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ABSTRACT

We study the most precise light curves of the planet-host-RA86 that we obtained from the
ground primarily with a brand-new 80 cm telescope (T80) vepently installed at Ankara University
Kreiken Observatory (AUKR) of Turkey and also from the spadth Transiting Exoplanet Survey
Satellite (TESS). The main objective of the study is to aralthe Transit Timing Variations (TTV)
observed in the hot-Jupiter type planet HAT-P-36 b, a steamglidate for orbital decay, based on our
own observations as well as that have been acquired by giofed and amateur observers since its
discovery. HAT-P-36 displays out-of-transit variabilig well as light curve anomalies during the
transits of its planet due to stellar spots. We collected detdended all the complete transit light
curves we had access to from these anomalies, which we nubdéle EXOFAST and measured
the mid-transit times forming a homogeneous data set for\a difalysis. We found an increase in
the orbital period of HAT-P-36 b at a rate of 0.014 s per yeamfthe best fitting quadratic function,
which is only found in the TTV constructed by making use of thiel-transit times measured from
detrended light curves, against an expectation of an ¢detamy based on its parameters. We refined
the values of these system parameters by modeling the SpEotrgy Distribution of the host star,
its archival radial velocity observations from multiplesiruments, and most precise transit light
curves from the space and the ground covering a wide rangawalangths with EXOFAST2. We
also analyzed the out-of-transit variability from TESS efysitions to search for potential rotational
modulations through a frequency analysis. We report astitzlly significant periodicity in the TESS
light curve at 422+ 0.02 d, which might have been caused by instrumental systesratit should
be tracked in the future observations of the target.

Key words: stars: individual: HAT-P-36 - methods: observational,risit timing variation - tech-
nigues: transit photometry

1. Introduction

Owing to their large radii and short orbital periods, humtdref hot-Jupiters
have been discovered with the transit method so far. These gkoplanets in the
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close vicinity of their stars complicate our understandiftipeir formation because

it is highly unlikely that they formed where they are obsermew, although it was
claimed to be possible under special conditions (Baileyiaglgin 2018). Instead,
they are theorized to form far from their parent star, beytvedsnow line where the
ice can act as glue to help form the core, and then migraterdsata their known
positions (Mordasingt al. 2015). Due to their short distances from their parent
stars, strong tidal forces should have crucial impacts ein trbits. When a planet
on an eccentric orbit passes through the periastron, iitabemergy decays with
tidal dissipation by the host star leading to its transfex tighter and less eccentric
orbit.

In order to investigate the formation and orbital evolutairhot-Jupiters, pre-
cise and accurate observational data are mandatory. ejehe anomalies on
the orbital parameters.¢., orbital decay or perturbations) relies on the precision
and the time-span of the data. Effects like orbital decay tmymall but they
cumulatively increase within time, making them easier talbtcted with precise
observations spanning a longer baseline.

HAT-P-36 b is a short periodR ~ 1.33 d) hot-Jupiter (B~ 1.29 Riyp, Mp =~
1.76M;,p) discovered by Bakost al.(2012) around a solar-like stafdi = 5534 K,
this paper). An orbital decay is expected based on its palaitd orbital parame-
ters (Essick and Weinberg 2016). The system has been oldseargy times photo-
metrically to refine ephemerides, investigate Transit mgn\ariations (TTVs), and
update physical parameters (Wagigal. 2019, Edward®t al. 2020, Chakrabarty
and Segupta 2019, Mancist al. 2015, Maciejewsket al. 2013). Manciniet al.
(2015) also found that its orbit is aligned from the Rossielaughlin Effect
(RME) it displays in its radial velocities during the traissof the planet. Wollergt
al. (2015) and Nget al.(2016) observed the system with an adaptive optics system
and found no visual companions. Lillo-Bex al. (2018) investigated exotrojans in
Lagrange points T1 and T4 but they were only able to put madsaufius limits
based on their photometric and spectral observations.

