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Abstract

Determinaciéon de Parametros Orbitales y Masa de
Sistemas Binarios Visuales

Determinar las masas estelares sigue siendo un desafio fundamental en astrofisica, y los
sistemas estelares binarios ofrecen una oportunidad tinica para medir estas masas directa-
mente por medio de las leyes de Kepler. Esta tesis tiene como objetivo mejorar la carac-
terizacion de los sistemas estelares binarios derivando en forma precisa elementos orbitales
y estimaciones de masa por medio de una combinaciéon de observaciones astrométricas vy,
en menor medida, de velocidad radial. El estudio se centra en una muestra de 16 binarias
visuales, 8 binarias espectroscopicos de una sola linea y 2 binarias espectroscopicos de doble
linea observados en el hemisferio sur. Las nuevas mediciones astrométricas fueron obtenidas
utilizando la camara Speckle HRCam del telescopio SOAR de 4.1 m y la camara Speckle
Zorro del telescopio Gemini de 8.1 m, ambos en Cerro Pachén. Las nuevas observaciones de
velocidad radial fueron obtenidas con el espectrografo Echelle FEROS en el telescopio MPG
de 2.2 m del Observatorio ESO/La Silla. Se emplearon métodos Bayesianos de Monte Carlo
de Cadena de Markov para analizar los datos, obteniendo modelos estadisticos robustos y
parametros orbitales refinados. Este trabajo introduce 10 nuevas soluciones orbitales, aborda
desafios como una alta excentricidad e inclinaciones casi de canto, y examina discrepancias
en las mediciones de paralaje. La integracion de datos visuales y espectroscopicos resuelve
eficazmente ambigiiedades en el parametro orbital €2, contribuyendo a una comprension mas
profunda de la dindmica estelar.



Orbital Parameters and Mass Determination of Visual
Binary Systems

Determining stellar masses remains a fundamental challenge in astrophysics, and binary
star systems offer a unique opportunity to measure these masses directly using Kepler’s laws.
This thesis aims to enhance the characterization of binary systems by deriving accurate orbital
elements and mass estimates using a combination of radial velocity and, mainly, astrometric
observations. The study focuses on a sample of 16 visual binaries, 8 single-lined spectroscopic
binaries, and 2 double-lined spectroscopic binaries observed in the southern hemisphere. The
new astrometric measurements were secured with the HRCam Speckle camera on the SOAR
4.1m telescope and the Zorro Speckle camera on the Gemini 8.1m telescope, both at Cerro
Pachon. New radial velocity observations were obtained with the FEROS Echelle spectro-
graph on the 2.2m MPG telescope at the ESO /La Silla Observatory. Bayesian Markov Chain
Monte Carlo methods were employed to analyze the data, yielding robust statistical models
and refined orbital parameters. This work introduces 10 new orbital solutions, addresses
challenges such as high eccentricity and nearly edge-on inclinations, and examines discrep-
ancies in parallax measurements. The integration of visual and spectroscopic data effectively
resolves ambiguities in orbital parameter €2, contributing to a deeper understanding of stellar
dynamics.
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Chapter 1

Introduction

According to the Vogt-Russell theorem (Kahler, 1972; Kippenhahn et al., 2013), the
initial mass of a star of a given chemical composition is the most fundamental parameter
that determines its internal structure and evolution.

Among the observable properties of a star, its luminosity is also dependent on its internal
structure and, therefore, on its mass. This dependency is evidenced by the correlation be-
tween mass and luminosity, known as the mass-luminosity relation (MLR)(Eddington, 1924).
The empirical version of the MLR has become one of the most powerful tools for testing stellar
structure and evolutionary models.

Improving the observational MLR is challenging due to the difficulty of determining pre-
cise masses and distances. Moreover, the MLR also shows a statistical dispersion that cannot
be explained solely by observational errors (Horch et al., 2015), suggesting the existence of
an intrinsic dispersion resulting from differences in age or chemical composition of the stars.

Stellar masses can be determined by observing binary star systems and then applying
Kepler’s laws of motion (Pourbaix, 1994); which is currently the prime direct method for this
purpose. This approach also requires measuring another quite elusive parameter: distance
(van Altena and Lee, 1988), which is done through high-precision trigonometric parallax
measurements.

Fortunately, the recent advent of Gaia (Gaia Collaboration et al., 2016) has significantly
increased the accuracy of stellar parallaxes. For distances up to 250 pc, the uncertainty
of a parallax measurement made by Gaia is less than 1%, which by current standards has
essentially solved the distance dilemma.

Given that roughly half of the solar-type stars in the solar neighborhood belong to binary
systems (Raghavan et al., 2010; Fuhrmann et al., 2017), it should be possible in principle to
determine precise masses for a large number of stars. This has encouraged various new efforts
to improve the MLR of the solar neighborhood, which is used as a starting point for all-sky
catalogs of binary systems, like the Hipparcos catalog (HIP) and the Geneva-Copenhagen
spectroscopic survey (GCS).

Since 2014 our team has been leading the study of visual binary systems in the south-



ern hemisphere. Our survey combines interferometric observations being secured with the
HRCam@SOAR and Zorro@QGS Speckle cameras at Cerro Pachon, Chile; and spectroscopic
observations being made with the FEROS Echelle spectrograph on the MPI/ESO 2.2m tele-
scope at La Silla, Chile (Mendez et al., 2018).

Next in this chapter, we present the objective of this thesis and a theoretical framework
to provide context to the work done. In Chapter 2, we describe the sample and instruments
used to obtain the new data points. In Chapter 3, we present the results in tables, along
with the methodology employed. Then, in Chapter 4, we discuss all the systems studied.
Finally, in Chapter 5, we draw our conclusions. In Appendix , we present the figures for all
our objects.

