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Abstract

Context. Two fundamental characteristics of binary systems are the masses of their components and their distance to the Earth. In this way, the dynamical parallax is an accurate and very helpful tool. Nevertheless, there has been some concern with regard to the use of a unique linear mass–luminosity relation (MLR) for the entire main sequence (MS).

Aims. This article describes the accurate computation of both dynamical parallaxes and individual masses of visual binaries. The main aim is to formulate a model which would be suitable for binary systems attending to the exact locations of the components on the MS in the HR diagram.

Methods. An analytical model was developed which allows calculation of dynamical parallaxes and individual masses using a non-linear MLR valid for the entire MS. This up-to-date MLR is given by a polynomial of degree 20. In contrast to previous approaches, this model can be applied even in the case of components with unequal masses, that is, with an arbitrarily large difference of magnitudes between them. On the other hand, considering the fundamental equation of the theory that forms the basis of the model, we propose to estimate uncertainties in parallax and masses using Monte Carlo simulations.

Results. The model was validated by means of numerical tests using a synthetic sample comprising 103 systems. The results are much more accurate than those for previous models reported in the literature for deriving dynamical parallaxes and masses. Furthermore, we present dynamical parallaxes and individual masses for the 19 double-lined spectro-interferometric systems with definitive visual orbits and compare the former with the orbital parallaxes as well as with those measured by HIPPARCOS and Gaia. It is worth mentioning that the latter can only be a reliable source when the orbital motion is taken into account. Thus, at present, many Gaia DR2 parallaxes of binaries are biased.

Conclusions. Our model, composed of an exact analytical theory, along with a non-linear MLR, guarantees high accuracy even in cases where the components are of unequal mass.
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1. Introduction
The pioneering works of Russell & Moore (1940) and Baize & Romani (1946) laid the foundation for the use of the mass–luminosity relation (MLR) along with Kepler’s third law for calculating the dynamical parallax and the component masses of a main sequence (MS) visual binary. Although both approaches are equivalent, the Baize-Romani method has been more widely used over the years because of its simplicity and ease of use with different types of mass–luminosity arrays,
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with ℳ being the mass of the binary system in solar masses, Mbol its absolute bolometric magnitude, and κ and M0 two constants; the second is indeed the bolometric magnitude of the Sun. In addition, the absolute bolometric magnitude is related to the parallax by means of the distance modulus,
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where mbol is the apparent bolometric magnitude of the star and ϖ is the parallax in arcseconds. This procedure was subsequently adapted to systems containing an unresolved subsystem by Heintz (1962).
On the other hand, the only serious criticism of this method has probably been that of its applicability to binary systems with components over the entire MS. In fact, although Couteau (1978) demonstrated that the method is not very sensitive to small deviations from the MLR, mainly for G-type stars, we cannot completely rule out the existence of significant residuals for other spectral types.
This drawback can be, however, fully overcome considering a non-linear MLR valid for the entire MS. This was partially accomplished by Angelov (1993), who suggested the use of an MLR given by a power series. Unfortunately, his assumption of equal-mass components in the expansion in series near to the origin of an intermediate function yields a (linear) first-order approximation that neglects all the contributions owing to the difference between the masses of the components. Nevertheless, this is an indispensable condition in his development, because he is using non-convergent series.
In the present work, we assume a non-linear MLR obtained for the entire MS, and develop a new theory which is valid for unequal-mass components and that additionally takes interstellar extinction into account. This is an exact theory, without expansions in series, that allows to obtain rigorous equations for both the dynamical parallax and the individual dynamical masses. Additionally, it is used to provide accurate parallaxes and masses of a representative sample of 19 double-lined spectro-interferometric binaries (VB+SB2).
This paper is organised as follows. Our analytical theory is derived in Sect. 2. An up-to-date fit of the MLR valid for the entire MS is given in Sect. 3. In the fourth section, a case study is presented to illustrate the numerical resolution for our model. Furthermore, a synthetic sample of 103 systems is used to validate the model as well as to highlight its noticeably higher accuracy in comparison with previous ones. The application of the model to the 19 VB+SB2 binary systems with definitive orbits in the Sixth Catalog of Orbits of Visual Binary Stars (Hartkopf et al. 2001), hereafter ORB6, is discussed in Sect. 5, where a Monte Carlo simulation is implemented to obtain reliable uncertainties both in parallax and in individual masses. Finally, the conclusions are outlined in Sect. 6.
2. Analytical theory
2.1. Basic equations
We use Kepler’s third law,
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where ℳi, with i = 1, 2, is the mass of each component of the binary system (in solar masses), a the orbital semimajor axis (in arcseconds), and P the orbital period (in years). Now, we define a non-linear mass–luminosity relation
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where ck are coefficients obtained from a fit (logℳ,  Mbol) along the MS (see Sect. 3.1.2).
Thus, Expressions (3) and (4), together with the distance modulus expression given in Eq. (2), are the three basic equations of the theory. We rewrite the latter for each component i as
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where we introduce the bolometric correction (BC) to obtain the apparent bolometric magnitude from the apparent visual magnitude (mV). Moreover, we have also taken the interstellar extinction (AV) into account.
Therefore, a new mass–luminosity relation for each component i can be obtained substituting (5) in (4),
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where
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Combining this result with Kepler’s third law given in (3), we obtain
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where
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with
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and α = −1i.
Taking logarithms in (8), we derive the fundamental equation
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The main difference with the Baize-Romani method is that in this case the auxiliary function, log Di(y), is a parallax-dependent function. In contrast with the Angelov’s approach, we propose to solve Eq. (10) exactly, without using the near-origin expansion in series
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In such an approach, it is assumed that the masses of both components are equal (see Eq. (9)). This is necessary in order to remove all the non-convergent terms, that is, the terms of order higher than one (𝒪(ΔSp) = 0 with p ≥ 2). On the contrary, our theory can be applied without any assumption, thus avoiding any eventual overestimation of the parallax (see Sect. 4.2.2).
2.2. The fundamental equation of the dynamical parallax
We rewrite the Eq. (10) as
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where
[image: thumbnail]
This is a transcendental equation, the roots of which can be found by means of root-finding algorithms. In this case, we apply the Brent-Dekker method (Dekker 1969; Brent 1971), a robust and fast algorithm that works very well when one is dealing with a one-dimensional problem, the roots of which can be bracketed. In this case, the space of all feasible solutions of this equation, Ω = {y ∈ ℝ|𝒰(y)+𝒱(y) = 0}, is bounded. It is straightforward to verify this by taking the Expression (7) into account, along with the empirical fact that ϖ <  1 arcsecond; thus the allowed solutions of Eq. (12) must be y ∈ ℝ−. In addition, if we generously assume that we are searching dynamical parallaxes larger than 1 μas, we can consider Ω ⊂ ( − 30, 0). Thus, the dynamical parallax is easily derived from the solution of (12) by means of ϖ = 10y/5.
We note that the exact resolution of the fundamental equation using the Brent-Dekker method allows numerical accuracies in the dynamical parallax better than 1 μas to be achieved quickly. As a matter of fact, given the strong non-linearity of the fundamental Eq. (12), the demands on accuracy can be much more difficult to meet with other numerical methods.
2.3. Formulae for the dynamical masses
Therefore, the solution of the Eq. (12), along with the Expressions (6) and (7), provide direct formulae for the mass of each component,
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Finally, we would like to point out that, as Heintz (1971) already indicated, we should only use the term dynamical with those parallaxes which are derived using both an orbit and an assumed MLR. Hence, parallaxes based on an assumed mass (e.g. using spectral types), apart from being inferior, are not genuine dynamical parallaxes.
3. Photometric issues
New linear and non-linear MLRs that are valid for the entire MS are provided in this section. The latter will be used together with the analytical theory described in Sect. 2 to compute accurate dynamical parallaxes and masses (see Sect. 4). In addition, the interstellar extinction law used in these computations is also introduced.
3.1. The mass–luminosity relation
3.1.1. A new linear mass–luminosity relation
The MLR plays a fundamental role in binary star astronomy since it allows the computation of dynamical parallaxes and individual masses for MS binary systems. Therefore, different sets of parameters (see Table 1) fitting a logarithmic linear MLR, such as that given in Eq. (1), have been considered in the past (see Baize & Romani 1946; McCluskey & Kondo 1972; Docobo & Andrade 2013), each of them derived from different data sources.
Table 1.

