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Abstract:

Hierarchical triple stars consist of two stars orbiting each other on a close orbit
and a third, more distant star. This is the only observed dynamically stable
configuration of triple systems. The third star needs to be far enough from the
close binary, otherwise the stars start moving chaotically which eventually results
in ejecting one of the components out of the system. This condition is described
by several criteria of dynamical stability.

HD 152246 is a hierarchical triple star with an eccentricity seemingly too high
to be dynamically stable. Using a recently observed set of spectra, I determined
more precise and accurate orbital elements of this system. I showed that the
eccentricity value is lower and the system does fulfill stability criteria. I also
showed that the system is dynamically evolving - the short orbit inclination is
changing in time.

0 Cir is a triple system that consist of an eclipsing binary and a more distant third
star. Moreover, there are some signs that the third star is also a binary. Using
spectra of the system, I calculated a more precise mutual period of the eclipsing
binary and the third star as well as its other orbital elements. I also combined
spectroscopic and photometric data to determine more precise parameters of the
eclipsing binary.
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Introduction

This thesis is focused on study of two already known triple star systems.
The orbits of these triple stars are changing dynamically. The first system is
HD152246. It consists of two hot stars of spectral type O and one colder star,
that has not been yet detected in the spectra. The colder star and one of the O-
type stars form a binary system with low value of eccentricity and orbital period
of 6 days. In addition, this binary star together with the second O-type star orbit
around a common centre of gravity with a period of 470 days. This orbit has the
semimajor axis of 10 au and very high value of eccentricity.

The published eccentricity of the mutual orbit of the close binary and the
third star is too high. With this value of eccentricity, the system should not be
dynamically stable. In my work I will use recently measured spectra from spec-
trograph CHIRON that are covering mostly a time interval around periastron
passage of the system. I will revise the value of eccentricity and try to calculate
a more accurate value not only for eccentricity but for other orbital elements
as well. I will also try to find out whether the mutual interaction between the
system’s components causes measurable changes of the orbital elements.

The second triple system ¢ Cir is formed by three OB stars. Two of them
form an eclipsing binary system with orbital period of 3.9 days and a low value
of eccentricity. This binary is bounded with the third body in an eccentric orbit.
The estimated period of this orbit is 1644 days. There is also a possibility that
the third star is actually a binary star as well. The line of apsides of the eclipsing
binary rotates with an estimated period of 141 years.

I will analyse recently measured spectra from spectrograph CHIRON together
with older spectra from spectrographs UVES, HARPS and FEROS. My goal is to
find a more precise value of the period for the mutual orbit of the eclipsing binary
and the third star. Then I will calculate more precise orbital elements from using
both the above mentioned spectra and several light curves of the eclipsing binary.

The following abbreviations are used in this thesis:
o HJD - heliocentric Julian date
e RJD - reduced Julian date, RJD = HJD — 2400000.0

o RV - radial velocity



1. O-type stars

O-type stars are white-blue, hot stars of spectral type O. These stars are
very rare, but they can be observed at large distances because of their very high
brightness. Less than 0.1% of stellar population is of spectral type O, as was
shown by |Ledrew| [2001]. Most of the known O-type stars in our galaxy are
located near the galactic plane.

These stars are also often found in multiple star systems. Spectroscopic sur-
veys show that more than half of O-stars in our Galaxy are part of a binary or
multiple stellar systems [Sanaj 2017].

The effective temperature of O-stars on the main sequence is usually from
31900K (09.5 V) to 44900K (O3 V). The values of their masses are in the
interval from around 15 Mg, (09.5 V) to 60 Mg (O3 V). Their radii are from 7
R up to 14 Ry [Martins et al., 2005].

The luminosity of massive main sequence stars follows the mass-luminosity

relation 076
Lo (M) "
Lo  \Mg '

where M is the mass of a star and L is its luminosity, M, is the solar mass and
L is the solar luminosity. This relation holds for stars with masses between 5
Mg and 50 My [Vitrichenko et al., 2007].

Spectra of O-type stars are characterised by the lines of ionized atoms such as
He I, He II, CIII, NIII, OIII, SiV. The spectral lines of HI are weak |[Karttunen
et al., 2007].

Due to their high luminosity, O-stars spend a much shorter time on the main
sequence than lower mass stars. Their typical lifetime is only a few million years.
Few O-type stars are detected close to zero age main sequence on the HR diagram,

this holds true also for large samples without observational bias |Holgado et al.,
2020].



2. Binary and multiple star
systems

2.1 Binary stars

The simplest model of a binary star consists of two isolated point masses which
interact through Newtonian gravitation. The larger is the separation between the
stars, the better this approximation works.

According to the solution of two body problem, both stars revolve around
each other on elliptical orbits. The centre of mass is located in common focus of
these ellipses. The orbits are sketched in Figure . The primary (more massive)
star with mass M; moves on an elliptical orbit with semi-major axis a;. Semi-
major axis of the secondary star with mass M, is as. Both orbits have the same
eccentricity e; = e;. Using the formula for centre of mass, we obtain a relation
between the mass ratio and semi-major axis ratio of the binary

aq MQ

— 2 2.1
o (2.1)

We denote P the orbital period of the binary and G the gravitational constant.
Then the third Kepler’s law is
4 2.3
pr=_ "9 (2.2)
G (M + Ma)
where a is semi-major axis of relative orbit, which we get if the primary star is
located in the origin of the coordinate system. It is the sum of a; and as

a=aj+ as (2.3)
The minimal and maximal distance of the binary components is
Tmin = a(1 —€) (2.4)

Tmax = a(1+e) (2.5)

where e is numerical eccentricity of the orbit.

Semi-major axis and eccentricity determine the size and shape of the orbit.
Orientation of the orbit in space is described by another three angular elements.
Inclination ¢ is the angle between the plane of the orbit and the plane of the
sky. Longitude of periastron wy, is the angle between the ascending node and the
periastron. Periastron longitude of the primary component differs by 180° from
the periastron longitude of the secondary, wpys = wp1 + 180°. Longitude of the
node € is position angle of the line of nodes. Orientation of an orbit is sketched
in Figure [2.2]

If the primary star is in the origin of the coordinate system then the position
of the secondary star is described by polar coordinates (r,v)

_a(l - e?)

— 2.6
1+ ecosv ( )
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Figure 2.1: Orbital elements of a binary star

projected orbit reference plane

apoastron

Figure 2.2: Orbital elements of a binary star

The angular coordinate v is called true anomaly, a is the semi-major axis and e
is the eccentricity of the relative orbit.

The position of the secondary star in the relative orbit is given by true (v),
mean (M) or eccentric anomaly (E). The mean anomaly describes position of
the secondary star as if it moved on a circular orbit

t—T,

M =27

The true anomaly v is related to the eccentric anomaly E




Eccentric anomaly E and mean anomaly M are related via the Kepler equation
E=M+esink (2.9)

Eccentric anomaly has to be solved numerically, because the Kepler equation
is transcendental. Figure|2.3|shows all three anomalies of a secondary star located
at point S. The primary star is located at the focus F, the letters P, A and C
denote positions of periastron, apoastron and the centre of the ellipse.

Figure 2.3: Position in the orbit - mean, eccentric and true anomaly.

The orbital motion of the stars causes periodical changes of wavelength of
the spectral lines. Using the formula for Doppler shift, we can measure radial
velocities (velocities parallel to the line of sight) of the stars

RV A\

C n )\0

Radial velocity as a function of time can be derived from equations [2.6] to
and from the geometry of the orbit. The result is

(2.10)

RV} = v+ K;i(cos (wp1 + v(t)) + ecoswp) (2.11)

RVy = v — Ks(cos (wp2 + v(t)) + e coswps) (2.12)

where K, and K, are semi-amplitudes of radial velocity and ~ is radial velocity
of the centre of mass. The following equations hold for the semi-amplitudes of
radial velocity

P

apsini = 2—[(1\/1 —e? (2.13)
7r
P

assing = Q—KQ\/l —e? (2.14)
7r



Dividing these last two equations and using [2.1] we obtain

K M.
oL (2.15)
az Ko M,y
In case we are just able to observe spectrum of the brighter star, we can
determine only a; sini (if the primary star is also the brighter one) and a quantity
called mass function f(M)
K3 3 q3
1—e*)2 =_———Msin’i 2.16
om0 € = i’ (2.16)

f1<M)—

2.1.1 Apsidal advance

In an ideal case when the two components of an eccentric binary are just point
masses, their Keplerian orbit does not change in time. In reality, the stars have
finite volume and a non-spherical shape. The mass distribution causes rotation
of the apsidal line in the direction of orbital motion. The process is described
by the rate of change w, of the periastron longitude. In general w, is a sum of
two terms, one relativistic and one Newtonian due to the mass distribution of the
stars

Wp = WR + WN (2.17)

The relativistic term is (Levi-Civita, [1937], [Robertson| [1938])

. 67TG M1 + Mg
= 2.1
YR c? Pa(l —e?) (2.18)
The classical term is [Sterne} 1939]
. 2r R} Mo w? a?
WwN = szlg [151f(€) + 75 ( )
r (2.19)
+ 2, B 15 (o) - B0
p s | o el

where R; and R, are mean radii of the stars, ko1 and ks 2 are constants of their
inner structure. They are equal to 0.75 for a homogeneous sphere and equal to 0
for a point mass. The functions of eccentricity are

13 181 465
362 ?64 =+ ?66 + ... (220)

gle) =14 2¢e* + 3e* +4eb + ... (2.21)

When dealing with the apsidal advance, it is necessary to take into account
the difference between two types of orbital period. The sidereal orbital period Piiq
is determined with respect to the stars while the anomalistic period P, is the time
interval between two subsequent passages through periastron. The anomalistic
and sidereal period are connected through the following equation

fle) =1+

w
Piq = — p> P, 2.22
d < 27 ( )



2.2 Triple-star systems

Multiple star systems occur in two configurations. In the so-called trapezia
(named after Trapezium in Orion), the distances between all the components of
the system are comparable. These systems are dynamically unstable and short-
lived. Due to that, the chance of finding a trapezium system with stars on the
main sequence is very low. Several known trapezia candidates are formed by
pre-main sequence stars |Tokovinin, 2021].

The other configuration is called hierarchical. Such systems can be described
as a hierarchical combination of binary stars. The separations between the objects
in various levels of hierarchy are significantly different.

Hierarchical triple system consists of two close stars that form so called inner
binary and a more distant third star. The distance of the third component from
the inner binary is significantly larger than the distance between the two com-
ponents of the inner binary. The mutual orbit of the third body and the inner
binary is called the outer orbit. A sketch of a hierarchical triple star is in Figure
24

Hierarchical systems are quite common in the solar neighbourhood. Roughly
17% of solar-type stars within the distance of 67 pc are part of a hierarchical
system [Tokovinin, 2014]. This holds true also for a small but well studied sample
of stars within the distance of 25 pc [Hirsch et al., [2021].

Figure 2.4: Schematic drawing of a hierarchical triple star system.

A hierarchical triple system can be described by two sets of orbital elements
that are mentioned in the section about binary stars. One of the sets describes
the inner orbit the second set describes the outer orbit. In addition to these
elements, two more parameters are used. The first one is the mutual inclination
of the inner and outer orbit. The second parameter is the ratio of inner and



outer orbital period P, /Py. In general, the elements of inner and outer orbit
can change in time due to dynamical interaction between the components of the
triple system.
If the masses of the stars are denoted m; for primary, ms for secondary and
mg for third star, then the mass ratio of the inner binary is
mo

in — 2.23
G = - (2.23)

The mass ratio of the outer binary is defined analogically

ms
out — 2.24
fout my + msy ( )
The semi-amplitudes of radial velocity can be determined from spectroscopic
data. Because the ratio of RV semi-amplitudes is the inverted mass ratio, the

following relations hold
_m_ K

o= 2 2.25

== (2.25)
mg3 Ko

out — = 2.26

Qout mq —+ Mo K3 ( )

where K, Ky and K3 are the semi-amplitudes of radial velocity of the primary,
secondary and third star, respectively. Kj,o is the RV semi-amplitude of the
inner binary’s center of mass.

2.2.1 Dynamical stability of triple-star systems

As was already said in the previous section, dynamically stable multiple star
systems are hierarchical. If a hierarchical system is dynamically unstable, its
hierarchy will eventually break and the stars begin to move chaotically. The
chaotic movement eventually results in ejecting one of the stars out of the system
- usually it is the least massive one.

The dynamical stability of a hierarchical system depends on the distances
between the components. If the third star moves on its orbit too close to the inner
binary, the system is unstable. There were several attempts to find a criterion
of dynamical stability. A theoretical stability limit was derived by [Mardling and
Aarseth| [2001]

Pout 1/10 (]- + eout)?’/5

Pin (1 - eout)s
where the value of the parameter s is 1.8. This limit was later improved by
Sterzik and Tokovinin| [2002], who showed that according to numerical simulations
a better value of the exponent is s = 1.35. They deemed a system dynamically
stable if it stayed hierarchical in numerical simulations for 300 crossing times.

Tokovinin| [2004], Tokovinin| [2007] showed that 38 systems with P, < 300 yr
satisfy an empirical stability criterion

P out
P

> 4.7(1 + Gout) (2.27)

(1= con)? > 5 (2.28)

Borkovits et al. [2016] analysed eclipsing binaries discovered in the Kepler
field. They studied light-travel-time effect (LTTE) or dynamical effect delays
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of eclipse timing and found indication for a third body in 222 systems. Not all
of these systems fulfill the empirical stability criterion 2.28, but they fulfill the
criterion with s = 1.8 derived by |Sterzik and Tokovinin [2002]. This means
that the empirical criterion might be caused just by some observational effect.

Figure [2.5] shows eccentricity of the outer orbit as a function of period ra-
tio Pout/Pn. 310 triple star systems are plotted there together with the three
mentioned stability criteria.

1.0

0.8

0.6}

eOUt

0.4}

0.2}

0.0k

log10(R./F.)