1.1 Objective

The primary objective of this thesis is to improve the characterization of binary star
systems by deriving accurate orbital elements and, where possible, mass estimates using a
combination of astrometric and radial velocity (RV) data. This work aims to contribute
to the understanding of stellar dynamics by applying Bayesian Markov Chain Monte Carlo
(MCMC) methods to generate robust statistical models. Additionally, this study aims to lay
the groundwork for addressing discrepancies in parallax measurements and refining the MLR
through future analysis of newly observed systems, to advance our understanding of stellar
structure and evolution.

1.2 Theoretical Framework

Binary star systems are pairs of stars that orbit around a common center of mass due
to their mutual gravitational attraction. These systems are fundamental as they allow us to
determine stellar masses through the study of the orbit by applying Kepler’s laws of motion.
These systems can be classified into different types depending on the observation technique
employed. Among these are Visual Binaries, where the relative positions of both components
are directly observable, Astrometric Binaries, and Spectroscopic Binaries. In visual binaries,
the position of the fainter secondary star is measured relative to the brighter primary star,
with observations capturing the projection of the system’s orbit into the plane of the sky,
as seen by the observer. This projection is known as the apparent orbit and is critical for
understanding the motion and interaction within the system.

1.2.1 Keplerian Orbits of Visual Binary Systems

The motion of binary star systems can be described by Kepler’s laws, which govern the
elliptical trajectories of celestial bodies in a gravitational two-body system. The specific



geometry of a binary star’s orbit is characterized by seven orbital parameters':

e Period (P): The time it takes for the stars to complete one full orbit around their
common center of mass.

e Epoch of Periastron Passage (7'): The specific time at which the star passes closest
to its companion, marking the periastron, or the point of the orbit nearest to the other
star.

e Eccentricity (e): A measure of the deviation of the orbit from a perfect circle, with
e = 0 representing a circular orbit and e = 1 representing a parabolic trajectory.

e Semi-Major Axis (a): The longest radius of the elliptical orbit, representing the
average distance between the two stars over one complete orbit.

e Argument of Periastron (w): The angle measured from the ascending node to the
periastron in the true orbit, indicating the orientation of the ellipse within its orbital
plane.

e Longitude of the Ascending Node (2): The angle measured from a reference di-
rection (typically from North to East) to the ascending node, indicating the orientation
of the orbit’s plane relative to the plane of the sky.

e Inclination (i): The angle between the plane of the sky and the plane of the orbit,
indicating how tilted the orbit is with respect to the line of sight from the observer.

These parameters collectively describe the shape, size, and orientation of the orbit, as
well as the motion of the stars’ positions within that orbit. In Figure 1.1%, the angle v is also
illustrated. This angle corresponds to the true anomaly, which is the position angle of the
secondary star with respect to the primary, measured from the periastron in the direction of
the orbital motion.

Kepler’s third law states that the square of the orbital period P is proportional to the
cube of the semi-major axis a of the orbit, with the constant of proportionality being related
to the total mass M; + M, of the two stars in the system. Mathematically, this can be
expressed as:

2 4 3

P = GOl +M2)a , (1.1)
where M; and M, are the masses of the two stars and G is the universal gravitational constant.
This relationship implies that by knowing the orbital period and the semi-major axis, we can
determine the total mass of the binary system. This is particularly valuable in astrophysics,
where direct measurements of stellar masses are challenging. To use this law to obtain the
total mass, we first need to know a with his physical unit and not angular. For this, we need
to know the distance to the system.

1 Also called the Campbell elements.
2Image by Lasunncty, CC-BY-SA-3.0.
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Figure 1.1: Diagram illustrating orbital parameters: true anomaly (v), argument of periastron
(w), longitude of the ascending node (2), and inclination (i).

Parallax is the apparent shift in the position of a star when observed from two different
points in Earth’s orbit around the Sun, separated by six months. This effect is used to
measure the distance to stars. The parallax angle 7 is inversely proportional to the distance
d to the star:

1
d=— 1.2
— (12)

where d is the distance to the star in parsecs and 7 is known as the parallax angle in
arcseconds.

The relative motion of the stars in the system is defined by their Keplerian orbit, where
the mean anomaly M at a given time t is related to the eccentric anomaly E by Kepler’s
equation:

= E —esin(E). (1.3)

Given that there is no analytical solution to Kepler’s equation, the Newton-Raphson
numerical method is employed to solve for the eccentric anomaly E. The Newton-Raphson
method is an iterative technique used to find the roots of a function, which means solving
equations of the form f(z) = 0. In the context of this work, it is used to solve Kepler’s
equation, M = FE — esin(FE), for the eccentric anomaly E, given the mean anomaly M and
eccentricity e. The method starts with an initial guess for £ and refines this guess iteratively
using the formula E,,, = E, — ]{c,(éz)), where f(E,) represents the difference between the
two sides of Kepler’s equation. The process continues until the difference between successive




Figure 1.2: Kepler’s problem. S indicates the position of the secondary star in the true orbit
ellipse with eccentricity e, where F' is the focus of the ellipse, indicating the position of the
primary star. S’ represents the projection on the auxiliary circle. v is the true anomaly, FE
corresponds to the eccentric anomaly, and P marks the position of periastron.

approximations is smaller than a predefined threshold, ensuring that F is found to a desired
accuracy. Once we solve E, we can compute the true anomaly v:

tan (¥) = 11—2’55111 (%) (1.4)

As was said before, the true anomaly v represents the angle between the direction of
periastron and the current position of the star as seen from the focus of the ellipse, where
the primary star is located, see Figure 1.23. Once v is determined, the radial distance r from
the primary star to its companion can be calculated using the following equation:

_a(l—e€?)
Ty ecos(v)’ (15)

The observed motion of binary stars on the plane of the sky is known as the apparent
orbit, see Figure 1.1. This is a projection of the true orbit onto the sky plane, and its analysis
involves converting the orbital parameters into the Thiele-Innes constants A, B, F', and G,
which are defined as:

3Image from Principles of Astrometry, Van De Kamp (1967).



