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Abstract

By cross-matching the medium-resolution data from LAMOST (Large sky Area
Multi-Object fiber Spectroscopic Telescope) DR7 and partial DR8 with the
WISE eclipsing binary catalog of Chen et al. [1], we obtained 151 short-period
solar-type stars. We then selected 23 stars with more than 9 observations and
relatively uniform phase distribution. Through radial velocity analysis, we de-
rived orbital parameters for this sample, including orbital period, mass ratio,
and orbital eccentricity. Our analysis revealed that the derived periods are es-
sentially consistent with those provided by WISE, demonstrating the reliability
of WISE periods. Subsequently, using the WISE periods as known quantities
to solve for other orbital parameters, this approach yields more accurate values
for the remaining orbital parameters. We selected 23 eclipsing binaries with
well-fitted velocity curves, analyzed the statistical properties of these parame-
ters, and compared them with the results of Ragavan et al. [2]. We found that
they are essentially consistent with the results of Ragavan et al. [2]: for stars
with periods within 10 d, the mass ratio distribution covers nearly the entire
range of 0.2 1, and the orbital eccentricities are relatively small, below 0.2.
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Abstract

By cross-matching the medium-resolution data from LAMOST (Large Sky Area
Multi-Object Fiber Spectroscopic Telescope) DR7 and partial DR8 with the
WISE eclipsing binary catalog of Chen et al., we obtained 151 short-period solar-
type stars. From these, we selected 23 stars with more than nine observations
and relatively uniform phase distribution. Through analysis of their radial ve-
locities, we derived orbital parameters including orbital period, mass ratio, and
orbital eccentricity for this sample. Our analysis reveals that the periods we
obtained are basically consistent with those given by WISE, confirming the reli-
ability of the WISE periods. Subsequently, we used the WISE periods as known
quantities to solve for other orbital parameters, which improved the accuracy
of these parameters. We selected 23 eclipsing binaries with well-fitted velocity
curves and analyzed the statistical properties of these parameters. Comparison
with the results of Raghavan et al. shows that our mass ratio distribution covers
nearly the full range from 0.2 to 1 for periods less than 10 days, and the orbital
eccentricities are all relatively small, below 0.2.
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1. Introduction

Binary stars are common across stellar systems of various masses, from star
clusters to entire galaxies, and some astronomers have even suggested that the
majority of stars exist in binary systems. Binary stars can be classified into
several types based on whether one or both components fill their Roche lobes,
a scheme introduced by Kopal. When neither star fills its Roche lobe, the
two stars evolve independently, which is considered a detached binary system.
When one star fills its Roche lobe, it is a semi-detached binary, and when
both stars fill their Roche lobes, they form a common envelope with strong
interaction through mass transfer, constituting a contact binary system. The
mass ratio, component masses, and other orbital parameters of binary stars can
be determined through analysis of light curves from eclipsing binary systems
and time-domain spectroscopic observations.

Shortly after the birth of modern astronomy in the 17th century, the existence
of binary and multiple star systems was recognized. Kuiper first proposed in
1935 that determining the multiplicity of stars and the distribution of orbital
parameters would be theoretically valuable. Stellar multiplicity is a common
outcome of star formation, making the characterization of binary frequency and
the statistical study of orbital parameters powerful tools for testing formation
processes. Such studies are crucial for many areas of astrophysics, as binary
evolution significantly impacts stellar population evolution and can explain im-
portant phenomena such as Type la supernovae and gravitational wave events
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from black hole mergers. Whether in star clusters or entire galaxies, binaries
are abundant across all scales of stellar systems, and their statistical properties
—described by binary frequency, mass ratio distribution, orbital period distri-
bution, and orbital eccentricity distribution—are typically related to the age,
metallicity, and primary mass of the stellar population.

Various methods exist for studying binary stars, including light curve analy-
sis, radial velocity measurements, and Hertzsprung-Russell diagram methods.
In binary systems, the projected radial velocities vary as the components or-
bit their common center of mass, and these variations can be plotted against
orbital phase once the orbital period is determined. Analysis of such velocity
curves yields quantities describing the orbital geometry and the masses of the
two stars. Following the discovery of Algol’ s orbit in 1890, many graphical
methods were developed, which have been further refined and improved with
the advent of computers. The first successfully analyzed light curve of an eclips-
ing binary was for a circular orbit system, initially using techniques developed
by Russell and Shapley, later extensively used and further developed by Kopal,
who defined the famous binary classification scheme. Subsequent work explored
Fourier methods for analyzing light curves, particularly for systems with dis-
tinctly non-spherical stars and those affected by other interactions. Meanwhile,
increasing computational power enabled researchers to model light curves pro-
duced by non-spherical stars with non-uniform surface brightness distributions
rotating about their common center of mass, leading to numerical methods that
could synthesize binary light curves while accounting for all known astrophysics
at the time. The work of Lucy, Mochnacki and Doughty, Rucinski on contact
binaries, and Hill and Hutchings, Hutchings and Hill, and Wilson and Devinney
on all types of binaries revolutionized binary analysis methods. They devel-
oped numerous programs for solving binary orbital parameters, which greatly
improved the precision with which we can determine the physical properties of
various types of binary systems and facilitated more rigorous testing of general
binary evolution models.

