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Abstract. We have observed 30 lunar occultations (LO) in the
near infrared of sources in the Taurus and Ophiuchus star—
forming regions (SFRs) during three runs from September 1991
to January 1993. Twenty—six of the sources were proper young
stellar objects (YSOs), the remaining four were field stars (or at
least suspected to be). Our observations have led to the discov-
ery of the following new binary systems: HK Tau/G2, IW Tau,
HP Tau and HP Tau/G3 in Taurus, and GSS 35 and VSSG 14 in
Ophiuchus. In the case of the known binary Haro 6-10 (Leinert
& Haas 1989), our observation shows the presence of extended
emission around the main component, while nothing can be said
about the circumbinary disk suggested by Ménard et al. (1993).
Additionally, FY Tau should be considered a suspected binary,
and we find the field star VSS 35 to be double. We discuss the
implications of these new findings: at least in the Taurus SFR,
where most of our events were observed, the currently emerging
view that most —if not all- stars begin their life as members of bi-
nary or multiple systems (Ghez et al. 1993, Leinert et al. 1993,
Simon et al. 1994) appears strengthened; a statistical discus-
sion of all LO observations obtained so far in the Taurus and
Ophiuchus SFRs will be given by Simon et al. (1994).

Key words: occultations — stars: binaries: general — stars: pre-
main-sequence

1. Introduction

Star—forming regions (SFRs) offer a unique opportunity to in-
vestigate the early evolutionary stages of stars and their sur-
rounding environment. One fundamental question, with impor-
tant implications for our understanding of the formation of stars
(and possibly of planetary systems) and of their subsequent evo-
lution, is that concerning the occurrence of binary and multiple
systems in such regions. In this respect, the Taurus—Auriga and
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the p Ophiuchi SFRs, being both rich in stars and relatively
nearby, have represented the best targets for measuring the fre-
quency of such occurrences. Mounting observational evidence
suggests that many, if not all, of the young stars in these SFRs
are in binary and multiple systems (Simon et al. 1992, Ghez
et al. 1993, Leinertet al. 1993). This seems to be a significantly
different situation than that encountered on the main sequence
(Duquennoy & Mayor 1991).

By a fortunate combination, both the SFRs above happen
to lie on the orbit of the Moon as seen from the Earth, and are
therefore subject to lunar occultations. The technique of lunar
occultations (LO) is at present the most powerful method for
high angular resolution in the near—IR, allowing one to reach
the milli—arcsecond (mas) level for stars as faint as K~10 mag
with a large telescope. Its use for discovering binaries in the Tau-
rus and Ophiuchus SFRs was initiated by Simon et al. (1987);
following their example, LO have been routinely employed in
this sense and have contributed a large fraction of all presently
known binary and multiple systems in these regions (see for in-
stance the summary and references in Simon et al. 1994). One
attractive feature of LO is that they allow us to probe separation
ranges which are inaccessible to other techniques: for instance,
the diffraction limit of a 4m telescope is only ~100mas at 2um.

In this paper, we report the results of the observation of
thirty occultation events in both the Taurus and the Ophiuchus
SFRs from late 1991 to early 1993, leading to the discovery of
new binary systems and the re—observation of others previously
known. We combine these data with available speckle obser-
vations (Ghez et al. 1993, Leinert et al. 1993) and other occul-
tation results (Simon et al. 1994) to extend the distribution of
separations in young binaries towards closer systems.

2. Observations and data analysis

The observations were carried out at the 4.2m telescope on La
Palma (1991 in Taurus, and 1992 in Ophiuchus), and at the 3.5m
telescope on Calar Alto (1993 in Taurus). In the first case, an
integrating pre—amplifier InSb photometer was used (Adams
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; et al. 1988). The sampling time adopted was mostly 10ms with
7ms integration time for each data point, and exactly half these
values in a few cases. At the Calar Alto telescope, a scanning—
slit InSb specklegraph was used, where the slit was substituted
by a circular diaphragm which was held fixed. Previous sim-
ilar observations with this instrument have been described by
Leinert et al. (1991). The sampling time used was 1.86ms.