Figure 2.5: Plot of the outer orbit eccentricity vs. the ratio of outer and inner
orbital period. 222 Kepler triples are plotted with dots |[Borkovits et al., 2016]
and 88 triple stars from Multiple Star Catalog [Tokovinin|, [2018] are plotted with
crosses. The empirical stability criterion is plotted with red solid line, theo-
retical criterion with s = 1.8 is plotted with blue dash-dotted line and green
dashed line is with s = 1.35. Image credit: [Jurysek et all 2018]
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3. HD 152246

HD 152246 (HIP 82685) is a hierarchical triple-star system that consists of two
hot stars of spectral type O and one colder star that has not yet been detected
in the spectra. It is a member of the Sco OB1 association. One of the O-type
stars forms a close binary together with the colder star. The period of this inner
orbit is about 6 days and the eccentricity of the orbit is low. The binary and the
second O-star revolve around each other in an outer orbit with a high value of
eccentricity and orbital period of about 470 days [Nasseri et al., [2014].

Thackeray et al. |[1973] first discovered that HD 152246 is a spectroscopic
binary. In 1963-1967 they measured 6 radial velocities in range from —58km/s
to 60km/s. They classified the star as 08.5 III.

Conti et al.| [1977] published one more value of radial velocity and also noted
that the object is a binary star.

Stickland and Lloyd| [2001] discovered sharp and wide lines in the spectra
and published two values of radial velocities for both components. They also
determined the projections of their rotational velocities as 59 km/s and 156 km/s.

Spectral classification of this object was done in many other works. Morgan
et al.| [1955] first classified the object as O9 III. [Schild et al.| [1969] and |Garrison
et al.|[1977] later got the same result, while Walborn| [1973] classified the system as
09 III-1V(n). Finally, Sota et al.|[2014] and Maiz Apellaniz et al.| [2016] assigned
spectral type of O9 IV.

The visual magnitude determined in several works is: V' = 7.31 [Thackeray
et all [1973], V = 7.35 [Klare and Neckel, 1977], V' = 7.33 [Dachs et al., |1982]
V' = 7.31 [Schild et al.; |1983], V = 7.35 [Hog et al.| 2000 and V = 7.29 [Ducati,
2002].

Paunzen| [2015] included HD 152246 in a catalogue of Stromgren-Crawford
uvby( photometry. There exist also two photometry segments obtained by the
TESS space telescope.

Astrometric measurements of the system are listed in Table[3.1] The published
radial velocities mentioned above are in Table 3.2l

Fossati et al. [2015] did spectropolarimetric measurements of several OB stars
and they did not detected magnetic field of this system. However, according to
newest spectropolarimetric observations, HD 152246 definitely has a magnetic
field [Hubrig et al., 2023|. It is possible that it belongs to the more distant (and
faster rotating) third star.

Table 3.1: Astrometry of HD152246 |Gaia Collaboration, 2022].

Right ascension (J2016) a = 16" 54m 5.297°
Declination (J2016) 0 = —41°4'46.143"
Parallax p = (0.53 4+ 0.03) mas

Proper motion in o fo = (—0.51 £ 0.04) mas/yr
Proper motion in § ps = (—1.61 £ 0.03) mas/yr

In a study focused solely on HD 152246, |[Nasseri et al.| [2014] analysed 49
spectra from the BESO and FEROS spectrographs. They found that the object

11



Table 3.2: Published radial velocities of HD 152246. Index 1 refers to RV's
measured on the sharp spectral lines, index 3 to RV's measured on the wide
spectral lines.

RJD RV; RV Source

38 251.2378 | 36.0 - Thackeray et al.| [1973]
39 200.6408 | 60.0 - Thackeray et al. [1973]
39 200.6498 | 52.0 - Thackeray et al. [1973]
39 688.3284 | —18.0 - Thackeray et al. [1973]
39 720.2631 | —58.0 - Thackeray et al.| [1973]
39 723.2539 | 50.0 - Thackeray et al.| [1973]
42 888.780 | —29.8 - Conti et al.| [1977]

44 995.778 | 46.6 | —109.4 | Stickland and Lloyd| [2001]
45 000.609 | 26.5 | —103.0 | Stickland and Lloyd [2001]

is a hierarchical triple system where the close inner pair consists of an O-type
star (star 1) and one cooler star (star 2). The third, more distant star 3, is an
O-type star as well. Orbital period of the inner binary (stars 1 and 2) is P, =
(6.004865 £ 0.000071) d, period of the outer orbit is Py = (470.69 £ 0.48) d.

Their solutions of orbital elements obtained from program KOREL are listed
in Table 3.3] Using KOREL, they tried to disentangle all three of the spectra,
but they could not detect any weak lines from the cooler star 2. They concluded
that star 2 has a much lower mass than star 1.

Combining the spectroscopic data together with 3 measurements from the
PIONIER interferometer they derived a three-dimensional solution of the outer
orbit. Inclination of the orbit was constrained to i = 112.46757%° and the semi-
major axis to a = (4.15+0.15) au. This allowed them to calculate masses of the
components: M5 = (22.78 £ 1.82) M), Ms = (20.35 + 1.50) M.

The disentangled spectra were compared to synthetic spectra. Based on the
fit, they estimated the effective temperature of component 1 as Teg; = (33 600
+ 600) K. Projection of rotational velocity is v; sini = (65 + 3) km.s™1. Spectral
type of star 1 is O9 V.

Component 3 is an 09 IV star with effective temperature Teg 3 = (33 000 +
500) K and projected rotational velocity vgsini = (210 £ 10) km.s™!.

12



Table 3.3: KOREL solutions for orbital elements of HD152246 [Nasseri et al.|
2014]

‘ Short orbit ‘

T, (RID) 54 285.344 + 0.025
e 0.1122 £ 0.0001
wp (°) 3504+ 0.8
K (km.s™) 34.60 £ 0.68
‘ Long orbit ‘
T, (RID) 54 981.86 4+ 0.11
e 0.865 £ 0.002
wp (°) 123.3 £ 0.12
Kj (km.s™!) 93.2 +£ 0.8
q 0.8964 £+ 0.0044
K1+2 (km.s’l) 83.6 £ 1.0

According to the stability criterion[2.27] this system should not be dynamically
stable. The value of eccentricity of the outer orbit is too high and the stability
criterion is fulfilled for neither value of coefficient s.

It is still possible that the outer eccentricity is actually lower. To determine a
precise value of eccentricity from RV curve the periastron passage must be suffi-
ciently covered by RV measurements. If there are no data close to the periastron
passage then the shape of RV curve can not be determined precisely. Thus the
values of eccentricity and semi-amplitude of RV are not reliable enough. Figure
shows that there were no RV measurements close to the peak of RV curve.

Moreover the BESO and FEROS spectra covered several 470-d orbital periods.
During that time some of the orbital elements could change which would skew
the results even more.

It is thus necessary to obtain new spectra covering a time interval around the
periastron passage. These spectra were obtained during 2021 and 2022. The time
of periastron passage in the 470-day orbit was predicted for April 12, 2022.

3.1 Origin of the spectra

215 of the spectra used in this thesis originate from CHIRON spectrograph
located in Cerro Tololo Inter-American Observatory (CTIO). CHIRON is a cross-
dispersed echelle spectrograph fed by fiber. It is used at the SMARTS 1.5-meter
telescope, which is an open-tube Cassegrain. The spectrograph is highly stable
and is used mainly for precise measurements of radial velocities. Depending on
the mode, three spectral resolutions are possible: R ~ 25 000, R ~ 80 000 and
R ~ 140 000.

The spectra cover two time intervals, the first one is from RJD 59 280 to RJD
59 492 ( from March to October 2021). The second time interval is from RJD
59 652 to RJD 59 859 (from March to October 2022). Their resolution is R ~
25000 (the spectrograph was in fiber mode). Wavelength range of the spectra is

13
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Figure 3.1: RV curve of stars 1 and 3 in the outer orbit. Most of RVs were
measured on BESO and FEROS spectra, the rest comes from literature. There
are no data close to the peak of RV curve. [Nasseri et al., [2014]

450-890 nm.

Another 62 spectra were made by spectrograph HERCULES located in Uni-
versity of Canterbury Mount John Observatory (UCMJO). HERCULES is a fibre-
fed echelle spectrograph at 1-meter McLellan Telescope, which is a Dall-Kirkham
reflector. Three spectral resolutions are possible: R ~ 41 000, R ~ 70 000 and
R ~ 82 000.

These spectra were observed between RJD 59 661 and RJD 59 689 (March
and April 2022) and they cover a wavelength interval 390-750 nm.

At first, only the above mentioned spectra were analysed. In later stages
of this work, 49 more high resolution echelle spectra (R ~ 50 000) were used.
These spectra cover time interval from May 1999 to October 2013 and their
wavelength range is 362-853 nm. 26 of them were taken at ESO spectrograph
FEROS during RJDs 51 327-56 099. 2 of the spectra were obtained from ESO
1.52 m telescope, the rest comes from MPG/ESO 2.2m telescope located at ESO’s
La Silla Observatory.

23 spectra originate from BESO spectrograph attached to the 1.5m Hexapod-
Telescope. They were taken between RJD 54 913 and RJD 56 586. BESO is
a clone of the spectrograph FEROS and is located at the Observatorio Cerro
Armazones (OCA) in Chile.
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3.2 Methods and programs

3.2.1 ReSpefo

All the CHIRON spectra I obtained were already reduced to the form of 1-D
spectra. I further processed the spectra in program reSpefo (version 2) written
by A. Harmanecﬂ.

ReSpefo is a newer version of program Spefo by J. Horn (”Simple, Yet Powerful
Program for One-Dimensional Spectra Analysis”), which was written in Turbo
Pascal. ReSpefo is written in Java and has several functions meant for 1-D spectra
analysis. For example, its user can normalise spectra, compare them, measure
radial velocities and equivalent widths of spectral lines.

All the spectra had to be normalised using the function Rectify. First, a
polynomial blaze function is used to estimate the height of each echelle order, as
is shown in Figure [3.2] The program then makes an estimation of the continuum
level of each echelle order based on the blaze function. Then, one can choose
individual orders of the spectrum and further manually adjust their continuum
level.

hdc00027.spf

Figure 3.2: An example of a CHIRON spectrum with its blaze function in reSpefo.

In each CHIRON spectrum I chose and rectified 11 consequent orders in wave-
length interval from 4615 Ato 5085 Aand one order in which the He I (6678 A)
is located. An example of normalized part of a CHIRON spectrum is in Figure
3.3l All the other echelle orders were rectified automatically using the continuum
level estimation from the blaze function.

The intensity at the edge of the echelle orders is lower than in their center.
Because of that the signal to noise ratio at the edge is roughly 10 times lower
than in the center. Consequently the rectified spectra are more noisy in places
where the echelle orders overlap (see Figure .

!The newest version of this program together with its user manual is available on website
https://astro.troja.mff.cuni.cz/projects/respefo/.
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After the spectra were normalised, I measured positions of telluric lines using
function Measure RV. In ReSpefo, radial velocity measurement are done via com-
parison of direct and horizontally flipped spectral line. The flipped line can be
moved until it aligns with the direct line. From this position of lines, the program
determines the radial velocity.

Heliocentric wavelengths of the spectra were slightly adjusted according to
the measurements the telluric lines.

All the HERCULES spectra that I obtained were already normalised. I mea-
sured the telluric lines for these spectra as well and used them to a fine correction
of the zero point of the wavelength scale.

Function Clear allows the user to clean the spectrum from cosmic ray hits and
excessive noise. This was also done for both CHIRON and HERCULES spectra.

hdc00027.spf
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Figure 3.3: Rectified part of the same spectrum as in the previous figure.

3.2.2 KOREL

KOREL is a program that disentangles spectra of spectroscopically variable
stellar systems. It can decompose the observed spectrum into spectra of indi-
vidual components, measure radial velocities and determine orbital elements and
other parameters of the system. All these quantities are calculated together as
the best fit of the observed spectra (Hadraval [1995] /Hadrava| [2004b]).

In order to disentangle the observed spectra, Korel uses Fourier transform.
Let us suppose that the spectrum of each star in the system [;(¢) is constant in
time except for being Doppler shifted because of its instantaneous radial velocity
vj. The observed spectrum of a stellar system at a time ¢ can be then expressed
as a sum of convolutions with correspondingly shifted Dirac delta distributions

I(z,t) = [)(z) * 0]z — v (t)] + La(x) * 8]z — va(t)] + ... (3.1)

With multiple spectra obtained at different times, this becomes a huge set of
linear equations. If the radial velocities vj(t) are known, the equations can be
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solved for the spectra I;. The Fourier transform of this equation is

I(y,t) = I (y) exp (iyvi(t)) + Io(y) exp (iyvi(t)) + ... (3.2)

The Fourier transform splits the original large set of linear equations into many
smaller systems with dimension equal to the number of stars in the observed
system. To obtain the spectra of the components, KOREL uses the simplex
method to find the lowest sum of integrated squares of differences between the
observed and model spectra. The search for the lowest sum is done with respect
to both the orbital parameters of the system (which constrain the possible values
of radial velocities) and the spectra of its stars.

Simplex is a set of m + 1 points in the parameter space R™, where m is the
number of parameters of the system. The sum of squares is calculated for each
point of the simplex. The point with the highest sum of squares is then replaced
with a different point constructed by one of the following operations applied on
the original simplex: reflection, expansion, contraction or multiple contraction.

A comparison of the method used in KOREL with the classical methods of
analysing spectra of multiple stellar systems is shown in Figure |3.4

KOREL is able to solve orbits of stellar systems with up to 5 components. The
hierarchical structure of such system is shown in Figure [3.5] The fifth component
can be also used to disentangle the telluric lines if they are present in the spectra.

3.2.3 Preparing the data for KOREL

KOREL expects the input data file in a specific format. I used programs SN2,
SNVAHY and HEC35D written by P. Harmanec to convert all the spectra into
an input data file for KOREL. All these programs together with a user manual
can be found on website https://astro.troja.mff.cuni.cz/ftp/hec/HEC35/.

First I converted all the rectified and cleaned spectra into ASCII files using
ReSpefo. Then I created a file called prekor.lst containing names of all the spectra
files and their times (in RJD) in a specific format.

Program SN2 requires list of spectra in the form of file prekor.lst. It calculates
signal to noise ratio (S/N) in a chosen region of continuum of all the spectra
written in the file.

Program SNVAHY then calculates weights of each spectrum proportional to
the square of its S/N ratio. It creates a new file prekor.lst and there it writes
names of all the spectral files together with their weights and RJDs. The weight
equal to 1 corresponds to the mean value of (S/N)? of all the spectra. This
program also discards all spectra with the S/N ratio lower than a certain treshold.
In this work the minimum acceptable value of signal to noise ratio was set to 50.
Only 3 spectra (1 CHIRON and 2 HERCULES) had S/N lower than 50, all the
others were further used in another program to create a final datafile for KOREL.

