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Abstract

Precise measurement of the fundamental parameters of stellar systems, including mass and radius,
depends critically on how well the stellar distances are known. Astrometry from space provides parallax
measurements of unprecented accuracy, from which distances can be derived, initially from the Hipparcos
mission, with a further refinement of that analysis provided by van Leeuwen in 2007. The publication of
the Gaia DR2 catalogue promises a dramatic improvement in the available data. We have recalculated
the dynamical masses of a sample of 1700 close visual binary stars using Gaia DR2 and compared
the results with masses derived from both the original and enhanced Hipparcos data. We show the
Van Leeuwen analysis yields results close to those of Gaia DR2, but the latter are significantly more
accurate. We consider the impact of the Gaia DR2 parallaxes on our understanding of the sample of

visual binaries.

Keywords: Stars: binaries (including multiple): close, stars: binaries: visual, Stars: parallaxes: Astrometry

and celestial mechanics

1 INTRODUCTION

The Hipparcos satellite was the first space mission to
be devoted to astrometry. The European Space Agency
(ESA) launched the telescope in 1989, which successfully
accomplished its mission during the period from 1991 to
1993, making measurements of nearly 118,000 stars. The
results were published in 1997 yielding the Hipparcos
and Tycho Catalogues (ESA, 1997). In 2007, F. van
Leeuwen, a member of the Hipparcos team, published a
new reduction of the Hipparcos catalogue that improved
the accuracy of the measured parameters (van Leeuwen,
2007).

Launched in 2013, the ESA Gaia mission obtained
precise astrometry and photometry for approximately
1.7 billion stars, a 10,000 fold increase on Hipparcos. The
first data set was published in 2016 as Data Release 1
(DR1) (Gaia Collaboration et al., 2016), and the second

*E-mail: malwardat@sharjah.ac.ae

data set was published in 2018 (Gaia Collaboration,
2018; Lindegren et al., 2018). Gaia DR2 is already rev-
olutionizing many areas of stellar astrophysics. Many
researchers now rely on and confirm the advantages of
Gaia measurements (e.g. Stassun & Torres (2018)).

Stellar binary systems are a key source of physical
parameters of individual stars, especially masses, radii
and distances. However, the fact of binarity can make
parallax measurements difficult and affect their accuracy.
For example, Shatskii & Tokovinin (1998) pointed this
out, noting that Hipparcos parallax measurements of
binary and multiple systems are, in some cases, distorted
by the orbital motion of the components of such systems.
To study parallax measurements of stars in binaries and
assess the relative reliability of Hipparcos, van Leeuwen
and Gaia DR2 we selected a sample of close visual binary
stars (CVBSs) taken from the Sixth Catalog of Orbits
of Visual Binary Stars (ORB6) (Hartkopf et al., 2001).



This is a useful reference catalogue and data set as it
includes around 2,900 solved orbits of approximately
2,700 CVBSs distributed all over the celestial sphere.
Among the stars listed in the sixth catalog, we found
1700 CVBSs with parallax measurements given by Hip-
parcos 1997, van Leeuwen reduced Hipparcos 2007, and
Gaia DR2 2018. With parallax errors improved over both
the original Hipparcos catalogue and the re-analysis of
(van Leeuwen, 2007), the Gaia DR2 catalogue and the
newly computed masses and radii should supersede any
earlier results. Nevertheless, a comparison between DR2
and the earlier parallax measurements provides a useful
benchmark test for the latest results.

We investigated how measurements of the dynamical
masses of the selected CVBSs are affected by the dis-
tances inferred from the parallax measurements in each
of the catalogues discussed above. We also compared
these results with masses estimated from two different
indirect methods; Malkov’s photometric masses (Malkov
et al., 2012a,b) and Al-Wardat’s multi-parameter ap-
proach for analyzing CVBSs (Al-Wardat, 2002a,b,
2007; Al-Wardat et al., 2014b,a, 2016, 2017; Masda
et al., 2018a,c). The latter is a computationally complex
method employing colours, colour indices and magni-
tude differences of the system along with its parallax to
build individual synthetic spectral energy distributions
(SED) for each component of the system. From this,
a complete set of physical and geometrical parameters
can be deduced for each star. The method makes use of
Kurucz (ATLAS9) line-blanketed plane-parallel model
atmospheres of the individual components (Kurucz,
1994).

Comparing dynamical with photometric masses is of
specific importance in estimating empirical astrophysical
equations and judging the accuracy of the zero points
and constants. It also gives important information about
the accuracy of orbital parameters of binary stars (BS)
and multiplicity ratio among all-stars (Duchéne & Kraus,
2013). Once the physical and geometrical parameters
of the stars have been estimated, especially log L and
log Tes, the positions of the individual components of
the system can be located on the Hertzsprung-Russell
(H-R) diagram. Hence, their masses can be estimated
using evolutionary tracks such as those of Girardi et al.
(2000).

2 HIPPARCOS AND GAIA
OBSERVATIONS OF VISUAL BINARY
PARALLAXES

Parallaxes of both multiple stellar systems and even
single stars are important in providing distance esti-
mates that help in determining the stellar physical and
geometrical parameters, especially the masses. Ideally,
parallaxes should be measured geometrically, a model-
independent method. However, for many stars they have
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only been available indirectly from photometric or spec-
troscopic observations and these are dependent on stellar
atmosphere modelling. The advent of space-based as-
trometry has increased the sample size and accuracy of
geometric parallax measurements, which presents an im-
portant opportunity to compare these with those deter-
mined by other methods. Furthermore, we can examine
how better parallax measurements can reduce the errors
in stellar mass determinations, leading to improved tests
of the mass-luminosity and mass-radius relations and
related stellar formation and evolution theories.