Fits of the linear (MS) MLR customarily used to compute dynamical parallaxes by means of the classical Baize-Romani method.


With the aim of providing a reliable linear MLR, a new fit of the (logℳ,  Mbol) data has been carried out here, taking 88 masses and absolute bolometric magnitudes given by Pecaut & Mamajek (2013) into account1. A straight line with a coefficient of determination of R2 = 0.9910 was obtained. A major advantage of this is that it is valid for a very wide spectral range of the MS (O7 V–M9.5 V). We have considered the need to use a bolometric magnitude of the Sun consistent with the zero-point of the empirical bolometric corrections for stars (see Torres 2010). Parameters of this fitting, together with those mentioned above, are shown in Table 1. The linear fit is shown in Fig. 1.
	[image: thumbnail]	Fig. 1.
Black points indicate the data of Pecaut & Mamajek (2013), updated as of 22 March 2019. The linear mass–luminosity fit as well as the polynomial mass–luminosity fit of degree 20 are shown in black and cyan, respectively. In addition, the 95% confidence bands for each of them are plotted in grey and orange, respectively.




3.1.2. A new non-linear MLR
Given the non-linear shape of the MLR, most investigations have found that any attempt of modelling it with a linear function cannot produce a good-quality fit to observational data through the entire MS. In practice, this problem is usually overcame by adopting piecewise MLRs based on the classical MLR with different parameters depending on the bolometric magnitude range. Nevertheless, piecewise-defined functions would need to be comprised by many pieces to be accurate enough. In addition, such functions may show differentiability and continuity issues that are difficult to deal with from a computational point of view.
Therefore, we propose a new model for the MLR which has been derived taking the above-mentioned data (Pecaut & Mamajek 2013) into account. This robust non-linear MLR was obtained after evaluating polynomials given in Expression (4) with increasing values of the exponent n up to degree 40. Furthermore, we have seen that polynomials with degrees above a certain value either do not adequately fit some intermediate values or provide overly wide confidence intervals.
A first approach to chose the best precise polynomial would consist in taking that with the highest adjusted coefficient of determination ([image: equation]). Nevertheless, we have considered the well-known Akaike’s information criterion (AIC; Akaike 1971) as the fundamental tool for the MLR selection. In particular, considering the large number of dependent variables in comparison with the sample size, we have used the second-order variant AICc (Sugiura 1978). Hence, AICc values are rescaled by an additive constant such that the polynomial with the minimum AICc value has Δn = 0. Formally, Δn = AICc, n − AICc, min, with n being the index (degree) of the polynomial. Finally, Akaike weights are calculated according to
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where m is the number of considered polynomials. Akaike weight wn may be interpreted as the probability that polynomial n is the best precise model for the sampling situation considered. These weights are plotted for each polynomial of degree n in Fig. 2.
	[image: thumbnail]	Fig. 2.
Akaike weights for the non-linear MLR polynomial models until degree 40.




As a result, the best precise fit would be that given by the polynomial of degree n = 20, which has an adjusted coefficient of determination [image: equation]. According to the usual rules of thumb (Burnham & Anderson 2002), a few polynomials with degrees of around 20 could have a certain level of empirical support. However, that of degree 20 is by far the best precise polynomial, with a probability of 53.9% (the following best polynomials have only a 12% probability). From this point of view, this polynomial would be an optimal solution for the problem of the non-linear MLR fit.
The polynomial coefficients and uncertainties are listed in Table 2, whereas the plot with the polynomial fit is shown in Fig. 1. This fit is valid through the entire MS. Indeed, from a numerical point of view, it exhibits a high accuracy because the mean and the standard deviation of the residuals are only of 10−11 ℳ⊙ and 0.014 ℳ⊙, respectively.
Table 2.

Coefficients of the new non-linear MLR fit.


3.2. Interstellar extinction
In order to estimate the interstellar extinction we use the well-known exponential extinction law proposed by Parenago (1945),
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where r is the distance and b the galactic latitude. The parameters a0 and β are, respectively, the extinction coefficient (i.e. the magnitude of the extinction per parsec to an object located in the galactic plane behind the absorbing layer) and the half-thickness of the dust layer (in parsec). For these parameters we adopt the mean values a0  =  1.6 mag kpc−1 and β  =  11  ±  2 pc (Sharov 1964).
4. A colour-dependent model: ANAPAR
The term model is used to refer jointly to the analytical theory and the MRL fit chosen to perform the calculations. In this way, the model presented in this paper (henceforth referred to as ANAPAR) comprises the analytical theory described in Sect. 2 together with the non-linear MLR fit defined in Sect. 3.1.2.
4.1. Example: Luyten 726-8 (WDS 01388–1758)
This binary system, also known as Gliese 65, comprises two red dwarfs, BL Cet and UV Cet, the latter being, furthermore, the archetype for the class of flare stars. We have chosen this system because there are accurate measurements of the trigonometric parallax, free of any orbital motion influence. However, we also would like to note that the intrinsic variability of both components makes any measurement of their apparent magnitudes somewhat uncertain.
The dynamical parallax obtained by Angelov (1993) in his paper was 385 mas. Using the same astrophysical data, but applying our exact theory, we obtain 380.78 ± 6.50 mas. Nevertheless, new calculations with improved orbital elements (Kervella et al. 2016) and apparent magnitudes (see Table 3) yield 388 mas and 380.76 ± 3.14 mas, respectively. For the sake of completeness, we also provide new individual masses, 0.119 ± 0.002 ℳ⊙ and 0.110 ± 0.002 ℳ⊙, respectively, which exactly match those expected for the spectral types given in Table 3.
Table 3.

