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ABSTRACT

Eclipsing Binaries (EB) are systems in which two stars orbit around the
common center of mass at such an angle that they are seen transiting each
other to an observer on Earth. Mass and radius, the two fundamental prop-
erties of a star that allow us to infer its age, evolution and luminosity, can
be determined precisely from observations of such EB systems. Stars hav-
ing masses > 1 M observationally match well with the theoretical models
of convective interiors and radiative atmospheres. However, there have been
discrepancies reported for the observed and model-derived stellar radii of very
low mass stars (VLMS) of masses < 0.6 M (Torres, Andersen and Giménez,
2010). With the motivation to study these VLMS, which are poorly modelled
due to limited observational data, we shortlisted a collection of 10 potential EB
candidates from the photometric catalogues of Kepler, STEREQO, and Super-
Wasp for the EB programme initiated at Physical Research Laboratory (PRL).
The aim of the study is to look for single-lined EB systems (for which spectra
of only the primary can be recorded), where VLMS occur as companions to F,
G, K type primaries, for precise characterization of masses and radii at better
accuracies. Radial velocity (RV) data of these sources were obtained using the
high-resolution spectrograph, Physical Research Laboratory Advanced Radial
velocity Abu-sky Search (PARAS) (Chakraborty et al., 2014) coupled with the
1.2 m telescope at Gurushikhar Observatory, Mount Abu, India. Wideband
differential photometry with the help of a 10 inch telescope located at PRL’s
Mount Abu Observatory has also been performed to complement the spec-
troscopy. In addition, for a few sources, the archival photometry data have
been analysed and included in our study. A software code, PARAS SPEC
has been developed to determine the stellar properties of the host star (T,
[Fe/H] and log g), essential to determine the mass and radius of its com-
panion, based on the synthetic spectral fitting and equivalent width methods.
The basic principles and methodology utilized to develop this tool and results
obtained when applied to some of the programme stars are discussed.

The major result that has emerged from the work is the confirmation of
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discovery and characterization of stellar parameters of four VLMS out of which
three are mid M dwarf secondaries (M3/M4 spectral type) in three F+M EB
systems namely, HD 213597, HD 23765 and SAO 106989. Orbital parameters
and system properties such as period, RV semi-amplitude, semi-major axis,
masses, radii of the components and inclination in all but one system are
derived here at accuracies of 5 — 8%. The fourth EB, J2343+29, is a K+M
EB where the secondary has a mass of 0.098 £ 0.003 Mg, the second least
massive star discovered till date, for which masses and radii are determined
with accuracies of 4 — 5%. A comparison has been made between the values
determined from observations and those derived theoretically for all the M
dwarfs. It is seen that for the M dwarfs, HD 213597B and HD 23765B, the radii
derived from observations are larger than the model derived values (Baraffe
et al., 2015); while for J23434-29B, the observed value is in agreement with the
model. However, for the fourth M dwarf studied here, namely, SAO 1069898,
the observationally reported value of the radius based on SW photometry
is smaller than the theoretically derived one. We suspect noisy photometry
data for erroneous measurements for the radius, demanding thus, the need
for accurate ground based photometry. The study of mass-radius relation for
VLMS at high accuracies has been limited. A significant contribution from
this work is the addition of four VLMS to the existing 26 VLMS studied in
literature previously for the determination of their masses and radii at similar
high accuracies.

Keywords: Low Mass stars - Eclipsing Binaries: Techniques: High res-
olution Spectroscopy, Photometry, Radial Velocity: Spectral property of the

star
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Chapter 1

Introduction

Stars form the primary building blocks of galaxies and hence fundamental
understanding of their structure and evolution is immensely important. Stars
are the natural laboratories where we can test our models and theories. The
pre-main sequence and the main sequence evolution of a star depends on its
mass and the initial chemical composition. Testing of various stellar structural
and evolutionary models involves precise measurements of physical parameters
such as age, mass, radius, temperature, chemical composition of the stars
(Torres, Andersen and Giménez, 2010). The sample size should be significant
in order to test and reconcile the stellar evolutionary models. Accurate direct
determination of stellar parameters like mass and radius are only possible
by observations of eclipsing binary stars, the kind of binaries focused upon
in this thesis. Such systems offer a unique opportunity to study stellar and
orbital parameters by quantifying the gravitational interaction between the

components.

1.1 Motivation for the current research work

Stars in binaries wherein both the components have masses > 1M have been
studied for a long time and significant advances have been made since then to

determine their physical properties by photometry and spectroscopy techniques
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(Popper, 1974; Andersen, 1975; Vaz et al., 1997; Popper and Tomkin, 1984;
Andersen and Clausen, 1989; Ribas, Jordi and Torra, 1999; Torres et al., 2000;
Lacy et al., 2004; Southworth and Clausen, 2007; Pietrzynski et al., 2009).
The stellar models associated with such objects have been able to reproduce
the observations fairly well (Andersen, 1991, 1998; Torres and Ribas, 2002).
However, low mass stars (LMS), objects having masses less than 1M, (Ribas
et al., 2008), are studied poorly, mainly because of their relative faintness in
the visible bands. The study of such stars was initiated by Kumar (1963) who
showed that there is a lower limit to the mass of a main sequence star, the
hydrogen burning minimum mass (HBMM) at around 0.085 M, below which
the stars become completely degenerate (Hayashi and Nakano, 1963). Objects
having masses between 0.085 — 0.6 My are termed as very low mass stars
(VLMS) (Chabrier and Baraffe, 1997b). Based on spectral classification, these
objects are M dwarfs having spectral types ranging from My to Mo (Baraffe
and Chabrier, 1996). VLMS objects also include the recently studied new class
of objects, L and T dwarfs, first identified by Kirkpatrick (2005) which lie
very close to the boundary of the HBMM. There are other interesting objects
known as brown dwarfs, the substellar objects which lie below the HBMM and
are thus unable to sustain hydrogen burning (Chabrier and Baraffe, 1997a).
The term brown dwarf was proposed by Tarter and the objects were first
discovered by Nakajima et al. (1995). VLMS form a major fraction of the
galactic population (Chabrier, 2003). Salpeter (1955) was first to show that
the distribution of stars more massive than Sun can be represented by a power-
law function. A similar distribution was observed for VLMS objects (for masses
less than 0.6 Mg) (Mera, Chabrier and Baraffe, 1996), dN/dm oc m™® with
a =~ 2 £+ 0.5. Despite the monotonic increasing nature of the mass function
with decreasing mass, these stars are studied poorly, prominently due to their
less luminous nature in the visible band with their peak emission lying in the

infrared wavelengths.

The abundance of M dwarfs also makes them prominent targets for the

hunt of planets around them. The characterization of a planet’s mass and
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radius requires precise study of its host star. Thus, it is of immense impor-
tance to model the masses, radii and thereby the interiors of the parent stars
precisely. As seen from the statistical analysis of the optical and near-infrared
photometry light curves on the candidates from Kepler Input Catalogue, an
occurrence rate of 1 — 2 planets is predicted per M dwarf with orbital periods
less than 150 days (Dressing and Charbonneau, 2013; Ballard and Johnson,
2014). The smaller size of M dwarfs leads to a higher probability of discov-
ering earth-like planets around them due to a relatively larger transit depth
induced in comparison to the transit depth induced by a similar mass planet
associated with a star having mass > 1 M. Apart from the planet causing a
larger transit depth on its host M dwart, the planet will also exhibit a relatively
larger gravitational force on its companion M dwarf in comparison to a similar
mass planet associated with a star having mass > 1 Mg. Thereby, smaller
planets around M dwarfs can be easily detected within the current existing
RV precision limitations on large telescopes. The size and evolution of habit-
able zone of a planet, which is defined as the region around a terrestrial planet
with atmospheric conditions favourable to sustain liquid water on its surface
(Hart, 1978; Kopparapu et al., 2014), depends on the mass of the parent star.
Thereby, the habitable zone boundary for a M dwarf would be closer than that
for a solar mass star and hence a planet lying in this zone would be compar-
atively easier to detect as compared to a similar mass planet around a solar
type star. Since characterization of such planets require accurate modelling
of their VLMS hosts at high accuracies, it is necessary to increase the sample

size of study for VLMS objects.

There are several discrepancies regarding the stellar parameters associated
with the VLMS. In order to make critical assessment on stellar evolution mod-
els, a general perception is that an uncertainty above 10% on the observed pa-
rameters like masses and radii is unacceptable (Torres, Andersen and Giménez,
2010). A total of 95 detached EB systems, having accuracies on masses and
radii as high as 3%, were identified and discussed upon in a critical compila-

tion by Torres, Andersen and Giménez (2010). The authors asserted from their
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work that the VLMS objects, which occur in short orbital period binaries, have
a radius 10% larger than the binaries in long period orbit. Mass-Radius (M-
R) relation from theoretical models serve a crucial test for verification of the
stellar parameters of M dwarfs against the values derived from observations.
A vast majority of observations of M dwarfs for varying masses have reported
a higher radius by 10 — 20% and a temperature lower by 5 — 10% than those
predicted by the models (Torres and Ribas, 2002; Ribas, 2003; Lépez-Morales
and Ribas, 2005; Lopez-Morales, 2007; Ribas et al., 2008; Torres, Andersen and
Giménez, 2010). The mismatch of the radii as seen in these stars is termed as
the “M dwarf radius problem” (Triaud et al., 2013). Studying VLMS in EBs
with an aim to alleviate the M dwarf radius problem is the motivation for the
current research work.

This introductory Chapter gives an overview of various types of eclipsing
binaries (EBs), the prime focus of this research work. An introduction is given
to the techniques undertaken to study these objects, namely, the radial velocity
(RV) technique and transit photometry. The discrepancies associated with the
mismatch in the measurements of masses and radii through observations and
the existing stellar models for VLMS objects, and the hypotheses, which are
postulated to reason for some of these observed discrepancies, are described.
At the end of the Chapter, we summarize the objectives of the research work

undertaken.

1.2 Binary stars

The term ’binary’ in context of double stars was first used by Sir William Her-
schel while cataloguing 500 new nebulae, stars and clusters of stars (Herschel,
1802). The occurrence of binary systems is quite common. A statistical study
of the binaries using the WIYN 3.5 m and Gemini 8.1 m telescopes on the Ke-
pler exoplanet host stars by Horch et al. (2014) has revealed a binary fraction
of 40 — 50%. These results are in accord with the work done by Duquennoy
and Mayor (1991), where they found a binarity fraction of ~ 57% on solar
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type stars; and the work done by Fischer and Marcy (1992) on M dwarfs,
where they found a binarity fraction of ~ 42%. Binary stars have led to the
determination of an empirical mass-luminosity relationship through which the
masses of single stars can be estimated (Kuiper, 1938). Angular momentum
and mass ratio remain conserved in binary systems and thus can shed light on
the conditions under which the stars were formed (Larson, 2001).

Calculation of their orbits allows masses of their companion stars to be
determined directly, which helps us gather information on other stellar param-
eters, such as radius and density. Consider a binary system where the two
stars are moving around the common centre of mass in circular orbits with

velocities v; and ve. Their velocities can be written as (Carroll and Ostlie,

2006):

2may 2mas
= and vy =

= = (1.1)

where a; and as are the semi-major axes of the ellipses of the binary orbits
having a period P. The quantities v; and v, are not directly observed. Instead,
what we observe is the projected velocities of the stars along the line of sight.
The angle formed between the orbital plane of the binary and the plane of the
sky (perpendicular to observer’s line of sight) is called the angle of inclination

(7). The observed projected velocities for the two stars is given as:
Upp = v1sing  and v, = V9 Sint (1.2)

The ratio of masses of the two stars is given as

m_ % (1.3)
mo aq
The orbital separation of the components is given as
P
a=a;+ay=—(v1 +vy) (1.4)

27

Kepler’s third law gives the relation between the orbital period and the orbital
separation of a two-body system as

4Am%a3 P3(vy + v7)3

pP? = =
G(mi+ms)  27G(my + ms)

(1.5)
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Rearranging the equation, we get

P
mi + mo = ﬁ(vl + U2)3 (16)

Substituting Eqn. 1.2 in the above equation, we derive a relation between the

observable projected velocity and masses for the two stars in a binary orbit.

P (Url + UT2)3
217G sin®i

(1.7)

m1+m2:

Since, our study involves eclipsing binaries (EBs), a brief description is

given below.

1.3 EBs and their classification

Stellar systems gravitationally bound to each other where the orbital plane
is inclined in such a way that one component passes in front of the other
causing variations in brightness are known as EBs (Kallrath and Milone, 2000).
Photometric light curve modelling of these stars enables one to get the value
of radius and effective temperature of the components (Carroll and Ostlie,
2006). Spectroscopy gives more information on such systems than photometry.
Depending on the period of the binary system, we see the periodic shifts in the
Doppler lines present in the spectra of the component stars. If the luminosities
of both the components are comparable, then the spectra of both the stars are
observable. These are called double-lined spectroscopic binaries (SB2). For
the cases, where spectra of only single star are visible due to intrinsic faintness
of the secondary component, the stars are called single-lined spectroscopic
binaries (SB1) (Carroll and Ostlie, 2006). VLMS, which are relatively faint in
the visible band, can be studied indirectly in SB1 systems.

Based on their orbital morphology, the binary systems may be classified as

follows:

e Detached EBs: The first class is the well-separated EB also known as
detached EB, component stars of which have very little effect on each

other, and their evolution is similar to that of single stars. Such stars
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can thus be easily used to verify stellar evolutionary models. In detached
EBs, the Roche lobes for both the component stars are not filled and

hence there is no mass transfer between the components.

e Semi-detached EBs: For the semi-detached systems, the more massive
component is the main sequence star and the less massive component is
usually a cooler and larger sub-giant with partly or fully filled Roche
lobe (Malkov et al., 2006). In the case of fully filled Roche lobe, mass

transfer can occur from the more massive star to its companion.

e Contact EBs: The third class is of the close or contact binaries, the ones
where each component has a surface larger than its Roche lobe (Wilson,
1979). Study of evolution processes of contact binaries is a little more
complicated as they evolve via angular momentum losses by magnetized
winds and also by mass transfer. The tidal force in contact binaries,
which is stronger than the other two classes, and viscous dissipation oc-
curring in the system drive the EBs towards a synchronous orbit (Rasio,

1995).

The ability of an observer to predict precise masses and radii in detached
EBs permit direct comparison with the models at a fundamental level (Feiden,
2015). The determination of masses, radii and temperatures in case of EBs,
where both the components can be studied by spectroscopy and photometry,
help us deduce luminosity of each of the stars in the system and hence precise
measurement of their distance can be accomplished. Thus, EBs are used as
standard candles upto distances of several kiloparsecs in some cases, especially
where extragalactic EBs are discovered, a distance of 45.7+1.6 kpc is estimated
for the Large Magellanic Cloud and a distance of 772 + 44 kpc is estimated
for the Andromeda Galaxy with the help of EBs (Guinan et al., 1998; Ribas
et al., 2005).
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1.4 EB: Methods of Detection

VLMS objects are the prime sources of interest for this thesis work. Though,
it is not always possible to resolve the individual components of the binary
by the direct methods of detection like imaging, it is still possible to probe
the system by methods like astrometry or RV and transit photometry and
perceive useful information. In single-lined detached EB systems where VLMS
objects occur as companions to brighter F, G and K type stars, RV and transit
photometry techniques ensure indirect determination of stellar parameters at

high accuracies. This section focuses on the description of both the techniques.

1.4.1 Transit photometry

In order to monitor eclipses, the technique of recording and plotting time
dependent flux over the phase or period of the orbit is called transit photometry
(hereafter photometry). The photometry done on the EB system gives a wealth
of information. The total flux as seen from the EB has a contribution from both
the components of the system, the primary star (heavier) and the secondary
star (lighter). The passage of an object in front of the other leads to partial
blockage of the light coming from one of the objects, which causes dips in the
brightness periodically based on the orbit of the EB. The primary eclipse, by
definition, is when the primary star (in most cases the more luminous one)
is behind the secondary (in most cases the less luminous one). The primary
eclipse is, thus, in general deeper than the secondary eclipse. However, for
cases, where the primary despite being heavier object is less luminous than
the secondary, say for a white dwarf, primary eclipses will be shallower than
the secondary. If both the primary and secondary eclipses are seen for the EB,
the light curve will have double eclipses. It may not be always possible to see
secondary eclipses in EBs by a moderate size telescope or due to a less efficient
detection capability due to its smaller depth. The size of the dip in brightness

expected during the transit can be estimated simply from the fraction of the
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brighter stellar disc covered by the fainter one (Haswell, 2010):

AF  4mRp’

F N 47TRA2 (18)

Here, F' is the measured flux of the star and AF is the change in the flux
during transit, 4rR4? and 4rRp? are the surface areas of the primary and
secondary components respectively. Thus, the dip in the magnitude of the
primary (or secondary star) depends on the size of the eclipsing companion.
However, it also depends on the geometric alignment of the two stars as seen
from earth. For an orbit parallel to the sky, 7 is 0°, a condition for face-on orbit
and no transit will be seen in such a case. On the other hand, for an orbit
perpendicular to the sky, 7 is 90°, a condition for edge-on orbit and transit
will be seen in this case. If the smaller star is completely eclipsed by the
larger one and if the larger star is hidden by the secondary when the smaller
passes in front of it, constant amount of light will be blocked for that duration.
This results in constant minima of the eclipse indicating ¢ ~ 90° whereas if
the minima are no longer constant, it indicates that 7 should be less than 90°
(Carroll and Ostlie, 2006). As seen in Fig. 1.1, t, and t, are the points of
first contact and second contact (minimum light) respectively which is helpful
in determination of radius of the larger star (primary) and the secondary is
estimated by considering the time between first and third contact (t.) (Carroll
and Ostlie, 2006).

As seen in Fig. 1.1, the primary eclipse occurs when the smaller star transits
the larger star between the points a and d. Though, the larger star is not fully
hidden from view, a constant amount of area is still obscured. The secondary
eclipse occurs when the larger star is occulted by the smaller, here in the figure
between points e and h. The total eclipse duration is dependent on the size
and also the inclination of the orbit.

Mandel and Agol (2002) have modelled the transit of a spherical star by
a dark sphere. The analytic formulation valid for a star-planet system can be
extended to a star-VLMS EB system as the VLMS objects are faint enough to

hardly contribute any light of its own and can be well approximated as a dark
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Figure 1.1: Light curve of the EB system seen from the observer point of view.

The primary and secondary eclipses are indicated based on the points of contact.

sphere. Consider, d to be the separation between the two stars, r; and r9 be
radii of the two stars, z = d/r; is the normalized separation of the centers
and p = ry/r; is the ratio of the radii of two stars. The flux relative to the
unobscured flux is F. The ratio of obscured to unobscured flux is given by

Mandel and Agol (2002) as:

where,
0, forl+p< =z
l[ 2 _ . [422=(1+22—p?)? _
~[p°Ko + K1 1 |, for|l—p|l<z<1+4p
A(p, 2) = (1.10)
P2, for2<1—0p
17 for z < D — 1

Here, k1 = cos™'[(1 — p* + 2%)/22], ko = cos (p® + 2% — 1)/2pz]. The
transit data is modelled with this formulation for the regimes in and out of
transit times. ko and x; along with p leads to determination of radii and 7 for

the EB by photometry method.
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1.4.2 Radial Velocity

Radial velocity is the line of sight velocity of the object as seen from Earth.
The concept and the techniques used in its determination are discussed here.
1.4.2.1 Concept

The basic principle behind the ingenious method of RV comes from the simple
physics of Doppler effect. For a non-relativistic case, any rest-frame photon
of wavelength A\, will be detected at a different wavelength A by an observer
depending on whether the source is moving toward the observer (blue shift) or

away from the observer (red shift) as shown in Fig. 1.2.

=
red shift

® VVVV\W

blue shift

o VW@

Figure 1.2: The spectral lines shift towards red or towards blue due to the Doppler

effect as the source moves away or toward the observer.

This can be given in the form of an equation

vsing A — A,
= 1.11
. N (1.11)

Here, v is the velocity of the source moving, 7 is the angle of inclination be-
tween the plane of the sky and the plane in which the source is moving, c is

the velocity of light. Thus, vsin¢ is the RV of the source. Vogel in the year
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1888 demonstrated the Doppler effect by photographically recording the dis-
placement of lines in the stellar spectra for the stars which moved along the
line of sight (Seager, 2010). This effect has been used as a powerful tool to
study stellar kinematics, orbital parameters of stellar binary systems and to
identify stellar pulsations. If the star happens to be in a binary, the RV of
each component varies with time periodically.

The wavelength shift can be translated to RV shift in velocity space based
on the Eqn 1.11. Sources for which spectra of one of the stars in binary are
visible are known as single-lined eclipsing binaries and systems for which spec-
tra of both the stars are visible are known as double-lined eclipsing binaries.
The mapping of RV shift for a double-lined EB as a function of orbital phase
is schematically shown in Fig 1.3. The smaller of the two stars is denoted
in red colour and the larger of the two is denoted in blue. The corresponding

RV curves based on their orbital phases are shown in the right side of the figure.

positive
3

IaABsqO O

=
Radial \'/_.elouty
;
~l
m \
g |
=t
5

v
7 negative

Figure 1.3: RV curve is shown for the orbit of a double-lined EB also known as
SB2 as spectra for both the stars are seen. If spectrum from single star is seen, such
systems are known as single-lined EB or SB1. Based on phase of orbit for the two

stars, the RV curve varies with a maximum which equals the RV semi-amplitude.

Based on the orbital phase, the RV value varies leading to a sinusoidal

curve having a RV semi-amplitude (K) given by (Seager, 2010):

27 G'YP 1

Iz f(m) N

K (1.12)
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Mo Sint

where f(m) = 7

(my + mgy
is the mass function of the EB system (Kallrath and Milone, 2000). Here, P, e,
G and 7 stand for orbital period, eccentricity of the system, gravitational con-
stant and angle of inclination; m; and msy are masses of the two components in
EB. Thus, the quantity we derive from RV measurements is the mass function.
A knowledge of the primary mass (m;) and sini is needed to calculate the
secondary mass (mg). The former quantity can be derived by estimating the
stellar parameters of the primary by high-resolution spectroscopy as discussed
in Ch 3 while the latter one can be derived by photometry as presented in

§ 1.4.1 of this Chapter.

1.4.2.2 RV technique

The usage of RV technique in high-resolution spectrographs has gained momen-
tum since the past half century for determination of masses of the components
and the orbital parameters in EB systems as well as star-planet systems. The
precision achieved with this technique has seen major improvement over the
years. RV precision is dependent on the calibration techniques used in the
spectrographs. In 1953, RV studies began with the usage of telluric lines (ab-
sorption lines present in the atmosphere of Earth) as the reference lines against
which the stability of spectra was verified. A typical precision of 750 m s=*
was achieved with this technique by Griffin and Griffin (1973). The telluric
lines were later replaced by hydrogen fluoride (HF) in a glass cell. Similar to
telluric lines, HF' lines provided absorption features in the stellar spectra and
provided a calibration source but limited to a small wavelength range of 50 A
(Campbell et al., 1979). To broaden the range of wavelength calibration used
and improve the precision of RV, emission spectrum from calibrating lamps
such as thorium argon (ThAr) was used (Baranne et al., 1996). Currently, two
calibration techniques are being used for precise RV determination which are

described in the following sections.
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Iodine cell technique: In this technique, a glass cell is filled with iodine in
the vapour form and maintained at a constant temperature and pressure. This
cell is inserted in the light path; in front of the slit of the spectrograph. This
leads to a dense forest of molecular absorption between the wavelengths of
5000 — 6200 A (Seager, 2010) superimposed on the stellar spectra. Observation
of the iodine spectrum superimposed on the spectrum of a featureless star such
as B type star is carried out with a Fourier Transform Spectrometer at the
beginning and end of each night. Valenti, Butler and Marcy (1995) devised
a technique where the PSF of the star is modelled as a sum of Gaussians
and a wavelength solution is generated for the superimposed spectra with no
Doppler shifts for the reference iodine spectrum. In the next step, the process
is repeated by taking the spectra of the program star with the iodine cell. The
wavelength solution generated in the previous step is applied at this step and

Doppler shifts are calculated with respect to the reference spectrum.

Simultaneous Thorium-Argon Reference technique: The simultane-
ous Thorium-Argon (ThAr) reference technique was introduced by Baranne
et al. (1996), which uses ThAr lamp as the calibrator source. Along with
stellar spectra on one of the channels, a reference spectra from ThAr lamp
is simultaneously obtained in a similar optical path onto the second channel.
ThAr lamp is a laboratory source and the spectra obtained can be wavelength
calibrated from pre-determined solutions. Since, the optical path seen by both
the channels is same, the wavelength calibration solution of ThAr is applied to
the stellar spectra (Seager, 2010). ThAr spectra are taken after fixed intervals
of time in the duration of the observation night (6 —8 in number) to determine
the drift in the spectra due to minute changes in the temperature and pressure
(see Chakraborty et al. (2014) for details). Wavelength shifts obtained due to
the above mentioned reasons are then compensated. High SNR stellar spectra
in the form of a zero RV mask is used to compute the RV value from each
wavelength calibrated stellar spectra by the technique of cross-correlation (See

§ 2.6 for details). Currently for high SNR, RV measurements of sub m s™! can
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be obtained by ThAr simultaneous reference method (Lovis et al., 2006). This
has not only enabled the discovery of substellar masses, like brown dwarfs,
but also sub-Jupiter-sized planets (Marcy and Butler, 2000). This technique
has been successfully used in many spectrographs, namely, High Accuracy
Radial velocity Planet Searcher (HARPS) installed on ESO 3.6 m telescope
at La Silla Observatory, Chile (Pepe et al., 2003), ELODIE at Observatoire
de Haute Provence (OHP), France (Baranne et al., 1996), Spectrographe pour
I’Observation des Phénoménes des Intérieurs stellaires et des Exoplanétes (SO-
PHIE) at OHP (Bouchy and Sophie Team, 2006), CORALIE at La Silla (Udry
et al., 2000).

Comparison of the two methods: These two methods have their own
share of advantages and disadvantages. lodine cell technique has an advan-
tage of having thousands of iodine absorption lines which are superimposed
onto the stellar spectra by sharing a common stellar path leading to better
estimation of drifts in the spectra occurring due to external factors. However,
since iodine cell has its major lines clustered in the visible band, it is difficult
to study stars which have peak emission towards the red and infrared wave-
length region. Moreover, the absorption cell also absorbs 30 % of the incoming
photons (Mason, 2008). For the case of ThAr calibration technique, there are
thousands of emission lines spread over a broader wavelength region, out of
which 3800 — 6800 A is best utilized in most of the spectrographs (Chakraborty
et al., 2014). Broad wavelength coverage is necessary to improve the RV preci-
sion capabilities. There is no loss of photons by absorption as both the spectra
are observed onto two different channels. However, the entire instrument needs
to be installed in an isothermal and mechanically stable environment to ac-
count for drift in spectra due to external conditions (Mason, 2008). Therefore,
the instrument design becomes more complicated than that using the iodine

calibration method.

Currently, we are using the ThAr simultaneous calibration method at

the Physical Research Laboratory Advanced Radial velocity Abu sky Search
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(PARAS), and have achieved high precision by initiating RV studies (Chakraborty
et al., 2014). (For details refer Ch 2). With our EB program, we aim to deduce
the masses and radii of the components in the EB and also infer the orbital

evolutionary status of the EB based on its orbital parameters.

1.5 Tidal interaction in EBs

F-type primaries with M-type secondaries (hereafter F+M binaries) are often
discovered in transit surveys that are primarily designed to search for transiting
planets (e.g. Bouchy et al. (2005); Beatty et al. (2007)). Over the last few
years a handful of F+M binaries have been discovered and their properties
determined (e.g. (Pont et al., 2005a,b, 2006); Fernandez et al. 2009). F-type
stars are typically fast rotators with a tenuous convective zone. Bouchy et al.
(2011a) suggest that there is a higher probability of M dwarfs orbiting F-type
primaries, in contrast to G-type primaries. Bouchy et al. (2011a,b) further
suggest that for a massive companion to exist around a primary star, the
total angular momentum must be above a critical value. If a primary star
has a shorter spin period than the orbital period of the system (as in the
case for G-type stars), the tidal interactions between the two stars will cause
the secondary companion to be eventually engulfed by the primary. However,
this is less likely to occur among fast rotating F-type stars which have weaker
magnetic braking and can avoid the spin-down caused due to the tides raised
by the massive secondary. This helps the companions around F-type stars to
survive rapid orbital decay due to loss of angular momentum. Tidal evolution
may be studied by measuring the degree of circularization of the orbit and the
level of synchronization of the rotational velocities. In a sample of 95 binary
systems studied by Torres, Andersen and Giménez (2010), 44 were found to be
eccentric. Stars were studied separately for the ones having radiative envelopes
or convective envelopes. Orbits for short period stars were found to be circular
while the longer period stars had a range of eccentricities with no case of

eccentric orbit below 1.5 d. Torres, Andersen and Giménez (2010) have also
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noted that stars with a convective envelope have circular orbits for some longer
period orbits in comparison with the ones having radiative envelopes. The
other important parameter in understanding tidal evolution is comparing the
rotational period of the stars with the values expected from synchronization
with the orbital period (Zahn, 1977). The speed at which the stars spun up or
spun down in the course of evolution will depend on the relative radii (ratio
of orbital semi-major axis and the radius of the star, a/R.) of the stars. The
overall tendency in binaries is thus to spin up the convective stars by increasing
their rotational velocities and to slow down the ones having radiative envelopes
by decreasing their rotational velocities. Thus, the evolution of binary stars

would be different relative to their single counterparts.