2.1 van Leeuwen 2007 reanalysis of the
Hipparcos data

In 1999, two years after the release of Hipparcos and
Tycho Catalogues, Narayanan & Gould (1999) studied
the correlation of Hipparcos parallax measurements for
Pleiades and Hyades clusters. They noted that the par-
allaxes were larger on average than the other reported
values for the stars of these two clusters. Later, Makarov
showed an inconsistency between the mean parallax of
the Pleiades cluster from Hipparcos catalog and that
obtained from stellar evolution theory and photometric
measurements (Makarov, 2002). In 2005, measurements
made using the Hubble Space Telescope (HST) fine guid-
ance sensor (FGS) confirmed the error in the Hipparcos
parallax of the Pleiades (Soderblom et al., 2005).

A new reduction of the raw Hipparcos data depending
on dynamical modelling of the satellite’s attitude was
developed by van Leeuwen and Fantino (van Leeuwen &
Fantino, 2005), with a full reanalysis of the Hipparcos
data published in 2007 (van Leeuwen, 2007). The latter
paper claimed a parallax accuracy up to a factor of 4
better than the original catalogue for nearly all stars
brighter than 8 magnitude. Nevertheless, the revised
Hipparcos measurement of the distance to the Pleiades
of 120.0 + 1.9 pc (van Leeuwen, 2009; Schonrich et al.,
2019) remains anomalous compared to estimates based
on isochrone fits of the stellar photometry (Meynet et al.,
1993; Stello & Nissen, 2001) and results obtained using
eclipsing binaries by (Zwahlen et al., 2004; Southworth
et al., 2005), which placed their distances in the range
(130 — 137) pc. These are in good agreement with the
134.6 + 0.6 pc distance obtained from Gaia DR2 (Gaia
Collaboration, 2018).

2.2 The visual Binary sample and parallax
data

The binary systems selected for this study (Table 1) have
to fulfil two main requirements: they should have paral-
lax measurements in all three space-based astrometric
catalogues and a solved orbit in the ORB6 catalogue.
Systems with zero or negative parallaxes were excluded.

Table 1 shows the first 25 lines of the sample - the
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Figure 1. The fractional errors for Hipparcos 1997 vs
parallax measurements distribution .
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Figure 2. The fractional errors for Hipparcos 2007 vs
parallax measurements distribution.
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Figure 3. The fractional errors for Gaia DR2 2018 vs
parallax measurements distribution.
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Figure 4. Statistical box chart diagram of the fractional errors
of parallax measurements of the three catalogues; Hip 1997, Hip
2007, and Gaia DR2 2018. This display the distribution of data
based on a five-number summary (“minimum,” median, Mean, SD
and “maximum”).

complete table with 1710 stars is available in electronic
format. The first four columns give information about
the star; Right Ascension asggg, Declination ds0g, Hip-
parcos and HD names. Columns 5,6,7 and 8 give the
orbital period P, error of the orbital period ¢P , the
semi-major axis a, and error of semi-major axis oa, all
as given in the ORB6 catalog. The last six columns list
the trigonometric parallax of the stars with their errors
as given by Hipparcos 1997 (m1997) ESA (1997), van
Leeuwen reduction (m2007) (van Leeuwen, 2007), and
Gaia DR2 (m2015) Gaia Collaboration (2018).

The distribution of parallax measurements for each
catalogue, as a function of the fractional parallax er-
ror (%), are shown in Fig. 1 (Hip 1997), Fig. 2 (Hip
2007), and Fig. 3 (Gaia DR2 2018). The much better
measurement errors in Gaia DR2 are evident, but an
improvement in the Hipparcos 2007 data, compared to
Hipparcos 1997, can also be seen, particularly for stars
with low parallax. This is further illustrated in Fig. 4
which shows the fractional parallax measurement errors
of the sample for each catalogue, expressed as a (median
+ standard deviation) in a box chart diagram; stars-
Minimum and Maximum values; Triangle- Mean values.

A further consideration in comparing the parallax
measurements is whether or not the parallax values
are generally in agreement with each other (within the
errors). The distribution of the number of measured
binary systems within specific parallax bins is a way of
illustrating this. Fig. 5 shows the number of stars within
10 mas bins for the parallax range 7 ~ (0 < 7 < 100
mas). There is consistency between the catalogues with
small deviations, likely representing the few stars that
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Figure 5. Distribution of the number of measured binary systems
within the range (0 < m < 100 mas) of the three catalogues;
Hip 1997(gray bars), Hip 2007 (white bars), and Gaia DR2 2018
measurements (black bars).
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Figure 6. Distribution of the number of measured binary systems
within the range (100 < 7 < 300 mas) of the three catalogues;
Hip 1997 (gray bars), Hip 2007 (white bars), and Gaia DR2 2018
measurements (black bars).

are distributed into adjacent bins where there are small
changes in value close to the bin boundaries. While there
is no attempt to select a statistically complete sample in
this work, the figure clearly shows that the distribution
of systems reflects the accessible volume, with majority
of the binary systems lying farther than 30 pc (7 < 30
mas), with a peak between 10 and 20 mas. There is a
decline in the number of binary systems below 10 mas,
probably linked to the declining ability to resolve binaries
at increasing distance. Fig. 6 shows the distribution
for nearby systems within 20 mas bins and parallax

measurements on the range 7 ~ (100 < 7 < 300) mas.

This shows some differences in parallax measurements,
but the counting statistical errors are similar in size to
the differences.

Fig. 7 and Fig. 8 show scatter plots (with errors
marked) comparing the two catalogues of Hipparcos
trigonometric parallax measurements with the Gaia DR2

data. Both plots show the y=x line of equal parallax.

There is good agreement between Gaia DR2 and both
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Figure 7. Scatter plots of parallax measurements of Hip 1997
parallaxes with errors vs. Gaia (DR2) 2018 parallax measurements.
The line represent y=x.

treatments of the Hipparcos data. However, there are
several stars where there are significant differences be-
tween Gaia and Hipparcos measurements. These are the
same objects for both Hipparcos treatments.