Data of Luyten 726-8.


Now, these dynamical parallaxes can be compared with the accurate absolute parallax measured by Geyer et al. (1988) using 195 observations covering most of one revolution, 375  ±  4 mas. A similar measurement, 372  ±  8 mas, was also obtained by Heintz (1987) using 79 nights. Besides that, the weighted trigonometric parallax derived from the two Gaia DR2 measurements is 371.00 ± 0.19 mas, whereas that obtained by van Altena et al. (1995) is 373.70 ± 2.70 mas. Results are summarised in Table 4.
Table 4.

Results of Luyten 726-8.


Therefore, although there may be some uncertainty in the apparent magnitudes, reliable dynamical parallax and masses are obtained. In fact, our dynamical parallax is metrologically consistent (see, e.g., Kacker et al. 2010) with all the absolute trigonometric parallaxes except for that of Gaia DR2, which could however be somewhat affected by the orbital motion.
4.2. Validation
4.2.1. The synthetic sample
A synthetic sample of 103 binary systems has been used to assess the accuracy of the ANAPAR model. This consists of a randomly generated sample of the fundamental parameters (ϖ, a, ℳ1, and ℳ2), characterized by the statistical properties listed in Table 5, along with the parameters derived from them (P, mV1, and mV2).
Table 5.

Statistical properties of the synthetic sample.


4.2.2. Comparison with the previous models
The reliability of the new model has been analysed considering the synthetic sample along with each of the parallax models summarised in Table 6.
Table 6.

Parallax models: theories and MLR fits to calculate dynamical parallaxes and individual masses.


The mean absolute error (MAE) and the root mean squared error (RMSE) of the residuals (differences between the data and the calculated values) are summarised in Table 7 for the dynamical parallax and the total mass. Besides that, scatterplots with the dynamical and the synthetic values for each of these variables are shown in Fig. 3.
Table 7.

Mean absolute error and root mean square error of the residuals of the dynamical parallax and the total mass for the synthetic sample of 103 systems considering the three parallax models described in Sect. 4.2.2.


	[image: thumbnail]	Fig. 3.
Scatterplots of dynamical vs. synthetic values (left: dynamical parallaxes, right: total masses) for the synthetic sample of 103 systems considering the three parallax models described in Sect. 4.2.2. The black dashed line indicates the perfect fit (y = x).




In view of these results, we can conclude that although the classical Baize & Romani (1946) method shows a certain tendency to underestimate parallaxes, it provides quite reasonable values. This is not true for the total mass, especially in the case of massive systems, as this method yields values well above expectations. Moreover, taking the high dispersion for the mass ratio into account, we should not expect particularly good results for the individual masses either.
Similar conclusions are reached when considering Angelov’s approach, using which neither parallaxes nor masses yield reliable values. These anomalies could be mainly due to the condition imposed in the series expansion given in Eq. (11) which completely removes those terms of an order higher than one that account for the difference of mass between the components. This effect can be seen in Fig. 3, where nearly all the points in the dynamical parallax scatterplot of the Ang93 model are spread well above the perfect fit straight line. Regarding masses, the opposite is seen. The Ang93 model tends to overestimate parallaxes and consequently underestimate the masses. Indeed, this effect would be more noticeable the greater the difference in mass between the components.
Quite the contrary, ANAPAR, which computes dynamical parallaxes and individual masses considering the full expression given in Eq. (12) provides results in perfect agreement with data for both dynamical parallaxes and masses. Thus, MAE and RMSE of the ANAPAR residuals yield by far the lowest values for all models (see Table 7).
5. Application
5.1. The VB+SB2 set
Dynamical parallaxes and individual masses calculated by means of the new model presented in this paper have been compared with trigonometric and orbital parallaxes, and with masses obtained from combined astrometry and spectroscopy data, respectively. This comparison has been carried out considering the set of MS VB+SB2 systems with visual orbits that have been graded 1 (definitive) in the ORB6. There are 19 systems in all, some of them with simultaneous adjustment of the visual and the spectroscopic data.
Unless otherwise indicated, visual orbital elements were taken from the ORB6 and apparent magnitudes from the HIPPARCOS and Tycho Catalogues (ESA 1997) or, if not available, from the ORB6. Likewise, radial velocities needed to calculate the orbital parallaxes were taken from the SB9: ninth catalogue of spectroscopic binary orbits (hereafter, SB9; Pourbaix et al. 2004).
Orbital and dynamical parallaxes for all the models are listed in Table 8. For the sake of completeness, trigonometric parallaxes taken from the general catalogue of trigonometric [stellar] parallaxes (van Altena et al. 1995), from second reduction of HIPPARCOS (hereafter, HIP2; van Leeuwen 2007), and from Gaia DR2 (hereafter, GDR2; Gaia Collaboration 2018) are also listed (we note that in one case, STF 2173 AB, the two GDR2 values available for the same system have been combined into a weighted mean parallax).
Table 8.

Parallaxes, individual masses, and spectral types for the VB+SB2 systems.


Nevertheless, we would like to point out that we should be careful with any direct comparison because of possible uncorrected orbital motions in astrometric data. Specifically, it is worth mentioning that current Gaia DR2 parallaxes do not take orbital motion into account and, as a consequence, these should not be considered as the most accurate values (e.g., KUI 37 AB and HO 276, see below). On the contrary, dynamical and orbital parallaxes are often the most reliable sources. Another trustworthy source is that of trigonometric parallaxes of visual binaries corrected by their orbital motions, as is the case for the HIPPARCOS measurements processed by Söderhjelm (1999). Likely, Gaia DR3, which is anticipated to take place during the second half of 2021, will provide unbiased parallaxes as well.
Table 9.

Derived quantities for the VB+SB2 systems with spectroscopic subcomponents.