1.6 Mass-Radius relation in VLMS

M-R relation has been an important parameter studied by astrophysicists to
verify the stellar evolutionary models. The M-R relation as shown in Fig. 1.4
starting from Sun to gaseous planets can be summarized in a simple polytropic
relation, R M= (Chabrier et al., 2009). LMS objects are shown in the
Fig 1.4 plotted on theoretical isochrones (line connecting points of same age)
of 1 Gyr, 5 Gyr and 10 Gyr (Baraffe et al., 1998). As shown in the figure, LMS
from Sun to the HBMM have a polytropic index, n ~ 3 for stars with radiative
cores to n = 3/2 for stars with convective cores having masses below 0.4 M. A
decrease in polytropic index leads to decreasing central pressures and densities.
The polytropic index, n, for Jupiter mass objects, is close to 1. Further down
the mass regime, for the case of planets, the index n = 0 indicates homogeneous
incompressible matter. For stars with a combination of a classical ideal gas
equation of state (EOS) and the quasi-static equilibrium condition, yields R
M dependence. Since, surface density varies inversely as a third power of
radius, with a decrease in mass, the surface density increases leading to the
electrons becoming degenerate. The onset of degeneracy corresponds to the

HBMM.
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Figure 1.4: M-R relationship from Sun to Jupiter for three different isochrones.
Characteristic values of the polytropic index n are indicated. Image credit (Chabrier

et al., 2009)

Through careful photometry and spectroscopy, it is possible to obtain radii
and masses of individual components with accuracies as high as 1 % for double-
lined EBs. Such precise measurements impose strong constraints on stellar
evolution models. Lépez-Morales (2007) has compiled a sample of 48 LMS
which have masses in the range of 0.092 to 0.960 M. The precision in the
mass and radius measurements would be different depending on the brightness
of the stars and measurement technique employed to derive the parameters.
For stars with masses below 0.5 M, the measured radii appear to be 20 —30%
larger than predicted (Lépez-Morales, 2007).

The techniques of RV and transit photometry have been applied to hun-
dreds of EBs studied in literature (Andersen, 1991; Torres, Andersen and
Giménez, 2010), and references therein. A M-R plot of the studied low-mass
stars in detached EBs is provided in Fig 1.5. The figure also shows objects
that have reported error bars in both masses and radii below 3% (Ribas et al.,

2008). The systematic offset of 5 — 10% between the observations and the 1
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Figure 1.5: M-R plot for low-mass eclipsing binary stars with empirical determina-
tions. Only few of the stars have uncertainties below 3%. The solid line represents
a theoretical isochrone of 1 Gyr calculated with the Baraffe et al. (1998) models.
Image credit (Ribas et al., 2008)

Gyr isochrone from the models of Baraffe, Chabrier and Barman (2008) may
be noticed. Stars having masses less than 0.4 My have still not been studied
extensively for their M-R relation (Triaud et al., 2013) as rightly seen from
Fig 1.5, in which the regime below 0.4 My is sparsely populated. Moreover,
objects close to the mass range of 0.3 — 0.4 M, occur in the transition bound-
ary regime between the partially radiative and completely convective means
for energy transport (Chabrier and Baraffe, 2000). Thus, this region needs
more careful inspection, as the underlying physics used in the models for this
mass regime is poorly understood. Thus, in this work, stars having masses

between 0.08 — 0.4 M, were chosen for evaluating the M-R relationship.

The limited number of high-resolution spectrographs dedicated for studying
VLMS in EBs has led to scantily made high precision studies. The theoretical
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models require improvement at each stage based on the observational updates
to rectify the discrepancies associated with them. A few plausible reasons were

suggested in the literature in order to account for the discrepancies.

1.6.1 Stellar magnetic activity hypothesis

Stellar activity hypothesis suggests that the afore-mentioned disagreement be-
tween theory and observations may be caused by the degree of magnetic activ-
ity in stars: strong magnetic fields inhibit convection leading to inflate stellar
radii (Lopez-Morales and Ribas 2005; Mullan and MacDonald 2001). As men-
tioned earlier, convection is the most efficient mechanism of energy transport
in the low mass regime. The topology of magnetic fields in the interior of
VLMS changes for stars of masses around 0.4 M. Objects having mass above
0.4 My exhibit a toroidal field and objects below this limit are dominated by
poloidal field showing some modest level of differential rotation. Baraffe et al.
(1998) presented evolutionary models for low mass stars (from 0.075 Mg to
1 M and metallicities between [M/H| = 0 to [M/H] = —0.5) and were able
to derive mass-My (My is magnitude in V band) and mass-Mg (Mg is magni-
tude in K band) relations in good agreement with the the empirical relations
derived observationally. However, the uncertainties do exist for stars having
temperatures below 3700 K (Baraffe et al., 1998). Due to lack of observational
data, the effect of magnetic activity on the M-R relation is not examined for
stars having temperatures below 3700 K and hence smaller masses (for the case
of M dwarfs). As discussed in § 1.5, tidal interactions in close binaries causing
orbital synchronization is the distinctive feature occurring in VLMS evolving
in binaries as compared with those evolving as single objects (Ribas et al.,
2008). As pointed out by the studies of Lopez-Morales (2007) and references
therein, magnetic activity has been found to be correlated with stellar rota-
tion for single stars while there exists no such correlation for binaries (Fleming,
Gioia and Maccacaro, 1989). All single stars are known to be slow rotators
whereas the VLMS which occur as binaries can have rotational velocities rang-

ing from 2.0 km s™! to 130 km s~!. Many of the fast rotating binaries have
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strong indications of X-ray activity from the corona and the H, activity from
the chromosphere (Chabrier, Gallardo and Baraffe, 2007). Thus, the magnetic
activity level for binaries can be 100 times more than the single stars (Mullan

and MacDonald, 2001).

1.6.2 Starspots

Starspots are dark regions seen on the observable photosphere of the star
due to the presence of local magnetic fields which suppress the convective
motion and thereby energy transport from the stellar interior to the surface
(Strassmeier, 2009). Lépez-Morales and Ribas (2005) propose a scenario based
on energy conservation mechanisms in spot-covered areas. Chabrier, Gallardo
and Baraffe (2007) concluded in their study that the inhibition of convection
in fast rotating stars and the presence of stars spots on the stellar disk could
affect the stellar models. Cool starspots too are reflective of the inhibition of
energy by convective transport in the interior of the star. Let F, and F§ be
the flux emerging from the surface of the star, one without spots and the other
covered by starspots by a factor § (5 = Ss/S,). Here, F, = 0T o, where T g,
is surface temperature of star associated with a spot-free star. Thus, the total

flux emitted by the star is given by (Chabrier, Gallardo and Baraffe, 2007)
F=(1-B)F.+F,<F, (1.13)

Hence, the surface of star covered with spots will have a lesser effective surface
temperature than the one free of starspots. A similar equation can be written

for luminosity

L= (1—p)ArR*0T,;; (1.14)

Here, R and Tz are the radius and effective temperature of the star in pres-
ence of starspots. With a g parameter of 0.3, the observational M-R relation
can be fitted to a better agreement. Moreover, if we consider a [ value of 0.3,
it indicates that almost half of the stellar disk is covered by spots that are
cooler than the photosphere by 15% (Ribas et al., 2008). The current theory
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is still into the developmental stage and more number of samples are needed

to validate it.

1.6.3 Stellar Metallicity hypothesis

This hypothesis suggests the dependency of metallicity on the amount of in-
flation in the observed radius. Berger et al. (2006) in their study find that the
disagreement is larger among metal-rich stars than metal-poor stars. They
conclude that current atmospheric models have missed some opacity compo-
nents which may lead to a larger radii for stars having higher metallicity.
Direct investigation of the abundances of several elements from the M dwarfs
is difficult on account of several complex molecular bands present in the inte-
rior of such stars. Below Tig < 4000 K, most of the hydrogen in the stellar
atmosphere is locked into Hy, and most of the carbon in CO. Oxides such as
TiO, VO, H;O and metal hydrides such as FeH, CaH, MgH are also present
(Chabrier et al., 2009). Due to the presence of hydrogen in molecular form, the
radiative opacity rises and convection plays a major role for transport mech-
anism inside the star (Chabrier et al., 2009). An improper modelling of the
molecular absorption coefficients due to incorrect abundance analysis results
in an erroneous M-R relationships (Berger et al., 2006). Lépez-Morales (2007)
showed that stars with [Fe/H] > —0.25 show larger deviations in the radius
measurements from the models than stars with [Fe/H] > —0.25. However,
this issue needs to be further investigated. Therefore, it becomes imperative
to detect and study more such systems and determine their masses and radii

to very high precision.

1.7 Objectives of the study

The main objectives of the work presented here are as follows:

e There are several discrepancies described above in the observationally
measured radii of VLMS and the ones derived from the theoretical mod-

els. Previous high precision studies (accuracies better than 5 — 10%)
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involving determination of masses and radii of objects in the mass range
of 0.08 — 0.4 M, have been limited. Thus, the aim of the thesis work is
to determine physical parameters such as masses and radii of VLMS in
this mass range. More samples will help eliminate any observational bias
pertaining to study of objects in this field and help to resolve the afore-
mentioned discrepancies. We will look at the current work done in this
thesis in the light of work done by others in this field so far. This requires
careful selection of stars from various photometry catalogues suitable to
be observed with the available telescope and instrument facilities (Details

presented in Ch 2).

e RV method is the primary technique employed to study the EBs for
this research work. Making high-resolution spectroscopy observations,
performing echelle data reduction and RV analysis are integrated aspects
of the thesis work. The analysis techniques require constant improvement

to suit better RV precision obtained for fainter and fast rotating stars.

e Photometry of the target gives insights on the angle of orbital inclination
and radii of both the components providing us a complete picture of the
system. The programme involves conducting photometry on the sources
from ground-based telescope or retrieving archival data on photometry

measurements if available.

e The determination of spectroscopic properties of the host star is very es-
sential to impose better constraints on determination of mass and radius
of the primary star. An accurate determination of stellar parameters of
the primary host star will lead to precise characterization of the com-
panion. For, the case of single-lined EBs, where the companion is a
VLMS object bound to a F, G, K type primary, precise characterization
of the host star will lead to better accuracies on the masses and radii

determined for the VLMS objects.

The objectives listed above are accomplished using the measurements from

the high-resolution spectrograph PARAS attached at the PRL 1.2 m telescope
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and the data analysis techniques which are described in brief in the following

Chapters.

1.8 Overview of the thesis Chapters

The thesis contains the following Chapters:

In Ch 2, a brief description of the spectrograph and its optical layout are
given. The general criteria adopted for candidate selection and photometry
catalogues from where the sources are shortlisted are also discussed. The
observation strategy followed for efficient utilization of time for observing these
candidates is given. The data extraction and analysis methodology developed
for obtaining the RV results are also described in detail in this Chapter.

Ch 3 deals with the methods used to determine stellar properties based on
the spectral analysis. We used two main methods of stellar property estima-
tion, one is the spectral fitting method and the other is the equivalent width
fitting method. The Chapter describes in detail these methods, the in-house
designed software pipeline and the results obtained from it.

Ch 4 describes results on three EB systems (F4+M) selected from STEREO
and SuperWasp photometry catalogues. RV and photometry measurements
made on the sources along with the analyses and results obtained for the same
are given in this Chapter.

Ch 5 describes results on one EB system (K+M) selected from SuperWasp
photometry catalogue. Similar to the previous Chapter, observations, data
analysis technique and results obtained on the source are covered as a part of
this Chapter.

The summary and scope for future work are discussed in Ch 6.



Chapter 2

Observations and Data

Analysis Techniques

2.1 Introduction

The primary objective of the thesis work is to determine physical parameters of
very low mass stars (VLMS) right up to the mass limit of hydrogen burning. A
statistically significant sample of VLMS is required to resolve the discrepancies
encountered in their evolutionary models as discussed in Ch 1. This study can
be done by observing VLMS in eclipsing binaries (EBs). VLMS as a part of
EB systems are often detected in transit surveys which are primarily targeted
to look for exoplanets. Study of Mass-Radius (M-R) relation of VLMS requires
high precision measurements of the stellar parameters on large samples of such
stars. To address these problems, candidates suitable for radial velocity (RV)
and photometry follow-up are shortlisted from existing photometric archives
(catalogues). Deducing the radius of both the components of the EB and
angle of inclination (7) by means of photometry form a key area in the study
of EBs. RV measurements for this thesis work have been undertaken with
the Physical Research Laboratory Advanced Radial velocity Abu sky Search
(PARAS) spectrograph (Chakraborty et al., 2014).

In this Chapter, PARAS spectrograph is described in brief, including key

25
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elements of the optical design. The observation catalogues used for shortlisting
PARAS EB candidates are discussed. The Chapter also gives a description of
the observation procedure followed at the observatory. The data reduction and

analysis pipeline (PARAS PIPELINE) is also discussed here.

2.2 PARAS

PARAS is an optical fiber-fed high-resolution (R ~ 67000) cross-dispersed
echelle spectrograph commissioned at the Mount Abu 1.2 m telescope in India
(latitude: 24° 39" 10"N, longitude: 72° 46" 47"E, altitude 1680 m). The spec-
trograph has a spectral coverage of 3800 — 9000 A. However, for precise RV
measurements, wavelength range of 3800 — 6800 A is utilized with Thorium
Argon (ThAr) simultaneous calibration method. The spectrograph is main-
tained in a temperature-stable (RMS of 0.01°C at 25°C) and pressure-stable
environment (maximum variation of 0.06 mbar in one night of observation).
Fig. 2.1 shows the optical layout of the spectrograph.

Primarily, the spectrograph resolving power is determined by the pupil
diameter illuminating the grating/echelle ruling area and the size of the slit
width. There is no physical slit in the PARAS. Instead, the fiber tip is re-
imaged at the slit position of the spectrograph. This has a clear advantage
in terms of stability of the spectrograph-PSF (point spread function), since it
eliminates the PSF variations due to micro changes in the slit width over a long
period of time, making it extremely suitable for precision RV measurements.

The pupil diameter of the spectrograph is defined as 100 mm and it is a
white pupil design; in which the dispersive element pupil is re-imaged on the
entrance pupil of the camera, a design proposed and demonstrated by Baranne
(1972).

To achieve a spectrograph resolving power of 67,000, the following designs

were considered:

(a) A 50 pm core fiber is employed, which corresponds to 2 arcsec at the

focal plane of the 1.2 m telescope with a F/4.5 beam. (The F/13 beam
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Figure 2.1: The optical layout of the PARAS spectrograph consisting of reflective

collimator mirrors, echelle grating, prism and camera optics.

is pre-converted to F /4.5 using a focal reducer).

(b) The 50 um core fiber tip is re-imaged at the slit position with F/4 con-
verted back to F /13 optics taking into consideration the focal ratio degra-

dation (FRD).

(¢) The F/13 beam from the slit position coincides with the focal position of

the off-axis mirror, M1, thus converting it into 100 mm pupil diameter.

(d) This 100 mm beam illuminates an R4 echelle grating with blaze an-
gle of 75° in a quasi-Littrow position. Thus, the required physical size
of the echelle grating is 100 mm x 400 mm. Actual size used here is

200 mm x 400 mm. The groove spacing is 31.6 lines/mm.

(e) The dispersed light from the echelle is reflected back by M1 and is folded
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by the fold mirror (FM) which is again picked up by the second off-axis
mirror, M2, having the same focal length as that of M1. This makes a
parallel beam of dispersed echelle light of 100 mm in diameter. Both M1
and M2 have a F number of F/13.

The cross-disperser element, a prism made of the material PBMSY is
kept in the optical train such that its dispersion axis is perpendicular to
that of the echelle grating as it receives the 100 mm parallel light beam
from M2. This helps in separating the echelle orders in a perpendicular

direction to the echelle dispersion direction.

The echelle dispersed and prism cross-dispersed beam is imaged by a
F/4.5 camera lens system consisting of a singlet, triplet, and a doublet

(as shown in Fig 2.1) onto the CCD.

The spectral coverage designed for the spectrograph is from 3800 A to
9000 A. The spectrograph is designed for simultaneous two fiber spec-
troscopy between 3800 A to 6800 A and single fiber spectroscopy over
the entire wavelength range. Two 50 pm core fibers that are separated
by 180 pum will produce two spectra on the CCD, which will be sep-
arated by 255 pm. The CCD, 4096 x 4096 pixel array with 15 pm
pixel size does the job required. The E2V CCD, 231-84 deep-depletion
and back-thinned CCD cooled at —115°C using a Helium close-cycling
cryocooling unit is used. The unit has a special ability to produce less
than 0.1 A vibrations on the CCD array for the requirement of stabilized
PSF. The quantum efficiency of the CCD is greater than 85% between
4500 — 7500 A. Two spectra of the same echelle orders are separated by
17 pixels. The spectra of the consecutive orders at blue end is separated

by ~ 74 pixels at 3800 A and ~ 32 pixels at 6900 A.

The above-mentioned combination of the different elements of the spec-
trograph gives us an average resolving power of 67,000 between echelle

orders 160 (red end) and 87 (blue end). This takes into account of the
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F/4.5 camera PSF which has a FWHM of 4.2 pixels on the CCD.

The total efficiency of the spectrograph, which includes the telescope, opti-
cal fibers and the spectrograph losses is 6% (Chakraborty et al., 2014). The de-
tails of the individual optical components, along with their transmission losses
(for lenses) and reflectivity (for mirrors) can be found in Chakraborty et al.
(2010), Chakraborty, Richardson and Mahadevan (2008) and Chakraborty
et al. (2014).

2.3 VLMS science with PARAS

PARAS is capable of high precision RV studies of the order of 1 — 2 m s7*

for SNR > 150. As shown in Fig. 2.2, observations on a bright G9 type star,

o Dra (m, ~ 4.8) (Wright et al., 2008; Johnson et al., 2006) over a period of

7 months have demonstrated a RV precision of 1.7 m s™! (rms). For one night
1

of observations, if the data is binned, the scatter reduces to 1.0 m s™.

The RV precision limited by photon noise errors is given by Hatzes and

Cochran (1992)
ory ~ 1.45 x 10°(S/N)'R'B~"/? m 7! (2.1)

where S/N is the signal-to-noise of the spectra, while R and B are the
resolving power and wavelength coverage of the spectrograph in angstrom (A)
respectively. The photon noise is computed from the full information content of
the spectra, using the method prescribed by Bouchy, Pepe and Queloz (2001).
For the star o Dra, the photon noise estimated is 0.95 m s~!. Based on the
photon noise, Table 2.1 lists the ogry value obtained with PARAS spectra on
stars of different magnitude ranges.

As seen from Table 2.1, though PARAS is easily capable of looking for
Neptune-like planets across Sun-like stars with the current RV precision, the
precision degrades for stars having fainter magnitudes and higher tempera-
tures. Bouchy, Pepe and Queloz (2001) defined a quality factor Q that rep-

resents the quality and spectral line richness of the spectrum. It was shown



30 Chapter 2. Data Handling

RV in m/s
N
T T ‘
KX
X
=3 N
s
| | ‘

L "% i
L A
0 b % X I\
3
X

L finbinned sigma =1.7 m/s r o

rx .
binned sigma=1.2 m/s

—4 L L L L | L L L L | L | | | |
5.605%10* 5.610x10* 5.615%10* 5.620%10* 5.625%x10*
HJD—2400000

Figure 2.2: ¢ Dra observed with PARAS over a period of 7 months from May 2012
to Nov 2012. The star has a magnitude of 4.8 in V-band and a spectral type of G9.
The asterisks are the individual data points and the open-triangles are the velocities
of the binned data (mean of the three visits per night) and the lines show the RV

variations per night.

Table 2.1: RV precision with PARAS for 1800 s exposure time

Visual Magnitude Range PARAS RV precision

(mag) (m's™)
< 6.5 1-2
7—8 3—7
8—-9 7—10
9—-10 12 - 15
10— 11 15— 35

that (Q deteriorates with increasing rotational velocity thereby increasing the
RV uncertainty. For instance, a F2-type star with a rotational velocity of

40 km s~! has a RV uncertainty 10 times larger than one that is rotating at
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4 km s~t. However, stars having VLMS or brown dwarfs as companions induce
relatively larger RV shifts on their respective host stars. Such stars form the
most suitable targets for pursuing VLMS science with PARAS. Therefore, we
focus on F type sources having magnitudes in the range of 8 — 10 which are

largely unexplored with high precision RV observation.

2.4 Photometry catalogues

As a part of the sample selection, a careful scrutiny of objects for the PARAS
EB programme was carried out. The candidates were chosen from star cata-
logues from extensive space-based and ground-based photometric surveys like
STERFEQ, SuperWasp and Kepler which looked at thousands of stars for tran-
sit signature. A brief description of each of the space-based or ground-based

photometric survey is given as follows :

24.1 STEREO

STEREQ, Solar Terrestrial Relations Observatory, are two spacecrafts (A &
B) primarily dedicated to look at Sun and it’s environment. The Heliospheric
Imager (HI-1) on the Ahead spacecraft (HI-1A) has been used to study vari-
ability of stars up to 12 mag (Wraight et al., 2011). The analysis of the light
curves of several stars which were observed as a part of the STERFEO pro-
gramme has led to the discovery of several exoplanet and EB candidates. As
reported in Wraight et al. (2011), the HI-1A has a field of view of 20° x 20°
centred at 14° away from the Sun, where the solar F-corona is the dominant
large-scale structure. The imager (CCD) of HI-1A has a focal length of 78 mm
and a plate scale of 35 arcsec/pixel. Since, the images are 2 x 2 binned, the
image size post binning is 70 arcsec. The filter used for observations is an R
band (6300 — 7300 A). A single frame has an exposure time of 40 sec and a
combination of 30 frames including the time gaps between consecutive frames
leads to generation of one frame every 40 minutes. The limit of observations is

down to 12" mag. About 650, 000 stars have been recorded with magnitudes



32 Chapter 2. Data Handling

brighter than 11.5, with almost 75, 000 of these being brighter than mag 9.5.
STERFEO has a data analysis pipeline developed (Sangaralingam and Stevens,
2011) and the final outcome of the entire exercise resulted in the release of
a catalogue of 263 EBs. Some sources from this catalogue are shortlisted for

making observations by PARAS as some of them are listed as potential candi-

dates that host VLMS.

2.4.2 SuperWasp

SuperWASP (SW) is an extra-solar planet detection programme hosted by
the joint collaboration between eight academic institutes located in the United
Kingdom . SW consists of ground-based robotic observatories and eight wide-
angle cameras covering both the hemispheres of the sky. SW-N is located on
the island of La Palma among the Isaac Newton Group of telescopes (ING)
and SW-S at the site of the South African Astronomical Observatory (SAAO).
The telescopes are aligned such that they are centred at +28° of declination.
Different Right Ascension fields are observed with 1 hour increments of local
sidereal time (Street et al., 2003). The SW observatories use Canon 200-mm
F/1.8 lenses attached with an €2V 2 x 2 back illuminated CCD having a
field of view of 7.8° x 7.8°. The operational wavelength band is the entire V
band covering stars having magnitudes between 8 to 15. Stellar exposures are
kept at 30 s with a 4 s readout (Christian et al., 2005; Pollacco et al., 2006).
An automated FORTRAN-based pipeline combined with shell scripts and several
STARLINK packages are developed to detect transit signatures. Each science
exposure is bias-subtracted, dark-corrected, flat-fielded before computing the
astrometric solution (Pollacco et al., 2006). Though, SW has been primarily
aimed to look for exoplanet transit signatures, shortlisting sources with a rel-
atively larger eclipsing depth gives a fair chance for locating an EB (Street
et al., 2007; Christian et al., 2006; Lister et al., 2007; Clarkson et al., 2007;

Kane et al., 2008). (Refer § 2.5 for selection critera of the sources.)

lwww.superwasp.org
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2.4.3 Kepler

Kepler is a space observatory launched by NASA on March 7, 2009 to discover
Earth-like planets orbiting other stars. Along with the usual target list of
potential exoplanet host stars, Kepler also published a catalogue of eclipsing
binary candidates (Koch et al., 2007). The mission is designed specifically
to look at around 100, 000 stars for transits in the region above the galactic
plane looking down at the Orion arm of the Milky Way galaxy (Borucki et al.,
2009). It is basically a Schmidt telescope design with a 0.95 m aperture and
a 105 degree? field-of-view (FOV) ? (Borucki et al., 2007). It continuously
monitors the same field for more than three years to look for Earth-like planets
orbiting in the habitable zone of the host star. The spacecraft consists of
a photometer with a soft focus which has a simple purpose of differential
photometry instead of capturing sharp images. The photometer comprises of
an array of 42 CCDs each having 1024 x 2200 pixels with a size of 25 x 50 mm.
Science exposures are integrated for 30 minutes and are read out every three
seconds to prevent saturation (Swam et al., 2007). The instrument has a
spectral bandpass from 4000 A to 8500 A (Borucki et al., 2007). The aim
was to look at the sources which have been flagged as ‘EB’ in the Kepler
catalogue. However, most of the sources studied from Kepler are relatively
faint and none of the candidates could make upto the final selected list of

PARAS EB candidates.

2.5 Candidate selection

A careful shortlisting of 10 candidates was made by us from the ~ 200 can-
didates listed in the catalogues from the above mentioned surveys ((Wraight
et al., 2011, 2012; Street et al., 2007; Christian et al., 2006; Lister et al., 2007;
Clarkson et al., 2007; Kane et al., 2008), www.archive.stsci.edu/kepler/). The

selection criteria are based on :

2www.kepler.nasa.gov
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e Observability of a source based on its coordinates in the non-monsoon

months between October-May of the observing season at Mt. Abu.

e Spectral types from F to K type; the reason is that these sources have
sufficient number of spectral lines for cross-correlation technique to be
accurate enough while determining stellar RVs. If the number of spec-
tral lines used for the cross-correlation is insufficient, there will be a

degradation of RV precision.

e Magnitudes of sources brighter than ~ 11 in the V-band are selected.
This is the limit of observations for PARAS spectrograph in conjunction
with the 1.2 m telescope.

e The current interest being VLMS, candidates having an upper cut-off for
the transit depth as ~ 35 mmag are chosen in order to avoid samples
having massive secondaries as companions. This criterion is relaxed for
a few of the sources that were likely potential hosts for VLMS objects
(Wraight et al., 2012). The lower limit cut-off of the transit depth while
shortlisting candidates is kept at ~ 12 mmag to look for the possibility
of L, T dwarfs or brown dwarfs in the speculated brown dwarf desert

(Grether and Lineweaver, 2006; Armitage and Bonnell, 2002).

The final list for candidates shortlisted for the programme, which satisfied
all the above mentioned criteria, is provided in Table 2.2.

Radial velocity observations of these candidates as single-lined EB systems
were taken up with PARAS. Four candidates (HD 261026, IT CnC, SAO 74008,
ISWASP J0130+-31) followed-up for RV variations from PARAS turned out
to be false positives with no periodic RV variations seen, results of which are
shown in the last column of Table 2.2. Two of the targets, HD 287039 and HD
222891 showed double-lined EB nature with large RV variations between two
nearby observed data points indicating the companion to be a G-type star.
Since, the focus is on VLMS in the current study, these targets were discarded
for detailed analysis. Thus, for the thesis work, we have four successful dis-

coveries of VLMS companions listed in Table 2.2. Three of them are mid-M
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Table 2.2: PARAS EB Candidates

Candidate Transit Magnitude Spectral Discovery Results
Depth Type Survey from PARAS

(mmag) (V band)
HD 213597 25 7.8 FO STEREO VLMS companion
HD 23765 49 9.5 F8 STEREO VLMS companion
HD 287039 75 9.8 F8 STEREO G-type companion
HD 222891 39 8.07 F8 STEREO G-type companion
HD 261026 60 8.2 G4 STEREO False positive
II CnC 25 8.5 G8 STEREO False positive
SAO 106989 13.5 9.2 F7  SuperWasp VLMS companion
1ISWASP J2343+29 28 10.7 K3  SuperWasp VLMS companion
1SWASP J0130+31 15.6 10.6 G4  SuperWasp False positive
SAO 74008 12.2 9.6 K5  SuperWasp False positive

dwarfs orbiting around F-type primary stars i.e HD 213597, HD 23765 and
SAO 106989 systems. The fourth one, ISWASP J2343+29, is a M7 dwarf or-
biting around a K type primary. The mass of the secondary, in one of the EB
systems, indicates discovery of one of the lowest mass M dwarfs discovered till

date. The details of these four EB systems are discussed in Ch 4 and Ch 5.