At last, program HEC35D produces input file korel.dat for KOREL while
taking into account the weights of spectra in the file prekor.lst created by the
program SNVAHY.

To disentangle the spectra, I used a version of the program KOREL that is
currently available as a Virtual Observatory (VO-KOREL) on website https://
stelweb.asu.cas.cz/vo-korel/ [Skoda and Hadrava, 2010][Skoda et al., 2012).
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Figure 3.4: Comparison of classical methods of processing multiple star spectra
with disentangling of the spectra. Normally the system’s parameters can be
determined from radial velocity curves. In order to measure radial velocities, it is
necessary to distinguish spectral lines of individual stars. In KOREL, the spectra
of individual components, radial velocities and all the orbital parameters of the
system are determined together as the best fit of the observed spectra. Image
credit: [Hadraval, 2009

3.24 FOTEL

Another program I used for the data analysis is called FOTEL [Hadrava,
2004a). It is a FORTRAN program that calculates orbital elements of a binary
or a triple star. FOTEL can find separate solutions of light curves and radial
velocity curves or it can solve them simultaneously. It is also possible to calculate
linear changes of the orbital elements in time. The program uses three-axial
approximation to find solutions of light curves.

The orbital solution is the minimum of the sum (O — C)?, where O are
observed and C' are model values of variables. In order to find the minimum
of the sum of squares, FOTEL uses the simplex method described in subsection
B22

Since HD 152246 is not an eclipsing system, I only used FOTEL to find a
solution of RV curves.
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Figure 3.5: The structure of a hierarchical stellar system that can be solved by
KOREL. The numbers in circles denote stars and the numbers in parentheses
denote their orbits as they are used in KOREL. The same denotation of stars is
used throughout the whole thesis. Image credit: Hadrava| [2004D]

3.3 Results

I used KOREL on 7 short spectral segments from the CHIRON and HER-
CULES spectra containing following spectral lines:

« He II 4685.682 A,

e Hel4713.203 A,

« H-beta 4861.332 A,

« Hel4921.931 A,

« HeI5015.678 A,

« Hel6678.151 A.

The seventh segment contained several blended lines:
o CIII 4647.418 A,

o O1I4649.143 A,

C III 4650.246 A,
O II 4650.847 A,

C III 4651.025 A,

C III 4651.473 A,
C III 4652.048 A,

e SilV 4654.312 A.
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Finally I used KOREL on a longer section in the blue part of the spectra with
the wavelength interval from 4635 A to 5050 A.

Each one of these 8 spectral regions was converted into KOREL input file
using the process described in subsection [3.2.3]

Besides the input data file KOREL also requires a parameter file. This file
includes code that controls the run of the program as well as specifies initial
estimates of the system’s parameters. The final values of parameters from
were used as initial estimates in my KOREL runs (see Table [3.3). I
used the values of both orbital periods determined by Nasseri et al.| [2014] (P, =
6.004865 d, Py, = 470.69 d.) and I kept them fixed during my KOREL runs.

I did several trial KOREL runs to fins a solution with the lowest sum of resid-
uals. Each time I adjusted the element estimates in the parameter file according
to the previous solution. The final solutions for all of the eight spectral segments
are written in Table[A.2l For each of them I also calculated the mass function of
the inner binary according to formula [2.16]

KOREL does not calculate errors, so I calculated mean value and standard
deviation of the 8 independent solutions (Table . This way I can at least
estimate uncertainties of the orbital elements.

KOREL provides radial velocity values alongside the orbital elements. Since
I obtained 8 sets of RV measurements (from the 8 solutions), I calculated mean
and standard deviation for each RJD. These values are summarized in Table [A]]
in the attachments. Radial velocity curve is plotted in Figure (3.6

The disentangled spectra (in the interval 4635-5050 A) of the two O-type
stars are shown in Figure 3.7 There are several lines of Helium, H-beta line and
blended lines of C III, O IT a Si IV. I tried to disentangle some weaker lines of
the cooler star 2 as well, but with no success.
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Figure 3.6: Radial velocities measured by KOREL.
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Figure 3.7: Normalised disentangled spectra, spectrum of the first star is shifted
upwards by 0.1.

Table 3.4: KOREL solution for CHIRON & HERCULES spectra - mean values

of orbital elements

‘ Element ‘ Mean value ‘ Standard deviation ‘
‘ Short orbit ‘
T, (RJD) 59671.3443 0.0021
e 0.0831 0.0033
wp (°) 37.040 0.032
K, (km.s™!) 51.10 0.31
f(m) (MQ) 0.0822 0.0014
‘ Long orbit
T, (RJD) 59691.54 0.23
e 0.7508 0.0024
wp (°) 118.95 0.63
Ko (km.s_l) 55.05 0.96
q 0.992 0.014
K3 (km.s™) 55.5 1.2

Comparing my results from the newer CHIRON and HERCULES spectra in
Table to the elements derived by Nasseri et al. [2014] in Table shows
large differences. The dense coverage of the periastron passage allows for a more
precise determination of both eccentricity and RV semi-amplitude of the outer
orbit. Namely the new eccentricity value e ~ 0.75 is considerable lower than the
problematic e = 0.865.

My next step was using KOREL on the older BESO and FEROS spectra. This
time I fixed the eccentricity of the outer orbit as e = 0.75. As initial estimates of
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the elements I used the average of my results for the CHIRON and HERCULES
spectra. I re-calculated the times of periastron passage so that they would be
inside the time interval covered by the spectra.

My main goal was to find out whether there had been some changes in the
values of orbital elements. After several trial solutions I found out that I get
better results (lower values of O — C') when I use value K; = 34.6kms™! as the
initial estimate for the RV semi-amplitude of star 1 on the inner orbit. It is the
value derived in the article Nasseri et al.| [2014]. The RV semi-amplitude K is
clearly changing in time.

I calculated mean values and standard deviations of all elements (as I did for
the CHIRON and HERCULES solutions), they are written in Table 3.5 Com-
paring the results in Tables and shows that the semi-amplitude of RV of
the inner orbit (K;) changes considerably in time.

The BESO spectra are very noisy in the blue part of the spectrum on which
I focused. The weights assigned to BESO spectra were significantly lower than
the weights of FEROS spectra, which means that the FEROS spectra had much
higher impact on the KOREL solution. The BESO spectra have a much better
signal to noise ratio around the spectral line He I 6678. For this line, the BESO
and FEROS had similar impact on the results from KOREL.

Later I only used a combination of the older FEROS spectra and the newer
CHIRON and HERCULES spectra. In this case I let KOREL compute the orbital
solution while assuming a non-zero value of the time derivative of the RV semi-
amplitude K;. KOREL is only able to compute linear changes of the orbital
parameters in time. The change of K is most likely non-linear. To take this
effect into account properly, it is necessary to use a different approach.

Table 3.5: KOREL solution for BESO & FEROS spectra - mean values of orbital

elements

‘ Element ‘ Mean value ‘ Standard deviation ‘
‘ Short orbit ‘
T, (RID) 54285.271 0.085

e 0.086 0.040
wp (°) 36.7 3.0
. K (km.s‘l) 35.69 0.72
K, (km.s‘l.lOOyr‘l) 0.00301 0.00070
f(m) (M@) 0.0279 0.0016
‘ Long orbit ‘
T, (RJD) 54985.1 1.4
wp (°) 114.9 4.6
K1+2 (km.s’l) 52.2 3.7
q 0.988 0.006
K3 (km.s™!) 52.8 3.6
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Table 3.6: KOREL solution for FEROS, CHIRON & HERCULES spectra - mean

values of orbital elements

‘ Element ‘ Mean value ‘ Standard deviation ‘
‘ Short orbit ‘
T, (RID) 59671.408 0.043

e 0.091 0.005

wp (°) 38.05 1.22

Ky (kmsT) 51.8 1.5
K, (km.s™1.100yr™1) 0.0024 0.0003

f(m) M)
| Long orbit

T, (RID) 59691.92 0.31

wp (°) 121.0 1.8

Ko (km.s_l) 52.94 1.21

q 0.97 0.02

K3 (km.s™!) 54.5 1.9

Next I used the program FOTEL as another independent way of determining
the orbital parameters. This way I could also verify the results obtained from
KOREL. FOTEL calculates the orbital elements directly from radial velocity
curve, so I measured RVs in ReSpefo. I measured RVs on the following three
lines:

« Hel, 4923.931 A,
« Hel, 5875.732 A,
« Hel, 6678.151 A.

I calculated the average values of RVs measured on the three lines and used
them as input for FOTEL. These average RVs are plotted in graph in Figure [3.8]
The errors are calculated as standard deviations of the measured values.

A comparison of radial velocities calculated by KOREL and measured in Re-
Spefo is in Figure [3.91 The trend of both sets of RVs is clearly the same, but
the radial velocities measured in ReSpefo are systematically lower than those
obtained from KOREL. Nevertheless, the KOREL RVs are still within the uncer-
tainty intervals of ReSpefo RVs (since they are quite large, up to 30kms™!).
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Figure 3.8: Radial velocities measured in ReSpefo.
100 -
' RV star 1 KOREL
eoan RV star 3 KOREL
. N RV star 1 reSpefo
.1 A RV star 3 reSpefo
50 : CER
Sl N s
" F H et ] N
%, : b ot %
& % T, ‘if‘ ¥ L3
.0 B be _; t
C) ] i -
I . Uy ‘i‘.‘
2 r-2
z : " e ‘
-50 o 1 i,
-100
150 L L . L L L
59200 59300 59400 59500 59600 59700 59800 59900
RID [d]

Figure 3.9: Comparison of measured radial velocities.

Measuring of radial velocities in ReSpefo is very subjective, because the po-
sitions of spectral lines are estimated by the user. The spectral lines of star 1
are narrower and deeper than the lines of star 3 and they are blended together.
When measuring RVs of star 1, I estimated the position of the core of its spectral
lines. For spectral lines of star 3, I measured the position of their wings. As an
example of this process, the profile of blended spectral lines He I 4923 is shown
in Figure|3.10, The core of the primary star’s line is clearly visible and the radial
velocity of this star can be measured easily. The core of third star’s line is not
visible, so it is necessary to measure the position of its wings. The sketches in
Figures and show the blended profile for a narrower and a wider profile
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of the third star. On the first sight, both cases look similar. I measured the
position of the wings of the whole blended profile, but the lines of the star 3 are
most likely somewhat narrower. This way of measuring caused a systematic error
in the values of radial velocity. However, the measurements are still good enough
for their purpose - to verify the results obtained from KOREL.

49145 4915

Figure 3.10: The profile of observed spectral line He I 4923.

Figure 3.11: The profile of blended lines with a narrower line of the third star.
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Figure 3.12: The profile of blended lines with a wider line of the third star. This
is the way I measured RVs in ReSpefo.

I used FOTEL on 4 sets of RVs. I measured RVs in ReSpefo on three conve-
nient spectral lines: He I 5876, He I 6678 a He I 4923. For each RJD, I calculated
the average value of radial velocity v, its standard deviation o, and then the
average of all standard deviations o (see Table . I calculated the weight of

measurements as follows )
o

(3.3)

wy = 0—3

This way I normalised the weights, so that measurements with o, = ¢ have
unit weight w = 1.

Using program VOLBA written by P. Harmanec, I created an input file for
FOTEL. I also had 7 RVs for each RJD measured by KOREL on which I applied
the same procedure. The FOTEL solution for these two sets of RVs is in Table
3.7 Unlike KOREL, FOTEL calculates also errors of the orbital parameters.
The errors I estimated from the KOREL solution (see Table are 1-3 orders
higher and more realistic than the errors calculated by FOTEL.

In the output file of FOTEL there is also included a table with radial velocities
and their corresponding orbital phases as well as residuals after the subtraction
of the motion in the inner and outer orbit, respectively. I used this to create

phase diagrams for both the inner (Figures [3.13] and outer orbit (Figures
.15 [.10)

The RV semi-amplitudes of the 470-day orbit derived by FOTEL from RVs
I measured in ReSpefo are only about 37 km.s~!. This is considerably lower
than the semi-amplitudes derived from KOREL velocities, which is about 57
km.s~!. (see Table . It can be clearly seen in the phase diagrams as well (see

Figures and [3.16). This is caused by the way I measured RVs in ReSpefo
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and their consequent systematic errors. All the other orbital elements are in good
agreement.

The position of the deeper and narrower lines of star 1 can be measured
more easily. Due to that, the systematic errors of its radial velocities are small.
Consequently, the elements of the 6-day orbit derived by FOTEL from ReSpefo
RVs are in good agreement with the ones derived from KOREL velocities (see
Table and phase diagrams and .

Later I created two new sets of RVs - I united the RVs from years 2021-2022
measured on CHIRON and HERCULES spectra with older values of RV from
years 1999-2013 taken from literature. In this case I let FOTEL calculate also
the change of RV semi-amplitude &;. The results are summed up in Table

Finally I plotted a phase diagram of the 6-day orbit with both the newer
(2021-2022) and older (1999-2013) values of RVs (see Figure [3.17). I plotted
each of the two sets with different colour to emphasize the change in RV semi-
amplitude K. A phase shift between the two data sets is also visible in the figure.
This indicates that the fixed 6-day period I used in all my calculations could be
determined more precisely. I kept the periods fixed to be able to calculate other
orbital parameters and the change of K.

Values of the RV semi-amplitudes corresponding to the outer orbit (K3 and
Kj9) in Tables|3.4land |3.5[suggest that K3 and K7, are changing in time as well.
Since the change of K3 and K, is comparable to their respective uncertainties,
it is necessary to obtain more spectroscopic observations of the systems to confirm
it. It would be also useful for determining a more precise values of both the 6-day
and the 470-day orbital periods. The change of radial velocity semi-amplitude
implies a change of inclination of the orbit. It seems that the inclinations of both
the inner and outer orbit are changing in time.

Table 3.7: Orbital solutions for radial velocities measured on CHIRON and HER-
CULES spectra. The orbital elements were calculated in program FOTEL.