We note that the ANAPAR model applied to the VB+SB2 set leads to dynamical parallaxes in agreement with those derived from astrometric and spectroscopic observations. With respect to the derived masses using this method, we obtain individual dynamical masses in reasonable agreement with both orbital and spectral masses, as you can see in Table 8. Discrepancies in some particular cases are discussed below. Estimated spectral types are also listed in Table 8.
Uncertainties in both dynamical parallaxes and masses have been calculated using Monte Carlo simulations according to the JCGM:101 (2008). This approach involves the repeated simulation of samples within the probability density functions (PDFs) of the input data (period, semimajor axis, and apparent magnitudes). As usual, we assume that each of these variables, Xi, are normally distributed, thus [image: equation], where μi is the expectation and σi the standard deviation of each of them. The next step is to run as many simulations as possible for each binary system. A general rule of thumb is to use 104 simulations, since this number of simulations usually leads to stable outcomes in the resulting distributions. At a later stage, it is necessary to plug each of the simulation results into the equations of the model in order to obtain the distributions of the results (parallaxes and masses). As it is customary to do, their standard deviations would be taken as estimates of the corresponding uncertainties.
Finally, we would like to note that dynamical parallax theories may suffer from a lack of accuracy when there are more than two components in the system. In these cases we can use the method of Docobo & Andrade (2006), henceforth referred to as DA2006, to analyse triple stellar systems that include a visual double star wherein one of the components is a spectroscopic binary. This method has been applied in three cases (HO 212 AB, LAB 2 Aa,Ab, and KUI 75 AB) using updated data. As a result, the most probable values of the inclination of the spectroscopic binary, the angular separation between its components, their masses, as well as their spectral types are also provided (see Table 9). We note that these, calculated specifically for systems known to be triple, could be more accurate than those shown in Table 8.
5.2. Comments on the individual systems
00352–0336 (HO 212 AB). The variable star 13 Cet is a triple star (A is itself a 2.1 days SB1 star) which belongs to the Hyades moving group (vB 77). Its total mass, derived from its visual orbital elements and from the HIP2 parallax, is about 2.8 ℳ⊙. Thus, there is an excess of mass with respect to both our preliminary dynamical mass (2.033 ± 0.013 ℳ⊙) and that (2.20 ℳ⊙) estimated considering its binary spectral classification, F7 V + G4 V (Strassmeier et al. 1993).
A reasonable hypothesis is that this discrepancy is probably due to the third inner companion Ab, likely a K dwarf, which could also explain the relatively large difference between the inferred dynamical parallax and the trigonometric parallax. Nevertheless, the application of the DA2006 method allows a parallax of 47.34  ±  2.18 mas to be derived, which closely matches that estimated by Söderhjelm (1999) using the intermediate transit data of HIPPARCOS, 47.73 ± 1.21 mas. Individual masses and spectral types for the three components, together with additional orbital parameters for the spectroscopic orbit, are summarised in Table 9.
00373–2446 (BU 395). This binary system could comprise, according to Houk & Smith-Moore (1988) and Gray et al. (2006), a G7 V star plus a K1 V companion. As a consequence, its total mass would be around 1.8 ℳ⊙, in complete agreement with that derived from the orbital elements (1.79 ± 0.16 ℳ⊙) and with that calculated using our dynamical model (1.779 ± 0.007 ℳ⊙). A reliable dynamical parallax, very close to that measured by HIP2, is also provided.
02278+0426 (A 2329). This K7 V system (Andrade 2007) probably comprises a pair of mid-late K dwarfs. Available measurements of the trigonometric parallax from van Altena et al. (1995) and from HIP2 (Gaia is not available) provide a total mass of 1.13 ± 0.24 ℳ⊙ and 1.37 ± 0.12 ℳ⊙, respectively. Therefore, the total mass calculated in this paper (1.173 ± 0.017 ℳ⊙) lies between the two. On the other hand, individual masses (see Table 8) agree with the spectral type. Moreover, fractional mass (ℳ2/(ℳ1 + ℳ2) = 0.494 ± 0.007) agrees well with that of 0.47 given by Agati et al. (2015). Nonetheless, the individual masses that these latter authors derived from their orbital elements (0.95 ℳ⊙ and 0.85 ℳ⊙, respectively) seem to be too large in comparison with those expected taking the spectral type into account.
This is a good example of a low-accuracy determination of the orbital parallax due to minor systematic errors in the orbital elements, likely in the radial velocities.
02396–1152 (FIN 312). The ϵ Cet system is a line-width spectroscopic binary (LWSB), with spectral type F4 V (Abt 2009), that shows a large discrepancy between its orbital mass derived from its orbital parallax using Kepler’s third law (3.962 ± 0.251 ℳ⊙) and that derived from the dynamical model (2.421 ± 0.104 ℳ⊙). Nevertheless, the latter matches very well with that expected for the combined spectral type for a binary with a difference of magnitudes Δm = 1.29 ± 0.46 (about 1.4 ℳ⊙ for a F2 and 1.1 ℳ⊙ for a F9). On the other hand, a total mass of 2.23 ± 0.12 ℳ⊙ is also obtained from the visual orbital elements along with the GDR2 parallax.
Anyhow, individual masses derived from the dynamical model (1.361 ± 0.042 ℳ⊙ and 1.060 ± 0.095 ℳ⊙) corroborate those of Docobo & Andrade (2013), 1.37 ± 0.09 ℳ⊙ and 1.03 ± 0.08 ℳ⊙. All of these mass values are in agreement with those calculated by Söderhjelm (1999): 1.41 ± 0.15 ℳ⊙ and 1.19 ± 0.13 ℳ⊙. The parallax (40.59 ± 1.31 mas) of this latter author is also in good agreement with our dynamical parallax (41.33 ± 0.68 mas).
The recent GDR2 parallax would confirm that Martin & Mignard (1998), using astrometric data of HIPPARCOS, underestimated the value of the parallax (26.22 ± 1.08 mas), which in turn resulted in an excessively large mass of the first companion (1.886 ± 0.17 ℳ⊙). Finally, we would like to point out that the orbital parallax shown in Table 8 was first given in Docobo & Andrade (2015).
