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Abstract. We surveyed a sample of 75 T Tauri stars
in the Taurus star forming region for companions. These
stars were discovered with the help of ROSAT. The sepa-
ration range covered is 0.13" to 13", where the lower limit
is given by the diffraction limit of the telescope and the up-
per limit by confusion with background stars. Combined
with the results of the preceding survey by Leinert et al.
(1993), we now have surveyed a sample of 178 young stars
in Taurus, 63 classical, 106 weak-line, and 9 unclassified
T Tauri stars. Within this sample, we find 68 binaries, 9
triples, and 3 quadruples. After corrections to account for
confusion with background stars and for a bias induced
through X-ray selection, we count 74 binaries or multiples
with a total of 85 companions in 174 systems. This corre-
sponds to a degree of multiplicity (number of binaries or
multiples divided by number of systems) of (42.5+4.9) %,
or to a duplicity, measured by the number of companions
per system, of (48.9 + 5.3) %, which is higher by a fac-
tor of (1.93 +0.26) compared to solar-type main-sequence
stars. We find no difference in duplicity between classical
and weak-line T Tauri stars. There is a difference between
close and wide pairs in the sense that close pairs have a
flat distribution of flux ratios, while the flux ratios of wide
pairs are peaked towards small values.

Key words: stars: pre-main-sequence — binaries: visual —
infrared: stars — surveys — techniques: interferometric

1. Introduction

The announcement by Ghez et al. (1993) and Leinert et
al. (1993) that almost all young stars in the Taurus and
Ophiuchus star forming regions might be binaries came
as a surprise. Their results were sufficiently different from
those obtained for the main sequence (Duquennoy and
Mayor 1991, DM91) to suggest that a strong evolution of
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binarity was required during later stages of the pre-main-
sequence phase. It is not easy to explain these changes
in the binarity on relatively short timescales. However, as
stated by e.g. Ghez et al. (1997), there are several other
possibilities which do not require this evolution in binarity.

For example, the Taurus and Ophiuchus samples stud-
ied by the above authors may not be representative be-
cause they mainly contain classical T Tauri stars (show-
ing strong Ha line emission). According to the ROSAT
survey, however, the majority of young stars are X-ray
emitting weak-line T Tauri stars. From EINSTEIN ob-
servations of 20 % of the area of the Taurus-Auriga star
forming region, Walter et al. (1988) already had extrap-
olated a WTTS/CTTS ratio of 10. With the help of the
ROSAT All-Sky Survey (RASS), Wichmann et al. (1996)
found a lower limit of about 6 for this ratio, while the
findings of Neuhiuser et al. (1995) arrived at a ratio of 8.

Another possibility why the multiplicity surveys men-
tioned above may not be representative is because the as-
sociations in Taurus and Ophiuchus are not typical loca-
tions for star formation. Miller & Scalo (1978) report that
75 % of present-day star formation occur in OB associa-
tions and newer studies suggest that a significant fraction
of all stars formed in the galaxy begin their lives in rich
embedded clusters (Lada & Lada 1991, Kroupa 1995). For
example, Petr et al. (1998) measure a binary proportion
in the Trapezium cluster core that is similar to that in the
Galactic field (see also Prosser et al. 1994).

In this paper we test the first of these two hypotheses
by observing the X-ray selected WTTS in Taurus, which
are representative of the majority of the young stars, and
checking for multiplicity. It is natural to begin such a com-
parison in Taurus since the duplicity survey on the CTTS
in this region carries the best statistical weight.

2. The sample

This work is based on the results of Wichmann et al.
(1996), who searched for hitherto undiscovered T Tauri
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Fig. 1. Spatial distribution of T Tauri stars known prior to ROSAT (left panel) and the new T Tauri stars discovered by
Wichmann et al. (1996, right panel). Our combined sample consists of the stars in the left plus the stars in the right panel.
Classical T Tauri stars are marked by “C”, weak-line T Tauri stars by “W”, and unclassified T Tauri stars by crosses. The
dotted contours represent the integrated CO J=1-0 line brightness (Ungerechts & Thadeus 1987)

stars on the basis of the ROSAT All-Sky Survey and ad-
ditional pointed ROSAT observations. Their identification
of ROSAT sources by means of optical spectroscopy re-
vealed a total of 76 new T Tauri stars in the Taurus region,
located between 4" and 5" in right ascension and between
15° and 34° in declination. 68 of these sources are in the
All-Sky Survey, the remaining 8 were found with pointed
observations. 72 were classified as weak-line T Tauri stars
(WTTS) based on an equivalent width of the Ha emission
line Wy(Ha) < 104, 4 as classical T Tauri star (CTTS).
The complete object list can be found in Wichmann et al.
(1996).

One star of this sample (RXJ0422.9+2310) turned out
to be too faint for speckle observations. We observed it
in October 1995 and September 1996 and were forced to
use an integration time of 3 seconds to obtain a signal
of only a few hundred counts. This is much too long for
speckle imaging, so we decided to exclude this star from
our survey. Two other stars (RXJ0437.4+1851A and B)
are only 4” separated from each other, so we count them as
one binary. Therefore, we start our survey with a sample
of 74 systems, where “system” means either a single star,
a binary, or a multiple.

This sample supplements the work of Leinert et al.
(1993), who surveyed all the young stars contained in the
Herbig-Bell catalogue which are located in the same region
and are brighter than K = 9.5mag, i.e. the T Tauri stars

known before ROSAT. Their sample contained 104 sys-
tems, 59 classical, 36 weak-line, and 9 unclassified T Tauri
stars. The spatial distribution of both samples is shown
in Fig. 1. It is obvious from this figure that the TTS
known before ROSAT cluster on the CO maxima, while
the ROSAT-discovered sources do not and thus probably
represent an independent population.

