
1994.3 5.′′2 283◦a BAKMZ

RXJ1537.0-3136 BC IDS 15308-3117 BC 1934 1.′′4 23◦ WDS
1945 7◦ WDS
1994.3 1.′′41±0.′′02 132.◦0±0.◦2b BAKMZ

RXJ1545.2-3417 1991.3 2.′′6 298.◦0±3.◦0 B, RZ
1994.3 2.′′80±0.′′02 297.◦3±0.◦1 BAKMZ

RXJ1554.9-2347 1990.5 0.′′80±0.′′01 229◦±1◦ GNM -0.0020 -0.034
1994.3 0.′′73±0.′′03 235.◦7±3.◦0 BAKMZ

References: B stands for Brandner (1992), BAKMZ for this work, GNM for Ghez et al. (1993), HIC for Hipparcos Input
Catalogue (Turon et al. 1993), RZ for Reipurth & Zinnecker (1993), and WDS for the Washington Double Star Catalogue
(Worley & Douglass 1984). Proper motions are from Bastian & R¨oser (1993). The IDS designations are out of the WDS.
Note that position angles are unprecessed (i.e., they are for the mean date of observation).

a sep. and PA are between A and the “center of light” of BC.
b a PA of 312◦ is also possible, since C is brighter than B in the visual (Kunkel 1995). This, however, still cannot explain the
large discrepancies between the PA mesasured by us and the PAs given in WDS. PAs and separation observed by Kunkel in
1993.5 are in agreement with the values determined by us. Hence there is no indication for a fast change in the relative positions
of the stars.

motion. On the other hand, separations and V magnitudes
are in good agreement with our measurements. Observa-
tions obtained by Kunkel (1995) in 1993.5 with the CCD
camera at the Dutch telescope on La Silla confirm our mea-
surements.

RXJ1554.9-2347This star has moved about 0.′′14 south and
0.′′11 west in 4 yrs from 1990 to 1994. If the companion
were a background object – and therefore had no significant
proper motion within 4 yrs – , we would expect a separation
of 0.′′63 and a PA of 232◦ in 1994. The observed changes in
separation are smaller and in PA are larger, hence we sug-
gest that both components are association members with
similar proper motions, and are very likely gravitationally
bound (the relatively large change in PA could be explained
by a high eccentricity orbit, i.e. e> 0.5 – but note the un-
certainty of±3◦ in our measurements of the PA).

For the remaining objects in Table 4 no proper motion mea-
surements could be found. Hence for all systems where we
know both proper motion and relative astrometry of the com-

ponents over a time base from 4 to 97 yrs we can show that
they are very likely physical binary systems.

If we make some simplified assumptions, i.e., circular or-
bits perpendicular to the line of sight, we can – with the knowl-
edge of the spectral type and luminosity of the primary – get
a rough estimate of the physical dimensions of the orbits and
hence the distance to the binaries. As most primaries described
above are of spectral type G and have a luminosity of≈ 6L�,
we derive a system mass of≈ 2M�.

For RXJ1525.2-3845, RXJ1528.7-3117, RXJ1530.4-3218,
and RXJ1554.9-2347 this leads to a distance of 130 pc, 164pc,
129 pc, and 57 pc, respectively.

We note that if the real orbits deviate from the assumption
of circular orbits perpendicular to the line of sight this would
cause errors in our distance estimate: an (in reality) inclined
orbit would result in an overestimate of the distance whereas
a high eccentricity orbit with the secondary near periastron
could result in an underestimate of the system’s distance. Fur-
thermore, the short time base of only 4yrs and the relatively
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large uncertainty in the PA makes the distance estimate for
RXJ1554.9-2347 very uncertain.