02442–2530 (FIN 379 Aa,Ab). The various parallaxes obtained for this G3 V binary system (Houk & Smith-Moore 1988) are in good agreement. In particular, dynamical and GDR2 parallaxes are very similar, but somewhat lower (8%) than that given by HIP2. Total mass derived in this paper (2.192 ± 0.033 ℳ⊙) is slightly larger than that (2.03 ± 0.06) obtained by Tokovinin (2016), the latter being closer to that expected for a pair of early G stars. Nevertheless, similar values are obtained for the mass ratios, 0.942 ± 0.029 (this work) and 0.933 ± 0.059 (Tokovinin 2016).
03082+4057 (LAB 2 Aa,Ab). The β Per system, better known as Algol and whose main component has been classified as B8 V (Gray et al. 2003), is a triple system (Aa is itself a 2.9 days SB2 star). The Aa2 component is a subgiant of spectral type K2 IV and Ab seems to be a F1 V star (Richards 1993). Components Aa1, Aa2, and Ab would have 3.7 ± 0.2 ℳ⊙, 0.8 ± 0.1 ℳ⊙, and 1.5 ± 0.1 ℳ⊙, respectively, according to Zavala et al. (2010). On the other hand, Baron et al. (2012) estimated 3.17 ± 0.21 ℳ⊙, 0.70 ± 0.08 ℳ⊙, and 1.76 ± 0.15 ℳ⊙, respectively.
Furthermore, the application of DA2006 methodology provides a parallax (33.53 ± 0.31 mas) closer to that (34.7 ± 0.6 mas) obtained by Zavala et al. (2010). On the other hand, the dynamical parallax derived from our model (35.99 ± 0.37 mas) is very similar to that provided by HIP2 (36.27 ± 1.40 mas). Individual masses and spectral types for the three components, together with additional orbital parameters for the spectroscopic orbit, are summarised in Table 9.
04256+1556 (FIN 342 Aa,Ab). The 70 Tau system is a F7 V (Gray et al. 2001) system which belongs to the Hyades moving group (vB 57). In this case the new spectroscopic solution determined by Griffin (2012) has been used to calculate the orbital parallax instead of that of the SB9. Dynamical parallax (23.46 ± 0.39 mas) is in agreement with orbital parallax (23.77 ± 0.52 mas), but not with the trigonometric measurements; particularly that of GDR2 (18.9472 ± 0.2819 mas) is significantly lower than those. Nevertheless, dynamical mass ratio (q = 0.868 ± 0.056) is consistent with the spectral type and the difference of magnitudes (Δm = 0.74 ± 0.31).
07518–1354 (BU 101). The 9 Pup system is a G0 V system (Gray et al. 2006) with dynamical (60.46 ± 0.28 mas) and trigonometric parallaxes (60.59 ± 0.59 mas, HIP2) in complete agreement. Dynamical masses also agree with those expected for the spectral type and the difference of magnitudes (Δm = 0.90 ± 0.01).
09006+4147 (KUI 37 AB). The 10 UMa system is a F3 V + G5 V system (Muterspaugh et al. 2010) whose dynamical parallax (62.70 ± 0.09 mas) is in perfect agreement with that given by HIP2 (62.23 ± 0.68 mas), but not with that of GDR2 (71.1893 ± 1.4693 mas), whose biased value is likely due to the uncorrected orbital motion.
Nevertheless, individual dynamical masses (1.397 ± 0.002 ℳ⊙ are 0.902 ± 0.005 ℳ⊙) are consistent with the previous estimations of Söderhjelm (1999) of 1.37 ± 0.08 ℳ⊙ and 1.04 ± 0.06 ℳ⊙, as well as with spectral types. In view of these results, we suggest that the GDR2 parallax could be overestimated by roughly 14%.
09123+1500 (FIN 347 Aa,Ab). Dynamical parallax (50.22 ± 0.67 mas) calculated for the π1 Cnc system, classified as G9 V (Gray et al. 2003), agrees well with trigonometric parallaxes (49.1493 ± 0.3467 mas, GDR2). Interestingly enough, the measurement provided by GDR1 (Gaia Collaboration 2016), 50.230 ± 0.340, matches almost perfectly with our dynamical parallax.
Reliable individual masses are obtained (0.865 ± 0.017 ℳ⊙ for each component), similar to those previously derived by Pourbaix (2000), 0.890 ± 0.029 ℳ⊙ and 0.850 ± 0.025 ℳ⊙, respectively.
15232+3017 (STF 1937 AB). Components of η CrB have been classified G2 V + G2 V (Struve & Franklin 1955), but later Bidelman (1985) estimated a system spectral type F9 V. Our dynamical parallax (56.02 ± 0.03 mas) is in perfect agreement with the trigonometric value of HIP2 (Gaia not available), 55.98 ± 0.78 mas, as well as with individual masses for a G0 V + G2 V system (1.081 ± 0.001 ℳ⊙ and 1.023 ± 0.001 ℳ⊙).
16555–0820 (KUI 75 AB). Gliese 644 comprises three red dwarfs, A, Ba, and Bb, all of them visible in the spectra. Its spectral type is M3.5 V (Joy & Abt 1974) and the individual masses are 0.4155 ± 0.0057 ℳ⊙, 0.3466 ± 0.0047 ℳ⊙, and 0.3143 ± 0.0040 ℳ⊙, according to Ségransan et al. (2000), or 0.410 ± 0.028 ℳ⊙, 0.336 ± 0.016 ℳ⊙, and 0.304 ± 0.014 ℳ⊙, respectively, according to Mazeh et al. (2001). The former authors also provide spectral types M3 V, M3.5 V, and M3.5 V, for the respective components.
Nevertheless, these masses were derived adopting the ground-based value of the parallax given by van Altena et al. (1995), 154.8 ± 0.6 mas, since they claim that it is the most precise. On the other hand, the uncertainty in the trigonometric parallax given by HIP2 (161.41 ± 5.64 mas) is large enough for these measurements to be compatible with each other. Alternatively, discrepancies with dynamical masses (and maybe with dynamical parallax as well) could be easily explained by the presence of a third companion.
The application of the DA2006 methodology provides a new parallax (146.38 ± 8.63 mas), individual masses, and spectral types for the three components, together with additional orbital parameters for the spectroscopic orbit (see Table 9).
However, apart from the parallaxes given by van Altena et al. (1995), 154.8 ± 0.6 mas, and Söderhjelm (1999), 155.63 ± 1.81 mas, none of the other values come close to the reliable measurements (free of any orbital motion influence) given by GDR2 for the distant physical companions C (Gliese 643) and F (Gliese 644 C), namely 153.9189 ± 0.1310 mas and 153.8139 ± 0.1148 mas, respectively.
17304–0104 (STF 2173 AB). The dynamical parallax (61.13 ± 0.75 mas) for this G9 IV-V binary system (Keenan & McNeil 1989) is in complete agreement with that measured by HIP2 (61.19  ±  0.68 mas). Individual masses of 0.963 ± 0.005 ℳ⊙ and 0.951  ±  0.005 ℳ⊙ are also consistent with those of Pourbaix (2000), 0.980 ± 0.052 ℳ⊙ and 0.900  ±  0.045 ℳ⊙.
18055+0230 (STF 2272 AB). The 70 Oph is a K0 V system (Keenan & McNeil 1989) placed at only 5 pc. Its dynamical parallax (199.22 ± 0.41 mas) agrees very well with that of van Altena et al. (1995), 199.7 ± 3.4 mas.