Broad-band K filters were used, with effective wavelengths
of 2.19, 2.18 and 2.31pum for the 1991, 1992 and 1993 runs
respectively. LO diffraction patterns are very sensitive to the
details of the transmission curves of the filters; in the data re-
duction process we used transmission curves measured at the
operating temperature of the instruments. The diaphragms that
we used had a diameter of 6”. Typically, only 1-2s of data
around the occultation of the star, corresponding to 1” or less,
were examined. The occultation technique is not very sensitive
to larger scales, which are at any rate more conveniently probed
by means of conventional imaging.

The data analysis was carried out by means of the least
squares method, with a program described in some detail by
Richichi et al. (1992). In general, each star is modeled as one
(or more if required) simple point-like source(s). For rigorously
accurate work, we should have taken into account also the in-
strinsic response of our detector systems, which causes a small
attenuation of the diffraction fringes and thus some decrease
in the angular resolution. While a correction of this effect is
possible (see for instance similar work by Richichi et al. 1991),
we did not consider it necessary for the purpose of the present
paper, since the binary separations that are dealt with are much
larger than the limiting resolution (2 to 5mas, see Sect. 3.2).
When an extended component was found, such as in the cases
of Haro 6-10 and VSSG 14-B, the model-independent algo-
rithm described by Richichi (1989) was used in place of the
least-squares analysis.

3. The occultation results

The observed events are listed in Tables 1 and 2. The first table
reports the name of each source and its number in the Herbig—
Bell Catalogue (Herbig & Bell 1988), the coordinates and some
references where previous identification work or near—infrared
photometry is described. In Table 2, the source names are listed
in column (1) and column (2) reports the relevant figure num-
ber in the present paper. Columns (3) and (4) report the date of
observation and the telescope used, P for La Palma and C for
Calar Alto. In column (5) the scan angle of the event is shown
(counted in degrees from North to East), i.e. the direction along
which the Moon’s limb scanned the source. This should not be
confused with the actual position angle of the binaries (PA),
which can be determined only if two or more independent LO
measurements are available, or by speckle interferometry. For
the binaries, the scan angle is computed with the addition of
180°, when necessary to describe the real position of the sec-
ondary. We stress that all the binary separations that we quote
(column 7) are projections along this direction. In most cases,
the local slope at the point of contact on the lunar horizon could
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Table 1. List of cross—identifications, coordinates and references for
the occulted sources

Name HBC R.A. Decl. Ref.
(1950.0)

Haro 6-10 380 04262189 +242630.0 1,9
LkHa 331 47 04282239 +240429.7 1,7
HK Tau A 48 04284885 +2417562 1,7
HK Tau/G2 398 042917.16 +241607.5 1,8
FY Tau 401 04292892 +2413386 1,11
AA Tau 63 04315345 +242244.1 1,7
IW Tau 420 04380194 +244521.8 1,8
GSS 32 1623 22.6 —24 18 04 2,4
GSS 35 16 23 32.8 —24 16 44 4
Elias 30 16 24 08.9 —-2412 31 4
SR9 264 162438.88 —2415233 1,4
VSSG 14 1624 48.3 —-241902 4
SR 10 265 16245405 —-2419384 1,13
IRS 58 16 25 02.1 —2419 54 2,4
Elias 38 162507.8 —24 16 44 4
VSS 35 16 25 08.9 —2409 23 2,15
SR 20 643 16253123 —-2416075 1,14
VSS 42 162611.2 —24 1722 2,15
ROX 42B 16 28 13.0 —-242619 3,15
Haro 1-16 268 162831.74 -—-2421100 1,14
Elias 44 16 30 00.8 —24 16 24 4
JH 108 043111.14 42245322 5
HO Tau 64 04322076 +2226066 1,10
FF Tau 409 04322092 +224816.8 1,10
HQ Tau 04324742 +224416.1 6,12
HP Tau/G3 414 04325352 +224804.0 1,11
HP Tau 66 04325285 +2248177 1,7
HP Tau/G2 415 043254.17 +2248082 1,11
Haro 6-28 416 043256.81 +224831.2 1,11
VY Tau 68 04361741 42242023 1,7

References: 1) Herbig & Bell (1988) 2) Wilking et al. (1989) 3) Bou-
vier & Appenzeller (1992) 4) Elias (1978a) 5) Hartmann et al. (1991)
6) Jones & Herbig (1979) 7) Rydgren et al. (1984) 8) Strom
et al. (1989) 9) Elias (1978b) 10) Leinert et al. (1993) 11) Cohen &
Kuhi (1979) 12) Simon et al. (1992) 13) Greene & Young (1992) 14)
Rydgren et al. (1976) 15) this work.