3. Observations

We are searching for companions with separations in the
two decades from 0.13" to 13" to include the separation
where the distribution of main sequence binaries has its
maximum (= 40 AU, = 0.3" at the distance of Taurus).
The lower limit is determined by the theoretical diffraction
limit of the 3.5 m telescope on Calar Alto at a wavelength
of 2.2 ym. The upper limit is chosen so that the contami-
nation by background stars has little effect (for a detailed
discussion of this problem see Sect. 4.2). To make maxi-
mum use of the resolution of the 3.5 m telescope, the main
observational technique for our survey is speckle interfer-
ometry, complemented by direct imaging to find compan-
ions that are outside the limited field of view of today’s
speckle cameras.

The speckle observations were carried out at the 3.5m
telescope on Calar Alto in September 1994, December
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Table 1. New binary WTTS in Taurus. The first column gives the number of the star as in Table 4 of Wichmann et al.
(1996); the second gives the official designation; the third column specifies to which pair of a higher-order multiple system
the following parameters apply; the fourth column gives the total system brightness in K. The following columns contain the
date of the observation and the position and brightness of the companion relative to the primary (i.e. the star brighter in K).
For a description of the way the errors were determined see text. If a companion was observed more than once, the different
observations are listed in separate rows. Stars marked with P were found with pointed ROSAT observations

No. Designation mK Date of Separation Position Brightness
[mag] Observation ] Angle [°] Ratio at K
1 HD 285281 7.61 £0.01 12.Dec. 94 0.773 £ 0.003 190.7 £ 0.4 0.323 £ 0.010
5  HD 284135 7.75 +0.01 15. Sep. 94 0.378 £ 0.003 75.2+0.5 0.822 £+ 0.019
7  RXJ0406.8+2541 7.75 +0.01 15. Sep. 94 0.977 +0.019 12.3+1.2 0.964 + 0.024
10 RXJ0409.14+2901 8.12+0.01 2. Jan. 96 6.786 £ 0.006 138.7£1.0 0.231 £ 0.001
3. Mar. 96 6.764 £ 0.025 138.9 £ 0.2 0.245 £ 0.012
13 RXJ0412.8+1937 9.03 £0.01 12. Dec. 94 2.568 £ 0.004 35.3+£0.4 0.379 £ 0.014
17  RXJ0413.4+3352 9.96 + 0.05 8.0ct. 95 1.008 £ 0.003 2479 +0.1 0.056 + 0.004
18  RXJ0415.3+2044 8.60 £0.01 12. Dec. 94 0.589 £ 0.003 356.8 £ 0.4 0.170 £ 0.009
19  RXJ0415.8+3100 9.92 £0.01 16. Sep. 94 0.940 £ 0.003 147.2 £0.5 0.264 £ 0.006
24 RXJ0420.84-3009 A-B 10.35 £ 0.01 16. Sep. 94 0.189 £ 0.009 3424 +£1.2 0.622 £ 0.077
AB-C 21. Jan. 95 6.648 £ 0.013 59.3+0.1 0.201 £ 0.003
AB-C 24.Nov. 96 6.693 + 0.032 59.6 £0.7 0.242 £ 0.014
25 RXJ0422.1+1934° 8.75 +0.03 2.Feb.96 11.758 £ 0.057 316.8 +£0.1 0.057 £ 0.006
29  BD+26 718B A-a 7.39 +£0.01 16. Sep. 94 0.496 + 0.003 320.1£0.5 0.148 £ 0.016
A-a 27. Sep. 96 0.474 £+ 0.003 320.0+0.1 0.147 £+ 0.011
A-B 16. Sep. 94 7.872+£0.071 1568.7 £ 0.9 0.452 £ 0.005
A-B 24. Nov. 96 7.936 £ 0.045 1584 +£0.1 0.488 £ 0.002
B-b 16. Sep. 94 0.166 + 0.007 136.8 £9.0 0.510 £ 0.090
B-b 27. Sep. 96 0.155 £ 0.003 133.4 £0.2 0.612 £ 0.029
30 BD+17 724B 7.82 £0.01 8. Oct. 95 0.100 £ 0.011 208.7 £ 9.7 0.123 £ 0.022
27.Sep. 96 0.083 £ 0.003 193.5 + 2.1 0.240 £ 0.018
31 RXJ0430.8+2113 8.39 £0.01 14. Dec. 94 0.389 £0.013 151.5 £2.0 0.037 £ 0.013
32 HD 284496 8.71 £0.01 28.Feb. 96 4.598 + 0.061 337.7+1.4 0.020 £ 0.002
33  RXJ0431.3+1800° 10.47 +£0.03 2.Feb. 96 10.423 +£0.074 238.9£0.5 0.075 £ 0.014
40  RXJ0435.9+2352 A-B 8.45 +0.02 17.Sep. 94 0.069 + 0.003 166.8 £ 0.9 0.309 £ 0.015
AB-Ct 2.Feb.96 11.315 £0.011 2704 +£0.1 0.170 £ 0.003
41 RXJ0437.2+3108 9.44 £0.01 17. Sep. 94 0.109 + 0.003 16.3+1.0 0.386 + 0.009
42/43  RXJ0437.441851 8.05 £0.02 14. Dec. 94 4.345 £ 0.003 185.0 £ 0.4 0.680 £ 0.010
24.Nov. 96 4.353 +0.038 184.7£0.3 0.730 £+ 0.010
44  RXJ0438.242023 9.36 +0.01 14. Dec. 94 0.464 £ 0.003 35244+ 0.6 0.911 £ 0.032

1994, and October 1995. We used MAGIC, a 256 x 256
pixel NICMOS 3-camera (Herbst et al. 1993), at K =
2.2 ym in its high-resolution configuration at the /45 fo-
cus. This gives a pixel scale of 0.0713"/pixel and a field
of view of 18.7" x 18.7". For our speckle observations, we
usually use only one quarter of the array, unless we see
a companion in the rest of the field. At each observing
run, we measured a number of well-known binary stars to
calibrate the pixel scale and position angle.

The modulus of the complex visibility (i.e. the Fourier
transform of the object brightness distribution) is deter-
mined from power spectrum analysis, the phase is com-

for the standard deviation of the binary parameters. This
procedure sometimes yields unbelievable small errors, we
estimate the minimal error of the separation to be about
1/20 pixel or 0.003"”, the minimal error of the position an-
gle to be 0.1°, and the minimal error of the brightness
ratio to be 0.001. These might be slightly larger for the
binaries with the smallest separations.

