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ABSTRACT

In search for a connection between the formation of stars and the formation
of planets, a new semi-automatic spectral analysis method using iSpec was devel-
oped for the TIGRE telescope installed in Guanajuato, Mexico. TIGRE is a 1.2m
robotic telescope, equipped with an Echelle spectrograph (HEROS), with a resolu-
tion R ~ 20000. iSpec is a synthetic spectral fitting program for stars that allows to
determine in an homogeneous way their fundamental parameters: effective temper-
ature, T, surface gravity, log g, metallicities, [M/H] and [Fe/H], and rotational
velocity, V sini. In this first article we test our method by analysing the spectra of
46 stars, hosts of exoplanets, obtained with the TIGRE.

RESUMEN

En la busqueda de una conexién entre la formacion estelar y planetaria, se
desarrollé6 un nuevo método semiautomaéatico de andlisis espectral estelar usando
iSpec, para el telescopio TIGRE, instalado en Guanajuato, México. El TIGRE es
un telescopio robético de 1.2m, el cudl esta equipado con el espectrografo Echelle
HEROS, que tiene una resolucién R ~ 20,000. iSpec es un programa de ajuste
espectral sintético para estrellas que permite determinar de manera homogénea sus
parametros fundamentales: temperatura efectiva, Teg, gravedad superficial, log g,
metalicidades, [M/H] y [Fe/H], y velocidad de rotacién, V sini. En este articulo,
probamos nuestro método, analizando una muestra de 46 estrellas que albergan
exoplanetas observadas por el TIGRE.
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1. INTRODUCTION

Since the discovery of the first planet orbiting an-
other star in the 1990s, the number of confirmed ex-
oplanets had steadily increased reaching in Novem-
ber of last year 4133.* The urgent tasks with which
we are faced now are determining the compositions
of these exoplanets and understanding how they
formed. However, although that should have been
straightforward (Seager 2010), the detection of new
types of planets had complicated the matter, chang-
ing in a crucial way our understanding of the forma-
tion of planetary systems around stars like the Sun.
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The first new type of planets to be discov-
ered was the “hot Jupiters” (HJs; Mayor & Queloz
1995), which are gas giants like Jupiter and Sat-
urn, but with extremely small periods, P < 10 days,
consistent with semi-major axes smaller than
ap = 0.05 AU. The existence of HJs is problematic
because, according to the model of formation of the
solar system, they can only form in the protoplane-
tary disk (PPD) where it is cold enough for volatile
compounds such as water, ammonia, methane, car-
bon dioxide and monoxide to condense into solid ice
grains (Plummer et al. 2005). In the Solar System,
this happens beyond the ice-line, which is located
close to 3 AU (Martin & Livio 2012). This implies
that HJs must have formed farther out in the cold re-
gions of the PPD, then migrated close to their stars
(Lin et al. 1996). Subsequent discoveries have then
shown that far from being exceptional, artifacts of
an observational bias, HJs turned out to be very
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common around Sun-like stars, suggesting that large
scale migration is a standard feature of the planet
formation process (Butler et al. 2000; Udry & San-
tos 2007).

Two other new types of planets discovered are the
“Super-Earths” (Leconte et al. 2009; Valencia et al.
2006; Martin & Livio 2015; Chabrier et al. 2009) and
the “mini-Neptunes” (Gandolfi et al. 2017). These
too were found to be common and very close to their
stars, which, consequently, also makes them “hot”.
Their discoveries are important for two reasons. The
first reason is that it makes the alternative “in situ”
model for the formation of HJs (e.g., Boss 1997)
a special model, since it cannot explain the large
mass range and diversity of the “hot” exoplanets
observed (Super-Earths and mini-Neptunes in situ
models are discussed in Raymond et al. 2008; Chi-
ang & Laughlin 2013). The second reason is that
it was recently established by Lee et al. (2017) that
their numbers around their host stars fall rapidly for
periods P < 10 days (= 0.09 AU), which, assuming
Keplerian orbits, clearly implies they all formed far-
ther out (beyond 0.1 AU) and have migrated inward,
but with a good many disappearing into their stars.
This, once again, puts large scale migration at the
front scene of the planet formation process.

This brings us to the present fundamental ques-
tion in planet formation theory (McBride & Gilmour
2004): what explains the fact that large scale migra-
tion did not happen in the Solar System? Or, in
other words, assuming all planets form in a PPD
around a low mass star (Nomura et al. 2016; van der
Marel et al. 2018; Pérez et al. 2019), what differ-
ence would make migration more important in one
case and less important in another (see discussion in
Walsh et al. 2011)?

Integrating the migration process into a consis-
tent model of planet formation is an extremely active
and fast evolving field of research (a recent review of
this important subject can be found in Raymond &
Morbidelli 2020). In the case of the HJs, two mi-
gration mechanisms are accepted now as most prob-
able (Dawson & Johnson 2018):(1) disk migration,
where the planet forms beyond the ice-line and then
migrates inward by loosing its orbit angular momen-
tum to the PPD (see thorough reviews in Baruteau
et al. 2014; Armitage 2020), and (2) high-eccentricity
migration, according to which the planet first gains
a high eccentricity through interactions with other
planets, which makes it to pass very close to its
star, where it looses its orbit angular momentum by
tidal interactions (this is a more complicated pro-
cess, involving different mechanisms; e.g., Rasio &

Ford 1996; Weidenschilling & Marzari 1996; Marzari
& Weidenschilling 2002; Chatterjee et al. 2008; Na-
gasawa et al. 2008; Beaugé & Nesvorny 2012). How-
ever, what is not clear in these two models is, what
importance must be put on the characteristics of the
PPD, its mass, size, depth and composition?

According to PPD formation theory, there are
two possible mass scenarios (Armitage 2020): the
minimum mass model, between 0.01 to 0.02 Mg,
which suggests that the PPD initial mass is only
sufficient to explain the masses of the planets that
formed within it, and the maximum mass model,
which suggests the mass could have been much
higher, close to 0.5 M. Consequently, more mas-
sive PPD (compared to the Solar System) might have
either favored the formation of more massive plan-
ets (consistent with PPD observations, see Figure 2
and discussion in Raymond & Morbidelli 2020) or a
larger number of planets. The problem is that this
makes both migration mechanisms equally probable
(also, the masses observed seem too low; also related
to Figure 2 in Raymond & Morbidelli 2020). An-
other caveat is that the Solar System is a multiple
planet system where migration on large scale did not
happen.

In terms of angular momentum, the differences
between the minimum and maximum mass model
for the PPD might also be important. By definition,
the angular momentum of a planet is given by the
relation (e.g., Berget & Durrance 2010):

Jp = My\/GM,ap(1 —€2), (1)

where M, and M, are the masses of the planet and
its host star, a, is the semi-major axis of the planet
and e, its eccentricity. This suggests that within the
maximum mass model more massive planets would
also be expected to have higher orbital angular mo-
mentum (through their PPD) and, consequently, to
have lost a larger amount of their angular momen-
tum during large scale migration (a, — 0). This im-
plies that the efficiency of the migration mechanism
must increase with the mass of the planet (or its
PPD). In principle, such requirement might be one
way to distinguish which migration process is more
realistic. However, the problem is bound to be more
complicated. First, stars rotate much more slowly
than expected assuming conservation of angular mo-
mentum during their formation (McKee & Ostriker
2007). Second, defining the angular momentum of a
planetary system as J,ys = J.+3J, where X.J), is the
sum of the angular momentum of all the planets and
J, the angular momentum of the host star (cf. Berget
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& Durrance 2010), the angular momentum of mas-
sive planets (even after migration, assuming a, 7 0)
will always dominate over the angular momentum of
its host stars. That is, J,/XJ, < 1, and this is de-
spite the enormous loss of angular momentum of the
star during its formation. This implies that a sort of
coupling must exist between the angular momentum
of the stars and their planets through their PPDs.
Understanding the nature of this coupling, therefore,
is an important step in understanding how the PPD
and the planets forming in it are connected to the
formation of their stars. This, on the other hand,
requires completing our information about the stars
and the planets rotating around them.