‘ RV measured in ‘ ReSpefo ‘ KOREL ‘
‘ Short orbit ‘

T, (RJID) 59671.40 £ 0.14 | 59671.32 + 0.03
e 0.080 £ 0.009 0.082 £ 0.002
wp (°) 40.1 £ 8.7 359+ 1.5
K (km.s™!) 49.1 £ 1.2 51.1 £ 0.1
‘ Long orbit ‘
T, (RJD) 59691.43 £ 0.01 | 59691.433 + 0.002
e 0.7376 £ 0.0002 | 0.75162 £ 0.00004
wp (°) 119.69 £ 0.04 118.749 £ 0.004
K9/ Ky 1.01 £ 0.03 1.066 £ 0.004
K3 (km.s™!) 37.15 £ 0.02 57.541 £+ 0.006
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Table 3.8: Orbital solutions for both radial velocities measured on CHIRON
and HERCULES spectra and older radial velocities from literature. The orbital

elements were calculated in program FOTEL.

‘ RV measured in ‘ ReSpefo KOREL
‘ Short orbit
T, (RJD) 99671.41 £ 0.16 | 59671.2 £ 0.2
e 0.080 + 0.010 0.082 + 0.012
w, (°) 40.1 + 9.7 28.3 4 9.2
K (kms) 49.0 + 1.4 50.9 + 1.4
K1 (km.s~.100yr71) 74 + 10 88 + 12
| Long orbit

T, (RJD)
e
wp (%)
Ko/ Ky
Kj (km.s™!)

59691.68 + 0.01
0.7316 £ 0.0002
119.68 £+ 0.04
1.02 £ 0.04
39.74 + 0.02

59691.60 £ 0.01
0.7503 £ 0.0003
118.05 £+ 0.03
1.11 + 0.03
54.15 £ 0.03
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Figure 3.13: Top figure: Phase diagram for radial velocities of component 1 on
the short orbit. Gamma velocity and changes in RV due to motion on the long
orbit are already subtracted. Graph uses RV values measured in KOREL. Bottom
figure: RV residuals.
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Figure 3.14: Top figure: Phase diagram for radial velocities of component 1 on the
short orbit. Gamma velocity and changes in RV due to motion on the long orbit
are already subtracted. Graph uses RV values measured in ReSpefo. Bottom
figure: RV residuals.
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Figure 3.15: Top figure: Phase diagram for radial velocities of both components
1 and 3 on the long orbit. Gamma velocity is already subtracted. RVs of star 1
are also corrected for motion on the short orbit. Graph uses RV values measured
in KOREL. Middle figure: RV residuals for star 1. Bottom figure: RV residuals
for star 3.
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Figure 3.16: Top figure: Phase diagram for radial velocities of both components
1 and 3 on the long orbit. Gamma velocity is already subtracted. RVs of star 1
are also corrected for motion on the short orbit. Graph uses RV values measured
in ReSpefo. Middle figure: RV residuals for star 1. Bottom figure: RV residuals
for star 3.
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Figure 3.17: Comparison of phase diagrams for radial velocities of star 1 on the
short orbit. The increase of semi-amplitude of radial velocity K is quite obvious.

3.3.1 Astrometric orbital solution

The tertiary star is so distant from the close pair of primary and secondary
stars that it can be interferometrically resolved. Interferometric observations can
be used to find astrometric solution of the orbit.

The relative position of tertiary star with respect to primary star on the
plane of the sky can be described by Cartesian coordinates x and y. The positive
x direction is along North and the positive direction of y is along East. The
coordinates (z,y) at a time ¢ are

T = Onorth = A(cos B —e) + FV1 —e?sin B (3.4)
Y = Opast = B(cos E —e) + GV1 —e?sin F (3.5)

where E(t) is the eccentric anomaly given by the Kepler’'s equation , e is
eccentricity and A, B, F and G are Thiele-Innes constants.

The Thiele-Innes constants are defined in terms of the following orbital ele-
ments: longitude of periastron w, longitude of the ascending node 2, angular size
of semi-major axis a and inclination i.

A = a(cosQcosw — sin Q2 sinw cos7) (3.6)
B = a(sin Q2 cosw + cos 2 sinw cos 1) (3.7)
F = a(—cosQsinw — sin Q cosw cos 1) (3.8)
G = a(—sinQsinw + cos Q cos w cos 1) (3.9)
The inverse transformation is
B—-F
t Q) = 3.10
an (w + Q) e (3.10)
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. A+G B—-F
a(l +cosi) = cos (w+ Q)  sin(w + Q) (312)
a1 — cosi) = A-G BT (3.13)

cos(w—1)  sin(w—Q)

The eccentricity e = 0.75, orbital period P, = 470.69d a time of periastron
passage T}, = 59691.5 are already known from the analysis of spectroscopic data.
Now they can be used to determine the astrometric orbit of the system.

I used 5 newly processed interferometric measurements from the Optical inter-
ferometry DataBase E|.The observations were made by the PIONIER four beam
combiner [Le Bouquin et al [2011] at the four Auxiliary Telescopes of the ESO
Very Large Telescope Interferometer (VLTT). A summary of these measurements
is in Table [3.9] The data reduction was done by A. Oplistilova.

Three of the measurements have been already used by Nasseri et al.| [2014],
but their values of coordinates (z,y) are slightly different from the ones I used.
However the difference in error estimation is quite large. The uncertainties of
their data points were more than 10 times higher than the uncertainties of my
data. The new, lower values should be a better estimate.

Table 3.9: Interferometric measurements of HD 152246

| RJD | Date | Onon(mas) | OEast (Mas) | M) | E() |

06712.34 | 24.2.2014 | —2.0432 £0.0072 | —2.6364 £ 0.0089 | 241.44 | 216.11
56751.28 | 4.4.2014 | —2.2343 £0.0025 | —2.2165 £ 0.0048 | 271.22 | 235.71
56785.40 | 8.5.2014 | —2.2443 £0.0091 | —1.7325 £ 0.0095 | 297.32 | 255.68
08231.31 | 23.4.2018 | —1.9819 £0.0043 | —0.9457 £ 0.0036 | 323.20 | 281.02
09674.32 | 5.4.2022 | —1.0201 £0.0029 | 0.0044 £ 0.0060 | 346.86 | 318.24

According to equation[2.71 calculated the mean anomaly M. Then I calculaed
the eccentric anomaly from the Kepler’s equation 2.9, Both of these quantities
are included in Table [3.91

Lucy| [2014] derived explicit least-squares formulae for the Thiele-Innes con-
stants A, B, F', G and for their variances and covariances.

The weights of individual measurements x,,, y, with uncertainties o, o are

(3.14)

where o is the standard error of a measurement with weight equal to 1.
The following quantities are defined to simplify the calculation

a = Y, X2 (3.15)
b= Y,w,Y? (3.16)
c= Y w, X, Y, (3.17)

2The Jean-Marie Mariotti Center OiDB service is available at http://oidb.jmmec.fr .
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11 = Lpwir, Xy (3.18)
T = LnWiaky Yy (3.19)
o1 = YWy ynXn (3.20)
Tog = LaWyYnYn (3.21)

where X and Y are functions of eccentric anomaly F and eccentricity e
X =cosE—e (3.22)
Y =sin EV1 —e? (3.23)

I used weights w to calculate constants A and F’ and weights w? to calculate
B and G.
The final-least squares formulae for the Thiele-Innes constants are

bT’H — CTI'12

A= ———-= .24
A (3.24)
arig — Cryq
= - 2
A (3.25)
bT21 — CT'9o
B— 2t T2 2
A (3.26)
arqga — Croq
e X (3.27)
where
A=ab—c? (3.28)

The numbers a, b and ¢ are elements of a matrix M

M = (i Z) (3.29)

The standard errors of A, B, F, G are derived from the elements of its inverse,
the covariance matrix M™!

b —c
M'=|4 A& (3.30)
A A
2 _ b,
TaB = 77 (3.31)
2 a4 9
N (3.32)

The estimates of Thiele-Innes constants computed from the data in Table (3.9
are

(0.727 £ 0.003) mas,

A
e B = (1.695=+ 0.005) mas,
F

(2.355 £ 0.005) mas,
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e G =(—0.003 4 0.007) mas.

The orbital elements calculated from inverse transformations |3.10}, [3.11} |3.12
and [3.13] are

e w=118.9°%0.5°,

. O =18740.5°

a = (2.55 £ 0.08) mas,
o 0= 12798738,

The astrometric orbit is plotted in Figure |3.18
Next I calculated the semi-major axis, parallax and masses of the stars. Ad-
dition of equations [2.13] and gives an equation for asinz

Pou
asini = Q—t(K1+2 + K35)V1 — €2 (3.33)
m

All quantities on the right hand side are already known from the analysis of
spectroscopic measurements. The semi-major axis is

a = (3.95+0.35) au (3.34)

The parallax is

p =" = (0.64 % 0.06) mas (3.35)
a

This value of parallax is higher than the one from GAIA DR3 (pgaia =
(0,53 £0,03) mas.

The masses can be calculated from the third Kepler law and the ratio of radial
velocity semi-amplitudes.

4A72a?

My + My + Mz = (38.6 & 3.4) M, (3.37)
M3 Kl+2

= 3.38

My + M, K3 ( )

My + M, = (19.4 + 1.8) M, (3.39)

M; = (19.2 + 3.8) Mg, (3.40)
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Figure 3.18: The astrometric orbit of HD 152246
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4. Delta Cir

The hierarchical triple system § Cir (HD 135240, HIP 74778, HR 5664) con-
sists of an eclipsing binary and a more distant third star. All three components
are OB stars. The eclipsing binary has an eccentric orbit with period of 3.9 days.
The third body and the binary orbit around a common center of gravity with
estimated period of 1644 days [Mayer et al., 2014].

The first 3 radial velocities of this object were published by (Campbell| [192§].
Additional radial velocities were obtained by |Feast et al. [1957], |Buscombe and
Kennedy| [1965], Buscombe and Kennedy| [1969] and (Conti et al. [1977].

d Cir is included in a catalog of Stromgren-Crawford uvby S photometry [Paun-
zenl 2015]. The TESS space telescope obtained two photometry segments of the
system.

Astrometric measurements of 0 Cir are listed in Table .1l

Walborn| [1972] classified the object as O7.5 III (f), while |Hiltner et al.| [1969)
assigned the spectral type O8.5. |Maiz Apellaniz et al. [2016] resolved only two
components in the spectra and classified them as O7 IV (f) and B. Mayer et al.
[2014] assigned the primary component a spectral type of O8 IV.

Thackeray and Emerson| [1969] derived the orbit of the eclipsing binary for the
first time. They published additional radial velocities as well. Orbital solutions
were later derived also by |Stickland et al. [1993] Penny et al. [2001] and [Mayer
et al.| [2014]. Penny et al. [2001] analysed the International Ultraviolet Explorer
(IUE) spectra and noticed the presence of a third body spectral lines.

The third body was confirmed interferometrically [Sana et al., 2014]. The in-
terferometric observations were made in June 2012 by the PIONIER combiner at
the four Auxiliary Telescopes of the ESO VLTI. The angular separation between
the primary and the third component was p = 3.78 mas. Since then, several more
interferometric observations were made.

Bagnulo et al|[2015] did not detect any magnetic field of the system. South-
worth and Bowman| [2022] tested the stars in the system for intrinsic variability,
but they did not detect any significant independent pulsation mode. According
to [Shi et al.| [2022] the TESS light curve of § Cir has signs of eccentric eclipse
and similar pulsating variations, but they were not able to find a frequency of the
pulsation.

Table 4.1: Astrometry of Delta Cir |[Gaia Collaboration, 2022].

Right ascension (J2016) o = 15" 16™ 56.887
Declination (J2016) d = 60°57'26.180"
Parallax p=(1.43+0.12) mas

Proper motion in « fo = (—4.09 £ 0.11) mas/yr
Proper motion in § ps = (—3.76 £ 0.13) mas/yr

Mayer et al. [2014] estimated that the period of mutual orbit of the eclipsing
binary and the third body is 1644 days. Their orbital solution of ¢ Cir is sum-
marized in Tables and They also showed that the line of apsides of the
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binary rotates with period of about 141 years. They noted there are indications
of lines of a fourth star in the spectra. It is thus possible that the third body is
a binary as well.

Table 4.2: Spectroscopic elements of the system Delta Cir [Mayer et al., [2014].

‘ Short orbit ‘ Long orbit ‘

P (d) 3.902463 P 1644
T, (RJD) | 54285.639 T, (RJD) 37484.0

e 0.068 e 0.416

wp (°) 307.1 wp (°) 284.0

K (km.s’l) 156.8 K1+2 (km.s’l) 22.4
K, /K, 0.559 Ki9/K3 0.407

Ky (km.s™) 280.4 K3 (km.s™!) 55.0

Table 4.3: Photometric elements of Delta Cir [Mayer et al., 2014].

‘ Primary star ‘ Secondary star ‘
Relative radius | 0.265 | Relative radius | 0.165
T (K) 34000 T (K) 29000
M (Mg) 23.6 M (Mg) 13.2
R (Rp) 9.20 R (Rp) 5.73
Mol -7.76 Mo -6.05
log g (cgs) 3.88 log g (cgs) 4.04
Ly 0.6460 Ly 0.1877
Ly, 0.6485 Ly, 0.1852
Ls 0.1663
i (°) 75.81
a (R@) 34.7

4.1 Origin of the data

In this work I used 39 CHIRON spectra observed in 2021-2022, 95 HARPS
spectra from 2009-2012, 29 FEROS spectra from 2007-2009 and 2 UVES spec-
tra from 2000-2001. CHIRON, HARPS, FEROS and UVES are echelle spec-
trographs. CHIRON and FEROS are described in more detail in section [3.1]
HARPS is a fibre-fed high resolution echelle spectrograph with resolution R ~
115 000 attached to the ESO 3.6m telescope in La Silla Obeservatory in Chile.
UVES is a cross-dispersed echelle spectrograph connected to ESO’s Very Large
Telescope (VLT) at Cerro Paranal in Chile. Its resolving power is up to R ~ 110
000 in visual section of a spectrum.

Next I analysed two light curves of § Cir. The first light curve was obtained
by the TESS (Transiting Exoplanet Survey Satellite). TESS is equipped with a
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single instrument consisting of 4 wide field-of-view optical cameras. Each camera
has 105 mm aperture, focal ratio f/1.4 and field of view 24° x 24° [Vanderspek
, . The light curve covers the time interval from May 2019 to June
2019 (RJD 58624.5-58652.4). The light curve was downloaded from Barbara A.
Mikulski Archive for Space Telescopes (MAST): https://archive.stsci.edu/.