Otherwise, if the object appears to be unresolved, up-
per limits for the maximum brightness of an undetected
companion are determined by computing the maximum
brightness ratio of a companion that could be hidden in
the noise of the data. For details of this procedure see

puted using the Knox-Thompson algorithm (Knox & Thomp-L-einert et al. (1996).

son 1974), and from the bispectrum (Lohmann 1983). If
the object turns out to be a binary, we obtain the bright-
ness ratio, separation and position angle of the compo-
nents from a fit of binary models to the complex visibil-
ity. Fits to different subsets of the data give an estimate

The additional imaging has been done at different tele-
scopes on Calar Alto, namely the 2.2m telescope in Janu-
ary 1995, the 3.5 m telescope at the £/10 focus in January
1996, and the 1.23 m telescope in February 1996. Again, we
used MAGIC at K = 2.2pm in its high-resolution configu-
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Table 1. New binary WTTS in Taurus (continued)

No.  Designation mK Date of Separation Position Brightness
[mag] Observation [”] Angle [°] Ratio at K
45 RXJ0438.242302 9.70 £0.03 2.Feb. 96 9.190 £ 0.057 93.3£0.1 0.101 +£0.013
47 HD 285957 A-B 8.02 +0.01 15. Dec. 94 9.463 £ 0.017 200.0 £0.4 0.184 £ 0.007
A-B 24. Nov. 96 9.504 + 0.064 199.0 £ 0.5 0.202 £0.012
A-C 21. Jan. 95 10.345 + 0.006 312.0£0.1 0.013 £0.001
A-C 24.Nov. 96 10.396 & 0.045 312.9+£0.3 0.014 £ 0.001
49 RXJ0441.442715 10.32 £ 0.08 18. Sep. 94 0.065 £ 0.003 216.0 £ 1.7 0.558 +0.089
50 HD 283798 A-B 7.98 £0.01 18.Sep. 94 1.631 +0.003 303.1 £0.5 0.043 £ 0.005
AB-C 29. Feb. 96 7.147 £ 0.067 64.2+0.5 0.005 £ 0.002
52 RXJ0444.3+2017 9.18 £0.04 3. Mar. 96 9.868 + 0.029 159.7 £ 0.1 0.105 £ 0.037
53 RXJ0444.4+41952 A-B 8.55 £ 0.01 14. Dec. 94 0.207 £ 0.003 158.1 £ 0.7 0.927 £ 0.034
AB-C 3.Feb. 96 6.078 £ 0.045 96.3 £ 0.6 0.206 £ 0.043
AB-C 24.Nov. 96 6.113 +0.025 97.24+0.3 0.156 £ 0.003
54 RXJ0444.9+4-2717 7.19£0.01 18. Sep. 94 1.754 £ 0.003 48.1+0.5 0.102 &+ 0.001
55 HD 30171 7.16 £0.01 21. Jan. 95 12.926 + 0.064 175.8 £0.1 0.207 £ 0.001
57 RXJ0447.94-2755 9.52 +£0.01 18.Sep. 94 0.639 £ 0.003 86.5 0.5 0.895 £ 0.024
58 RXJ0450.042230 A-B 8.86 +0.02 14. Dec. 94 2.072 £ 0.004 84.1+0.4 0.032 +0.001
AB-C 2.Feb. 96 8.361 +0.091 296.1 £0.4 0.033 £0.013
59 RXJ0451.841758 9.26 £ 0.01 14. Dec. 94 0.568 £ 0.003 3448 £0.4 0.756 £ 0.023
60 RXJ0451.9+42849A 9.88 £0.01 21. Jan. 95 7.636 £ 0.025 106.7 0.3 0.025 £ 0.002
61 RXJ0451.94-2849B 11.25 £ 0.01 12. Dec. 94 0.287 £ 0.006 321.4 £2.7 0.80 £0.10
63 RXJ0452.84+1621 8.25 £0.01 15. Dec. 94 0.478 £ 0.003 294.7+04 0.837 £ 0.041
64 RXJ0452.9+1920 9.17 +£0.01 14. Dec. 94 0.425 + 0.003 304.5 £ 0.6 0.182 +0.022
65 RXJ0453.1+3311 A-B 10.86 £0.01 13. Dec. 94 0.687 £ 0.003 340.5 £ 0.4 0.649 £ 0.048
AB-C 21. Jan. 95 7.834 £0.019 300.5 £0.1 0.335 £ 0.007
AB-C 24. Nov. 96 7.853 £0.032 300.8 £0.3 0.347 £ 0.008
67 RXJ0455.7+1742 8.97+0.03 15. Dec. 94 0.093 £ 0.003 2546 +1.4 0.684 + 0.052
69 RXJ0456.7+1521 10.61 £ 0.02 14. Dec. 94 0.160 + 0.003 349.1 £0.7 0.800 £ 0.034
71 HD 286179 8.48 +0.02 15. Dec. 94 0.112 +0.003 2083 +1.3 0.313 £ 0.023
73 RXJ0457.2+1524 7.78 £0.01 15. Dec. 94 0.570 £ 0.003 43.9+0.4 0.955 £ 0.020
74 RXJ0457.5+2014 8.61 +£0.01 14. Dec. 94 6.867 £ 0.006 205.5+0.4 0.108 £ 0.005
24.Nov. 96 6.865 £ 0.057 204.8 £0.2 0.132 + 0.002
75 RXJ0458.7+2046 8.80 £0.02 14. Dec. 94 6.113 £0.014 220.4+0.4 0.002 £ 0.001

t: The spectrum of star No. 40C shows no Lithium line, this object is probably a background star (R. Wichmann, priv. comm.).
The mxk given for star 40 is the magnitude without component C

ration. The pixel scales were 0.66" /pixel at the 2.2 m tele-
scope, 0.32" /pixel at the 3.5 m telescope, and 1.2" /pixel at
the 1.23 m telescope. Some images were taken at the 2.2m
telescope on La Silla in March 1996, using the IRAC2b
camera (another 256 x 256 pixel NICMOS-3 array) with
its objective “B”, which gives a pixel scale of 0.27" /pixel.
Some of the imaging observations could also be used to
obtain infrared photometry of the stars.

