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The nearby astrometric-spectroscopic binary star Hip 68682 has an orbital period of ∼ 9.88 yr. The dynamical state (component masses and kinematic parameters) of this system is redetermined by fitting all the observational data available to us, including the radial velocity data (RVD), the relative position data (RPD), and the Hipparcos Intermediate Astrometric Data (HIAD). The precision-weighted sum of squared residuals calculated from our results is significantly smaller than the previous ones. With the simulated data based on Chinese Space Station Telescope (CSST), the relative orbit could be improved further.
Based on the known apparent magnitude information and the fitted parallax 60.59 ± 0.36 mas, we derive the absolute V magnitudes of the two components as 5.21 mag and 8.91 mag, respectively. The component masses are determined to be 0.946 ± 0.024M⊙ and 0.526 ± 0.014M⊙. These improved dynamical masses are helpful to constrain the stellar empirical mass–luminosity relation (MLR) for low mass stars. However, significant improvement of mass–luminosity relation for this mass region still needs more data.
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1 INTRODUCTION
Hip 68682 (A and B, with barycenter Am and photocenter Ap) [other common name is WDS J14035 + 1047, Mason et al. (2001)] is a nearby metal-poor low mass binary star. The spectral classifications of this system is G6V. The unseen companion has a very low mass, thus it provides the possibility to better constrain the lower end of empirical mass–luminosity relation (MLR) for main-sequence stars. If more metal-poor binaries are resolved, and individual luminosities can be obtained, these new data could be used to reduce the current scatter in the metal-poor main sequence MLR, allowing for more stringent constraints on stellar models. It is thus very important to derive sufficiently precise dynamical masses and luminosities.
Hip 68682 is an astrometric binary that is also a single-spectrum spectroscopic binary [major semi-axis of photocentric orbit ∼ 0.105″, ESA (1997)]. Comparing to double-lined spectroscopic binaries, the physical properties, in particular, the masses of two components for single lined-spectroscopic binaries (SB1s) have large differences. Therefore, SB1s can provide much more stringent constraint on stellar models.
Based on the radial velocity data (RVD) and astromotric data with low precision, Kamper (2012) offered a preliminary relative orbit. But this orbit has large dispersion with the latest observations (Horch et al., 2015; Roberts & Mason, 2018; Hirsch et al., 2021). The time span of relative astrometric measurements is larger than the orbital period. However, it doesn’t have a good coverage of phase, thus the orbit solution has not been well constrained. The photocentric orbit from Hipparcos catalogue (ESA, 1997) is collected in the Sixth Catalog of Orbits of Visual Binary Stars [http://ad.usno.navy.mil/wds/orb6.html; Hartkopf et al. (2001)]. Jancart et al. (2005) tried to use the Hipparcos Intermediate Astrometric Data (HIAD) and RVD to give improved astrometric orbital elements. But according to specific statistical tests, this result is not accepted.
In this article, improved kinematic parameters of Hip 68682 are determined by fitting to all the collected RVD, relative position data (RPD), and HIAD. Meanwhile, we give the component dynamical masses and parallax for the system. Then, the lower end of the stellar empirical MLR is discussed. As this system is in the sky survey of CSST (Chinese Space Station Telescope), 22 observational points in average could be given to further improve the orbit. To test the ability of CSST to improve binary orbits, as called for by the CSST consortium, we simulate the effect of adding CSST data on this particular system. Also discussed are the possible contributions of CSST to binary orbit determination in general, and to stellar mass-luminosity relation improvement, especially for low mass main-sequence stars.
This paper is organized as follows. In Section 2, observational data are described. In Section 3, an improved dynamical state is presented and assessed. In Section 4, simulated CSST data are added to improve the fitted parameters and in the next section we discuss the empirical MLR. The last section summarizes our main results and makes concluding remarks.
2 OBSERVATIONAL DATA
In our orbital redetermination, 8 RPD points spanning from 2003.3 to 2018.3 are collected from Horch et al. (2015), Roberts & Mason (2018) and Hirsch et al. (2021). Hirsch et al. (2021) used ShaneAO to get 4 data points and PHARO to get another 1 point with error [image: image] mas at the 200″ Hale Telescope of Palomar Observatory. Horch et al. (2015) gave 2 points with high precision [image: image] mas while Roberts & Mason (2018) gave data with low precision [image: image] mas. The above mentioned observations span ∼ 15 yr, lager than the orbital period. However, they don’t have a good coverage of phase.