2.6 Observation strategy

The observations of the selected objects were carried out using the 1.2 m PRL
telescope. The candidate selection for each observing season was done well in
advance and based on the celestial coordinates and the local sidereal time, the
sources were queued for the observing run for a particular night. The following

steps were taken care while making observations:

e The number of observations to be taken for a given source is planned

on the basis of the predicted transit of the source from the photometry
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catalogues listed in §2.4. For a relatively longer period (> 8 days), the
source was monitored for alternate days. For smaller periods (~ 2 — 8
days), the spectra were recorded each day on different times in order to

have a well sampled phase of the orbital period of the system.

e Stars, which are brighter than 6 mag, were recorded with an exposure
time of 600 s and the fainter ones were observed at an exposure time of
1200 s or 1800 s based on the brightness of the source and sky condition.
The exposure time was fixed such that a minimum SNR of 12/pixel for
each spectra is obtained. The spectra having lower SNR were discarded

during RV analysis.

e The sources were observed in a planned way so that the air mass of each
observation remains below 1.6 (For most of the sources it is well below
1.3). This ensures better SNR for each observation by avoiding high

extinction.

2.7 Observation Procedure

The celestial coordinates are fed from the telescope control room. A starfish
camera is used as an auto-guider (to correct for the drift of the telescope and
ensure smooth and accurate guiding of the star) to compensate for the tracking
and guiding errors present in the telescope. About 8% of the starlight is passed
to the guide CCD.

The starlight from the telescope has to be focused on to the fibers which
carry the light to the other end where the spectrograph is kept. This is ac-
complished in a two-step process. A CCD is installed at the same focal plane
as that of the fibers. Thus, focussing at the focal plane CCD ensures focussing
of the image at the fibers as well. In the first step, the secondary mirror is
adjusted in order to focus the image of the star obtained at the focal plane
CCD. Once the focussing of the fiber is ensured, the same light can be made
to fall on to the fiber. This image is obtained at a fixed (X,Y) position on the



2.7. Observation Procedure 37

CCD. The focal plane CCD is then moved away with a pre-calculated number
of fixed steps and the fiber is brought at the same location as that of the CCD
with the help of PI (Physik Instrumente) motor control. This step lets the

starlight fall in close vicinity of the fiber.

The second step ensures that no light loss occurs while focussing on to the
fiber. We have kept an exposure meter CCD which sees the light from the fiber
at the spectrograph end. A kinematic mirror is installed inside the vacuum
chamber that diverts the light from the slit position to the exposure meter.
The exposure meter is an 752 x 580 array having a QE of 45%. Once the fiber
output is maximized, the kinematic mirror is flipped and light is allowed to
enter the slit position. The counts in the exposure meter CCD are maximized
by fine adjustments in the PI stepper motor in X and Y directions. The
overhead time for the entire process for observation, starting from pointing
the telescope to beginning of exposure, takes approximately 5 — 10 min for
each star. Thus, 6 to 8 stars with exposure time duration of 1200 s can be

observed each night depending on the duration of night.

An observation log (PARAS LOG) is maintained each night which keeps
a record of the science and calibration images, the duration of exposure, the
start and end time time of observation and air mass during the observations.
The nightly condition of sky (clear/hazy/cloudy or passage of thin clouds or
variations in seeing or any technical problems including guiding and pointing

errors occurring during the observations) are recorded in the observation log.

The general procedure followed for observations is to record source spectra
where star is observed in one fiber and ThAr calibration spectra in the other.
The nightly calibration sequence includes 5 bias frames and 5 flat frames (for
which both fibers are illuminated with a tungsten lamp), and several ThAr-
ThAr frames (for which both fibers are illuminated with the calibration lamp)
throughout the night. The purpose of the ThAr-ThAr frames is to carefully
measure absolute instrument drift, as well as differential drifts. Science ob-
servations are usually made using simultaneous star-ThAr exposures (2 — 3

exposures per night per target).
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2.8 Data analysis techniques

Echelle spectrographs have the advantage of covering a large wavelength re-
gion at high-resolution in a single exposure. However, the curved format of the
spectra on the CCD detector due to cross-dispersion by the prism complicates
the reduction process. The data extraction and analysis pipeline (PARAS
PIPELINE) is a set of routines written in IDL to ease the complex and time
consuming process of data reduction. The pipeline is developed as a part of
collaboration between Penn State University and PRL. It is fully automated re-
quiring minimal amount of user interaction; only if external factors necessitate
it. PARAS PIPELINE is based on the REDUCE data analysis package developed
by Piskunov and Valenti (2002) for processing cross-dispersed echelle data. It
is modified to suit the requirements of PARAS data. Major components of

PARAS PIPELINE are described in the following.

2.8.1 Raw data format of PARAS

PARAS acquires spectra at wavelengths between 3800 A to about 9500 A. Both
the fibers when illuminated in the simultaneous observation mode corresponds
to a separation of 17 pixels on the detector as mentioned earlier. Fig. 2.3
shows the spectra in the region around 5300 A for frames when both the
fibers are illuminated. The spectral resolving power has been computed for
the spectrograph between orders 160 and 87 using ThAr lines. The median
FWHM of the PSF for ThAr lines is 4 pixels. At about 8500 A, the resolving
power is found to be 65000, and at 9000 A, it is about 61000.

The entire data set extracted from PARAS, for science and calibration pur-
poses is in FITS format. The reduction process requires the presence of bias,
flat fields and calibration lamp frames in unison with the science exposures.
The data analysis pipeline is based on the REDUCE data analysis package for
conventional and cross-dispersed echelle spectra developed by Piskunov and

Valenti (2002).
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Figure 2.3: (left) Portion of raw image where both fibers are illuminated by ThAr
calibration lamp (ThAr-ThAr), and (right) portion of image where one fiber is
illuminated by star 47 UMa and other by ThAr calibration lamp (star-ThAr).

2.8.2 Bias corrections

The bias frames are recorded and combined in two groups, prior to and follow-
ing science observations. These combined images are then compared for bias
shifts, variations in read-noise and presence of any outliers and are further
combined to produce a master bias frame. Bias corrections are imposed by

subtracting master bias frame from all other calibration and science frames.

2.8.3 Location and extraction of orders

The grating order curvature present in the PARAS data is determined em-
pirically from the obtained spectra. In order to locate the orders, flat frames
are taken for the spectrograph by illuminating the fiber by hot Tungsten lamp
generally before the science exposures. A master flat is created by combining
all available flats. The echelle orders are located with the help of the combined
master flats with negligible continuum. The software package REDUCE works
on the principle of two dimensional clustering algorithm, selecting pixels from
orders, clustering analysis of pixels, merging or rejecting clusters and fitting

the merged clusters. PARAS has many spectral orders and to ease the process
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of order location, a mask is constructed which delimits the extraction of the
image having sufficient SNR with no bad pixels. Since PARAS is a stable
spectrograph, a master order trace is generated using a mean flat field and
is incorporated in the automated pipeline. User interaction plays a role only
for a few clusters where decision needs to be made for merging or rejection.
The spatial profile of the order is represented by the illumination profile of an
order taken perpendicular to echelle dispersion, whereas the spectral profile is
the illumination along the order. The image is divided into swaths in order
to separate the spectrum from the spatial profile. The spatial profile is fitted
starting with an initial guess determined empirically from mean spatial pro-
file, with weights based on a noise model. The slit function and spectrum is
best reproduced by going through several iterations until the changes in the

deduced spectrum is as small as epsilon (epsilon is 0.002 in this case).

2.8.4 Background estimation

Spectral extraction and normalization of flat-field images require estimation of
scattered light in the background. Since, direct measurement of background
beneath an order is not feasible, the background is interpolated between orders
after decomposition of central group of columns in each order to empirically
measure noise. Sky emission is included in this estimate, but the routine is not
equipped to handle ghosts or very bright emission lines. There are no ghosts in
the spectrograph even in the presence of strong argon lines beyond 7000 A. The
bleeding of bright argon lines at wavelengths greater than 7000 A is restricted
by means of a filter. A bleeding map, linearly scaled by a global parameter
describing variations in lamp brightness (similar to Lovis and Pepe (2007)), is

used for those orders which are not completely cured.

2.8.5 Wavelength Calibration

The task of converting the 1 D extracted spectra from “Intensity vs pixel” space

to " Intensity vs wavelength” space is called wavelength calibration. This task
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can be accomplished by comparing the observed arc lamp (ThAr for current
case) spectrum with a suitable template spectrum. The preliminary step for
this was done by recording a ThAr spectrum and a cursory line identification
was done manually with the help of ’echelle’ task of IRAF. The line iden-
tification templates were extracted from the Thorium-Argon Spectral Atlas
(http://www.noao.edu/kpno/tharatlas/thar/). Five to six strong lines were
identified across each order and a third order polynomial was fitted to create
the blueprint thorium line list from PARAS. Since, PARAS is a stable spectro-
graph, the wavelength solution can be generated for simultaneous illuminated
ThAr lamp spectra and can be used as a blueprint solution as long as external
modifications do not affect the fiber and its position. Spectra observed at dif-
ferent epochs, shifted in velocity space due to the motion of the star in binary
around its center of mass, are corrected for by cross-correlation techniques
against the standard blueprint wavelength solution file. A third-order poly-
nomial fit across each order leads to computation of polynomial coefficients
for each order which can easily be used for determination of wavelength scale
across the entire order. A complete thorium line list for the PARAS spectral
range is utilized (similar to the SOPHIE line list at www.obshp.fr). For auto-
mated process, a binary mask of sharp thorium lines is created which is used
to assist the calibration process. The cross-correlation function (CCF) is cal-
culated by shifting this thorium mask against each spectral order, and the net
drift value is corrected for each spectra. The extracted wavelength solution is
imposed on the observed stellar spectra in the simultaneous reference mode,
thereby enabling wavelength solution for each observed science exposure by

incorporating necessary drift corrections.

2.8.6 Radial velocity computation

Radial velocities are derived by cross-correlating target spectra, i.e. computing
the CCF with a suitable numerical stellar template mask, created especially
from high signal-to-noise ratio spectra or synthetic data (Baranne et al., 1996).

It consists of values 1 and 0, where non-zero values correspond to theoretical
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positions and widths of the absorption lines at zero velocity. The CCF is
constructed by shifting the mask as a function of Doppler velocity. This can

be written as (Pepe et al., 2002):
CCF(v,) = / S(A) Y Mid(ve)dA =Y / SMA(v,)AN — (2.2)

Here, S(A) is the recorded spectrum, A(v,) represents the Doppler-shifted
velocity and M is the numerical mask which can be expressed as the sum of
masks M; corresponding to each stellar absorption line i. The technique of
computing RVs with numerical masks has eliminated the dependency on high

SNR spectra.

However, a non-weighted mask is unable to retrieve the precise information.
Pepe et al. (2002) suggested that the deep and sharp lines in a spectra should
be weighted higher as they contain much more information than broad and
weak lines. As shown by the authors, for a given amplitude of the CCF;, the

noise on each point of the CCF and thus on the resulting Gaussian fit is

F, 1
cc x — (2.3)

C; C;

2
o; x.S; o

The weight given to the single CCF; is

Here, ¢; is relative depth of each line. The width of the weighted mask lines is
3 km s~! and the depth is set by the line depths depending on different spectral
types. The CCF computing algorithm for PARAS PIPELINE is initiated by

providing an estimate of the RV value.

A range is set around which the mask is recreated (moved in velocity space)
and CCF for each order is computed. The CCF for all the orders are summed
up and finally fitted with a Gaussian function to compute the RV value for
the spectra at that epoch. The RV values thus determined are finally plotted

against time or phase of the orbital period of the stellar system.
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Figure 2.4: Portions of extracted and wavelength calibrated spectra. The stars
shown are 47 UMa (G1V, a), Sig Dra (KOV, b), HD137759 (K2III, c) and HD 185374
(GO 1V, d)

2.8.7 Blaze correction and co-addition of spectra

The echelle spectra is blazed at each order, which needs to be accounted for

before the spectra is normalized. For this purpose, a polynomial function is
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fitted iteratively to an accuracy of ~1 % across the stellar continuum blaze
profile for each order after ignoring absorption features in the stellar spectra.
The observed spectra are then divided by this function to blaze correct and
normalize it at a given epoch. In the whole process of blaze correction, pixel-
to-pixel detector quantum efficiency variances are not accounted for because
the detector is anti-reflection (AR) coated with a maximum pixel response
non-uniformity (PRNU) of 3 % between the operated wavelength region of the
spectrograph ®. For, the same reason, flat-fielding is also not done for PARAS
spectra. Fig. 2.4 shows a section of blaze-corrected and RV corrected sample
spectra in both blue and red regions for four stars of different spectral types.
Typical exposure times on these sources were 10 minutes, except in the case

of HD 185374, where it was 15 minutes.

3www.e2v.com /resources/account,/download-datasheet /1364



Chapter 3

A Spectral Analysis Code:
PARAS SPEC

3.1 Introduction

As mentioned earlier, the double-lined EBs (SB2) enable the most accurate
measurements of the radii and masses of the stars. Since in such systems
spectra of both the stars can be recorded, RV measurements lead to precise
determination of masses of the stars in the system directly. However, in single-
lined EBs (SB1) systems, where the spectra of only the primary source is
available, mass of the secondary is deduced by quantifying the amplitude of
the wobble on the primary star in the binary system. Radial velocity (RV)
studies with high-resolution spectroscopy on SB1 systems or with a star-planet
system leads to determination of mass function for the system as given in
Eq. 1.12. The mass of the secondary can only be determined if the mass of the
primary and orbital inclination of the system are known. Orbital inclination
can be obtained from photometry study as discussed in Ch 1. In order to infer
mass of the primary and to classify whether the star is in main-sequence or
in giant or sub-giant phase, it is essential to know the surface gravity (g =
GM/R?), often quoted in the form of log g, surface temperature (Tys), and
metallicity ([Fe/H|) of the star. A detailed study by Torres, Andersen and

45
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Giménez (2010) on a large sample of EBs has led to the establishment of an
empirical relation for the mass and radius of the stars above 0.6 M based on
the stellar parameters, i.e, log g, the Tog and [Fe/H]. In our case, since we
have high-resolution spectroscopy data obtained for RV measurements, we can
as well as use the same data to derive the stellar parameters.

There are many host stars for which spectral properties have not been stud-
ied so far and therefore it is of utmost importance to derive the same in order
to draw inference on their mass and radius. In this context, we have developed
a pipeline PARAS SPEC, to estimate the stellar atmospheric parameters from
the analysis of stellar spectra. With high-resolution spectroscopy, it is possible
to determine Toq and [Fe/H] (based on Fe I and Fe II lines) as well as log ¢
(based on Mg I lines) at high accuracies. The pipeline, a set of IDL-based
tools, is developed to facilitate the determination of stellar properties. The
technique is based on two principal methods. The first method involves fitting
of the observed spectrum with different synthetic spectra for a set of stellar
parameters. The best-match having minimum y? value between the observed
and the synthetic spectra gives the best-fit values for the stellar parameters
of the star. The second method is based on equivalent widths (EWSs) that are
used to derive abundances for a set of Fe I and Fe II lines from the observed
spectra (Blanco-Cuaresma et al., 2014). The abundances determined must ful-
fill the conditions of excitation equilibrium and ionization balance. The stellar
model for which the conditions of equilibria are satisfied is considered to be

the best-fit model for representing the observed spectra.

3.2 Methodology

The IDL-based tool, named PARAS SPEC is designed to facilitate the estima-
tion of stellar parameters from PARAS observed spectra. The PARAS SPEC
code requires blaze-corrected and normalized stellar spectra as an input. The

blaze-corrected and normalized stellar spectrum is an output of the data re-

duction and analysis pipeline, PARAS PIPELINE as described in Ch 2. The
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detailed steps used by PARAS SPEC are described as follows:

3.2.1 A library of synthetic spectra

Observed PARAS spectra are compared with this reference library spectra
which is at a similar resolving power as that of PARAS. A library of syn-
thetic spectra is generated using the code SPECTRUM (Gray, 1999) '. PARAS
observed solar spectrum is used to fix parameters, such as micro-turbulent ve-
locity (Umicro), macro-turbulent velocity (vmacro) and stellar abundances for the

synthetic spectral library. The relevant details are briefly described as follows.

3.2.1.1 SPECTRUM program

Synthetic spectra generator code SPECTRUM utilizes the Kurucz models (Ku-
rucz, 1993) for stellar atmosphere parameters. SPECTRUM works on the principle
of local thermodynamic equilibrium and plane parallel atmospheres. It is suit-
able for generation of synthetic spectra for stars from B to mid M type. It
is developed with C compiler environment with a terminal mode interface to

access 1it.

3.2.1.2 Solar spectrum

A solar spectrum (SNR ~150) observed with PARAS is taken up as a first step
to fix various parameters for the library of synthetic spectra. The synthetic
spectra can be generated at a fine wavelength spacing of 0.01 A between two
consecutive wavelength values. This resolving power (R ~ 500,000 at 5000 A)
is very high in comparison to the resolving power of PARAS (R ~ 68,000 at
5000 A). For PARAS, the wavelength dispersion is 0.02 A /pixel at 5500 A and
0.024 A/pixel at 6500 A. PARAS has a resolution element of 4 pixels and
thus the FWHM of the spectral profile of PARAS at the central wavelength
region, 5500 A, is ~ 0.08 A. In order to match the spectra, both the synthetic

and observed spectra must have the same sampling and should be at the same

Thttp://www.appstate.edu/~grayro/spectrum/spectrum?276 /spectrum276.html
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resolving power. FWHM varies across the entire wavelength region covered
by the PARAS spectra but for simplicity we use the the central wavelength
FWHM for convolution of synthetic spectra with a Gaussian function. This
is kept fixed for the entire library of synthetic spectra. All the parameters for
the observed solar spectrum, such as, Umicro, Vmacro, rotational velocity (vsini),
Tewr, [Fe/H] and log g are kept free. When all the parameters are kept free, the
best-derived model having the least y? for the PARAS observed solar spectra
has the following values for various parameters: Umiao = 0.85 km s~! and

1

Umacro = 2 km s7+.

with the one derived by Blackwell, Booth and Petford (1984). The value of

The value for vy obtained here is in close agreement
Umacro = 2 km s~! derived here is consistent with the value of 2.18 km s*
obtained by (Valenti and Piskunov, 1996). The value of vyico and [Fe/H] are
partially degenerate as studied by Valenti and Fischer (2005), which means
there can be more than one combination of vyeo and [Fe/H] for a best-fit
solution. Thus, following a similar approach as that of Valenti and Fischer
(2005), it was decided to keep vpicro fixed in order to minimize the errors on
estimation of [Fe/H]. A similar degeneracy is seen in the parameters vmyacro
and v sin¢. Stars having temperatures between 5000 — 6500 K, similar to those
observed with PARAS, have a range of vpac0 values between 2 — 5 km s—*
(Valenti and Fischer, 2005). We set vyacro fixed at 2 km s™1 so that an upper
limit on vsini is determined, similar to the approach followed by (Valenti and
Fischer, 2005). There are two atomic line-lists present in the distribution of
SPECTRUM, luke.lst and luke.iso.lst. We used the second line list for the entire
library since it was found that it has relatively smaller x? than the first linelist

(luke.lst) for the same synthetic models.

3.2.1.3 The synthetic library

The synthetic library consists of the following building blocks. The tabulated

stellar library generated is given as Table 3.1.

e Models: The models for the synthetic spectra are retrieved from the

Kurucz model database (Kurucz, 1993). The models are a byproduct of
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the larger combined family of models, the supermodels. Each supermodel
belongs to a single metallicity and comprises different models having
varying temperatures and surface gravity. Each model has a typical
format, which the SPECTRUM routine undertakes into consideration while

execution. It consists of the following columns.

1. [p dx: mass depth (g cm™?)

2. Tes: temperature (K)

3. Pyas: gas pressure (dynes cm™?)

4. ne: electron density (cm™3)

5. kgr: Rosseland mean absorption coefficient (cn12 gm_l)
6. Prq: radiation pressure (g cm™2)

7. Umicro: microturbulent velocity (m s™1)

different combinations of Ty, [F'e/ H]|, log g and vsini lead to generation
of 19,200 synthetic spectra. The ranges of these parameters chosen are

given in Table 3.1.

e Interpolation of model atmospheres:

The SPECTRUM-generated synthetic library originally consists of a coarse
grid in Tug, [Fe/H| and log g. A finer grid is required to achieve the
close resemblance of the observed spectra with the synthetic spectra.
Thus, during the course of execution of the synthetic spectral fitting
routine, the synthetic models are interpolated in the desired range of
T, [F'e/H] and log g to sharpen the precision of the derived parameters.
The interpolation on the models is executed by the IDL subroutine kmod.
The interpolated models then have a finer interval in Tog (50 K), [Fe/H]
(0.1 dex) and log ¢ (0.1 dex) as mentioned in Table 3.1.

e Atomic line list: SPECTRUM code distribution includes two line lists,

namely, luke.lst and luke.iso.lst. As mentioned earlier, we tested both
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the atomic line lists on the solar spectra and found the luke.iso.lst yield

better results in terms of a better minimized 2.

e Abundances: The standard solar abundances, which are provided by
Anders and Grevesse (1989); Grevesse and Sauval (1998); Asplund, Grevesse
and Sauval (2005); Grevesse, Asplund and Sauval (2007); Asplund et al.
(2009), are used for generation of synthetic spectra with PARAS SPEC.
The abundance value of any element for a star is computed by taking a
ratio of the abundance of that element present in the star with respect

to the solar abundance for the same element.

[FB/H] star
Fe/H| =1 —_ 1
[Fe/H] = logio ( (Fe/ H]umn (3.1)
Table 3.1: Synthetic Spectral Library

Parameter Range Original Interval Interpolated interval
Ter (K) 4000 — 7000 250 50
[Fe/H] (dex) —-2.5-0.5 0.5 0.1
log g (dex) 3.0-5.0 0.5 0.1
Wavelength (A) 5050 — 6560 0.01 0.01
vsini (km s™1t) 1—-40 1 1

3.2.2 Preliminary considerations

The spectra across various orders are blaze-corrected as discussed in § 2.8.7
and are stitched together to produce a continuous single spectrum. Many
such epochs are co-added in velocity space to improve the signal-to-noise ratio
(SNR) of the stellar spectra. In absence of any absorption line, the synthetic
spectral continuum value is 1.0 since it is a normalized spectra. For the ob-
served spectra, the continuum level fluctuates around 1.0, as the blaze correc-

tion is not accomplished accurately for the case of deep absorption lines in the
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spectra. The continuum value in the vicinity of a prominent absorption feature
is likely to be under-estimated due to the broad wings in the absorption pro-
file. To eliminate this issue, we devised a method wherein the observed stellar
spectra is normalized with respect to its stellar continuum in small wavelength

intervals of 5 A each.

3.2.3 Synthetic Spectral Fitting method
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Figure 3.1: Observed normalized spectra for 7 Ceti (solid black line) plotted across
the wavelength region of 6220 — 6260 A. Overplotted is the modelled spectra (red
dash line) obtained from PARAS SPEC analysis, with Teg of 5400 K, [Fe/H]| of
—0.5 and log g of 4.4.

The synthetic spectral fitting method is then executed in four steps. T,
[Fe/H] and log g are all kept free in the first step. The RMS residuals defined
as 3 (O(i) — M(i))* are computed between the observed and the synthetic
spectra at each wavelength )\; in the wavelength range 5050 — 6000 A. Here,
O & M are the observed and model spectra respectively. The best-match
values of T and [Fe/H| are determined from this step. The first step of
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Figure 3.2: Observed normalized spectra for KID 5108214 (solid black line) plotted
across the wavelength region of 6220 — 6260 A. Overplotted is the modelled spectra
(red dash line) obtained from PARAS SPEC analysis, with T of 6000 K, [Fe/H]
of 0.3 and log g of 4.0.

synthetic spectral fitting is executed on the set of models which have not been
interpolated to a finer grid. The Ty, [Fe/H] and log g parameters determined
from the original set of library (case of non-interpolated models) will thus have
a coarse precision, as given in second column of Table 3.1.

In the second step, the parameters obtained from the previous step are
used as an initial guess value and interpolation is done simultaneously at finer
precision in Tug, [Fe/H| and log g in the wavelength range between 5050 —
6000 A as given in third column of Table 3.1. The interpolation is done in the
vicinity of the guess values on the three parameters obtained from the first
step, i.e., Tog in a range of + 250 K, [F'e/H] in a range of £+ 0.3 and log ¢ in a
range of + 0.3. The best-determined values derived from this second step are
considered as initial approximations on stellar parameters for the third step.

In the third step, the same routine is re-run, but this time only on the log g

sensitive Mg I lines in the wavelength region of 5160 — 5190 A by keeping T
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and [Fe/H| the same as obtained from the second step.

The fourth step is executed again on the wavelength region of 5160—5190 A
on the interpolated models which are generated during the course of execution
of the code. The best-match model determined at this step gives us the value
for log g along with previously determined values of T, and [F'e/H]| from the

second step.

A typical best-determined synthetic spectra from the PARAS SPEC rou-
tine overlaid on normalized observed spectra for star 7 Ceti is shown in Fig. 3.1.
The SNR for this spectra is ~ 500/pixel at 6000 A. The entire wavelength
region of 5050 — 6500 A is covered for this star. In Fig. 3.2, the spectra for
a faint star (V=8 mag), KID 5108214, having a SNR of ~ 100 pixel™! at
6000 A is shown. The observed spectra appears more noisy than 7 Ceti due
to relatively less SNR in comparison to that for 7 Ceti. If the spectra having
SNR below ~ 80 are used, the uncertainties on each of the stellar parame-
ters are approximately equal to the coarse grid size of the library (column 3
of Table 3.1). Thus, for this method, we mention a lower limit on SNR of
that being ~ 80 in the entire wavelength region covered. For fainter stars
having magnitudes between 7 — 11 in V band, the method fails if applied as
it is described above for the entire wavelength range 5050 — 6000 A. Despite
co-adding spectra for several epochs, SNR for some stars is below 80 in the
blue end (5050 — 6000 A). Since, the CCD is more sensitive to redder wave-
lengths, even for stars having magnitudes between 7—11 in V band, we expect
a higher SNR (generally above 80) in the red portion of the spectra. Thus,
we concentrate on the wavelength region between 6000 — 6500 A of the CCD
where SNR is above 80 for such cases. However, despite the fact that we are
able to determine T,g and [Fe/H|, we lose crucial information of the surface
gravity, which is dependent on the Mg I lines occurring between 5160 —5190 A.
Thus, for such cases, it is necessary to rely upon the EW method inspired by

the work of Blanco-Cuaresma et al. (2014).
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3.2.4 EW Method

The EW method works on the principle in which one seeks the neutral and
ionized iron lines to satisfy the two equilibria, namely, excitation equilibrium
and ionization balance. A set of neutral and singly ionized lines is acquired
from the iron line list by Sousa et al. (2014). The method is executed step by

step as described below.

3.2.4.1 Measurement of EW

The EW of a spectral line is dependent on the number of photons that are

absorbed at a particular wavelength.
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Figure 3.3: Observed spectral line profile of a Fe I line centered at wavelength
5539.2800 A is seen in black dots. Overplotted in red is the Gaussian-fit function

used to measure the EW of the line

The EW defined as:

Wy = / (1= Fy/F,)d\. (3.2)
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Here, F, represents the continuum level, F represents flux at a given wave-
length, A and W, represents the EW at that A. It can be geometrically rep-
resented as the area of the line profile. Hence, it can be represented as the
width in wavelength of a rectangular profiled line 100% deep having the same
area in a flux vs wavelength plot as the actual spectral line profile (Emerson,
1996). For the measurement of EW, a Gaussian function is fitted for each
spectral line of the observed spectra corresponding to all the iron lines that
are present in the line list given by Sousa et al. (2014). Each Gaussian-fitted
profile corresponding to the iron line list is then carefully inspected and poor
fits and line blends are eliminated. A typical spectral line profile along with

the fitted Gaussian function is shown in Fig. 3.3.

3.2.4.2 Determination of abundance

The SPECTRUM code facilitates estimation of abundance of elements from their
spectral lines. After careful inspection of the EW fits as discussed above, a
set of EW of the fitted lines is given as an input to the ABUNDANCE subroutine
of SPECTRUM. The subroutine uses various stellar models which are formed as
a combination of different T, [Fe/H], log g and vnyico. The output of the
ABUNDANCE routine is as follows.

6127.895 26.0 1.08 -4.581 7.459 -0.041

The first and second columns stand for the central wavelength of the line
formed by an element and the atomic number of that element, the third column
is the Upicro (in km s71). The fourth column gives the abundance on the scale
where total abundances are expressed with respect to the total number density
of atoms (and ions), the fifth column expresses abundances on the normal
scale, in which the logarithmic abundance of hydrogen is equal to 12.0. The
last column is the abundance relative to the unscaled abundances with respect

to solar abundances for the current case.



56 Chapter 3. PARAS SPEC

3.2.4.3 The three golden rules

The main purpose of calculating EW and thereby abundances is the fact that
the abundances of a given species follow a set of three golden rules. This fact
can be employed to choose a best-fit model of synthetic spectra in which all

the rules are simultaneously satisfied. These three rules are:

1. Abundances as a function of excitation potential (EP) should have no

trends.

2. Abundances as a function of reduced EW (EW/X) should exhibit no

trends.