4. Results for the X-ray selected sample
4.1. Uncorrected data

Table 1 lists all the binary and multiple stars we find in
our sample. Table 2 lists all stars where we did not find a
companion and gives limits for the brightness of an unde-
tected companion. Figure 2 shows the results in a plot of
flux ratio and magnitude difference vs. binary star separa-

tion. In total, we find 29 binary, 6 triple and 1 quadruple
star with separations in the range between 0.13" and 13".
The lower separation limit is the diffraction limit of
the 3.5 m telescope at K for binary stars. In principle, it is
possible to discover binaries with even smaller separations
(Table 1 shows that we actually do find some). However,
we cannot distinguish with certainty a close binary star
below the diffraction limit from an elongated structure.

The upper limit was chosen so that contamination with
background stars has little effect (see the following section
for a detailed discussion of this problem). Leinert et al.
(1993) chose the same value of 13" in their survey.

Figure 2 also shows the sensitivity of our survey, i.e.
the maximum brightness ratio of a possible undetected
companion as a function of the separation. On average
our survey is sensitive to companions brighter than 6 % of
the primary for all separations larger than 0.13". All ob-
servations are sensitive to companions brighter than 18 %.
Based on the curves for individual observations and the
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Table 2. Unresolved stars in our sample and limits for undetected companions. Objects marked with P were found with pointed

ROSAT observations

No. Designation mK Date of Maximum Flux Ratio Minimal Amgk [mag]
[mag] Observation  at 0.13" at 0.5” at 0.13" at 0.5”
2 RXJ0403.3+1725 8.77 +£0.01 13. Dez. 94 0.04 0.03 3.49 3.81
3 RXJ0405.1+2632 9.27 £ 0.02 15. Sep. 94 0.1 0.06 2.50 3.05
4 RXJ0405.34+2009 8.14 +0.02 12. Dez. 94 0.08 0.04 2.74 3.49
6 HD 284149 8.10 +£0.01 12. Dez. 94 0.06 0.02 3.05 4.25
8 RXJ0407.8+1750 8.96 = 0.01 13. Dez. 94 0.07 0.02 2.89 4.25
9 RXJ0408.2+1956 9.44 +0.03 12. Dez. 94 0.1 0.05 2.50 3.25
11 RXJ0409.2+1716 9.12 £ 0.01 13. Dez. 94 0.07 0.04 2.89 3.49
12 RXJ0409.84-2446 9.25 +0.02 15. Sep. 94 0.13 0.04 2.22 3.49
14 RXJ0412.84-2442 8.85 +0.01 16. Sep. 94 0.13 0.07 2.22 2.89
15 HD 285579 11.24 £0.04 13. Dez. 94 0.07 0.06 2.89 3.05
16 RXJ0413.3+1810 10.48 +£0.10 13. Dez. 94 0.08 0.05 2.74 3.25
20 RXJ0416.54+2053AP 10.08 +£0.01 12. Dez. 94 0.17 0.08 1.92 2.74
21 RXJ0416.5+2053B" 11.11 £0.01 12. Dez. 94 0.18 0.09 1.86 2.61
22 RXJ0419.4+2808" 8.94 +0.02 16. Sep. 94 0.03 0.06 3.81 3.05
23 RXJ0420.3+3123 9.69 £ 0.01 16. Sep. 94 0.06 0.02 3.05 4.25
27 HD 285751 8.83 +0.02 17. Aug. 95 0.09 0.10 2.61 2.50
28 BD+26 718 7.61 £0.01 16. Sep. 94 0.05 0.03 3.25 3.81
34 RXJ0431.4+2035 10.12 £ 0.03 14. Dez. 94 0.06 0.02 3.05 4.25
35 RXJ0432.6+1809" 10.41 +£0.04 13. Dez. 94 0.08 0.06 2.74 3.05
36 RXJ0432.7+1853P 8.64 +0.01 14. Dez. 94 0.05 0.03 3.25 3.81
37 RXJ0432.8+1735P 8.93 +£0.01 13. Dez. 94 0.08 0.05 2.74 3.25
38 RXJ0433.5+1916 10.24 £ 0.06 12. Dez. 94 0.04 0.01 3.49 5.00
39 RXJ0433.7+1823 9.21 £ 0.06 13. Dez. 94 0.05 0.01 3.25 5.00
46 RXJ0438.4+1543 10.09 £ 0.02 13. Dez. 94 0.03 0.04 3.81 3.49
48 RXJ0439.4+3332A 8.44 £ 0.01 18. Sep. 94 0.05 0.04 3.25 3.49
51 RXJ0443.4+1546 9.83 +0.06 13. Dez. 94 0.045 0.03 3.37 3.81
56 RXJ0446.8+2255 9.02 +0.03 14. Dez. 94 0.025 0.02 4.01 4.25
62 RXJ0452.5+1730 9.22 +£0.01 15. Dez. 94 0.05 0.04 3.25 3.49
66 HD 31281 7.63 +£0.01 15. Dez. 94 0.09 0.05 2.61 3.25
68 RXJ0456.2+1554 9.49 £ 0.01 15. Dez. 94 0.06 0.05 3.05 3.25
70 RXJ0457.0+1600 9.84 +0.02 14. Dez. 94 0.07 0.04 2.89 3.49
72 RXJ0457.0+3142 7.14 £0.14 14. Dez. 94 0.05 0.05 3.25 3.25
76 RXJ0459.7+1430 8.96 =+ 0.01 14. Dez. 94 0.03 0.02 3.81 4.25

number of companions actually found, we expect about
0.14 additional companions above 10 % brightness ratio
at separations < 0.4". Thus, we are confident we have
found all companions brighter than 10 % of their primary.
This corresponds to a magnitude difference of 2.5 mag.