be determined by measuring directly the rate of the event from
the frequency of the diffraction fringes, and comparing it to the
theoretically predicted value. The slopes we have found are typ-
ically 5°~10°, with zero mean: these corrections are included
in column (5). Only when this slope could not be determined
(generally because of low SNR), we quote the predicted value
of the position angle: such cases are denoted by a colon sign.
Column (6) reports the signal-to—noise ratio (SNR) of the curve,
defined as the total intensity of the star (both components for
the binaries) divided by the standard deviation of our fit: this
is a global measure of the quality of the lightcurve. Columns
(7) and (8) report, for the binaries, the measured projected sep-
arations and brightness ratios. Columns (9) and (10) show the
inferred K magnitudes of components, derived from the total
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Table 2. Summary of the occultation events and results
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Source Fig. Date Tel. SA SNR A(mas) Br. Ratio K K Note
Q)] @ 3 @ 6 ©® Q) ® ® a0 €3Y)

Haro 6-10 1 28-09-91 P 232° 11,5 1170+ 20 10£2 7.1 9.6 Circumstellar emission
LkHa 331 29-0991 P 193° 7.0 — 87 - Speckle binary
HK Tau A 29-09-91 P 222° 6.8 — — 84 -  Companion at 2”4
HK Tau/G2 29-09-91 P 239° 115 65+1 1.17£0.08 87 89 Later resolved by speckle
FY Tau 2 29-09-91 P 217° 165 153+26 857+09 82 104 Suspected binary
AA Tau 29-09-91 P 219° 127 — — 79 -
IW Tau 29-09-91 P 250°  14.2 70+ 1 1.06 £0.05 9.1 9.1 Later resolved by speckle
GSS 32 13-06-92 P 117° 10.1 — — 70 -
GSS 35 2 13-06-92 P 111° 269 20+ 1 43+03 65 8.1
Elias 30 13-06-92 P 88°  36.1 — — 6.8 -  Companion at 6”7
SR9 13-06-92 P 91°  — — — 7.0 - Speckle binary
VSSG 14 2 13-06-92 P 89° 165 101 £5 2.1£0.1 7.8 8.6 Extended emission
SR 10 13-06-92 P :103° — — — 85 -
IRS 58 13-06-92 P 85° 254 — — 6.5 —  Field star
Elias 38 13-06-92 P :89° 184 — — 7.1 —  Field star
VSS 35 2 13-06-92 P 68° 7.3 32+£5 31£05 85 9.7 Likely field star
SR 20 13-06-92 P 82° 104 — — 72 - Previous LO binary
VSS 42 13-06-92 P 75°  40.5 — — 5.8 - Likely field star
ROX 42B 2 14-06-92 P 122° 7.5 52+5 1.9+02 88 9.5 Previous LO binary
Haro 1-16 14-06-92 P :75° 32 — — 74 -
Elias 44 14-06-92 P 52° 134 — — 70 -  Field star
JH 108 05-01-93 C 34° 5.8 — — 9.5 -
HO Tau 05-01-93 C 115° 7.6 — — 9.6 -
FF Tau 2 05-01-93 C 46° 154 258+0.2 259+£0.03 9.0 10.0 PreviousLO binary
HQ Tau 05-01-93 C 58° 433 — — 7.4 - Previous LO binary
HP Tau/G3 3 05-01-93 C 59° 119 221405 3.8+0.1 82 9.6
HP Tau 3 05-01-93 C 48°  29.6 17+1 78+02 75 938
HP Tau/G2 4 05-01-93 C 40°  36.6 — — 72 -
Haro 6-28 3 05-01-93 C 50° 97 634+7 205+£0.06 9.7 10.5 Speckle binary
VY Tau 3 05-01-93 C :85° 162  377+£1 48+0.1 92 109 Speckle binary

magnitude of the system according to the references in Table 1
and the brightness ratio.

