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ABSTRACT

The Tycho Catalogue contains reliable (Br, V) pho-
tometry for double star components with separations
above a limit of about 3 arcsec. These data are used
to investigate the distribution of mass ratios of main
sequence binaries. For that purpose, two other points
are treated first: the correction of Tycho photometry
for contamination by neighbour stars, and the deriva-
tion of the colour-magnitude diagram in the Tycho
photometric system.

It appears that the main sequence in the (Vi aps,
Br — Vp) diagram derived from the Tycho double
stars is nearly similar to that obtain from the cali-
brations selected by Schmidt—Kaler (1982). The dis-
tribution of mass ratios, as derived from the mass—
luminosity relation, has a rough IMF-like shape with
an exponent of about —2.

Key words: visual binaries; HR diagram; mass func-
tion.

1. INTRODUCTION

Among other data, the Tycho Catalogue provides the
Br and Vp magnitudes of one million stars. It is
nearly complete for stars brighter than 7" = 10.9 mag,
where T is the magnitude in the By + Vy channel (in
a simple approximation, T = (Br + Vr)/2; the ex-
act transformation is in Grossmann et al. 1995). The
minimum separation between two stars in the cata-
logue is about 1 arcsec, but, in practice, only stars
with separations wider than 3 arcsec received reliable
photometry in the Br and in the V7 channels. This
limit is close enough for permitting the selection of
a sample of physical double stars with an acceptable
contamination by optical pairs.

In the present paper, a sample of binary stars is
extracted from the Tycho catalogue, and it is used
to investigate two questions. The first one is the
derivation of the main sequence (noted ‘MS’ here-
after) and of the subgiant and giant branch in the
colour—magnitude diagram, with a technique dedi-
cated to double stars. This diagram is used to select
a sample of binaries with MS components.

Dwarf binaries are usually used for investigating the
statistical properties related to the origin of double
stars. Among these ones, the most critical is fy, the
distribution of the mass ratios ¢ = Msy/M;. For
visual binaries, ¢ is estimated from the difference
of magnitudes between the components, Am. The
derivation of the distribution of Am of MS binaries
was already treated in several papers since Opik 1923

and Opik 1924. It was usually concluded that, in the
range of separations covered by visual double stars,
binaries could have been constitued by random pair-
ing of stars with the same age. This applies to bina-
ries with periods at least as long as about ten or one
hundred years (Abt and Levy 1976, Duquennoy and
Mayor 1991). However, these studies were usually
based on small samples, or on crude photographic
or visual estimations of Am. Apart from a general
shape compatible with random pairing, the statistic
of visual Am exhibits also a gap around Am = 2 mag
(Halbwachs 1983). This corresponds to a mass ratio
q ~ 0.6. This gap could be due to a bias in visual
estimation, but it may also be interpreted as the tran-
sition between random pairing (that should produce
binaries with wide separations) and an alternative
formation process, that would generate binaries with
similar components. This hypothesis is supported
by the flat f, found by Duquennoy and Mayor from
spectroscopic binaries, and confirmed by Halbwachs
et al. 1997, although it was obtained from a sam-
ple so small that the distribution of the long—period
binaries could not be discarded significantly. More
recently, Séderhjelm 1997 found from the close bina-
ries separated in the Hipparcos reduction that f, was
depending on the separation: the proportion of stars
with ¢ ~ 1 was larger for the systems closer than
120 AU than for the binaries above this limit. The
distribution of ¢ for separations wider than about 100
AU is re—considered hereafter from the Tycho double
stars.

The Tycho catalogue was obtained from observations
performed with the star mapper of the Hipparcos
satellite. The star mapper was constituted by two slit
systems in the focal plane common to the two fields
of the satellite (Hog et al. 1992). Due to the config-
uration of this instrument, it may happen that the
transit record of a star was contaminated by another
star. The effects of the blended transits in the Ty-
cho reduction was limited by the ‘parasite check’ and
the ‘non-linear filtering’, both described in the Vol-
ume 4 of ESA 1997. However, for double stars with
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separations closer than the width of the star map-
per slit systems, that is 34 arcsec, it is expected that
the photometry of each component may be slightly
contaminated by the other one. This contamination
must be evaluated and corrected before any use of
the data.