4.2. Confusion with background stars

We expect a certain number of our wide binaries to be no
physically bound pairs, but appear to be binaries due to
chance projections of background stars. To quantify this
effect, we count the field stars in the 32 images taken at
the 1.23m telescope. We exclude a circular area with a
radius of 15" around the T Tauri star in each image. The
remaining area is 23.2 arcmin? per field, giving a total area
of 742.8 arcmin?. These are the same images as used in our
search for companions, which ensures that we have exactly
the same magnitude limit.

Figure 3 shows the results of this procedure. The mea-
sured distribution of field stars is approximately the same
as a Poisson distribution with a mean of 9.5. This corre-
sponds to a background star density of (1.1 +0.1) - 10~4
stars per arcsec?. Leinert et al. (1993) find 4 - 1075 stars
brighter than 12™28 per arcsec?. The difference is partly
due to the different magnitude limit, and partly due to the
different spatial distributions of the two samples: the stars
of Leinert et al. (1993) are more concentrated towards the
dark clouds where the extinction is higher and therefore
less background stars are visible.

Given the background star density, we can calculate
the expected number of background stars with a projected
distance of at most 13" to one of our 74 T Tauri stars:

1.1-107%-7-132-714=43.

In other words: the probability for a background star with
a projected distance of at most 13" to one object is 4.3/74
=6%.
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Fig. 3. Distribution of the number of field stars in 32 images.
The histogram shows the number of background stars we count
in our images; the dots denote a Poisson distribution with the
same average star density

To estimate the number of physically bound compan-
ions, we have to subtract the number of chance projec-
tions from the total number of companions. This yields
44 —4.3 = 40 companions. To correct the numbers of bina-
ries, triples, and quadruples, we have to take into account

the relative numbers of single, binary, and triple stars (a
binary caused by a nearby background object is in fact a
single star, thus the number of “false” binaries depends on
the number of single stars). This way, we arrive at about
2.4 binaries and 1.7 triple stars caused by chance projec-
tions. The corrected numbers of physically bound objects
are consequently 29 binaries, 4 triples, and 1 quadruple
star.

Unfortunately, we cannot say which companions are
bound and which are chance projections. We do know,
however, that the star 40C is one of the chance projec-
tions as Rainer Wichmann took a spectrum of it (priv.
comm.). This spectrum shows no Lithium line, thus we
know this star is no pre-main-sequence object. To identify
further background stars it would be necessary to carry
out additional spectroscopic observations.

4.3. Bias induced through X-ray selection

Brandner et al. (1996) pointed out that ROSAT-unresol-
ved binaries are statistically brighter X-ray sources than
single stars. Since the ROSAT All-Sky Survey is X-ray-
flux limited, this induces a detection bias. Binaries with
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component X-ray luminosities below, but combined lumi-
nosity above the cut-off, will cause an overestimate of the
actual binary frequency.

The X-ray luminosities of our stars are known so we
can check which binaries could have been detected only
because of this bias. The worst case would be if all binaries
consisted of two components with equal luminosities. Then
all binaries with luminosity L, between Lijmit and 2Liimig
would have been detected only because of the detection
bias.

In reality, only a small fraction of the binaries consist
of two equally bright components. We would over-correct
the bias if we excluded all binaries with L, < 2Ljjnpit-
We need an estimate for the number of binaries with both
components below Ljjn;t- To obtain this, we start with the
X-ray luminosity function given by Brandner et al. (1996).
They used the X-ray luminosities of 47 Ha detected TTS
associated with the dark cloud Chamaeleon I to derive the
following relation:

dN
dL,

o Lyt for 10215 W < L, < 10%°W.

We use this as a reasonable approximation for the lumi-
nosity function of single stars.

We now consider a binary with total X-ray luminosity
Lot and component luminosities L; and Ly, where Ly >
Ly and Ly + Ly = Lyot. Therefore we have Ly > Lot /2.
The probability for both components to be fainter than
Lyjimit is identical to the probability for the brighter com-
ponent to be fainter than Ljjy;¢:

Liimit

P(Ly < Lijmit) / Lytdr,
Lot /2

= ln(Llimit) — ln(Ltot/Q) .

We obtain the proportional constant by using the fact that
P =1 for Lot = Lijmis- Thus,

_ logo(Liimit) — 10g10(Ltot) + logyo 2

P
log;o 2

This is a linear relationship between P and log(Lies) —
log(Liimit)-

In this derivation, we assume that the probability for
a second component with the correct L, is independent
of Lo, i. e. we neglect the (unknown) distribution of X-ray
flux ratios in binaries. This does not change the general
trend, but it simplifies the calculation.

The probability that both components of a binary are
fainter than Lyt is 33 % if log(Liot) = log(Liimit) + 0.2.
We decide to use this value of L, as borderline and to
consider all fainter binaries as discovered because of the
detection bias. This means we have to exclude them from
our survey to obtain an unbiased sample.

It is possible to derive a relation for triple stars similar
to Eq. (4) by replacing the factor 2 by 3. This yields a
borderline for triples of log(Lyot) & log(Liimit) + 0.32.
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Fig. 4. X-ray luminosities of the T Tauri stars discovered
by ROSAT, broken down into unresolved, binary, triple, and
quadruple systems. Stars discovered with pointed ROSAT ob-
servations are hatched, all the others have been found with
the All-Sky Survey. The vertical lines mark the luminosity
limits chosen by us to obtain an unbiased sample: the lumi-
nosity limit of the RASS in Taurus-Auriga for unresolved stars
(2.2-10%> W), log(Liimit) +0.2 for binaries, and log(Liimit) +0.3
for triple stars

Table 3. Binaries and triples we think have only been discov-
ered because of the X-ray selection bias

No. Designation log(Lx)[W]
24 RXJ0420.84-3009 triple 22.56
60 RXJ0451.9+42849A binary 22.28
61 RXJ0451.94+-2849B binary 22.28
65 RXJ0453.14-3311 triple 22.49

Figure 4 shows the numbers of unresolved, binary, tri-
ple, and quadruple stars vs. their X-ray luminosities. The
luminosity limit of the RASS in Taurus-Auriga, Limit =
2.2-1022W (Wichmann et al. 1996), and the correspond-
ing limits for binaries and triples are also shown. In a few
cases ROSAT could measure only the combined X-ray flux
of two stars due to its limited spatial resolution. However,
they are too far apart from each other to be considered a
binary. Therefore, we assign half of the combined flux to
each star in these cases.