3.1. Resolved stars

Haro 6-10 (GV Tau). A companion to Haro 6-10 was discov-
ered at a distance of 1”2 by Leinert & Haas (1989) by IR speckle
interferometry. The companion is sufficiently distant from the
primary that its detection would have probably been overlooked
by us if not for the previous speckle measurement. It is also
significantly fainter, and is barely measurable at the SNR of
our trace. Of more interest is the claimed existence of a dust
shell or disk. Leinert & Haas (1989) showed one—dimensional
speckle data which were consistent with an extended envelope of
FWHM~ 1”0, with a brightness ratio (in the sense resolved over
unresolved emission) of ~10% in K. Subsequently, Ménard
et al. (1993) have suggested the presence of a circumbinary disk
(i.e., surrounding both stars, with a FWHM~1"7 and centered
roughly between the two stars), although they did not exclude
the possibility of a proper circumstellar disk around one or each
of the components. Our occultation data indicate that an ex-
tended component is present around the primary star. By using

the model-independent algorithm described by Richichi (1989),
we have reconstructed the most likely brightness profile of the
source. The corresponding fit is shown in the upper panel of
Fig. 1. For clarity, the same fit is shown also after separation
of the contributions due to the properly unresolved component
(i.e., the central star) and to the extended emission. The resolved
component is found to have a luminosity close to 25% of the
star’s intensity at K, and FWHM=0"11. In view of the SNR
of the data, any further detail is impossible, and we present
this result only in a tentative form: clearly further observations
would be required. We note however that our detection is con-
sistent with the data of Leinert & Haas (1989): we are sensitive
of course only to the innermost part of the emission, and the
different angular resolutions involved in the speckle and LO
measurements can well account for the different brightness ra-
tios. Concerning the existence of a circumbinary disk, we do not
see such emission in our data, but our method of observation
is not sensitive to the relatively extended structure claimed by
Meénard et al. (1993). We stress that the emission that we detect
is centered within an error of ~20mas on the primary star and is
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roughly symmetric, i.e. it would represent an argument in favor
of a circumstellar disk.

HK Tau/G2 (V928 Tau), IW Tau. These sources were discov-
ered to be double by our LO observation, and first reported in
a preliminary way by Leinert et al. (1991, but see also figures
in Richichi et al. 1993). Subsequent follow—up by speckle in-
terferometry has allowed Leinert et al. (1993) to determine the
actual position angles and separations for both systems. The
agreement between the results of LO and speckle interferome-
try is excellent for both separation and brightness ratio of the
companions.

FY Tau. The trace of this source (Fig. 2) is well fitted by a bi-
nary model. The resulting projected separation and brightness
ratio are such that the negative detection of the binarity of this
star by imaging or speckle interferometry could be easily justi-
fied. However, we note that the signal change in the lightcurve
which is well fitted by our proposed companion occurs after the
reappearance of the primary, and considering also its faintness,
we cannot exclude with certainty the possibility that it was actu-
ally caused by scintillation. We thus consider this as a suspected
binary, to be confirmed by other observations. Therefore, it is
not included in our discussion in Sect. 4.

GSS 35 (S1). The projected separation that we determine for
this previously unknown binary is sufficiently small, that the
system may prove to be unresolvable by other techniques unless
the actual position angle of the system is in the narrow ranges
26° % 6° or 195° + 6°.

VSSG 14. The two components of this previously unknown
binary are clearly revealed in the occultation trace. It is inter-
esting to note that no diffraction fringes were detected for the
fainter companion. If confirmed, this would lead to interesting
speculations about the nature of VSSG 14—-B. However, more
observations would be needed to prove the apparent extension,
and unfortunately no other occultation events of this source will
be visible for several years.

VSS 35. This previously unknown binary is quite likely a field
star (Wilking et al. 1989).

ROX 42B. The quality of our occultation trace for this star is
relatively low (see Fig. 2) and in a previous preliminary re-
port, we listed ROX 42B as unresolved (Richichi et al. 1993).
Subsequent to a binary detection by Simon et al. (1994), we re—
examined our data and found them to be also consistent with a
binary star. Since the two independent observations were sepa-
rated in time by only 4 weeks, it is quite safe to combine them,
thus obtaining the actual position angle and separation of the
system as 98° and 57mas, respectively.