5. Spatial distribution of binaries

Figure 5 shows the spatial distribution of CTTS and WTTS
in Chamaeleon, adapted from Krautter et al. (1996, in prep.).
CTTS are associated with the dark clouds Chamaeleon I (west)
and Chamaeleon II (east). Obviously, WTTS do spread out over
a much wider area than CTTS do (Alcal´a 1994, Krautter et al.
1996 in prep.). The binaries among the WTTS, however, can
only be found in a relatively small area defined by the CTTS
and the dark clouds. This lack of companions among WTTS
could be understood, if almost all WTTS started as members
of (non-hierarchical and thus unstable) triple systems, where
they have been thrown out at a very early stage of PMS evo-
lution (Harrington 1975). However, the WTTS under study are
on average more massive than the CTTS (Alcal´a 1994), mak-
ing this scenario very unlikely. On the other hand, this lack of
binaries can at least partly be explained by the inferior seeing
conditions at the time of our survey in Chamaeleon.

The spatial distribution of B stars that are members of Up-
per Scorpius and Upper Centaurus–Lupus (de Geus et al. 1989)
and TTS in the Ophiuchus–Scorpius–Lupus region is plotted in
Fig. 6. TTS identified as optical counterparts to RASS sources
show a rather uniform spatial distribution whereas CTTS have
a clear tendency for clustering. To the south, the four distinct
groups of CTTS correspond to the Lupus T association with the
dark clouds Lupus 1 to 4 (from the north to the south, Schwartz
1977). To the north lies theρ Ophiuchi T association (Wilking
et al. 1987).

The region originally surveyed by Kunkel (1995) for
WTTS is marked by dashed lines. We further subdivided Upper
Scorpius (US) into two distinct areas:

US–A (α = 16h0m to 16h8m, δ = −19◦ to−23◦ ) and
(α = 15h48m to 16h5m, δ = −23◦ to−28◦ ),

US–B (α = 15h25m to 16h0m, δ = −28◦ to−35◦ ).
While US–A lies completely within the Upper Scorpius as-

sociation, US–B is located near its periphery at the intersection
between Upper Scorpius and Upper Centaurus–Lupus. The T
Tauri star counterparts to RASS sources identified by Wich-
mann (1994) in the Lupus region have not yet been surveyed
for companions.

Reipurth & Zinnecker (1993) investigated the incidence of
binaries in various southern clouds and found a relation be-
tween binary frequency and the size of the individual clouds.
We now discuss the distribution of binaries in Scorpius in
greater detail. Among the wide–spread distribution of WTTS
there is at least one “local surface density enhancement” in the
northern part of US–A, where we find 21 TTS and 5 B stars
within an area of≈ 7.5 square degree, i.e. 2.8 TTS/square de-
gree (similar to the Orion region, cf. Sterzik et al. 1995). In
this particular region almost every RASS source has a T Tauri
star as an optical counterpart. Interestingly, among the 17 TTS
observed with SUSI/NTT, only one binary could be detected

(RXJ1605.6-2004). Another small clustering can be found at
α = 15h25m and δ = −36◦. Here we have 10 TTS within
2 square degree, i.e. 5 TTS/square degree. These stars have
not been surveyed for multiplicity yet. A much looser associa-
tion of TTS is located in US–B, where Wichmann (1994) and
Kunkel (1995) identified 36 TTS within 52 square degree, i.e.
0.7 TTS/square degree. Here 13 of the 24 observed TTS show
a companion.

In US–A with its higher spatial density of X-ray se-
lected TTS (≈ 1.5 TTS/square degree) and B stars (0.5 B
stars/square degree), only a very low binary frequency (BF,
3/25 = 12%±7%) was found, whereas in US–B with a mod-
erate spatial density of X-ray selected TTS (≈ 0.7 TTS/square
degree) and B stars (< 0.1 B stars/square degree) the BF is
higher (13/24 = 54%±15%). If we accept this difference in
BF (12%±7% vs. 54%±15%) to be significant – despite the
“threats” of small number statistics, we have to ask the ques-
tion why such a distinction could exist.