2. THE TYCHO MAGNITUDES COMPARED
TO ON-GROUND MEASUREMENTS

Double stars were extracted from the Tycho Cata-
logue, by comparison of the coordinates. Only the
stars with reliable By and Vr magnitudes that were
confirmed in the Tycho astrometric reduction (i.e.
with the flag by 736 = ‘M’ or ‘N’, and with as-
trometric qualities 1 to 8, see Hog 1997) were taken
into account. Moreover, the stars known as variable
from the Hipparcos observations were discarded, as
well as the close double stars that were not sepa-
rated in the Hipparcos astrometric reduction, accord-
ing to the H10 flag. The pairs were searched until a
limit of 34 arcsec, matching the width of the star
mapper slit systems. On the other side, on—ground
measurements of V; magnitudes were obtained from
two different sources: the Hipparcos catalogue, and
unpublished CCD observations of double or multi-
ple systems containing at least one Hipparcos star; a
validation of the CCD measurements is presented in
Oblak et al. 1997. Merging these two sources, a sam-
ple of 517 double star components with on—ground V
magnitude was constitued for checking Tycho pho-
tometry.

The on-ground V; magnitudes were transformed in
Vr magnitudes, using the By — Vr colour indices pro-
vided by Tycho. The differences between the Tycho
Vr mag and these on—ground Vr are plotted as a
function of AVp in Figure 1. Hereafter, AVyp is the
difference between the Tycho Vp magnitude of the
companion and that of the star which is considered;
it is positive for the primary components, and nega-
tive otherwise.

The majority of stars in this figure are gathered along
a sequence close t0 V7 Tycho = VT on—ground, €xcept
for small AVp. Appart from this general feature, two
clusters of deviating points appear, one on each side
of the mean sequence. The upper one is constituted
with stars for which the Hipparcos catalogue provides
on-ground measurements brighter than the magni-
tudes measured by Tycho. It is then probable that
these on—ground measurements correspond in fact to
complete systems, but not to separated components.
The lower cluster constains CCD measurements that
are much fainter than the Tycho magnitudes. A close
examination revealed that about half of these CCD
measurements were also excessively faint when they
were compared to the Hipparcos Hp magnitudes.
Moreover, when the CCD measurements disagreed
with Tycho as well as with Hipparcos magnitudes,
the difference V7 1ycho — V7 on—ground Was nearly the
same for both components, instead of being related to
AVp. Therefore, for these stars, the large deviations
probably do not come from the Tycho measurements.
Nevertheless, it seems that the large scatter of the se-
quence for negative AVr does really exist, although
it is much larger than the uncertainties in the Tycho
catalogue.
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Figure 1. Verification of the magnitudes in the Tycho
catalogue for components of double stars with separations
closer than the width of the star mapper slit systems. The
Tycho Vr magnitudes are compared to estimations of Vr
derived from on—ground observations. DeltaVr is the dif-
ference of Tycho Vi magnitudes of the components, de-
fined as positive for the primary components and negative
for the secondary components. The correction adopted is
indicated by the thick line.

For AVp € [-3,2], the following mean correction was
derived:
Vr,

corrected

= Vipya +0.075 - 0.0375 x AVy (1)

This correction was applied to the Tycho magnitudes
in the next sections. The same formula was used to
correct the Br magnitudes.

3. THE COLOR-MAGNITUDE DIAGRAM
DERIVED FROM THE TYCHO DOUBLE
STARS

An historic method for obtaining the HR diagram
is based on open clusters: since the stars belonging
to a cluster have the same distance, their apparent
magnitudes are equal to their absolute magnitudes,
minus the distance modulus of the cluster. There-
fore, a composite HR diagram is obtained from sev-
eral clusters, by shifting vertically the sequences in
order to compensate for the different distances. The
same principle is applied hereafter, considering the
binaries as clusters of two stars.

3.1. Preparation of the Sample

Only the double stars having both components with
astrometric qualities 1 to 5 in the Tycho catalogue
were considered, since the other stars could be them-
selves close binaries, or even non—stellar objects. The
photometric quality of the sample was ensured by dis-
carding the stars with op, _v, larger than 0.1 mag.
The proportion of optical pairs was restricted within
acceptable limits by selecting only the double stars
with separations closer than 10 arcsec; moreover, the



pairs of stars with proper motions not compatible at
the 3.0 level on both axes were discarded. Finally, the
double stars with components of the same colour were
eliminated by the condition |A(Br —Vr)| > 0.1 mag,
since they just increased the scatter of the main se-
quence determined hereafter. A sample of 776 dou-
ble stars was thus obtained. The double stars with
separation between 50 and 60 arcsec were used to es-
timate the number of optical pairs in the sample; it
was found that, among the 776 double stars, about
75 could be optical.