In recent years, large-scale astronomical surveys have provided vast amounts
of high-quality photometric and spectroscopic data, such as from LAMOST,
SDSS, 2MASS, and Gaia. For these large datasets, statistical methods have been
developed to study binary properties without distinguishing whether each star is
single or binary, instead analyzing the overall statistical properties of the sample.
These methods can significantly increase sample sizes and enable investigation
of how binary properties vary with metallicity, effective temperature, binary
frequency, and orbital parameters.

Metallicity, age, and mass are all closely related to star formation and evolution,
and recent work has shown these are also intimately connected with the statisti-
cal properties of binary stars. For example, substantial evidence now indicates
that the binary frequency of close solar-type binaries clearly decreases with in-
creasing metallicity. Moe et al. conducted a comprehensive analysis and synthe-
sis of discordant or contradictory results to accurately measure the relationship
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between close binary frequency and metallicity, finding that after correcting for
completeness, all different datasets for close binaries show a consistent strong
anti-correlation between binary frequency and metallicity. Their study used
samples of binaries with separations less than 10 AU and orbital periods less
than 10* days. Additionally, the binary frequency of close binaries decreases
with increasing effective temperature. Gao et al. estimated the binary frequency
for F, G, and K-type stars by analyzing radial velocity variations in SDSS and
LAMOST stellar spectra, finding a binary frequency of 43.0%$+£2.0£$8.0% for
the LAMOST sample, both with orbital periods within 1,000 days.

Liu studied the binary frequency of stars observed by LAMOST and Gaia in the
solar neighborhood, assuming a power-law mass ratio distribution with exponent
v, and found a clear anti-correlation between binary frequency and «. In other
words, stellar populations with higher binary frequencies contain more binaries
with larger mass ratios. Using v = 1.2 as a boundary, stars with high + have
lower masses and higher metallicities, while those with low « have higher masses
and lower metallicities. The binary frequency of high-y stars shows an anti-
correlation with metallicity but no correlation with primary mass, whereas low-
~ stars exhibit a clear correlation between binary frequency and primary mass
but no obvious correlation with metallicity.

The binary frequency of main-sequence stars also correlates significantly with
primary mass. Duchéne and Kraus summarized empirical knowledge for main-
sequence stars, brown dwarfs, pre-main-sequence stars, and embedded proto-
stars. For solar-type and low-mass stars, the orbital period distribution is uni-
modal, but as stellar mass decreases, the median separation and distribution
width decrease sharply. Consequently, the multiplicity frequency for stars in
the 1-10 AU range does not vary significantly with stellar mass, and important
parameters such as binary frequency vary smoothly with mass.

Building on these findings, we cross-matched large LAMOST datasets with
WISE data to solve for the orbital periods, mass ratios, and orbital eccentricities
of a sample of binary stars and analyzed their distributions, comparing them
with the results of Raghavan et al.

This paper is organized as follows: Section 2 describes the research methods
and models used to solve for binary orbital parameters; Section 3 introduces
the data; Section 4 presents the results obtained by applying these methods to
the data; and the final section provides a summary and outlook.

2. Methods
2.1 Research Methods

For the special case of circular orbits, the orbital velocity of an object about the
center of mass is constant. However, for the general case of eccentric orbits, the
velocity is a continuous function of position and time, being a strong function of
position in elliptical orbits, particularly for highly eccentric ones. The position of

chinarxiv.org/items/chinaxiv-202306.00368 Machine Translation


https://chinarxiv.org/items/chinaxiv-202306.00368

ChinaRxiv [$X]

a star in an elliptical orbit is not a simple function of time, and the fundamental
equation describing this position-time relationship for elliptical orbits is Kepler’
s equation:

2n(t—1T)

E—esinE =
€ s P

where the right side is determined directly from observations and the left side rep-
resents the orbital phase measured in radians. Here, F is the eccentric anomaly,
e is the orbital eccentricity, P is the orbital period, t is time, and T is the inte-
gration constant. From the properties of elliptical orbits, we can easily derive:

rcosf = a(cos E — e)
r=a(l—ecosE)

p cosk —e
coslt) = ———
1—ecosFE

Once the orientation of the binary orbit relative to the observer’ s line of sight is
specified, the above formulas can be used to derive the radial velocity produced
by orbital motion:

9 sin i
Viad = m[cos(@—i—w) + ecosw]

rad P /71 — 62

The final expression for radial velocity is typically written as:

Viaa = Klcos(8 + w) + ecosw] +

where K = % is the semi-amplitude of the velocity curve and -y is the
systemic velocity. Thus, knowing a set of binary parameters—orbital period P,
mass ratio ¢, orbital eccentricity e, orbital inclination relative to the line of sight
i, argument of periastron w, phase angle 6, and primary mass m;—allows us to

plot the radial velocity curve of the binary.