One possibility would be that US–A is more distant than
US–B, so that the difference in BF could be explained by the
difference in spatial resolution. Clearly, the more nearby an as-
sociation is, the more easily we can resolve binaries within the
region. The B star population of Upper Scorpius (including the
runaway O type starζ Oph) has a mean distance modulus of
6.m0±0.m8 (163pc, see de Geus et al. 1989). The B star popula-
tion of Upper Centaurus–Lupus, to which the B stars in the
south western corner of Fig. 6 belong, has a mean distance
modulus of 5.m8±0.m7 (145pc). The three B stars within US–
B have photometric distances of 100pc, 100pc, and 130pc, re-
spectively (de Geus et al. 1989). Hence, if the TTS stars are
physically associated with the B star population, TTS in US–B
are more nearby than those in US–A. This is in agreement with
the finding that the WTTS in US–B show a larger Li depletion
and hence are presumably older and less luminous than WTTS
in US–A (Kunkel 1995). However, the difference in distance
is too small to fully explain the difference in BF. The distance
estimates derived from the relative astrometric measurements
of some of the binaries (cf. previous section) are in good agree-
ment with a distance between 130pc and 170pc.

Given the fact that we have a difference in binary frequency
in the observed range of separations, this could either mean that
the overall binary frequency is the same in both regions, but
the distribution of separations among the binaries in the two
regions is vastly different. Or we indeed have fewer binaries in
the denser association and more in the less dense association
of TTS. Durisen & Sterzik (1994) suggested such a distinction
between high-temperature clouds (“clustered star formation”
with lower BF) and low-temperature clouds (loose associations
with higher BF). Observational evidence for this model comes
from HST observations of the Trapezium cluster (Prosser et
al. 1994) and the various surveys for binaries in Taurus (see
Mathieu 1994 for a compilation of recent studies): the Taurus
T association has a BF significantly higher than the main se-
quence BF, while the BF in the Trapezium cluster seems to be
in agreement with the main sequence BF. The spatial density
of 0.5 B stars/square degree in US–A is far from what could be
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Fig. 6. Spatial distribution of B stars and T Tauri stars in the region of Ophiuchus, Scorpius, and Lupus: T Tauri stars identified as optical
counterparts to ROSAT All Sky Survey sources are marked by a cross or a plus sign (The latter indicates that these stars have already been
searched for companions using SUSI/NTT). Classical T Tauri stars associated with the dark clouds ofρ Ophiuchi and Lupus 1, 2, 3, and 4 are
indicated by filled circles. The area surveyed by Kunkel (1995) for pre-main sequence stars is marked by dashed lines and the northern and
eastern border of the area surveyed by Wichmann (1994) is indicated by a dotted line. Open squares indicate binaries resolved with SUSI/NTT
in our current study.
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called a cluster, but it is 8 times higher than in US–B (see Fig.
6).

Reipurth & Zinnecker (1993) found a weak trend that
clouds with large populations of young stars may contain fewer
binaries. Given the wide spread distribution of WTTS in our
study, and the current lack of additional information on the
kinematics of the individual stars, we cannot further subdivide
the WTTS into smaller groups in order to investigate such a
trend.

6. Distribution of separations and brightness differences
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Fig. 7. Histogram of the distribution of separations of WTTS binary
components in Upper Scorpius and Chamaeleon in bins of 0.′′5.

Figure 7 shows the distribution of binary separations among
WTTS in Upper Scorpius and Chamaeleon. The number of bi-
naries grows with smaller separation. Because of the uncertain-
ties in the distance estimates of the binaries, however, we did
not try to plot the binary frequency versus the physical separa-
tion.

The distribution of brightness difference between primary
and secondary at≈ 1µm for TTS binaries with separations
≥ 0.′′8 in shown in Fig. 8. Included are TTS located in
Chamaeleon, Lupus,ρ Ophiuchi, and Taurus from the lists of
Brandner (1992, 1995), Reipurth & Zinnecker (1993), and this
paper. Stars with separations smaller than 0.′′8 have not been
included since they show a clear detection bias towards equal
brightness pairs.