(1.6)

These constants facilitate the transformation from the orbital parameters to the observ-
able positions X and Y of the stars, which are functions of the eccentric anomaly E and are
given by:

X = Bceos(E) — FV1 —e?sin(F),

Y = Acos(E) — GV1 — e?sin(E). (1)

However, it is important to note that the Thiele-Innes representation can be ambiguous.
Different combinations of the angles w, €2, and i may produce the same set of Thiele-Innes
constants for a given value of the semi-major axis a. Despite this potential ambiguity, the
Thiele-Innes constants remain a popular choice among astronomers because they enable
straightforward calculations of the apparent orbit, particularly in algorithms that leverage
the linear relationship between these constants and the observed positional coordinates (z, ).

Equivalently, the positions X and Y on the apparent orbit can be calculated directly
using the true anomaly v, obtained from the eccentric anomaly E in Equation 1.4, and r is
the radial distance given by Equation 1.5. The position coordinates are then expressed as:

f/: r (cos(v) cos(Q2) — sin(v) sin(€2) cos(i)) (1.8)

= r (cos(v) sin(§2) + sin(v) cos(€2) cos(i)) ,

1.2.2 Radial Velocity Observations and Mass Determination

In addition to astrometric observations, the study of binary systems often involves mea-
suring the RVs of the components. These RV measurements are based on the Doppler effect,
where the motion of a star towards or away from the observer causes a shift in the wave-
length of the star’s light (see Figure 1.3%). As the star moves toward the observer, its light
shifts to shorter wavelengths (blue shift), and as it moves away, its light shifts to longer
wavelengths (red shift). By analyzing these shifts in the spectral lines of the stars, the RVs
can be accurately determined.

In the case of double-lined spectroscopic binaries (SB2), the spectral lines of both stars
are measurable, allowing for the determination of the RV curves for both components. The
RV V of each star can be modeled as:

V =Vy+ K [cos(w + v) + ecos(w)], (1.9)

4Tmage edited from ESO Press photo 22e/07, April 2007.



Figure 1.3: Doppler effect in a binary star system: the star moving towards Earth shows
a blue shift (shorter wavelength), while the star moving away shows a red shift (longer
wavelength).

where 1} is the systemic velocity®, K is the amplitude of the RV curve, and v is the true
anomaly. The amplitudes K; and K5 for the primary and companion stars are given by:

~ 2masin(i) q

K - ’
' P\/1—621+q (110)
o — 2rasin(i) 1 '
T PVi-@l+q
where ¢ = %—ﬁ is the mass ratio between the secondary and primary star®. The analysis of

these RV curves, combined with the astrometric data, allows for the determination of the
masses of the individual components.

By combining astrometric and spectroscopic observations with the parallax measurement,
we can determine the masses of the individual stars in the binary system. The total mass
M+ My can be derived from Kepler’s third law, while the individual masses can be estimated
from mass ratio g = AM{? The relationship between the RVs and the orbital parameters allows
us to solve for the mass ratio:

K, M
L — 1.11
K, M, q ( )

where K; and Ky are the RV amplitudes of the primary and secondary stars, respectively.

5A.K.A. velocity of the center of mass (Voons).
6We also denote Mp as the more massive primary star and Mg as the secondary star.



Chapter 2

Observations

2.1 Binary System Sample Selection

The initial sample studied in this work was selected from a list of systems with new
astrometric observations, secured as part of our monitoring program of southern binaries
described in Mendez et al. (2017), with the HRCam' (Tokovinin et al., 2010) and Zorro?
(Howell and Furlan, 2022) Speckle cameras on the SOAR 4.1 m and Gemini 8.1 m telescopes
at Cerro Pachon, respectively.

HRCam observations deliver a precision of 3-5 mas in angular separation for objects
brighter than V' ~ 12 magnitude (Mendez et al., 2017), while Zorro observations have a better
precision (1 mas). Our Speckle observations were reduced using standard interferometry
techniques. Calibration binary systems were observed each night to ensure the consistency
of our measurements (Tokovinin et al., 2010; Tokovinin, 2018).

We then checked the Sixth Catalog of Orbits of Visual Binary Stars (Orb6)?, maintained
by the US Naval Observatory (USNO)?, and the 9th Catalog of Spectroscopic Binary Orbits
(SB9; Pourbaix, D. et al. (2004))3, to search for previous orbital results for the objects in our
list. When that was the case, we then compiled the historical astrometric measurements and
orbital parameters from the Washington Double Star Catalog (WDS; Mason et al. (2001);
Hartkopf et al. (2001)) and RV data from the SB9 catalog. The historical data from WDS
was kindly provided by Dr. Brian Mason of the USNO.

A first analysis of the systems selected was made using a versatile IDL-driven interactive
code, ORBIT, developed by A. Tokovinin (2016, 1992)5. This code employs a parametric x?
minimization approach using the Levenberg-Marquardt algorithm to obtain an initial solution
for the orbit. Objects with sufficient data points were then selected for further analysis using

!See https://noirlab.edu/science/programs/ctio/instruments/visitor-instruments/HRCam.
2See https://www.gemini.edu/instrumentation/alopeke-zorro.