490
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Fig. 1. Analysis of the lightcurve of Haro 6-10. The upper panel
shows the occultation data (dots) and best fit (solid line) by a
model-independent method (see text). For clarity, the middle panel
shows the fit decomposed into the contributions of a a proper stellar
(i.e., unresolved) component (dotted line), and of aresolved component
with FWHM~= 0”11 and centered on the star (dashed line). The bottom
panel shows the residuals of the fit. Relative time on the horizontal axis
in ms, detector output in arbitrary units on the vertical axis

FF Tau. This star was discovered to be binary by a previous
occultation event (Simon et al. 1987). By comparing these au-
thors’ result with ours, a first conclusion is that the brightness
ratio does not seem to have varied appreciably, although the total
brightness of FF Tau in the K band was about 0.4 magnitudes
lower in 1993 than it was in 1984, at the time of the first LO
observation. A second interesting aspect, is that the two inde-
pendent events took place along considerably different position
angles; since in addition the two components are clearly dis-
tinguishable by their brightness, we could in principle derive
unambiguously the actual position angle and separation. The
values would be PA=92° and p=37.4mas. It is however impor-
tant to stress that, at a distance of about 140pc, this separation
corresponds to just over 5AU: assuming masses of the order of
IMg, the period for the system becomes comparable to the ~8
years interval between the two occultation measurements, thus
probably nullifying the quantitative results above. Even if this
were true, this same argument can be reversed: the fact that two
random independent measurements have yielded similar pro-
Jected distances is in support of a real separation actually of the
same order. Furthermore, attempts to resolve the star by speckle
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Fig. 2. Occultation data (dots) and best fits by a binary model (solid lines) for FY Tau, GSS 35, VSSG 14, VSS 35, ROX 42B and FF Tau. The
occultation times of the two components are marked for clarity in some cases. The fit residuals are shown, on the same scale or compressed by

a factor of two to improve presentation, in the lower panels. Relative time on the horizontal axis in ms, detector o
vertical axis

interferometry have failed (see for instance Leinert et al. 1993).
While resolving FF Tau by speckle interferometry may be be-
yond the capabilities of present large telescopes at 2um, the
situation may change rapidly as larger telescopes come into op-
eration. In this case, FF Tau should be considered a primary
target for future work, possibly leading to one of the first direct

utput in arbitrary units on the

determination of a binary orbit and stellar masses of T Tauri

stars from high resolution imaging.

The HP Tau group. 1In this group of nearby stars, our obser-
vations have revealed that HP Tau itself and HP Tau/G3 are
each double, with projected separations in both cases close to
0”02. This might explain why surveys by speckle interferom-
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Fig. 3. Occultation data (dots) and best fits by binary models (solid lines) for HP Tau/G3, HP Tau, Haro 6-28 and VY Tau. For the first two
cases, the individual occultation patterns of each component are also shown as dotted lines, to facilitate the interpretation of the model. The
fit residuals are shown, on the same scale or compressed by a factor of two to improve presentation, in the lower panels. Relative time on the
horizontal axis in ms, detector output in arbitrary units on the vertical axis

etry have failed to detect them so far (Ghez et al. 1993, Lein-
ert et al. 1993). In the case of HP Tau, a previous occultation
event in 1984 (Simon et al. 1987, PA=248°) did not reveal the
presence of the secondary. This is not necessarily inconsistent,
since combinations of the actual position angle and separation
exist, which would have made the secondary undetectable both
to speckle interferometry and to the LO observation reported
above. The occultation of HP Tau/G2 showed no deviation from
a point source, and we shall take it later as a test of the angular
resolution achieved in our observations.

Haro 6-28, VY Tau. Both these stars are known 0766 bina-
ries, resolved by speckle interferometric observations (Leinert
et al. 1993). After taking into account the direction of our LO
scans, the agreement between the speckle and occultation re-
sults is excellent in both cases, for what concerns the separation
of the companions. However, it appears that for both stars the
brightness of the companion relative to the primary in the K
band obtained by the speckle measurement is slightly higher
than that obtained by LO (by 30%+10% for Haro 6-28, and
by 24%=+12% for VY Tau). We do not consider this to be an

indication of a systematic difference between the speckle and
the LO results (we recall that in the cases of HK Tau/G2 and
IW Tau described before no similar discrepancy is apparent),
and we believe that this is an indication of actual variations in
the brightness ratios of these two systems.