3.2. The Main Sequence

The double stars with MS components were selected
by assuming that they had secondary components
redder than the primary ones; therefore, the condi-
tion (Br — Vir)a > (Br — Vr); was applied. The
location of the MS in the (Vi abs, Br — V) plane was
derived with an iterative least—square computation
(Virelizier and Halbwachs 1997). It appeared how-
ever that the determination of the red part of the
sequence, with By — Vr > 1, was based on very few
stars and was sensitive to a contamination by optical
pairs containing red giants. This was avoided by dis-
carding the double stars with secondary components
more than 2.3 mag above an a priori sequence. The
MS presented in Figure 2 was thus derived from 451
double stars. It is defined from By — V@ = —0.15
until By — Vp = 1.5.

The interstellar extinction was not taken into account
in the determination of the MS, but it may be ignored
because the sequence is almost rectilinear. Since both
components of a double star are shifted in By — V7 by
the same reddening, and in Vr by the same extinc-
tion, the slope of the sequence is not affected by this
effect. The sequence in Figure 2 looks rather similar
to that derived from the Hipparcos parallaxes by Per-
ryman et al. 1995, but it is not so broad. However,
this narrow aspect does not correspond to reality, but
it is just an artefact due to the least—square computa-
tion technique. In Figure 3, the MS is compared with
that derived from the calibration of Schmidt—Kaler
1982. When the origin of the absolute magnitudes
is chosen in order to coincide for By — Vp = 0, the
agreement is rather good.

3.3. The Evolved Stars

It was assumed that the double stars with (Bp —
Vr)1 > (Br — Vr)s had dwarf secondary com-
ponents, but that their primary components were
evolved stars. These stars were plotted on the colour—
magnitude diagram of Figure 2, by putting the sec-
ondary components right on the MS derived above.
For clarity, the few subgiant stars at less than 2 mag
from the MS are not represented in this figure. Fi-
nally, the subgiant and the giant branches were de-
rived from 203 double stars. As the MS, this sequence
is in agreement with that derived by Perryman et al.
1995. Contrarely to the previous section, the location
of the branch of the subgiant and giant stars may be
affected by reddening. The effect of reddening is dou-
ble: first, the primary components are shifted toward
large colour indices, and, moreover, since the secon-
daries are reddened too, they are shifted toward the
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Figure 2. The colour—-magnitude diagram of the Tycho
double stars. The crosses represent the components used
to fit the MS, indicated by the dotted line. The diamonds
are the giant and subgiant components. The origin of
the absolute magnitudes is arbitrary, since the sequences
were derived only from apparent magnitudes and colour
indices.

bottom of the MS; therefore, the evolved stars are
also shifted toward the faint magnitudes. This effect
is different from the extinction, since it just comes
from the reddening and from the slope of the MS.

4. THE DISTRIBUTIONS OF AVy AND OF
MASS RATIOS OF MS DOUBLE STARS

4.1. A Bias—Determined Sample of MS Double
Stars

As in the previous section, only stars with astromet-
ric qualities 1 to 5 were considered. The stars with
errors oy, or op, larger than 0.15 mag were dis-
carded. The binaries were selected by maintaining
the limit of 10 arcsec in separation. A sample of dou-
ble stars with MS components was obtained by select-
ing the couples for which the secondary components
were closer than 1 mag to the MS when the primary
components were put right on. No restriction was
applied on A(Br — Vr); even the double stars with
(Br — V)1 > (Br — Vr)s were retained when their
secondary components were less than 1 mag away
from the MS. 1344 double stars were thus selected.
However, this sample was affected by selection effects,
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Figure 3. The main sequence of the colour—-magnitude
diagram of the Tycho double stars, compared to the MS
provided by Schmidt-Kaler 1982, converted in the Tycho
photometric system. The origin of the absolute magnitude
was set in order to get the same Vr abs when Br—Vr = 0.

that must be determined before going to the intrinsic
properties of binary stars.