In the case of the planets, the two most success-
ful detection techniques, the radial velocity (RV) and
transit (Tr) methods, yield estimates of the mass of
a planet, M), and its radius, R, as well as the semi-
major axis, a,, and the eccentricity of its orbit, e,.
The first two parameters constrain their composi-
tion and formation process in the PPD, while the
last two give information about their migration. By
combining the four parameters we can also retrieve
the angular momentum of the orbits of the planets
(cf. equation 1). In the case of the stars the most im-
portant characteristics that can be derived from their
spectra are the effective temperature, T.sy, the sur-
face gravity, log g, the metallicities, [M/H] or [Fe/H],
and the rotational velocity, V sini. The first two can
be used in combination with their magnitudes and
distances (using GAIA parallaxes) to determine their
radii and masses which, taken in combination with
the rotational velocity, yield the angular momentum
(or spin) of the star, J,:

Jo = V*M*R*V*mta (2)

where M,, R, and 7, are the star mass, radius and
moment of inertia (which depends on the mass of the
star; cf. Trwin 2015), and V,°* = V sini/sini is the
equatorial rotation velocity (where ¢ is the inclina-
tion angle of the rotation axis relative to our line of
sight).

To understand how the formation of planets is
connected with the formation of their host stars, we
must, consequently, make an effort to determine in
parallel with the discovery of the former the physical
characteristics of the latter. Present data banks for
exoplanets (e.g., Kepler and now TESS, with 51 con-
firmed discoveries, and future surveys like PLATO)?
require follow-up observations and analysis for the

Shttps://tess.mit.edu; about PLATO see https:
//platomission.com/about/.

host stars, which are usually done with large diame-
ter telescopes equipped with high resolution spectro-
graphs. However, for the brightest stars (TESS tar-
gets, for example, being 30-100 times brighter than
KEPLER stars), the use of smaller diameter tele-
scopes equipped with lower resolution spectrographs
might be more efficient in acquiring the information.
Moreover, although high resolution spectra is jus-
tified when one uses the standard spectral analysis
method, which is based on modeling the equivalent
width (EW) of spectral lines, this might not be nec-
essary when one uses the synthetic spectral analysis
(e.g., Valenti & Debra 2005), which consists in fit-
ting observed spectra to grids of synthetic spectra
with well determined physical characteristics that
can be produced at different spectral resolutions.
Another problem in using large aperture telescopes
for host stars follow-up is that, since these telescopes
are in high demand (for faint objects), data are col-
lected on short duration runs by different groups
using different techniques and codes (although the
same analysis method), which introduces discrepan-
cies between the results (Hinkel et al. 2014, 2016;
Blanco-Cuaresma 2014; J6fre et al. 2017). This sug-
gests that a follow-up using a dedicated telescope
and applying only one method of analysis could pro-
duce more homegeneous data (one effort to homog-
enize data is the Stars With ExoplanETs CATalog
or SWEET-Cat for short; Sousa et al. 2008). For
these reasons we developed a new method based on
stellar spectral analysis for data obtained with the
TIGRE telescope (Telescopio Internacional de Gua-
najuato Robético Espectroscépico) that is installed
at our institution in Guanajuato.

TIGRE is a 1.2 m fully robotic telescope lo-
cated at the La Luz Observatory (in central Mex-
ico) at an altitude of 2,400 m; a more detailed de-
scription can be found in Schmitt et al. (2014). Its
principal instrument is the fibre-fed echelle spectro-
graph HEROS (Heidelberg Extended Range Opti-
cal Spectrograph), which yields a spectral resolu-
tion R ~ 20,000, covering a spectral range from
3800 A to 8800 A. The queue observing mode and au-
tomatic reduction pipeline already implemented for
this telescope allow to optimize the observation and
reduction process, producing highly homogeneous
data rapidly and confidently. To optimize the anal-
ysis process, we developed a semi-automatic method
that allows us to derive efficiently the most impor-
tant physical characteristics of the stars: T, ¢, log g,
[M/H], [Fe/H], and V sin4. This was done by apply-
ing the synthetic spectral fitting technique as offered
by the code iSpec (Blanco-Cuaresma 2014), which
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was shown to yield results that are comparable to
results in the literature obtained through different
methods and codes (Blanco-Cuaresma 2019).

The goal of this first article is to explain our spec-
tral analysis method based on iSpec and to compare
results obtained by TIGRE with data taken from the
literature. In an accompanying paper (Flor-Torres et
al., hereinafter Paper II) we will present a prelimi-
nary study, based on our own observational results,
about the coupling of the angular momentum of the
exoplanets and their host stars.

2. SAMPLE OF HOST STARS WITH
EXOPLANETS OBSERVED WITH TIGRE

Our initial target list for a pilot project was built
from the revised compendium of confirmed exoplan-
ets in the Exoplanet Orbit Database (hereinafter Ex-
oplanets.org,%) selecting all stars with spectral types
F, G or K, located on the main sequence (based on
their luminosities and colors), and for which a con-
firmed planet with well determined mass, radius, and
semi-major axis was reported. Note that we did not
apply a restriction to single systems, since from the
point of view of the angular momentum we verified
that only the major planet of a system counts (like
Jupiter in our solar system). To optimize our obser-
vation with TIGRE, we restricted further our target
list by retaining only host stars that have a magni-
tude V' < 10.5, obtaining a much shorter list of 65
targets.

Our observed sample consists of 46 stars, hosts
of 59 exoplanets, which were observed by TIGRE
in queue mode. In Table 1 the stars observed are
given a running number (Column 1) which is used
to identify them in the different graphics. The V
magnitude of each star and its distance as calculated
from Gaia parallaxes are listed in Columns 3 and
4 respectively. Also shown are the exposure times,
in Column 5, and the signal to noise ratio (S/N)
in Column 6, as measured in the red part of the
spectrum. The last column lists the main references
found in the literature with data about the host stars
and their planetary systems.

The HEROS spectrograph on TIGRE is cou-
pled to two ANDOR, CCDs, cooled by thermocou-
ple (Peltier cooling to -100 C): blue iKon-L camera
DZ936N-BBB and red iKon-L camera DZ936N-BV.
This yields for each star two spectra, one in the blue,
covering a spectral range from 3800 A to 5750 A, and
one in the red, covering a spectral range from 5850 A
to 8750 A. All the data were automatically reduced

Shttp://exoplanets.org/.
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Fig. 1. S/N as a function of exposure time for our sample,
limited to stars with magnitude limit V' < 10.5. Note
that the exposure time was adjusted to reach S/N > 60
in less than two hours.

by the TIGRE/HEROS standard pipeline, which ap-
plies automatically all the necessary steps to extract
Echelle spectra (Hempelmann et al. 2016; Mittag et
al. 2016): bias subtraction, flat fielding, cosmic ray
correction, order definition and extraction and wave-
length calibration, which was carried out by means of
Th-Ar lamp spectra taken at the beginning and end
of each night. Finally, we applied a barycentric cor-
rection and as a final reduction step, corrected each
spectrum for telluric lines using the code Molecfit
developed by Smette et al. (2015). After verification
of the results of the reduction process, we decided
to concentrate our spectral analysis only on the red
part of the spectra, where the S/N is higher.

In Figure 1 we show the S/N obtained as a func-
tion of the exposure time. For each star the total
exposure time during observation was adjusted to
reach S/N > 60. Note that this result only depends
on the telescope diameter, the fiber transmission,
the spectrograph resolution (we used R = 20,000,
but the resolution is adjustable in iSpec) and the
photometric conditions (explaining most of the vari-
ance).The average exposure time was 74 s for an
average S/N =~ 87, which makes observation with
TIGRE a very efficient process.