To search further for any trends in the parallax com-
parison, we plotted the best fit straight line to the par-
allax measurements of Hip 1997 and Hip 2007 against
Gaia DR2 for several different parallax intervals. Fig. 9
shows the parallax range 0-15 mas, Fig. 10 shows the
parallax range 15-40 mas, and Fig. 11 shows the parallax
range 40-200 mas. The y=x lines of equal parallax are
in blue. The best agreement between Hipparcos and
Gaia is found in the 10-40 mas range. For lower paral-
laxes (greater distances) the Hipparcos measurements
are systematically higher than Gaia, while the situa-
tion is reversed for the higher parallaxes. The weighted
mean offset in the whole sample of parallax measure-
ments (Fig. 12) of (7ge — mitoy ) is —43.32uas, while
for (mghs — mirar) it is —59.03uas. The analysis shows
clearly that the Van Leeuwen 2007 analysis is in better
agreement with Gaia DR2 than the original Hipparcos
reduction, justifying the reworking of the astrometric
data. However, it is also clear that this work has now
been superceded by Gaia DR2 in terms of astrometric
accuracy.

One important factor to note in the Gaia DR2 data
is that all objects in the catalogue are effectively single
stars. Single line spectroscopic binaries were treated as
single objects while double line binaries detected as such
were excluded from the catalogue (Gaia Collaboration
et al., 2018). For resolved systems, such as those included
in this analysis, binary motion could affect the accuracy
of the parallax determination for orbital periods below 2
years (Gaia Collaboration et al., 2018). In their analysis
of the stellar parameters using Gaia DR2 data, Andrae
et al. (2018) noted some of these issues and recommended
only using estimates of radii and luminosities for stars
with fractional parallax uncertainties of 20% or less.

We found that some BSs have parallax discrepancies
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Figure 8. Scatter plots of parallax measurements of Hip 2007
parallaxes with errors vs.Gaia (DR2) 2018 parallax measurements.
The line represent y=x.

between Gaia and either Hipparcos catalogues. A number
have significant differences (larger than 5 mas) in paral-
lax measurements between the two catalogues: Hip (190,
1076, 1349, 1392, 1625, 4849, 7968, 12301, 19365, 19832,
20605, 20777, 20807, 33645, 41423, 43422, 45858, 48940,
58001, 58057, 58669, 59776, 59780, 59816, 60091, 60665,
62179, 62124, 64175, 65026, 66077, 68148, 68170, 72896,
77098, 79787, 80117, 80816, 84092, 84976, 86400, 87044,
88964, 90851, 96280, 99965, 103019, 104256, 106255,
106985, 110088, 111685, 113697, 118209, 118266). The
study of these systems is important and can be used
as a tool to judge the reliability of Gaia parallax mea-
surements. As an example, we analyzed the system Hip
68170 using Al-Wardat’s method (Section 4).

The reasons for the large differences in parallax mea-
surements between Hipparcos and Gaia could be due
to either; the effect of the interstellar extinction, or the
effect of the change of photo-center of these binaries as
noted by several authors (Shatskii & Tokovinin, 1998;
Lépez Oriona et al., 2020).

3 MASSES
3.1 Dynamical Masses

Binary stars are the best source of information regarding
stellar masses, where we can calculate the dynamical
mass sum of a BSs once we have its orbit and par-
allax Docobo et al. (2014). DR2 gives more accurate
parallax measurements, which in principle means more
accurate masses and fundamental parameters. There is
a clear strong relation between the multiplicity in stars
in general, and the estimated or calculated mass-sums.
Duchéne & Kraus (2013) discussed the mass-dependence
of the main sequence stars multiplicity properties and
showed that the multiplicity rises significantly toward
high-mass stars.

There are many methods for solving and quantify-
ing orbits of CVBSs, these methods include Kowalsky’s
method (Smart, 1930), Monet’s method which applies
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Figure 9. Trigonometric parallax of Gaia 2018 vs that
of Hipparcos 1997 and Hipparcos 2007(Van Leeuwen re-
duction) for (0 < 7 < 15) mas.
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Figure 10. Trigonometric parallax of Gaia 2018 vs that
of Hipparcos 1997 and Hipparcos 2007(Van Leeuwen re-
duction) for (15 < 7 < 40) mas.
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Figure 11. Trigonometric parallax of Gaia 2018 vs that
of Hipparcos 1997 and Hipparcos 2007(Van Leeuwen re-
duction) for (40 < 7 < 200) mas.
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calculated for the observed peaks.

Fourier transformation (Monet, 1979), Docobo’s Analyt-
ical method (Docobo, 1985), and Tokovinin’s dynamical
method (Tokovinin, 1992).

In this study, we want to evaluate the impact of im-
proved parallax data on the mass values and accuracy
of the measurements of CVBSs. Therefore, we recalcu-
lated the dynamical masses of all CVBSs with solved
orbits in the ORB6 using parallax measurements of the
three astrometric catalogues discussed in section 2 and
the photometric mass sums from (Malkov et al., 2012b).
Results are listed in Table 2.

a3 M
M= (3) T M

where P is the orbital period (in years), Mgy, is the
dynamical mass sum in solar mass My, a and 7 are the
semi-major axis and the parallax in arcsec, respectively.

O Mayn Or\2 O\ 2 op\?2
G = () () (3 @

Fig. 13 shows the distribution of dynamical masses
M, which were calculated using Hip 1997, Hip 2007, and
Gaia DR2 2018 parallax measurements, against their
formal errors % Note that systems with high masses
(greater than 100 Mg, and % less than 3) were ex-
cluded from the study. Fig. 14 shows the statistical box
chart analysis of the formal errors of the dynamical mass
sums expressed as a Median £ S.D in a box chart dia-
gram; stars- Minimum and Maximum values; Triangle-
Mean values. The figures show that Gaia DR2 2018 has
the lowest mean, and hence the higher accuracy, while
Hip 1997 has the highest mean (i.e. the lowest accuracy),
and Hip 2007 lies between them.