The second light curve of § Cir was obtained by an instrument called FRAM.
It is a robotic Schmidt-Cassegrain telescope with diameter of 305 mm located
in Argentina at the Pierre Auger observatory at Los Leones. The photometry
was observed via a f/2.8 photographic lens with focal length of 300 mm that
is attached on the main tube of the telescope. The lens is used for wide field
imaging with a CCD camera G4-16000. The instrument is equipped with UBVRI
photometric filers.

The FRAM photometry of § Cir was observed from December 2014 to May
2015 (RJD 57019.8-57145.7). A star map with ¢ Cir and its comparison and
check stars used in FRAM photometry is shown in picture .1} T identified the
comparison star as HD 135591 and the check stars as HD 135160, HD 135241

and HD 134657. Its visual magnitude is V'=5.46 |Ducati, 2002].

Figure 4.1: Star map with 0 Cir (red), comparison star HD 135591 (green) and
check stars HD 135160, HD 135241 and HD 134657 (blue) used for FRAM pho-
tometry.

4.2 Methods and programs

I used the program ReSpefo to rectify the CHIRON spectra, which I had
already received in the form of 1-D spectra. I used ReSpefo to measure radial
velocities as well as and positions of telluric lines. All spectroscopic data were
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analysed with programs KOREL and FOTEL. All of these programs are described
in section [3.2]

To analyse the photometric data, I used the program Phoebe 1 (legacy). It
is a software intended for modeling eclipsing binary stars. It is based on a pro-
gram for binary star modeling developed by Wilson and Devinney [Wilson and
Devinneyl, |1971]. Compared to the WD program, Phoebe has, for example, new
algorithms for convergence and graphical user interface. The program together
with user manual is available for free at http://phoebe-project.org/1.0. An-
other manual, suitable for beginners, is Zasche| [2016]. The principles of eclipsing
binary stars modeling in Phoebe is described in detail in [Prsa and Zwitter| [2005].

I used program Period04 to search for frequencies in my data. Period04 is
specifically intended for analysing time series of astronomical data containing
gaps |Lenz and Breger, 2004]. The program uses discrete Fourier transform to
search for frequencies in the data. It is written in Java/C++ and it is a reworked
and improved version of an older program Period98. Period04 is available for free
at http://period04.net/.

4.3 Results

4.3.1 Spectroscopy

First I tried to confirm the mutual orbital period of the third body and the
eclipsing binary and evaluate it more precisely. The systemic velocity v of the
binary should change periodically due to the mutual orbital motion of the binary
and the third body. The long orbital period is about 1640 days, so v does not
change significantly over the course of several days. The ~ velocity can be easily
determined by FOTEL when solving only for the orbit of the close binary. I split
the CHIRON spectra into two sets according to their RJD. The first set has 11
spectra covering the time interval from RJD 59219.9 to RJD 59294.8. In the
second set there are 28 spectra covering the time interval RJD 59615.9 to RJD
59692.7. 1 measured RVs of the primary star in ReSpefo on the four following
suitable spectral lines (and the secondary, in case when its lines were visible)

« He I 4685.682 A,
o He14921.931 A,
o HelI5015.678 A,
« He Il 5411.516 A.

Then I derived FOTEL solutions of the inner eclipsing binary for both sets of
spectra. I did that with RVs measured on each of the 4 lines. All v velocities I
obtained from FOTEL are summarized in Table [.4] Mayer et al| [2014] already
did the same procedure with 13 more sets of RVs. All their and my two values of
systemic velocities determined for each time interval are in Table [4.5]
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Table 4.4: The systemic radial velocities v of the eclipsing binary calculated by
FOTEL.

line 4686 4922 5015 5411
~ [km/s] of set 1 | 132429 | 127421 | 192420 | 12.7+37.6
~v [km/s] of set 2 | 39408 | 2545 | 49420 | 0.56+0.5

Table 4.5: The systemic velocities v determined for several sets of spectra covering
short time intervals.

start [RJD] | end [RJD] | center [RJD] | center [year| | v [km/s] | o, [km/s]
39594 39723 39658.5 1967.7 9.2 12.3
44449 44460 44454.5 1980.2 17.5 9.9
48885 48894 48889.5 1992.8 -8.3 4.9
49867 49874 49870.5 1995.4 -0.7 9.5
50152 50155 50153.5 1996.2 -16.5 8.8
04277 54302 54289.5 2007.6 18.6 4.6
54660 54667 54663.5 2008.7 -0.8 4.9
55028 55031 55029.5 2009.6 -7.9 3.5
95360 55383 95371.5 2010.5 -14.7 2.4
25736 55762 55749.0 2011.6 29.5 3.2
56103 56113 56108.0 2012.5 13.6 2.7
56132 56136 56134.0 2012.6 9.5 2.2
59220 59295 29257.5 2021.1 14.5 3.2
59616 59693 09654.5 2022.2 3.0 1.9

I used the program Period04 to find the period of « changes. The frequency
corresponding to period 1643.53 days had the highest peak in the Fourier spec-
trum calculated by Period04. Then I tried to search for a more accurate period
in FOTEL. I used the 1643.53 days as an initial estimate for FOTEL. I obtained
the period P,y = (1641.18 4+ 0.55) d.

I continued with disentangling the spectra with program KOREL. I created
an input file for KOREL from all the the 39 CHIRON, 30 FEROS, 95 HARPS
and 1 UVES (the second UVES spectrum was too noisy, so I did not use it)
spectra. The process of generating the KOREL input file is described in detail
in subsection 3.2.3

The spectra made by different instruments cover different wavelengths and
they overlap only on a small wavelength interval. Namely the CHIRON spectra
cover the region from 450 nm to 890 nm and all of the HARPS, FEROS and UVES
spectra, available to me from the original analysis by P. Mayer, cover only the
wavelengths 430-475 nm.

I disentangled the spectral region around the line He II 4685.682 A, the only
suitable line in the wavelength interval where all the spectra overlap. As initial
estimates of the orbital elements I used their values derived by Mayer et al. [2014]
(see Table except for the long period P, = 1641.18d.
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It would also be possible to take the RVs measured in reSpefo and calculate the
orbital elements in FOTEL. However, the elements as well as the RVs obtained
from KOREL are much more reliable.

The orbital elements derived by KOREL are summarized in Table 4.6, The
rate of apsidal precession corresponds to a period of 131 years, which is 10 years
shorter than the period estimated by Mayer et al.| [2014].

All the radial velocities determined by KOREL are summarized in Table[A.5]
The phase diagrams for RVs on the long orbit is shown in Figure [£.2] I will come
back later to the phase diagram for the motion on the short orbit.

The residuals of third star’s radial velocities are large, even up to 80 km.s™
(see Figure . This might be caused be the presence of a fourth component
in the system - the third body could actually be a binary. The same idea was
suggested by Mayer et al.| [2014] who tried to fit spectral lines of ¢ Cir with
Gaussians. The quality of their fit with three and four Gaussians was quite
comparable.

The disentangled line He 1T 4685.682 is shown in Figure [4.3] Apart from this
line there are two more lines visible on the left and right side of the He line of the
secondary and third star. These are probably the lines of oxygen O II 4676.2, O
IT 4698.5 and O II 4699.2 which are more pronounced for the B type secondary
and tertiary.

1

Table 4.6: KOREL solution of § Cir for the line He II 4685.682 A

‘ Element ‘ Value ‘
‘ Short orbit ‘
P (d) 3.90275781
T, (RID) 59249.742
e 0.058
wp (°) 324.67
K; (km.s™!) 159
q (km.s™1.100yr™1) 0.576
Ky (km.s™!) 276
wp (°.d7h) 0.0075
‘ Long orbit ‘
P (d) 1641.18
T, (RJID) 58943.0
e 0.417
wp (°) 302.2
K1+2 (km.s_l) 20.7
q 0.48
K3 (km.s™1) 42.8
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Figure 4.2: Top figure: Phase diagram for radial velocities of the center of mass of
inner binary and the third star on the long orbit. Gamma velocity of the system
is already subtracted. Middle figure: RV residuals for the center of mass of the
binary. Bottom figure: RV residuals for the third component.
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Figure 4.3: Disentangled spectral line He II 4685.682 A. Line of the primary star
is in the top figure, secondary star in the middle figure and third star in the
bottom figure. Lines of oxygen O II 4676.2, O II 4698.5 and O II 4699.2 are
visible on the left and right hand side of the He line of the secondary and third
star.

4.3.2 Photometry

Phoebe is able to fit both light curves and radial velocity curves. To calcu-
late the parameters of the eclipsing binary in Phoebe, I applied the following
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approach. I used the radial velocities of the primary and secondary from the
KOREL solution together with the densely covered light curves from TESS and
FRAM. I started with the elements from |[Mayer et al.| [2014] study. I set the grav-
ity brightening coefficients and the albedos to 1, because all the stars of § Cir
are hot stars, used the linear limb darkening coefficients, and allowed calculation
of the contribution of the third light. The convergency went well and the results
are summarised in Table [4.7 Both light curves and the radial velocity curve are
shown in Figures [4.4] and [4.6]

Since the FRAM and TESS light curves are densely covered by data points, I
was able to obtain more precise values of the relative radii and the temperature
of the secondary star. When comparing with tables in Harmanec| [1988] the
parameters of the primary are closest to spectral type O8 V. I got the same
result when comparing with the tables in [Martins et al. [2005]. The parameters

of the secondary star are most similar to parameters of stars with spectral type
B0.5 V |Harmanec, [1988].

Table 4.7: Phoebe solution of § Cir light curve. The epoch of primary minimum
is RJD = 59 625.674167.

‘ Parameter ‘ Value ‘ Parameter ‘ Value
a (Re) 34.26 £+ 0.18 M, (Mg) 22.53
e 0.0620 £+ 0.0013 M, (Mg) 12.95
A¢ -0.24443 £ 0.00016 | R; (R@) 9.68
wp (°) 336.7 £ 2.9 Ry (Re) 4.97
v (km.s™t) 3.10 £+ 0.68 My, (mag) -7.89
i (°) 77.36 £ 0.11 Mo, (mag) -5.58
q 0.5748 + 0.0035 log g1 (cgs) 3.82
Terro (K) 27 860 £ 170 log g2 (cgs) 4.16
Ly (TESS) 0.6059 L, (FRAM) 0.6933
Ly (TESS) 0.1078 L, (FRAM) 0.122
Ls (TESS) | 0.2863 £+ 0.0029 | L3 (FRAM) | 0.1847 4+ 0.0023
(Ri/a)pole | 0.27712 £ 0.00098 | (Ri/a)poe | 0.14388 + 0.00089
(R1/a)side 0.2915 £+ 0.0012 (Ri/a)siqe | 0.14607 £+ 0.00095
(R1/a)point | 0.2819 £ 0.0010 (R1/a)point | 0.14447 £ 0.00091
(Ri/a)back | 0.2878 4 0.0011 | (Ry/a)pack | 0.14576 + 0.00094
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Conclusion

I processed spectra of the system HD 152246 from spectrographs CHIRON
and HERCULES measured in years 2021 and 2022. Using the method of spectra
disentangling I showed that the outer orbit eccentricity of HD 152246 is lower
than predicted. Its value is only ey = 0.75. In addition to the eccentricity I
calculated also other orbital elements more accurately and precisely. Apart from
the new spectra from years 2021/2022 I used older spectra from years 1999-2013
measured by spectrographs FEROS and BESO.

I proved that the radial velocity semi-amplitude K; of the primary on the
short inner orbit is changing. This implies that the inclination of the inner orbit
is changing as well. There are also hints that the inclination of the long outer
orbit is changing as well, albeit at a much slower rate. It is possible that the
inclinations of both inner and outer orbit are changing periodically in time. To
confirm this assumption, it is necessary to obtain more spectra. New spectro-
scopic measurements are already planned for the time period around the closest
periastron passage which should happen on 5th August 2023 (RJD 60162.23).
Apart from spectroscopic data I also analysed interferometric measurements of
the system. I used the Thiele-Innes constants to fit the astrometric orbit. In
addition to the orbital elements I calculated the dynamical parallax of the object
and masses of its components.

I processed measurements od the system ¢ Cir from spectrograph CHIRON
from years 2021 and 2022. I calculated systemic radial velocities of the eclipsing
binary for two groups of spectra covering shorter time intervals. Then I used my
two values together with several already published systemic velocities to deter-
mine the long orbital period of the binary and the third body. I obtained the
values of orbital elements for both the long and short orbit via spectra disentan-
gling in the program KOREL. I also analysed light curves of the eclipsing binary
together with its RV curves and calculated more precise parameters of its two
components.
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A. Attachments

