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Abstract. We revise parameters of four transiting hot Jupiter planets discov-
ered by ground-based surveys. We use follow-up observations carried by TESS
mission together with PyTransit software. Space telescopes like TESS pro-
vide better coverage and photometry precision than ground-based telescopes.
PyTransit is fast and user-friendly exoplanet transit light curve modelling
package, implementing optimised versions of the Gimenéz and the Mandel &
Agol transit models. After applying PyTransit to TESS data, our results show
an improvement in the exoplanets parameters estimation.

Key words: Methods: data analysis — Techniques: photometric — Stars: plan-
etary systems — Stars: individual: HAT-P-5, HATS-33, HATS-24

1. Introduction

Extrasolar planets are exotic substellar objects which were discovered only re-
cently. This field of research is evolving quickly and opening new possibilities,
surprises and challenges.

There are different methods for detecting exoplanets. The major part of
exoplanets was discovered using transit and radial velocity methods. Transit
photometry is based on decreasing of stellar brightness while exoplanet moves
across the disc of the host star. Planets that eclipse their host star during their
orbit are key objects for the study of exoplanetary systems. Our main goal is to
improve the precision of known exoplanet parameters using new data from the
Transiting Exoplanet Survey Satellite (TESS).

The TESS, launched in 2018, was designed as all-sky space survey searching
for exoplanets orbiting the bright stars — brighter than 12mag (Ricker et al.,
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2014). The spacecraft consists of four 100-mm telescopes (f/1.4) with four CCD
cameras each with resolution 4 Mpx. The complete field of view is 24 x 96
degrees. TESS uses the broad bandpass filter (600 — 1000 nm) which is centred
on the traditional I filter. During the primary mission (from July 2018 to July
2020), the nearly whole sky was observed in 26 sectors. Each sector is 27.4-days
long. Every 30 minutes, the full-frame image was obtained. For selected targets,
the short-cadence data is available. They are collected every 2 minutes.

Up to date (24 September 2020)!, 74 confirmed planets and more than 2300
candidates were discovered by TESS. The first exoplanet discovered by TESS
is Super-Earth m Mensae ¢ (Huang et al., 2018). At the beginning of 2020, the
discovery of the first Earth-sized exoplanet in the habitable zone TOI-700 d was
reported (Gilbert et al., 2020). Vanderburg et al. (2020) recently, in September
2020, presented the planet candidate (TIC 267574918) transiting a white dwarf.
Many of exoplanets discovered by other missions were already observed by TESS
with very high precision which allows us to analyse these planets in more details.
Compared with most of the ground-based surveys, TESS provides much better
coverage and photometry precision. This allows us to collect more reliable data
about known exoplanets.

In this report, we summarised our results obtained during "GATA & TESS:
Tools for understanding of the Local Universe” summer school. We used the
data obtained by the TFESS mission to study transiting exoplanets. Our main
task was to study the already known transiting exoplanets using the TESS data
and compare the obtained values of parameters with the literature.

2. Transit Modelling

During our work on exoplanet characterisation, we used PyTransit software
created by Parviainen (2015). PyTransit is a package for exoplanet transit light
curve modelling. PyTransit combines a Bayesian approach to inference with
Markov chain Monte Carlo (MCMC) sampling for the posterior estimation.
This allows improving characterisation of model parameters uncertainties. The
package includes necessary utility routines to calculate circular or elliptic orbits,
transit durations, eclipse centres etc. PyTransit needs normalised de-trended
light curve for work. Some small additional trend and/or stellar variability could
be removed using gaussian processes (Foreman-Mackey et al., 2017) during the
fitting. Initial distributions of prior parameters (orbital period, time of primary
transit, transit depth) are also required. The package can use Giménez (2006),
Mandel & Agol (2002), Maxted & Gill (2019) or RoadRunner (Parviainen, 2020)
transits models with various limb darkening laws.

The Bayesian approach allows finding posterior probability density of target
parameters if likelihood function and prior density are known. This method can
be implied iteratively after each new piece of data arrives. This allows us to

Lhttps://exoplanetarchive.ipac.caltech.edu/
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use known exoplanet parameters from the literature as priors for PyTransit.
From previous studies, we use transit depth, orbital period and time of primary
transit as initial values which were optimized with other parameters during the
fitting.

In this work, we use Mandel & Agol transit model with quadratic limb dark-
ening law as the most common one. Limb darkening coefficients were optimised
by PyTransit. We assume that the shapes of the planet and star are spherical
and orbits are circular. The algorithm operates by phase-folding data over a
range of trial parameters (transit depth, orbital period, time of primary transit,
impact parameter, stellar density and limb darkening coefficients). It calculates
the x2 statistic of the phase-folded light curve between the data points of the
respective transit model and the observed values. Then the global x? minimum
is used. Markov chain Monte Carlo methods create samples from a continuous
random variable, with probability density proportional to a known function.
Creating synthetic light curves with this method and running the model fitting
on them gives us a reliable estimation of uncertainties of parameters of our
model. Finally, we calculated the values of some common planetary parameters
(semi-major axis, radius ratio, planet radius and inclination) from the obtained
values of optimized parameters (mentioned above).