3.2. Unresolved stars

The remaining stars were not resolved by our observations.
Among these, the case of HQ Tau deserves a short discus-
sion. Based on an occultation event observed in 1984, Simon
et al. (1987) claimed the source to be double. The measurement
yielded a projected separation of just 9mas and a brightness ra-
tio of 6.7 in K (Chen et al. 1990). The SA of the event was
237°. In the course of our observations, we recorded another
event for HQ Tau under a SNR favorably comparable to that of
the above authors and, interestingly, along essentially the same
direction (SA=58°). No sign of duplicity is apparent in our data
on a scale of ~(0"/25 centered around the star (attempts to image .
the companion either directly or by means of speckle interfer-
ometry were also unsuccessful). By forcing our data analysis
program to include also a second star with the brightness ratio
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I quoted above, we are led to conclude that its projected separation
would have had to be <2mas to escape detection in our trace.
Our negative detection is not necessarily inconsistent with the
finding of the authors above, if one assumes that the true separa-
tion is indeed very small, and the companion thus has an orbital
period so short that it has moved considerably from the date of
the first event. If true, this would make HQ Tau an extremely in-
teresting source, with a true separation ~1AU. Unfortunately,
it would also be unaccessible to observations even with very
large telescopes, and no other occultation events will occur un-
til the beginning of the next century. However, since Simon et
al. (1994) do not count HP Tau as a definite binary, we also will
not do so.

Some stars which were found single by our observations,
are actually known to be binaries: these include LkHa 331
(V927 Tau), HK Tau and Elias 30. The first one is a relatively
wide speckle binary (Leinert et al. 1993), which however was
scanned by the lunar limb during our observation along a direc-
tion almost orthogonal (at 89°) to the true separation vector. The
predicted projected separation was thus only 5mas and, taking
into account also the relatively low SNR of our data in this case,
no detection was to be expected. HK Tau is a known 2”4 binary
with a brightness ratio of ~17 (Moneti & Zinnecker 1991), and
the companion is too faint to be detected at the SNR of our data.
Elias 30 has a faint companion at 6”7, a separation exceeding
the field of our diaphragm. We should also mention that SR 20
was detected as a binary with a 24mas projected separation in
another LO observation (Simon et al. 1994): however our trace
does not have sufficient SNR to detect the relatively faint com-
panion. Finally, we stress that the traces of SR 9 and SR 10 are
of considerably poor quality because of marginal centering of
the star in the small diaphragm: therefore, the negative detection
of a companion in these two cases should be considered only as
a very weak constraint.

The availability of occultation traces of unresolved stars
makes it possible to measure the actual angular resolution
achieved. Simon et al. (1987) estimated such resolution, for
studies of YSO’s, at ~~5mas. This result was based on parame-
ters which were considered typical by these authors. In fact, the
resolution of LO observations depends strongly on the SNR with
which the lightcurve is measured. We note that this is not deter-
mined only by the brightness of the occulted source, but depends
on several other factors, one of them being the background level
(i.e., lunar phase). As a practical example, we show the occul-
tation data for HP Tau/G2 in Fig. 4. In this case, the measured
effective angular resolution is 1.6mas, or just 0.2AU. We de-
termined this value by performing a series of fits with sources
having a fixed angular diameter increasing steadily from zero,
and measuring at which angular diameter the decrease in the
quality of the fit becomes significant at the noise level of the
trace. In a case with a SNR worse by a factor of 3, such as in the
trace of AA Tau, the effective resolution decreases to 2.9mas.
In the case of HK Tau A, with a further decrease by a factor of
2, the measured effective resolution was 5.9mas.
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Fig. 4. Occultation data (dots) and best fit by a point-source (solid
line) for HP Tau/G2. The lower panel shows the fit residuals on the
same scale. Since the source is unresolved, it is possible to measure
the limiting angular resolution of the LO technique, which in this case
is about 0’0016

4. Implications for the multiplicity of young stars in Taurus

Recent surveys for the multiplicity of young stars all have found
an excess of binary frequency over that expected for main se-
quence stars. The excess was found to correspond to a factor of
3.5+ 1 for binary separations of 16-252AU (Ghez et al. 1993),
to a factor of 1.9 &+ 0.3 for 18-1800AU (Leinert et al. 1993)
and to a factor of ~1.5 for 160-1800AU (Reipurth & Zinnecker
1993). The conclusion is that

—either the period (or separation) distribution for young binaries
is similar to that of their main sequence counterparts; in this case
almost every star would have to be born in a double or multiple
system and the frequency of the occurrence of binaries somehow
has to be reduced during the evolution to the main sequence

— or the period (or separation) distribution is much narrower
for the young stars than on the main sequence; in this case the
total binary frequency could be nearly the same, but there would
have to be an evolution and broadening of the period (separation)
distribution.