Fig. 15 and Fig. 16 show scatter plots comparing the
dynamical mass sum based on the two catalogues of
Hipparcos trigonometric parallax measurements with
the Gaia DR2 data. These plots show a large scatter
compared to the parallax plot from Fig. 7 and Fig. §,
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Figure 13. The distribution of dynamical masses which where
calculated using Hip 1997, Hip 2007, and Gaia DR2 2018 parallax
measurements against their fractional errors.
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Figure 14. Statistical box chart analysis of the fractional errors of
the dynamical mass sums which where calculated using Hip 1997,
Hip 2007, and Gaia 2018 parallax measurements. This display the
distribution of data based on a five-number summary (“minimum,”
median, Mean, SD and “maximum?”).

because any change in the parallax will be enlarged in
the dynamical masses, based on Kepler’s third law.

3.2 Malkov et al. (2012b) Photometric
Masses

As previously stated, to get precise dynamical masses
we need precise orbital parameters, which requires more
relative positional measurements and accurate parallax
measurements that are not always available. Therefore,
it is important to have alternative validated methods
for estimating stellar masses.

Malkov selected a sample of 652 visual binaries with
good orbital solutions and used Hip 2007 parallax mea-
surements (van Leeuwen, 2007) to estimate luminosities
and masses of the individual components of these BS. He
used the photometric empirical mass-luminosity (M — L)
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Table 2 Dynamical mass sum with their uncertainties and Malkov photometric mass sum. The first twenty five lines of the table.

mﬂu 71997 am .\SMWWN oM 2007 aTm .\swwmsﬂ oM 72018 am \SMMM@ oM .\Sﬁt
mas - Mg - mas - Mg - mas - Mg - Mg

2 21.9 3.1 0.149 0.109 20.85 1.13 0.172 0.106 25.121 0.319 0.099 0.059

25 13.74 098 2797 1.042 1229 0.77  3.909 1.40 8.144 0.665 13.434 5.255

50 16.89 0.8 2.357 2.018 16.83 0.51 2.38 2.024 16.351 0.036  2.598 2.194

110 2042 191 1.605 0.484 20.15 0.89 1.671 0.288 19.269 0.07 1.911 0.212 1.79

169  63.03 198 0975 0.092 6524 1.76 0.879 0.071 58.962 0.028 1.191 0.002

171 80.63 3.03 1.579 0.178 82.17 2.23 1492 0.122 79.069 0.562 1.675  0.036 1.58

190 10.47 1.17 2539 0.851 1143 093 1.951 0476 4.899 0.751 24.779 11.382

210 765 193 1.671 1293 742 145 1831 1.113 6.459 0.621 2.776 0.915

223 21.58 1.65 2469 0.566 23.46 0.91 1.922 0.224 23.199 0.051 1.987 0.0132

385 9.37 281 3.033 2729 10.81 214 1975 1.173 11.265 0.076 1.745 0.035

461 11.04 091 0882 0.218 103 0.75 1.086 0.237 8.361 0.409 2.031 0.298

473 85.1 2.74 1.098 0.106 88.44 1.56 0978 0.052 86.874 0.048 1.032  0.002 2.52

473 85.1 274 1496 0.809 88.44 1.56 1333 0.713 86.874 0.048 1.406  0.748

473 85.1 2.74 2.03 0.196 88.44 1.56 1.809 0.096 &86.873 0.048 1.908 0.003

518 49.3 1.05 2189 0.139 46.56 0.65 2.598 0.109 47.801 0.044 2.401 0.007

689 12.72 0.86 2.159 0438 11.69 0.67 2.781 0.478 10.112 0.457 4.296  0.582 2.67

706 1624 0.7 0.095 0.081 17.51 0.69 0.076 0.064 18.029 0.065 0.069  0.058

754 2207 231 0.05 0.046 1945 14 0.073 0.065 24.889 0.394 0.035 0.030

760 856 1.17 5386 2.208 948 054 3965 0.678 9.316 0.082 4.179 0.111 3.22

761 14.57 1.34 2.875 0.793 1291 0.72 4.133 0.691 14.512 0.146 2.909 0.088

823 10.83 2.1 1.652 0964 13.39 2.07 0.874 0408 11.300 0.076 1.454  0.077

865 15.06 0.7 2300 0.595 142 046 2.744 0.655 18338 1.159 1.274  0.368

984 4.88 1.22 2082 15662 3.74 111 4.625 4118 4.537 0.197 2.591 0.337

999 2469 1.2 0.035 0.010 24.38 0.95 0.036 0.009 22.682 0.201 0.045 0.011

1076  8.08 1.15 2.804 1.202 7.61 0.97 3.356 1.291 18.69 0.753 0.226 0.029 4.23
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Figure 15. Dynamical masses based on Hip 1997 parallax mea-
surements vs. dynamical masses based on Gaia DR2 parallax
measurements.
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Figure 16. Dynamical masses based on Hip 2007 parallax mea-
surements vs. dynamical masses based on Gaia DR2 parallax
measurements.

relation, given as:
m12 = famrr(mi s+ dlogn +5— A,). (3)

where m, o are the apparent magnitudes of individual
components, fyrrr is the mass-luminosity relation, A,
is the interstellar extinction value, and 7 is the trigono-
metric parallax.

The overlap of the BS studied by Malkov that have
parallax measurements in the three catalogues is 340
CVBSs.

We plot here Malkov’s photometric mass sums against
the dynamical mass sums based on Hip 1997 parallax
measurements in Fig. 17, Hip 2007 in Fig. 18, and Gaia
DR2 2018 in Fig. 19. The black lines represent the perfect
fit y = x. The figures show that the dynamical mass
sums based on the three parallaxes are consistent with
Malkov photometric masses at low masses, especially
in the range (0 < M < 2) M. While there are clear
discrepancies for some more massive stars (M > 2) Mg
better agreement is found for the measurements based
on Hip 2007. However, this is not surprising because
Malkov used the Hip 2007 parallax measurements in his
calculations of the individual photometric masses.