To determine how faint a follow-up with TIGRE
could be done efficiently, we traced in Figure 2 an
exponential growth curve based on our data, deter-
mining the S/N expected in one hour for stars with
different magnitudes. One can see that a star with
10.5 mag in V would be expected to have a S/N
near 30 (or 60 in 2 hours). The lowest we could go
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TABLE 1
STARS OBSERVED WITH THE TIGRE

Id. # Star Magnitude Distance  Exp. time S/N Ref.
(V) (pc) (min) (as found in exoplanets.org)

1 *KELT-6 10.3 242.4 97.1 54 Damasso et al. (2015)
2 *HD 219134 5.6 6.5 8.0 139 Motalebi et al. (2015)
3 *KEPLER-37 9.8 64.0 93.2 75 Batalha et al. (2013)
4 HD 46375 7.8 29.6 108.0 107 Marcy et al. (2000)
5 HD 75289 6.4 29.1 37.8 99 Udry et al. (2000)
6 HD 88133 8.0 73.8 116.0 94 Fischer et al. (2005)
7 HD 149143 7.9 73.4 108.0 93 Fischer et al. (2006); da Silva et al. (2006)
8 HAT-P-30 10.4 215.3 100.9 59 Johnson et al. (2011)
9 KELT-3 9.8 211.3 92.5 68 Pepper et al. (2013)
10 KEPLER-21 8.3 108.9 29.4 83 Borucki et al. (2011)
11 KELT-2A 8.7 134.6 54.3 95 Beatty et al. (2012)
12 HD86081 8.7 104.2 61.4 100 Johnson et al. (2006)
13 WASP-74 9.8 149.8 96.5 73 Hellier et al. (2015)
14 HD 149026 8.1 76.0 37.4 98 Sato et al. (2005)
15 HD 209458 7.6 48.4 40.0 98 Henry et al. (2000); Charbonneau et al. (2000)
16 BD-10 3166 10.0 84.6 100.8 72 Butler et al. (2000)
17 HD 189733 7.6 19.8 33.1 102 Bouchy et al. (2005)
18 HD 97658 7.7 21.6 35.0 123 Howard et al. (2011)
19 HAT-P-7 10.5 344.5 43.5 32 P4l et al. (2008)
20 KELT-7 8.5 137.2 47.2 93 Bieryla et al. (2015)
21 HAT-P-14 10.0 224.1 84.0 57 Torres et al. (2010)
22 WASP-14 9.7 162.8 74.6 66 Joshi et al. (2009)
23 HAT-P-2 8.7 128.2 70.0 69 Bakos et al. (2007)
24 WASP-38 9.4 136.8 75.8 82 Barros et al. (2011)
25 HD 118203 8.1 92.5 41.5 92 da Silva et al. (2006)
26 HD 2638 9.4 55.0 104.6 82 Moutou et al. (2005)
27 WASP-13 10.4 229.0 123.7 51 Skillen et al. (2009)
28 WASP-34 10.3 132.6 136.8 62 Smalley et al. (2011)
29 WASP-82 10.1 277.8 98.1 51 West et al. (2016)
30 HD17156 8.2 78.3 46.3 98 Fischer et al. (2007)
31 X0O-3 9.9 214.3 70.8 60 Johns-Krull et al. (2008)
32 HD 33283 8.0 90.1 53.4 101 Johnson et al. (2006)
33 HD 217014 5.5 15.5 40.0 254 Mayor & Queloz (1995)
34 HD 115383 5.2 17.5 4.0 105 Kuzuhara et al. (2013)
35 HAT-P-6 10.5 277.5 125.0 49 Noyes et al. (2008)
36 *HD 75732 6.0 12.6 28.7 141 Marcy et al. (2002)
37 HD 120136 4.5 15.7 9.3 174 Butler et al. (2000)
38 WASP-76 9.5 195.3 91.1 73 West et al. (2016)
39 Hn-Peg 6.0 18.1 8.0 99 Luhman et al. (2007)
40 WASP-8 9.9 90.2 150.0 81 Queloz et al. (2010)
41 WASP-69 9.9 50.0 90.0 76 Anderson et al. (2014)
42 HAT-P-34 10.4 251.1 105.0 56 Bakos et al. (2012)
43 HAT-P-1 9.9 159.7 75.0 60 Bakos et al. (2007)
44 WASP-94 A 10.1 212.5 105.0 58 Neveu-VanMalle et al. (2014)
45 WASP-111 10.3 300.5 90.0 58 Anderson et al. (2014)
46 HAT-P-8 10.4 212.8 150.0 74 Latham et al. (2009)

An * in front of the name of the star identifies multiple planetary systems.

would be S/N ~ 10 which would be reached in one
hour for a 12.5 mag star (or 2 hours for a 13 mag
star). Since it is not clear how low the S/N of a
star could be to be efficiently analysed using the
synthetic-spectra method, we judged safer to adopt
a limit S/N of 60, which can be reached within two
hours using TIGRE. This justifies the magnitude
limit, V' < 10.5, adopted for this pilot project. Our
observations suggest that a 1.2 m telescope could
contribute significantly to the follow-up of exoplanet
surveys like TESS, searching for small rocky plan-

ets around bright stars (stars much brighter than
KEPLER stars), and in the near future PLATO,
which will search for Earth-like planets in the habit-
able zones of one million nearby Solar type stars.

3. SPECTRAL ANALYSIS USING ISPEC

Our spectral analysis was developed using the syn-
thetic spectral fitting technique offered by the code
iSpec (version 2016.11.18; Blanco-Cuaresma 2014,
2019). In brief, this technique consists in compar-
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Fig. 2. Exponential growth curve giving the S/N ex-
pected after one hour exposure time for stars with differ-
ent magnitudes.

ing an observed spectrum with synthetic spectra in-
terpolated from pre-computed grids, calculated us-
ing different radiative transfer codes, and applying
a least-squares minimization algorithm to converge
towards the closest approximation possible. In Fig-
ure 3 we show one example of a synthetic spectral
fit for the star HD 46375. The fit has a rms 0.0319,
which is relatively good considering HEROS inter-
mediate resolution (Piskunov & Valenti 2017). Due
to the low resolution of our spectra we can fit at the
same time in a homogeneous manner the intensity
and spectral profiles of more than 100 lines (com-
pared to a few 10s at high resolution; e.g., Valenti &
Debra 2005). The best fit then allows to determine
five important atmospheric parameters: i.e., the ef-
fective temperature, T s, the surface gravity, log g,
two indexes of metallicities, [M/H]| and [Fe/H], and
the rotational velocity, V sinsi.

To optimize our analysis a crucial step of our
method consisted in applying iSpec to a TIGRE
spectrum from the Sun (as reflected by the Moon).
Our main goal was to determine a subset of spectral
lines and segments that best reproduced the physi-
cal characteristics of our star. Although this step is
time consuming because each line and segment has to
be tested incrementally by running iSpec, once these
lines and segments are established, the analysis of
stars becomes straightforward and efficient, the full
process taking only a few minutes to converge on a
modern desktop computer. Starting with the whole
line-list available in the VALD database (Kupka et
al. 1999, 2011), we kept only 122 lines in the red
for which we defined specific segments in Table 6 of
Appendix A. As we already verified in Eisner et al.
(2020), these lines and segments can also be used in
iSpec as a standard basis for observations obtained
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Fig. 3. Example of the result for the synthetic spec-
tral fitting method in iSpec. The star is HD 46375, the
observed spectrum is shown in blue and the fitted spec-
trum in red, with a rms of 0.0319. The color figure can
be viewed online.

with different telescopes and (once adjusted for the
resolution) other spectrographs.

Our initial analysis of the Sun also allowed
us to decide which solar abundance, atmospheric
model and radiative transfer code were optimal.
We adopted the solar abundance of Asplund et al.
(2009), the ATLAS atmospheric model of Kurucz
(2005) and the radiative transfer code SPECTRUM of
Gray & Corbally (1994). Another parameter that
turned out to be important using iSpec is a correc-
tion for limb darkening, which we fixed to a value
of 0.6 (Hestroffer & Magnan 1998; Blanco-Cuaresma
2019).