A.1 Measured radial velocities of HD 152246

Table A.1: List of RVs of HD 152246 measured by KOREL and in reSpefo

KOREL reSpefo
RJD RV ORV, RV3 ORV;, RV ORV, RV3 ORV;,

km.s™!  kms™' kms' kms™!' | kms™!  kms™! kms™! kms!
59280.9091 17.513 1.469 33.966  13.364 0.097 1.442 29.143  12.588
59286.8044 | 20.833 3.764 34.364 5.989 6.577 3.328 26.757  11.682
59289.8894 | -69.728 2.373 27.129 8.327 -81.953 2.595 8.320 10.159
59314.7703 | -30.722 1.725 18.961 4.992 -45.690 1.905 6.150 13.395
59314.8815 | -25.782 3.228 20.316 3.273 -41.323 1.948 8.577 14.306
59318.7526 | -57.232 1.068 20.734 3.758 -72.187 2.805 4.810 6.705
59318.8508 | -59.076 1.747 19.157 3.658 -74.247 2.786 -0.030  12.745
59319.7236 | -62.936 1.229 18.604 4.074 -77.940 1.103 3.287 10.246
59319.8769 | -61.641 0.651 19.237 1.829 -76.470 1.943 -4.697  16.090
59320.7030 | -32.923 1.540 17.625 4.713 -50.183 2.623 3.070 19.457
59320.8699 | -24.172 1.144 17.473 2.665 -39.277 1.437 11.100 21.818
59321.7254 | 15.414 1.614 15.759 3.514 -3.320 2.995 7.013 15.037
59321.8874 | 21.535 1.844 17.268 2.282 2.410 3.007 6.057 19.383
59322.7376 | 34.991 1.666 17.019 2.901 16.810 3.152 11.243  14.278
59322.8707 | 31.575 1.197 18.440 3.702 12.583 3.109 11.653  15.269
59324.6994 | -52.986 3.088 16.411 4.140 -69.257 2.315 3.510 11.568
59324.8464 | -60.012 1.110 16.877 2.100 -75.007 1.786 8.247 17.342
59327.7091 15.193 1.717 14.825 4.200 -2.870 1.890 5.840 14.819
59327.8939 | 23.472 0.924 13.382 5.223 4.413 0.777 8.127 14.983
59329.6799 -1.559 1.663 16.664 1.711 -18.017 2.925 9.500 19.103
59329.8534 | -12.441 1.301 16.176 3.284 -29.357 1.607 7.120 18.061
59330.6567 | -50.710 1.730 14.200 5.413 -66.140 1.054 4.147 13.045
59330.8165 | -56.331 0.967 15.604 3.638 -72.020 1.496 0.057 12.708
59360.5848 | -41.527 1.013 14.543  11.046 | -56.100 2.986 -3.930 21.514
59360.6849 | -44.252 1.197 7.422 3.328 -60.467 1.508 -10.130  20.886
59360.7835 | -48.107 1.492 12.690 9.128 -63.410 2.402 -9.067  23.524
59361.5774 | -54.339 0.806 7.082 3.028 -70.607 2.158 -9.313  24.853
59361.6919 | -55.550 1.201 12.333 8.777 -69.723 0.999 -8.733  22.625
59361.7918 | -52.519 1.619 9.553 6.711 -66.967 1.796  -14.300 29.602
59363.6080 | 18.983 1.017 6.144 4.698 -0.037 2.128 4.947 15.225
59363.7135 | 22.706 1.558 9.664 6.886 4.017 2.650 4.000 17.837
59363.8097 | 26.821 1.173 7.661 1.591 6.790 2.184 -3.497  26.090
59364.5770 | 47.414 1.727 8.980 5.033 27.520 4.265 0.613 26.835
59364.6784 | 48.010 0.961 8.311 2.281 28.263 4.388 6.793 16.012
59364.8740 | 44.225 1.306 10.518 5.056 24.617 3.843 8.007 14.399
59410.5335 | -25.404 1.207 0.354 1.315 -41.967 1.813 -6.820  18.025
59410.6288 | -20.688 0.327 2.028 4.178 -37.860 1.759 -5.660  15.499
59410.7174 | -17.361 0.967 0.481 2.733 -36.397 0.185 -4.353  14.980
59411.5332 | 20.985 2.634 -0.955 4.819 1.417 1.400 -3.623  14.664
59411.6250 | 27.350 0.990 -0.801 3.716 7.357 3.960 0.503 13.466
59411.7047 | 29.559 0.859 -1.205 3.129 10.390 3.179 -4.950 9.972
59412.5641 | 54.717 0.723 -0.844 4.411 34.553 2.483 2.630 14.670
59412.6174 | 54.554 0.946 -0.713 4.631 33.297 3.995 3.530 17.789
59412.6782 | 53.991 0.683 0.891 3.943 34.307 4.879 5.167 14.025
59413.5376 | 24.460 1.675 -1.637 1.994 6.633 2.715 0.313 13.032
59413.6125 | 21.305 0.937 -1.797 4.216 2.913 3.070 -3.597  13.340
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Table A.1: List of RVs of HD 152246 measured by KOREL and in reSpefo,
continued

KOREL reSpefo
RJD RV ORV, RV3 ORV;, RV ORV, RV3 ORV;,
kms™!  kms™! kms™! kms™! | kms ! kms ! km.s™! km.s™!

59413.6965 | 16.774 1.771 -1.422 3.845 -3.200 2.537 -0.950  16.422
59414.5063 | -27.528 1.145 -3.062 4.753 -44.097 1.603  -10.570  12.547
59414.5888 | -30.485 1.250 -2.473 4.436 -46.220 1.218 -9.043  10.594
99414.6750 | -34.131 0.953 0.358 2.096 -50.743 1.782 -6.370  12.353
59415.5382 | -46.655 0.974 -1.000 3.129 -63.500 1.730 -9.897  14.064
59415.6123 | -46.592 1.101 -1.391 3.825 -63.433 2.206 -6.220  16.095
59415.6810 | -46.104 0.940 -1.860 2.705 -61.673 1.052 -5.453  20.283
59421.5050 | -46.308 3.092 -0.565 2.438 -60.460 2.215 -2.813 9.409
59421.5992 | -45.302 0.888 -3.321 3.758 -60.320 0.677  -10.137 13.026
59421.7211 | -43.723 1.455 -2.288 1.561 -61.697 3.733 -3.143  16.241
59424.5191 | 55.951 1.496 -2.474 2.489 35.963 5.022 2.757 11.825
59424.5930 | 57.980 2.698 1.479 10.657 35.490 3.011 5.280 16.733
59424.6620 | 55.947 0.740 -1.244 2.513 34.093 4.144 5.467 16.289
09432.4624 | -21.923 1.550 -4.728 2.820 -40.050 0.952 -9.570  10.986
99432.5594 | -26.403 1.251 -3.895 2.968 -43.120 1.816 -4.643  13.649
59432.6477 | -30.338 1.405 -1.992 3.717 -46.213 1.919 -3.040  22.675
59472.4762 | 62.175 0.780 -8.440 0.487 40.293 3.846  -14.880 23.181
59472.4811 | 61.918 1.530 -9.533 0.963 40.990 4.826  -13.947  20.327
59472.5703 | 63.377 1717 -12.411  3.087 42.057 3.976  -15.117  17.190
09473.4734 | 40.212 0.961 -9.327 1.810 20.200 2,778 -15.257  20.239
59473.5600 | 34.584 2.006 -9.418 2.652 13.870 3.363  -10.710  20.729
59474.4737 | -15.325 0.466 -8.762 3.010 -33.263 2,513  -18.740 16.367
59474.5324 | -18.490 0.540 -11.303  3.014 -35.227 3.623  -14.330  15.005
09475.4743 | -38.696 0.895 -9.888 0.702 -56.513 2484  -13.453 18.212
59475.5498 | -39.203 1.122 -12.028  3.311 -53.967 2.398  -16.870  26.275
59476.4746 | -18.827 2473 -11.765  4.298 -38.113 0.512  -18.177 18.369
59476.5340 | -16.512 0.856  -10.012  4.141 -34.113 2.546  -15.473 17.077
59477.4744 | 26.313 1.950 -12.911 2.844 7.003 3.830 -9.580  15.681
59477.5278 | 28.089 1.028  -10.759  6.398 6.420 4.291  -13.273  26.240
59480.4792 | -14.315 2.260  -12.012  2.886 -32.713 1.951 -16.163 16.385
59480.5399 | -17.065 1.490 -10.951  1.308 -34.457 2,162 -12.300 22.424
59481.5089 | -38.895 1.930 -8.327 7.044 -56.277 1.585  -18.240 19.985
59481.5674 | -38.064 2209  -10.938  2.528 -564.763 1.728  -12.293  20.454
59482.4738 | -18.262 1.2v6  -10.417  0.478 -36.343 3.433  -12.187 21471
09482.5489 | -15.774 1.583 -9.713 2.260 -34.227 0.805  -15.923 13.065
09483.4858 | 25.655 1.106  -10.094  2.237 6.550 4117 -19.970 16.203
59483.5546 | 29.861 1.295  -11.124  4.428 9.043 2.525  -14.453 16.201
59484.4988 | 65.050 2.025 -9.842 4.994 42.113 3.185  -20.083 21.330
59484.5639 | 66.129 2.289  -13.077  3.345 40.580 3.190  -19.847  19.379
09485.4748 | 40.429 2.467  -11.722  5.944 20.773 5.353  -21.977  16.748
59485.5315 | 37.034 1.510 -11.697  1.733 16.653 3.342  -17.353  17.366
59486.4926 | -15.064 2.043 -11.113  3.896 -34.513 2299  -22.513 16.544
59486.5443 | -17.523 2217 -11.470  3.172 -36.560 4184  -20.150 15.722
59489.4779 | 26.808 1.004 -13.587  1.663 6.703 2.669  -17.310 22.572
59489.5321 | 30.348 1.522  -10.614  2.073 10.307 4.700 -7.510  21.047
59490.5464 | 64.455 1.441  -12.442  5.035 41.110 4.704 -9.863  13.885
59491.5024 | 39.454 1.086  -11.777  3.669 18.390 3.772  -20.090 20.410
59491.5537 | 37.757 0.427  -12.793  3.443 16.627 2.820 -19.893 21.773
59492.4794 | -13.074 1.066 -11.642  2.475 -30.050 2.758  -15.573  16.630
59492.5304 | -16.533 1.482  -12.559  4.487 -32.950 3.198  -15.593  16.739
59652.8846 | 88.343 1.307  -36.807  4.940 60.900 4.614  -29.843 2374
59653.8912 | 48.766 0.512  -35.059  5.656 25.613 4.774  -35.390  3.549
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Table A.1: List of RVs of HD 152246 measured by KOREL and in reSpefo,
continued

KOREL reSpefo
RJD RV ORV, RV3 ORV;, RV ORV, RV3 ORV;,
kms™!  kms™! kms™! kms™! | kms ! kms ! km.s™! km.s™!

59653.9103 | 47.819 1.428  -39.518  4.259 25.350 4.449  -32.897  8.519
59654.8974 | -1.930 0.767  -37.575  3.300 -22.050 3.295 -36.013 11.661
59655.8513 | -11.497 0.962 -36.160 3.121 -31.683 2.030  -40.340 11.224
59657.7806 | 61.601 3.598  -39.423  3.197 35.507 2.809  -27.567  1.015
59658.8631 | 89.530 1.617  -38.880  4.098 59.530 3.075  -35.307  1.594
59659.8575 | 51.228 1.151  -37.657  2.410 26.280 3.6560  -33.617  9.681
59660.8645 | -1.779 1.705 -36.414  3.007 -21.750 3.611  -38.300 8.271
59661.8088 | -11.556 1.036  -37.482  4.222 -31.337 3.727  -39.840  5.513
59662.8564 | 16.107 1.518  -34.358  4.404 -4.827 3.756  -33.693  7.218
59662.8951 | 18.268 1.225  -32.101  3.342 -4.517 2.985 -35.050 11.200
59662.9000 | 18.297 0.664 -32.923  4.203 -2.113 3.652  -38.480  5.764
59663.8234 | 62.183 2.083 -34.257  6.177 37.930 4.609  -32.540  5.817
59663.8283 | 62.281 0.955  -37.421  2.382 36.703 3.939 -35.393  4.837
59664.7933 | 89.769 2.869 -36.956  3.805 61.233 3.400  -27.763  1.968
59664.7982 | 88.763 0.833 -36.575  2.373 61.677 3.890 -27.440  6.548
59665.8809 | 48.963 0.856  -33.632  5.759 25.010 4.928  -30.650  9.398
59666.7188 1.812 2.062 -33.872 1.738 -18.920 2.535 -34.563  8.809
59666.9226 | -2.159 0.458 -36.101  4.005 -23.380 2.695 -32.837  9.500
59667.7205 | -14.062 0.813  -34.757  2.213 -34.237 3.629  -36.457  9.715
59667.8546 | -12.904 0.641  -34.547  2.885 -32.080 2.641  -33.847 10.488
59667.8972 | -11.975 1.897  -35.506  1.398 -32.987 2.809  -36.507 10.505
59668.7131 9.005 0.883 -33.943  2.776 -10.723 3.799  -35.037  9.619
59668.8552 | 15.753 2.693 -33.726  2.391 -5.000 3.287  -36.507  8.661
59668.9009 | 18.544 3.236  -33.631  5.448 -3.927 2.266  -36.150 10.125
59670.6967 | 85.527 1.020 -34.566  2.133 59.420 5.1564  -30.643  6.422
59670.8657 | 86.541 2.649  -32.200 5.088 58.323 3.480  -33.027  2.264
59671.7395 | 53.620 1.005 -34.388  3.532 30.483 3.519  -40.363  10.356
59671.8787 | 45.865 1.169  -30.945  3.182 24.247 4.376  -38.607 18.123
59672.6979 0.921 0.916  -31.657  2.575 -19.057 2.090 -35.633 15.021
59672.8415 | -5.631 2363  -32.954  3.692 -24.730 1.880  -38.810 15.688
99673.7676 | -17.973 1.118  -30.124  2.508 -37.743 2.544  -34.857 15.363
59673.9015 | -16.801 0.835 -28.625  1.955 -36.477 1.635  -37.197 19.243
59674.7489 4.091 1.656  -27.623  4.961 -14.680 3.915  -33.773  22.988
59674.8871 9.952 0.908  -27.236  5.102 -9.443 2.684 -36.463 21.320
59675.7583 | 50.138 1.154  -27.515  3.022 27.800 3.480 -31.477 10.103
59675.8891 | 55.353 1.310  -26.860  4.580 31.653 2.351  -31.977 11.828
59676.6957 | 78.852 1.349  -25.591  3.559 53.350 3.895 -31.523  7.216
59676.9010 | 80.069 1.515  -25.353  2.554 52.443 3.563  -30.790 14.261
59677.6812 | 48.897 1.857  -22.448  2.376 26.380 2.811  -24.237  9.601
59677.8377 | 40.754 1.201  -22.267  4.863 18.317 4.320 -27.923 11.736
99678.6757 | -6.936 1442  -21.302  4.305 -25.433 1.753  -26.973  9.587
59678.8252 | -12.251 0.840 -23.205 6.655 -30.923 2.898  -30.047 11.938
59679.6737 | -27.997 0.866  -19.443  2.179 -44.930 2.187  -26.670 12.163
59679.8504 | -29.122 1.095 -19.184  2.164 -47.043 2.232 -27.413 12.937
59680.6747 | -10.677 1.138  -15.027  3.579 -28.970 2.407  -20.020 15.469
59680.8918 | -3.169 1.294  -14.460  2.466 -22.807 1.744  -19.070 16.401
59681.6709 | 31.648 1.015 -12.855  1.422 11.877 2.937  -19.467 11.442
59681.8205 | 38.586 0.554  -11.870  2.617 17.453 4.131  -21.687 14.638
59681.9268 | 42.815 1.155  -12.796  2.892 22.757 4.922  -18.270  12.455
59683.6821 | 30.913 2.030 -6.798 3.893 10.073 1.987 -10.360 11.687
59683.8411 | 22.550 1.273 -3.432 2.817 2.903 1.986 -8.977  16.882
99684.7207 | -29.183 0.906 2.157 1.879 -47.230 2.097 -7.670  12.248
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Table A.1: List of RVs of HD 152246 measured by KOREL and in reSpefo,