Any significant discrepancies may be related to mis-
identification of stellar multiplicity for massive stars,
where they are identified as binary systems but poten-
tially have more than two components. Duchéne & Kraus
(2013) pointed out that the probability of multiplicity of
stars with M ~ (1.5 < M < 8) Mg is > 50% and for
stars with M ~ (8 < M < 16) Mg is > 60%. Analysis
of BSs using Al-Wardat’s method can test this idea.

3.3 Masses Based on Al-Wardat’s Method

Al-Wardat’s method is a computational spectrophoto-
metric multi-parameter approach that employs atmo-
sphere modelling (ATLAS9) and synthetic photometry
to estimate all physical parameters including individual
masses (Note that Gaia team used ATLAS9 synthetic
spectral library for the extinction and reddening es-
timations). Since it depends on accurately measured
magnitudes and colour indices, the method can estimate
masses and parallaxes for MS stars without parallax in-
formation. However, the approach is more robust when
parallaxes are available, especially for evolved stars. We
list here, in Table 3, the masses of 17 BSs analyzed earlier
using Al-Wardat’s method, in addition to the results of
the BS Hip 68170 in this paper. The individual and total
masses of those systems are given in columns 1,2 and
3, their photometric mass sum as given by Malkov are
column 4 along with their dynamical mass sums and un-
certainties based on Hip 1997, Hip 2007, and Gaia 2018
parallax measurements in columns 5-10. The authors
using Al-Wardat’s method employed the trigonometric
parallax of Hip 1997 to analyze the systems Hip (83064,
83791, 11352, 11253, 4809), Hip 2007 to analyze the
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systems Hip (70973, 72479, 689, 17491, 95995, 12552,
64838, 105947), and Gaia DR2 to analyze the systems
Hip (14230, 14075, 116259).

We compare the mass sums estimated using Al-
Wardat’s method with Malkov’s photometric mass and
the dynamical masses based on Hip 1997 parallax mea-
surements in Fig. 20, Hip 2007 in Fig. 21 and Gaia 2018
in Fig. 22, where the black lines are the perfect fit y = x.
The comparison shows a very good consistency between
Al-Wardat’s masses and Malkov’s photometric masses,
and a good consistency between Al-Wardat’s masses and
the dynamical masses for most stars, although there are
a few outliers in each figure. The best consistency is with
the dynamical mass sums based on Hip 2007, but most
of the stars were analyzed using the parallaxes from
this catalogue. We recommend that all systems should
be reanalysed using Gaia DR2 parallax measurements,
which will be done in a future work.

4 NOTES ON SPECIFIC SYSTEMS

Figs. 22 and 23 show some scattered points, where there
are significant differences between dynamical masses
and those estimated by Al-Wardat’s method. These are
the systems HD 25811, Hip 12552, Hip 64838, and Hip
689. All of these have large error values for the parallax
measurements in the catalogues. A possible explana-
tion is that the trigonometric parallax measurements
have been distorted by the orbital motion of the com-
ponents of such systems, which affects the position of
the photo-center of the system (Shatskii & Tokovinin,
1998). Individual systems are discussed below:

HD 25811: This system was analyzed using Al-
Wardat’s method (Al-Wardat et al., 2014a). In spite
of the fact that there was no measured trigonometric
parallax at that time, they estimated M, = 1.55 + 0.16
Mg, My =150+ 0.15 Mg, and a dynamical parallax
(m = 5.095 4+ 0.095 mas, d = 196.27 pc) depending on an
initial value (7 = 5.2440.6 mas, d = 191 pc) taken from
Al-Wardat (2003). Comparing the estimated dynamical
parallax by Al-Wardat et al. (2014a) as (5.095+ 0.095)
mas with the measured value by Gaia as (4.95340.080)
mas shows that the estimated value using Al-Wardat’s
method was very close to the new Gaia measurement.
This is a good indicator of the accuracy of the "Al-
Wardat method" for analyzing CVBSs. Another note
regarding the system HD 25811 is that the published
orbit in ORB6 is for Balega et al. (2001), but two or-
bits were published after that; one by Al-Wardat (2003),
and the latest by Al-Wardat et al. (2014a). We tried
to modify the orbit using the new relative positional
measurements in the Fourth Catalog of Interferometric
Measurements of Binary Stars added to the system by
Tokovinin (Tokovinin et al., 2016), but there was no dif-
ference in the solution, since the new point lies near the
old points out of the clear arcs of the orbit. Regarding
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Table 3 The individual and total masses from AL-Wardat, Malkov photometric mass sum and dynamical mass sum.

Hip M Mo Mror  Mpy, M}I?/?F oM M?lggj oM ./\/132}78 oM
References M@ M@ M@ M@ M@ M@ M@ M@ M@ M@
83064 1.55  1.26 2.81 2.95 2.72 0.77 2.39 0.55 2.52 0.04
Al-Wardat (2007)

83791 1.33 113 246 243 236 058 239 0.58

Al-Wardat (2007)

11352 093 0.89 1.82 1.81 1.71 0.27 1.48 0.18 1.86 0.07
Al-Wardat (2009)

11253 1.06 0.7 1.76 1.66 0.41 1.78 0.37 1.17 0.12
Al-Wardat & Widyan (2009)

70973 1.07  0.94 2.01 1.91 1.54 0.19 1.89 0.21 1.88 0.09
Al-Wardat (2012)

72479 0.94 0.85 1.79 1.28 0.21 1.58 0.26

Al-Wardat (2012)

4809 1.6 1.46 3.08 2.33 2.88 0.57 2.79 0.47 2.54 0.132
Al-Wardat et al. (2013)

689 1.35 1.25 2.6 2.67 2.16 0.44 2.78 0.48 4.29 0.58
Al-Wardat et al. (2014a)

17491 0.71  0.86 1.56 1.54 1.67 0.17 1.53 0.12 1.54 0.09
Al-Wardat et al. (2014c¢)

95995 089 0.83 1.72  1.63 135 0.04 141 0.05 1.75 0.02
Masda et al. (2016)

12552 1.17  1.06 2.23 2.54 4.26 1.70 2.86 0.83 1.48 0.18
Al-Wardat et al. (2016)