3 Available at http://www.astro.gsu.edu/wds/orb6.html.

4 Available at https://www.cnmoc.usff.navy.mil/usno/.

5 Available at https://sb9.astro.ulb.ac.be/.

5The code and user manual can be downloaded from https://zenodo.org/records/61119.
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MCMC methods.

Our final sample consists of 2 double-lined spectroscopic binaries (SB2), 8 single-lined
spectroscopic binaries (SB1)7, of which 4 are first-time reports of orbital parameters, and 16
visual binaries, with 6 having their orbital parameters reported for the first time. We must
emphasize that, as a result of our selection process, our final sample is very heterogeneous and
it should not be considered complete or representative of these systems in any astrophysical
sense. From this point of view, this work’s main contribution is adding new orbits and mass
ratios (when possible).

As a part of our on-going survey of spectroscopic binaries being carried out with the
FEROS Echelle spectrograph (Kaufer et al., 1999) on the 2.2m MPG telescope at the ESO/La
Silla Observatory®, we also secured high resolution spectra, leading to high precision radial
velocities measurements, for our SB2 and SB1 systems. FEROS spectra were reduced using
the CERES pipeline (Brahm et al., 2017), which provides consistent and accurate (better
than 0.1 km s™') RV measurements.

When both available, the processed astrometric and RV data were then combined to
perform a joint MCMC analysis of the orbital elements. This combined approach allows for
a more accurate determination of the orbital parameters, including the orbital parallax for
SB2 systems, which provides an independent measure of distance.

Basic properties available in the literature for our final sample of systems are presented
in Table 2.1. The first three columns provide the WDS name, the corresponding Hipparcos
number and the discoverer designation for each system. The fourth and fifth columns present
parallax results from the Hipparcos (ITy) and Gaia eDR3 (Ilg) catalogs, respectively. The
sixth column gives the Reduced Unit Weight Error (RUWE) listed in Gaia eDR3, which
is an indicator of the quality of Gaia’s astrometric solution. The next three columns show
the apparent V magnitudes of the systems listed in SIMBAD (Wenger et al., 2000) and
the individual magnitudes of the primary (Vp) and secondary (Vg) components as recorded
in the WDS database. The tenth and eleventh columns give the estimated masses for the
primary (Mp) and secondary (Mg) stars, respectively, provided in the Abushattal et al.
(2020) mass-absolute Magnitude calibration tables. Finally, the last column gives spectral
type information, sourced from both the WDS and SIMBAD databases.

"Some have only one RV observation, so it can not be considered a proper SB1.
8See https://www.eso.org/sci/facilities/lasilla/instruments/feros.html
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Chapter 3

Results

To calculate the orbital elements, we used a Bayesian MCMC code whose implementation
is described in detail in Mendez et al. (2017) and Claveria et al. (2019). This approach allowed
us to exploit advantages that are inherent to these methods; that is (i) provide realistic
confidence limits for the derived orbital elements, and (ii) generate posterior probability
density functions (PDF) for each orbital element, as well as for the masses derived and for
the self-consistent orbital parallax (when RV data are available).

Because MCMC methods tend to converge faster and be more reliably when the algorithm
is initialized from a point close to the global minimum, we first employed the ORBIT code,
which uses a parametric xy? minimization approach, to obtain initial parameters that "feed"
our MCMC code. The ORBIT code is particularly useful for providing a prior solution, which
is crucial for those objects without previous orbital results.

When applying our MCMC code to the objects listed in Table 2.1, we differentiated them
in three groups based on the data at hand: (i) visual binaries: only astrometric data available
(ii) SB1 binaries: astrometric data available plus RV data for 1 component, and (iii) SB2
binaries: astrometric data available plus RV data for both components. For each object (see
tables in the next sections 3.1, 3.2, and 3.3), we provide two sets of numbers for the orbital
elements: the upper rows indicate the maximum likelihood (ML) value resulting from the
MCMC simulation, while the lower row indicates the median value of the posterior PDF
of the MCMC simulation, as well as the upper (third) quartile (Q75) and the lower (first)
quartile (Q25) of the distribution, in the form of a superscript and subscript, respectively.

In situations characterized by highly dispersed and asymmetric probability densities, the
expected value rarely provides a meaningful estimate of the parameters, typically yielding
orbits that are not in good agreement with the observations. Maximum likelihood (ML) and
maximum a posteriori (MAP) estimates, defined as the values that maximize the likelihood
function and the posterior distribution, respectively (Gelman et al., 2013), are preferred in
those situations. In this work, the likelihood functions assume a Gaussian observation model,
and the priors are just uniform densities within a certain interval (e.g., the prior of eccentricity
p(e)is 11in [0, 1) and 0 out of that range). In orbits with good orbital coverage, the expected
value approximately coincides with the MAP /ML estimates (Mendez et al., 2021).
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In the next sections, we present and discuss the results of our MCMC fit for our visual,
SB1, and SB2 systems. Figures of orbits, RV curves, posterior distribution of parameters,
corner plots with parameter correlations, and residuals O-C for all objects studied in this
work, can be found in Appendix .