3. Studied systems

For the purpose of this study, we selected three transiting exoplanets (see Tab.
1) discovered by ground-based projects HAT (Hungarian Automated Telescope
Network; Bakos et al., 2004) and HAT South (Bakos et al., 2013). These targets
were already observed by TESS mission and have not been studied using these
data, yet. The selected planets belong to the category of hot Jupiter planets.
These are Jupiter-size planets orbit the parent star on very close orbits with
periods of only a few days.

3.1. HAT-P-5 b

The hot Jupiter HAT-P-5 b was discovered by HATNet project in 2005 and
confirmed in 2007 by Bakos et al. (2007). This exoplanet was named by Slovak
citizens in TAU campaign ”NameExoWorlds” (Penteado et al., 2019). The name
of the planet is Krdlomoc and parent star is Chason. The names come from
Slavic mythology. The parent star is a sun-like star with effective temperature
5960 + 100K, radius 1.12 + 0.09 R¢ and mass 1.04 + 0.29 Mg (Stassun et al.,
2017). Its distance is 306.0 £ 1.8 pc (Gaia Collaboration, 2018). Parameters of
the planet are listed in Tab. 1. Southworth et al. (2012) studied HAT-P-5 using
ground-based follow-up observations. They obtained similar results to Bakos
et al. (2007).
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Figure 1. TESS light-curve (left) and phase curve (right) of HAT-P-5 b. Black curve
corresponds to model created with PyTransit.
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Figure 2. Posterior distributions of fitted parameters of HAT-P-5 b transit.

TESS mission observed HAT-P-5 in Sector 26 (from 8 June to 4 July 2020).
The nine transit events were observed (see Fig. 1). However, the last transit was
observed only partially — only ingress part.

We obtained asymmetric posterior distributions of more fitted parameters
from MCMC sampling (Fig. 2). These distributions are not normal (Gaussian).
Therefore, we had to calculate the separate values of the upper and lower un-
certainties of these parameters. We could also put only the upper limit on the
impact parameter (< 0.485) for the same reason. Except for this, the obtained
values of parameters (Tab. 2) agree with the values from the literature (Tab. 1).

3.2. HATS-24 b

HATS-24 b was discovered by HATSouth project in 2017 (Bento et al., 2017).
HATSouth survey is a network of 6 astrograph telescope systems designed to
detect transiting exoplanets in orbit around relatively bright stars visible from
the Southern hemisphere (Bakos et al., 2013). The exoplanet is orbiting F-dwarf
star with mass 1.218 + 0.036 Mg, radius 1.194 009 R, and effective temper-
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ature 6346 + 81 K (Bento et al., 2017). HATS-24b is high-mass hot Jupiter and
main parameters are listed in Tab. 1.
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Figure 3. TESS light-curve (left) and phase curve (right) of HATS-24 b. Black curve
corresponds to model created with PyTransit.
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Figure 4. Posterior distributions of fitted parameters of HATS-24 b transit.

TESS observed HATS-24 b in 13" sector and detected 22 transits. Data
from TESS are shown in Fig. 3. Using this data we tried to improve parameters.
We used PyTransit for fitting and we obtained almost symmetric posterior
distributions of fitted parameters (see Fig. 4). In Tab. 2 are listed obtained
values from our MCMC fitting. Our results are in good agreement with the
values from the literature.

3.3. HATS-33 b

HATS-33 b was discovered by de Val-Borro et al. (2016) in the boundaries of
the HATSouth survey. HATS-33 b planet was classified as typical hot Jupiter
with period 2.549 d and radius 1.23 Rj,p. Main parameters of the planet are
listed in Tab. 1.
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Figure 5. TESS light-curve (left) and phase curve (right) of HATS-33 b. Black curve
corresponds to model created with PyTransit.
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Figure 6. Posterior distributions of fitted parameters of HATS-33 b transit.

The host star is a sun-like star with effective temperature 5659 + 85K, ra-
dius 1.022 £+ 0.05Rg and mass 1.062 £+ 0.032 Mg, (de Val-Borro et al., 2016).
HATS-33 b was observed by TESS in 13*" sector. With this new data, we tried
to improve exoplanet parameters. The model of transit created with PyTransit
is displayed in Fig. 5. New parameters of exoplanet are listed in Tab. 2. We
obtained almost symmetric posterior distributions of most of the fitted param-
eters from MCMC sampling (Fig. 6). These distributions are close to normal
(Gaussian). PyTransit allowed us to obtain 10 times better precision for the
orbital period and 5 times better precision for radius ratio. In general, obtained
values of parameters (Tab. 2) are in good agreement with the values from the
literature.