3. Abundances of neutral iron (Fe I) and ionized iron (Fe II) should be

balanced.

The PARAS SPEC routine is executed with a fixed value of metallicity.
This value is taken from any previous measurements of metallicity done on
the source as cited in literature or from the first method of synthetic spectral
fitting. The abundances thus generated are plotted against EP and reduced
EW for the respective lines. The ionization balance (Fe I - Fe II) is also
estimated for each set of models. The slopes for the first two scatter plots and
the difference of Fe I and Fe II are calculated for each set of models. The entire
process is executed in two steps: first step on the coarse grid of models in T,
log g and v and second step on the interpolated finer grid, similar to the
previous method of synthetic spectral fitting. Thus, the model having a set of
parameters where the slopes and the differences are simultaneously minimum
gives us the best-determined T'og, log ¢ and vjcro-

As a test case, for star 7 Ceti (SNR ~ 500), the stellar parameters are
determined by the EW method. The plot of iron abundance vs EP is shown in
the upper panel of Fig. 3.4. The figure also shows a solid line in blue obtained
by a least-square fit having a slope of 0.0036™) 0; indicative of the best-fit Tog
of 5400 K. In the bottom panel, a plot of iron abundance vs reduced EW is

shown. A solid line in blue-green obtained by a least-square fit having a slope
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Figure 3.4: (Top panel) Iron abundance for 7 Ceti is plotted against excitation
potential for each Fe I or Fe II line from the line list. The blue line is the least-
square fit having the minimum slope for the best-determined model temperature.
(Bottom panel) Iron abundance is plotted against reduced EW and the blue-green
line indicates the least-square fit having a minimum slope for best-determined value
of Umicro. The red points are the discarded points having standard deviation beyond
1 o (not considered for the fit). The best-fit determined parameters are: Teg =

5400 K, log g = 4.4, Umicro = 0.2 km s~ for [Fe/H] = —0.5

of —0.00273992 is shown indicative of best-fit vpicro of 0.2 km s™'. The log g
value is determined where the difference between Fe I and Fe II abundances is
minimum. Since the difference is just a number, no plot is shown for this case.
For 7 Ceti, the difference is 0.001)005; indicative of a best-fit log g value of 4.4.
All the three parameters, Tog and vyieo and log g are obtained simultaneously
where the slopes (Iron abundances vs EP and Iron abundances vs reduced EW)
and difference of abundances of Fe I and Fe II are simultaneously minimum.
A similar plot is shown for the star KID 5108214 having spectra of less SNR
(SNR of ~ 100 pixel™!) in Fig. 3.5. The upper panel of the figure also shows

a solid line in blue obtained by a least-square fit having a slope of 0.01870057
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Figure 3.5: (Top panel) Iron abundance for KID 5108214 is plotted against exci-
tation potential for each Fe I or Fe II line from the line list. The blue line is the
least-square fit having the minimum slope for the best-determined model tempera-
ture. (Bottom panel) Iron abundance is plotted against reduced EW and the blue-
green line indicates the least-square fit having a minimum slope for best-determined
value of vmicro. The red points are the discarded points having standard deviation
beyond 1 o (not considered for the fit). The best-fit determined parameters are:

Teg=6050 K, [Fe/H]=0.5, log g = 3.95, Vmicro = 1.65 km s~! for [Fe/H] = 0.3

for iron abundances vs EP indicative of best-fit T.g of 6050 K. In the bottom
panel, a plot of iron abundance vs reduced EW is shown. A solid line in blue-

119904 indicative of

green obtained by a least-square fit having a slope of 0.0
best-fit Vmicro Of 1.65 km s~! is also shown in the bottom panel. Fe I - Fe II
difference for KID 5108214 is given as 0.00115:00] indicative of a log g value of

3.95.

Both the parameters, Tt and vpyiero, Wwhich are determined by fitting the
slopes to the above-mentioned plot, are determined simultaneously. A slight
positive or negative slope indicates under-estimation or over-estimation of T.g

and VUniero for the star respectively. Similarly, if the Fe I and Fe II difference is
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positive or negative, it indicates that log ¢ is under-estimated or over-estimated
respectively. A set of simulations were done where we supplied models with
higher Teg O Unmicro to see how the slope changes. The results of these sim-
ulations are shown in Fig 3.6. As a test case, we show here the simulations
done in a step-size of 250 K for the value of T'.¢. This step-size chosen is just
for illustrative purposes as it is the grid size of the original library with no
interpolated models. This simulation is to give an idea how the other param-
eters of the star get affected if an under-estimated Ty model is supplied. It
is important to note that the synthetic spectra are finally interpolated on a
finer grid to gain a better precision. When a lower T model, 5150 K (250 K
lower than the best-fit model) is supplied for the star 7 Ceti, a positive slope
(0.008700;% ) for Abundance vs EP plot is seen. The plot for abundance vs
reduced EW has a slope of —0.0767000% and the difference of Fe I and Fe II
is —0.25270001. Thus, we see that none of the parameters have achieved a
minimum slope or a minimum difference indicating of a state where excitation
equilibrium and ionization equilibrium is not achieved. For the case when a
higher T model, 5650 K (250 K higher than the best-fit model) is supplied,
a negative slope for abundance vs EP plot is seen (—0.041005,). The plot for
abundance vs reduced EW has a slope of 0.134670 002 and the difference of Fe I
and Fe IT is 0.2270003. The bottom panel, the slope of abundance vs Reduced
EW also shows a departure from the zero slope. Similarly to the previous case,
excitation and ionization equilibria are not achieved in this case too.

Both the methods of synthetic spectral fitting and EW method are applied

on several known stars. The results are summarized in Table 3.2.
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Figure 3.6: Simulations run for the star 7 Ceti. The Tog for the upper two panels
is 250 K lower than the correct Ty and in the bottom two panels the Tog is 250 K
higher. Thus, we see a positive slope and negative slope in the abundance vs EP plot

and Abundance vs Reduced EW in the upper two and lower two panels respectively.
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3.3 Error estimation and limitations of the method

The errors and limitations of each of the methods used in PARAS SPEC are

discussed as follows:

3.3.1 Synthetic spectral fitting

In the synthetic spectral fitting code, the parameters Ty, [Fe/H| and log g
are fitted simultaneously. The parameter values are estimated by computing
X2, in a 3 parameter space. Errors on each of the parameters are computed
by using constant x? boundaries as confidence limits on the three parameters
jointly (Press et al., 1992). The errors shown in Table 3.2 are 68% confidence
intervals for the parameters. As discussed previously, the uncertainties on
stellar parameters derived from spectra having SNR/pixel less than 80 is large
of the order of the grid size of the original library of synthetic spectra due
to improper estimation of the stellar continuum. This method yields reliable
results only for spectra having SNR/pixel > 80. Between SNR 80 — 100, the
wavelength region of 6000 —6500 A can be used for stellar property estimation.
However, we loose information on log ¢ which is determined by Mg I lines
(5160 — 5190 A). For, SNR > 100, the method works well to determine all
three stellar parameters, T, [Fe/H| and log ¢g. Large integration time or
co-addition of several spectra for faint targets on a small telescope (1.2 m) is
required to achieve this. If the stellar continuum is not determined properly

this method may lead to erroneous results.

3.3.2 EW method

As mentioned earlier, EW of a line is determined by modelling the spectral pro-
file of the absorption feature of the star by MPFIT function in IDL (Markwardt,
2009) as shown in Eq. 3.2. The absorption lines are modelled by Gaussian pro-
file and 1 o errors on each of the fitting parameters of the function are obtained

as given in Markwardt (2009). These errors are used to compute the 1 o error
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bars on the obtained EW values for each of the absorption lines. Elemental
abundances from the lines are derived using EW values and a stellar model
(function of T, [Fe/H] and log g) as inputs as shown below. We determine
three set of abundances, one on the original set of EWs, one on EW+ogy, and
the third set on EW-ogy,. The sets of abundances determined on EW+ogw
and EW-o gy correspond to the two extreme values of abundances determined

as shown in Eq. 3.3 and 3.4.

Abundance, , = Abundance(EW + opw) (3.3)

Abundance_, = Abundance(EW — ogwy) (3.4)

For each set of Abundances, Abundance,, and Abundance_,, and different
stellar models we derive a set of best-fit parameters, T, [Fe/H] and log ¢ in
the same way as described earlier. This provides an upper and lower-limits on

each of the best-fit parameters of T, [F'e/H] and log g.

Table 3.3: Typical errors on Individual Parameters by EW method from PARAS
SPEC

SNR/pixel Error bars FError bars
Ter (K)  log g dex

50 — 80 +100 0.15

80 — 120 +50 +0.1

> 120 +25 +0.05

s% 50 +50 +0.1

% From Blanco-Cuaresma et al. (2014)

Fast rotating stars will have line blends and will pose difficulty in measuring
accurate EW of the lines. Visual inspection for all the lines, despite being
a cumbersome task, is necessary to cross-check and discard line blends and

improper fits. The typical error bars for different SNR /pixel values obtained on
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estimation of Ty and log g by PARAS SPEC are given in Table 3.3. The last
row shows typical uncertainties on similar parameters from Blanco-Cuaresma
et al. (2014) as discussed in the following section. Thus, this method can be
applied on stars having low SNR/pixel between (50 — 80) unlike the synthetic
spectral fitting method for determination of stellar parameters though with

larger error bars as indicated in Table 3.3.

3.3.3 Comparison with similar work done by others

Blanco-Cuaresma et al. (2014) applied the synthetic spectral fitting and EW
methods on many stars. Based on the results applied to several stars, the
average errors determined for these methods on the respective parameters are
given in the last row of Table 3.3. It is important to note that these are average
errors reported on an average SNR/pixel of 50. Thus, errors given in Table 3.2
only correspond to the fitting errors and are formal errors on each parameter.
As quoted by Smalley (2005), realistically the typical errors on the atmospheric
parameters of a star determined by any method are of the order of +100 K
for Teg, +£0.1 dex for [Fe/H] and £0.2 dex for log g. The exact magnitude
of the uncertainty will depend upon the sensitivity of the lines used in the
analysis. Mortier et al. (2014) have compared the accuracies of the atmospheric
parameters obtained by photometry, spectroscopy and asteroseismology and

find asteroseismology to yield the most reliable results.

3.4 Conclusions

The stellar parameters derived from the code PARAS SPEC agree well with
those reported in literature as indicated in Table 3.2. Torres, Andersen and
Giménez (2010) studied a large sample of EBs which have masses, radii and
stellar parameters studied at a precision as high as 3%. From this study, the
authors reported an empirical relationship of mass and radius of stars above

0.6 Mg, as a function of the Teg, [Fe/H] and log g as follows:

logM = a1 + as X + as X* + a, X> + as(log 9)* + ag(log g)* + a7[Fe/H] (3.5)
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logR = by + by X + b3 X? + b, X? + bs(log g)* + bg(log g)° + by[Fe/H] (3.6)

where X = log(7Te) — 4.1. The calibration coefficients a; and b; are given
in Torres, Andersen and Giménez (2010). The reliability of stellar parameters
derived from high-resolution spectroscopy is expected to be better than com-
pared by modelling photometry data (Casagrande et al., 2011). Thereby, this
code can be used to deduce the masses and radii of primary stars at higher ac-
curacies leading to precise determination of stellar parameters of the secondary

component.






Chapter 4

Decoding three F4+M

Eclipsing Binary systems

4.1 Introduction

Determining the masses of the VLMS occurring as a part of the EB system,
characterizing their orbital parameters, and investigating the empirical M-R
relationship, form the essence of this thesis. As discussed in Ch 1, high pre-
cision spectroscopy and photometry measurements are a pre-requisite to infer
the masses and radii of stars occurring in EBs. Based on the criteria men-
tioned in Ch 3, EB candidates are carefully shortlisted. F-type primaries with
M-type secondaries (hereafter F+M binaries) are often discovered in surveys,
which are designed primarily to search for transiting planets (e.g. Bouchy et al.
(2005); Beatty et al. (2007)). Over the last few years only a handful of F+M
binaries have been discovered and their properties determined (e.g. Pont et al.
(2005a,b, 2006); Fernandez et al. (2009)). Due to the paucity of such studies,
therefore, every additional system discovered and analyzed contributes signifi-
cantly to our understanding of fundamental stellar properties; thus making the
sample of F+M binaries an important subset of stellar studies. Here, in this
Chapter we present our investigations on three F-type sources, HD 213597,
HD 23765 and SAO 106989, shortlisted from the STEREQO and SuperWasp

67
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(SW) photometry catalogue. Here, we describe high- resolution spectroscopic
and photometric observations and the methods of analysis used to derive the
physical parameters concerning the three EBs. Discussion and conclusions of

this work are presented at the end of the Chapter.

4.2 Mass and orbital parameters of a low-mass

star HD 2135978

As one of the important by-products of their quest for exoplanets, Wraight
et al. (2011) catalogued 263 EB candidates from a careful analysis of STEREO
data. HD 213597 was particularly highlighted by these authors for potentially
hosting a substellar companion. SIMBAD database noted the star to have
a spectral type FO with no reported variability. The star is shown to have
box-shaped eclipses of 25 mmag in depth at a periodicity of 2.4238 d (Wraight
et al., 2011). This star, as a result of the detailed work done by Wraight
et al. (2012) on STEREO photometry data, also formed a part of their study
on 9 low mass EB candidates where the radius of the secondary is estimated
to be below 0.4 R,. HD 213597, with a visual magnitude of 7.8, is an F-
type star having a rotational velocity of 40 + 4 km s~ (Nordstrém et al.,
2004; Glebocki and Gnacinski, 2005). The radius measurement for this star is
2.039 Ry based on 2MASS photometry measurements by Masana, Jordi and
Ribas (2006) whereas those derived by the photometry measurements from
STEREO is 1.96 + 0.06 Rg (Wraight et al., 2012). Nordstrom et al. (1997)
took 4 RV measurements of this source and found a reflex motion of around
60 kms~! suggesting the possible existence of a low-mass companion in contrast
to the suggestion of a brown-dwarf companion by Wraight et al. (2011). Based
on photometry, the radius estimates of the secondary indicates the possibility
of a low-mass companion (Wraight et al., 2012). Table 4.1 lists the properties

of this star obtained from the literature.
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Table 4.1: Stellar properties of host star HD 213597 from literature.

Parameter Value Reference
Mass 1.5 £0.1 Mg (1)
Radius 2.039+£0.303 Rq (2)
log g 3.99+£0.05 (1)
vsini 4045 km st (3)
Tt 6837+80 K (1)
[Fe/H] —0.1440.1 (1)
Age 1.90+0.2 Gyr (1)
Distance 115 £15 pc (4)
V magnitude 7.8 (5)
RA(epoch=2000) 22" 32™ 32°.626 (5)

Dec(epoch=2000) 1° 34’ 56.83 7 (5)
References: (1) Casagrande et al. (2011); (2) Masana, Jordi and Ribas (2006);

(3) Nordstrom et al. (2004); (4) from HIPPARCOS data (5)from SIMBAD

4.2.1 Spectroscopic and Photometric Observations of

HD 213597

4.2.1.1 Spectroscopy

High-resolution spectroscopic observations of the star HD 213597 were made
on several occasions during 2011-12 with the fiber-fed high-resolution spec-
trograph (hereafter HRS; Tull, 1998) at the 10-m McDonald Hobby-Eberly
Telescope (hereafter HET; Ramsey et al., 1998), and the fiber-fed echelle spec-
trograph, PARAS (Chakraborty et al., 2014) at the 1.2-m telescope at Gu-
rushikhar Observatory, Mount Abu, India.

HET-HRS observations: A set of 9 observations were obtained between
2011 October and 2012 July using the HRS in its 316g5936 cross-disperser
setting. The data at HET-HRS were obtained with a 2 arcsec diameter fiber
with options for different resolving power; 15,000, 30,000, 60,000 and 1,20,000
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based on different slit widths. We took observations at a resolving powers of
30,000 with a data binning of 2 x 3 pixels. A simultaneous coverage in two
wavelength regions of 4300 — 5800 A and 6200 — 7600 A was recorded. The
two distinct portions of wavelength coverage correspond to two mosaics of the
R4 echelle having a wavelength coverage at the blue end and a wavelength
coverage at the red end with a gap of 5 orders in between. The exposure times
ranged between 60 s and 300 s yielding signal-to-noise ratio (SNR) between
200 and 600 per resolution element. Since, each resolution element in the
30,000 resolving power mode is 2.7 pixels, the SNR per pixel is between 74 to
222 for the observed data. Each observation was bracketed before and after
with a ThAr lamp exposure for wavelength calibration. The same procedure
was used on another star HD 215648, which served as a template to derive
RVs. The template star is used for computing cross-correlation functions for
deriving RVs in lieu of the numerical mask used to derive RVs as discussed in
Ch 2. HD 215648 has a spectral type of F7V with T, = 6228 +100 K, log g =
4.15 4 0.07 (Edvardsson et al., 1993), vsini = 6.7 & 0.7 km s™! (Ammler-von
Eiff and Reiners, 2012), and [Fe/H] = —0.22 (Valenti and Fischer, 2005). The
data were reduced using a custom optimal extraction pipeline as described in

Bender et al. (2012).

Mt Abu-PARAS observations: A total of 13 observations were taken be-
tween October and November 2012 using the fiber-fed PARAS spectrograph
at a resolving power of 67,000. The exposure time for each observation was
fixed at 1200 s resulting in SNR between 20 to 25 per pixel at the blaze wave-
length. Simultaneous exposures of the science target and the ThAr lamp for
wavelength calibration were taken. The wavelength region between 3700 and
6800 A was considered for the RV measurements. The data were reduced by
the Interactive Data Language (IDL) pipeline designed specifically for PARAS
as described in Ch. 2. Over the course of one year (October 2011 - Novem-
ber 2012), a combined total of 22 observations were obtained with the two

spectrographs. The barycentric corrected RV values along with the associated
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uncertainties (Refer § 4.2.2.2) are given in Table 4.2.

Table 4.2: RV Observation log for the star HD 213597.

UT Date T-2,400,000 Instrument Exp. Time RV o-RV

(BJD-TDB)  (flag) (sec.)  (kms7!) (kms™1)
2011 Oct 30 55864.689 HET-HRS 250 4.844 0.209
2011 Nov 25 55890.614 HET-HRS 60 11.822 0.208
2011 Nov 27 55892.609 HET-HRS 180 —20.967 0.214
2011 Dec 15 55910.552 HET-HRS 60 15.026 0.212
2012 Jun 11 56089.949 HET-HRS 300 14.561 0.210
2012 Jun 22 56100.924 HET-HRS 300 —30.586  0.217
2012 Jun 23 56101.918 HET-HRS 300 19.909 0.212
2012 Jul 01  56109.905 HET-HRS 180 —27.993  0.204
2012 Jul 02  56110.901 HET-HRS 300 —9.125 0.214
2012 Oct 17  56218.260 PARAS 1200 2.940 0.187
2012 Oct 17  56218.276 PARAS 1200 2.905 0.214
2012 Oct 17 56218.292 PARAS 1200 2.134 0.266
2012 Oct 18  56219.210 PARAS 1200 —61.491 0.221
2012 Oct 18  56219.225 PARAS 1200 —61.522  0.256
2012 Oct 18  56219.241 PARAS 1200 —62.592  0.288
2012 Oct 23 56224.198 PARAS 1200 —62.984  0.200
2012 Oct 23 56224.214 PARAS 1200 —62.904 0.216
2012 Nov 7 56239.202  PARAS 1200 —42.605  0.583
2012 Nov 7 56239.219 PARAS 1200 —40.721  0.747
2012 Nov 7 56239.234 PARAS 1200 —39.516  0.665
2012 Nov 8  56240.179 PARAS 1200 0.438 0.223
2012 Nov 8  56240.195 PARAS 1200 —1.008 0.248

The time in UT and BJD-TDB are mentioned in first two columns followed
by instrument flag used for observations and exposure time in third and fourth
column respectively. The last column has RV errors, corresponding to co-

variant errors (HET-HRS) or statistical photon noise errors (PARAS).
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4.2.1.2 Transit Photometry

Ground-based photometric observations for HD 213597 were performed from
the calculated mid-eclipse time based on the ephemeris of Wraight et al. (2012).
Given the celestial coordinates of the star (Refer Table 4.1) and the period of
monsoon in India from middle of June to early October, a narrow window of
three weeks was available in the month of October to observe the complete
transit of the object. Thus, the archival STEREO data (Wraight et al., 2012)
was also revisited, in order to compute the transit parameters such as tran-
sit duration and angle of inclination in combination with our ground-based

photometry at PRL, Mount Abu, India.

STEREO archival data: STERFEO data from HI-1A instrument were ex-
tracted from the UK Solar System Data Centre (UKSSDC) website *. The star
was observed for a period of 16 to 17 days on the CCD for each cycle of obser-
vation. Six such cycles of data were used for HD 213597 during the period from
January 2008 to October 2012. For this purpose, we utilized the L2 images
that were pre-processed (bias-subtracted and flat-fielded) and accounted for
solar coronal contamination. The wavelength band of 6300 — 7300 A was used
for observation (Wraight et al., 2012). A total of 36 transits for HD 213597

were recorded in 6 cycles of the extracted data.

Mt. Abu observations: Follow-up photometric observations of HD 213597
were also made with the Physical Research Laboratory (PRL) 10-inch telescope
at Gurushikhar, Mount Abu, India. Photometry was carried out with Bessel
R-band filter on 2013 October 21 UT for a duration of 5 h. The telescope is
equipped with a back thinned E2V 1k x 1k CCD array giving a field of view
of 35 arcmin x 35 arcmin. A mismatch of the telescope dome position while
guiding resulted in the rejection of an hour-long observation corresponding to
the phase between mid-eclipse duration and the egress of the eclipse. Fur-

thermore, due to passing clouds, we lost about 20 per cent of the egress time.

Lwww.ukssde.rl.ac.uk
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Despite the data loss, we recorded the transit at a confidence level of 4. The
observations on this source, HD 213597 discussed in this section, as well as
the analysis and results discussed in the next sections, have been published in

Chaturvedi et al. (2014).

4.2.2 Data Analysis of HD 213597

4.2.2.1 Radial Velocity Analysis

HET-HRS: The reduced data were wavelength-calibrated and continuum-
normalized and the echelle orders were stitched to produce a continuous 1-
D spectrum between two wavelength regions of 4300 — 5800 A and 6200 —
7500 A. The spectrum was then divided into 8 segments (4386 — 4486 A;
4593 — 4843 A; 4925 — 5025 A; 5100 — 5410 A; 5475 — 5800 A; 6365 — 6430 A;
6620 — 6850 A; 7450 — 7500 A) that were free of telluric lines. Each segment
was cross-correlated using a 1D cross-correlation algorithm. The resulting 1D
correlation arrays were combined using the maximum likelihood method which
is based on the the probability of the observed results under the assumed model
as a function of model parameters (Zucker, 2003). A robust non-linear least
square curve fitting algorithm was employed in MPFIT in IDL, to fit the peak of
the cross-correlation function and determine the RVs and the associated errors.
The barycentric corrections were incorporated on individual data points by IDL

routines.

Mt Abu-PARAS: The entire reduction and analysis for PARAS was carried
out by the custom-designed pipeline in IDL-based on the REDUCE optimal
extraction routines of Piskunov and Valenti (2002). The pipeline performs the
routine tasks of cosmic ray correction, dark subtraction, order tracing, and
order extraction. A complete thorium line list for the PARAS spectral range
was utilized. The wavelength calibration algorithms were specifically optimized
for PARAS as described in Ch. 2. The RV values were computed by cross-

correlating the observed spectra against an F-type binary mask. The binary
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Figure 4.1: (Top panel) RV model curve for star HD 213597 obtained from EXO-
FAST is plotted against orbital phase. HRS-HET (filled circles) and PARAS, Mount
Abu (open circles) observed data points along with the estimated errors are over-
plotted on the curve. The 4 RV measurements (not considered for RV fitting) from
Nordstrom et al. (1997) are overplotted on the modelled data.

(Bottom panel) The residuals from best-fit are plotted below the RV plot. The
residuals are not plotted for the points which are not considered for the RV fitting.
For better visual representation, the x axis (Phase) is shifted by 0.25 so that the

central primary transit crossing point (T.) occurs at phase 0.25 instead of 0.

mask was created with the SPECTRUM program using Kurucz stellar atmosphere
models (Kurucz, 1993) with a temperature of Tz = 6750 K, log ¢ = 4.0 and a
metallicity, [M/H] = —0.2 (refer Table 4.1) by retrieving a list of Fe I and Fe
IT lines having an intensity value between 1 and 0 depending on the strength of
the transition. The central wavelength of each line was broadened to a width
of 20 km s™! (an average vsini for F-type stars (Nordstrom et al., 1997)).
Barycentric corrected RV points are shown in Fig 4.1. Filled circles indicate
data taken with HET-HRS and open circles indicate RV points observed by
Mt Abu-PARAS. More details on the fitted model indicated as a solid line in
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the figure are discussed in § 4.2.2.6.

4.2.2.2 Errors on RV Measurements

The cross-correlation function (CCF) for each epoch was computed for the
fully reduced and calibrated spectra as discussed in next section. RVs were
determined by fitting the CCF with a Gaussian function. The co-variant errors
obtained from fitting the peak of this CCF in IDL are reported as uncertainties
on the HET data. The precision on RV measurements is dependent on photon
noise errors as discussed in § 2.3. For PARAS spectra, errors based on photon
noise were computed for each spectrum as discussed in Bouchy, Pepe and
Queloz (2001). These authors defined a term quality factor, Q (described in

§ 2.3), which controls the RV precision as given:

OVims = NS (4.1)
where,
o VETT )

> Ao(1)
and Ag(i) is the intensity of a zero-velocity spectrum at the it* pixel and
W (i) is the optimum weight of the individual pixel, which is inversely propor-
tional to the square of the individual velocity dispersion. As mentioned earlier,
HD 213597 is an early F-type star with a rotational velocity of 40 km s~
Q deteriorates with increasing rotational velocity thereby increasing the RV
uncertainty. The F-type star, HD 213597, consequently will have the RV un-
certainty 20 times larger than a Sun-like star. While PARAS has much higher
resolution than the HET-HRS mode that was used, SNR of its spectra are
lower, leading to the PARAS RVs having larger uncertainties than the HET-
HRS RVs. In order to compute errors by statistical approach, we randomly
varied the signal on each pixel within the Poissonian uncertainty of ++v/N,
where N is the signal on each pixel, and thereafter computed the CCF for each
spectra. This process is repeated 100 times for each spectra and the standard

deviation of the distribution of the obtained RV values is given as the 1 o
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uncertainty on the CCF fitting along with errors from photon noise on each

RV point.

4.2.2.3 Spectral Analysis of HD 213597

The spectral analysis of HD 213597 was done by the SME (Valenti and Piskunov,
1996) spectral synthesis code using HET-HRS observed spectra. We also re-
peated the spectral analysis for this star from Mt Abu-PARAS observed spec-
tra from the in-house built spectral analysis code, PARAS SPEC. The details

are discussed as follows.

SME: SME is composed of a radiative transfer engine that generates syn-
thetic spectra from a given set of trial stellar parameters and a Levenberg-
Marquardt solver. This non-linear least square fitting method works on the
principle where the parameters of the models are minimized to keep the sum
of squares of the observed and model points minimal (Press et al., 1992). It
is used to find a set of parameters corresponding to a synthetic spectrum that
best matches the observed input data in specific regions of the spectrum. The
basic parameters used to define a synthetic spectrum are effective temperature
(Tert), surface gravity (log ¢), metallicity ([M/H]), iron abundance relative to
solar ([Fe/H]) and projected rotational velocity (vsini). These five parame-
ters were solved in order to match the observed spectrum.

SME was implemented by using the Advanced Computing Centre for Re-
search and Education’s (ACCRE) High-Performance Computing Centre at
Vanderbilt University for a large number (150) of different initial conditions to
fully explore the x? space and find the optimal solution at the global minimum.
In addition, a line list based on Stempels et al. (2007) suited for F-type stars
and the MARCS model atmosphere grid in the radiative transfer engine was
applied. The microturbulence (vpicro) defined in Gémez Maqueo Chew et al.
(2013) was obtained from the polynomial relation.

SME pipeline was applied to the high SNR HET spectrum of HD 213597 al-

lowing all 5 parameters listed above to vary freely. The results of the execution
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Figure 4.2: Observed normalized spectra for star HD 213597 (solid line) plotted
across the wavelength region of 5160 — 5190 A covering the Mg I triplet at 5167,
5172, and 5183 A. Overplotted is the modelled spectra (dash line) obtained from

SME analysis (when all parameters are kept free), with temperature value of Tog of

6625 K, [Fe/H] of 0.095 and log g of 3.72.

provide us with the following values: T.g = 6625 + 121 K, log g = 3.72 4+ 0.22,
and [Fe/H| = —0.095 £ 0.08. It is important to note that for hotter stars,
uncertainties on the gravity derived from spectral synthesis increase because
the wings of the Mg I b triplet at 5167, 5172, and 5183 A used to constrain this
parameter become narrower and less sensitive to gravity. SME pipeline was
re-run, this time constraining log ¢ = 3.96 + 0.1 based on the literature-cited
value. In this set of 150 trials, we fixed the value of gravity to a randomly cho-
sen value within the range of uncertainty and solve for the other 4 parameters.
For the constrained run, we obtained T,y = 6752 + 52 K, iron abundance

([Fe/H]) = —0.025 £+ 0.05 and metallicity ([M/H]) = —0.105 + 0.03.