HAT-P-36 is known to display activity-induced, wavelengtbpendent light
curve modulations due to surface spots, overlapped by #reptisc during some
transits (Manciniet al. 2015). These anomalies cause apparent shifts in the mid-
transit times as well as differences in the measurementseairansit depth. This
modulation on HAT-P-36 light curves manifests itself in that-of-transit fluxes
as well, providing us a means of determining the rotationogeof the host star
in better precision, which in turn can enable us better camsthe system’s age
through tidal-chronology (Gallet 2020). Gaussian Proee¢6&P), frequently used
in modeling correlated noise in time-series data, can bel@mag to model and
then remove spot-induced asymmetries on transit lighteziso that mid-transit
times and transit depths can be measured with better pspaasid accuracy from
them. By combining these “clean” light curves with radialogity observations,
absolute parameters can be obtained with the help of thealrstellar models.



2 A A.

Semi-empirical radius of the host star, which can be medshyemodeling its
Spectral Energy Distribution (SED) based on broad-bandgrhetry and its dis-
tance, helps constrain the absolute parameters evenifurthe

We observed the target several times with the brand new 8@lascbpe T80
located at Ankara University Kreiken Observatory (AUKRYdnm telescope T100
in TUBITAK National Observatory of Turkey (TUG). We collected tie complete
and precise light curves from amateur and professionalrebsse We obtained
light curves of the system from the Transiting Exoplanet8yrSatellite (TESS),
observed during the Sector-22 in the short-cadence moden)?2 amd formed the
largest and most precise set of light curves for the systems. ttWn detrended
these light curves from linear effects as well as spot-iedunodulations and sys-
tematics due to instrumental effects with GP. Observatamkdata processing are
described in detail in Section 2. We performed a global maodeif the system by
making use of the most precise light curves covering a widgeaf wavelengths,
archival radial velocities from multiple telescopes (Ba&bal.2012, Mancinet al.
2015, Lillo-Boxet al.2018), SED of the host star from its broad-band photometry
and also the atmospheric parameters obtained from higlutesospectroscopy in
previous analyses (Bakes$ al.2012, Manciniet al. 2015, Section 3.2). Finally, we
analyzed the Transit Timing Variations (TTV) observed ia HWAT-P-36 system to
investigate a potential period decrease based on this $vhgseline of observa-
tions in time, ever analyzed for this particular system. &ttHn 3, we describe
the global modeling as a result of which we obtain planetad/stellar parameters
as well as our TTV analysis (Section 4). We present a disonssiour results in
Section 5.

2. Observationsand Data Reduction

We observed six transit events of HAT-P-36 b with the regeingtalled “Prof.
Dr. Berahitdin Albayrak Telescope” (T80) at AUKR in Turkeyhe telescope
has an 80 cm diameter primary mirror with f/7 focal ratio, @hiranslates into
37"/mm plate scale. With the focal reducer o69x , the plate scale is reduced
to 534”/mm and 1184 x 11’84 field of view (FoV) is achieved on a 10241024
back-illuminated CCD with a pixel size of 13m. We used Sloan-ffilter for all
six observations. We observed a transit of HAT-P-36 b withTh00 telescope on
22 Feb 2021 at TUG, which has a 1 m diameter primary mirror wifl® focal ratio
(21”/mm plate scale), connected to a back-illuminated 409696 CCD, giving
an effective FoV of 21x 21'. The readout is completed iy 45 seconds, hence
we made use of 2 2 binning mode to reduce it t&x 15 s. We also used an auto-
guider system in the T100 observations so the change of iet goordinates of
the target were no more than a few pixels throughout the n@@ghtboth telescopes,
we used the defocusing photometry technique to reduce pimatise and mitigate
the effects of minor tracking problems and flat fielding ($owdrth et al. 2009,
Bastlrket al.2015). We provide a log of our observations in Table 1.
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Tablel