64838 1.75  1.55 3.3 3.27 2.48 0.46 3.25 0.35 2.64 0.24
Al-Wardat et al. (2017)

105947 1.21  0.89 2.1 2.18 2.18 0.43 2.04 0.36 3.01 0.18
Masda et al. (2018b)

14230 1.18 0.84 2.02 1.91 1.47 0.26 1.5 0.26 2.09 0.34
Masda et al. (2018c)

14075 099 0877 1.87 1.76 3.01 126 116 031 1.49 0.09
Masda et al. (2018c)

116259 1.18  0.75 1.93 1.83 1.42 0.16 1.84 0.19 1.74 0.08
Masda et al. (2019a)

68170 149 1.46 2.95 2.34 2.61 2.34 13.66

This work

HD 25811 1.55 1.5 3.05 4.31 -

Al-Wardat et al. (2014a)
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Figure 22. Malkov’s photometric mass and dynamical
masses based on Gaia DR2 2018 parallax measurements
vs. Al-Wardat’s mass sum.
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Figure 24. Positions of the components of HD 25811 on the
evolutionary tracks of (Girardi et al., 2000) for masses (1, 1.1, ...,
1.6 Mg).

the mass of the system, Balega et al. (2001) proposed
a mass sum of 4.31 M, while Al-Wardat (2003) gave
3.76 Mg, and Al-Wardat et al. (2014a) gave 3.05M.

We reanalyzed the system using Al-Wardat’s method
and the new Gaia trigonometric parallax. Fig 24 shows
the positions of the system’s components on the evo-
lutionary tracks of Girardi et al. (2000), with a mass
sum of 3.10 £ 0.37 M which is very close to that of
Al-Wardat et al. (2014a). This is the closest mass to the
3.32 Mg calculated using Gaia parallax and the orbital
elements of Al-Wardat et al. (2014a), another indicator
of the reliability of Al-Wardat’s method. Adopting the
physical and geometrical parameters of the system given
by Al-Wardat et al. (2014a) would suggest a little bit
higher parallax than that of Gaia, i.e the system is a bit
closer.

Hip 12552: This system has some discrepancies in
trigonometric parallax, where Hip 1997 gives 9.69 +
1.29 mas, Hip 2007 gives 11.07+ 1.07 mas and Gaia
2018 gives 13.786+ 0.583 mas. Al-Wardat et al. (2016)
estimated a value equal to 11.83 £+ 1.07 mas, which is
closest to Gaia measurement. The discrepancy in the



Comparison of Gaia and Hipparcos parallazes of CVBS

parallax measurements resulted in differences in mass-
sums, where the estimated mass-sum by Al-Wardat et al.
(2016), based on Al-Wardat’s method, was 2.23 Mg
and the photometric mass sum was 2.54 M, While
this is close to the dynamical mass based on Hip 2007
parallax measurements, we note again that it is mainly
because Malkov used the parallax of Hip 2007. These
mass sums are higher than the dynamical mass sum
based on Gaia 2018 parallax measurements given as 1.48
M. Reanalyzing the system using Al-Wardat’s method
assured a mass of the system higher than 2 solar masses,
implying that the discrepancy could be due to an error
in Gaia parallax measurement for this system, or due
to inaccurate orbital elements. New relative positional
measurements are required to resolve the situation.

Hip 64838: This system has lower discrepancies in
trigonometric parallax, where parallax from Hip 1997 is
13.45 mas, from Hip 2007 is 12.28 mas, and from Gaia
2018 is 13.18 mas. The photometric mass sum is 3.27
M), identical to the dynamical mass based on Hip 2007
parallax measurements. However, the dynamical mass
based on Gaia 2018 parallax measurements is 2.64 Mg!.
Al-Wardat et al. (2017) analyzed this system using both
Al-Wardat’s method and Docobo’s dynamical method.
The authors presented two orbital solutions; a short one
with a period of 9.130 + 0.030 yrs and a long one with
a period of 18.442 4+ 0.200 yrs, and two evolutionary
states; either MS components or Sub-giant ones. The one
preferred by the authors was the short period sub-giant
solution, which required a dynamical parallax of 13.13
=+ 0.43 mas and a mass sum of 2.665 £ 0.125M,. This
coincides perfectly with the trigonometric parallax given
later by Gaia and the masses calculated using it.

Hip 689: This system was analyzed by Al-Wardat et al.
(2014c) using Al-Wardat’s method asking the question:
Is it a sub-giant binary? The system has discrepancies in
trigonometric parallaxes, where that of Hip 1997 is 12.72
mas, that of Hip 2007 is 11.69 mas, and that of Gaia
2018 is 10.112 mas. This gives a distance error range
equals to 20 pcs. Hence, it affects the calculated mass-
sums strongly. Both the mass-sum given by Al-Wardat
et al. (2014c) as 2.6 Mg, and the photometric mass
sum given by Malkov et al. (2012a) as 2.67 M coincide
with the dynamical mass calculated based on Hip 2007
parallax measurement. However, when we recalculate
the dynamical mass based on Gaia 2018 parallax mea-
surement we obtain a value of 4.29 M!. If we suppose
that the parallax given by Gaia 2018 is precise, then we
can say that Hip 689 has more than two components,
and it could be a triple system. This requires a further
analysis of the system and more high resolution imaging
observations to resolve the question of multiplicity.

Hip 68170: This system is analyzed using Al-Wardat’s
method for the first time in this paper. It has been cho-
sen as an example of the 55 problematic systems which
have been discussed earlier as an example of the ability
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of the Al-Wardat’s method to estimate the fundamental
parameters independently of the parallax and to judge
between different measurement methods. The observa-
tional data used to analyze the system is collected in
Table 4. There are clear discrepancies in the trigono-
metric parallaxes between Hip 1997 (14 mas), Hip 2007
(14.43 mas), and Gaia 2018 (8.06 mas). This gives a
potential range in the possible distance of 50 pc. Hence,
there is a corresponding large range of calculated dynam-
ical mass-sums. The system also has a very large value
for the interstellar extinction of the system as 32.7542
as shown in Table 4.