The upper panel of Fig. 4 clearly shows that one of
the binaries and all of the unresolved stars fainter than
the limiting luminosity of the RASS have been discovered
in pointed observations. However, there are two binary
and two triple stars from the all-sky survey below their
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Table 4. Comparison of multiplicity in the ROSAT-selected Taurus sample and in the sample studied by Leinert et al. (1993)

Sample size

Unresolved Stars

Percentage of

Leinert et al. (1993)
This Work

57.7%
57.1%

104 stars
70 stars

corresponding limit. Table 3 lists the names and X-ray
luminosities of these four stars.

To correct the X-ray selection bias, we have to subtract
six companions from the result derived in Sect. 4.2. Fur-
thermore, we have to subtract four from the total number
of systems, since these stars have been detected only be-
cause their combined luminosity is above the limit. This
yields a corrected sample with 70 systems, 27 binaries, 2
triples, and 1 quadruple star, giving a total of 34 com-
panions. This corresponds to (49 £ 8) companions per 100
systems.

Since the pointed ROSAT observations were performed
with different integration times, it is difficult to deter-
mine their luminosity limit. Therefore, and because of the
small number of stars involved, we do not try to correct a
possible detection bias of binaries found with pointed ob-
servations. However, we would like to point out that the
multiplicity of our sample does not change significantly if
we exclude all sources found with pointed observations.

5. Discussion

5.1. Comparison of the young star samples before and

after ROSAT

Optimum use can be made of the results of this study if we
combine our results with those of Leinert et al. (1993) who
surveyed the young stars in Taurus-Auriga known before
ROSAT. Their sample includes 104 stars, 39 of which are
binaries, 3 triples, and 2 quadruple stars, giving a total of
51 companions.

Before combining the two samples, we have to compare
whether the two samples lead to similar results and sim-
ply can be added to increase the statistical accuracy, or
whether they are so different that they have to be treated
separately. The comparison in Table 4 shows that indeed
the observed multiplicity in the two samples is similar and
that they can well be combined for statistical purposes.

5.2. Pre-main-sequence vs. main-sequence stars

Now we are going to compare our data from the combined
sample to the multiplicity survey of Duquennoy & Mayor
(1991, DM91). Although other studies exist (e.g. Mayor
et al. 1992; Fischer & Marcy 1992), this is not only the
most comprehensive study, but also includes the spectral
types most of our stars will have after evolution to the
main sequence (F and G).

Binaries Triples Quadruples
37.5% 2.9% 1.9%
38.6 % 2.9% 1.4%
8
27
Kot 8
W
“a 4
E R
= / %
o I I L { \
0 1 2 3 4 5 6 7 8 9 10

log(Period) [Days]

I
0.13

L [
0.61.3 6 13

Projected Separation [arcsec]

Fig. 5. Binary frequency as a function of orbital period, resp.
separation. By binary frequency, we mean the number of com-
panion stars with orbital period in a given interval divided by
the total number of systems. This implies that triples are repre-
sented as two pairs. The histogram shows the combined results
of Leinert et al. (1993) and this work; the shaded curve is the
distribution of binaries among solar-type main-sequence stars
(Duquennoy & Mayor 1991). The number of companions with
periods between 10* and 10*° days is only a lower limit since
it is difficult to resolve binaries with such a small separation.
This is why we are certain we did not discover all of them

To do this comparison, we have to convert our mea-
sured angular separations into orbital periods. This is im-
possible for individual objects of our sample since the or-
bital parameters are not known. Instead, we use the same
method as Leinert et al. (1993) and rely on statistical ar-
guments. First, we convert the angular separation into
a linear separation. To perform this, we use a distance
to the Taurus star forming region of 140pc (Elias 1978,
Preibisch & Smith 1997). This choice is supported by new
observations of the astrometry satellite Hipparcos, which
measured the parallaxes of five T Tauri stars in Taurus,
giving a weighted mean distance of 140+14 pc (Wichmann
et al. 1997).

The second step is to convert the projected separation
into a semi-major axis, taking into account the probability
for a binary to be observed in a particular position in its
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orbit and the inclination of the orbital plane. These two
effects lead to a combined reduction factor of 0.95 (see
Leinert et al. 1993 for details). Finally, we use Kepler’s
third law with a system mass of 1 Mg to compute the
orbital periods. With these numbers, the separation range
0.13" to 13" transforms into a range of periods from 1045
to 107-% days.

Figure 5 shows the result of the comparison. The com-
bined sample of Leinert et al. (1993) and this work con-
tains 85 companions in 174 systems, corresponding to (48.9
+5.3) companions per 100 T Tauri stars. DM91 find (25.3
+ 3.9) companions per 100 main-sequence stars in the
period interval covered by our survey. This means 100
T Tauri stars have (23.5+6.6) additional companions com-
pared to solar-type main-sequence stars. In other words,
the multiplicity of pre-main-sequence stars in Taurus is
enhanced by a factor of 1.93 +0.26 (3.6 0).

DMO1 claim to have detected all binaries down to mass
ratios of 0.1. Our survey is complete for brightness ratios
in K larger than 0.1 to about 0.01, depending on the sep-
aration. It is not obvious which relation should be used
to convert the flux ratios of pre-main-sequence objects
to mass ratios. A proportionality or near-proportionality
of K brightness and mass for young stars has repeatedly
been assumed and should be a good approximation for
coeval binary components contracting along the Hayashi
line (Simon et al. 1992, Zinnecker et al. 1992, Reipurth
and Zinnecker 1993). As the stars contract down their
evolutionary tracks, the relation between mass and the
K luminosity for the lower main sequence, L oc M1:6--2:5
(Henry & McCarthy 1993), should be approached. This
means our survey is propably not as complete as that of
DMO91. Therefore, the enhancement factor of 1.93 is rather
a lower limit. Furthermore, DM91 added a correction for
companions undetected because of detection biases, while
we prefer to use only the number of binaries we actually
are able to see.