Log of photometric observations analyzed within this sttatthe first time

Obs. Starting Facility Exp.Time Filter opn  PNR B
Number Date [UT] [s] [Ppt]  [ppt]

1 2021-02-06 AUKR-T80 130 Sloarl- 2.17 1.35 0.85

2 2021-02-22 AUKR-T80 130 Sloarl- 1.68 1.07 0.89
32 2021-02-22 TUG-T100 130 Bessel- 1.01 0.87 0.88

4 2021-02-26 AUKR-T80 60 Sloar- 2.08 235 0.45
54 2021-05-06 AUKR-T80 130 Sloar- 1.17 0.99 1.04
62 2021-05-10 AUKR-T80 130 Sloar- 1.02 1.04 0.87
7 2021-05-14 AUKR-T80 130 Sloar- 0.62 0.70 0.77
gab 2020-02-18 TESS 120 TESS 0.7 0.28 0.91

Nightly average of the photometric measurement unceitair@pn), Photon Noise
Rate (PNR), and th@-factors quantifying the white and red-noise, respecivae
given in columns 6-82used in global modelinparameters are for the binned light
curve used in global modeling

We used ATROIMAGEJ (Collinset al. 2017) to perform data reduction and
photometry on the images acquired in all of our observatinrise standard man-
ner. We made use of an ensemble of comparison stars, potertability of each
of which we investigated. During these investigations, wéiaed the variabil-
ity in TYC 3020-2195-1 star, which is also noticed by Americ&ssociation of
Variable Star Observers, AAVSQO~ 3’ away from the target. We then extracted
light curves with respect to the best set of comparison statsrms of proxim-
ity, magnitude, color, and stability. Finally, we detreddbe light curves for the
airmass-effect by making use of the linear trend in the dttamsit data.

We obtained additional light curves from TESS observatibtesature and am-
ateur observers from Exoplanet Transit Database (ET®e collected the light
curves from the literature and ETD, only if they cover thd ftdnsits. Observers
reporting to ETD provide an integer value (from O to 5) foralguality. We lim-
ited this criterion to a data quality value of 3 while selagtilight curves from
the ETD. We converted every time frame of observations tgdsantric dynam-
ical time (BJD-TDB) and also calculated the airmass with &y script, then
airmass-detrended the light curves in same manner as oenalions.

TESS observed 18 transit events of HAT-P-36 b during thedd&& of the
mission and the star has been chosen as an object of int€@s1810.01) with
TIC ID 373693175. Therefore it obtained 2 min-cadence oltEms, for which
data validation files were available. We used the fluxedist¢he LC_DETREND
column, which are extracted and detrended by the TESS Stieracessing Op-
erations Center (SPOC) pipeline (Jenk&tsl. 2016). Then we modeled selected

*https://www.aavso.org/vsx/index.php?view=search.top
Thttp:/ivar2.astro.cz/ETD/
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light curves (7 from our observations, 19 from literatur@ febm ETD and 18 from

TESS) with the browser version @xorFAsT (Eastmaret al. 2013) to calculate

mid-transit times, Photon Noise Rate (PNR, Fulatral. 2011) and red noise pa-
rameterf (Winn et al. 2008) as described in Bagtiekal. (2020).

We provide several noise statistics to quantify the qualftpur photometric
observations in Table 1. These quality parameters for AUIBR Varies from each
other due to different weather conditions at the dates oémagion. Although
AUKR observations are affected relatively more from ligbtlption compared to
TUG observations, high-quality optical system of T80 tetgme makes it possible
to have precise observations with comparable photomatgfitg and noise statis-
tics to T100.

Our observations are available in the machine readabledficad can be found
in the CDS linked to this study. We provide detrended and adimed light curves
within the online data. However, we can also provide raw data on request from
the corresponding author.