The formal 1-0 errors are based on the dx? statistics for the 5 free pa-

rameters. The systematic uncertainties on each parameter are obtained by
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Table 4.3: Spectroscopically determined stellar parameters of HD 213597 (this
work). The two measurements listed for each stellar parameter results from two
SME run: (1) when all parameters are allowed to float; (2) when log g is fixed to a

value determined by mass and radius measurements.

Stellar Parameter Value Uncertainty Value Uncertainty
(Free) (Constrained)

Terr (K) 6625 + 121 6752 + 52
log g 3.72 + 0.22 3.96 +0.1
[Fe/H] -0.095 =+ 0.08 -0.025 + 0.05
[M/H] -0.156 =+ 0.03 -0.105 =+ 0.03
vsini (km s™t) 39.53 + 1.3 39.53 + 1.3
Umicro (km s71) 2 __ 2 __

computing the mean absolute deviations from a comparison of the results of
the pipeline with three independent datasets with parameters in the litera-
ture (Valenti and Fischer, 2005; Torres et al., 2012; Huber et al., 2013). The
final results (both free and constrained log g) are listed in Table 4.3 along
with their combined statistical and systematic uncertainties. Fig. 4.2 shows
a sample of the observed spectrum (solid line) overlaid by the best-fit model
(dotted line) obtained by a free parameter fit (Tox = 6625 K; [F'e/H| = —0.095;
log g = 3.72). The observed and model spectra are shown across the wave-

length region 5160 — 5190 A, that includes the Mg I b triplet.

PARAS SPEC: PARAS SPEC was used for determination of stellar prop-
erties for HD 213597 from PARAS observed spectra. Though, the code has
a provision of using both the synthetic spectral fitting and equivalent width
(EW) methods, we could only use the first method of synthetic spectral fitting
on this star. The EW method requires a set of unblended Fe I and Fe II lines

for determination of stellar properties. Since, the star has a large vsini of



4.2. Mass and orbital parameters of a low-mass star HD 213597B 79

40 km s, the Fe II lines for this star were blended rendering the usage of EW
method impossible on this star. A total of 15 observed spectra were co-added
for the source to get a SNR of 90 — 120 in the entire wavelength range to be
used (5050 — 6500 A).
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Figure 4.3: Observed normalized spectra for HD 213597 (solid black line) plotted
across the wavelength region of 5380 — 5480 A. Overplotted is the modelled spectra
(red dash line) obtained from PARAS SPEC analysis, with temperature value of
T = 6550 = 100 K, [Fe/H] = —0.1 0.1 and log g = 4.0 £ 0.1.

Thus, we utilized the wavelength region of 5050 — 6500 A for spectral
analysis. All three parameters, Tog = 6550 + 100 K, [F'e/H] = —0.1 £ 0.1 and
log g = 4.0 £ 0.1 are determined by this method. The best-fit model spectra
determined for HD 213597 is shown in Fig. 4.3.

4.2.2.4 Transit of HD 213597

STEREOQO archival data: The STERFEO images from Heliospheric Imager,
HI-1A, L2 data were previously bias and flat-field corrected. These images
have a field of view of 20° x 20° imaged on a 2k x 2k CCD. The data were
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2 x 2 binned to get a 1k x 1k image with a field of view of 70 arcsec x 70 arcsec

per pixel.
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Figure 4.4: (Top panel) Transit curve obtained from STEREO data and PRL 10-
inch telescope is plotted based on the parameters from EXOFAST. The STEREO
data are plotted with red filled circles and the PRL 10-inch telescope data are
plotted with open blue squares along with their individual error bars. (Colours are
only in online version.) (Bottom panel) Observed-Fit residuals are plotted. For
better visual representation, the x axis (Phase) is shifted by 0.25 so that the central

primary transit crossing point (T.) occurs at phase 0.25 instead of 0.

Each image is a sum of 30 exposures with a total exposure time of 20 min
and an observational cadence of 40 min (Wraight et al., 2011). The procedure
given in Sangaralingam and Stevens (2011) was followed to do aperture pho-
tometry on the data. An aperture of 3.5 pixels was chosen for the same. The
standard IRAF ? daophot package for processing the photometry data was
used. The flux computed by IRAF was detrended by fitting a 4" order polyno-

2IRAF is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy, Inc., under cooperative agree-

ment with the National Science Foundation.
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mial to account for the CCD response function as discussed in Sangaralingam
and Stevens (2011). The data were further normalized for each cycle. The rms
scatter on the light curve for the entire data for the source star outside the
transit time duration is 7 mmag. A total of 36 transits were obtained for the

entire data of 6 cycles between the period January 2008 to October 2012.

Mt Abu data: For the ground-based photometry observations from Mt Abu
on 21 October 2013, each individual frame had an exposure time of 2 s and a
readout time of ~ 1 s. Similar to the STEREQO data, IRAF daophot package
was used to perform aperture photometry on the data, after the frames were

flat-fielded and dark-corrected.

For differential photometry, a comparison star is needed which is non-
varying with time and is similar in colour and magnitude to the program star.
In order to cross check the non-variability of the comparison star, another field
star called ’check star’ is required. Varying air-mass, and other local sky vari-
ations were accounted for, to an extent, by performing differential photometry
on the comparison star and the check star. HD 213763 with spectral type
F5V and a visual magnitude of 7.8 was chosen as the comparison star and
HD 213598 of spectral type KOV with a visual magnitude of 9.14 was chosen
as the check star. Although it is desirable to choose a check star of similar
colour as that of the source and comparison stars, a K-type check star was
selected due to unavailability of bright field stars in the near vicinity. Since,
Bessel R-band was used for photometry observations, the effect of scattering
by moonlight and the atmospheric extinction is minimal.

The average SNR of the source and the comparison star was between 300
and 350 respectively for individual frames. Sixty consecutive frames, of simi-
lar exposures were median combined to avoid the scintillation noise from sky
which, otherwise, becomes the dominant source of noise. Thus, each binned
data frame comprised a total exposure time of 120 s and a total time cadence
of 202 s (including the read out time) making the SNR of the combined frame

to be ~ 2500 for the same stars. Differential photometry was performed on
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the program star, HD 213597 and the comparison and check stars (HD 213763
and HD 213598). Individual light curve of comparison and check stars showed
a rms scatter of 12 mmag over the entire observation period. The rms scatter
between the comparison and the check star reduced to 6 mmag after differ-
ential photometry. This scatter was considered as photometric errors on each
data point in the light curve. The data from STERFEO and PRL 10-inch tele-
scope were combined to produce a phase-folded light curve as both the datasets
were observed in R-band and have similar associated photometric errors. This
phase-folded light curve is shown in Fig. 4.4 where red points indicate data
from STEREQO and blue points refer to Mt Abu 10 inch telescope data. De-
tails on the model which is shown as a solid line in the figure are discussed in

§ 4.2.2.6.

4.2.2.5 EXOFAST: A tool to fit spectroscopy and photometry data

EXOFAST is a set of IDL routines designed to fit transit and/or RV variations
(Eastman, Gaudi and Agol, 2013), and characterize the parameter uncertain-
ties and covariances with a Differential Evolution Markov Chain Monte Carlo
method (Johnson et al., 2011). It can either fit RV and transit values exclu-
sively or use both datasets to give a simultaneous fit. It also requires priors
on Ty, log g and iron abundance, [F'e/H]. EXOFAST uses empirical polyno-
mial relations between masses and radii of stars as given in Eqns. 3.5 and 3.6;
their log g, Tes, and [Fe/H| based on a large sample of non-interacting binary
stars in which all of these parameters were well-measured (Torres, Andersen
and Giménez, 2010). These priors are used as a convenient way of modelling
isochrones and are fast enough to incorporate them at each step in Markov
chain. The errors derived here are determined by evaluating the posterior prob-
ability density based on the range of a given parameter that encompasses some
set fraction of the probability density for the given model. The errors reported
here for the mass and radius of the secondary are formal errors from EXO-
FAST. These values and errors are themselves based on models and isochrones

and should not be used as independent observational checks on these models
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until more precise values can be derived in the future by teasing out a double

lined spectroscopy orbital solution for any of the EB system studied.

4.2.2.6 Orbital parameters derived for star HD 213597

The EXOFAST routine is executed with the combined RV datasets (HET-HRS
and PARAS) and the combined photometry datasets (one from the transit light
curve obtained by STEREO and the other one obtained by PRL 10-inch tele-
scope). On varying the SME-derived parameters as input priors to EXOFAST,
it is found that constraining log g with the same uncertainties as given in Ta-
ble 4.3 yields the most consistent values for Tog and [Fe/H] (best simultaneous
fit for RV and transit data). The results of the execution are summarized in
Table 4.4. Fig. 4.1 illustrates the RV versus orbital phase for HD 213597. As
discussed previously, solid and open circles (top panel) show RV measurements
of the primary taken with the HRS and PARAS instruments, respectively. The
figure also shows the residuals (Observed-Model) in the bottom panel. There
were four RV measurements for this star from Nordstrom et al. (1997) observed
with the 1.5-m Wyeth reflector at the Oak Ridge Observatory in Harvard, Mas-
sachusetts between October 1987 to July 1991. The offset in RV are corrected
for and these points are overplotted in Fig. 4.1. However, these points are not
included while modelling RV due to their relatively large errors. It is impor-
tant to note that despite a long time-gap between the observations from this
work and those of Nordstrom et al. (1997), their RV measurements (asterisks)
lie reasonably close to the model curve as shown in Fig. 4.1.

Fig. 4.4 (upper panel) shows the simultaneous fit for the transit light curve
obtained by analysing STEREQ archival data (filled circles) and PRL 10-
inch telescope data (open squares), overplotted with the model derived from
EXOFAST (solid curve). The residuals are plotted in lower panel. The simul-

710 0015 mag, angle of inclination of

taneous fit gives us a transit depth of 0.031
84.9°70%% and a transit time duration of 274"} min. The transit depth cited
here is consistent with the refined analysis of STEREO light curve by Whit-

taker, Stevens and Sangaralingam (2013). We obtain the mass of the secondary
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Table 4.4: Results obtained from EXOFAST by simulataneous fitting of RV and

transit data for HD 213597 with a 68% confidence interval.

Parameter Units Values

HD 213597A:
My Mass (Mg) 1.293*41°
R Radius (Rg) 1.973*0:080
LA Luminosity (Lg) 7.04705
pA Density (cgs) 0.237710 0023
log ga Surface gravity (cgs) 3.96 + 0.01
Teot Effective temperature (K) 6699725
[Fe/H] Iron Abundance —0.065J_r828451(8)

HD 213597B:
e Eccentricity 0.0198J_r8j88341L
Wy Argument of periastron (degrees) 72ﬂ§
P Period (days) 2.42385030: 0000019
a Semi-major axis (AU) 0.0411275-00058
Mg Mass (Mg) 0.2861 ;"
Rp Radius (Rg) 0.344750Y"
0B Density (cgs) R DA
log gn Surface gravity 4-8031—8:8883

RV Parameters:
€ COS Wi
€ Sin wy

Tp

Transit Parameters:
Te
Rp/R4
i
a/Ra
0
T4

0.005610 001
0.0184% G007
Time of periastron (BJD)
RV semi-amplitude m s—*
Mass ratio

Systemic RV m s—!

Mass function * (Mg)

Time of transit (BJD)

Radius of secondary in terms of primary radius

Inclination (degrees)
Semi-major axis in stellar radii
Transit depth

Total transit duration (minutes)

2455392.0910957
33390722
0.2218 + 0.0045
180

—44201 750

0.0091 £ 0.000048

0.0015
2455392.20145-901%
0.178 & 0.001

0.61
84;9—"_0.50

+0.039
4.487 ) 538

0.0013
0.0317 00015

5
27415

* By BOOTTRAN (IDL).
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as 0.2867951% M, and a radius of 0.34410)59" R.. The mass function for this
system is also calculated by using the IDL BOOTTRAN package (Wang et al.,
2012). The results obtained by the combined RV and transit datasets are
consistent with the period 2.4238 d (Wraight et al., 2012; Whittaker, Stevens
and Sangaralingam, 2013) with a semi-major axis of 4.48 Rgar (0.041 AU) and
a RV semi-amplitude of 33.39 km s~!. Based on the mass limits, it can be
concluded that the secondary star is an early M dwarf (Baraffe and Chabrier,
1996).

4.2.3 Results obtained on HD 213597

The detailed spectral analysis of the high SNR HET spectra gives us the fol-
lowing stellar parameters: Tog= 6752 + 52 K and [Fe/H] = —0.025 £+ 0.05,
for log ¢ = 3.96 + 0.1. The temperature indicates an F-type primary star.
It may be mentioned that Masana, Jordi and Ribas (2006) obtained a T of
6936 + 70 K based on V and 2MASS JHK photometry, while Casagrande et al.
(2011) reported a value of 6837 £ 80 K based on improved colour calibration
of the same bands. Our results are more reliable than the earlier ones, as they
are based on detailed spectral analysis from high SNR spectra. Furthermore,
these results are substantiated by the fact that the RV and photometry data
are not able to constrain a solution in EXOFAST by using the previously cited
Te value of 6936 + 70 K. Using Teg, [Fe/H] and log g derived from this
work, the mass and radius of the primary star obtained from Mass-Radius
relationship (Torres, Andersen and Giménez, 2010) are 1.48 My, and 2.11 R,
respectively, consistent with the values reported in literature (see Table 4.1).
Using high-resolution spectroscopy data taken with the HET-HRS, PARAS
spectrographs and photometry with the STEREQO, PRL 10-inch telescope, it
is concluded that HD 213597 is an EB system with an F3-type primary and an
early M4-type secondary (spectral types are estimated based on mass (Pecaut
and Mamajek, 2013)). The estimated secondary mass from RV measurements
is Mg = 0.2867001% M, with an accuracy of ~ 3 — 4% (formal errors).

Based on the transit depth of 0.03177000}5 mag, the radius of the secondary
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is estimated to be Rp = 0.3441059" R, with an accuracy of ~ 5 —6% (formal
errors). The radius estimated here is in good agreement with the value given

by Wraight et al. (2012).

4.3 Mass and orbital parameters for a mid-M

dwarf star, HD 23765B

HD 23765 is the second EB target chosen for our study shortlisted from the
STERFEO catalogue. It has a visual magnitude of 9.5 and a spectral type of F8
(Wraight et al., 2012). In addition to STERFEO, this source was also observed
by SW.

Table 4.5: Stellar properties of host star HD 23765 based on photometry

Parameters Value
V magnitude 9.53
Teg 5746 K
Spectral Type F8
Period (P) 1.6865 + 0.0004 d
Transit Depth 0.049+£17 mag
Transit Epoch 2454213.264019 MJD
R4 0.98Rg
Rp > 0.22R;
RA (epoch=2000) 03h 48 m 28.93 s

Dec(epoch=2000) + 21d 47m 50.85 s

Observations from both these surveys confirm the eclipse depth of this
source to be ~ 49 + 17 mmag. Wraight et al. (2012) reported evidence of a
slight tidal distortion in the host star. The radius of the secondary (~ 0.22Rg)

based on transit depth of 49 mmag occurring indicates that the primary star
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hosts a low mass companion. This motivated us to choose this star for PARAS
RV observations. Table 4.5 lists the previously studied parameters for this

source based on literature.

4.3.1 Spectroscopic and Photometric Observations of

HD 23765

4.3.1.1 Spectroscopy

HD 23765 was followed up with PARAS in the months between October to
November 2013.

Table 4.6: PARAS observation log for the star HD 23765

UT Date T-2,400,000 Exp. Time RV o-RV
(BJD-TDB)  (sec.)  (kms™!) (kms™!)

2013 Oct 22 56588.375 1200 19.178 0.212

2013 Oct 22 56588.391 1200 19.688  0.293

2013 Oct 23 56589.394 1200 —68.773  0.559
2013 Oct 23 56589.410 1200 —68.387  0.752
2013 Oct 24 56590.394 1200 —49.062  1.052
2013 Oct 24  56590.410 1200 —-50.596  0.919
2013 Oct 25  56591.403 1200 —33.882  1.522
2013 Oct 26 56592.383 1200 —72.317  0.357
2013 Oct 26 56592.399 1200 —74.609  0.675

2013 Oct 27  56593.399 1200 20.061 0.932
2013 Oct 27  56593.415 1200 20.828 0.959

2013 Nov 12 56609.434 1200 —74.248  0.939
2013 Nov 14 56611.390 1200 —-63.691  0.329
2013 Nov 19 56616.387 1200 —71.586  0.603

A set of 14 RV observations of this source were obtained. The spectra

were taken in the simultaneous ThAr reference mode of PARAS at a resolving
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power of 67,000. The exposure times for each RV observation were kept at
1200 s resulting in SNR between 14 to 20 per pixel at the blaze wavelength.
The observation log for the source is given in Table 4.6. The time in UT and
BJD-TDB are mentioned in first two columns followed by exposure time and
barycentric corrected RV in third and fourth column respectively. The next

column has RV errors, the procedure for which is in § 4.2.2.2.

4.3.1.2 Photometry

HD 23765 was observed by both STEREO and SuperWasp missions.

SuperWasp: SW photometry data were taken for this source between July
2004 to February 2007. A long periodic variability of over a year is speculated
from the SW light curve by Wraight et al. (2012). We retrieved the available
SW photometry data and found that based on observation times, the data were
taken in three intervals, first interval in July 2004, second interval between
September - December 2006 and the last interval between January - February
2007. The data from the first interval of 2004 have a vertical offset in the
normalized flux values as compared to the remaining data. Since, the reason
for offset was unknown, we could not correct for it in the dataset. Therefore,
this interval of data was discarded for our work. The third interval, 2007, was
also discarded because it had relatively large error bars of the order of 5 —10%
in comparison to 1 —2% error bars for the second interval of dataset. The data
finally considered was from the second interval, year 2006, which consisted of

75 % of the total data.

STEREQO: STERFO data were taken between the period 2007 — 2011 for
this star. STERFEQO observations do not show a similar variability as shown
from SW data but there are hints of sinusoidal trend with a period of about
seven times the orbital period (Wraight et al., 2012). Moreover, STEREQO
photometry data for each year was fitted with a 4" order polynomial as a part

of their reduction procedure to remove instrumental effects which might have
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removed any signature of longer periodicity (Wraight et al., 2011). This will
require further ground-based observations spreaded over a few years to confirm

or refute the claim.

4.3.2 Data Analysis of HD 23765

4.3.2.1 Radial Velocity Analysis

The data reduction and analysis techniques were applied by the standard
pipeline, PARAS PIPELINE as discussed in Ch 2. The zero velocity mask for
a F-type star was used to compute the cross-correlation function for HD 23765
similar to the star HD 213597 as discussed in § 4.2.2.1. The phase-folded RV
points are plotted in blue filled circles in Fig 4.5.
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Figure 4.5: (Top panel) RV model curve for star HD 23765 obtained from EX-
OFAST is plotted against orbital phase. PARAS, Mount Abu (solid blue circles)
observed data points along with the estimated errors are overplotted on the curve.
(Bottom panel) The residuals from best-fitting are plotted below the RV plot. For
better visual representation, the x axis (Phase) is shifted by 0.25 so that the central

primary transit crossing point (T.) occurs at phase 0.25 instead of 0.

More details on the model indicated by the solid line to be discussed in
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§ 4.3.2.3.

4.3.2.2 Spectral analysis of HD 23765

PARAS SPEC was used to compute the stellar properties of the source (for
details see Ch 3). All 14 observed epochs for the source HD 23765 were com-
bined. The SNR/pixel for the 14 combined epochs was ~ 75 — 80 in the red
region of the CCD and between 55 — 75 in the blue region.
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Figure 4.6: Observed normalized spectra (solid line) plotted across the wavelength
region of 5380 — 5480 A for HD 23765. Overplotted is the modelled spectra (dash
line) obtained from PARAS SPEC, with temperature value of T'o of 6375 K, [F'e/H |
of —0.1 and log g of 4.1

SNR /pixel of 75 — 80 is the lower limit at which synthetic spectral fitting
method can be used. Since, HD 23765 is an F type star, there is more infor-
mation in the blue region of the spectra. Thus, we smoothened the spectra to
resolving power of ~ 44000 to improve the SNR /pixel in the blue region of the
spectra. Thus, the wavelength region 5200 — 5700 A of the spectra was used
for synthetic spectral fitting method. Since, the spectra have lower SNR/pixel,

the stellar continuum is much noisier than the continuum of a synthetic model.
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The continuum matching errors as discussed in Ch 3 causes relatively larger

error bars of the order of £100 K for T and £0.1 dex for [F'e/H] and log g.

Table 4.7: Spectral lines used for EW method for HD 23765 in PARAS SPEC

Wavelength (A) Element Wavelength (A) Element

4961.90 Fel 5794.02 Fe I
5225.52 Fel 2806.79 Fe I
5228.30 Fe I o848.12 Fe I
5285.10 Fel 6012.23 Fe I
5321.12 Fel 6098.25 Fe I
5466.42 Fe I 6336.83 Fe I
5584.79 Fel 6481.82 Fe I
5619.60 Fe I 6533.96 Fe I
2641.53 Fel 6238.30 Fe Il
5649.99 Fe I 6247.53 Fe II
9662.50 Fel 6432.75 Fe II
5731.78 Fe I 6516.00 Fe II

The star has a magnitude of 9.5 and has a relatively large rotational velocity
(32 km s7'). The number of Fe T and Fe II lines identified for abundance
determination through EW were limited, as most of the lines considered here
were blended.The list of unblended spectral lines considered for analysis by
the EW method are given in Table 4.7.

The iron abundance, [Fe/H|, was determined by synthetic spectral fitting
method. Other physical parameters, T, log g and vy Were determined
by EW method. The results obtained from PARAS SPEC are summarized in
Table 4.8. The rotational velocity was determined by the width of the CCF

function and was kept fixed during analysis. The value on each parameter
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Table 4.8: Spectral properties of HD 23765 as derived by PARAS SPEC

Parameters Value Error
T 6375 +100
[Fe/H| -0.1 +0.1
log g 4.1 +0.15
Umicro 1.3 +0.15
vsing 32 (fixed)  £2
HD 23765
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Figure 4.7: (Top panel) Iron abundance for HD 23765 is plotted against EP for
each Fe I or Fe II line from the line list. The blue line is the least-square fit plotted
for the minimum slope for the best-determined Teg. (Bottom panel) Iron abundance
is plotted against reduced EW and the blue-green line indicates the least-square fit
for the minimum slope indicative of best-determined vpjcro. The red points are the
discarded points having standard deviation beyond 1 ¢ (not considered for the fit).
The best-fit determined parameters are: Tog=6375 K, [Fe/H|=-0.1, log g = 4.1,

Umicro=1.3 km s~!
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along with the error bars are listed in the table. Fig. 4.6 shows a sample
of the observed spectrum (solid line) overlaid by the best-fit model obtained
from PARAS SPEC (dotted line) shown across a sample wavelength region
5380 — 5480 A. Fig. 4.7 shows two scatter plots. The top panel is a plot of
iron abundances vs EP. The upper panel of the figure also shows a solid line
0.01

in blue obtained by a least-square fit having a minimum slope of 0.020% 05

for iron abundances vs EP slope indicative of best-fit Tog of 6375 K.

K3
ol
e § 04

Normalized flux

0.15 0.20 0.25 0.30 0.35
Phase + (T, — T¢)/P + 0.25

Figure 4.8: (Top panel) Transit curve for HD 23765 obtained from SW data is
plotted based on the parameters from EXOFAST. (Bottom panel) Observed-Fit
residuals are plotted. For better visual representation, the x axis (Phase) is shifted
by 0.25 so that the central primary transit crossing point (T.) occurs at phase 0.25

instead of 0.

In the bottom panel, a plot of iron abundance vs reduced EW is shown.
A solid line in blue-green obtained by a least-square fit having a minimum

slope of 0.01275:508 indicative of best-fit vyiero of 1.3 km 57! is also shown in

the bottom panel. Fe I-Fe II difference for HD 23765 is given as 0.0037 355

indicative of a log g value of 4.1
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4.3.2.3 Orbital parameters derived for HD 23765

The fitting algorithm EXOFAST was run with the RV dataset from PARAS
and SW photometry dataset belonging to the year 2006 (for details of EXO-
FAST refer § 4.2.2.5). The values for Tog = 6375 K; [Fe/H] = —0.1; log g = 4.1
obtained by spectral analysis are used as priors on EXOFAST. The periodicity
obtained is 1.6866 d which is close to the value quoted by the STERFEO and
SW catalogues. The RV semi-amplitude for the EB system is 47.6 km s~! and
the orbital separation is 0.034 AU. Fig. 4.5 illustrates the RV versus orbital
phase for HD 23765. Solid blue circles (top panel) show RV measurements for
HD 23765 taken with PARAS. The figure also shows the residuals (Observed-
Model) in the bottom panel. The photometry data was fitted simultaneously
with the RV data to determine the value of period, the depth and duration of
the transit. Simultaneous fitting of photometry data yielded a transit depth of
0.039£0.001 mag and a transit duration of 266 £+ 6 min. Fig. 4.8 (upper panel)
shows the fit for the transit light curve obtained by analysing SW archival data
overplotted with the model derived from EXOFAST (solid curve). The resid-
uals are plotted in lower panel. The photometry data were noisy as seen in

the plot. The parameters derived from this fit are given in Table 4.9.

4.3.3 Results obtained on HD 23765

With PARAS high-resolution spectroscopy observations and photometry tran-
sit data available from SW photometry, the second EB system HD 23765 has
been studied. The primary of this system is an F6 type star and the secondary
is inferred as an M3 type based on its mass (Pecaut and Mamajek, 2013).
Based on the stellar parameter estimation through PARAS SPEC, the mass
of the primary is derived as 1.507709%% M, and radius as 2.2970 1 R.. Based
on the mass-radius relation, the values of mass and radius are 1.42 M, and
2.17 R; which are in close agreement to the values derived from our work.
The mass of the secondary derived from the combined RV and photometry

measurements is 0.39370013 My and the radius is 0.449 £ 0.025 R. The for-



4.3. Mass and orbital parameters for a mid-M dwarf star, HD 23765B 95

Table 4.9: Results obtained from EXOFAST by fitting of RV and transit data for
HD 23765 with a 68% confidence interval.

Parameter Value
HD 23765A:
Ma (Mo) L5075 o7
Ra (Ro) 2.297031
Ly (Lo) 787 58
pa (cgs) 0.177f8&§
log ga (cgs) 3.9070 0%
Teg (K) 6392775,
[Fe/H] —0.063 = 0.10
HD 23765B:

e

wy (degrees)

+0.087
0.29070:087

+2.2
9.1722

P 1.68668 & 0.00039
a 0.03433 7000004
Mg (Mo) 0.3937( 613
Rp (Ro) 0.449 + 0.025
RV Parameters:

€ COS Wi 0.286 £ 0.022
e sin w, 0.04610-05¢
Tp 2456593.43610 920
K (m/s) 475901990
Mp /My 0.260410 007
yms! —414907910

Transit Parameters:

Te (BID) 2456593.668815-0093
Ry/Ra 0.202+9:929
i (degrees) 87.245
a/Ra 3-226J—r8:83é
5 0.039 £+ 0.001
T14 (minutes) 266 = 6
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mal errors on the measurements for secondary mass and radius are ~ 7 — 8%.
PARAS SPEC routine applied on this star gives us Tog = 6375 £+ 100 K,
[Fe/H] = —0.1 £ 0.1 for log g = 4.1 + 0.15. As derived from photometry, the
system has an inclination angle of 87.2°759 transit depth of 0.039+0.001 mag
and transit duration of 266 £ 6 min. This system is a short period EB having
a period of 1.6866 d similar to the first EB studied, namely, HD 213597, which
has a periodicity of 2.4238 d. Despite its short orbital period, the system has
a considerable eccentricity of ~ 0.3 as against the EB HD 213597 which has
an eccentricity of ~ 0.02. The mass for HD 23765B (~ 0.4 M) lies on the
boundary for transition between completely convective and partially radiative

interiors for stars and thus serves a crucial EB system for mass and radius

measurements at high accuracies.

4.4 Detection of a mid-M dwarf, SAO 106989B,
from SW photometry

The third and last EB candidate described in this Chapter, SAO 106989, is
shortlisted from ground-based SW photometry catalogue (Street et al., 2007).
This EB candidate has a reported periodicity of 4.4 d and a transit depth of
13.5 mmag. SW photometry has listed many exoplanet host and EB candidates
in short periods between 2 — 3 days (Street et al., 2007). Thus, a periodicity of
4.4 d is relatively long in SW sampling standards and thereby limited number
of transits are monitored for this star. Based on the radius estimation, the
secondary could be a hot Jupiter or a M dwarf companion (both the objects
have comparable sizes).