3.1 Visual binaries

Orbital parameters for 16 visual binary systems were derived; they are presented in Table
3.1. The first column provides the WDS name and the Hipparcos number for each system.
The subsequent columns detail the orbital elements: period (P) and epoch of periastron
passage (T'), in years; eccentricity (e) and semi-major axis (a), in arcseconds; the argument
of periastron (w), the longitude of the ascending node (2), and the inclination (i) of the
orbital plane relative to the line of sight, in degrees; total mass of the system (My) in My
and in the last column the reference for the orbit. We report first orbital parameters for 6
systems, thus contributing new data to the field.
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Figure 3.1: Orbit of the visual system HIP 78662.

In the orbit plots, such as in Figure 3.1 for the visual binary HIP 78662, the blue ellipse
represents the orbit calculated using the maximum a-posteriori parameter values, the dashed
red line the line of nodes, and the dashed black and green lines indicate the positions of the
periastron and apoastron, respectively. The lower-right corner of the orbit plot includes the
North-East directions and the sense of motion.
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Figure 3.2: Marginal posterior distribution of parameters of the visual system HIP 78662.

Figure 3.2 shows an example of a marginal posterior distribution of orbital parameters
estimated with our MCMC method, specifically for the visual binary HIP 78662. In these
plots, the vertical red line indicates the MAP estimator, while the horizontal black bar shows
the range between Q25 and Q75 of the distribution, providing a visual representation of the
uncertainties associated with each parameter. Note that not all distributions have a Gaussian
shape, this highlights the importance of reporting a confidence interval using the quartiles.

Figure 3.3 shows an example corner plot, with the pairwise marginal posterior distri-
butions of the parameters, specifically for the visual binary HIP 78662. Each panel in the
corner plot represents a pair of parameters. Diagonal panels display the marginal posterior
distribution of each parameter, while the off-diagonal panels provide insights into potential
correlations between pairs of parameters.

3.2 SBI1 binaries

Table 3.2 presents the extended orbital elements for the 8 SB1 systems in our sample.
The first two columns list the WDS name and the Hipparcos number, followed by the orbital
parameters: P, T, e, a, w, 2, and i; the systemic velocity (Veom) and the amplitude of the
RV curve (K or K3). The last column references the source of the orbital data.

Table 3.3 presents the parallaxes and individual component masses for the SB1 binaries.
The first column lists the WDS name and Hipparcos number. The second column gives the
parallax (7) values from Hipparcos, while the third column those from Gaia eDR3. The
fourth column presents a tentative orbital parallax (7m,.4), which is derived from the orbital
analysis. The fifth column presents the mass ratio (Mg/Mp). The sixth and seventh columns
give the masses of the primary (Mp) and secondary (Mg) components, expressed in solar
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Figure 3.3: Pair marginal posterior distribution of parameters of the visual system HIP 78662.
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masses. We report first time results for 4 of these systems.

Figure 3.4 shows an example orbit (left panel) /RV phase curve (right panel) plot, specifi-
cally for the SB1 system HIP 38645. The features in the orbit plot are the equivalent of those
shown in the example orbit plot for visual binaries detailed previously. In the RV curve plot,
the blue curve represents the radial velocity, and the dashed black line indicates the systemic
velocity.
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Figure 3.4: Orbit and RV curve of the SB1 system HIP 38645.

3.3 SB2 binaries

In Table 3.4, we present the extended orbital elements for the two SB2 systems in our
sample. In the upper part of the table, the first column provides the WDS name and the
Hipparcos number; and the next columns the source of the values presented and the orbital
elements P, T, e, a, w, €2, and i. In the lower part of the table, the first two columns are the
same as in the upper part, followed by Veom, K1, and K. The last column references the
source of the orbital data previously reported in the literature. Table 3.5 is analog to Table
3.3.

Figures 3.5 and 3.6 illustrates the orbit (left panel) and the RV phase curve (right panel)
for our two SB2 binaries; HIP 7580 and HIP 9774 AaAb. The features in the orbit panel
are analogous to those in the orbit plots for visual and SB1 systems. The features in the
RV panel are analogous to those in our SB1 example, but now the blue curve represents the
primary star, and the red curve the secondary star.

In all the figures, orbit and RV phase, the data points are depicted with varying sizes and
fill styles to indicate different ranges of uncertainties. Smaller, filled points correspond to
measurements of high precision, often from our recent observations. In contrast, larger, par-
tially filled or empty points represent data with higher uncertainties, which often correspond
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Table 3.3: Parallaxes and individual component masses for our SB1 sample.

WDS name Hipparcos GAIA eDR3 Torb Mg/Mp Mp Mg
HIP number [mas] [mas] [mas] Mg Mg Mg
0111740835 | 7.23+1.38 10.1184 £ 0.2448 10.11 0.389 2.65 1.030
0.16 0.038 0.25 0.027
5593 10.097518 | 0.38310:03% | 2.73752% | 1.04610027
02572—2458 | 38.35 £ 1.24 40.9861 + 0.4288 41.02 0.818 0.788 0.644
+0.29 +0.092 +0.02 +0.065
13768 40.96702% | 0.835700%2 | 0.7987592 | 0.66675:05%
05286—4548 | 6.19 +0.89 5.7574 % 0.0161 5.758 0.37 4.0 1.491
+0.011 +1.3 +1.9 +0.034
25641 575770011 | 2.057 53 31719 1.49575-034
07548—6613 | 11.26 £ 0.76 11.7234 £ 0.0704 11.706 0.47 0.9954 0.47
+0.047 +0.17 +0.027 +0.17
38645 1172175807 | 0347017 | 1.00570:027 | 0.347517
120183439 | 17.87 £0.77 | 11.6897 & 0.8228°PR2 22.22 0.453 1.281 0.580
+0.22 0.043 +0.025 +0.053
58669 22247022 | 044778093 | 1.27570:02% | 0.569100%2
13138—6756 | 8.54 + 1.07 6.1995 & 0.1882 6.27 0.0585 23 1.338
0.13 0.089 2.3 +0.033
64545 6.197013 | 025115859 54123 1.34710-033
14025—2440 | 16.02 £1.19 13.3967 + 0.2046 13.39 0.969 1.094 1.060
+0.14 0.10 0.097 +0.027
68587 13.37701% | 09697029, | 1.099%3-097 | 1.06615 527
1531740053 | 19.67 £0.89 | 23.5633 £ 1.2061°DR2 18.65 0.536 2.12 1.136
+0.52 +0.077 +0.30 +0.027
76031 18.561522 | 0.53575077 | 2137038 | 1.14170-027