2.1. Detrending Light Curves with Gaussian Processes

Activity-induced stellar spots are known to cause hump-kructures or at
least asymmetries on transit profiles in the light curvesotiva transiting planet
hosts. The profile center, the ingress, and the egress aaffeaited by the spot-
crossing events in the transit chord, hence the measursmoéithe mid-transit
times, which rely heavily on their timings, become ambigaiothis poses a major
problem in the detection of potential variations in the talbperiod of the target by
analyzing the variations in these timings. There are aoidifired (correlated) noise
sources such as pixel response variations, changes in $itepe of the target and
comparison stars on the CCD and focus, occasional cloudsadtich worsen the
problem. Therefore we needed to treat the spot-inducedisigmthe transit light
curves of HAT-P-36 b as correlated (red) noise and detresmd fhom the disruptive
effects of the spots together with other red noise sourdais.approach would also
help us to determine the depths of transits in better pi@tis well, which in turn
improves the precision of the parameters depending on tlasunements of them
in the light curves we used for global modeling, provided tha white noise level
in the data is preserved and they are not over-smoothed.

In order to detrend all the light curves of HAT-P-36 b we ugethis study, we
made use of a quasi-periodic kernel for the stochastic gatlight curve model
(Gi,j) inthe form the Eq.(1) in addition to the deterministic pafrthe model, which
is essentially the photometric model of a transif).

B Iti—t; | 210t — t;
C= 2+—Ce‘T [cos(%) +(1+C)} (1)

whereC; j is an arbitrary element of the matrix approximating the gipasiodic

*https://exoplanetarchive.ipac.caltech.edu/cgi-bdEAS T/nph-exofast
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kernel, B andC are parameters controlling the amplitudegcontrols the length-
scale, and P is the candidate period of the quasi-periodictitn. This part of
the Gaussian Processes (GP) fitting applied to detrendghedurves forms the
stochastic partQ j) that fits the red-noise.

The photometric model%4, Eq. 2), on the other hand, is composed of a di-
lution factor (D), mean of the out-of-transit flux\M ), and the transit model for
a given instrumentZ (t), which is defined by the transit parameters and by the
instrument-dependent quadratic limb-darkening coefiitsig; andgs.

M) = [T <D+ (1-D)] (155 M) @)

We used theULIET code (Espinozat al.2019) in Python to fit the light curves
as described. We assigned normal priors to transit parasmetethe deterministic
part, centers of which are set to the values from Wetray. (2019) with 1-standard
deviations equal to that given in the same study. The trgasémeters to fit were
radius ratio Rp/R,), impact parameter (b), semi-major axis scaled to stedldius
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Fig. 1. T80 transit light curve (blue data points) of HAT-B8 acquired on February 6, 2021 and
detrended with the stochastic model (orange) from the tzie@ noise (upper panel). Dark gray
curve shows the undetrended light curve while gheFAST transit model for the detrended light
curve is given with the red continuous curve. There s 410 s-difference between the vertical blue
and gray dashed lines showing the mid-transit times defived theexoFAST models of detrended
and raw light curves, respectively. Middle panel shows thenge in the distance of the position of
the target to its initial position on the CCD in pixels. Thetban panel illustrates the variation in the
SNR for the target.
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(a/R.), orbital period €orp), and the mid-transit timeTg). We assigned normal
priors to instrument-related parameters (dilution faf@r; mean out-of-transit flux
(M)) accordingly with light curve parameters, while the gaueters of the stochastic
part of the fit were assigned to uninformative, log-uniforrogs. The combined
GP model to detrend the light curves with the fofvh = 94, + £(t) was obtained
from JULIET. We evaluated the combined model with stochastic and déetistio
parts for all light curve points and subtracted the stogbasirt from the data at the
end to have the detrended transit light curve. We providexamele light curve
(blue) with the base transit model (black), detrended frioencorrelated noise with
the help of the stochastic model (orange) in Fig. 1 for T80eoletion on 6 Feb
2021, when a spot-like signal was observed after the ingfgss general upward
trend in the light curve until mid-transit was most probab&used by the changes
in pixel position of the target (middle panel of Fig.1), whim turn seemed to
affect its SNR (bottom panel of Fig.1). The depression ¢lts¢he ingress can be
of stellar origin since its amplitude is in agreement with thut-of-transit amplitude
noticed in HATNet data by Manciniet al. (2015) and in TESS data by us.