After working out the analysis of the Sun, we
found an unexpected difficulty in obtaining the ro-
tation velocity, V sini, for our stars. The problem
comes from the fact that in low mass stars the tur-
bulence velocity Vi and V... have values com-
parable to Vsini (Doyle et al. 2014), and there is
consequently no fail-proof recipe how to “constrain”
these velocities using the synthetic method. One
way to approach this problem (following different
researchers in the field) is to adopt ad hoc values
based on theory or observation (Gray 1984a,b; Fis-
cher & Valenti 2005; Bruntt et al. 2010; T'santaki et
al. 2014; Doyle et al. 2014). For our analysis, we de-
cided to adopt empirical values. For V.. we used
the relation (Doyle et al. 2014):

Vinae = a + bAT + cAT? — 2.00(log g — 4.44), (3)

where AT = (T,55—5777), a = 3.21, b = 2.33 X 1073
and ¢ = 2.00 x 1076. For V,,,;. we used the relation
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Fig. 4. Values of Vin.. adopted for our analysis with
iSpec as a function of our results for Teyy.

(Tsantaki et al. 2014):
Vimie = 6.932 x 1077, ;s — 0.348log g — 1.437. (4)

Note that neither authors give uncertainties on these
values. However, Doyle et al. (2014) suggest generic
uncertainties of the order of £+ 0.27 km/s and £ 0.15
for Vyae and V. respectively, which we adopted for
our study.

In Figure 4 we show the final values of V4. ob-
tained in our analysis. Traced over the data, we
draw the different relations proposed in the litera-
ture to fix this parameter. At high temperatures
(Teyy > 5800 K), one can see that our values for
Vinae are well above the upper limit determined by
Valenti & Fischer (2005), while at low temperatures,
the values are well above the lower limit determined
by Bruntt et al. (2010). In general, our results for
Vinae are consistent with the values expected based
on the relation proposed by Gray (1984b).

Our final result for the Sun is shown in Table 2.
These values were obtained after only ten iterations,
using the parameters of the Sun as initial guess and
fixing Viae and Vi, using equation 3 and equa-
tion 4. For comparison, we also included in Table 2
the values adopted for the Gaia Benchmark stars.
Although our best fit reproduces well the physical
characteristics of the Sun, the uncertainty estimated
by iSpec for V sin is relatively high. But this, as we
already explained, is expected considering the prob-
lem related to V,,;. and V4. The different solutions
(as shown in Figure 4) to this problem might explain,
for example, why the macro turbulence we used for
the Sun is lower than what was used by Gaia. In

TABLE 2

RESULTS FOR THE SOLAR SPECTRUM
USING ISPEC

Char. iSpec Sun”
Teyy 5571+ 30 K 5571 K
logg 4.44 + 0.04 dex 4.44 dex
[M/H)] 0.00 £ 0.03 0
[Fe/H)] 0.00 4+ 0.03 0
Vsinid 1.60 £ 1.45 km/s 1.60 km/s
Vinic 1.02 km/s 1.07 km/s
Vinae 3.19 km/s 4.21 km/s
rms of fit 0.0289

“Gaia benchmark Stars values(Blanco-Cuaresma 2019).

Doyle et al. (2014), the authors already noted a simi-
lar difference, by comparing the values they obtained
by their relation with results reported by Fischer &
Valenti (2005), where the Vj,,. were systematically
higher by as much as 0.54 km s~!. However, adding
this difference (as a systematic correction) to bring
our result for V4. closer to the value proposed in
the Gaia Benchmark, did not lower the uncertainties
on V sini obtained with iSpec. Therefore, consider-
ing that our method easily reproduces the value of
V sini for the Sun, we judged more realistic to keep
a high uncertainty on this parameter. Besides, the
question is possibly more complex, considering the
uncertainty on the existence of a J — M relation,
J. o« M, for low mass stars (Herbst et al. 2007)
and taking into account that V sin¢ might also de-
pend on the age of the star (that is, decreasing with
the age; Kraft 1967; Wilson 1963; Skumanich 1972).

For the analysis of the stars, our semi-automatic
method can be summarized in the following way. We
first run iSpec using the parameters of the Sun as
initial input. This implies calculating V4. and Viic
using equation 3 and equation 4, keeping these values
fixed and leaving all the other parameters free. The
results of the first run give us new values of T ¢y and
log g based on which we calculate new initial values
for Vipae and Vi, before running iSpec a second
time.

To verify our solutions, for each star we use the
final value of T, s to calculate its mass and radius
(first we get the mass, then the corresponding ra-
dius) using the mass-luminosity relation for stars
with masses between 0.43 Mg and 2 My (Wang &
Zhong 2018):

1/4 1/2
M (LN Ty (RN
Mg Lo To \Ro ’
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where L is the bolometric luminosity as determined
from its magnitude in V' and its distance calculated
from Gaia in Table 1. Then, we verify that the value
of log g given by iSpec is consistent with the mass
and radius obtained using the relation (equation 7
in Valenti & Debra 2005):

log(M/Mg) = log(g«) + 2log(R/Rg) — 4.437. (6)

In general, we obtained consistent values for
log g, within the generic errors suggested by Doyle
et al. (2014). However, for eight stars, we found
discrepant masses, the masses obtained using equa-
tion 6 being higher than the masses using equation 5.
To solve this problem we found it important to bet-
ter constrain the initial value of log g before running
iSpec a second time. The reason for this constraint is
physically clear, since, as shown by equation 5 and
equation 6, logg is coupled to Terr. In Valenti &
Debra (2005), for example, the authors took into ac-
count this coupling by first fixing the initial value
of T,y related to the B — V color of the star, then
used a generic log g consistent with this temperature.
In our case we decided to use as initial parameters
for the second run the value of T¢.¢s obtained from
the first run with iSpec (which uses the values of
the Sun as first guesses) and to use as second guess
the value of logg given by equation 6 that makes
the two masses consistent. This also implies recal-
culating V4. and V,,;. for these new values, which,
as before, are kept fixed running iSpec. The unique
consequence of adding this constraint for the eight
stars with discrepant masses was to lower the final
values of their log(g), all the other parameters being
equal. For each star, our method requires only two
runs of ten iterations each, which amounts to about
30 minutes CPU time on a fast desktop computer.
This makes our analysis process quite efficient.

4. RESULTS: CHARACTERIZATION OF THE
HOST STARS OF EXOPLANETS OBSERVED
WITH TIGRE

Our measurements for the physical parameters of the
host stars as determined with our semi-automatic
method are presented in Table 3. Note that for the
metallicities, [M/H] and [Fe/H|, an extra correc-
tion was needed following Valenti & Debra (2005),
to eliminate spurious abundance trends (see their
explanations in § 6.4). This correction is based on
the assumption that the ratio of one elemental abun-
dance to another must not vary systematically with
the temperature. The correction then is simple: it
consists in tracing the metallicities as a function of

Teyy, fitting a second order relation, then subtract-
ing this spurious relation from the data. All the
uncertainties reported in Table 3 were calculated by
iSpec, while the errors of the radii and masses are
the quadratic sums of the uncertainties of the pa-
rameters used to calculate these values (see § 7.2
in Valenti & Debra 2005). As explained in Valenti
& Debra (2005) and in Piskunov & Valenti (2017)
the uncertainties estimated by the algorithms that
produce the synthetic spectra and fit them to the
observed spectra are usually undetermined, as com-
pared to the random errors calculated from the mea-
surements of multiple observations of the stars (§ 6.3
in Valenti & Debra 2005). Unfortunately, multiple
observations were not programmed for our stars and
we have only 4 stars in our study (17, 19, 23 and
46) that were observed more than once (four times
for three and six times for the fourth one). This
means that only a rough estimate of the random er-
ror can be obtained for our pilot-survey by calculat-
ing for each of these stars the standard deviations of
the parameters measured applying the same spectral
analysis as for the other stars. In table 4 we compare
our mean uncertainties as obtained with iSpec with
the mean of the standard deviations for the multi-
ply observed stars in our sample. Except for V sini,
the mean empirical errors are much larger than the
iSpec values. In particular, our empirical errors are
larger than the empirical uncertainties calculated by
Valenti & Debra (Figure 9 in 2005), being compara-
ble to their 2 sigma probabilities (the values in the
table correspond to 1 sigma, the threshold that in-
cludes 68.3% of their error measurements).