to historic data collected in earlier epochs. This visual distinction allows for an intuitive
assessment of the reliability of the data points used in the orbital and RV analyses and show
how the quality of the data may influence the fitting of the orbital elements and the overall
confidence in the derived parameters.
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Figure 3.5: Orbit and RV curve of the SB2 system HIP 7580.

3.4 0O-—C Analysis

An analysis of the Observed—Calculated (O—C) residuals allows to identify and discard
data points that exhibit a dispersion beyond a 3 sigma difference. Given that most of the
systems under study have a limited set data points, this filtering was applied only in the case
of HIP 7580 which has a substantial amount of data available. For this system, the extensive
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Table 3.5: Parallaxes and individual component masses for our SB2 sample.

WDS name Hipparcos GAIA eDR3 Torb Mg/Mp Mp Mg
HIP number [mas| [mas| [mas| Mg Mg Mg
01376—0924 24.76 £0.90 | 22.9702 % 0.6299 25.8 0.812 1.291 1.047
7580 Prior 25.6975-42 0.80575-022 | 1.31079-073 | 1.05510:03¢
01376—0924 26.48 0.827 1.202 0.994
7580 No-Prior 26.5919-52 0.83870°555 | 1.17775:092 | 0.98670-047
020572423 21.44 £ 1.43 | 21.0892 % 0.0879 21.122 0.9787 0.884 0.865
9774 AaAb Prior 21.11970-0%9 | 0.9728T0008% | 0.88270:020 | 0.858710 050
020572423 25.21 0.9720 0.785 0.763
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Figure 3.6: Orbit and RV curve of the SB2 system HIP 9774 AaAb.

dataset available allowed for a rigorous examination, ensuring that outliers were identified
and excluded, thereby enhancing the reliability of the derived orbital parameters and mass
estimates.

In the case of systems with fewer data points, despite that some observations do lie beyond
the 3 sigma threshold, they were not egregiously out of line. In general, the observations
of these systems with limited data points are more recent and of higher quality. Retaining
these points was deemed appropriate to optimize the use of available observations, while
maintaining the integrity of the analysis.

Figure 3.7 is an example residual plot, specifically for our SB2 system HIP 7580, showing
the O—C residuals for the position angle 6, the separation p, and the RV of the primary
and secondary component, V,, and Vg respectively. These residuals are plotted against both
epoch (left panels) and orbital phase (right panels).
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Figure 3.7: Residuals from O—C after point cleaning of the SB2 system HIP 7580.
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Chapter 4

Discussion

4.1 Comments on Individual Objects

Here we provide some details about the orbital solutions obtained, along with a discussion
of the mass and parallax determinations (where applicable), for each of our systems. These
comments aim to highlight key aspects of each system, including the strengths and potential
limitations of the data available for them. Additionally, we identify areas where further
observations could enhance the accuracy of the derived parameters, particularly in cases
where the current data may not fully constrain the system’s dynamics.

WDS00462—2214=HIP 3606: Our latest observations with HRCam cover about one
third of the orbit. The only available Hipparcos data point lies in the opposite part of the
orbit covered by high-precision observations, which allowed for a good orbit determination.
The total mass calculated for this system is consistent with the masses estimated from mass
and absolute magnitude relations. RV observations for this object are highly recommended
to obtain a self-consistent orbital parallax and individual masses.

WDS01117+0835=HIP 5593: Ours is the first orbit calculated for this relatively high-
inclination system. The orbit has been half-covered and the latest observations were made
near the periastron, which allowed for a good orbit determination. We also incorporated a
testimonial RV point in our solution. The marginal posterior distribution of the parameters
narrow down the constraint range, but they are non-Gaussian, and the parameters exhibit
correlations. There is a significant discrepancy of 2.88 mas between the parallax values given
by Hipparcos and Gaia (together with a high RUWE), which renders the parallax unreliable.

WDS01376—0924=HIP 7580: This SB2 system has good orbit coverage and a strategic
RV observation made near periastron, where the components are too close to be easily ob-
served (see Figure 3.5). Our solutions, with and without parallax prior, are self-consistent,
but there is a discrepancy of 0.68 mas between them (see Table 3.5). This discrepancy in
the parallax leads to different results for the masses, despite the good orbit solution. Our
combined solution improves the error margins of the results reported in ORB6 and SB9. New
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RV observations are necessary to reduce the uncertainty on the orbital parallax, and thus
refine the individual masses.

WDS02057—2423=HIP 9774 AaAb: This SB2 system is a compact, so visual observa-
tions near periastron are difficult. Fortunately, the RV curve of this object is well covered
(see Figure 3.6). The solutions with and without prior parallax are self-consistent, with only
a slight variation in 7 and a. This is a multiple system, so measurements of the parallax tend
to be biased. Treating this object as a hierarchical multiple system is recommended.