The decision between these possibilities can be made by ob-
serving at smaller and larger separations than those covered by
the surveys mentioned above. Here we discuss to what extent we
can already now expand towards smaller separations the distri-
bution given for a sample of 104 young low—mass stars in Taurus
by Leinertet al. (1993). We note that those data (cf. Fig. 8 of the
authors above) are given in bins of a factor of 4.6 in separation
between 0”13 and 13”. In the following we examine the situa-
tion for the half bin covering the separation 0’062-0"13 and the
adjacent lower bin from 0”013 to 0/062. Taken together these
will expand the coverage of the distribution in separation from
two to three orders of magnitude and the period distribution to
the range of 10% to 107- days (see Fig. 5).

However, we have to be careful about the normalisation
when adding the newly detected companions to the distribu-
tion of separations. Neither the high spatial resolution speckle
observations at the Palomar 5 m telescope (Ghez et al. 1993)
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Fig. 5. Comparison of the binary frequency as a function of separation
(resp. orbital period) for the young stars in the Taurus SFR (broken
line, shaded area) with the observations of nearby solar type field stars
(solid line). The figure is adapted from Duquennoy & Mayor (1991)
and Leinert et al. (1993), the measurements shortwards of 0'13 are
taken from the this paper. The hatched area represents the fraction de-
termined by extrapolating to the whole sample of Leinert et al. (1993),
as explained in the text. The transformation of measured separations
into periods has been based on a distance to the Taurus clouds of 140 pc
and an assumed system mass of 1 M. In addition, the average effects
of projection and eccentricity have been taken into account

nor the lunar occultations discussed above covered the whole
sample of 104 stars. If they had achieved a full coverage, prob-
ably more companions would have been found. The simplest
assumption is that the number of companions found in addition
would be proportional to the number of sample stars studied
with the respective technique. In the following we will use this
relation to extrapolate to the number of companions falling into
the bins of small separation expected for our full sample of 104
stars. This assumes that neither the lunar occultation nor the
Palomar speckle measurements have been biased toward higher
or lower numbers of detected companions. In absence of better
knowledge this appears as the most reasonable assumption.

For the bin of separations around 0”1, Ghez et al. (1993)
have found four new binaries among the sample of 104 stars,
namely DF Tau, DI Tau, V410 Tau and RW Aur-B. This corre-
sponds to a fraction of 3.8% which may be extrapolated from
the 45 stars studied by these authors to the size of the whole
sample, yielding 8.9%=+4.4%. In addition, these numbers have
to be doubled before including them into the separation dis-
tribution of Fig. 5, as the separation ranges of these four new
binaries only cover a half-bin.
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Three of the binaries studied by LO and discussed above,
HP Tau, FF Tau and HP Tau/G3 fall into the bin below 07062 To
them, we have to add three more recent LO discoveries (HV Tau,
ZZ Tau, and Elias 12-S, see Simon et al. 1994) and one spectro-
scopic binary (NTTS 045251+3016, Mathieu et al. 1989). Lu-
nar occultations provide of course only projected separations,
however on average projection reduces the observable separa-
tion by a factor of 2/7, and application of this factor would not
move an object out of its bin; therefore this correction is ne-
glected in the present discussion. These latter sources represent
a fraction of binary orbits of 6.7%, which again may be ex-
trapolated from the 35 stars of the Leinert et al. (1993) sample
presently studied by LO to the whole sample size of 104 objects,
giving a fraction of 20%=+8%.