The results of the analysis for the three parallax mea-
surements of Hipparcos and Gaia are listed in Table 5,
which gives the physical and geometrical parameters of
the individual components (effective temperature, radii,
gravity, luminosity’s, absolute and bolometric magni-
tudes, spectral types, and masses). The estimated mass
sum using Al-Wardat’s method are: 2.95 M4 using Hip
1997 parallax measurement, 2.91 Mg using Hip 2007
parallax measurement and 4.07 Mg using Gaia DR2
parallax measurement.

In order to calculate the dynamical mass sum, we used
the latest modified orbit of the system which gives an
orbital period of P = 18.757 years and semi-major axis
of a = 0.136arc — second (Mason et al., 2019). Hence,
the dynamical mass sum is 2.61 Mg using Hip 1997
parallax measurement, 2.38 Mg using Hip 2007, and
13.66 M, using Gaia DR2.

This gives a difference between Al-Wardat’s estimated
mass sum and the dynamical mass sum M gy, — Mo as:
Mgyn—Mror = 0.34 for Hip 1997, Mgy, — Mo = 0.53
for Hip 2007, and Mgyn, — Mpo = 9.59 for Gaia DR2.
Which shows that the discrepancy in the parallax does
not significantly affect the estimated masses using Al-
Wardat’s method, while it does have a clear impact on
the dynamical mass sum.

So, the final result for the system is as follows: Depend-
ing on Fig. 25, Al-Wardat’s method gives a mass sum
of 2.95+ 1.12 | this leads for a new dynamical parallax
of 13.43 £ 1.37, to which the closest is that of Hip 1997
as 14.00 £ 0.79. This shows that there is a clear issue
in the parallax measurements of Gaia for this system,
likely to be mainly due to interstellar extinction.

The analysis shows that the system consists of two
subgiant stars, as shown in Fig. 25, with a metallicity of
0.019 dex and age of 2.75£0.50 Gy as shown in Fig. 26.
Fragmentation is the most probable formation theory
for such a system. The spectral types of the components
are estimated as G6.5IV and G9.5IV for the primary
and secondary components respectively, which are con-
sistent with those proposed by Cutispoto et al. (2002)
as G2IV/III and G4IV/III.



14

M. A. Al-Wardat et al.

Table 4 Observational data of HIP 68170.

Property Hip 68170 Source of data
HD 121454
02000 137 577 21°32  Hartkopf et al. (2001)
82000 —62°29/20.”22 -
EB-V) 0.002 £ 0.015 Lallement et al. (2018)
Ay 0.0062 Lallement et al. (2018)
my 6.65 ESA (1997)
mp 7.44 -
(B—V) 0.79 % 0.004 -
T Hipl1997 (mas) 14.00 +0.79 -
THip2007 (Mas) 14.43 +0.65 Van Leeuwen (2007)
TGaia201s (mas)  8.059 +0.923  Gaia Collaboration (2018)
Br 7.637 £ 0.005 Hog et al. (2000)
Vr 6.742 + 0.004 -
Amg, * 0.39667 o

* The average visual magnitude difference.
** ESA (1997); Tokovinin et al. (2010, 2014, 2016); Tokovinin (2017)

Table 5 The physical parameters of the individual components of the system HIP 68170 as estimated using Al-Wardat’s

method and based on parallax measurements of Hip 1997, Hip2007, and Gaia DR2. The adopted final results for the system
are given in cols. 3 and 4, with a new dynamical parallax of 13.43 mas.

HIP 68170
Using Tmip2007

14.43 + 0.65(mas)

: * 3k
Using T Hip1997

Using mGaia2018
14.00 + 0.79 (mas)

8.059 £ 0.923(mas)

Parameters Units A B | A B | A B
Teg £ 0T [K] 5620 £+ 100 5300 £ 100 5620 £ 100 5300 £ 100 5620 £ 100 5300 £ 100
R + or [R@] 2.993+0.06 2.951+0.05 | 2.8924+0.06 2.869+0.05 | 5.221 =0.06 5.124 +0.05
logg + Ologe  [cm/s?]  3.65+0.11 3.66+0.13 | 3.67+0.11 3.67+0.13 | 3.30+0.11  3.31+0.13
L +or [L@] 8.02 +0.30 6.17 +0.10 7.49 £ 0.30 5.83 +0.10 24.41 £0.30 18.59 +£0.10
Myor £ o0y, [mag] 2.54 +0.08 2.82 +0.08 2.61 +0.08 2.88 +0.08 1.33 £ 0.08 1.62 £ 0.08
My £+ owmy, [mag] 2.63 £0.13 2.924+0.14 2.70 £ 0.13 2.99 +£0.14 1.50 +0.13 1.77+0.14
M [M@] 1.49 £0.16 1.46+1.46 1.47+0.16 1.44 +£0.15 2.05+0.16 2.024+0.15
Sp. Type® G6.5 TV G9.5 TV Q6.5 TV G9.5 TV G6.5 TV Q9.5 TV
Tdyn [mas] 13.43 £ 1.12 13.49 12.06

*Based on temperature-Sp. type from Lang tables Lang (1992).
**We adopt this solution.
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Figure 25. Positions of the components of Hip 68170 on the
H-R diagram based on the analysis using Al-Wardat’s method.
The evolutionary tracks are taken from (Girardi et al., 2000) for
masses (1, 1.1, ..., 1.6 Mg).
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Figure 26. The isochrones for both components of HIP 68170
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from (Girardi et al., 2000).
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5 DISCUSSION

A comparison between the calculated masses using
trigonometric parallaxes of the three catalogues has
shown a consistency in the distributions. Of course, this
is an expected result since the dynamical masses in the
three cases are calculated using the same orbital solu-
tions, in addition to the fact that the sample focused
on systems with differences between the three paral-
laxes within 5% of the value. Systems of higher values
and larger differences in parallax measurements between
Gaia and Hipparcos (both catalogues), are eliminated
from this study, and will be studied again after the next
release of Gaia data. The distribution of the masses
shows a concentration of BSs among the low mass sums
M ~ (0 < M < 4) Mg, which is reasonable because
stars in the milky way galaxy are mainly main-sequence
stars with masses in the range M ~ (0.08 < M < 8)
M.