As the maximum contribution of the stellar photosphere to
the total spectral energy distribution is at about 1µm (Bertout
et at. 1988, Hartigan et al. 1992), the 1µm observations give
a good measure for the brightness differences of the “naked”
stars (i.e. without additional accretion luminosity from the
disk). As is evident from Fig. 8, there are fewer and fewer bi-
naries per unit∆Z with increasing∆Z.

0 2 4 6
Delta Z
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15

20

n

 1.00  0.75  0.56  0.42  0.32  0.24  0.18  0.13  0.10  0.07  0.06  0.04
mass ratio

Fig. 8.Histogram of the distribution of brightness differences between
primary and secondary at 1µm (“Z”) in bins of 0.m5 for sep.≥ 0.′′8 of
all TTS from Table 5 for which measurements were available (vertical
hatching). For comparison we also show the distribution of brightness
differences of CTTS binaries from Reipurth & Zinnecker, 1993 (di-
agonal hatching). The upper scale indicates the corresponding mass
ratio between secondary and primary assuming purely vertical (Teff =
const.) PMS evolutionary tracks (see text for more details).

At first sight, this finding seems to be in contradiction to
what Reipurth & Zinnecker (1993) found for the CTTS alone;
however, this is not so: the only difference is that we have plot-
ted brightness differences (in magnitudes) instead of flux ra-
tios. Of course, in the end we are interested in the distribution
of mass ratios rather than brightness differences or flux ratios.

We also show in Fig. 8 a rough estimate on the correspond-
ing mass ratios(upper abscissa)assuming a mass–luminosity
relation L∝ M1.6 for solar-type PMS stars on purely vertical
Hayashi tracks (Teff = const.), neglecting accretion luminos-
ity and deuterium core and shell burning (Brandner 1992, Zin-
necker et al. 1992).

Preferentially large brightness differences between the in-
dividual components of these wide binaries would imply large
differences between primary and secondary mass. This puts an
interesting constraint on theories of binary formation, as it is
still unknown which process plays the dominant role. Although
capture can be ruled out as a major source for binary star forma-
tion (Clarke & Pringle 1991), there remain at least three viable
formation processes: fragmentation of rotating disks (Shu et al.
1990), fragmentation of a rotating filament (Zinnecker 1991,
Bonnell et al. 1991) and collisional fragmentation (Pringle
1989). While the fragmentation of rotating disks should yield
preferably small mass ratios between the secondary and the
primary, the fragmentation of a rotating filament probably can
lead to rather equal mass ratios and thus toq close to unity for
wide binaries. The collisional fragmentation is a more erratic
process and so one expects more or less uncorrelated masses.
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Mainly because of the uncertainties in our transformation
from brightness differences to mass ratios and because IMFs
based on observations of the luminosity function (Miller &
Scalo 1979, Kroupa et al. 1990) are not corrected for “con-
taminations” by unresolved binaries (see Kroupa et al. 1991),
at the moment we cannot favour one formation scenario over
the others. Both collisional fragmentation and fragmentation
of a rotating filament would produce a mass-ratio distribution
in agreement with our observation. Only fragmentation of ro-
tating disks can be ruled out with some certainty as being the
major formation mechanism for wide pairs (but it still might be
valid for close pairs, cf. Bonnell & Bate 1994).

7. Multiplicity

7.1. Binary frequency among G to M dwarfs

Fig. 9. Histogram of the mass distribution of 84 X-ray selected TTS
in Scorpius and Chamaeleon in bins of 0.4 M� (solid line). For com-
parison we also show the mass distribution of those TTS which were
resolved into binaries in the present survey (dotted line).

Systematic surveys for companions to late-type main-sequence
stars in the solar neighbourhood have been carried out by
Duquennoy & Mayor (1991) and Fischer & Marcy (1992).
While the latter found 42%±9% of all M type dwarfs to have
one or more companions, the former found that 57%±9% of
all G type dwarfs possess at least one companion. Furthermore,
Fischer & Marcy could show that the binary period (and semi-
major axis) distribution of the M dwarfs is not greatly different
form that of the G dwarfs within the error bars.