continued
KOREL reSpefo
RJD RV ORV, RV3 ORV;, RV ORV, RV3 ORV;,

km.s™!  km.s~ km.s™! km.s™! | km.s™! km.s” km.s™!  km.s™!
59684.8710 | -36.376 0.853 2.558 2.010 -52.783 1.520 -10.223 11.730
59685.7188 | -54.566 1.180 6.420 2.345 -70.423 2.021 -6.703  12.011
59685.8978 | -53.950 0.860 8.736 2.047 -69.233 0.921 -7.767  11.784
59686.7010 | -39.654 1.532 14.345 3.696 -54.950 2.086 -0.907 6.117
59686.9267 | -32.029 1.423 15.201 1.520 -48.263 4.332 2.423 19.598
59687.7098 0.653 1.496 20.650 1.721 -16.320 2.358 9.710 19.191
59687.9283 9.856 1.142 22.520 4.391 -7.287 3.210 14.360  10.437
59688.7216 | 26.638 1.180 28.323 2.183 8.283 2.679 18.683  11.920
59690.6545 | -65.033 1.191 43.413 4.299 -78.097 1.219 9.950 7.997
59690.8202 | -72.610 1.361 46.853 4.690 -85.557 1.866 9.023 6.929
59691.7654 | -94.614 1.099 51.262 4.380 | -104.063  2.417 7.953 5.579
59692.7713 | -79.107 1.209 56.400 4.977 -92.180 3.798 16.757 8.115
59693.7326 | -39.348 0.893 65.044 3.744 -54.543 1.091 34.540 9.016
59693.9280 | -31.181 0.844 64.869 5.792 -45.233 1.698 38.920 6.769
59694.7521 | -10.463 1.315 72.457 5.863 -25.833 1.326 55.333  12.949
59695.7226 | -39.292 0.910 75.860 5.052 -51.503 3.430 48.093 9.529
59696.7800 | -100.694  1.404 78.426 4.071 | -111.910 1.933 30.017 3.279
59700.7971 | -18.754 1.322 79.842 4.300 -33.500 2.143 52.873 9.478
59701.9359 | -56.551 1.096 77.301 4.172 -67.673 0.241 41.840 8.548
59702.7751 | -102.164  1.019 75.268 4.906 | -114.693  1.561 23.933 6.151
59703.7477 | -120.140  0.953 80.164 3.473 | -131.773  0.368 14.227 4.519
59704.7856 | -96.758 1.550 75.303 5.849 | -106.897  2.688 25.460  13.319
59705.7817 | -48.345 2.771 74.499 4.850 -60.693 2.565 42.847 8.392
59706.7325 | -14.011 1.455 73.985 3.657 -29.977 1.964 53.103  14.306
59725.6815 | -16.657 1.436 53.161 4.275 -31.930 1.123 38.120 13.239
59736.6358 13.068 2.032 42.073 4.086 -3.613 2.223 33.283  20.317
59769.5638 | -72.738 1.538 26.841 6.064 -87.023 1.822 3.367 10.423
59769.7800 | -72.661 1.099 25.261 4.357 -84.930 2.643 6.703 13.180
59787.4961 | -67.850 2.046 20.638 1.900 -79.470 2.548 2.650 9.727
59787.7276 | -67.316 1.333 17.652 5.488 -81.053 0.307 -0.047  11.486
59788.5434 | -53.277 0.495 17.591 4.352 -69.383 1.158 5.347 14.354
59788.7484 | -46.227 0.899 20.493 4.442 -60.270 1.093 4.727 13.294
59789.4897 | -13.780 1.531 20.317 2.198 -30.240 2.368 12.900 13.486
59789.6838 -3.068 1.066 19.363 1.951 -19.707 1.062 13.423 13.411
59789.7275 -2.558 1.409 20.544 4.837 -19.347 2.417 8.400 10.462
59791.5489 | 22.509 1.053 21.010 3.897 4.703 3.624 22.920 17.136
59791.7228 14.979 1.422 18.622 4.019 -2.653 4.206 14.393  11.460
59792.4988 | -30.323 1.410 21.863 7.655 -46.527 2.043 8.810 14.527
59792.7160 | -41.892 0.634 19.214 2.309 -55.953 1.274 3.927 18.150
59793.5174 | -64.491 1.383 17.462 3.346 -77.617 2.120 2.620 9.097
59793.7442 | -66.032 0.650 16.699 3.762 -79.083 1.599 0.613 11.937
59818.4774 | -49.615 1.634 12.189 3.224 -64.353 2.047 3.253 13.214
59818.6337 | -42.528 1.755 11.501 4.079 -59.270 0.731 7.767 17.377
59819.4680 -6.785 1.759 8.747 4.156 -24.890 0.860 10.330  18.939
59819.6385 0.709 0.943 10.281 3.965 -17.027 1.647 6.307 13.025
59820.4667 | 38.071 3.410 9.490 5.643 17.247 3.881 9.003 14.668
59820.6211 | 40.853 0.820 13.578 3.871 20.847 3.053 15.613  16.210
59821.5212 | 32.536 1.485 12.042 1.133 14.130 3.788 7.600 15.504
59821.6512 26.093 1.578 11.766 1.142 6.890 2.314 13.867 18.115
59821.6562 | 25.642 1.305 12.345 6.134 8.267 3.061 11.470  12.317
59822.5038 | -20.824 1.512 9.201 2.079 -38.023 2.494 6.753 16.224
59822.6341 | -29.616 0.722 8.477 4.092 -43.767 2.285 2.740 13.222
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Table A.1: List of RVs of HD 152246 measured by KOREL and in reSpefo,
continued

KOREL reSpefo
RJD RV ORV, RV3 ORV;, RV ORV, RV3 ORV;,
kms™!  kms™! kms™! kms™! | kms ! kms ! km.s™! km.s™!

59824.4903 | -46.821 0.462 10.451 1.291 -61.010 1.619 2.097 12.719
59824.6297 | -42.620 0.843 10.678 1.095 -56.210 1.642 1.907 10.245
59849.4721 | -3.343 2.671 8.439 9.234 -22.527 0.649 -1.460  11.628
59850.4720 | 41.974 1.398 6.383 5.884 23.133 3.881 6.747 10.000
59851.4841 | 39.871 1.039 6.104 1.999 20.303 3.930 6.227 10.105
59852.4772 | -14.588 0.903 5.248 2.083 -29.977 2.062 3.457 15.757
59853.5696 | -52.725 0.665 3.564 4.257 -68.903 1.230 -4.973  13.760
09854.4775 | -42.889 0.833 5.676 2.539 -59.403 3.103 0.350 15.929
59855.4778 | -1.070 0.904 2.555 2.218 -19.623 1.588 2.333 17.098
59856.4787 | 43.053 0.675 5.173 1.728 22.463 1.685 9.553 12.418
59857.4786 | 41.489 0.955 4.947 5.451 21.860 3.618 6.667 11.096
59859.4759 | -49.104 0.711 4.793 3.574 -65.043 1.329 -4.953  12.567
59661.0162 | -4.668 1.370  -34.755  3.789 -23.107 2.648  -43.433 34.161
59661.1239 | -7.384 1.102  -35.318  3.589 -27.717 2,572 -45.730  24.267
59661.1954 | -10.522 2117 -34.487  4.103 -31.323 2.556  -42.860 23.075
59662.0367 | -8.366 2175 -34.038  4.565 -30.110 2.009  -41.117 24.978
59662.1100 | -7.702 1.706  -33.570  5.524 -27.980 2.148  -38.637  26.577
59662.1827 | -4.255 2120 -35.034  3.605 -25.700 2,573  -39.487  26.040
59664.0300 | 70.820 1.323 -35.294  3.850 46.890 5.791  -35.373  18.878
99664.1016 | 72.950 0.581 -35.486  3.287 46.753 5.086  -35.767 14.686
59664.1735 | 75.525 0.780 -35.643  3.076 50.333 5.970  -38.753  12.449
59665.0626 | 85.909 0.933  -35.496  3.240 58.813 5.369  -36.277  15.651
59665.1339 | 84.124 0.757  -35.402  3.461 56.907 6.453  -40.207  17.087
59666.0586 | 39.350 1.068 -35.011  3.727 15.983 1.673  -43.597 23.551
59666.1299 | 35.343 0.672  -35.533  3.369 12.387 1.745  -41.120 21.585
59666.2020 | 30.036 2.329  -33.603  6.839 9.127 2.081  -40.827 20.814
59667.0120 | -6.174 1.307  -35.736  4.428 -26.643 1.317  -44.373 24.941
59667.0842 | -8.113 1.499  -34.022  6.279 -29.113 3.421  -40.983 25.213
59667.1753 | -8.507 1.135 -35.194  5.133 -27.243 3.436  -42.437  24.269
59667.2169 | -9.689 1.522 -34.837 4.315 -30.147 1.501  -46.203  28.085
59669.0304 | 22.565 1.892  -35.003  3.640 2.077 1.276  -39.983 23.341
59669.1014 | 25.175 1.195 -32.860  6.040 6.270 1724 -38.177  24.777
59669.1732 | 27.932 0.699 -34.114 5.715 7.633 3.669  -44.873 25.273
59669.2259 | 30.420 0.733  -33.781  3.950 9.427 3.328  -43.310  25.003
59670.9903 | 84.409 1.173  -35.166  4.138 56.703 4.595  -37.257 18.586
99671.0621 | 83.467 1.286  -38.251 13.979 96.653 5.116  -33.423  19.403
59671.1399 | 81.498 1.031  -33.792  4.289 55.110 5.365  -37.740 16.868
59671.2410 | 78.284 1.707  -32.482  3.546 51.900 5.789  -38.033 15.237
59672.0329 | 36.411 2.084 -33.151  4.200 12.617 3.506  -38.787  23.756
59672.1038 | 34.179 1.398 -30.802  6.596 11.510 3.220 -40.313  24.502
59672.1747 | 30.265 0.691 -32.164 6.218 9.270 4.517  -33.557  21.922
59672.2414 | 26.620 0.994 -30.346  8.432 5.950 3.565  -36.393  23.737
59673.0095 | -9.606 0.873 -31.818  6.940 -29.170 1.811  -37.170  21.766
59673.0812 | -11.192 1.033  -32.452  9.378 -31.507 2,982  -38.143  22.098
59673.1526 | -12.837 1.562  -32.520  6.420 -34.057 3.502  -39.513  24.148
59673.2182 | -13.393 2237 -33.222  6.345 -34.227 1.666  -39.913  25.465
99673.2402 | -13.733 1.501  -32.961 6.704 -33.810 2.180 -42.780 22.744
59682.0038 | 46.861 2114  -21.363 12.600 25.560 3.894  -19.127  26.347
59682.0755 | 48.438 1.454  -20.069 12.270 25.847 4.374  -16.827  23.725
59682.1466 | 50.593 1.180 -14.388  8.261 28.527 3.386 -13.913  23.641
59682.2227 | 53.101 1.543  -10.209  3.684 31.257 4.364  -11.347  24.626
59683.0215 | 60.729 2.295 -11.530 10.123 38.493 5.317  -15.637  30.257
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Table A.1: List of RVs of HD 152246 measured by KOREL and in reSpefo,

continued
KOREL reSpefo
RJD RV ORV, RV3 ORV;, RV ORV, RV3 ORV;,

km.s™!  kms™' kms' kms™' | kms™!  kms ! kms ! kms!
59683.0928 | 58.441 0.730 -5.238 4.716 36.773 4.979  -10.853  30.872
59683.1639 | 55.810 2.313  -11.607 13.945 32.573 4.581  -15.360 27.588
59683.2125 | 54.375 1.914 -6.641 2.683 32.723 4.501  -15.000 26.034
59684.0316 | 10.682 1.839 -6.367  14.218 | -10.327 1.056  -13.510 24.974
59684.1321 2.530 1.931 -6.952  13.791 | -17.470 2.419  -11.927 24.973
59684.2030 -0.128 2.169 -9.537  13.866 | -21.040 1.463  -12.430 19.092
59684.9555 | -38.225 2.239 -3.233  14.434 | -57.790 4.047  -12.303  25.005
59686.0566 | -52.989 3.736 7.162 9.912 -71.617 1.581 -6.473  20.251
59686.1282 | -50.672 3.136 8.554 5.125 -68.670 2.649 -7.670  19.385
59686.1997 | -49.949 3.930 8.930 5.527 -67.207 3.056 -5.480  18.785
59686.9933 | -27.370 3.297 7.657 20.522 | -44.283 1.949 -1.137  22.473
59687.0645 | -23.760 3.979 6.885 20.273 | -43.647 2.582 1.037 21.912
59687.1357 | -19.721 3.200 9.832 12.690 | -38.033 2.123 1.973 22.615
59687.2010 | -17.540 3.390 9.069 10.624 | -36.550 2.264 4.950 26.602
59688.0231 14.456 3.363 12.438  25.063 -5.707 1.957 14.190 35.784
59688.0986 16.570 2.036 18.998  10.737 -2.803 2.756 15.287  27.489
59688.1697 | 19.530 4.081 21.108  16.783 -0.233 4.773 21.380  26.472
59688.2409 | 20.765 2.661 19.626  14.354 0.467 1.575 13.883  24.345
59688.9916 | 24.757 2.507 20.994  21.657 6.427 1.877 25.540  29.656
59689.2186 | 18.851 2.696 29.406 3.799 0.840 1.809 21.667  25.067

A.2 KOREL solutions of HD 152246

Table A.2: KOREL solutions of orbital parameters for several spectral regions -
CHIRON & HERCULES