The preliminary spectroscopic orbit solution was given by Kamper (2012) and Duquennoy & Mayor (1991). We collected 17 historic RVD points from these two papers with error ∼ 0.3 km/s and 68 more points from Fischer et al. (2014) and Hirsch et al. (2021). Fischer et al. (2014) made measurements with the Lick/Hamilton spectrograph and Hirsch et al. (2021) got RV observations from the APF spectrometer. The errors of these two observations are [image: image] m/s and [image: image] m/s, respectively.
There are 155 HIAD with error [image: image] mas about this system. HIAD contain the abscissa residuals (Δλ) with respect to a reference point, the abscissa of which is calculated from an adopted solution. For Ap, this solution is specified by 5 parameters, which are the usual ones for a single star moving in the International Celestial Reference System (ICRS). To give the abscissa, the parallax factor Π and the scan-orientation angle ψ are also needed. With these parameters, the observed abscissa λpo writes (van Leeuwen, 2007),
[image: image]
where t is measured in years since 1991.25, the modified right ascension α⋆ = α cos δ, the declination δ, the associated proper motions [image: image] and μδ, the parallax ϖ. Replacing the reference point with Am, the calculation model of the abscissa of Ap could be written as a non-linear function of 15 model parameters:
[image: image]
where [image: image] describes the constant motion of Am in the ICRS, DS is a 7-dimensional orbital parameters of internal motion, including the semimajor axis of the relative orbit (a″), the inclination (i), the latitude of the ascending node (Ω), the argument of the periastron (ω), the eccentricity (e), the period (P), and the time of passage at periastron (T), ρ is the coefficient of semimajor axis of the photocentric orbit, which could be written as [image: image], q = MB/(MA + MB)), that is, ρ is related to luminosity ratio [image: image] and mass ratio (q).
Apart from the 15 model parameters mentioned above, more parameters are needed as there are systematic RV differences between measurements from various instruments. We have three data sets and the observation from Fischer et al. (2014) is the most accurate. To account for differences in the zero-points of the other two RV data sets relative to the measurements of Fischer et al. (2014), V1 and V2 are used as the velocity offsets (Torres et al, 2015). Therefore, there are totally 17 model parameters.
With the above-mentioned three kinds of observational data, the maximum likelihood estimate of model parameters is usually obtained by minimizing the following objective function.
[image: image]
where yi is the observed value with standard error σi, and y(xi; a1⋯aM) is the calculated value depending on the model parameters a1⋯aM,M=17.
3 FITTING AND RESULTS
For Hip 68682, HIAD set has 155 data points with high precision and account for more than 60% of all the collected data. Because the fitting parameters have different dependency on the three kinds of data, tests show that simultaneous fitting could bring unphysical result. In fact, efficient two-step fitting procedure has been used in binary orbit fitting, especially for systems with high-accuracy spectral data (Pourbaix & Boffin, 2003; Jancart et al, 2005). In our work, as the RVD and RPD are two complementary types of observations, they could be used to determine the complete relative orbit solution. Therefore, we will firstly give DS, the 2 zero offset parameters in the RVD data sets (V1, V2) and the intermediate parameter KA. KA is the amplitude of the radial velocity curve of component A and writes.
[image: image]
When the relative orbit has been determined, the motion state parameters of Am, and ρ could be fitted using all the data while q is given based on K.
Here, as well as in the following, the Bounded Variable Least Squares algorithm (Lawson & Hanson, 1995) is used to give the least-square solution. And as Eq. 3 shows, each measurement is weighted by the inverse square of its own error. The uncertainty σ of each fitted parameter is given based on the method of constant delta δχ2 boundary, as the method used to estimate these parameters is chi-square minimization (Press et al., 1992). The total mass of the system M is derived according to the Kepler’s third law, the combination of the uncertainty of P, a, ϖ is propagated in the uncertainty of the total mass as (Martin & Mignard, 1998),
[image: image]
The uncertainties of the individual masses are given by the following expressions:
[image: image]
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It is obvious that by minimizing Eq. 3 with a randomly chosen initial point, it is possible for us to obtain a local minimum. We find the global minimum by starting the minimization from different initial values. One thousand sets of initial values of the model parameters are randomly chosen from Kamper (2012) and van Leeuwen (2007), assuming maximum 10% relative errors for all parameters. For each starting set, an iterative process is used to discard outliers. At each step, the data outside the 3-σ confidence interval centered at their respective calculated value are considered to be outliers, and the process is terminated when there remains no such data.