With n radial velocity measurements and known primary mass my, we use the
EMCEE software package to perform Markov Chain Monte Carlo simulations.
We adopt the maximum probability value from the MCMC random draws and
the 15th and 85th percentiles as the best value and its uncertainty for each
orbital parameter, obtaining the orbital period P, mass ratio ¢, orbital eccen-

tricity e, orbital inclination 4, argument of periastron w, and orbital zero-phase
0.
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2.2 Stellar Mass Determination

We estimate each star’ s mass by comparing its effective temperature (T,q),
surface gravity (logg), and metallicity ([Fe/H]) with the PAdova and TRieste
Stellar Evolution Code (PARSEC) models. We use the T.g, logg, and [Fe/H]
provided by PARSEC models as training data and stellar mass as training labels
to train an XGboost model. The training process uses root mean square error
(RMSE) as the loss function. Testing on independent samples reveals an RMSE
of 0.02 M, between true and predicted stellar masses. We then use 10-fold cross-
validation to confirm that the overall uncertainty introduced by the algorithm
is 0.02 M.

Additionally, we estimate the error for each derived stellar mass using Monte
Carlo methods. Specifically, we perform 1,000 samplings, each time randomly
drawing new values for T.g, log g, and [Fe/H] from Gaussian distributions with
means equal to the measured values and standard deviations equal to their un-
certainties. These sampled parameters are then used with the trained XGboost
model to estimate stellar mass. After multiple measurements, we adopt the
median of each set as the derived stellar mass and the standard deviation as the
error. The typical uncertainty in stellar mass is 0.03 M (median value).

2.3 Method Validation

First, we simulate a single star with known orbital period, mass ratio, and
orbital eccentricity, then estimate its orbital parameters and compare them with
the preset true values to determine the method’ s accuracy. Given the star’ s
observation times and radial velocities, we randomly select all other parameters
and run MCMC. The parameters log P, g, and e converge well to specific values
(see Figure 1 [Figure 1: see original paper]). The true orbital parameters of
this simulated star are log P = 1.90, ¢ = 0.7, e = 0.3, m; = 1M, with 20
observations uniformly distributed over a 60-day period.

For this star, we simulated how the difference between model-derived values and
true values changes with increasing observation number, as shown in Figure 2
[Figure 2: see original paper]. The observation number ranges from 2 to 20, with
the vertical axis showing log P, ¢, and e. The black dashed line represents the
true values, the blue line shows model values at different observation numbers,
and red lines indicate error bars. As observation number increases, model values
approach true values and error bars generally decrease. Since the radial velocity
equation for binaries is controlled by seven parameters, reliable fitting becomes
difficult when data points are fewer than parameters; the figure shows that
when observations reach 8 or 9, model values are essentially consistent with
true values.

Next, we statistically analyzed 50 simulated stars, with results shown in Figure
3 [Figure 3: see original paper]. These 50 stars have orbital periods ranging
from 10 to 100 days, mass ratios from 0.3 to 0.9, orbital eccentricities from 0.1
t0 0.7, m; = 1M, and observation numbers from 4 to 20. The first three panels
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show parameter errors for P, g, and e at different observation numbers, while
the last three panels show the root mean square of these errors. As observation
number increases, parameter errors fluctuate around zero, and the overall RMS
error decreases. Moreover, if the orbital period P can be determined and used
as a known quantity in the model, estimates of other orbital parameters become
more accurate.

3. Data

LAMOST is a novel large-field and large-aperture telescope, also known as the
Guo Shoujing Telescope. Employing active optics with thin mirrors and seg-
mented mirrors, LAMOST can observe objects as faint as 18 mag within 1.5-hour
exposures, making it the world’ s largest optical telescope in terms of combined
aperture and field of view. Using parallel controllable fiber positioning tech-
nology to place 4,000 fibers in a 5° field of view, LAMOST can simultaneously
obtain spectra of 4,000 objects, giving it the highest spectral acquisition rate in
the world.