The archival transit photometry data for this source has not been made
public. Thus, we could not independently fit the data to verify SW transit
results on this source. Ground-based observations will be desirable in future
to assess the radius of the components and inclination for the system at high
accuracies. The primary star, SAO 106989, is a late F' type star, giving us
another opportunity to study F+M EB systems. The stellar parameters are
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Table 4.10: Data on SAO 106989 by SW photometry as discussed in (Street et al.,
2007)

Parameters Value
V magnitude 9.3
Spectral Type F8
Period (P) 4.400381 d
Transit Depth 0.0135 mag
Transit Duration (t) 2424 h
Ra 1.24Rg
Rp 1.23R;
RA (epoch=2000) 21h 16 m 45.22 s

Dec(epoch=2000) + 19d 21m 36.79 s

listed in Table 4.10 (Street et al., 2007).

4.4.1 RV observations of SAO 106989 with PARAS

SAO 106989 was followed up with PARAS in the months between October to
November 2013. A set of 17 RV observations of this source were obtained.
The spectra were taken in the simultaneous reference mode with ThAr lamp
as the calibration source at a resolving power of 67,000. The exposure times
for each RV observation was kept at 1200 s resulting in SNR between 12 to
20 per pixel at the blaze wavelength. The observation nights used for data
collection were spectroscopic in nature. The observation log for the source is
given in Table 4.11. The time in UT and BJD-TDB are mentioned in first
two columns followed by exposure time and barycentric corrected RV in third
and fourth column respectively. The next column has RV errors computed in

a way similar for the other two sources.
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4.4.2 Data Analysis for SAO 106989

4.4.2.1 RV analysis of SAO 106989

PARAS pipeline, as discussed in Ch 2, was used for the data reduction and
analysis procedure. The reduction followed the same procedure as for the

previous sources.

Table 4.11: Observations for the star SAO 106989.

UT Date T-2,400,000 Exp. Time RV o-RV
(BJD-TDB)  (sec.) (kms™!) (kms™1)

2013 Oct 22 56588.193 1200 —26.373 0.116
2013 Oct 22 56588.209 1200 —26.566  0.086
2013 Oct 22 56588.226 1200 —26.517  0.099
2013 Oct 23 56589.180 1200 -16.733  0.107
2013 Oct 23 56589.196 1200 —15.638 0.151
2013 Oct 24 56590.176 1200 8.325 0.202
2013 Oct 24  56590.193 1200 9.055 0.318
2013 Oct 24 56590.212 1200 9.361 0.215

2013 Oct 25  56591.203 1200 27.662 0.102
2013 Oct 25 56591.219 1200 27.856 0.113
2013 Oct 25  56591.234 1200 27.813 0.160

2013 Oct 26 56592.188 1200 —19.679  0.098
2013 Oct 26 56592.203 1200 —20.613  0.133
2013 Oct 26 56592.219 1200 —20.016 0.214
2013 Oct 27  56593.219 1200 —21.047  0.191
2013 Oct 27  56593.235 1200 —22.113  0.192
2013 Nov 19 56616.132 1200 —2.911 0.052

Since SAO 106989 is a F9 type star (Pecaut and Mamajek, 2013), the zero
velocity mask of G2 type star was used for cross correlation to compute RV

measurements. The difference in temperature for the mask and SAO 106989
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Figure 4.9: (Top panel) RV model curve for star SAO 106989 obtained from
EXOFAST is plotted against orbital phase. PARAS, Mount Abu (solid blue circles)
observed data points along with the estimated errors are overplotted on the curve.
(Bottom panel) The residuals from best-fitting are plotted below the RV plot. For
better visual representation, the x axis in Phase is shifted by 0.25 so that the central

primary transit crossing point (T.) occurs at phase 0.25 instead of 0.

is ~ 250 K and thus it is the most suitable choice for the stellar mask. The
barycentric-corrected phase-folded RV points are shown in Fig. 4.9 with filled
blue circles. The solid line is the model, details of which are discussed in

§ 4.4.2.3.

4.4.2.2 PARAS SPEC analysis of SAO 106989

PARAS SPEC was used to compute the stellar properties for this source. We
follow both the synthetic spectral fitting and EW methods for determination
of stellar atmospheric properties. Similar to the previous target, SAO 106989
is a F type star. Thus, due to low SNR, we followed the same procedure as
followed for the case of HD 23765 and concentrated on the wavelength region
between 5200 — 5700 A. The results obtained are summarized in Table 4.12.
The rotational velocity is obtained from the width of CCF and is kept fixed
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during the analysis of PARAS SPEC.
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Figure 4.10: Observed normalized spectra (solid line) plotted across the wave-
length region of 5380 — 5480 A. Owverplotted is the modelled spectra (dash line)
obtained from PARAS SPEC, with temperature value of T of 5975 K, [Fe/H| of
0.0 and log g of 4.3

Fig. 4.10 shows a sample of the observed spectrum (solid line) overlaid
by the best-fit model (T = 5925 K; [Fe/H| = —0.2; log g = 4.25; dotted
line). The observed sample and model spectra are shown across the wavelength

region 5380 — 5480 A.

The list of unblended spectral lines considered for analysis by the EW
method are given in Table 4.13. In Fig. 4.11, a least-square fit line having
a minimum slope for iron abundances vs. EP obtained for best-fit T, for
SAO 106989 is shown in the upper panel. In the bottom panel, a plot of
iron abundance vs reduced EW is shown with a least-square fit line having a

minimum slope for the best-fit vpicro.
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Figure 4.11: (Top panel) Iron abundance for SAO 106989 is plotted against EP
for each Fe I or Fe II line from the line list. The blue line is the least-square fit to
each data point seen in the scatter plot indicating the minimum slope for the best-
determined T'efr. (Bottom panel) Iron abundance is plotted against reduced EW and
the blue-green line indicates the minimum slope for the least-square fit obtained on
the data for best determined vyicr0. The red points are the discarded points having
standard deviation beyond 1 o (not considered for the fit). The best-fit determined
parameters are: Teg = 5925 K, [Fe/H] = —0.2, log g = 4.25, Umicro = 0.65 km s71

Table 4.12: Spectral properties of SAO 106989 as derived by PARAS SPEC

Parameters Value Error
T 5925 +100
[Fe/H| -0.2 +0.1
log g 4.25 +0.1
Vmicro 0.65 +0.15

vsing 20 (fixed)  +£1
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Table 4.13: Spectral lines used for EW method for SAO 106989 in PARAS SPEC

Wavelength (A) Element

Wavelength (A) Element

4869.39
4892.88
5012.64
5023.16
5088.27
5109.61
5197.77
5285.03
5326.18
5398.34
5441.42
5494.35
5576.98
5584.88
5587.54
5619.63
5636.54
5691.45
5732.22

Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I

5741.86
2784.71
5806.78
5853.07
5902.47
5905.73
6012.42
6229.24
6315.90
6336.80
6338.99
6364.50
6481.92
6498.95
6609.14
5256.92
5627.50
6238.34
6383.78

Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fe II
Fe II
Fe II
Fe II
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4.4.2.3 Orbital parameters derived for SAO 106989

Since transit data was unavailable, EXOFAST routine was executed with the

RV dataset only. The results of the execution are summarized in Table 4.14.

Table 4.14: Results obtained from EXOFAST by simultaneous fitting of RV and
transit data for SAO 106989 with a 68% confidence interval.

Parameter Units Values
SAO 106989A:
M4 Mass (Mg) 1_0994:8:838
R Radius (Rg) 1.29*01%
LA Luminosity (Lg) 1-86t8:§:§
oA Density (cgs) 0-721L8:§g
log ga Surface gravity (cgs) 4.2510-80.
Tot Effective temperature (K) 59297105
[Fe/H] Iron Abundance -0.2+0.1
SAO 106989B:
e Eccentricity 0.254f8:8(139
W Argument of periastron (degrees) 53+5
P Period (days) 4.426*0035
a Semi-major axis (AU) 0.0545J£8:888§
Mpsini Projected Mass (Mg) 0.25410-008
RV Parameters:
€ COS Wy 0.1515:05,
e sin wy 0.2041_8:859
Tp Time of periastron (BJD) 2456595.883 £ 0.071
K RV semi-amplitude m s~* 277701%38
Mp /My Mass ratio 0.2305f8;88ﬁf§
~ Systemic RV m s~} —400 = 1400

The EB periodicity of 4.426 d obtained from the analysis is close to the
value obtained from SW photometry. The RV semi-amplitude for the EB
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system is 277807550 m s~! with an eccentricity of 0.25570 05, at an orbital

separation of 0.0545705002 AU. Fig. 4.9 illustrates the RV versus orbital phase
for SAO 106989A. Solid blue circles (top panel) show RV measurements of the
star taken with PARAS. The figure also shows the residuals (Observed-Model)

in the bottom panel.

4.4.3 Results obtained for SAO 106989
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Figure 4.12: Screenshot of the Eclipsing Binary Simulator (Left panel) Orbital
path of the two stars in the EB (Right panel) Light curve of the system as seen
from Earth. (Bottom panel) Inputs on the masses, radii of the two components,
P, a, and w of the orbit given to the EB simulator. (Credit: The University of

Nebraska-Lincoln astronomy education group)

PARAS SPEC routine applied on this star gives T, = 5925 + 100 K,
[Fe/H] =-0.2 £ 0.1 for log ¢ = 4.25 + 0.1. The mass and radius for the
primary of the EB system, SAO 106989, based on the spectroscopic analysis

and Torres relation (Torres, Andersen and Giménez, 2010) are 1.099709%5 M,
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and 1.29701T R, respectively. The projected mass of the secondary derived
here is 0.25415:003 M, determined at an accuracy of ~ 3 — 4 per cent (formal
errors). Though, the photometry data are unavailable to derive the angle of
inclination, ¢, for the orbit, we did simulations with the eclipsing binary sim-
ulator (http://astro.unl.edu/naap/ebs/animations/ebs.html) and it was esti-
mated that for eclipses to be visible for an EB with the derived orbital pa-
rameters, i should be atleast 82°. A screenshot of the EB simulator attached
in Fig 4.12. The left panel indicates the orbital path and plane whereas the
right panel indicates the light curve for the EB system. The input parameters
supplied to the simulator were the results obtained from Table 4.14. In such
a case, an upper limit of Mz = 0.256 M for the secondary can be assigned.
Both these values are within error bars of each other. Thus, unavailability of
i value does not affect the secondary mass estimation. However, the radius
measurement was not possible. The radius value predicted for SAO 106989B
from SW photometry is Rg = 0.126 R,. This is much lower than theoretically
expected radius value derived for a star having a mass of Mg = 0.256 M.
SW photometry data have accuracies of ~ 6 — 7 mmag (Street et al., 2007).
Thus, a transit depth of 13.5 mmag is recorded with 2 ¢ accuracy. We suspect
poor data quality which could lead to incorrect transit depth measurement and
thereby incorrect radius estimation. Since, we do not have access to SW data,
we will have to observe this source independently to cross-check the radius

value.

4.5 Discussion and Conclusions

Based on the study of three F+M EBs presented here, some common inferences

are presented here as follows:

4.5.1 M-R relationship

We matched our observationally derived radii estimations on the three EB

systems (VLMS components) with Baraffes’s models. The models used at the
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initial stages of the research work were the models released in the year 1998.
However, with the availability of new improved models (Baraffe et al., 2015),
we used these new models to check our estimations. The recent models have
updated molecular linelists and revised solar abundances. The line opacities
for several important molecules have been updated. These models have been
able to account for some of the flaws such as predicting optical colours of
the stars that are too blue (Baraffe et al., 2015). However, M-R relations for
solar metallicity stars for the age ~ 1 Gyr do not have any changes for VLMS
objects (below 0.6 M), similar to the ones studied by us. It is important
to note that the computations have been made for solar metallicity case only
unlike the previous models (Baraffe et al., 1998) where the comparison could
also be made for [M/H] = —0.5. Thus, the comparisons of the observations
made here with both the models (Baraffe et al. (1998) and Baraffe et al. (2015))
yield similar results. A detailed discussion on the M-R relationship is presented

below.

Metallicity and the iron abundance of the EB system, HD 213597, are
accurately determined in this work as —0.105 £ 0.03 and —0.025 &£ 0.05 respec-
tively (see Table 4.3) by spectroscopic analysis. From the models for M dwarfs
(Baraffe et al., 1998), the T,g of the secondary star, for a mass of ~ 0.3 M
(from this work) and an age of ~ 2 Gyr (Casagrande et al., 2011), is estimated
as 3437 K for a [M/H] of 0.0, and 3643 K for a [M/H] of —0.5. From Baraffe
et al. (1998) models, the radius for a star of mass 0.3 M turns out to be
0.29 R, for [M/H] = 0.0 and 0.28 R, for [M/H] = —0.5. Clearly, these
theoretically derived radius values are lower than the observations presented
here. Similar results are obtained when verified with the latest models (Baraffe

et al., 2015).

Meibom et al. (2015) have predicted the age of Sun like stars in solar
neighbourhood based on their rotational periods. In order to get a handle on
the age of the system, the rotational period of the star must be determined.
We estimate the age of EB HD 23765 to be between 0.7— —1 Gyr based on its
rotational velocity of 32 km s™! (Meibom et al., 2015). Thus, from the Baraffe
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et al. (2015) models, for HD 23765B, the radius of 0.392 M, star to be around
0.37 R. The radius of the secondary derived from photometry measurements
is 0.449 + 0.025. A conclusion can be thus drawn that the observed value
is higher than the theoretically predicted radius from Baraffe models. The
discrepancy seen between the observational and theoretical radius values is

evident in the regime of early type M dwarfs.

Extending this comparison to the third system, we find that SAO 106989
has a mass of 0.25470 007 Mg. From Baraffe et al. (2015) models, the radius
for 0.25 M turns out to be 0.26 Ry for [M/H] = 0.0. The value given by
SW photometry is Rg = 0.126 R,. This value is less than half of the expected
value. This result is in sharp contrast to the discrepancies observed so far in
modelling of EBs. Thus, this system requires accurate photometric monitoring
to shed more light on the contrasting result that the observationally derived

value of radius is much smaller than the theoretical one.

It has been the prime objective of the thesis to look at EBs having masses
between 0.08 — 0.4 My as this mass regime has been poorly studied. Thereby,
we decided to look into all the previously studied sources in literature between
the mass range of 0.08 — 0.4 M, which have masses and radii measured at
accuracies better than or at best equal to 10%. Table 4.15 is a non-exhaustive
compilation of the stars having masses and radii determined at accuracies
better than 10%. The first three columns contain the name of the object, its
mass and radius. The systems are SB1 or SB2 by nature. The classification
of the EB, based on spectral types, is mentioned in the penultimate column.
The literature references in which the sources are studied are cited in the last

column of the table.

In order to compare our work with the previous work, a theoretical M-
R diagram is plotted in Fig. 4.13 for the M dwarfs having masses between
0.08—0.4 M, based on Baraffe models (Baraffe et al., 2015) for 1 Gyr isochrone
and solar metallicity (most of the objects studied here have this age and metal-
licity). We have overplotted objects studied in literature from Table 4.15 with

their respective error bars on masses and radii on the theoretical M-R diagram.
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Table 4.15: A compilation of known VLMS other than our work for masses and

radii measured at accuracies better than or at best equal to 10%.

Object Mass Radius EB System References
J1219-39B 0.091 +£0.002  0.11741)-5508 K+M (1)
HAT-TR-205 0.124+0.01  0.167 + 0.006 F+M (2)
KIC 1571511B  0.1413679:003,  0.1783170:0012 F+M (3)
WTS19g4-020B  0.143+0.006  0.174 4 0.006 M+M (4)
J0113+31B 0.186 +0.010  0.209 +0.011 G+M (5)
T-Lyrl-01622B  0.198+£0.012  0.238 & 0.007 M+M (6)
KEPLER16B  0.2025570 50008 0.22623%909%0. K+M (7)
KOI-126C 0.2127 4+ 0.0026  0.2318 + 0.0013 M+M (8)
CM Dra A 0.2130 + 0.0009  0.2534 =+ 0.0019 M+M (9)
CM Dra B 0.2141 +0.0010  0.2396 =+ 0.0015 M+M (9)
T-Lyr0-08070B  0.240+0.019  0.265 + 0.010 M+M (6)
KOI-126B 0.2413 +0.003  0.2543 £ 0.0014 M-+M (8)
OGLE-TR-78B  0.243+0.015  0.240 +0.013 F+M (10)
IRXSJ154727A  0.2576 +0.0085 0.2895 + 0.0068 M+M (11)
IRXSJ154727B  0.2585 £ 0.0080  0.2895 + 0.0068 M+M (11)
LSPMJ1112B  0.2745+0.0012  0.2978 + 0.005 M+M (12)
GJ3236B 0.281 4 0.015 0.3+0.015 M+M (13)
LP133-373A 0.34£0.02  0.330£0.014 M-+M (14)
LP133-373B 0.34+£0.02  0.330+0.014 M+M (14)
19e-3-08413B 0.351+0.019  0.375 % 0.020 M+M (15)
OGLE-TR-6B 0.359 £0.025  0.393 £0.018 F+M (16)
GJ3236A 0.376 +0.016  0.3795 + 0.0084 M+M (13)
19¢-3-01405B 0.376 £0.024  0.393 +0.019 M+M (15)
MG1-2056316B  0.382+0.001  0.374 =+ 0.002 M+M (17)
LSPMJ1112A  0.3946 +0.0023  0.3860 4 0.005 M-+M (12)
CuCnCB 0.3980 + 0.0014  0.3908 + 0.0094 M+M (18)

References: (1) Triaud et al. (2013); (2) Beatty et al. (2007); (3) Ofir et al. (2012); (4) Nefs et al. (2013);
(5) Gémez Maqueo Chew et al. (2014); (6)Fernandez et al. (2009); (7) Doyle et al. (2011);

(8) Carter et al. (2011); (9) Morales et al. (2009); (10) Pont et al. (2005b); (11) Hartman et al. (2011);
(12) Irwin et al. (2011); (13) Irwin et al. (2009); (14) Vaccaro et al. (2007); (15) Birkby et al. (2012);
(16) Bouchy et al. (2005); (17) Kraus et al. (2011); (18) Ribas (2003)
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Figure 4.13: Mass-Radius diagram for M dwarfs based on Barffe models for 1 Gyr
isochrone and solar metallicity. Overplotted are the previously studied M dwarfs
listed in Table 4.15 with black filled circles with their reported uncertainties. The
three M dwarfs discovered by PARAS in F+M EBs are also overplotted in red
filled circles with their respective error bars. HD 23765B and HD 213597B have
both masses and radii determined from this work whereas for SAO 106989B, the
projected mass is derived from this work and the radius is based on measurement
from SW photometry. Fresh photometry observations for SAO 106989B are desirable

in future.

Objects studied as a part of this thesis are also overplotted with their respec-
tive error bars on masses and radii in red on the theoretical M-R diagram.
The current research work has contributed three objects to the existing 26
samples previously studied in literature at accuracies better than 10 %. Out
of which, two sources, namely, HD 213597B and HD 23765B, have masses and
radii measured by us and for one of the sources, SAO 1069898, we do not have
radius measurement verified and the reported measurements are quoted from

the photometry transit (Street et al., 2007). This source needs to be followed
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up for transit measurements in future.

As seen from Fig. 4.13, many of the stars studied in literature fall above
the theoretical M-R plot clearly indicative of the M dwarf radius problem.
Similarly as seen from the sources studied in our work, stars HD 213597B and
HD 23765B, clearly fall above the M-R relation curve. The masses of these
two objects are close to the boundary of the transition between convective
and radiative core (0.3 — 0.4 Mg). Such objects are commonly known to
report inconsistencies in radius measurements between theoretical models and
observations ((Torres, Andersen and Giménez, 2010) and references therein)

as shown by the samples overplotted.

4.5.2 Tidal interaction

The binary system, HD 213597, has an inclination angle of 84°.970S!. The
rotational velocity of the primary star obtained by SME analysis, as mentioned
in Table 4.3, is 40 km s~!, which matches when measured by the width of the
cross-correlation function. This value is comparatively lower than the reported
rotational velocities for similar F-type stars (Glebocki and Gnacinski, 2005).
With the knowledge of rotational velocity of the primary star and its radius of
~ 2.03 Ry from Table 4.1, the projected spin period, P/sin i of the primary
star is calculated to be 2.422 d, which is close to the observed orbital period
of the system. The eccentricity of the system, calculated as 0.0198, makes
it close to circular. Since the orbital and rotational periods for the star are
synchronous, this star forms another evidence for tidal circularization playing
role in a close binary system (Mazeh, 2008).

Based on the work by Zahn (1977), it is estimated that for HD 23765
the orbital synchronization and circularization timescales are ~ 0.03 Myr and
27 Myr respectively. These are much smaller than the age of the system
(0.7—1 Gyr). Thus, it is expected that both the stars should be tidally locked
to each other and the orbits be circularized. However, this is not the case as
seen by the eccentricity of ~ 0.3 for the system. The large eccentricity may also

indicate the presence of a tertiary body. Moreover, slight indications of long
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periodicity of 1 yr in the SW photometry data needs to be carefully examined
by high precision ground-based follow-up photometry. The rotational velocity
for the star based on the CCF width from RV measurements is 32 km s~
Hence the projected rotational period of the late F type star is 3.16 d. This
is more than the orbital period of 1.69 d for the system (Zahn, 1977). It can
be expected that the orbit should be evolving for such a system. Thus, there
is a possibility that the star has spun-up and may continue to avoid the fall of
the M dwarf onto the primary (Bouchy et al., 2011a). It will be imperative to

study the orbital evolution of this system in future.

The system, SAO 106989, like the previously studied case of HD 23765,
has a large eccentricity (e ~ 0.25) despite its short orbital period. The rota-
tional velocity of the star is ~ 20 km s™! based on the CCF width from RV
computation. Based on its orbital period, the orbital velocity is also ~ 20

km s~ L.

From Zahn (1977), we estimate the synchronization time scale for
this star to be ~ 30 Myr. Since, the age of the star is more than this, we
rightly see the orbital and rotational velocity for the star synchronized with
each other. Synchronization of orbital and rotational velocity of the star is
another indication of stable evolution of the orbit for the star. In contrast,
the circularization period for the star is 5.6 Gyr, which is always larger than
the synchronization time scales. It might be a possibility that the orbit of
the star might circularize over time based on the tidal force exerted by its F

type companion (Zahn, 1977; Hut, 1981). Studying long term evolution of this

system will also be crucial.

Future spectroscopic and detailed photometry observations for both these
stars during transit may enable us to observe the Rossiter-McLaughlin (RM)
effect (Gaudi and Winn, 2007), and help determine whether the secondary star
is in retrograde or prograde orbital motion with respect to the rotation of the
primary. This may lead to a better understanding of the binary formation
mechanisms at a primordial stage. M dwarfs peak more in the near infra-red
and we expect the spectra of the secondary to be seen with a larger telescope,

the case of SB2 systems. Since the companions are M dwarfs, future near-
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infrared observations with better sensitivity (larger telescope) will be able to

provide dynamical masses of the systems.



Chapter 5

A Rare Discovery of a star
with mass less than 0.1 M,
in an Eclipsing Binary

system

5.1 Introduction

It has been mentioned in the preceding Chapters that M dwarfs that have
masses more than 0.3 M, show significant discrepancies between observed and
theoretically derived radius estimates. However, objects which have masses less
than 0.3 Mg seem to agree with the Baraffe models (Baraffe et al., 2015) in
a better way. The interiors of such stars are completely convective (Lépez-
Morales, 2007). If one chooses to concentrate on very low mass stars (VLMS)
with masses < 0.1 Mg, there is a dearth of such samples discovered with ac-
curacies < 5 — 6%. There have been only a handful of EB systems studied
at such high accuracies in which one of the components is VLMS object with
mass < 0.1 Mg (Wisniewski et al., 2012; Triaud et al., 2013; Gémez Maqueo
Chew et al., 2014; Ofir et al., 2012; Tal-Or et al., 2013; Beatty et al., 2007)

113



114 Chapter 5. K+M EB

where masses of the objects have been determined at high accuracies. Thus,
we decided to focus on candidates which were reported to have the companion
radius ~ 1 R; since VLMS objects < 0.1 M, will have radii of that order. One
such candidate, J234318.414+295556.5A, (J2343+4-29) is identified from Super-
Wasp (SW) photometry by Christian et al. (2006) and Collier Cameron et al.
(2007). The observations, analysis and results for the candidate J2343+29
discovered by SW photometry catalogue are presented here. This Chapter will
describe the details of observations, analysis and results on this source in the

following sections.

Table 5.1: Data on J23434+29 by SW photometry as discussed in Collier Cameron
et al. (2007)

Parameters Value
V magnitude 10.7
Tor 5034 K
Spectral Type K3
Period (P) 4.24098 d
Transit Depth 0.021 mag
Transit Duration (t) 0.030 t/P
Transit Epoch 2453245.1886 HJD
R4 0.85 Ry
Rp 1.2 Ry

RA (epoch=2000)
Dec(epoch=2000)

23h 43 m 1841 s
+ 29d 55m 56.55 s

Observations taken from the SW North listed the primary star, J2343+29,
likely to host an extrasolar planet having a temperature of 5034 K. The spec-
tral type K3, a radius of R4 = 0.85 Ry and a transit depth of 21 mmag are
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estimated from SW photometry. The source showed substantial amount of
scatter in the transit light curve and was suspected to be a stellar binary sys-
tem as per preliminary observations done by SOPHIE (Collier Cameron et al.,
2007). Table 5.1 summarizes the basic stellar parameters for this source listed
in the literature (Collier Cameron et al., 2007). The primary stars in most of
the EB systems discovered have F type primaries, some of these were discussed
in Ch 4. Our programme object here is one of the three EB systems discovered

yet which have K type primaries (Triaud et al., 2013; Doyle et al., 2011).

5.2 RV observations of J2343+29 with PARAS

High-resolution spectroscopic observations of the star J2343+29 were taken
with the fiber-fed echelle spectrograph, PARAS at the 1.2 m telescope at Gu-
rushikhar Observatory, Mount Abu, India. The details of the spectrograph,
procedure adopted for observations and the data analysis techniques are dis-
cussed in Ch 2. The spectra were recorded in the simultaneous reference mode
with ThAr as the calibration lamp. All the nights of observations were spectro-
scopic in nature. The magnitude of the source in the V band is ~ 10.7 which is
the faint limit of observations possible with the 1.2m telescope and the PARAS
combination. A set of 20 observations of the source acquired between Novem-
ber 2013 and January 2014 were used for fitting the orbital parameters of the
system. The exposure time for the observations was chosen to be 1800 s to
get a signal to noise ratio (SNR) between 12 — 14 pixel ! at 5500 A for each
spectra. The RV points that have a SNR less than 12 pixel™' due to poor
weather conditions or/and high air mass (Air Mass > 1.5) during observations
were not considered for determination of orbital parameters. Table 5.2 gives
details of the observation log. The first two columns represent the observation
time in UT and BJD respectively. The exposure time and observed RV are
given in the following columns. The RV error on each data point is given in

the last column.
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5.3 Results

5.3.1 Radial Velocity analysis

The PARAS data analysis pipeline, discussed in 4.2.2.1, is used for data re-
duction and analysis on J2343+29. RVs are derived by cross-correlating the
target spectra with a suitable numerical mask. See Ch 2 for the details on the
mask. In the present case, the numerical mask for K spectral type is used.
Error on each RV measurement is based on the effect of photon noise (Bouchy,
Pepe and Queloz, 2001) as described in § 4.2.2.2. The barycentric corrected

RV values along with errors are in Table 5.2.
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Figure 5.1: (Top panel) RV model curve for star for star J2343429 obtained
from EXOFAST is plotted against orbital phase. SOPHIE (filled blue circles) and
PARAS, Mount Abu (open red circles) observed data points along with the estimated
errors are overplotted on the curve. (Bottom panel) The residuals from best-fitting
are plotted below the RV plot. For better visual representation, the x axis (Phase)
is shifted by 0.25 so that the central primary transit crossing point (T.) occurs at

phase 0.25 instead of 0. P indicates the period.

In order to extend the timeline of observational date, we have combined
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UT Date T-2,400,000 Exp. Time RV oRV
(BJD-TDB) (sec.) (ms™!) (ms)
2013 Nov 12 56609.15187 1800 —15367 35
2013 Nov 13 56610.14686 1800 —19126 39
2013 Nov 16 56613.12378 1800 —28527 43
2013 Nov 19 56616.16537 1800 —27088 29
2013 Dec 16  56643.08719 1800 —15443 15
2013 Dec 16 56643.10986 1800 —15517 22
2013 Dec 17 56644.07896 1800 —19293 45
2013 Dec 19  56646.08593 1800 —26868 17
2013 Dec 19  56646.10865 1800 —26928 24
2013 Dec 20  56647.09027 1800 —28554 29
2013 Dec 22 56649.08018 1800 —28379 26
2013 Dec 23 56650.07829 1800 —27054 26
2013 Dec 23 56650.10118 1800 —27016 40
2014 Jan 11 56669.09172 1800 —23005 32
2014 Jan 11 56669.11451 1800 —22908 43
2014 Jan 12 56670.08510 1800 —20812 37
2014 Jan 12 56670.10783 1800 —20825 o8
2014 Jan 13 56671.08817 1800 —18543 42
2014 Jan 16  56674.09761 1800 —12707 23
2014 Jan 17 56675.08732 1800 —12219 o6

Table 5.2: RV Observations for the star J2343429 taken with Mt Abu-PARAS.