5.3. Classical vs. weak-line T Tauri stars

The combined sample of Leinert et al. (1993) and this work
contains 72 classical and 102 weak-line T Tauri stars. This
allows us to compare the multiplicity of these two types
of T Tauri stars.

First, we compare the total numbers of binary orbits.
We find 39 companions among the CTTS, or (54.2 £ 8.7)
companions per 100 systems. Among the WTTS, we find
45 companions, corresponding to (44.1+ 6.6) companions
per 100 systems. The errors have been estimated by taking
the square root of the number of companions. Within the
errors, there is no systematic difference between classical
and weak-line T Tauri stars.

Figure 6 shows the distributions of companions as a
function of their orbital period separately for companions
to CTTS and WTTS. We performed an x2 test, resulting

| [ classical TTS

| [/ weak-Line 115

15

Fraction of Orbits [%]

log(Period) [Days]

I
0.13

L L
0613 6 13

Projected Separation [arcsec]

Fig. 6. Binary frequency as a function of orbital period, broken
down into classical (shaded histogram) and weak-line T Tauri
stars (lined histogram). The Gaussian curve denotes the dis-
tribution of binaries among solar-type main-sequence stars
(Duquennoy & Mayor 1991)

in a reduced x? of 0.66. If both samples were drawn from
the same distribution, one would find larger values of 2
with a probability of 69 %. We take this as confirmation of
the assumption that the distributions of CTTS and WTTS
binaries are indeed essentially identical.

This is in contrast to the result of Ghez et al. (1993)
who reported a difference in the distributions of WTTS
and CTTS binary stars as a function of the separation:
they find that the WTTS binary star distribution is en-
hanced at smaller separation ( < 40 AU or 0.29") relative
to the CTTS binary star distribution. Our data (Fig. 6)
do not support their finding.

5.4. Surface density of companions

In a study of clustering of young stars in different star
forming regions, Simon (1997) found that the differen-
tial surface density of companions ¥ followed a power
law X(6) o< 7% as a function of the angular separation
0 with the exponent b close to 2.0 in all three regions
studied. Since our combined sample in Taurus is con-
siderably larger than the sample based on lunar occul-
tations used by Simon (1997), we recalculated the ex-
ponent for the surface density distribution on the ba-
sis of the enlarged sample. The resulting exponent (b =
—1.9940.09, see Fig. 7) is essentially the same as given by
Simon (—2.01+0.06). In descriptive terms, this means that
in the log(period)/log(separation) diagram the distribu-
tion of companions is flat (because then dN/df o 1/6 and
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Fig. 7. Differential surface density of companions for the com-
bined sample. To determine this, the separations have been
binned in non-overlapping annular areas starting at 0.13"” and
increasing by factors of 10*/% until the outer limit 13" is
reached. The number of companions in each annulus divided
by the area of the annulus gives the surface density shown. The
straight line shows the best fit to the points

the area of the annuli as a function of # is proportional
to #). As far as the range of separations studied here is
concerned, a flat distribution in dN/d log(6) apparently is
consistent with the data and dN/df o 6~! is a reason-
able first approximation for the separation distribution of
companions to young stars in Taurus.

5.5. Is there a difference between close and wide
companions?

In Fig. 8 we plot the distribution of flux ratios for the
companions in the ROSAT-selected sample and the sam-
ple of Leinert et al. (1993), split into close pairs with the
companion separated 0.13" to 1.3" (18 AU — 180 AU) from
their primary and wide pairs with companions separated
1.3" to 13" (180 AU — 1800 AU). The dividing line has
been set somewhat arbitrarily at what we consider is a
typical accretion disk radius (=~ 150 — 200AU, or 1.1” -
1.57). In triple systems, we use the ratio of the combined
flux of the inner pair to the flux of the third component
as flux ratio of the outer pair.

The distributions for close and wide pairs are not iden-
tical: the wide binaries preferentially have small flux ra-
tios, while the distribution of close pairs is flat with a pos-
sible slight increase towards equal flux ratios. A x? test
for the combined sample yields a probability of only 1%
that the two samples have been drawn from the same dis-
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Fig. 8. Distribution of flux ratios for close companions (be-
tween 0.13"” and 1.3"” or 18 AU and 180 AU separated from the
primary) and for distant companions (between 1.3"” and 13"
or 180 AU and 1800 AU from the primary). The hatched his-
togram shows the numbers of companions to WTTS, the open
histogram those of companions to CTTS. The star 40C has
been excluded here because we know it is probably a back-
ground star

tribution. The histogram of wide pairs still contains three
background stars, however, we do not know their flux ra-
tios (one background star has already been excluded since
we know that the star 40C is one). If we subtract these
three background stars from the bin for flux ratios be-
tween 0.0 and 0.2, we get a probability of 2.4 %. We take
this as indication that there is a difference between the
brightness ratios in close and wide pairs.

On the other hand, one can argue that the difference at
the lowest brightness ratios simply reflects our inability to
detect faint companions close to the primary. We certainly
admit that we may have missed some companions with
these properties. But we note that making the difference
in the lowest brightness ratio bin disappear would require
adding about 10 unseen companions, i. e. would require to
double the number of companions. It therefore seems un-
likely to us that the difference at the lowest brightness ra-
tios is caused by the above-mentioned bias. Nevertheless,
in order to not have to consider this bias at all, we also
performed a x? test for the upper four bins only, negelect-
ing the bin with the lowest brightness ratios. The result is
a probability of still only 16 % that the two distributions
are identical. This maintains our conclusions that there is
a difference between the brightness ratio distributions of
close and wide pairs.