The dynamical masses for each component, 0.848 ±0.001 ℳ⊙ and 0.653 ± 0.004 ℳ⊙, are also consistent with the spectral type and the difference of magnitudes Δm = 1.84 ± 0.04.
18211+7244 (LAB 5 Aa,Ab). The χ Dra system A is a F7 V system (Gray et al. 2001) which probably consists of a F6V and a late-G/early-K dwarf pair with a difference of about 2 magnitudes in apparent brightness. Our dynamical masses (1.163 ± 0.026 ℳ⊙ and 0.808 ± 0.015 ℳ⊙) are in better agreement with the masses expected for these spectral types than those derived by Farrington et al. (2010) using the parallax given by HIP2 (0.96 ± 0.03 ℳ⊙ and 0.75 ± 0.03 ℳ⊙). A reasonable explanation for this discrepancy may be a hypothetical overestimation of the HIP2 trigonometric parallax (124.11 ± 0.87 mas) as a result of the orbital motion of this short-period binary (about 280 days). Indeed, our dynamical parallax yields 118.29 ± 1.38 mas.
19091+3436 (CHR 84 Aa,Ab). Individual spectral types of this binary system are G1 V + K1 V (Tokovinin et al. 2000). However, these latter authors pointed out that the only actual MK spectral classification is G5 V (Harlan 1974). In this case, the new spectroscopic solution determined by Farrington et al. (2014) has been used to calculate the orbital parallax instead of that given in the SB9. These latter authors obtained very small masses (0.802  ±  0.055 ℳ⊙ and 0.622  ±  0.053 ℳ⊙) considering the individual spectral types. On the contrary, we obtain somewhat large dynamical masses (1.234 ± 0.027 ℳ⊙ and 0.942  ±  0.021 ℳ⊙). In any case, expected masses derived from the individual spectral types (roughly 1 and 0.8 ℳ⊙, respectively) should be treated with caution. On the other hand, our dynamical parallax (24.55 ± 1.20 mas) matches well with that of van Altena et al. (1995), 24.7 ± 11.1 mas, in spite of its huge uncertainty, although values are significantly larger than the measurements of HIP2 and GDR2, 19.11  ±  2.35 and 20.2306 ± 0.3846, respectively.
19311+5835 (MCA 56). The difference in magnitude between the components of this K2 V system (Keenan & McNeil 1989) is Δm = 1.388 ± 0.515. The system comprises a pair of K dwarfs (likely being K1 + K5). Individual masses for both components (0.833 ± 0.031 ℳ⊙ and 0.812 ± 0.030 ℳ⊙) were recently obtained by Kiefer et al. (2018). However, dynamical masses derived in this paper (0.850 ± 0.023 ℳ⊙ and 0.701 ± 0.049 ℳ⊙) seem to be in much better agreement with those expected for the spectral types (0.85 ℳ⊙ and 0.68 ℳ⊙). These results would corroborate the previous findings of Arenou et al. (2000), 0.83 ± 0.09 ℳ⊙ and 0.79 ± 0.09 ℳ⊙, respectively. Moreover, dynamical parallax (57.21 ± 0.99 mas) in is good agreement with that derived by Söderhjelm (1999) from the intermediate transit data of HIPPARCOS (57.6 ± 0.6 mas).
19598–0957 (HO 276). This pair is a LWSB with spectral type F9 V (Gray et al. 2003). Individual masses obtained in the present work (1.105 ± 0.009 ℳ⊙ and 0.832 ± 0.020 ℳ⊙) are in reasonable agreement with those derived by Tokovinin (2017), 1.18 ℳ⊙ and 0.91 ℳ⊙, as well as with those estimated considering its spectral type along with a difference of magnitudes Δm = 1.606 ± 0.133 (about 1.2 ℳ⊙ and 0.9 ℳ⊙).
Dynamical parallax (42.29 ± 0.45 mas) is slightly closer to the orbital parallax (40.21 ± 5.74 mas) than to trigonometric measurements of both HIP2 (45.04 ± 0.99 mas) and GDR2 (46.9328 ± 0.9290 mas). This would be another case of biased trigonometric parallax likely due to the uncorrected orbital motion.
21145+1000 (STT 535 AB). The δ Equ is a F7 V + G0 V system according to Beavers & Cook (1980) with a difference of magnitudes given by HIPPARCOS, Δm = 0.331 ± 0.232. However, ten Brummelaar et al. (2000) determined Δm = 0.09 ± 0.04 using adaptive optics observations. Moreover, in accordance with their measurements, this system would be a F6 V + F6 V binary with a total mass of 2.35 ± 0.12 ℳ⊙.
Several authors have estimated individual masses, as well as parallax, in agreement with these values. For example, Söderhjelm (1999) provided 1.21 ± 0.07 ℳ⊙ and 1.13 ± 0.06 ℳ⊙, respectively, along with a parallax of 54.32 ± 0.90 mas. Similar estimations were derived by Arenou et al. (2000) and Pourbaix (2000), the latter including a parallax of 55.00  ±   0.67 mas. In addition, masses of 1.192 ± 0.012 ℳ⊙ and 1.187 ± 0.012 ℳ⊙, along with a parallax of 54.41 ± 0.14 mas, were obtained by Muterspaugh et al. (2008).
All of them are in complete agreement with those calculated in this work. We considered the above-mentioned Δm given by ten Brummelaar et al. (2000) instead of that given by HIPPARCOS. As a result, we obtained individual masses of 1.214 ± 0.008 ℳ⊙ and 1.193 ± 0.012 ℳ⊙, respectively, along with a precise dynamical parallax of 54.21 ± 0.12 mas.
6. Summary and conclusions
Dynamical parallaxes are often the only way to obtain reliable individual masses and distances of binary systems. In this paper, we describe an exact theory to compute dynamical parallaxes and individual masses of visual binaries which takes the actual location of each component on the MS in the HR diagram into consideration. This was accomplished by defining a new non-linear MLR by means of a polynomial of degree 20 which yields masses with a trueness of 10−11 ℳ⊙ and a precision of 0.014 ℳ⊙, covering the spectral range from O7 V to M9.5 V. For the sake of completeness, we give a new linear MLR as well.
The resulting model (ANAPAR) was validated using a synthetic sample comprising 103 systems. The results offer overwhelming evidence for the superiority of this model with respect to the previous ones in terms of the accuracy in both parallaxes and individual masses.
We used this to obtain the most accurate dynamical parallaxes and masses for the 19 VB+SB2 with definitive orbits in the ORB6. Our findings appear to suggest that these values could be even more reliable than trigonometric measurements, particularly when trigonometric parallax measurements might be affected because their mutual orbital motions have not been taken into account.
Future work will involve the extension of the proposed model to binary systems with multiple subcomponents and with evolved companions.