SOPHIE archival data between August 2006 to August 2007 with PARAS ob-

servations. A set of 6 observations of the star during the aforementioned period

was retrieved from the SOPHIE archival data '.

The SOPHIE observations

for the source J2343+29 were obtained in the High Efficiency (HE) mode of

Thttp://atlas.obs-hp.fr/sophie/
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Table 5.3: Archival data obtained for the star J2343+29 from SOPHIE observa-

tions.

UT Date T-2,400,000 Exp. Time RV oRV
(BJD-TDB) (sec.) (ms™) (ms71)
2006 Aug 31 53978.50771 900 -12981 16
2006 Sep 01  53979.59139 900 -12502 10
2006 sep 02  53980.51167 900 -13410 08
2006 Sep 03  53981.52070 900 -16122 10
2007 Aug 30 54342.57369 1500 -29170 08
2007 Aug 31 54343.51469 1800 -28481 06

SOPHIE having a resolving power of ~ 40000 covering the wavelength region
3872—6943 A. SOPHIE data were processed by the standard SOPHIE pipeline
and passed through weighted cross-correlation with a numerical mask (Pepe
et al., 2002). As per the header information in the downloaded archival data
the SNR for each epoch varied in the range between ~ 25 — 75 pixel™! at
5500 A. The errors on RV were calculated by the semi-empirical estimator
opy = A x VFWHM/(SNR x C) as suggested by West et al. (2009)
for SOPHIE data. External systematic errors of 2 m s™! (spectrograph drift
uncertainty) and 4 m s~! (guiding errors) were quadratically added (Boisse
et al., 2010) to the obtained statistical errors. The RV values from SOPHIE
archival data along with observation log and the errors on each point are given

in Table 5.3.

Using EXOFAST (Eastman, Gaudi and Agol, 2013) (See § 4.2.2.5 for de-
tails), the spectroscopy data from PARAS and SOPHIE spectrograph were
fitted. The priors of Tog = 5125 + 50 K, [Fe/H] = 0.1 £+ 0.05, and
log g = 4.6 + 0.1 were provided to EXOFAST. These priors are estimated on
the basis of detailed spectroscopic analysis done by the code PARAS SPEC
as discussed in Ch 3. RV values were corrected for the offset between the

1

two spectrographs which amounted to 257 m s™. The obtained results are
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summarised in Table 5.4 of column “RV only”. The period of the EB is de-
termined as ~ 16.953 d with a RV semi-amplitude of 8394 m s~!. Fig. 5.1
illustrates the RV variation with orbital phase for J2343+29. Red open circles
(top panel) show RV measurements of the star taken with the PARAS and
solid blue circles denote those taken with SOPHIE. The solid black curve in-
dicates the best-fit model from EXOFAST based on the parameters listed in
Table 5.4. The bottom panel in Fig. 5.1 shows the model fit and the residuals
(Observed-Model).

5.3.2 Super WASP photometry

The light curve for J2343+29 as seen in Fig. 17 of Christian et al. (2006) shows
a moderate amount of scatter and an ellipsoidal amplitude of 2.9 hinting a
possibility of stellar binary. These authors identified a period of 4.24 d whereas
RV data (this work) shows a periodicity of 16.953 d. The misidentification in
the period by SW photometry could be due to the fact that the automated SW
pipeline is intended to search for short period planets typically less than 5 d.
The probability to search for transits by SW photometry which are integral
multiples of 1 d or 1.5 d is comparatively low at around ~ 35% (Street et al.,
2007) due to this inadequate sampling. Since, J2343+29 has a RV determined
period of 16.953 d (which is much higher than 5 d and also a close integral
multiple of 1 d), there is greater likelihood of not sampling the source well in
phase during the entire transit duration of the source. There are 6 transits
detected for this source at ~ 4.24 d periodicity as reported in Christian et al.
(2006). Due to relatively less number of recorded transits, the phase coverage
of the transit event is expected to be poor with fewer data points.

The transit data-set was fitted individually. For this execution, the period
was kept fixed to 16.953 d (value obtained from the “RV only” result) by
supplying it as an additional prior to EXOFAST along with the pre-existing
priors on Tog and [Fe/H|. It was possible to independently obtain the log g
value of 4.62%512 from the transit data alone. The log g value derived is

consistent when compared with the one derived from spectral analysis (this
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work) as discussed in §4. It is also in close agreement to the results obtained
from the log g value obtained from the “RV only” execution by EXOFAST.
The log g derived from only photometry has larger error bars associated due
to the sparse and noisy photometry data. A comparison of individual values
has been put up in Table 5.4. The results from transit data is included in the

column of “Transit: fixed period”.

5.3.3 Simultaneous spectroscopy and photometry fit-
ting
Fitting separately RV and transit data, the combined RV datasets and light

curve data points were then fitted simultaneously in order to impose better

constraints on the execution by EXOFAST.
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Figure 5.2: (Top panel) Transit curve obtained for star J2343+29 from SW data.
The transit model obtained from EXOFAST is overplotted on the data points. (Bot-
tom panel) Observed-Fit residuals are plotted. For better visual representation, the
x axis (Phase) is shifted by 0.25 so that the central primary transit crossing point

(T.) occurs at phase 0.25 instead of 0.
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Table 5.4: Results obtained from EXOFAST for J2343+429

Parameter

RV only

Transit-fixed period Combined RV-Transit

Component A:
My (M)

Ra (RO)
log(g4)

Terr (K)
Fe/H]
Component B:
e

wsy (degree)

P (days)

a (AU)

Mp (MO)

Rp (RO)

RV Parameters:
Tp(BJD)

K (ms™)
Mp/Ma

v (ms™t)
Transit Parameters:
Tc (BJD)
Rp/Ra

i (degree)
a/Ra

0

T14 (mln)

0.86510057
0.7570:14
4.621912

5116727

0.068
0.088 057

0.87175:921
0.77115:547
4.60010:048
5125751

0.09970-97
0.1586 + 0.0016 0.2819-35
78041059 404190
16.95346 + 0.00007 16.95349 = 0.00004
0.123 + 0.001 0.1237:007
0.098 =+ 0.002 -

+0.004
- 012025 003

2454914.72310028
8394 £ 7 _
0112475 5509 -

—21014 £ 10 -

1.6
2453593.3718

- 2453592.743070:9019
- 0.1603* 00056
- 89.7970:7
- 35.1783

0.026 + 0.001
- 229*9

0.874%5 041
0.8251 0037
454710058
5132 + 48
0.097 + 0.069

0.1599 = 0.0012
77.64+0.41
16.95351 + 0.00003
0.128 + 0.002

0.098 4 0.003
0.127%(50,
2453592.326 + 0.014
8399 + 6

0.1124 4 0.0019
—21021 + 8
2453592.7431+0:0019
0.1586 = 0.0020
89.8070 1o
33.3610-4

0.025 + 0.001

229 + 6
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The results of the execution are summarized in Table 5.4 in the column of
"Combined RV-transit”. The period of the EB is determined as 16.95351 +
0.00003 d with a RV semi-amplitude of 8399 & 6 km s~!. The orbital separa-
tion between the EB components is 0.128 £ 0.002 AU. Fig. 5.2 (upper panel)
shows the simultaneous fit for the transit light curve obtained by analyzing
SW photometry data (filled circles) overplotted with the model derived from
EXOFAST (solid curve). The residuals are plotted in lower panel. The simul-
taneous fit gives us a transit depth of 0.025 + 0.001 mag, angle of inclination
of 89.8079-14° and a transit time duration of 229 4= 6 min. Although a clear
transit dip is seen in the light curve, it is noticed that there are fewer data

points close to the egress of the transit.

5.3.4 Spectral analysis using PARAS SPEC

PARAS SPEC was used for determination of stellar properties for J2343+29.
The code uses both the methods of synthetic spectral fitting and EW method
for estimation of stellar properties. A total of 28 observed spectra were co-
added for the source to get a SNR of 65 — 70 in the blue end (5000 — 6000 A).
This SNR per pixel obtained is less than 80 and thereby as mentioned in Ch 3,
is insufficient for the synthetic spectral fitting method to operate in the blue
end. Hence, the red end of the spectra (6000 — 6500 A) is utilized for which
the SNR per pixel for the co-added spectra is ~ 85. T.g and [Fe/H] are
determined by the synthetic spectral fitting method but log g could not be
determined by this method due to omission of the wavelength region having
Mg lines (5160 — 5190 121). Thus, for estimation of log g with other stellar
parameters, the EW method is applied on the star J23434-29. For a fixed value
of [Fe/H|, we calculated Teg, log g and vpicro. The list of unblended spectral
lines considered for analysis by the EW method are given in Table 5.6. The
spectral properties determined by PARAS SPEC for J23434-29 are summarized
in Table 5.5.

The Tey determined for the star is close to the photometry derived Ty as

given in Collier Cameron et al. (2007). The best-fit model spectra determined
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Figure 5.3: Observed normalized spectra for J23434-29 (solid black line) plotted

across the wavelength region of 6220 — 6260 A. Overplotted is the modelled spectra

(red dash line) obtained from PARAS SPEC analysis, with temperature value of
Te of 5125 K, [Fe/H] of +0.1 and log g of 4.6.

Table 5.5: Spectral properties of J2343+29 as derived by PARAS SPEC

Parameters Value Error
Tt 5125 +50
[Fe/H] 0.1 +0.1
log g 4.6 +0.1
Umicro 1.2 +0.05
vsing 3.16 (fixed) +£0.5

for J2343+4-29 is shown in Fig. 5.3. The red solid line indicates the observed

normalized spectra from PARAS and the overlaid black dotted line is the best-

fit model determined from this work.
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Table 5.6: Spectral lines used for EW method for J2343+29 in PARAS SPEC

Wavelength (A) Element

Wavelength (A) Element

4962.58
5012.72
5049.85
5074.76
5088.16
5197.96
5225.52
5228.39
5281.79
5285.13
5294.55
5295.32
5307.36
5373.71
5398.28
5417.04
5436.30
5441.35
5466.40
5466.99
5494.46
5619.60
5635.80
5638.26
5641.44
5651.47
5653.85
5655.17

Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I
Fe I

5704.72
5752.04
2775.09
5838.38
5883.83
5930.18
5934.69
6005.59
6008.56
6078.49
6096.67
6127.91
6165.35
6232.64
6246.33
6315.81
6421.35
6430.85
6481.87
6496.47
6498.94
6569.21
6574.23
5132.62
5234.63
5534.84
6238.35

Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fel
Fe II
Fe II
Fe 11
Fe II
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In Fig. 5.4, a least-square fit line in blue having minimum slope for iron
abundances vs. excitation potential indicative of best-fit Tog for J2343+29 is
shown in the upper panel.In the bottom panel, a plot of iron abundance vs
reduced EW is shown. The blue-green colour line overplotted indicates the

least-square fit line for minimum slope indicating the best-fit vyicro-

J2343+29
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Figure 5.4: (Top panel) Iron abundance for J2343+29 is plotted against excita-
tion potential for each Fe I or Fe II line from the line list. The blue line is the
least-square fit for the minimum slope for the best-determined model temperature.
(Bottom panel) Iron abundance is plotted against reduced EW and the blue-green
line indicates the least-square slope for minimum slope for best-determined vpjcro-
The red points are the discarded points having standard deviation beyond 1 ¢ (not
considered for the fit). The best-fit determined parameters are: Teg = 5125 K,
[Fe/H] = 0.1, log g = 4.6, Umicro = 1.2 km s}

5.4 Discussion

Based on spectral analysis and modelling from EXOFAST, the mass and radius

are determined and thereby the spectral type of the primary star is concluded
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to be K1 instead of K3 as listed in Table 5.1. With an angle of inclination
determined at 89.80°"015 and the RV semi-amplitude (K) to be 8399 + 6 m

s~! from the combined spectroscopy and photometry fitting, the mass of the

secondary star is derived to be 0.098 £ 0.003 M.

Based on the primary star’s T, and spectral type, the absolute magnitude
of the star can be roughly estimated as ~ 6.4 (Cox, 2000). A knowledge of
apparent and absolute magnitudes of the same star helps us to determine its
distance; ~80 pc for this case, indicative of it lying in the solar neighbourhood.
In order to compute the age of the system, the rotational period of the star
must be determined (Meibom et al., 2015). Thus the vsiné of 3.16 km s™*
is determined based on its CCF width. Since the radius of the primary star
derived from this work is ~ 0.82 Ry, the rotational period of 13.3 d is cal-
culated. The calculated rotational period of the star, helps in estimating the
age of the star to be between 1-2 Gyr (Meibom et al., 2015). The estimated
circularization and synchronization times for the system estimated based on
Zahn (1977) is more than the age of the system. The observations reflect the
same, as the EB has yet not synchronized with the rotational velocity of the

star and has an eccentricity of ~0.16.

From Baraffe et al. (1998) models, the theoretical radius for ~0.098 M
turns out to be 0.12 £+ 0.01 Rg for [M/H] = 0.0. The value of radius
determined from observations based on transit depth is Rp = 0.12710505 Ro.
Although the observational value of radius is dependent on the accuracy of
the models used, within the error bars of the fitting for orbital parameters, it
can be concluded that nearly no discrepancy is seen to be associated between
the observed and theoretically derived radius. This substantiates the claim
by Lépez-Morales (2007) that observations for stars having masses sufficiently

less than 0.3 Mg match well within the models.

In order to examine the M-R relation in the VLMS region, it is very im-
portant to increase the statistical sample size of such objects studied at high
precision. Out of 26 systems studied previously in literature, in the mass

range of 0.08 — 0.4 My as shown in Table 4.15, there have been only 6 systems
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having masses between 0.08 — 0.2 M, studied with accuracies better than a
few per cent (Beatty et al., 2007; Doyle et al., 2011; Triaud et al., 2013; Nefs
et al., 2013; Fernandez et al., 2009). We replot the previously shown M-R
plot (Fig 4.13) in Ch 4 as Fig. 5.5 by adding the recently studied source,
J23434-29B. This plot consists of the VLMS objects studied from this thesis
work (red circles), three M dwarfs detected in F+M systems (refer Ch 4) and
the one, J2343+29B, discussed in this Chapter along with the VLMS objects
previously studied in literature (black circles). J2343+29 is the EB wherein
the companion is the second least massive star studied at a high accuracy of
4 — 5% for mass and radius measurements, second only to system J1219—39
as seen from Table 4.15 as well as Fig. 5.5. Most of the EBs form in M+M
systems, with F' type primaries being the second most probable primary hosts
for M dwarfs, which is evident from Table 4.15 (Bouchy et al., 2011a). The
rotational velocities of G and K dwarfs are between 2 — 3 km s™! (Gray, 1984)
and thereby the effect of tides raised by shorter period companions is consid-
erable (Counselman, 1973). There are only 3 EB systems discovered which
have G/K type primaries, the ones highlighted in boldface in the table. Out
of the three systems, J01134+31 and KEPLER16 have relatively longer periods
of ~ 14 and 41 d respectively, similar to the EB studied here, (J2343+29 with
a ~ 17 d period). As shown by Zahn (1977) and references therein, the orbital
separation of the system will decay only if the spin period of the star is larger
than the orbital period of the system. Since the rotational period of J2343+29
(13.3 d, calculated by the knowledge of rotational velocity) is smaller than the
orbital period (16.953 d), a stable orbit for the system is envisaged. For the
case of K+M systems, long period EBs are thereby expected to have a sta-
ble evolution and hence, J01134-31 and KEPLER16 will have a stable orbit.
In this context, it will be worthy enough to study J1219-39B for its stability

which has a relatively short period of ~ 6 d.

As seen from the figure, there are only 6 objects including the system
J23434-29B which have masses < 0.2 M. These objects tend to follow the

theoretical M-R relationship much closely than compared to more massive stars
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Figure 5.5: Mass-Radius diagram for M dwarfs based on Barffe models for 1 Gyr
isochrone and solar metallicity. Overplotted are the previously studied M dwarfs
listed in Table 4.15 with black filled circles with their reported uncertainties. All
the four M dwarfs discovered by PARAS (in three F+M EBs and in one K+M EB)
with error bars. HD 23765B, HD 213597B and J2343+29B have both masses and
radii determined from this work whereas for SAO 106989B, the projected mass is

derived from this work and the radius is based on measurement from SW photometry

(Fig 4.13). However, there are relatively fewer samples in this mass-regime to
substantiate this claim. We have contributed one VLMS object in this mass
regime (J2343+29B), which clearly falls on the 1 Gyr isochrone agreeing to
the theoretically predicted radius measurement.

The q (= Mp/My4) of this system is (~ 0.1) which is a rarity amongst
short orbital period EBs. (See Figure 9 of Wisniewski et al. (2012)). Due
to its low ¢ value, this object seems to reside in a mass ratio - period deficit
for low mass stellar binaries. Short period, low q companions are, for the
above mentioned reasons, more probable to be found around F type stars in
contrast to G and K type stars. A variety of similar EBs with VLMS as one

of the components should be studied in detail to assess our understanding of
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evolutionary mechanism of such systems. The fitting errors reported here on
the orbital parameters are dependent on the models in the SB1 system. Thus,
J2343+29 serves as a benchmark VLMS studied in EB, which can be followed
up in future for a SB2 (double-lined eclipsing binary) solution to constrain the

mass and radii of the components more precisely.

5.5 Summary of the results for J2343+29

The important results for J2343+29 are summarized here as follows:

e By spectroscopic analysis, stellar parameters for J23434-29A are de-
termined to be Ty = 5125 + 51 K, [Fe/H] = 0.1 + 0.05 and
log g = 4.6 + 0.1. Hence, the primary J2343429A has a mass of
0.87470:033 M® and a radius of 0.82575:93 R®.

e Using high-resolution spectroscopy taken with PARAS and combining
SOPHIE archival data for RV and SW archival data for photometry, the
RV semi amplitude for J2343+429 is determined as 8399 + 6 m s~!. The
secondary mass from RV measurements is Mg = 0.098 4+ 0.003 Mg
with an accuracy of ~ 3 per cent (formal errors). Hence, it is concluded
that J2343+29 is an EB with a K1 primary and a M7 secondary (Pecaut
and Mamajek, 2013). The period of the EB, based on combined RV
and SW photometry measurements is corrected to 16.953 d as against
that of previously reported value of 4.24 d. Inadequate phase coverage
while searching for intended short period planets by the automated SW
pipeline is thought to be the reason for incorrect determination of the

period.

e The light curve data for J2343429A is fitted simultaneously with RV
data to determine the depth which is 25 mmag. Based on the transit
depth, the radius of the J2343429B is estimated as Rz = 0.1277399 R,
with an accuracy of ~ 5 per cent (formal errors). The observed radius

is consistent with the theoretically derived value from Baraffe models.
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e Based on the calculation of orbital period (16.953 d) and spin period
(13.3 d) of the star J2343+29A, it can be concluded that the K+M
system studied here will have a stable orbit. However, it needs to spend
some more time before it circularizes by the tidal forces existing between

the components.



Chapter 6

Summary and Future

Work

We have presented in the preceding Chapters the work done for obtaining
and interpreting the physical and orbital parameters of very low mass stars
(VLMS) in the mass range of 0.085—0.4 Mg, occurring in eclipsing binary (EB)
systems using the techniques of precision spectroscopy and photometry. As a
part of the EB program carried out at PRL, radial velocity (RV) observations
with Physical research laboratory Advanced Radial velocity Abu sky Search
(PARAS) coupled to the 1.2 m telescope and follow-up photometry (ground-
based or space-based) were used to estimate the mass and radius of VLMS in a
selection of 4 EB systems. In this Chapter, we summarize the important results
obtained from the dissertation work followed up by the proposed scientific plans

which can be pursued in future.

6.1 Summary

The important results on the four EBs are highlighted in Table 6.1. It lists
the masses, radii, spectral types of both the components in the binary system

along with their orbital period.
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As seen from the table, we have detected three F+M EBs, wherein the M
dwarfs have mass range close to the transition between radiative and convective
zones (~ 0.3 My). The fourth EB is a K+M EB, wherein the M dwarf is
the second least massive star studied for its mass and radius at such high
precisions. Out of the four M dwarfs studied as part of EBs, the radii estimated
for two M dwarfs, namely, HD 213597B and HD 23765B are higher than the
theoretical values as seen in Fig. 5.5. The radius estimated for the third
M dwarf, SAO 106989B is less than the theoretically derived value. Since,
this result is not verified by us independently, we seek independent transit
photometry measurements to draw any conclusion. The radius for the last M
dwarf, J23434-29B, is consistent with the theoretical models. This research
work has contributed ~ 12% more samples to the existing 26 samples with
masses and radii measurements at accuracies < 10%. Since, some of the sources
still do not follow the theoretical models, between the convective and radiative
boundary zone, we believe that the models need to be carefully inspected
further. The latest Baraffe et al. (2015) models used here for comparison are
only for solar metallicity. Extension of this work for non-solar metallicity might
help us draw a better estimation on the comparison of observations with the
models. The mixing length parameter («) used for the models is kept fixed in
this case. However, it depends on the metallicity of the star (Bonaca et al.,
2012). This study concludes that results obtained by fitting stellar models
constructed with solar values of « for all kind of stars without accounting for
non-solar values of mixing-length parameter are likely to have large systematic
errors. This aspect needs to be further taken into account for a better match

of models with observations.

As a part of the thesis work, a software code, PARAS SPEC was developed
for determination of spectral properties of the stars studied with PARAS. The
two main approaches used here are, (i) the synthetic spectral fitting method
and (ii) the EW fitting method. These methods when applied to some well-

known stars agreed well within error bars with the values reported in literature.
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6.2 Scope for Future Study

Study of M-R relation for VLMS objects and comparing them with theoretical
isochrones require a large number of unbiased samples over a range of different
ages and metallicities. Precise determination of masses and radii requires ob-
servation of objects in double-lined EBs. The objects studied as a part of this
thesis require follow-up observations on larger telescopes (eg. HET, VLT that
can be taken up in future in order to obtain a double-lined EB solution for a
precise study of their masses and radii. For the current work, we have concen-
trated on objects lying in the mass range of 0.085 — 0.4 My, as the objects in
this mass regime were not previously studied extensively. We aim to increase
the sample size and also extend our study below the hydrogen burning mass
limit by looking for brown dwarfs around solar like stars. It is found that fewer
brown dwarfs reside in close proximity (within 5 AU) of their host stars; an
issue termed as brown dwarf desert (Grether and Lineweaver, 2006). We plan

to search and characterize such brown dwarfs with PARAS in future.

Efforts are underway at PRL to install and commission a 2.5 m telescope
by 2019 — 2020 and PARAS (with a few modifications) will be one of the core
focal plane instrument at the new telescope. Doubling the primary aperture
shall quadruple the SNR obtained on each stellar spectra for similar exposure
time. This will enhance our capabilities with PARAS at the 2.5 m telescope
for fainter targets. With the current existing 1.2 m telescope, we are able to
observe stars having magnitude as faint as 10.5. With the advent of the new
telescope, we will be able to observe stars as faint as 12" magnitude with a
similar SNR per pixel for same exposure time. With several new upcoming
missions such as Kepler’s K2 NASA mission (Howell et al., 2014), TESS (Tran-
siting Exoplanet Survey Satellite) (Ricker et al., 2015), PLATO (PLAnetary
Transits and Oscillations of stars) (Catala, 2009), CHEOPS (CHaracterising
ExOPlanet Satellite) (Fortier et al., 2014), there shall be a plethora of new ex-
oplanets and EB candidates which can be studied by the RV technique. Most

of the candidates will be studied with high precision and shall have magnitudes
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between 9 — 12 which can serve as excellent follow-up candidates with PARAS.

To operate hand-in-hand with PARAS, we also plan to observe the transits
of Jupiter-like objects or VLMS objects across F, G or K type stars to comple-
ment the RV observations made by PARAS. For this purpose, a 43 cm aperture
telescope is being commissioned in the near future with a field of view close to
1° x 1° to monitor stars at 1 — 2 mmag accuracies. A 20 arcmin x 20 arcmin
CCD attached with the 2.5 m telescope will be advantageous to do photome-
try at high precision with sub-mmag accuracies. Some of the objects can be
studied for RV measurements simultaneously during their transits. Such stud-
ies can focus on studying the Rossiter-McLaughlin effect (Gaudi and Winn,
2007). This helps to determine whether the secondary star is in retrograde
or prograde orbital motion with respect to the rotation of the primary. Such
studies can be helpful to investigate the formation mechanisms of binary stars.

There is scope for improvement in the PARAS SPEC pipeline. We will
generalize the routine so that it can handle data from different spectrographs at
different resolving powers. In order to study the chemically peculiar stars, non-
solar abundances must be incorporated in the code. F type stars have relatively
higher temperatures and have more absorption features in the blue region of
the spectra (5000 — 6000 A). For fainter stars, SNR per pixel in the blue
region of the spectra is less. Methods will be developed to match the stellar
continuum in a better way for accurate determination of stellar parameters.
Moreover, we cannot use Mg I lines (5160 — 5190 A) for the estimation of log g
for stars having low SNR. In K type stars, Ca I line (6162.17 A) can be used for
determination of log g. Algorithms will be developed to accommodate these

options in the PARAS SPEC pipeline.
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1 INTRODUCTION

ABSTRACT

HD 213597 is an eclipsing binary system which was detected by the STEREO spacecraft and
was speculated to host a low-mass stellar companion. We used high-resolution spectroscopy
with the 10-m Hobby—-Eberly Telescope and the 1.2-m telescope in Mount Abu for radial
velocity (RV) measurements of this source. We performed aperture photometry for this star
on the STEREQ archival data and thereby confirm the transit signature. We also did follow-
up ground-based photometry with a 10-inch telescope from Mt Abu. The spectroscopic RV
semi-amplitude of the primary (33.39 km s~!) indicates that the secondary is an M dwarf
making the system a short period F+M eclipsing binary. These RVs along with the inclination
derived from our combined photometric analysis (i = 84°9), enable us to estimate the mass
of the secondary as Mz ~ 0.286 M and radius as Rz ~ 0.344 R using an estimated mass
My ~ 1.3Mg and radius Rg ~ 1.97 R of the primary. Our spectral analysis returned the
following parameters: Terr = 6625 £ 121 K, [Fe/H] = —0.095 4+ 0.08 and log g = 3.72 £ 0.22
for the primary. When log g is constrained to a value of 3.96, we derive T = 6753 & 52 K
and [Fe/H] = —0.025 +£ 0.05.

Key words: techniques: photometric —techniques: radial velocities —binaries: eclipsing —
stars: individual: HD 213597 — stars: low-mass.

2005). Another hypothesis suggests metallicity dependency on radii
inflation: Berger et al. (2006) in their study find that the disagree-

Mass and radius are the two fundamental properties of a star that
allow us to determine their age, evolution and luminosity (Andersen
1991). Through careful photometry and spectroscopy of detached
single- and double-lined eclipsing binaries, it is possible to obtain
radii and masses of individual components to as high accuracies
as 1 per cent for double-lined eclipsing binaries. Such precise mea-
surements impose strong constraints on stellar evolution models. In
recent years, such measurements have revealed discrepancies be-
tween observed and model-derived stellar radii of low-mass stars
(Torres, Andersen & Giménez 2010). For stars with masses below
0.5 M, the measured radii appear to be 20-30 per cent larger than
predicted (Lopez-Morales 2007). One hypothesis suggests that this
disagreement is caused by the degree of magnetic activity in stars:
strong magnetic fields inhibit convection causing stars to inflate
their radii (Mullan & MacDonald 2001; Lépez-Morales & Ribas

* E-mail: priyanka@prl.res.in

© 2014 The Authors

ment is larger among metal-rich stars than metal-poor stars. They
conclude that current atmospheric models do not take into account
opacity sources which may lead to such discrepancy. Therefore, it
becomes imperative to discover more such systems and determine
their masses and radii to very high precision.

F-type stars are typically fast rotators with a tenuous convective
zone. Bouchy et al. (2011a) suggest that there is a higher proba-
bility of M dwarfs orbiting F-type primaries, in contrast to G-type
primaries. Bouchy et al. (2011a,b) further suggest that for a massive
companion to exist around a primary star, the total angular momen-
tum must be above a critical value. If a primary star has a smaller
spin period than the orbital period of the system (as in the case
for G-type stars), the tidal interactions between the two stars will
cause the secondary companion to be eventually engulfed by the
primary. However, this is less likely to occur among fast rotating
F-type stars which have weaker magnetic braking and can avoid the
spin-down caused due to the tides raised by the massive secondary.
This helps the companions around F-type stars to survive rapid

Published by Oxford University Press on behalf of the Royal Astronomical Society
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Table 1. Stellar properties of host star HD 213597A from literature.