If we take the flux ratios in K as an approximation
for the mass ratios, then our findings match the predic-
tion of the model calculations of Bate and Bonnell (Bate
1997, Bate & Bonnell 1997). They studied accretion from
a collapsing cloud onto a protobinary at its center. For a
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close system, the infalling material has comparatively high
angular momentum, which leads to accretion onto the sec-
ondary and therefore drives the mass ratio to higher val-
ues. For a wide binary system, the opposite is true, and
in the outcome such long-period systems are more likely
to have small mass ratios. However, mass outflows are not
considered in their models. These may change the results
significantly.

As we already mentioned in Sect. 5.2, the relation
between mass and the K luminosity for our pre-main-
sequence stars is somewhere between L o« M and L
M1-6--25_ The latter relation would distort the scale of
the abscissa in Fig. 8, but not alter the result. In clas-
sical T Tauri stars, the contribution to the K brightness
from an accretion disk is non-negligible and may be strong.
Probably, this effect would smear out intrinsic differences
in the brightness ratios of the stars alone and not mimic
them. This could explain why the difference between close
and wide pairs is more clearly observed in the weak-line
T Tauri stars. Therefore, we still accept that the difference
we see in the brightness ratios translates into a difference
in the mass ratio distribution for close and wide pairs.

5.6. Consequences of the controversy on the age of
ROSAT-selected stars

Bricefo et al. (1997) claim that the majority of ROSAT-
detected sources are not pre-main-sequence objects, but
~ 108 years old, essentially zero-age main-sequence stars.
We are not going to contribute to this discussion. In par-
ticular, we hesitate to use the binary frequency to deter-
mine the age of a stellar group; this would be premature
and questionable: multiplicity may depend on several pa-
rameters, and none of these possible relations has been
firmly established so far, Therefore, our measurement of
the binary frequency can not answer the question about
the status of these stars. Instead, we will show that it
does not weaken our conclusions if the stars have already
reached the main sequence.

For the purpose of this discussion we assume with
Bricefio et al. (1997) that a sizeable fraction of the RO-
SAT-detected sources are about 108 years old and not cer-
tainly associated with the Taurus clouds. There would be
nothing to discuss if all of these sources belonged to Tau-
rus, and there is sufficient evidence for young WTTS in
Taurus to reject the possibility that all ROSAT-detected
sources could be zero-age main-sequence objects. To study
the influence which a different age of a fraction of the
stars would have on our multiplicity survey, we consider
two limiting cases: either the multiplicity of the zero-age
main-sequence stars is as high as that of the pre-main-
sequence stars in Taurus, or it is similar to that of the
main-sequence stars surveyed by Duquennoy and Mayor
(1991).

The first case leads to the conclusion that there is
no evolution of multiplicity while the stars evolve from

their pre-main-sequence phase to the main-sequence. This
would only emphasize the discrepancy in multiplicity, mak-
ing it a discrepancy between different groups of stars on
the main sequence. The prediction of Bricefo et al. (1997)
that the 10%-year-old stars are somewhat nearer to us than
the Taurus star forming region (100 — 120 pc instead of
140 pc) is not important in this respect. Even changing the
distance by a factor of 2 would shift the histogram in Fig. 5
by only one bin. A high binary frequency among zero-age
main-sequence stars would be in remarkable contrast to
the findings of Bouvier et al. (1997), who have searched
for binaries among G and K dwarf members of the Pleiades
cluster, which are also about 10® years old. They derive
a multiplicity similar to that of main-sequence stars. The
way out of this discrepancy between stars of similar age
could be given by the hypothesis that the local environ-
ment has a decisive influence on the binary frequency.

In the second case, if the multiplicity of the old stars in
our sample is the same as on the main sequence, there have
to be even more binaries and multiples among the RO-
SAT-selected pre-main-sequence objects in order to yield
the high multiplicity we observe in the full ROSAT-selec-
ted sample. If, for example, half of the ROSAT-selected
sample showed the multiplicity properties of main-sequen-
ce stars, the remaining 37 young stars would need to have
25 companions in the range of separations 0.13” — 137,
almost three times the value found on the main sequence.

If we assume that the majority of the ROSAT-selected
stars are indeed zero-age main-sequence stars, then the
question of how to explain the differences in multiplicity
between ROSAT-selected and main-sequence stars would
only be rendered more difficult, however necessary and
interesting the discussion on the age of these stars may
be.

6. Summary and conclusions

We have searched a sample of 75 X-ray selected T Tauri
stars in the Taurus star forming region for duplicity. We
find

— the same multiplicity in this sample as was discovered
in an earlier study of 104 differently selected young
stars in Taurus by Leinert et al. (1993),

— no systematic difference in the multiplicity of classical
and weak-line T Tauri stars (within the combination
of the two samples),

— an excess of duplicity in the combined sample over the
duplicity of solar-type main-sequence stars by a factor
of 1.93 +0.26 (3.60),

— an indication that close companions have a flat bright-
ness ratio distribution with a tendency towards equal
brightnesses, while wide binaries preferentially have
low brightness ratios.

We conclude that the discrepancy between the multiplicity
of pre-main-sequence and main-sequence stars cannot be
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resolved by the large numbers of the presumably older
WTTS in young associations like Taurus. This conclusion
only gets stronger if a significant fraction of the ROSAT-
selected stars are not pre-main-sequence objects but about
108 yrs old as proposed by Bricefio et al. (1997).

The simplest explanation for the overabundance of bi-
naries in Taurus-Auriga is the hypothesis that more bi-
naries form there than on average in other star forming
regions. This means that either Taurus-Auriga itself or all
T associations are a special case. This would be in line with
the suggestion by Durisen & Sterzik (1994) that more bi-
naries may form in low-temperature clouds. The findings
of Simon et al. (1995) and Brandner et al. (1996) also
support this hypothesis. They derive a binary frequency
in the higher temperature star forming regions Ophiuchus
and Scorpius-Centaurus that is nearly in agreement with
that of main-sequence stars (enhanced by a factor of only
1.1 £0.3 in the case of Ophiuchus).

Another possible explanation would be the disruption
of binary systems in embedded clusters (Kroupa 1995), if
most stars form there . To test these hypotheses, it is nec-
essary to perform similar multiplicity surveys in other star
forming regions. Several of those surveys are underway or
in preparation.
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