Comparing with the FExoplanets.org and
SWEET.cat mean uncertainties, our mean errors
(standard deviations of multiple stars) are slightly
larger, although still comparable to those reported
in these studies. Although preliminary, this result
is important as it suggests that our results based on
iSpec analysis of low resolution spectra (R a 20, 000)
are in good agreement with results obtained using
higher resolution spectra (R higher than 50,000).

Another way to verify the consistency of our
data is to compare our results with those published
in Exoplanets.org (on the left in Figure 5) and in
SWEET-Cat (on the right). Taken as a whole, our
results seem compatible with the data reported in
these two catalogs (note that the uncertainties are
those of iSpec), although there are also slight no-
table differences. In Figure 5a, our values for Teyy
are slightly higher below 5800 K than the values re-
ported by Exoplanets.org and SWEET-Cat. How-
ever, above 6000 K our temperatures are compa-
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TABLE 3
PHYSICAL PARAMETERS OF THE HOST STARS OF EXOPLANETS IN OUR SAMPLE,
AS DETERMINED WITH ISPEC

No. Name Tepp ATeg logg Alogg [M/H] A[M/H] [Fe/H] AlFe/H] Vsini AVsini Vyie Vimae 1ms  Re ARe My AMy

of star (GO (km/s) (km/s) (km/s) (km/s) (Bo) (Ro) (Mo) (Mo)
1 KELT-6 6176 24 4.03 0.05 —0.38 0.02 —0.14 0.03 6.52 0.82 1.44 528 0.0292 1.71 020 122 020
2 HD 219134 5209 13 4.90 0.00 0.00 0.02 0.02 0.01 7.09 0.30 0.47 1.61 0.0318 0.54 0.09 0.77 0.09
3 KEPLER-37 5520 19 450 0.04 —0.40 0.02 —0.28 0.02 6.62 0.50 0.82 2.62 0.0317 071 0.15 0.88 0.15
4 HD 46375 5345 22 447 004 —0.05 0.01 0.11 0.01 2.01 0.73 0.71 252 0.0319 083 0.01 0.88 0.02
5 HD 75289 6196 23 416 0.06 0.16 0.02 0.42 0.02 4.11 0.56 1.41 510 0.0291 127 0.01 1.14 0.03
6 HD 88133 5582 16 4.05 003 0.15 0.01 0.34 0.01 1.98 0.76 1.02 3.61 0.0344 1.80 0.01 112 0.02
7 HD 149143 6067 20 436 0.04 0.17 0.02 0.48 0.02 3.53 0.61 1.25 422 0.0316 164 0.10 1.19 0.10
8 HAT-P-30 6177 30 381 0.08 0.06 0.04 0.15 0.03 8.88 0.60 1.52 572 0.0324 151 019 119 019
9 KELT-3 6404 26 420 0.05 0.02 0.03 0.24 0.02 8.51 0.57 1.54 593 0.0294 1.77 0.16 128 0.16
10 KEPLER-21 6256 31 4.02 0.06 —0.07 0.03 0.11 0.03 7.38 0.57 1.50 5.63 0.0317 196 0.10 1.28 0.10
11 KELT-2A 6164 22 374 005 —0.04 0.03 0.19 0.02 7.28 0.51 1.53 5.81 0.0315 201 010 127 0.10
12 HD86081 6015 19 394 006 0.14 0.02 0.38 0.02 4.01 0.57 1.36 488 0.0314 163 013 1.18 0.13
13 WASP-74 5727 14 370 0.03 0.14 0.02 0.22 0.02 8.24 0.38 1.25 458 0.0341 157 015 1.11 0.16
14 HD 149026 6096 14 4.06 0.02 025 0.02 0.38 0.02 5.28 0.49 1.38 492 0.0302 151 0.10 117 0.10
15 HD 209458 5988 17 4.17 0.06 —0.22 0.03 —0.01 0.02 2.96 0.86 1.26 433 0.0282 125 0.10 1.10 0.10
16 BD-10 3166 5578 23 4.64 0.04 0.22 0.01 0.39 0.02 6.88 0.38 0.82 243 0.0361 0.82 017 092 0.17
17 HD 189733 5374 18 489 0.04 —-0.04 0.01 0.09 0.01 2.75 0.60 0.59 1.70  0.0287 0.60 0.01 0.82 0.02
18 HD 97658 5468 20 4.68 0.04 —-0.39 0.01 —0.17 0.01 1.87 0.85 0.72 220 0.0320 0.62 0.01 0.84 0.02
19 HAT-P-7 6270 46 395 012 —0.01 0.07 0.43 0.05 5.70 1.44 1.53 5.82 0.0312 221 019 132 020
20 KELT-7 6508 38 395 013 —0.19 0.01 0.15 0.04 45.2 1.39 1.70 6.96 0.0269 201 015 134 0.17
21 HAT-P-14 6490 35 4.12 007 -0.11 0.04 0.09 0.03 8.86 0.65 1.63 6.53  0.0293 1.69 0.15 128 0.16
22 WASP-14 6195 24 3.60 0.04 —-0.33 0.03 —0.23 0.03 147 2.11 1.60 6.21 0.0298 150 0.15 119 0.15
23 HAT-P-2 6439 24 405 005 015 0.03 0.29 0.03 20.66 0.58 1.62 641 0.0254 179 0.10 129 0.10
24 WASP-38 6178 18 395 004 —010 0.03 0.15 0.02 747 0.54 1.47 544 0.0301 149 013 118 0.13
25 HD 118203 5847 31 4.06 0.06  0.04 0.01 0.19 0.02 4.16 0.58 1.20 414 0.0321 2.04 010 1.21 0.10
26 HD 2638 5564 18 490 0.00 0.14 0.02 0.38 0.02 3.30 0.62 0.71 1.88 0.0355 0.72 0.13 089 0.13
27 WASP-13 6025 29 389 0.03 —0.01 0.03 0.12 0.03 2.35 1.30 1.39 501 0.0344 162 020 118 0.20
28  WASP-34 5771 27 444 004 —0.31 0.03 0.00 0.03 1.60 1.39 1.02 320 0.0326 1.08 020 1.02 0.20
29 WASP-82 6257 28 396 0.08 —0.05 0.04 0.22 0.03 2.86 1.23 1.52 5.75 0.0331 216 017 131 0.8
30 HDI17156 5985 22 410 005 —0.06 0.01 0.09 0.02 3.02 0.78 1.29 446 0.0303 1.58 010 116 0.10
31 XO-3 6281 30 416 0.10 —0.12 0.04 —0.19 0.03 20.2 0.73 1.47 545 0.0270 1.83 0.16 127 0.16
32 HD 33283 5877 16 381 0.03 0.05 0.02 0.32 0.02 4.39 0.47 1.31 472 0.0320 1.99 0.09 121 0.09
33 HD 217014 5755 12 443 0.03 —0.30 0.01 —0.01 0.02 0.40 1.43 1.01 3.18 0.0312 1.16 019 1.04 0.19
34 HD 115383 5891 19 419 0.04 —0.16 0.02 0.22 0.02 8.11 0.40 1.19 4.00 0.0285 141 0.01 1.11 0.02
35 HAT-P-6 6442 34 405 005 0.04 0.02 —0.10 0.03 11.7 0.71 1.62 6.43 0.0440 1.70 0.17 128 0.18
36 HD 75732 5548 17 489 0.03  0.19 0.01 0.38 0.01 0.17 1.61 0.71 1.88 0.0338 0.80 0.19 091 0.19
37 HD 120136 6210 17 3.79 0.04 0.20 0.02 0.20 0.02 15.14 0.36 1.55 5.89 0.0292 161 019 121 0.19
38 WASP-76 6133 21 390 004 0.10 0.02 0.40 0.02 2.24 1.00 1.46 5.37 0.0301 203 016 127 0.16
39 HN-PEG 5853 18 441 004 —-0.37  0.02 0.03 0.02 10.02 0.41 1.09 346 0.0337 1.03 001 1.02 0.02
40 WASP-8 5735 55 462 013  0.10 0.02 0.39 0.04 6.45 1.07 0.93 276 0.0308 0.89 0.19 097 020
41  WASP-69 5197 15 490 0.00 022 0.01 0.30 0.01 118 1.07 0.46 1.61 0.0360 0.58 0.15 0.78 0.15
42 HAT-P-34 6494 33 422 007 0.14 0.04 0.38 0.04 25.32 0.80 1.60 6.35 0.0287 1.57 019 126 0.19
43 HAT-P-1 6142 24 415 006 0.14 0.02 0.21 0.03 5.65 0.66 1.38 491 0.0330 141 0.10 1.16 0.10
44 WASP-94A 5988 23 376 0.04 0.17 0.03 0.38 0.02 5.5 0.60 1.41 5.15 0.0338 1.80 0.17 120 0.18
45 WASP-111 6312 32 394 0.08 0.05 0.04 0.30 0.03 11.57 0.54 1.57 6.03 0.0308 212 018 132 0.8
46 HAT-P-8 6009 60 406 009 0.15 0.05 —0.12 0.07 13.68 1.09 1.32 4.62 0.0365 155 0.16 1.16 0.16