WDS02572—-2458=HIP 13768: This SB1 system has a good observational coverage of
both the orbit and the RV curve, providing a strong foundation for determining the orbital
parameters. Its orbit is nearly face-on, with an inclination of 174° and a period of 1.5 years.
The face-on nature of the orbit, while advantageous in some respects, makes it challenging to
accurately constraining certain parameters. Most parameters exhibit a low correlation, indi-
cating a reliable solution in general. However, w and €2 are the worst constrained, reflecting
the difficulty to precisely determine these angles because of the system’s orientation.

WDS03347—-0451: Ours is the first orbit calculated for this system. With a period close
to 4 years, the 6 observations available cover a significant portion of the orbit, resulting in a
good initial fit of the orbital parameters. However, more observations are needed to improve
precision and decouple the angular parameters.

WDS03489+1143=HIP 17826: This is a long-period system. Its orbit is only half covered
and there are no observation close to the periastron. Our solution reports the range of
uncertainty of the parameters. New observations closer to the periastron will allow to restrain
T, and therefore, P.

WDS05286—-4548=HIP 25641: Ours is the first orbit reported for this SB1 system. It is
highly eccentric (e = 0.91) and has a period close to 40 years. The Hipparcos data point is
off the curve and we do not have observations nearby. Only one RV observation is available.
More RV points are necessary to validate the results obtained with this single data point and
resolve the correlation between parameters.

WDS05474—1032=HIP 27341: This system has a high eccentricity (e = 0.95) and has a
period of approximately 30 years. The available data points only cover the apoastron zone,
which, along with the high eccentricity, causes difficulties to obtain a good fit of the orbital
parameters.

WDS07548-6613=HIP 38645: Ours is the first orbit calculated for this system, which
has a period of 7.5 years. Observations cover about one half of the orbit and we have three
RV observations in a critical part of the curve (see Figure 3.4), which greatly aided the
fitting process. For a first report the parameters are well constrained, but correlations are
seen between some of the parameters. Further observations will help to refine these results.

WDS12018—-3439—=HIP 58669: This system, with a period close to 190 years, has been
observed since 1897, covering about 3/4 of the orbit. The three RV observations we have
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included allowed us to resolve the ambiguity in €2. The orbital parameters are well con-
strained, but still correlations between them are seen. The Gaia DR2 parallax (11.6 mas) is
in discrepancy with the 17.8 mas reported by Hipparcos. Our tentative solution, using the
Gaia parallax as a prior, gives an orbital parallax of 22.2 mas. Extended observations of the
RV curve for both components will allow for a more reliable orbital parallax estimation.

WDS13138—-6756=HIP 64545: This system has a period of P = 37.7 years and the
observations cover about a fourth of the orbit. The Hipparcos data point, located opposite
to the most recent observations, is highly beneficial for the fitting process. Ours is the first
orbit report for this system, and includes a single RV data point. More RV observations
are necessary to validate the results obtained from this initial data point and decouple the
parameters.

WDS14025—-2440=HIP 68587: With a period of over 200 years, this is the second longest
period system in our sample. This object has been continuously observed from 2014 to 2022
with HRCam@SOAR and Zorro@QGS, which have beautifully mapped a orbit segment near
the periastron. The previous solution by Tok2020e proposed w = 65.5° and 2 = 19.8°; the
single RV point now available resolved the ambiguity of the ascending node, giving {2 = 201.1°
and w = 240.4°. More RV observations are necessary to validate the results obtained from
this initial data point.

WDS14152—-6739=HIP 69643: The high eccentricity, close to 0.9, and the relatively high
inclination, around 80°, make this system tricky to study. It has a period of over 120 years,
but it is near periastron, so recent interferometric and spectroscopic observations have been
very valuable. New data will help to resolve the correlations seen between the parameters.

WDS14567—-6247=HIP 73129: This system, with a period close to 40 years, has been
observed continuously. The good distribution of orbital observations, has made possible to
constrain the orbital parameters effectively. However, while the orbital parameters seem well
constrained, the total mass, estimated to be about 6 My, disagrees with the expected mass of
the system according to the tables of Abushattal (about 9 Mg). It is cataloged as a multiple
system in the Multiple Star Catalog (MSC)! of Tokovinin, A. A. (1997), which could explain
the high RUWE (8.9), and cause a misestimation of parallax leading to a misestimation of
the mass.

WDS15317+0053=HIP 76031: This relatively compact SB1 system, with a period of 1.7
years, has half of its orbit observed and a fully covered RV curve, to which our FEROS RV
observations fit perfectly. Ours is the first combined solution for this system.

WDS16016—-7843=HIP 78505: Ours is the first attempt to solve the orbit of this system.
Several attempts were made to include RV data; however, due to the lack of sufficient points,
fitting additional parameters led to convergence problems in the resulting fit. All tentative
solutions suggest a system with a period of 80 years, an almost edge-on inclination (89°) and a
high eccentricity (near 0.9), making this system particularly challenging to solve. Ultimately,
we opted to fit the system using only astrometric data. In this case, the estimated inclination

"https://www.ctio.noirlab.edu/~atokovin/stars/.
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remains close to 90°, but the eccentricity is now estimated to be lower than 0.8. More RV
points are necessary to attempt a combined solution.

WDS16035—5747—=HIP 78662: This system, with a period of 26.9 years, has a good
distribution of orbital observations, allowing for a well-constrained set of orbital parameters.
New RV data will help to resolve the correlation seen between €2 and w.

WDS16434—2819—HIP 81874: Ours is the first orbit report for this system. The 95°
inclination makes it difficult to obtain a good fit with only astrometric data. Additionally,
the closeness between the primary star and the periastron makes it difficult to obtain good
observations in that zone. RV observations are crucial.