4. Summary

We used photometric data collected by space mission TESS to redetermine
the basic parameters of three exoplanets HAT-P-5 b, HATS-33 b and HATS-
24 b. TESS provides data with high precision and high cadence. It allows to
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Table 1. Parameters of exoplanets and parent stars from literature: R, - radius of

the star, M, - mass of the star, Tug - effective temperature of the star, t. - transit
epoch (BJD - 2450000), p - orbital period, A - transit depth, b - impact parameter,
p« - stellar density, q1, g2 - coefficients of quadratic limb-darkening (given by Claret

2017), a - semi-major axis, ¢ - orbital inclination, k - radius ratio, r, - planet radius.

HAT-P-5 b (1,2)

HATS-24 b B9

HATS-33 b ®

Ry [Ro] 1.12 £ 0.09 1.194 T5-0°8 1.022 + 0.05
M, [Mg] 1.04 4+ 0.29 1.218 + 0.036 1.062 + 0.032
Tog [K] 5960 + 100 6346 + 81 5659 + 85
te [BID] 4241.7766 & 2-107%  7948.709321 £ 4-107°  6497.23181 + 5-10~*
p [d] 2.7884910 £+ 2.5-107°  1.3484954 + 1.3-107%  2.5495551 + 6.1 - 10~
A (%) 1.240 + 0.013 1.638 + 0.004 1.530 £ 0.198
b [Ry] 0.425 + 0.048 — 0.33 + 0.12
px [g/cm?] 1.03 £ 0.18 — 1.42 + 0.17
@ 0.275 0.240 0.342
g2 0.294 0.299 0.260
a [Ry] 7.50 £ 0.19 4.561 + 0.029 7.843 £ 0.078
a [au] 0.04075 + 0.00076 0.02380 + 0.00100 0.03727 4 0.00037
i [°] 86.75 & 0.44 85.97 & 0.26 87.62 & 0.92
k[—] 0.1106 + 0.0006 0.12801 4 0.00017 0.1237 + 0.0080
o [Rjup] 1.260 + 0.050 1.395 + 0.057 1.230 10412

Source: (1) Bakos et al. (2007), (2) Stassun et al. (2017), (3) Bento et al. (2017),
(4) Oliveira et al. (2019), (5) de Val-Borro et al. (2016).

Table 2. New parameters of exoplanets. For detail description see Table 1.

HAT-P-5 b HATS-24 b HATS-33 b
tc [BJD] | 5432.4551 & 5-10-% 7038.47339 £ 3.7-10~%  6497.2318 £ 5-10 %
p [d] 2.7884732 &+ 4-1077  1.34849750 + 3.3-1077  2.549564 + 6.2 - 107
A (%] 1.235 10-05¢ 1.779 £ 0.051 1.346 + 0.035
b [R.] < 0.485 0.34 + 0.12 0.35 + 0.08
o [g/cm?] 1.18 7998 1.039 =+ 0.096 1.38 + 0.12
a 0.482 + 0.235 0.170 £ 0.152 0.565 + 0.210
@ 0.170 t9-214 0.299 + 0.264 0.144 + 0.130
a [R4] 7.86 7920 4.64 + 0.14 7.85 + 0.28
a [au] 0.04097 000997 0.02576 + 0.00078 0.03731 + 0.00133
i [] > 86.16 85.82 + 1.58 87.55 + 1.03
k [—] 0.1111 90028 0.1334 £ 0.0019 0.1160 + 0.0015
> [Rjup) 1.211 +5-02¢ 1.550 + 0.022 1.154 + 0.015
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characterise the transiting planets in more details than from ground-based ob-
servations. Time span of one TESS sector is only 27.4 days but it includes
several transits of short-period planet such as hot Jupiters. The exposure time
of TESS data (2 min) is short enough, therefore the brightness of the occulted
star does not change significantly during this time and the shape of transit is
not deformed.

We confirmed the basic parameters of studied planets given in the literature.
We improved the values of many of them. We used MCMC method to estimate
their uncertainties which are very reliable. In the case of HAT-P-5 b, we ob-
tained very asymmetric posterior distributions of a few parameters. And for the
impact parameter, we could only put an upper limit of it. In other studied plan-
ets, the distributions were close to normal (Gaussian) distribution. Obtained
values of limb-darkening coefficients do not fully agree with the values calcu-
lated by Claret (2017). One reason for these differences could be the large step
of stellar parameters in the calculated values. Our coeflicients have also large
uncertainties. We observed the strong correlations between coefficients ¢; and g
which could affect our results. However, another explanation of our large uncer-
tainties may be the fact that even a large change of limb-darkening coefficients
has minimal effect on the shape of transit.

Our results show that TESS data should be used to study already discovered
transiting exoplanets to improve their parameters.
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