rable with those in Exoplanets.org, while clearly
lower compared to SWEET-Cat. The largest dif-
ference between our results and those of the two
other surveys is for logg. Compared with Exoplan-
ets.org (Figure 5c¢), our values for logg are com-
parable within the range 4-4.7 dex, only slightly

underestimated. Above 4.7 dex, our values tend
to be overestimated while below 4 dex they are
underestimated. These differences are amplified
comparing with SWEET-Cat in Figure 5d. Once
again, however, we must conclude that these dif-
ferences already existed comparing Exoplanets.org
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Fig. 5. Comparison of our results with those in Exoplanets.org (left) and SWEET-Cat (right): a) and b) Tesy; ) and
d) log g; e) and f) [Fe/H]; g) V sini; h) the mass of the stars, M., with data for Exoplanets.org included.

with SWEET-Cat. Despite the above differences,
our metallicities in Figure 5e and Figure 5f are com-
parable with those published both by Exoplanets.org
and SWEET-Cat. Once again, our results seem more
similar to the former than to the latter.

The most important comparison for the purpose
of our survey is for Vsin¢ in Figure 5g. Unfortu-
nately, we can only compare with Exoplanets.org,
since SWEET-Cat did not publish their results.
What we find is a very good agreement, with only a
slight trend for our values to be higher. This trend

is most probably due to our lower resolution and
to the different way we determined V,,,;c and V4.
(more about that will be said later). In Figure 5h
we compare the masses of the stars to those reported
by SWEET-Cat. This time we observe a much bet-
ter consistency. Note that we have also included the
values given by Exoplanets.org (as open circles). In
general, our masses show a weak trend to be smaller,
although well within the uncertainties.

To quantify the differences between our val-
ues and those reported in Exoplanets.org and
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TABLE 4
COMPARISON OF ERRORS

Errors Ters logg [Fe/H| Vsini
(K) (dex) (dex) (km/s)

Standard deviations 73 0.14 0.08 0.8

iSpec 25 0.05 0.02 0.8
Valenti & Fischer 44 0.06 0.03 0.5
Exoplanets.org 66 0.06 0.07 0.7
SWEET-Cat 52 0.10 0.04

SWEET-Cat we compare in Table 5 the medians and
means (note that since the numbers of stars in the
comparisons vary the means and medians are not
the same). In both cases, we also determined if the
differences were statistically significant, using non-
parametric Mann-Whitney tests (Dalgaard 2008).
The last two columns in Table 5 report the p-values
of the tests and the level of significance of the differ-
ences (at a level of confidence of 95%). As one can
see, the only parameter distributions that are sig-
nificantly different are the surface gravity, which is
slightly lower in our work than in Exoplanets.org and
SWEET-Cat. The statistical test also confirms that
the difference is more significant comparing our data
with SWEET-Cat than with Exoplanets.org (p-value
0.0008 instead of 0.0195). Considered as a whole,
therefore, these tests suggest that our results are
quite comparable with those reported in the liter-
ature.

As we mentioned before, as the temperature of
the stars goes down, V. and Vj,4c become compa-
rable to Vsin¢ and thus it is more complicated to
separate one from the others. In the Valenti & De-
bra (2005) spectral synthesis analysis, the authors
recognized this problem stating, in particular, that,
“...adopting a global macroturbulence relationship
should yield more accurate results than solving for
Vimae in each individual spectrum.” To determine
such relation they fixed Vsini = 0, obtaining the
maximum values V.. could have at different tem-
peratures. Note that these authors did not report
any dependence on the spectral resolution, although
they used spectra with R between 50,000 and almost
100,000. The maximum relation they deduced can be
seen in Figure 4. According to these authors, below
T.rs = 5800 K V sin? becomes negligible, and what
we measure then must be the “real” V,,,,.. However,
this conclusion contradicts what was expected based
on the semi-empirical relation established by Gray
(1984b) and later the minimum relation for V,,,4. ob-
tained by Bruntt et al. (2010) by line modeling (the
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Fig. 6. a) The ratio V sini/Vimac as a function of Vsini.
Below V sini = 4 the ratios are lower than 1. Three stars,
33, 36 and 22 have iSpec have values with uncertainties
that include zero. b) Zoom of the region in Figure 5g
with Vsiné < 5 km/s.

two relations can also be seen in Figure 4). These
results suggest that applying the right macro (and
micro) turbulence relationship one could obtain a
value of V'sini # 0 below T,y = 5800 K. In fact, in
our analysis of the Sun, we did reproduce the value
of Vsini, using the relations for V,,;. obtained by
Tsantaki et al. (2014) and V,,,4. determined by Doyle
et al. (2014), both depending not only on T.ss but
also on log g, and where Vsini < V.. The ques-
tion then is how low can V sin ¢ be compared to V,,qc
and still be distinguishable by iSpec?

In Figure 6a, we compare V'sin¢ with the ra-
tio Vsini/Viae. What we observe is that below
Vsini = 4 km/s the ratio is lower than one. As
one can see in Figure 4, a value of V4 = 4 km/s
(Vsini/Viyee = 1) corresponds to Terr ~ 5800 K.
Therefore, our results are at the same time consis-
tent with the conclusion of Valenti & Debra (2005),
since below Terr = 5800 K Vsini is lower than
Vinae, and consistent with Gray (1984a), Bruntt et



© Copyright 2021: Instituto de Astronomia, Universidad Nacional Auténoma de México
DOI: https://doi.org/10.22201/ia.01851101p.2021.57.01.15

210 FLOR-TORRES ET AL.

TABLE 5
COMPARISON WITH LITERATURE

TIGRE (45 stars) Exoplanets p-value s.L.
Parameter Units Median Mean Median Mean
Tty (K) 6025 5975 6095 5952 0.7679 ns
log g 4.06 4.18 4.26 4.28 0.0195 *
[Fe/H)] 0.07 0.12 0.20 0.18 0.1638 ns
Vsini (km/s) 5.55 7.39 4.10 6.92 0.2732 ns
M, (M) 1.18 1.13 1.22 1.19 0.1010 ns
R. (Ro) 1.57 1.47 1.34 1.36 0.0868 ns
TIGRE (44 stars) SWEET-Cat p-value s.L.
Parameter Units Median Mean Median Mean
T.sf (K) 6046 5977 6133 6036 0.2936 ns
log g 4.06 4.18 4.33 4.34 0.0008 otk
[Fe/H)] 0.08 0.12 0.20 0.17 0.1973 ns
M. (Mp) 1.18 1.13 1.24 1.18 0.0700 ns
al. (2010) and Doyle et al. (2014), since V'sini # 0. : ooe
8 | | 35