Therefore, when comparing our late-type pre-main se-
quence binaries with main-sequence binaries we mainly have
to adjust for the binary frequency varying with spectral type
(mass). Alcal´a (1994) and Kunkel (1995) placed many of the
TTS in Chamaeleon and Scorpius on the HR diagram and de-
rived masses from theoretical pre-main sequence evolutionary
tracks from D’Antona & Mazzitelli (1994). Figure 9 shows the

mass distribution of those 84 TTS for which such mass deter-
minations are available (Alcal´a 1994, Kunkel 1995). The as-
sumption here is that all TTS are single stars.

Almost half of the TTS are less massive than 0.8 M�.
Hence, it seems appropriate to assume a binary frequency in-
termediate between M and G type stars: 50%±9%. From pe-
riod distributioná la Duquennoy & Mayor we then get a binary
frequency of 13.5%±3.0% in a range of separations between
120AU and 1800AU (see error discussion in section 7.3.).

7.2. Binary frequency among X-ray and Hα selected TTS

7.2.1. Chamaeleon

In total we have surveyed 95 X-ray selected TTS and 26 Hα
selected TTS in Chamaeleon and 74 X-ray selected TTS in
Scorpius and Lupus. In the former region 14 binaries could be
identified, eleven of them having separations larger than 0.′′8
(cf. Table 2). We get a binary frequency of 5.4%±2.6% in a
range of separations between 0.′′8 and 12.′′0 among X-ray se-
lected T Tauri stars in Chamaeleon. From a compilation of the
lists of Brandner (1992, 1995), Reipurth & Zinnecker (1993),
and this paper we get in total 100 CTTS (four of them in com-
mon with our X-ray selected TTS) surveyed for multiplicity.
18 of these stars have a companion that could be confirmed
as a T Tauri star in a range of separations between 0.′′8 and
12′′ (Brandner 1995). Thus the overall BF is (11-1.7+14)/(95-
15.8+100) or 13.0%±2.7%, which is in good agreement with
the values for main sequence stars (13.5%±3.0%). Because of
the less favourable seeing conditions during the first third of
our survey in Chamaeleon, we could have missed 2 to 3 bina-
ries with separations between 0.′′8 and 1.′′2. Also in the interval
between 3′′ to 12′′ we have a couple of binary candidates which
still need confirmation. Hence, one or two of the wider binaries
might still be missing. On the other hand, among the 95 stud-
ied X-ray selected T Tauri stars we would expect one chance
projection and 2 additional binaries because of the X-ray bias
for the binaries with separations≤ 3′′. Two additional binaries
would give us a overall BF of 14.1%±2.8%, a value still in
good agreement with the main sequence value.

7.2.2. Scorpius and Lupus

In Scorpius and Lupus we found 13 binaries with separations
between 0.′′8 and 3′′. As pointed out above, for the identifi-
cation of wider binaries we cannot rely on statistical argu-
ments but need additional information. We again have a number
of wider binary candidates which need confirmation by spec-
troscopy and proper motion studies. Thus, for the time being,
we can only give some estimate on the number of binaries with
separations between 3′′ and 12′′.

Similar to the Chamaeleon observations, we would expect 1
or 2 binaries more in the interval 3′′. . . 12′′ – given that we have
the same distribution of separations among pre-main sequence
binaries as among main sequence binaries. We also expect one
mere chance projection among the binaries with separations≤
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Table 5. Binary frequency (BF) of TTS in OB and T associations with binary separations between 120AU and 1800AU. The corresponding
main sequence binary frequency is 13.5%±3.0%.