1 See 
http://www.pas.rochester.edu/ emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
, updated as of 22 March 2019.
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Black points indicate the data of Pecaut & Mamajek (2013), updated as of 22 March 2019. The linear mass–luminosity fit as well as the polynomial mass–luminosity fit of degree 20 are shown in black and cyan, respectively. In addition, the 95% confidence bands for each of them are plotted in grey and orange, respectively.
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    Table 1. 

Fits of the linear (MS) MLR customarily used to compute dynamical parallaxes by means of the classical Baize-Romani method.




	Fit
	M0
	κ
	Spectral range





	I
	4.77
	3.58 ± 0.03
	B0–G1



	II
	4.89 ± 0.14
	3.88 ± 0.08
	O7.5–M4



	III
	4.74 ± 0.05
	4.23 ± 0.06
	B3–M1



	IV
	4.740 ± 0.083
	3.664 ± 0.046
	O7–M9.5






References. (I) Baize & Romani (1946); (II) McCluskey & Kondo (1972); (III) Docobo & Andrade (2013; (IV) this paper.
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Akaike weights for the non-linear MLR polynomial models until degree 40.



    

  
    Table 2. 

Coefficients of the new non-linear MLR fit.




	Coefficients
	Values





	c0
	( + 4.56873 ± 0.04387) × 10−1



	c1
	( − 9.74625 ± 0.38883) × 10−2



	c2
	( − 1.06361 ± 0.32770) × 10−2



	c3
	( + 1.78251 ± 1.64622) × 10−3



	c4
	( + 2.48845 ± 0.75888) × 10−3



	c5
	( − 6.44589 ± 2.56201) × 10−4



	c6
	( − 1.73621 ± 0.75157) × 10−4



	c7
	( + 6.47989 ± 2.04487) × 10−5



	c8
	( + 3.94855 ± 3.65412) × 10−6



	c9
	( − 2.99545 ± 0.94950) × 10−6



	c10
	( + 6.85835 ± 9.52516) × 10−8



	c11
	( + 7.17878 ± 2.57648) × 10−8



	c12
	( − 5.29704 ± 1.78791) × 10−9



	c13
	( − 8.58617 ± 3.83261) × 10−10



	c14
	( + 1.07849 ± 0.32502) × 10−10



	c15
	( + 3.24148 ± 2.56039) × 10−12



	c16
	( − 9.59859 ± 3.43232) × 10−13



	c17
	( + 2.50304 ± 0.75364) × 10−14



	c18
	( + 2.87500 ± 1.28815) × 10−15



	c19
	( − 1.99425 ± 0.74121) × 10−16



	c20
	( + 3.71971 ± 1.30137) × 10−18







  
    Table 3. 

Data of Luyten 726-8.




	
	A (BL Cet)
	B (UV Cet)





	Spectral type
	M5.5 V
	M6 V



	mV
	12.7
	13.2



	




	P [yr]
	26.284 ± 0.038



	a [as]
	2.0584 ± 0.0097







  
    Table 4. 

Results of Luyten 726-8.




	
	ϖ [mas]
	ℳA [ℳ⊙]
	ℳB [ℳ⊙]





	Dynamical parallaxes
	
	
	



	Baize & Romani (1946)
	332
	0.18
	0.17



	McCluskey & Kondo (1972)
	311
	0.22
	0.20



	Docobo & Andrade (2013)
	299
	0.24
	0.23



	Andrade (IV: this work, 2019)
	327.9 ± 2.3
	0.185 ± 0.003
	0.174 ± 0.003



	Angelov (1993)
	385
	0.11
	0.11



	Angelov (using 2019 data)
	388
	0.11
	0.11



	Andrade (ANAPAR: this work, 2019)
	380.76 ± 3.14
	0.119 ± 0.002
	0.110 ± 0.002



	




	Trigonometric parallaxes
	
	
	



	




	Heintz (1987)
	372 ± 8
	0.12
	0.12



	Geyer et al. (1988)
	375 ± 4
	0.101
	0.099



	YPC (van Altena et al. 1995)
	373.70 ± 2.70
	–
	–



	Gaia DR2 (Gaia Collaboration 2018)
	371.00 ± 0.19
	–
	–







  
    Table 5. 

Statistical properties of the synthetic sample.




	Parameter
	[image: equation]
	[image: equation]
	Min(x)
	Max(x)





	ϖ [mas]
	33.7
	3.2
	1.1
	187.3



	a [mas]
	503.2
	3.2
	10.1
	999.8



	ℳ1 [ℳ⊙]
	11.73
	0.06
	0.37
	21.98



	ℳ2 [ℳ⊙]
	6.11
	0.07
	0.08
	21.77







  
    Table 6. 

Parallax models: theories and MLR fits to calculate dynamical parallaxes and individual masses.




	Model
	Theory
	Solution
	MLR fit
	Type





	BaiRom46
	(1)
	Linear
	(2)
	Linear



	Ang93
	(3)
	Linear
	(3)
	Non linear



	ANAPAR
	(4)
	Exact
	(5)
	Non linear






References. (1) Baize & Romani (1946); (2) this paper (Sect. 3.1.1); (3) Angelov (1993); (4) this paper (Sect. 2); (5) this paper (Sect. 3.1.2).




  
    Table 7. 

Mean absolute error and root mean square error of the residuals of the dynamical parallax and the total mass for the synthetic sample of 103 systems considering the three parallax models described in Sect. 4.2.2.




	
	Dynamical parallax (mas)
	Mass (ℳ⊙)



	
	




	Model
	MAE
	RMSE
	MAE
	RMSE





	BaiRom46
	−1.86
	2.78
	+3.09
	3.47



	Ang93
	+2.93
	6.98
	−1.70
	2.87



	ANAPAR
	+0.02
	0.39
	+0.10
	0.40







  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
Scatterplots of dynamical vs. synthetic values (left: dynamical parallaxes, right: total masses) for the synthetic sample of 103 systems considering the three parallax models described in Sect. 4.2.2. The black dashed line indicates the perfect fit (y = x).



    

  
    Table 8. 

Parallaxes, individual masses, and spectral types for the VB+SB2 systems.




	
	Trigonometric and orbital parallaxes
	Dynamical model [ANAPAR, this work]



	
	

	




	WDS(2000)
	[image: equation]
	[image: equation]
	[image: equation]
	ϖorb
	ϖdyn
	ℳdyn, 1
	ℳdyn, 2
	Sp1 [V]
	



	Name
	[mas]
	[mas]
	[mas]
	[mas]
	[mas]
	[ℳ⊙]
	[ℳ⊙]
	Sp2 [V]
	Ref.





	00352−0336
	61.5
	47.05
	–
	45.61
	52.54
	1.137
	0.896
	F9
	(1;2)



	HO 212 AB ( † )
	±4.5
	±0.67
	
	±1.43
	±0.66
	±0.007
	±0.011
	G9
	



	




	00373−2446
	–
	64.93
	–
	66.94
	65.12
	0.915
	0.864
	G9
	(3;4)



	BU 395
	
	±1.85
	
	±2.16
	±0.80
	±0.005
	±0.005
	K0.5
	



	




	02278+0426
	62.2
	58.33
	–
	54.03
	61.47
	0.594
	0.579
	K8
	(5;6)



	A 2329
	±4.1
	±1.08
	
	±2.59
	±1.73
	±0.012
	±0.012
	K8
	



	




	02396−1152
	61.8
	46.55
	42.4864
	35.07
	41.33
	1.361
	1.060
	F4
	(7;4)



	FIN 312
	±6.3
	±2.53
	±0.7591
	±1.00
	±0.68
	±0.042
	±0.095
	G1
	



	




	02442−2530
	–
	24.20
	22.4133
	22.25
	21.73
	1.129
	1.063
	F9
	(8)



	FIN 379 Aa,Ab
	
	±1.16
	±0.1760
	±0.35
	±0.19
	±0.024
	±0.023
	G1
	



	




	03082+4057
	38.3
	36.27
	–
	34.98
	35.99
	3.408
	1.635
	B8
	(9;10)



	LAB 2 Aa,Ab ( † )
	±3.4
	±1.40
	
	±1.02
	±0.37
	±0.144
	±0.037
	A9
	



	