Via a simultaneous fitting to both RPD and RVD, we give a complete and improved orbit sultion with high precision. The derived parameter values including those of KA, DS and dynamical masses are shown in Table 1. The results of Hirsch et al. (2021) and Nidever et al. (2002) are also listed in Table 1. In comparison with Hirsch et al. (2021), all the listed parameters are consistent and most parameters given in our work are more accurate. The corresponding improved apparent orbit is plotted in Figure 1 as solid curve, the RPD used in fitting are also shown in Figure 1 as filled circles. The fitted radial velocity curve, the observed radial velocity measurements [the red square points are historic RVD, the triangle and circle points are corresponding to observations from Hirsch et al. (2021) and Fischer et al. (2014), respectively] are plotted in Figure 2. The 6 motion state parameters of Am and ρ, q are given in Table 2.
TABLE 1 | Improved, published orbit solutions and component masses of Hip 68682.
[image: Table 1][image: Figure 1]FIGURE 1 | The apparent orbital motions of Hip 68682. The filled circles are the RPD used in our fitting. The solid curve is our improved two-body orbit.
[image: Figure 2]FIGURE 2 | Fitted radial velocity curve and the observed radial velocity measurements. The red square points are historic RVD. The triangle and circle points are corresponding to observations from Hirsch et al. (2021) and Fischer et al. (2014), respectively.
TABLE 2 | The 6 motion state parameters of Am and ρ, q.
[image: Table 2]The parallax of Hip 68682 given by Hipparcos mission and Gaia DR2, DR3 is 58.87 ± 0.62 mas, 60.84 ± 0.12 mas and 66.15 ± 0.27 mas, respectively (van Leeuwen, 2007; Luri et al., 2018; Brandt, 2021). The parallax in this paper is determined to be 60.59 ± 0.36 mas, which is in consistent with Gaia DR2. Based on the uncertain orbit given by Kamper (2012), Martin et al. (1998) gave the dynamical masses of 1.109 ± 0.057 M⊙ and 0.548 ± 0.033 M⊙ while in this paper component masses are determined to be 0.946 ± 0.024M⊙ and 0.526 ± 0.014M⊙. Martin et al. (1998) pointed that their mass estimates are slightly larger due to the Hipparcos parallax.
Our result is much better than the previous ones. The χ2 of our result is greatly reduced as the previous relative orbit was significantly deviated from the new RPD. The goodness-of-fit could be quantitatively measured by Q = gammq((N − 2)/2, χ2/2) which represents the probability that the χ2 should exceed a particular value χ2 by chance (Press et al., 1992; Xia et al., 2019). If Q is larger than 0.1 then the model is believable, while Q < 0.001 means that the model is not acceptable. The value Q of simultaneous fitting with all data is smaller than 0.001 while the final two-step simultaneous fitting has Q = 0.201, larger than the key value 0.1. This should imply that the error of HIAD could be over-estimated.
4 RESULTS WITH CSST SIMULATED DATA
CSST has 1.1 square degree field of view, it is expected to obtain position and photometry data for billions of stars. The position precision of point source can achieve better than 1 mas level for 18–20 mag stars in g band. The sky surveys of CSST cover a large sky area (17,500 deg2) (Zhan, 2011; Zhan & Tyson, 2018). Hip 68682 is in this area (see Figure 3, the triangle point is Hip 68682, the blue regions are for galactic latitude |b|⩾20°, the red regions are deep-field surveys of CSST). However, this system is too bright to be observed by CSST.
[image: Figure 3]FIGURE 3 | The covered region of CSST sky surveys. The blue regions are for galactic latitude |b|⩾20°, the red regions are deep-field surveys of CSST. The triangle point is Hip 68682.