But how low could a value of Vsini below V4.
be? We already answered this question in Figure 5g
where we compared our values of Vsini with the
values reported by Exoplanets.org. To get a bet-
ter view, in Figure 6b we zoom in on values of
Vsini < 5 km/s. Except for three stars, 22, 33
and 36, with Vsini/V,,4. < 0.4, all the other stars
have V sin ¢ comparable to the values reported in Ex-
oplanets.org (in fact, two of the stars, 4 and 16, have
higher values). In Figure 6a note that the iSpec un-
certainty increases as V sini goes down. As a con-
sequence, the possible values for stars 22, 33 and 36
include zero. However, could stars with Vsin: = 0
exist physically? Considering that the loss of angular
momentum plays an important role in the formation
of stars, this would seem difficult to explain (note
that we did obtained V sin¢ = 0 for some stars in our
initial list, but they were not included in our study).
Since the Gray (1984b) study the problem seems
clear: how can we measure the rotation of a star
where V4. is as high or even higher than V' sin4? It
seems that the best approach is to assume an a pri-
ori global relation and to see what comes out from
the residual (Gray 1984a,b; Fischer & Valenti 2005;
Bruntt et al. 2010; Tsantaki et al. 2014; Doyle et al.
2014). However, to stay safe, due to their higher un-
certainties we should not consider stars 22, 33 and
36 in our statistical analysis for V sinji.

Considering the results above, one expects the

rotation to decrease with the temperature, but still
be above zero for cool stars. Moreover, since Tsan-

3.85

4.2

V sin i (km/s)

4.55

4.9

T T T T
6500 6000 5500 5000

Fig. 7. Exponential relation between the rotational ve-
locity, the temperature and the surface gravity for the
46 stars in our sample. The black triangle represents
the Sun. The gray area corresponds to the interval of
confidence and the dashed curves delimit the prediction
interval.

taki et al. (2014) and Doyle et al. (2014) have found
relations for V,,;. and V,,4. that depend not only on
T.ry but also on on log g, we might expect a similar
relation for V'sini, T, and logg. In Figure 7, we
show the diagram of V'sini and T,f¢ for our stars.
The dependence on log g is shown by the gray-scale
bar. In Figure 7, we also traced over our data the bi-
exponential relation we obtained, together with the
interval of confidence (in gray) and the prediction in-
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Fig. 8. HR diagram of our 46 stars, overlaid on the main
sequence of Hipparchos stars.

terval (dashed curves), which takes into account the
uncertainty of each measurement. The final relation
we obtained is the following:

‘li;l;lsl = exp [ A (1%)186;{) +Blogg—C] , (7
where A = 2.20 £ 0.36, B = 0.30 + 0.46 and
C =12.91 4+ 3.59, and which has a multiple corre-
lation coefficient of r2 = 0.6329. Except for stars 2,
3, 13 and 16, and the three stars with highest un-
certainties (22, 33, and 36; not considered in this
relation) all our data fit well inside the prediction
interval.

Note that in order to obtain the highest corre-
lation coefficient possible, 8 stars suspected to have
peculiarly high rotation for their temperature were
considered as outliers. They are, from right to left
in Figure 7: 2, 3, 16, 13, 40, 39, 46 and 37. Different
reasons were explored that could explain why these
stars would be outliers. One is the age of the stars
(e.g., Stauffer & Hartman 1986), younger stars ro-
tating faster than older stars (see Figure 1.6 in Tas-
soul 2000). In Tassoul (2000) it was also shown that
young stars trace the same relation of V sini with
Teyy as old stars, only with higher velocities, form-
ing an upper sequence (or upper envelope). This
could be what we see in Figure 7. However, in Fig-
ure 8 the HR diagram for our stars compared to Hip-
parchos stars suggests that, except for three stars
with slightly higher luminosity for their temperature
(6, 25 and 32; none of these stars forming the en-
velope) all of the stars more luminous than the Sun
are clearly on the main sequence. This eliminates the
young age hypothesis. Another explanation could be

log g

3 - | 3.5

3.85

4.2

Vsini (km/s)

4.55

4.9

Fig. 9. Data as found in Exoplanets.org.

peculiar surface activity. Since more than one phe-
nomenon can cause such activities, the expected ef-
fect would be pure random dispersion. Checking the
literature for each of the stars in our sample we did
find 8 stars with reported peculiarities: 2, 3, 17, 26,
33, 37, 39 and 46. The type of peculiarities encoun-
tered included, “Flare star”, “Rotationally variable”,
“Variable BY DRa”, and “Double or Multiple star”.
Of these “active” stars only five in Figure 7 have a
higher V sin+ for their temperature: 2, 3, 37, 39 and
46. This leaves three stars (13, 16 and 40) with unex-
plained, relatively high V sini values. In fact, check-
ing their V. we found these stars have lower values
than stars with comparable temperatures. However,
in our various attempts to get the higher highest cor-
relation coefficient possible, we judged better to keep
them as outliers.

To verify our relation, in Figure 9 we traced it
over the distribution of the rotational velocities and
temperatures of the stars that were in our initial
sample based on Exoplanets.org. As one can see,
except for a few stars below T,y = 5500 K, with
higher velocities, and stars below T,.r; = 5500 K,
with lower velocities (some with Vsini = 0), the
majority of the stars in this sample fall well between
the prediction interval of our empirical relation. This
result suggests that the decrease in angular momen-
tum of low mass stars is a non-aleatory phenomenon,
most probably reflecting the action of one specific
mechanism, like, for example, magnetic braking or
stellar wind (Wolff & Simon 1997; Tassoul 2000; Uz-
densky et al. 2002). An exciting possibility, however,
could be that this relation somehow is coupled to the
formation of planets. Although this hypothesis pro-
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posed in the late 1960s was rapidly rejected, since no
planet outside the Solar System was known at the
time, the discovery of exoplanets allows us today to
test this idea anew (e.g., Berget & Durrance 2010).
This will be the subject of Paper II, in search of a
connection between the formation of stars and plan-
ets.
5. CONCLUSIONS

In this study we have shown that our method of anal-
ysis developed for the TIGRE telescope using iSpec
on intermediate Echelle resolution spectra yields re-
sults about the physical characteristics of stars host-
ing exoplanets that are comparable to those obtained
using bigger telescopes and standard spectra analy-
sis methods with high resolution spectra. Our results
show that TIGRE can provide a helpful contribution
in the follow-up of exoplanet surveys around bright
stars, like TESS and PLATO. Such follow-up studies
are essential in order to understand how the forma-
tion of planets is connected to the formation of their
host stars (Eisner et al. 2020).
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APPENDIX

A. LIST OF SPECTRAL LINES AND SEGMENTS DEFINED FOR OUR ANALYSIS

TABLE 6
LINES AND SEGMENTS DEFINED IN THIS WORK

Line Wave Peak Wave Base Wave Top Segm. Wave base Segm. Wave top
Nal 588.9959 588.9422 589.0422 588.8922 589.0922
Nal 589.5916 589.5411 589.6411 589.4911 589.6911
Fe 1 593.0186 592.9859 593.0539 592.9359 593.1039
Fel 593.4665 593.4289 593.5059 593.3789 593.5559
No ident. 595.6706 595.6206 595.7206 595.5706 595.7706
Fe 1l 597.5341 597.4898 597.5898 597.4398 597.7729
Fel 597.6777 597.6299 597.7229 - -

Fe 1l 598.4831 598.4319 598.5689 598.3819 598.8099
Fe 1 598.7088 598.6449 598.7599 - -