We use medium-resolution data from LAMOST DR7 and partial DRS, employ-
ing blue-end observation times, velocities, and velocity errors, cross-matched
with the WISE eclipsing binary catalog of Chen et al. We selected stars with
LAMOST spectral signal-to-noise ratios greater than 10 and more than 8 ob-
servations, yielding 151 stars. We input these 151 stars into our model, with
primary masses m, determined by the method described above, and compared
the resulting periods with those from WISE. Figure 4 [Figure 4: see original
paper] shows that the distribution of Pyisg/PLamost values is mostly around
1, with a few at 1/2, 2, and 3, indicating that our model-derived orbital peri-
ods are basically consistent with WISE values, though some are twice or three
times the WISE period. We therefore consider the WISE period values to be
fundamentally reliable.

Since LAMOST medium-resolution data provide relatively few radial velocity
observation points, the derived periods lack reliability. Consequently, we use
the WISE periods based on light curves as known quantities for determining
binary orbital parameters. From the 151 stars, we selected 23 with relatively
broad and uniform radial velocity phase distributions, small velocity errors, and
well-fitted velocity curves. Figure 5 [Figure 5: see original paper] shows the
distributions of effective temperature (T,g), surface gravity (logg), and metal-
licity ([Fe/H]) for these 23 stars from LAMOST. The effective temperatures
are mainly concentrated around 5,000-7,500 K, surface gravities around 3.8-4.5,

and metallicities around -0.5 to 0.5.

4. Results

We input the observation times and radial velocities of the 23 sample stars
from LAMOST into our model, using the WISE orbital period P as a known
quantity and determining primary masses m; as described above. The resulting
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orbital parameters were found to be somewhat inaccurate due to relatively large
dispersion in LAMOST radial velocities, with orbital eccentricities e being gen-
erally too large and inconsistent with reality. We therefore used the corrected
LAMOST radial velocities from Zhang et al. (submitted), which were obtained
through cross-correlation with reference stars. Fitting the radial velocity curves
yielded orbital parameters for these 23 stars: orbital period P, mass ratio ¢, and
orbital eccentricity e. Table 1 lists these orbital parameters. The orbital periods
are taken from WISE light-curve-based values, mass ratios ¢ are as shown with
an average uncertainty of about 0.1, and orbital eccentricities e have an average
uncertainty of about 0.02. Figure 6 [Figure 6: see original paper| shows the
model fits to the radial velocity curves for these 23 stars.

The distributions of orbital period P, mass ratio ¢, and orbital eccentricity e are
shown in Figure 7 [Figure 7: see original paper]. The orbital periods, provided
by WISE, are mostly less than 1 day, indicating short-period close binaries
with a power-law distribution trend. The mass ratio distribution is relatively
flat. Due to orbital circularization by dynamical tides, close binaries with short
periods have small orbital eccentricities, and our model-derived eccentricities
are indeed small as expected, all below 0.2.

We compared our results with those of Raghavan et al. Figure 8 [Figure 8:
see original paper| shows the relationships between orbital period and mass
ratio and orbital eccentricity, with the horizontal axis being log P (base 10) and
vertical axes showing ¢ and e. For orbital periods in the range —0.6 < log P <
0.2, the mass ratio ¢ covers nearly the entire space from 0.1 to 0.9, generally
tending toward larger values, while orbital eccentricities e are all less than 0.2,
mostly concentrated around 0.1.

We then compared our orbital period-mass ratio and orbital period-eccentricity
relationships with those of Raghavan et al. Figure 9 [Figure 9: see original pa-
per] shows the period-mass ratio relationship, where open circles represent our
23 short-period sample stars, and plus signs, solid triangles, and open squares
represent binary, triple, and quadruple systems from Raghavan et al., respec-
tively. Our results are basically consistent with Raghavan et al., with mass
ratios covering nearly the full parameter space.

Figure 10 [Figure 10: see original paper] shows the period-eccentricity rela-
tionship, with the same symbols. The dashed curve represents an eccentricity
boundary: to its left, orbits are so eccentric that at periastron one companion
comes within 1.5 Ry of the other, likely leading to collision. Our sample stars
all have small eccentricities below 0.2, falling within this boundary.

5. Summary and Outlook

We used medium-resolution data from LAMOST DR7 and partial DR8 to ob-
tain 23 sample stars and determined their orbital parameters through radial
velocity analysis. The parameters generally meet expectations and are listed in
Table 1. However, some issues remain. Although all orbital eccentricities e are
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within reasonable ranges, they are somewhat large, particularly in the second-
to-last panel of the first column in Figure 6. This may be caused by errors
in radial velocity measurements or non-uniform sampling phases in observation
times, and we hope to improve this through higher data processing precision and
increased observation numbers in the future. This method could be extended
to become a hierarchical Bayesian model that can estimate orbital properties
without determining parameters for individual stars.
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