It is believed that CSST will find new faint binaries with high-precision astrometric data spanning more than 10-years. It is then interesting to know how these data could contribute to the orbit determination of these new binaries. And it is also tempting to illustrate how the long time-span high-precision data could be used to improve an existing orbital solution. This is because the price to pay is low for a specific system and CSST encourages such studies. We use Hip 68682 as an example to show the ability of CSST data to improve binary orbital solutions.
According to the best-fit parameters given in the last section, the simulated 22 position data points of Ap are randomly distributed in 10 years with 1 mas uncertainty. Then we refit the orbit with simulated and other collected data. We could find that the relative error of some of the determined orbital parameter is reduced, although the effect is not significant. Tests also show that if the simulated data points lie in the phase of lacking data, most of the orbital parameters are better confined. In Wang et al. (2023), the ability of long time-span high-precision data of CSST to improve the orbital solutions of SB1s is quantitatively discussed in the view of statistics.
Moreover, CSST could have important role in identifying wide binaries. In Makarov (2020), based on Double and Multiple System Annex (DMSA) of Hipparcos catalogue and Gaia DR2, the author cross-matched 2590 components of 1295 doubles. But as Hipparcos could confidently measure only stars brighter than magnitude [image: image], the method of identifying wide binaries met practical difficulties. We find that nearly half of these systems are in sky surveys(as shown in Figure 4). With the help of CSST data, more wide and dark binaries could be identified.
[image: Figure 4]FIGURE 4 | The 624 binaries from cross-matching DMSA and Gaia DR2 which are in the covered region of CSST sky surveys.
5 MLR (MASS-LUMINOSITY RELATION)
With the exception of the HR diagram, the MLR is the single most important map in stellar astronomy (Henry et al., 1999). The empirical MLR remains poorly determined for low mass stars, mainly due to the scarcity of accurately determined masses (Xia et al., 2019).
Eker et al. (2018) pointed that the MLR function is better if expressed by a six-piece classical linear relation rather than a fifth or higher polynomial within the mass range from 0.179 M⊙ to 31 M⊙. The break point [image: image] is an indication of energy change, from CNO cycle to p-p chain. Therefore, for stars with mass smaller than [image: image], they are defined as low mass stars. In Eker et al. (2018), they further divide the low mass region into three domains, 0.72 [image: image] 1.05 is low mass, 0.45 [image: image] 0.72 is very low mass, 0.179 [image: image] 0.45 is ultra low mass.
As the improved component masses belong to the low mass and very low mass regions, we discuss these two mass regions. Based on our work (Xia & Fu, 2010), new (improved) 48 data points of mass and V magnitude are collected from Anguita-Aguero et al., 2022; Brogaard et al. (2021); Dieterich et al. (2021); Eker et al. (2018); Hussein et al. (2022); Mann et al. (2019); Milone et al. (2019); Torres (2019); Torres et al. (2019); Docobo et al. (2019) (see Figure 5 as green points with error bars). The other collected data points are shown as black circles with error bars. From this figure, we find that, though the MLR for stars with mass smaller than 0.6 M⊙ could be better confined, more data are still needed.
[image: Figure 5]FIGURE 5 | The empirical MLR. The red points are the components masses of Hip 68682. The collected data points are shown as black circles with error bars while new (improved) collected data are shown as green points. The MLRs given in Xia et al. (2008); Xia & Fu (2010) are ploted as solid lines.
As CSST has comparable precision with Gaia in observing faint stars, we collected 67 low mass systems which have incompatible dynamical and physical masses. Hip 68682 is one of these systems, and half of them are in the sky surveys of CSST. If more data are given, confident dynamical masses could be given, thus MLR could be further improved. CSST could have great contribution in this filed.
6 SUMMARY AND CONCLUDING REMARKS
The main results are summarized as follows.
The dynamical state (component masses and kinematic parameters) of this system is redetermined. Based on the improved dynamical masses and the other collected mass and V magnitude data, we discuss the empirical MLR for low mass and very low mass stars.
The Gaia DR3 was released on 13 June 2022, and all epoch and transit data in DR4 will be released in about the end of 2025. With these data and the high pricision data from CSST, further improvements of the relative orbits of more systems could be given, especially for systems with dark components. Moreover, based on the all kinds of data, the identified wide binaries could also be enlarged.
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