This is summarized in Fig. 5, which essentially reproduces
Fig. 8 of Leinert et al. (1993) with the addition of the binaries
with separations < 0”13 as described above. Including these
additions we now have new values of:

a) 49%=+7% (60%-+9% after extrapolation to the whole sample
as described above) for the degree of multiplicity, i.e. the number
of binaries or multiple systems over total number of systems
b) 59%+8% (75%=+11% after extrapolation) for the percentage
of binary orbits as integrated in Fig. 5. This means an average
of 1.59 (1.75) stars per system.

These numbers refer only to the range of periods from 103
to 107 days and therefore are lower limits. They should be
compared to the corresponding value of 53% (60% after taking
into account detection incompleteness) found for G dwarfs on
the main sequence for the whole range of periods (Duquennoy
& Mayor 1991). This already suggests that the multiplicity is
indeed higher among young stars than on the main sequence.
The argument gets more convincing if we consider the period
distribution. Although the extrapolations suggested above have
to be taken with care, we conclude that the results summarized
in Fig. 5 favour a broad period distribution for the young bina-
ries in Taurus. Therefore the interpretation that the percentage
of binaries among young stars (in Taurus) is higher than for
main sequence stars is supported and preferred over the sug-
gestion that the period distribution of young binaries may be
very peaked. It will be very desirable to increase the number
of LO observations in Taurus in order to put this conclusion
on a firmer basis, and we stress that, apart from radial velocity
studies, at present this technique is the only means to study the
short—period part of the distribution shown in Fig. 5.

5. Summary and concluding remarks

We have observed a total of 30 occultation events, detecting
13 binary systems. Of these, 3 were previously known from
speckle interferometry and 2 from lunar occultations. The fol-
lowing stars were discovered to be double by our observations:
HK Tau/G2, FY Tau, IW Tau, HP Tau and HP Tau/G3 in Tau-
rus, and GSS 35, VSSG 14 and VSS 35 in Ophiuchus. Of these,
FY Tau is to be considered only as a suspected binary for which
additional confirmation is required, and VSS 35 is probably a
field star. Also, our observations indicate the marginal detection
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Fig. 6. A map of the Taurus-Auriga SFR (adapted from Kenyon
et al. 1990), where the contours represent the integrated CO J=1-0 line
brightness (Ungerechts & Thaddeus 1987). The mean apparent paths
of the Moon from 1984 to 2000 are superimposed as dashed lines. The
locations of known Y SOs observed so far by LO are shown as squares

(with additional crosses when binarity was detected), and those to be
occulted in the future as circles

of circumstellar (as opposed to circumbinary) emission around
Haro 6-10 A.

Subsequent to our observations, speckle interferometry has
allowed Leinert et al. (1993) to obtain actual separation and
PA of the two systems HK Tau/G2 and IW Tau. For ROX 42B,
discovered double by LO by Simon et al. (1994), our indepen-
dent measurement allowed us to obtain actual separation and
PA, while in the similar case of FF Tau we think that the orbital
period of the system must be sufficiently short to exclude a com-
parison of the two independent LO measurements. All cases of
binary stars previously known from either LO or speckle inter-
ferometry, and not detected by our observations, are accounted
for by either the unfavourable SNR ratio or projection effects.

After the addition of the new close binary systems described
in this paper and in that of Simon et al. (1994), to the results of
the survey of Leinert et al. (1993), the conclusion is strength-
ened that (at least in Taurus) almost all young stars are born in
double (or multiple) systems.

As a final comment, we note that about 10 years have
elapsed, since the first LO observations in the Taurus SFR in
1984 by Simon et al. (1987). During this time, the LO tech-
nique has represented an excellent method for discovering new
binaries and detecting circumstellar shells among pre-main se-
quence stars. It is interesting to note that the 10 years correspond
very closely to one half of the revolution of the nodes of the
Moon’s orbit, i.e. the time it takes for an occultation series to
be reproduced almost exactly. Observations by LO began as the
Moon was scanning the centre of the Taurus SFR and moving
north. Since then, the Moon has covered the northern part of
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this SFR twice, and it is now beginning to move in the southern
half (see Fig. 6). Interesting sources will be occulted for the first
time in the near future, including outstanding ones such as T Tau
itself, HL. Tau, GG Tau, L1551/IRS 5. We recall that LO are at
present the only technique capable of probing the surroundings
of YSOs on the AU-scale, and we encourage the development
of world—wide collaborations to observe these elusive events.
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