WTTS CTTS WTTS+CTTS
region number binaries (BF in %) number binaries (BF in %) number binaries (BF in %) reference
Chamaeleon 95 6+1.5a (7.9±2.9) 100 18 (18.0±4.2) 195 25.5 (13.1±2.6) BAKMZ, B, RZ
Upper Scorpius 74 13-1.5a (15.5±4.6) — — 74 11.5 (15.5±4.6) BAKMZ
Lupus — — 60 9 (15.0±5.0) 60 9 (15.0±5.0) B, RZ
ρ Ophiuchi — — 92 13 (14.1±3.9) 92 13 (14.1±3.9) B, RZ
Taurus-Auriga 44 11 (25.0±7.5) 60 16 (26.7±6.7) 104 27 (26.0±5.0) LZWCRJHL
total 213 30 (14.1±2.6) 312 56 (17.9±2.4) 525 86 (16.4±1.8)
References: B stands for Brandner (1992, 1995), BAKMZ for this work, LZWCRJH for Leinert et al. (1993), and RZ for Reipurth &
Zinnecker (1993).

a Corrected for X-ray bias, incompleteness, and chance projections (see text) and normalized to the total number of TTS observed

3′′. Including the correction for the X-ray bias, we get a BF of
(13-5)/(74-22.2)or 15.4%±5.5%, which is – within the statisti-
cal uncertainties – in agreement with the main sequence value.

7.2.3. Summary

Table 5 summarizes the binary frequency among WTTS and
CTTS in Chameleon, Upper Scorpius, Lupus,ρ Ophiuchi, and
Taurus with binary separations in the range between 120 and
1800 AU. Looking at the total number of TTS we find no sig-
nificant difference in the BF of WTTS and CTTS. There is a
difference in the BF of the WTTS and CTTS in Cha. How-
ever, the sample is small and the difference may not be sta-
tistically significant. In a recent model for TTS with accretion
disks, Clarke et al. (1995) suggested that a magnetic gate regu-
lates the accretion flow from the disk onto the star. Thus some
stars might interchange between being classified as CTTS or
WTTS, simply because the “magnetic gate” is either open or
closed. Such a mechanism would help to smear out any exist-
ing difference between binary properties of CTTS and WTTS,
if such a difference does indeed exist.

Without the Taurus-Auriga region, we get a BF of 14.0%
± 1.8% among TTS (compared to the main sequence BF of
13.5%± 3.0%). If we include the Taurus-Auriga region, the
BF of 16.4%± 1.8% among TTS is still not greatly different
to the main sequence BF. It seems that only the Taurus-Auriga
T association shows an enhanced BF with respect to the main
sequence and with respect toother T and OB associations or
clusters (Trapezium cluster). Why this is the case, we do not
know. 80 new TTS in Taurus identified by Wichmann (1994,
see also Wichmann et al. 1995) have not yet been surveyed for
multiplicity. Therefore, it remains to be seen if the overall BF
in Taurus-Auriga stays that high.

Similar to Reipurth & Zinnecker (1993) in their study of
CTTS, we find a low triple frequency among the X-ray selected
TTS: only one out of the 150 TTS studied is a (candidate) vi-
sual triple. Given the limited range of separations in our study,
this is further evidence that hierarchical orbits are established
early in PMS multiple systems.

We come to the conclusion that binarity itself is established
very early in stellar evolution, probably even before the stars
are crossing the stellar “birthline” (Stahler 1983). Furthermore,
there is no need for any break-up of binaries due to close en-
counters or any evolution of orbits, forwidebinaries with sep-
arations larger than 120AU.

7.3. Error discussion

All the results on the BF of pre-main-sequence stars can only
be referred to main-sequence values under some assumptions.
This naturally leads to some uncertainties propagating into our
analysis of the BF.