The limits of complete selection of the sample were
searched, applying the method of Halbwachs 1983.
These limits were expressed as function of the 7" mag-
nitudes, since the stellar detection in the Tycho re-
duction was based on the photon counts in the T
channel. It was found that the sample was complete
as long as the following two conditions were satisfied:

T, < 109 (2)
AT < p/2-05 (3)

where p is the separation, expressed in arcsec. The
limit of 10.9 mag in Equation 2 in fact corresponds
to the completeness limit of the whole Tycho cata-
logue. The double stars that were initially included
within the sample although they did not satisfy to
these conditions were discarded. A sample of 912 bi-
naries with biases completely determined was thus
selected. Again, the number of optical pairs was
estimated from the double stars fulfilling the same
conditions, but with separations in the range 50 to
60 arcsec. A proportion of 2 per cent was found.

4.2. The Intrinsic Distribution of AVr

The intrinsic distribution of AVy was derived with
a generalization of the recurrent method of Halb-
wachs 1983 for computing the distribution of Am.
The method consists in two steps:

e for each double star, calculate AV M2 the max-
imum value of AV permitted by the conditions
in Equations 2 and 3, assuming the magnitude
and the colour index of the primary component,
the separation between the components, the po-
sition of the MS, and also the deviation of the
secondary component from the MS;

e the double stars with AVMa* Jarger than a given
AV}, are used to derive the intrinsic distribu-
tion of AVz from 0 to AV} The distributions
obtained for different values of AVj}. are com-
bined in a recurrent calculation, starting from
the smallest AVZE to the largest one. The con-
secutive values of AV} must be close enough for
deriving the final intrinsic distribution from all
the stars of the sample.

The distribution of AVp presented in Figure 4 was
thus obtained. This distribution looks rather flat,
and, although a gap appears near AVy = 2 mag, it
does not look statistically significant.
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Figure 4. The distribution of AVr derived from the Ty-
cho double stars with MS components. The thin line
represents the histogramme of the binaries in the bias—
determined sample; the thick line is the intrinsic distri-
bution, when the selection effects are taken into account.

4.3. The Intrinsic Distribution of the Mass Ratios

The distribution of the mass ratios was derived with
a technique similar to that used for the distribution
of AVp, although it was a bit more complicated. For
each double star, the mass ratio was computed from
Tycho photometry with the following procedure: the
absolute Vr magnitude of the primary component
was derived from (Bpr — Vr);, and from the MS



presented in Figures 2 and 3; the absolute magni-
tude of the secondary component was then obtained
from AV7; the absolute magnitudes were converted
from the Vr band to the Johnson V' band, taking
the colour indices By — Vr into account; the masses
were then derived from the absolute My magnitudes,
and from the mass—luminosity relation taken from
Kroupa et al. 1993.

The minimum mass ratio permitted by Equations 2
and 3, ¢min was derived for each double star, in the
same way as VM3 in the previous section. The in-
trinsic distribution of ¢ was then computed by merg-
ing the various distributions f,,, that were each ob-
tained from the binaries with gmin < ¢;. The result
is in Figure 5.
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Figure 5. The distribution of the mass ratios derived
from the Tycho double stars with MS components. The
thin line represents the histogramme of the binaries in
the bias—determined sample; the thick line is the in-
trinsic distribution, when the selection effects are taken
into account. The dashed line is the IMF-like function

fala) occq™*.

The distribution obtained is roughly fitted with the
exponential function f,(q) oc ¢~ 2. In fact, the
value of the exponent is very uncertain: it comes
essentially from the bins with the smallest mass ra-
tios, that actually contained very few stars. For ¢
larger than 0.6, the distribution derived looks too flat
for a good agreement with an IMF-like distribution.
However, it seems hazardous to conclude that this
disagreement is significative, due to the errors com-
ing from the estimation of the masses of the stars,
and to a possible contamination by optical systems
or by evolved stars.

As a conclusion, although the gap around ¢ ~ 0.6
does not exist in our sample, it is quite possible that
the binaries with ¢ = 1 are actually in excess. The
IMF-like shape of f; that we found and the excess for
g > 0.9 are in good agreement with the distribution
derived by S6derhjelm (1997) for separations wider
than 120 AU.
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