This tendency for the binaries to have low masses
could be explained by the theories of formation of BS,
but these still need more observational data to differenti-
ate between one theory or another (Tokovinin, 2018a). In
general, the currently most accepted theory of the forma-
tion of BS is the fragmentation of proto-stellar cores or
circumstellar discs (Bate et al., 1995; Kroupa, 1995; Bate
et al., 2002; Tohline, 2002; Kratter & Matzner, 2006;
Clarke, 2009; Offner et al., 2010; Kratter & Lodato, 2016;
Moe & Di Stefano, 2017; Moe et al., 2019; Tokovinin
& Moe, 2020). Which may result in multiple systems
higher than binaries in the case of massive proto-stellar
cores and discs, because of the gradually increasing like-
lihood that more massive stars will fragment (Kratter
& Matzner, 2006). We expect a strong contribution
from Gaia data in solving the mysteries of formation of
multiple stars, where recent stellar evolution theories
concentrate on the study of massive stars (Aghakhanloo
et al., 2020).

The rich data of Gaia DR2 are already being im-
plemented in solving orbits and masses of binary and
multiple systems, see for example Tokovinin’s work
(Tokovinin, 2018b,a, 2019a,b; Tokovinin et al., 2019;
Tokovinin, 2019c). It is also very useful in determin-
ing the physical and geometrical parameters of binary
stars, using Al-Wardat’s method, which has been used to
analyze several solar type binary and triple systems (Al-
Wardat, 2009; Al-Wardat & Widyan, 2009; Al-Wardat,
2012; Al-Wardat et al., 2014c, 2016; Masda et al., 2016;
Al-Wardat et al., 2017; Masda et al., 2019b), and was suc-
cessfully applied to sub-giant BSs like HD 25811, HD 375,
HD 6009 (Al-Wardat et al., 2014a,b; Al-Wardat, 2014)
and Hip 68170 in this work.

The accuracy of the Al-Wardat method had been
demonstrated in this paper shown to provide a useful
consistency check for DR2 parallax measurements. Some
of the parallaxes obtained by Hipparcos give masses more
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consistent with the photometric and dynamic system
parameters than DR2. On the other hand, Al-Wardat’s
method estimated a parallax for the system HD25811,
which had no parallax from Hipparcos, as 5.095 +0.095
mas in 2014 (Al-Wardat et al., 2014a). This value is very
close to that of Gaia DR2 - 4.953 4+ 0.081 mas. Moreover,
the method can deal with multiple stellar systems which
are sometimes ignored by dynamical methods and the
Malkov Method, which assumes that the systems are
binaries.

6 CONCLUSION

In 2018, the Gaia collaboration released the DR2 data,
which gave precise parallax measurements for approx-
imately 1.7 billion objects in addition to other pho-
tometric and astrometric data. These precise parallax
measurements have allowed many astronomical ques-
tions to be addressed. One in particular is the case of
close visual binary stars, where it has been noted that
Hipparcos parallax measurements of binary and multi-
ple systems are, in some cases, distorted by the orbital
motion of the components of such systems (Shatskii &
Tokovinin, 1998). In this paper, we have looked at the
precision of the parallax measurements for the two mis-
sions and considered how they affect the measurements
of the physical parameters for a sample of 1700 close
visual binaries, taken from the Sixth Catalog of Orbits of
Visual Binary Stars. First, we focused on comparing the
parallax measurements between the three space-based
astrometric catalogues: Hipparcos 1997, van Leeuwen
2007, and Gaia DR2 2018. The results showed that van
Leeuwen’s reduction of Hipparcos data was indeed an
improvement on Hipparcos 1997, and those parallaxes
are in better agreement with the Gaia DR2 release than
those of Hipparcos 1997. Secondly, this work studied
the mass-sum of the selected binary systems, where
we calculated the dynamical mass-sum using parallaxes
from the three catalogues and then compared the results
with masses estimated using other methods (340 sys-
tems from Malkov photometric masses and 17 systems
depended on Al-Wardat’s method). The results showed
that the estimated masses using Al-Wardat’s method
for analyzing CVBSs, which is a computational spec-
trophotometric technique, were closer to the dynamical
masses than those of the photometric mass sum given by
Malkov, and closer to the dynamical masses calculated
using van Leeuwen 2007 parallaxes. The latter point
can be explained by noting that those works, which
used Al-Wardat’s method, adopted mainly van Leeuwen
2007 parallax measurements. Finally, we discussed five
specific BSs which showed discrepancies between their
mass sums calculated or estimated by different methods.
The comparison showed that Al-Wardat’s method is an
effective method for analyzing close visual binary an
multiple systems.

M. A. Al-Wardat et al.

There are several future lines of study that have
emerged from our work:

e Interstellar extinction should be taken into account
during the further analysis of Gaia parallax mea-
surements. Special attention should be given to
specific high extinction regions in the galaxy.

e The effect of duplicity, multiplicity on the photo
center and resulting Gaia parallax measurements
should also be taken into account.

e There needs to be a detailed programme to rean-
alyze all previously studied binary and multiple
systems using the new Gaia parallax measurements
and applying the Al-Wardat Method for complete
internal consistency in the measurement of the stel-
lar physical parameters.

e A new parallax measurements for the system
Hip 12552 is needed, and also new relative posi-
tion measurements to help in solving the issue of
the parallax difference between Gaia and Hippar-
cos, and to obtain the system’s precise fundamental
parameters. This may become available from the
next Gaia data release.

e To reanalyze the system Hip 689 using a different
method in order to know if it is a binary, a triple
or a quadruple system.
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