In all five star forming regions surveyed by Alcal´a
(Chamaeleon & Orion), Wichmann (Lupus & Taurus-Auriga),
and Kunkel (Upper Scorpius & the northern part of Upper
Centaurus–Lupus) WTTS could be found spread out over the
whole area under study. No sharp boundaries of the star form-
ing regions could be found. This raises the interesting ques-
tion whether the WTTS are at all physically related to the dark
clouds and their CTTS. At least we must assume that the spread
in distance for the WTTS is comparable to their spatial extent
perpendicular to the line of sight. In Chamaeleon with the dark
clouds Cha I and II at a distance of 140pc and 170pc, respec-
tively, and TTS covering a field of≈ 40pc× 30pc, this would
mean that each WTTS could be located anywhere at a distance
between, say, 120pc and 190pc. The same holds true for the
WTTS in Upper Scorpius and Lupus, and very likely also for
those in Taurus-Auriga and Orion. Thus derived luminosities
for these stars and hence the position in an HRD are uncertain
by at least the uncertainty in their distance estimate. The BF is
not so much affected by the uncertainty in the distance.

All transformation from orbital periods to separations are
based on the distribution of orbital elements for G type stars in
the solar neighbourhood (Duquennoy & Mayor 1991).

i uncertainty in distance estimates:The distance to the bi-
naries is uncertain. As discussed in the text we get a dis-
tance estimate of 150pc±30pc. This introduces an addi-
tional scatter in our transformation of the main sequence
BF of±0.5%.
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ii transformation: observed separations – semi–major
axes
Orbits show a random orientation in space. Because of the
long orbital periods of the wide binaries we have no a pri-
ori information on the orbital parameters. From van Albada
(1968) we get:

< ln
d

a
>= ln(1 +

√
1− e2)−

√
1− e2,

whered is the observed separation,a the semi–major axis,e
the eccentricity, and<> indicates the average over all pos-
sible orientations. For an eccentricity of e = 0.5,< ln d

a
>=

−0.056. Thus on average the error by setting the observed
separation equal to the semi–major axes is about 5%.

iii transformation: orbital periods – semi–major axes
The transformation from orbital periods to semi-major axes
and vice versa seems to be the main uncertainty. Up to now
we do not have good mass estimates for primaries and sec-
ondaries, which would be necessary for an accurate trans-
formation for each individual system. For the transforma-
tion from orbital periods to semi-major axes we assumed
a system mass of 1.5M� and circular orbits. The system
mass of 1.5M� would, e.g., correspond to a K0V (0.8M�)
– K5V (0.7M�) pair, which we assume to be the “typical”
pair (cf. Table 2 for spectral types and Fig. 8 for the distri-
bution of mass ratios)

Summing up, the overall uncertainties in the binary fre-
quency are small enough not to affect our conclusions.

8. Summary

We have surveyed 26 Hα selected T Tauri stars in Chamaeleon
and 169 X-ray selected T Tauri stars in Chamaeleon and Upper
Scorpius for companions. Our study is complete for separations
down to 0.′′8. In total we identified 31 binaries, twelve of them
having separations less than 1.′′0.

In both major regions we find the binary frequency (WTTS
& CTTS in Chamaeleon, in Scorpius WTTS only) in good
agreement with the binary frequency among main sequence
stars in the same range of separations. Previous studies of the
Lupus andρ Ophiuchi T associations led to the same result.
From a total of 525 T Tauri stars in the various associations
(including Taurus-Auriga), 86 possess companions in a range
of separations between 120AU and 1800AU. Hence, the over-
all binary frequency is 16.4%±1.8% among TTS, and does not
greatly differ from the binary frequency among low-mass main
sequence stars (13.5%±3.0%). Only the Taurus-Auriga T as-
sociation shows an enhanced binary frequency with respect to
other T and OB associations and to main sequence stars in the
solar neighbourhood. If we omit the Taurus-Auriga region in
our analysis we end up wih a binary frequency of 14.0%±1.8%
which is in very good agreement with the main sequence value.

We conclude thatwide PMS binaries do not differ from
main sequence binaries with respect to orbital parameters and
binary frequency. Thus binary properties are established very

early on in stellar evolution and orbital parameters remain un-
changed afterwards.

There is no preponderance for large brightness differences
between primary and secondary of individual systems. Hence,
fragmentation of rotating disks plays only a subordinate role
in the formation of wide binaries. Fragmentation of rotating
filaments and collisional fragmentation are viable formation
mechanisms for wide binaries.
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