Fel 600.2986 600.2519 600.3509 600.2019 600.4009
Fe 1l 600.8552 600.8249 600.8989 600.7749 600.9489
Mn 1 601.6628 601.6110 601.7110 601.5610 601.7610
Fel 602.0142 601.9637 602.0637 601.9137 602.1137
Fe 1 602.4066 602.3579 602.4639 602.3079 602.5139
Fe 1l 605.6032 605.5599 605.6809 605.5099 605.7309
Fe 1l 606.5494 606.5009 606.5919 606.4509 606.6419
Fe 1l 607.8490 607.7729 607.8769 607.7229 607.9269
Fel 608.2757 608.2180 608.3180 608.1680 608.3680
Fe 1l 608.5228 608.4775 608.5775 608.4275 608.6275
Cal 612.2225 612.1703 612.2703 612.1203 612.3203
No ident. 615.1608 615.1108 615.2108 615.0608 615.2608
Cal 616.2171 616.1690 616.2690 616.1190 616.3190
Fe 1l 617.0503 617.0028 617.1168 616.9528 617.1668
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Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
Fe 2
Fe 1
Fe 1
Fe 1
Fe 2
Cal
Fe 2
Ca l
Fe 1
Fe 1
Fe 1
Fe 1
Fe 2
Fe 1
Fe 1
H1
Fe 1
Fe 1
Fe 1
Fe 1
Nil
Fe 1
Fe 1
No ident.
Ca l
Fe 1
Fe 1
Fe 1
Fe 1
Fe 1
No ident.
Fe 1
Fe 1
No ident.

617.3340
621.3421
621.9270
623.0722
623.2644
624.6326
625.2564
625.4240
625.6343
629.0951
629.7808
630.1508
630.2514
632.2710
633.5331
633.6827
635.5038
635.8671
638.0743
639.3612
640.8011
641.1646
641.6962
641.9949
642.1377
643.0851
643.2663
643.9063
645.6405
646.2606
646.9200
647.5657
648.1882
649.4989
651.6098
651.8385
654.6245
656.2808
657.5003
659.3887
659.7585
660.9067
664.3626
667.7983
670.5134
671.3073
671.7701
672.6657
675.0182
680.6856
682.0359
682.8620
683.9811
684.3658
691.6669
693.3635

617.2828
621.2988
621.8418
623.0278
623.1868
624.5898
625.2108
625.3298
625.5628
629.0473
629.7138
630.0898
630.2028
632.2228
633.4658
633.6388
635.4468
635.8128
638.0264
639.2968
640.7578
641.0878
641.6449
641.9428
642.0758
643.0158
643.2181
643.8572
645.5866
646.2081
646.8711
647.5117
648.1362
649.4197
651.5587
651.7868
654.5757
655.5483
657.4507
659.3417
659.7073
660.8605
664.3139
667.7297
670.4570
671.2573
671.7138
672.6178
674.9653
680.6358
681.9894
682.8085
683.9311
684.3150
691.6218
693.3135

617.3838
621.3958
621.9698
623.1868
623.3078
624.6868
625.3108
625.5098
625.6798
629.1473
629.8548
630.2028
630.3028
632.3128
633.5888
633.7478
635.5768
635.9258
638.1264
639.4278
640.9138
641.2198
641.7449
642.0408
642.2098
643.1528
643.3181
643.9572
645.6866
646.3081
646.9711
647.6117
648.2362
649.5437
651.6587
651.8868
654.6967
656.6832
657.5507
659.4537
659.8073
660.9605
664.4139
667.8707
670.5570
671.3573
671.8138
672.7178
675.0653
680.7358
682.0894
682.9085
684.0311
684.4150
691.7218
693.4135

617.2328
621.2488
621.7918
622.9778
624.5398
625.1608

628.9973
629.6638
630.0398
632.1728
633.4158
635.3968
635.7628
637.9764
639.2468
640.7078
641.0378
641.5949
641.8928

642.9658
643.8072
645.5366
646.1581
646.8211
647.4617
648.0862
649.3697
651.5087
651.7368
654.5257
655.1934
657.4007
659.2917
659.6573
660.8105
664.2639
667.6797
670.4070
671.2073
671.6638
672.5678
674.9153
680.5858
681.9394
682.7585
683.8811
684.2650
691.5718
693.2635

617.4338
621.4458
622.0198
623.3578
624.7368
625.7298

629.1973
629.9048
630.3528
632.3628
633.7978
635.6268
635.9758
638.1764
639.4778
640.9638
641.2698
641.7949
642.2598

643.3681
644.0072
645.7366
646.3581
647.0211
647.6617
648.2862
649.5937
651.7087
651.9368
654.7467
656.7340
657.6007
659.5037
659.8573
661.0105
664.4639
667.9207
670.6070
671.4073
671.8638
672.7678
675.1153
680.7858
682.1394
682.9585
684.0811
684.4650
691.7718
693.4635
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Fe 1 694.5196 694.4703 694.5703 694.4203 694.6203
- - - - 694.6410 694.8410
Fe 1 695.1251 695.0721 695.1721 695.0221 695.2221
Fe 1 703.8209 703.7718 703.8718 703.7218 703.9218
Fe 1 706.8440 706.7918 706.8918 706.7418 706.9418
Fe 1 709.0378 708.9850 709.0850 708.9350 709.1350
Fe 1 713.0900 713.0451 713.1451 712.9951 713.1951
Fe 1 713.3001 713.2453 713.3453 713.1953 713.3953
CN 1 714.5241 714.4768 714.5768 714.4268 714.6268
Cal 714.8155 714.7666 714.8666 714.7166 714.9166
Fe 1 715.5670 715.5125 715.6125 715.4625 715.6625
No ident. 716.4473 716.3185 716.5085 716.2685 716.5585
Fe 1 717.5970 717.5403 717.6403 717.4903 717.6903
Fe 1 721.9712 721.9134 722.0134 721.8634 722.2190
CN 1 722.1100 722.0690 722.1690 - -
No ident. 724.4812 724.4312 724.5312 724.3812 724.5812
Fe 1 732.0693 732.0178 732.1178 731.9678 732.1678
Fe 1 738.6353 738.5818 738.6818 738.5318 738.7318
Fe 1 738.9363 738.8454 738.9974 738.7954 739.0474
Fe 1 741.1151 741.0394 741.1764 740.9894 741.2264
Ni 1 742.2264 742.1770 742.2770 742.1270 742.3270
No ident. 744.0877 744.0377 744.1377 743.9877 744.1877
Fe 1 744.5740 744.5174 744.6654 744.4674 744.7154
Fe 1 749.5088 749.4484 749.5724 749.3984 749.6224
Fe 1 751.1024 751.0024 751.1854 750.9524 751.2354
Fe 1 771.0389 770.9827 771.0827 770.9327 771.1327
Fe 1 772.3237 772.2724 772.3724 772.2224 772.4224
Fe 1 774.8304 774.7653 774.8613 774.7153 774.9113
Nil 775.1163 775.0625 775.1625 775.0125 775.2125
Fe 1 778.0562 777.9613 778.1263 777.9113 778.1763
Fe 1 783.2221 783.1453 783.3183 783.0953 783.3683
Fe 1 793.7145 793.6112 793.7802 793.5612 793.8302
Fe 1 794.5839 794.5132 794.6502 794.4632 794.7002
Fe 1 799.8967 799.8112 799.9622 799.7612 800.0122
No ident. 804.6052 804.5282 804.7002 804.4782 804.7502
No ident. 808.5170 808.4442 808.6012 808.3942 808.6512
Fe 1 820.7791 820.7284 820.8284 820.6784 820.8784
Fe 1 832.7062 832.6341 832.7711 832.5841 832.8211
Fe 1 838.7760 838.7061 838.8521 838.6561 838.9021
Fe 1 846.8392 846.7820 846.8930 846.7320 846.9430
Fe 1 851.4073 851.3290 851.4650 851.2790 851.5150
Fe 1 868.8639 868.7760 868.9430 868.7260 868.9930
No ident. 871.0395 870.9895 871.0895 870.9395 871.1395
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