Parameter Value Reference
Mass 1.5+ 0.1 Mg (1)
Radius 2.039 £ 0.303 Ry 2)
logg 3.99 +£0.05 (1)
vsini 40 £5kms™! (3)
Tefe 6837 £ 80K )
[Fe/H] —0.14 £0.1 (1)
Age 1.90 £ 0.2 Gyr (1)
Distance 115 £ 15 pc 4)
V magnitude 7.8 5)
RA (epoch=2000) 22h32m3235626 %)
Dec. (epoch=2000) 1°34'56//83 %)

References: (1) Casagrande et al. (2011); (2) Masana et al. (2006);
(3) Nordstrom et al. (2004); (4) from Hipparcos data; (5) from
SIMBAD.

orbital decay due to loss of angular momentum. F-type primaries
with M-type secondaries (hereafter F+M binaries) are often dis-
covered in transit surveys, which are primarily designed to search
for transiting planets (e.g. Bouchy et al. 2005; Beatty et al. 2007).
Over the last few years a handful of F4+-M binaries have been dis-
covered and their properties determined (e.g. Pont et al. 2005a,b,
2006; Fernandez et al. 2009). Nonetheless, every additional system
discovered and analysed contributes more to our understanding of
fundamental stellar properties making the sample of F+M binaries
an important subset of stellar studies.

The NASA STEREO mission consists of two satellites in the
heliocentric orbit that study the Sun and its environment. An imager
on one of the satellites is being employed to study the variability
of bright stars and to look for transiting exoplanets. Observations
taken by the STEREO spacecraft were analysed by Wraight et al.
(2012) to search for low-mass eclipsing companions to bright stars
with effective temperatures between 4000 and 7000 K and visual
magnitude 6 < V < 12. The STEREO Heliospheric Imagers (HIs)
have a field of view of 20° x 20° and a 2048 x 2048 element
CCD with a spectral response that peaks between 6300 and 7300 A
(Wraight et al. 2012). HD 213597 was one of the nine candidates
selected (Wraight et al. 2012) where the radius of the secondary
was estimated to be below 0.4R. HD 213597A, with a visual
magnitude of 7.8, is an F-type star having a rotational velocity
of 40 km s~! (Nordstrom et al. 2004) and a radius of 2.039 Rp
(Masana, Jordi & Ribas 2006). Table 1 lists the properties of this
star obtained from the literature. The earlier studies on this star
suggest that it may host a low-mass companion.

Here, we describe high-resolution spectroscopic and photomet-
ric observations and the methods of analysis used to derive the
physical parameters concerning HD 213597 system. Details of the
spectroscopic observations and transit photometry are reported in
Section 2, while Section 3 describes the analytic methods and main
results. Discussion and conclusions are presented in Section 4.

2 SPECTROSCOPIC AND PHOTOMETRIC
OBSERVATIONS OF HD 213597
2.1 Spectroscopy

High-resolution spectroscopic observations of the star HD 213597A
were made with the fibre-fed high-resolution spectrograph (HRS;
Tull 1998) at the 10-m McDonald Hobby—Eberly Telescope (HET;

MNRAS 442, 3737-3744 (2014)

Ramsey et al. 1998), and the fibre-fed echelle spectrograph,
Physical Research Laboratory Advanced Radial Velocity Abu-sky
Search (PARAS; Chakraborty et al. 2014) at the 1.2-m telescope at
Gurushikhar Observatory, Mount Abu, India.

2.1.1 HET-HRS observations

We obtained nine observations between 2011 October and 2012
July using the HRS in its 31625936 cross-disperser setting, 2 arcsec
diameter fibre, resolution of ~30 000 and a simultaneous wave-
length coverage of 4300-5800 and 6200—7600 A. The exposure
times ranged between 60 and 300 s, which yielded signal-to-noise
ratio (S/N) between 200 and 600 per resolution element. Each obser-
vation was bracketed before and after with a thorium—argon (ThAr)
lamp exposure for wavelength calibration. The same procedure
was used on HD 215648, which served as a template to derive
radial velocities (RVs). HD 215648 has a spectral type of F7V with
Ter = 6228 £ 100 K, log g = 4.15 £ 0.07 (Edvardsson et al. 1993),
vsini = 6.7 + 0.7 km s~' (Ammler-von Eiff & Reiners 2012) and
[Fe/H] = —0.22 (Valenti & Fischer 2005). The data were reduced
using a custom optimal extraction pipeline as described in Bender
et al. (2012).

2.1.2 Mt Abu-PARAS observations

A total of 15 observations were taken between October and
November 2012 using the fibre-fed PARAS spectrograph which
has a single prism as a cross-disperser, a blaze angle of 75° and a
resolution of 67 000. The exposure time for each observation was
fixed at 1200 s which resulted in S/N between 20 and 25 pixel ™!
at the blaze wavelength. Simultaneous exposures of the science tar-
get and the ThAr lamp for wavelength calibration were taken. The
wavelength region between 3700 and 6800 A was considered for
the RV measurements. The data were reduced by the Interactive
Data Language (1pL) pipeline designed specifically for PARAS as
described in Chakraborty et al. (2014).

2.1.3 Errors on radial velocity measurements

The precision on RV measurements (Hatzes & Cochran 1992) is
givenas o ~ 1.45 x 10°(S/N)"' R"'B~'/2 m s~!, where S/N is the
signal-to-noise ratio of the spectra, while R and B are the resolving
power and wavelength coverage of the spectrograph in angstrom
(A), respectively. Although PARAS has much higher resolution
than the HET-HRS mode that was used, the S/N of PARAS spectra
is lower, leading to the PARAS RVs having larger uncertainties than
the HET-HRS RVs. As mentioned earlier, HD 213597A is an early
F-type star with a rotational velocity of 40 km s~!. Bouchy, Pepe &
Queloz (2001) defined a quality factor Q that represents the quality
and spectral line richness of the spectrum. It was further shown that
Q deteriorates with increasing rotational velocity thereby increasing
the RV uncertainty. For instance, a F2-type star with a rotational
velocity of 40 km s~! has a RV uncertainty 10 times larger than
one that is rotating at 4 km s~'. The covariant errors obtained from
fitting the peak of the cross-correlation function in IDL are reported
as uncertainties on the HET data. For PARAS spectra, errors based
on photon noise are computed for each spectrum as discussed in
Bouchy et al. (2001). Since HD 213597A has a RV semi-amplitude
of ~33 km s~!, for a relatively small orbital period of 2.4238 d, the
RVs get smeared within the duration of the exposure as a function
of orbital phase. The orbital smearing errors were estimated and
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Table 2. Observations for the star HD 213597. The time in ut and BJD-TDB are mentioned in first two
columns followed by exposure time and barycentric corrected RV in third and fourth column, respectively.
The next two columns have RV errors, fifth column corresponds to covariant errors (HET-HRS) or photon
noise errors (PARAS) and column 6 has orbital smearing errors. Last column is the instrument used for

observations.

ut date T-240 0000  Exp. time RV o-RV o-orbital smearing  Instrument

(BJD-TDB) (s) (kms~!')  (kms!) (km s~ (flag)

2011 Oct 30 55864.689 250 4.844 0.209 0.167 HET-HRS
2011 Nov 25 55890.614 60 11.822 0.208 0.030 HET-HRS
2011 Nov 27 55892.609 180 —20.967 0.214 0.116 HET-HRS
2011 Dec 15 55910.552 60 15.026 0.212 0.026 HET-HRS
2012 Jun 11 56089.949 300 14.561 0.210 0.142 HET-HRS
2012 Jun 22 56100.924 300 —30.586 0.217 0.162 HET-HRS
2012 Jun 23 56101.918 300 19.909 0.212 0.064 HET-HRS
2012 Jul 01 56109.905 180 —27.993 0.204 0.103 HET-HRS
2012 Jul 02 56110.901 300 —9.125 0.214 0.203 HET-HRS
2012 Oct 17 56218.260 1200 2.940 0.148 0.255 PARAS
2012 Oct 17 56218.276 1200 2.905 0.176 0.290 PARAS
2012 Oct 17 56218.292 1200 2.134 0.180 0.325 PARAS
2012 Oct 18 56219.210 1200 —61.491 0.248 0.253 PARAS
2012 Oct 18 56219.225 1200 —61.522 0.242 0.219 PARAS
2012 Oct 18 56219.241 1200 —62.592 0.226 0.185 PARAS
2012 Oct 21¢ 56222.269 1200 —42.356 0.267 0.805 PARAS
2012 Oct 214 56222.285 1200 —36.462 0.283 0.813 PARAS
2012 Oct 23 56224.198 1200 —62.984 0.148 0.051 PARAS
2012 Oct 23 56224.214 1200 —62.904 0.158 0.085 PARAS
2012 Nov 7 56239.202 1200 —42.605 0.148 0.763 PARAS
2012 Nov 7 56239.219 1200 —40.721 0.155 0.773 PARAS
2012 Nov 7 56239.234 1200 —39.516 0.167 0.783 PARAS
2012 Nov 8 56240.179 1200 0.438 0.188 0.479 PARAS
2012 Nov 8 56240.195 1200 —1.008 0.183 0.511 PARAS

“Not considered for RV analysis.

added quadratically with the photon noise and covariant errors for
both PARAS and HET data points and used as uncertainties for
individual RV points. The barycentric corrected RV values along
with the associated uncertainties are mentioned in Table 2. Over
the course of 1 yr (2011 October—2012 November) we obtained a
combined total of 24 observations with the two spectrographs. Two
epochs from the observed RVs of PARAS data were removed in the
fitting routine because of very low S/N (due to passing clouds).

2.2 Transit photometry

We performed ground-based photometric observations for this star
from the calculated mid-eclipse time based on the ephemeris of
Wraight et al. (2012). Given the celestial coordinates of the star
(refer Table 1) and the prolonged monsoon in India, we get a narrow
window of 3 weeks in the month of October to observe the complete
transit of the object. Thus, we also revisited the archival STEREO
data (Wraight et al. 2012), in order to compute the transit parameters
like transit duration and angle of inclination in combination with our
ground-based photometry at Physical Research Laboratory (PRL),
Mount Abu, India.

STEREO data from HI-1A instrument were extracted from the
UK Solar System Data Centre (UKSSDC) website.! The star was
observable for a period of 16-17 d on the CCD for each cycle
of observation. Six such cycles of data were used for HD 213597A
between the period 2008 January to 2012 October. For our purposes,
we used L2 images, which were pre-processed (bias subtracted

I www.ukssdc.rl.ac.uk

and flat-fielded) and accounted for solar coronal contamination.
The wavelength band of observation is narrowly peaked between
630 and 730 nm (Wraight et al. 2012). A total of 36 transits for
HD 213597A were recorded in six cycles of the extracted data.

We also obtained follow-up photometric observations of
HD 213597A with the PRL 10-inch telescope at Gurushikhar,
Mount Abu, India. We carried out photometry on 2013 October
21 ur for a duration of 5 h. The observations were carried out using
a Johnson R band with a back thinned E2V 1k x 1k CCD array with
a field of view of 46 x 46 arcmin®. A mismatch of the dome position
while guiding resulted in the rejection of an hour-long observation.
Furthermore, due to passing clouds, we lost about 20 per cent of
the egress time. Despite the data loss, we detected the transit at a
confidence level of 4o0°.

3 ANALYSIS AND RESULTS

3.1 Radial velocity measurements

3.1.1 HET-HRS

The reduced data were wavelength calibrated and continuum nor-
malized while the echelle orders were stitched to produce a con-
tinuous 1D spectrum between two wavelength regions of 4300—
5800 and 6200-7500 A. The spectrum was then divided into eight
segments (4386—4486, 4593-4843, 4925-5025, 51005410, 5475—
5800, 6365-6430, 6620-6850, 7450-7500 A) that are free of tel-
luric lines. Each segment was cross-correlated using a 1D cross-
correlation algorithm. The resulting 1D correlation arrays were

MNRAS 442, 3737-3744 (2014)
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Table 3. Spectroscopically determined stellar parameters of HD 213597A (this work). The two measurements
listed for each stellar parameter results from two sME run: (1) when all parameters are allowed to float; (2) when
log g is fixed to a value determined by mass and radius measurements.

Stellar parameter Value (free parameters)

Uncertainty ~ Value (constrained fitting) ~ Uncertainty

T e (K) 6625
log g 3.72
[Fe/H] —0.095
[M/H] —0.156
vsini (kms™!) 39.53
Microturbulence (km s~!) 2

+121 6752 +52

+0.22 3.96 -

+0.08 —0.025 +0.05

+0.03 —0.105 +0.03

+1.3 39.53 +1.3
_ 2 —

combined using the maximum likelihood method (Zucker 2003).
We employed a robust non-linear least-square curve fitting algo-
rithm, MPFIT in IDL, to fit the peak of the cross-correlation function
and determine the RVs and the associated errors.

3.1.2 Mt Abu-PARAS

The entire reduction and analysis for PARAS was carried out by
the custom-designed pipeline in iDL based on the REDUCE optimal
extraction routines of Piskunov & Valenti (2002). The pipeline per-
forms the routine tasks of cosmic ray correction, dark subtraction,
order tracing and order extraction. A complete thorium line list for
the PARAS spectral range is utilized. The wavelength calibration
algorithms were specifically optimized for PARAS as described in
Chakraborty et al. (2014). The RV values were computed by cross-
correlating the observed spectra against an F-type binary mask.
Barycentric corrections were applied to all the RV points by stan-
dard pL routines. The binary mask was created with the sPECTRUM
program (Gray 2009) using Kurucz stellar atmosphere models with
a temperature of T = 6750 K, logg = 4.0 and a metallicity
[M/H] = —0.2 (refer Table 1).

3.2 Spectral analysis

We based our spectral analysis of HD 213597A on the sMmE (Valenti
& Piskunov 1996) spectral synthesis code. sME is composed of a ra-
diative transfer engine that generates synthetic spectra from a given
set of trial stellar parameters and a Levenberg—Marquardt solver
that finds the set of parameters (and corresponding synthetic spec-
trum) that best matches observed input data in specific regions of the
spectrum. The basic parameters that we used to define a synthetic
spectrum are effective temperature (7eg), surface gravity (logg),
metallicity ((M/H]), iron abundance relative to solar ([Fe/H]) and
projected rotational velocity (vsini). In order to match an observed
spectrum, we solved for these five parameters. SME was imple-
mented by using the Advanced Computing Centre for Research
and Education (ACCRE) High-Performance Computing Center at
Vanderbilt University for a large number (150) of different initial
conditions to fully explore the x? space and find the optimal solution
at the global minimum. In addition, we applied a line list based on
Stempels et al. (2007) that is suited for hotter stars, used the MARCS
model atmosphere grid in the radiative transfer engine, and obtained
the microturbulence (v;) from the polynomial relation defined in
Gomez et al. (2013).

We applied our sME pipeline to the high S/N HET spectrum
of HD 213597A allowing all five parameters listed above to vary
freely. We obtained T = 6625 £ 121 K, logg =3.72 £ 0.22 and
[Fe/H] = —0.095 £ 0.08. It is important to note that for hotter
stars, uncertainties on the gravity derived from spectral synthesis
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increase because the wings of the Mg 1 b triplet at 5167, 5172 and
5183 A used to constrain this parameter become narrower and less
sensitive to gravity. We also ran our sME pipeline again, this time
constraining log g = 3.96 & 0.1 based on the literature cited value.
In this set of 150 trials, we fixed the gravity to a randomly chosen
value within this range and solve for the other four parameters.
For the constrained run, we obtained T, = 6752 + 52 K, iron
abundance ([Fe/H]) = —0.025 £ 0.05 and metallicity ((M/H]) =
—0.105 £ 0.03.

The formal 1o errors are based on the 8§ x? statistics for the five
free parameters. To derive the systematic uncertainties, we com-
pared the results of our pipeline to three independent data sets with
parameters in the literature (Valenti & Fischer 2005; Torres et al.
2012; Huber et al. 2013) and report the mean absolute deviation
of our results compared to all the comparison stars. The final re-
sults (both free and constrained log g) are listed in Table 3 along
with their combined statistical and systematic uncertainties. Fig. 1
shows a sample of the observed spectrum (solid line) overlaid by the
best-fitting model obtained by a free parameter fit (T, = 6625 K,
[Fe/H] = —0.095, logg = 3.72, dotted line). The observed and
model spectra are shown across the wavelength region 5160-
5190 A, including the Mg 1 b triplet.

3.3 Transit

The STEREO images from HI, HI-1A, L2 data are a priori bias
and flat corrected. These files have a field of view of 20° x 20°
imaged on a 2k x 2k CCD. The data were 2 x 2 binned on a
1k x 1k image with a field of view of 70 x 70 arcsec” pixel . Each
image is a sum of 30 exposures with a total exposure time of 20 min
and an observational cadence of 40 min (Wraight et al. 2011). The
procedure given in Sangaralingam & Steven (2011) was followed
to do aperture photometry on the data. An aperture of 3.5 pixels was
chosen for the same. We used the standard IRAF> DaoPHOT package
for processing the photometry data. The flux computed by IRAF was
detrended by fitting a fourth-order polynomial to account for the
CCD response function as discussed in Sangaralingam & Steven
(2011). The data were further normalized for each cycle. The rms
scatter on the light curve for the source star outside the transit time
duration is 7 mmag. A total of 36 transits were obtained for the
entire data of six cycles between the period 2008 January—2012
October.

For the ground-based photometry observations from Mt Abu on
2013 October 21, each individual frame had an exposure time of
2 s and a readout time of ~1 s. Similar to the STEREO data, IRAF

2 RAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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Figure 1. Observed normalized spectra (solid line) plotted across the wavelength region of 5160-5190 A covering the Mg 1 triplet at 5167, 5172 and 5183 A.
Overplotted is the modelled spectra (dash line) obtained from sME analysis (when all parameters are kept free), with temperature value of Tefr of 6625 K,

[Fe/H] of 0.095 and log g of 3.72.

DAOPHOT package was used to perform aperture photometry on the
data. The frames were flat-fielded and dark corrected. Varying air-
mass and other local sky variations are accounted for, to an extent,
by performing differential photometry on a comparison star and
a check star. For differential photometry, we need a comparison
star which is non-varying with time and is similar in colour and
magnitude to the program star. We chose HD 213763 with spectral
type F5V and a visual magnitude of 7.8 as the comparison star. In
order to cross-check the non-variability of the comparison star, we
required another field star called check star, which in our case was
HD 213598 (KOV with a visual magnitude of 9.14). Although it
is desirable to choose a check star of similar colour as that of the
source and comparison stars, we settled for a K-type check star due
to unavailability of bright field stars in the near vicinity. Since we
used the Johnson R band for our photometry observations, the effect
of scattering by moonlight and the atmospheric extinction was min-
imal. The average S/N of the source and the comparison star was
between 300 and 350 for individual frames. 60 consecutive frames
of similar exposures were median combined to avoid the scintilla-
tion noise from sky which, otherwise, becomes the dominant source
of noise. Thus, each binned data frame comprised a total exposure
time of 120 s and a total time cadence of 202 s (including the readout
time) making the S/N of the combined frame to be ~2500 for the
same stars. Differential photometry was performed on the program
star, HD 213597A and additional two bright field stars (HD 213763
and HD 213598). Individual light curve of comparison and check
star showed a rms scatter of 12 mmag over the entire observation
period. The rms scatter between the comparison and the check star
reduced to 6 mmag after differential photometry. This formed the
base level for detection of any transit and thus reflected the pho-
tometric error on each data point in the light curve. The data from
STEREO and PRL 10-inch telescope were combined to produce a
phase-folded light curve as both the data sets were observed in R
band and had similar photometric errors on them.

3.4 Simultaneous spectroscopy and photometry fitting

We simultaneously fit the spectroscopy and photometry data with
EXOFAST (Eastman, Gaudi & Agol 2013). EXOFAST is a set of IDL
routines designed to fit transit and RV variations simultaneously
or separately, and characterize the parameter uncertainties and co-
variances with a Differential Evolution Markov chain Monte Carlo
method (Johnson et al. 2011). It can either fit RV and transit values
exclusively or use both data sets to give a simultaneous fit. It also
requires priors on Tes, log ¢ and iron abundance [Fe/H]. EXOFAST
uses empirical polynomial relations between masses and radii of
stars; their log g, Ter and [Fe/H] based on a large sample of non-
interacting binary stars in which all of these parameters were well
measured (Torres et al. 2010). These priors are used as a convenient
way of modelling isochrones and are fast enough to incorporate
them at each step in Markov chain. The errors derived here are
determined by evaluating the posterior probability density based on
the range of a given parameter that encompasses some set fraction
of the probability density for the given model. We thereby caution
the reader that the errors reported here for the mass and radius of
the secondary are formal errors from Exorast. These values and
errors are themselves based on models and isochrones and should
not be used as independent observational checks on these models
until more precise values can be derived in the future by teasing out
a double-lined spectroscopy orbital solution for this system.

We executed the ExOFAST routine with the combined RV data
sets (HET-HRS and PARAS) and the combined photometry data
sets (one from the transit light curve obtained by STEREO and
the other one obtained by PRL 10-inch telescope). On varying the
sMmEi-derived parameters as input priors to EXOFAST, we found that
constraining log g with the same uncertainties as given in Table 3
yielded the most consistent values for 7. and [Fe/H] (best simul-
taneous fit for RV and transit data). The results of the execution are
summarized in Table 4. Fig. 2 illustrates the RV versus orbital
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Table 4. Results obtained from EXOrasT by simultaneous fitting of RV and transit data for HD 213597 with a 68 per cent

confidence interval.

Parameter Units Values

HD 213597A

My Mass (M) 12937912
Ra Radius (R@) 1.973 %0580
La Luminosity (L)) 7 -04t8:(5)(2)

oA Density (cgs) 0.23777590%3
log ga Surface gravity (cgs) 3.96 + 0.01
Tett Effective temperature (K) 6699f§g
[Fe/H] Iron abundance —0.06510:9%
HD 213597B

e Eccentricity 0.01987000%4
oM Argument of periastron (°) 72in§

P Period (d) 2.4238503 X 000010
a Semimajor axis (au) 0.0411270-00038
Mg Mass (M) 0.28670:012
Ry Radius (Ry) 034410007
OB Density (cgs) 9.32f8:ﬁ
log gp Surface gravity 4.803f8:883$

RV parameters

€C0oS Wy 0.0056f8:8832
esin wy 0.018475005¢

Tp Time of periastron (BJD) 245 5392.09f8:?§7
K RV semi-amplitude m s~ 33390338

Mp /My Mass ratio 0.2218 £ 0.0045
y Systemic RV m s~ —44201':33
Sfim) Mass function” (M) 0.0091 =+ 0.000048
Transit parameters

Tc Time of transit (BJD) 2455392.201470001
Rp/R4 Radius of secondary in terms of primary radius 0.178 £ 0.001

i Inclination (°) 84.9100
a/Ry Semimajor axis in stellar radii 4.48f8:8§§

s Transit depth 0.0317450013
T4 Total transit duration (min) 2743

“By BOOTTRAN (IDL).

phase for HD 213597A. Solid and open circles (top panel) show
RV measurements of the primary taken with the HRS and PARAS
instruments, respectively. The figure also shows the residuals (ob-
served model) in the bottom panel. There are four RV measurements
for this star from Nordstrom et al. (1997) observed with the 1.5-
m Wyeth reflector at the Oak Ridge Observatory in Harvard, MA.
We corrected for the offset in RV and overplotted these points in
Fig. 2 to give it a longer time base. However, we did not include
these points in the model due to their relatively large errors. It is
important to note that despite a long time-gap between our observa-
tions and those of Nordstrom et al. (1997), their RV measurements
(asterisks) lie on the model curve as shown in Fig. 2.

Fig. 3 (upper panel) shows the simultaneous fit for the transit
light curve obtained by analysing STEREO archival data (filled
circles) and PRL 10-inch telescope data (open squares) overplotted
with the model derived from ExorasT (solid curve). The residuals
are plotted in lower panel. The simultaneous fit gives us a transit
depth of 0.031775:0013 mag, angle of inclination of 84:970%* and
a transit time duration of 2743 min. The transit depth cited here

MNRAS 442, 3737-3744 (2014)

is consistent with the refined analysis of STEREO light curve by
Whittaker, Stevens & Sangaralingam (2013). We obtain the mass of
the secondary as 0.2867 001> My and a radius of 0.34470 07" R,
We also calculated the mass function for this system by using the
IDL BOOTTRAN package (Wang et al. 2012). The results obtained
by the combined RV and transit data sets are consistent with the
period 2.4238 d (Wraight et al. 2012; Whittaker et al. 2013) with
a semimajor axis of 4.48 R, (0.041 au) and a RV semi-amplitude
of 33.39 km s~'. Based on the mass limits, we conclude that the
secondary star is an early M dwarf (Baraffe & Chabrier 1996).

4 DISCUSSION AND CONCLUSIONS

Using high-resolution spectroscopy taken with the HET-HRS,
PARAS spectrographs and photometry with the STEREO data,
PRL 10-inch telescope, we conclude that HD 213597 is an eclips-
ing binary system with an F-type primary and an early M-type
secondary. The estimated secondary mass from RV measurements
is My = 0.28610012 M with an accuracy of ~3—4 per cent (formal
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Figure 2. Top panel: RV model curve for star HD 213597 obtained from EXOFAST is plotted against orbital phase. HRS-HET (filled circles) and PARAS, Mount
Abu (open circles) observed data points along with the estimated errors are overplotted on the curve. The two data points from PARAS not considered for RV
fitting are overplotted with diamonds. The four RV measurements (not considered for RV fitting) from Nordstrom et al. (1997) are overplotted on the modelled
data. Bottom panel: the residuals from best-fit are plotted below the RV plot. The residuals are not plotted for the points which are not considered for the RV
fitting. For better visual representation, the x-axis in phase is shifted by 0.25 so that the central primary transit crossing point (7;) occurs at phase 0.25 instead

of 0.
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Figure 3. Top panel: transit curve obtained from STEREO data and PRL 10-inch telescope is plotted based on the parameters from Exorast. The STEREO
data are plotted with (red) filled circles and the PRL 10-inch telescope data are plotted with open (blue) squares along with their individual error bars. (Colours
are only in online version.) Bottom panel: observed-fit residuals are plotted. For better visual representation, the x-axis in phase is shifted by 0.25 so that the

central primary transit crossing point (7¢) occurs at phase 0.25 instead of 0.

errors). Based on the transit depth of 0.03171)0]3 mag, the radius

of the secondary is estimated to be Rg = 0.34410:-0%7 R with an
accuracy of ~5-6 percent (formal errors). The radius estimated
here is in good agreement with the value given by Wraight et al.
(2012).

Metallicity and the iron abundance of the system are accurately
determined in this work as —0.105 &£ 0.03 and —0.025 =+ 0.05 (see
Table 3) by spectroscopic analysis. From the models for M dwarfs
(Baraffe et al. 1998), we estimate the T,y of the secondary star
for a mass of ~0.3Mc, (from this work) and an age of ~2 Gyr

(Casagrande et al. 2011), as 3437 K for a [M/H] of 0.0, and 3643 K
for a [M/H] of —0.5. From Baraffe et al. (1998) models, the radius
for 0.3 M, turns out to be 0.29 R for [M/H] = 0.0 and 0.28 R,
for [M/H] = —0.5. Clearly, these theoretically derived radius values
are lower than the observations presented here.

The binary system has an inclination angle of 84?9f8j21. The ro-
tational velocity of the primary star obtained by SME analysis, as
mentioned in Table 3, is 40 km s~!, which matches when measured
by the width of the cross-correlation function. This value is com-
paratively lower than the reported rotational velocities for similar

MNRAS 442, 3737-3744 (2014)
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F-type stars (Giébocki & Gnaciriski 2005). With the knowledge of
rotational velocity of the primary star and its radius of ~2.03R,
from Table 1, the projected spin period P/sini of the primary star
is calculated to be 2.422 d, which is close to the observed orbital
period of the system. The eccentricity of the system, calculated as
0.0198, makes it close to circular. Since the orbital and rotational
periods for the star are synchronous, this star forms another evi-
dence for tidal circularization playing role in a close binary system
(Mazeh 2008).

The detailed spectral analysis of the high S/N HET spectra gives
us Tep= 6752 £ 52 K, [Fe/H] = —0.025 £ 0.05 for logg =
3.96 £ 0.1. The temperature indicates an F-type primary star. It
may be mentioned that Masana et al. (2006) obtained a T of
6936 £ 70 K based on V and Two Micron All Sky Survey (2MASS)
JHK photometry, while Casagrande et al. (2011) reported a value
of 6837 + 80 K based on improved colour calibration of the same
bands. Our results are more reliable as they are based on detailed
spectral analysis from high S/N spectra. Furthermore, these results
are substantiated by the fact that the RV and photometry data are not
able to constrain a solution in EXOFAST by using the previously cited
T . value of 6936 £ 70 K. Using T s, [Fe/H] and log g derived
from this work, the mass and radius of the primary star obtained
from mass—radius relationship (Torres et al. 2010) are 1.48 M,
and 2.11 R, respectively, consistent with the values reported in
literature (see Table 1).

Future spectroscopic observations of this star during transit will
enable us to observe the Rossiter—McLaughlin effect (Scott Gaudi
& Winn 2007), and help determine whether the secondary star is in
retrograde or prograde orbital motion with respect to the rotation of
the primary. This may lead to a better understanding of the binary
formation mechanisms at a primordial stage. Future high-resolution
near-infrared observations will be able to provide dynamical masses
of the system.
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