	04256+1556
	37.7
	20.87
	18.9472
	23.77
	23.46
	1.218
	1.057
	F7
	(11;12)



	FIN 342 Aa,Ab
	±15.1
	±0.72
	±0.2819
	±0.52
	±0.39
	±0.038
	±0.060
	G1
	



	




	07518−1354
	60.2
	60.59
	–
	64.23
	60.46
	1.061
	0.900
	G1
	(13;4)



	BU 101
	±3.1
	±0.59
	
	±2.35
	±0.28
	±0.002
	±0.002
	G9
	



	




	09006+4147
	66.1
	62.23
	71.1893
	56.29
	62.70
	1.396
	0.902
	F4
	(14;6)



	KUI 37 AB
	±6.5
	±0.68
	±1.4693
	±1.06
	±0.09
	±0.002
	±0.005
	G9
	



	




	09123+1500
	47.7
	49.11
	49.1493
	51.01
	50.22
	0.865
	0.865
	K0
	(15;16)



	FIN 347 Aa,Ab
	±5.1
	±0.54
	±0.3467
	±0.84
	±0.67
	±0.017
	±0.017
	K0
	



	




	15232+3017
	59.8
	55.98
	–
	54.62
	56.02
	1.081
	1.023
	G0
	(14;4)



	STF 1937 AB
	±5.8
	±0.78
	
	±0.93
	±0.03
	±0.001
	±0.001
	G2
	



	




	16555−0820
	154.8
	161.41
	–
	172.36
	177.42
	0.372
	0.366
	M3
	(11;17)



	KUI 75 AB ( † )
	±0.6
	±5.64
	
	±9.43
	±3.48
	±0.015
	±0.015
	M3
	



	




	17304−0104
	55.3
	61.19
	59.1255
	61.54
	61.13
	0.963
	0.951
	G7
	(18;4)



	STF 2173 AB
	±4.4
	±0.68
	±0.6405
	±1.20
	±0.75
	±0.005
	±0.005
	G7
	



	




	18055+0230
	199.7
	196.72
	–
	192.15
	199.22
	0.848
	0.653
	K1
	(19;4)



	STF 2272 AB
	±3.4
	±0.83
	
	±4.36
	±0.41
	±0.001
	±0.004
	K6
	



	




	18211+7244
	128.8
	124.11
	–
	123.43
	118.29
	1.163
	0.808
	F8
	(20;4)



	LAB 5 Aa,Ab
	±2.9
	±0.87
	
	±1.97
	±1.38
	±0.026
	±0.015
	K1.5
	



	




	19091+3436
	24.7
	19.11
	20.2306
	27.87
	24.55
	1.233
	0.940
	F6
	(21;22)



	CHR 84 Aa,Ab
	±11.1
	±2.35
	±0.3846
	±1.40
	±1.20
	±0.027
	±0.021
	G8
	



	




	19311+5835
	49.3
	58.96
	54.8715
	56.10
	57.21
	0.850
	0.701
	K1
	(23)



	MCA 56
	±5.0
	±0.65
	0.2400
	±0.88
	±0.99
	±0.023
	±0.049
	K4.5
	



	




	19598−0957
	39.8
	45.04
	46.9328
	40.21
	42.29
	1.105
	0.832
	F9.5
	(24;4)



	HO 276
	±7.9
	±0.99
	±0.9290
	±5.74
	±0.45
	±0.009
	±0.020
	K1.5
	



	




	21145+1000
	54.5
	54.09
	53.5882
	54.76
	54.21
	1.214
	1.193
	F7
	(25;4)



	STT 535 AB
	±0.9
	±0.66
	±0.7292
	±0.48
	±0.12
	±0.008
	±0.012
	F8
	






Notes. Trigonometric parallaxes given by van Altena et al. (1995), HIP2 (van Leeuwen 2007), and GDR2 (Gaia Collaboration 2018) are listed in Cols. 2–4, respectively, whereas orbital parallaxes are listed in Col. 5. On the other hand, dynamical parallaxes and individual masses obtained from the exact method presented in Sect. 2 using the non-linear MLR defined in Sect. 3.1.2, together with the suggested spectral types estimated from the Pecaut & Mamajek (2013) data, are listed in Cols. 6–9, respectively. Finally, references for the orbital elements are listed in the last column.

( † )HO 2012 AB: A is an SB1 star/LAB 2 Aa,Ab: Aa is an SB2 star/KUI 75 AB: B is an SB2 star. See Table 9 for more details.

References. (1) Mason & Hartkopf (2005); (2) Duquennoy & Mayor (1991); (3) Hartkopf & Mason (2010); (4) Pourbaix (2000); (5) Andrade (2007); (6) Agati et al. (2015); (7) Docobo & Andrade (2013); (8) Tokovinin (2016); (9) Baron et al. (2012); (10) Hill et al. (1971); (11) Söderhjelm (1999); (12) Griffin (2012); (13) Tokovinin (2012); (14) Muterspaugh et al. (2010); (15) Mason & Hartkopf (2012); (16) Halbwachs et al. (2018); (17) Mazeh et al. (2001); (18) Heintz (1994); (19) Eggenberger et al. (2008); (20) Farrington et al. (2010); (21) Farrington et al. (2014); (22) Tokovinin et al. (2000); (23) Kiefer et al. (2018); (24) Tokovinin (2017); (25) Muterspaugh et al. (2008).




  
    Table 9. 

Derived quantities for the VB+SB2 systems with spectroscopic subcomponents.




	WDS(2000)
	ℳdyn, 1 [ℳ⊙]
	Sp1
	ϖ [mas]



	Name
	ℳdyn, 2 [ℳ⊙]
	Sp2
	a12 [mas]



	Components
	ℳdyn, 3 [ℳ⊙]
	Sp3
	i12 [deg]



	




	00352−0336
	1.18 ± 0.09
	F6 V
	47.34 ± 2.18



	HO 212 AB
	0.70 ± 0.09
	K3.5 V
	1.86 ± 0.38



	(Aa,Ab),B
	0.90 ± 0.09
	G4 V
	35.9 ± 7.3



	




	03082+4057
	3.65 ± 0.12
	B8 V
	33.53 ± 0.31



	LAB 2 Aa,Ab
	1.07 ± 0.07
	K2 IV
	2.22 ± 0.78



	(Aa1,Aa2),Ab
	1.52 ± 0.10
	F1 V
	78 ± 66



	




	16555−0820
	0.46 ± 0.09
	M3 V
	146.38 ± 8.63



	KUI 75 AB
	0.43 ± 0.09
	M3.5 V
	5.6 ± 1.3



	A,(Ba,Bb)
	0.43 ± 0.09
	M3.5 V
	15.8 ± 3.6






Notes. Derivation of the dynamical parallaxes and individual masses summarised in this table was carried out using the method of Docobo & Andrade (2006) and therefore, as usual, a linear MLR.
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