WDS17157—0949=HIP 84430 AB: The outer orbit of this triple system has a period
of 114 years. Observations cover half of the orbit, including the region near periastron.
Although the parameters are generally well constrained, correlations between them persist,
suggesting the need for additional observations to further refine the orbital solution.

WDS17157—0949=HIP 84430 BaBb: The inner orbit of this triple system has a period of
5.2 years. Despite good coverage of the orbit, the angular parameters still exhibit ambiguities
and strong correlations between them, making it difficult to achieve a fully reliable solution.

There is a discrepancy between the parallaxes reported by Hipparcos and Gaia DR2 for
this triple system, which highlights the difficulties to accurately determine its distance. A
hierarchical study of this system would be valuable to better understand its complex dynamics
and to resolve these discrepancies more effectively.

WDS17349+1234=HIP 86032: This system, with a period of 8.5 years, has a highly
eccentric (e = 0.89) orbit. The orbital parameters are well constrained, but there are corre-
lations between the parameters. Observations closer to the periastron are recommended.

WDS20306+1349—=HIP 101181: This system, with a high eccentricity close to 0.9, has
a period of 29 years. The proximity of the primary star to the periastron makes astrometric
observations in this zone difficult. While the parameters are well constrained, correlation
between them are seen. RV observations for this system are recommended.

WDS22302—-5345: Ours is the first orbit report for this nearby (less than 20 pc) M-dwarf
system, which has a period of about 7 years. The observations cover about half of the
orbit, with a pair near periastron. The marginal post distribution of the parameters is not
perfectly Gaussian and there is a correlation between the parameters, but they are relatively
well constrained.

WDS23133—4937—=HIP 114626: Ours is the first attempt to determine the orbital pa-
rameters of this system. Our results indicate a pronounced inclination of 92°, making this
system a challenge to work with. The marginal posterior distribution of the parameters ap-
pears to have a good behavior; however, the total mass estimate does not make sense. More
high-precision observations are needed.
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WDS23167—-1534=HIP 114919: This is the system with the longest period in our sample.
Thanks to historical observations covering about a third of the orbit, and high-precision
observations near the periastron, we were able to present this first orbit report. The total
mass estimate, close to 3 M), is in line with the expected value from Abushattal’s tables.
This consistency enhances the reliability of our solution and highlights the importance of
observations near the periastron.

4.2 Comments on Our SB1 Sample

Although we have 8 objects considered as SB1, only HIP 13768 and HIP 76031 have
sufficient RV data points to be reliably classified as such. HIP 38645 has 3 observations
that effectively cover the inflection point in the radial velocity curve, which aids in better
determining the orbital parameters and reliably resolves the ambiguity in €2 for this system.
HIP 58669 also has 3 points, but they are concentrated in the same section of the orbit,
limiting the information they provide on their own. However, the visual orbit is well observed,
allowing for a useful application of the radial velocity data.

In the system HIP 68587, as previously mentioned, the RV point enables us to resolve the
ambiguity in Q (and consequently in w) relative to the visual orbit reported by Tok2020e.
During our MCMC analysis, we also addressed the SB1 systems using only the available
astrometric data. Despite the lack of points, the SB1 solutions for HIP 25641 and HIP 38645
successfully resolved the ambiguity, changing in 180° the values of {2 and w with respect our
solutions, even with HIP 25641 presenting a single RV observation. For the other systems,
the RV observations confirmed the values obtained from the astrometric solution.

When incorporating RV data into the orbital analysis, it becomes necessary to fit three
additional parameters, however, when only a single RV point, or very few, is available, this
sparse data may not sufficiently constrain these parameters. This limitation can result in an
overfitting of the RV data, potentially leading to less accurate orbital solutions than those
derived using astrometric data alone. In such cases, the inclusion of minimal RV data points
might not offer a significant advantage and may even complicate the solution, making the
purely astrometric fit more reliable.
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Chapter 5

Conclusion

This thesis presents a comprehensive analysis of a sample of 26 binary star systems,
focused on deriving accurate orbital elements and mass estimates using a combination of
astrometric and radial velocity data. Key results of this study include the determination of
10 new orbital solutions, for systems that previously lacked a detailed analysis.

This study highlights the challenges faced when characterizing binary star systems. In
particular, systems with high eccentricity or nearly edge-on inclinations continue to present
difficulties in obtaining precise orbital solutions. The combination of both visual and spec-
troscopic data has proven to be a powerful approach to resolve ambiguities in orbital param-
eters, such as the inclination and €2, which are often hard to determine, even with a single
RV observation. Additionally, discrepancies in parallax measurements from different sources
underscores the need for further refinement of observational techniques and data analysis
methods.

Successful application of Bayesian MCMC methods has allowed for the determination of
posterior probability density functions for the orbital parameters, providing realistic confi-
dence intervals that reflect the true uncertainties in the derived values.

Ongoing research by our group in the area of the present work includes continued observa-
tions, particularly in critical regions of the orbit, such as near periastron or lacking previous
coverage, that are essential for a further refinement of the orbital parameters and addressing
existing uncertainties.

The methodologies developed and used in this study are being applied by our group to a
much larger sample of systems, contributing to the underlying effort to refine the MLR, and,
in general, to a better understanding of the fundamentals of stellar astrophysics.

All the results presented in this thesis will be part of a publication by Dirk et al. (2024,
in preparation).
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Double-lined Spectroscopic Binaries (SB2)

WDS01376—-0924=HIP 7580 | No-prior Solution
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