Short orbit

. Tp Wp Ky f(m)
Spectral line (RID) e ©) (km.s—1) (Ma)
OII, CIII, Si IV | 59671.3435 | 0.0820 | 37.049 50.87 0.0811
He IT 4686 59671.3467 | 0.0862 | 37.036 51.40 0.0835
He 14713 59671.3480 | 0.0776 | 37.036 50.62 0.0800
H-beta 59671.3435 | 0.0820 | 36.995 50.89 0.0812
He I 4922 59671.3435 | 0.0820 | 37.058 51.00 0.0817
He I 5015 59671.3423 | 0.0862 | 37.036 51.40 0.0835
He I 6678 59671.3428 | 0.0866 | 37.103 51.39 0.0835
interval 4635-5050 | 59671.3435 | 0.0820 | 37.009 51.22 0.0828
‘ Long orbit ‘
Spectral line (Rj;pD) e ((‘;p) (kﬁlgfl) q (kmlf':,l)
O II, C III, Si IV 59691.35 0.7529 | 118.72 54.01 0.983 54.918
He 1T 4686 59691.82 0.7476 | 119.61 56.32 0.988 56.975
He 14713 59691.82 0.7498 | 119.12 54.56 1.019 53.561
H-beta 59691.32 0.7529 | 117.85 55.36 1.013 54.632
He I 4922 59691.32 0.7529 | 118.96 54.31 0.983 55.224
He I 5015 59691.66 0.7476 | 119.61 56.32 0.988 56.975
He I 6678 59691.60 0.7496 119.49 54.52 0.992 54.960
interval 4635-5050 59691.41 0.7529 | 118.24 54.98 0.971 56.649
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Table A.3: KOREL solutions of orbital parameters for several spectral regions -
BESO & FEROS

Short orbit

. T, w K dK;y /dt f(m)
Spectral line (RJD) e ©) (ms—) | (kms—'.100yr1) | (Mg)
O II, C III, Si IV 54285.3582 | 0.0717 38.41 35.225 0.00266 0.02698
He IT 4686 54285.2872 | 0.0691 37.54 35.054 0.00225 0.02661
He I 4713 54285.1202 | 0.1806 29.39 36.000 0.00328 0.02762
H-beta 54285.4032 | 0.1000 39.12 37.258 0.00206 0.03170
He I 4922 54285.2433 | 0.0569 37.67 35.813 0.00424 0.02844
He I 5015 54285.2298 | 0.0667 37.00 35.403 0.00306 0.02742
He I 6678 54285.2631 | 0.0613 37.37 35.670 0.00313 0.02808
interval 4635-5050 | 54285.2629 | 0.0835 37.09 35.122 0.00343 0.02668
Long orbit
. T, w Ki4o K3
Spectral line (RJPD) (Op) (km.;tl) q (km.s—1)
O II, C1III, Si IV 54984.18 117.11 46.93 0.98749 47.53
He IT 4686 54985.12 112.86 50.48 0.98999 51.00
He I 4713 54985.80 116.51 54.22 0.99486 54.50
H-beta 54983.11 110.65 52.05 0.98515 52.83
He I 4922 54987.77 106.20 49.34 0.97582 50.56
He I 5015 54985.75 118.59 51.77 0.99020 52.29
He I 6678 54984.53 118.62 59.46 0.99095 60.00
interval 4635-5050 54984.38 118.56 52.99 0.99000 53.53

Table A.4: KOREL solutions of orbital parameters for several spectral regions -
FEROS, CHIRON & HERCULES

Short orbit

. T, wp K dK;/dt f(m)
Spectral line (RJD) e ©) (ems—1) | (kms—L.100yr1) | (Mg)
O II, CIII, Si IV | 59671.3435 | 0.0820 35.62 49.623 0.00234 0.07526
He II 4686 59671.4147 | 0.0902 37.935 52.29 0.00224 0.08789
He I 4713 59671.4270 | 0.0910 39.013 51.78 0.00268 0.08531
H-beta 59671.4777 | 0.1016 39.612 54.81 0.00205 0.10085
He I 4922 59671.4176 | 0.0896 38.261 51.77 0.00260 0.08530
He I 5015 59671.4165 | 0.0906 38.476 51.72 0.00268 0.08502
He I 6678 59671.4176 | 0.0933 38.358 51.53 0.00270 0.08405
interval 59671.3494 | 0.0892 37.153 50.84 0.00227 0.08080
Long orbit
. T w Kiqo Ks
Spectral line (RJPD) (013 (ks 1) q (km.s—1)
O II, C III, Si IV 59691.33 119.31 50.62 0.99311 50.97
He II 4686 59692.04 121.98 53.11 0.96000 55.32
He I 4713 59691.96 121.38 52.47 0.97197 53.98
H-beta 59691.91 119.39 54.41 0.98507 55.24
He I 4922 59692.09 122.28 52.81 1.00255 52.68
He I 5015 59692.23 123.03 53.29 0.95078 56.04
He I 6678 59692.22 122.59 52.41 0.95287 55.00
interval 59691.61 118.25 54.37 0.95802 56.75
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Table A.5: List of RVs of § Cir determined by KOREL

A.3 Measured radial velocities of Delta Cir

66

RV} RV, RV;

RJD km.s™! km.s™* km.s™!
54277.5357 | 39.2625  -36.8483 4.81
54278.539 | 180.0684 -241.9905 48.0919
54279.5397 | -18.4913 109.1623  -37.9747
54280.4974 | -127.506  301.1955  -81.7922
54281.489 51.7932  -38.7719 6.5049
54282.4895 | 177.431 -240.9533 -13.7343
54283.5316 | -42.877 109.9217  -38.588
54284.4557 | -125.6368  250.9875  -84.3568
54285.5111 | 80.7686  -100.5679 -37.4037
54286.5221 | 158.1408 -215.1185 31.945
54298.4795 | 110.2603  -144.51 -13.9525
54299.4864 | -99.5523  223.8232 -15.1975
54300.4761 | -84.2348  197.7259 -35.5454
54300.478 -81.229 193.4249  -44.4002
54301.4769 | 163.1505 -224.2753 -10.7322
54302.4788 | 93.7964 -112.2786 -32.4701
54660.4716 | 134.9363 -237.0402  42.0155
54660.4738 | 135.9848 -226.0923  45.1152
54662.6036 | -146.3259 245.4383 5.3741
54663.5894 | -60.7482  123.7264  -0.3569
54664.5399 | 161.779 -288.2429  34.3504
54665.5874 | 37.7788  -46.8379 20.942
54666.4752 | -140.6723 221.8807  27.5865
54667.4791 | -64.2112 111.6246 1.4222
54667.5395 | -44.3725 83.3758 4.4196
54953.7779 | 136.2699 -262.9703  50.8356
53403.7712 | 111.5751 -230.7738  37.7921
55606.7916 | -130.7409 123.0177 44 .454
55698.7191 | 178.5662 -260.498  -22.1098
55003.4423 | 18.4181 -73.809 29.5542
55003.4459 | 18.7015  -73.9794 29.1579
55004.485 | 136.3987 -268.0553  22.7716
55004.4911 | 135.8078 -268.6406  23.0797
55005.7436 | -112.4132 160.9599  34.4217
55006.4467 | -160.3875 235.6373  17.6164
55006.4502 | -160.2382 234.7401 18.5365
55007.4578 | 45.4655  -124.8717  25.2393
55008.4808 | 121.6403 -267.3367  20.6381
55009.5609 | -103.9655 141.3003  20.1892
55010.4695 | -148.6771  226.495 23.5931
55011.6253 | 110.0414 -228.8505 21.5152
55012.4503 | 119.7578 -229.1309  19.6478




Table A.5: List of RVs of § Cir determined by KOREL, continued

RV} RV, RV;
RJD km.s™! km.s™! km.s™!
55028.4593 | 32.1917 -60.7221 24.5892
55028.4614 | 34.0968 -69.214 4.258
55029.455 | -155.6005 211.5262 -30.4572
55029.4576 | -155.1843 180.8297 -35.0973
55029.4597 | -153.3474 224.6357 -11.701
55029.5212 | -157.9948 235.9916  -35.2067
55029.5233 | -158.6872  224.4079  -42.0602
55029.5941 | -164.244  238.0481 1.9698
55029.6426 | -161.6931 238.7408 -7.8336
55029.7319 | -165.5683 216.4033 -1.8585
55030.7407 8.9435 -30.5246 52.9846
55030.7428 9.9542 13.9634 15.8773
55030.7456 | 11.4108 -26.2187 55.5948
55031.478 | 148.4404 -296.749 1.0657
55360.5334 | -60.2724 56.5023 32.6131
55360.5367 | -60.2782 58.6347 41.1021
55360.5419 | -62.0826 60.3556 33.86
55361.5179 | -166.8646 240.2296 42.3703
55364.4855 | -71.3876  107.6328 2.932
55365.4824 | -159.9005 226.7415 33.8712
55365.4866 | -158.4477 240.8287  43.8982
55368.5028 | -97.991 123.7983  31.9971
55369.4993 | -152.2228 206.9578 1.1008
55379.465 68.626 -169.0003  48.9977
55380.4584 | -139.5433 197.6983 8.9959
55382.6147 | 147.4304 -300.6103 62.6149
55383.727 | -10.0502 -105.6807  54.6881
55736.5091 | -87.9748  219.3787 -50.9481
55736.5129 | -86.4213 192.5187 -71.7509
55737.5351 | 156.8143 -208.4138 -82.1589
55737.541 | 161.8209 -214.6525 -53.193
55738.5407 | 104.4181 -110.8466 -81.1781
55738.5464 | 106.8304 -112.8839  -50.724
55739.5379 | -105.2669 233.2755  -56.2032
55739.5427 | -109.1563 241.4754 -11.6831
55740.5354 | -61.2985  189.7322  -50.3525
55740.5428 | -59.0399 176.1215 -48.4231
55741.5143 | 170.5621 -233.7981 -103.191
55741.52 176.114 -233.4691 -52.7674
55742.4628 | 97.9032 -105.8338 -81.399
55742.4783 | 97.9507 -98.3554  -52.2681
55743.6522 | -126.4383 271.2356  -43.0782
55744.5227 | -43.0309 144.3322  -50.8165
55744.5294 | -46.4584  175.4615 2.6819
55745.4669 | 177.5929 -242.0627 -52.386
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Table A.5: List of RVs of § Cir determined by KOREL, continued

RV} RV, RV;

RJD km.s™! km.s™! km.s™!
55745.4736 | 181.1747 -221.139 -17.5666
55760.4689 | 43.7985 -1.976 -17.5157
55760.4734 | 39.9364 61.0507 -17.0493
55760.493 50.6566 13.6667 -30.6245
55762.466 | -12.8555 72.5414 -35.6699
55762.4693 | -14.2456 88.9867 -51.1504
56103.4482 | -81.0508 130.6501 -106.2823
56103.4539 | -86.6478 169.3592 -30.6684
56104.4521 | 159.959 -250.3541 6.8908
56104.456 | 156.7635 -249.1905 -17.9156
56105.454 70.9214 -103.3143 -15.2227
56105.4582 | 67.6081 -101.6498 -39.5122
56106.4571 | -126.8089 241.2735 -5.6684
56106.4612 | -127.8656 243.1102 -15.6197
56106.4669 | -126.9707 243.3479 16.5022
56106.4758 | -125.7954  220.0919 -2.8432
56108.4537 | 169.8413 -264.2109 11.6094
56108.4619 | 166.1095 -268.3713 -18.4616
56109.4516 | 49.0847 -70.6649 2.0406
56109.4562 | 49.7441 -64.4001 -15.2756
56109.4612 48.115 -60.9145 -16.4934
56110.4526 | -136.8432 257.2174 -27.921
56110.4599 | -138.0302 238.2844 -39.777
56111.4644 | -29.6719 86.5531 -11.4318
56111.4711 | -25.3446 86.3758 -39.51
56113.4528 | 35.4406 -74.4238 -30.964
56113.4597 | 34.7137 -72.234 -42.7752
56132.465 128.9602 -211.4948 0.1201
56133.4631 | -82.6498 183.5076 -12.0981
56133.4663 | -83.9063  199.8605 6.8885
56133.4706 | -84.8901 164.3201 -16.2064
56134.468 | -123.4628 227.3561 -11.8172
56134.4759 | -122.8763 218.7413  -12.0976
56135.4615 | 115.6141 -185.232 -12.9351
56135.4683 | 114.7255 -195.7784 -33.1477
56136.4612 | 114.4846 -182.6478 -13.5097
56136.4704 | 110.2221 -197.5 -39.2407
59219.8746 | 23.3236 -50.8045 -36.1589
59241.8811 | 131.3699 -203.6131 -27.6476
59251.8905 | -133.7932  258.602 13.4793
59253.8629 | 169.6137 -266.8088 -24.4871
59258.879 24.3735 -21.3905 -104.856
59267.7634 | -140.7519  269.6085 4.5362
59276.8782 | 100.6311 -154.3577 -27.122
59279.8146 | -119.5804  264.122 18.6526
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Table A.5: List of RVs of § Cir determined by KOREL, continued

RV} RV, RV;
RJD km.s™! km.s™! km.s™!
59286.8022 | -117.903 240.1391 35.7736
59290.8611 | -137.4652 238.8434  -17.3377
59294.7902 | -129.3576 248.6332 -27.2338
59615.8934 | -35.2527 54.05 5HR.2745
59616.9075 | 164.1374 -290.6183 4.0045
59617.8863 8.3659 -140.1653  32.7899
59618.8802 | -144.8759 247.3771 35.7774
59619.9047 | -6.4287 17.2399 8.7353
59620.8922 | 165.5054 -290.5115 5.1986
59620.8957 | 164.0899 -297.0147 4.3971
59634.8974 | -127.2495 230.2016 9.4259
59634.8992 | -125.6262 228.4539 29.8447
59635.8231 | 69.2296 -129.7837 -21.3225
59635.8249 | 70.4872  -140.9958 -34.64
59636.8661 | 124.9699 -225.1893 5.9597
59636.8679 | 123.2368 -223.432 5.6878
59637.8645 | -99.5106 158.8166 5.6349
59637.8663 | -99.6541 174.551 1.1817
59637.8827 | -101.1211 165.1338 5.168
59637.8845 | -101.5471 164.3996 4.8697
59638.8726 | -125.2286  212.552 36.9793
59639.8509 | 95.3743 -186.0644 2.6773
59683.6694 | 132.0296 -240.2717  14.8299
59684.7161 | -110.5358  164.613 11.8658
59685.7682 | -116.5874 193.2 8.1659
59686.6963 | 100.2419 -193.0991 2.8087
59687.7052 | 107.1998 -212.0004 55.2637
59689.7036 | -111.6146 185.6041 9.9945
59690.7503 | 134.3745 -252.0727  13.7903
59691.7154 | &84.7189  -150.6027 9.1541
59692.7074 | -133.7378 212.6862 9.1984
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