2.2. Light Curve Selection for Global Modeling

We modeled all 95 detrended light curves with the same veIsi@XOFAST,
as we did for all of the light curves before detrending. Wegkdted and PNR pa-
rameters again and noticed that the red noise pararfieteis reduced (approached
to 1) significantly. We then selected best light curves irhgaassband and also the
most precise light curves with the least amount of corrdlatEse, especially dur-
ing the ingress/egress times, before detrending. We ploédbed the TESS light
curves by making use of the orbital period from the Data \&lwh Time Series
(dvt file), binned the data to have a data point for every 2 min, &ed switched
back to the BIJD-TDB time frame by using the same period ag&sma result, we
obtained a light curve with a higher signal-to-noise Ra8®R), which also re-
duced the integration time for global modeling dramaticalight curves we used
in global modeling and TTV analysis are given in Fig. 2 whiilese we used only
in the TTV analysis from our observations are provided in Big

3. Analysisand Results

3.1. Stellar Parameters

We fitted the SED of the star using Experiments in Stellardydtysics (MESA)
Isochrones and Stellar Tracks (MIST) bolometric correctidc (Choiet al.2016)
with EXOFASTv 2 based on broadband photometry from different passbamedis us
mostly in space-borne observations (listed in Table 2). W& provided parallax
measurements from Gaia DR2 as a Gaussian prior after théaddf an offset

Shttp://waps.cfa.harvard.edu/MIST/model_grids.html
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Fig. 2. Individual transit light curves, their EXOFASP models [eft pane), and their residuals
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in left panelwith black dots. EXOFAST model to determine transit mid poils shown with red
continuous line. Residuals are showrright panel

value (¢'082) noticed by Stassun and Torres (2018), propagatingfteet vo the
uncertainty in parallax as”033. We allowed th&-band extinction valueAy ) to
vary as a free parameter, but limited it to the line of sightigagiven by Schilegel
et al. (1998). We noticed thaty is small, which is why distance of the star theo-
retically calculated by Bakost al. (2012) is in agreement with that from the Gaia
measurements. We adopted stellar metallicity [Fe/H] amfhesa gravitylog g pa-
rameters from Bakost al. (2012) which are confirmed by Mancigt al. (2015).

In general, thelq; value from the SED fitting is less precise than that is derived
from the spectral analysis. However thigs value that we determined from our
SED analysis is exactly equal to the mean value of those f@viqus analyses
(Mancini et al. 2015, Bakoset al. 2012). Nevertheless, we preferred to Uke
value from our analysis in global modeling (558020 K). We also provided the
stellar radius (R) value, derived from SED analysis as the center of a normait pr
(1.009+ 0.037 R;) during global modeling. Minimum values of uncertainties f
Terr and R, are constrained by default according to Taghal. (2020). Our results
are shown in Table 3.

HAT-P-36b is a moderately active star with lgg, = —4.636+ 0.066 dex
(Manciniet al. 2015). The magnetic activity-induced stellar spots are exaiced
to be affecting the transit profiles in the cases of spotsingsevents in the transit
chord in both space and ground-based observations. In addingescale, surface
brightness inhomogeneities modulate the out-of-traiggit curve too. We investi-
gated if such a modulation was observed by TESS during th®&22 of observa-
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Fig. 4. Fluxes in broadband filters of HAT-P-36 (red data iwith error bars) and corresponding
fluxes from the best fitting model (blue dots).

tions in the Pre-search Data Conditioning Simple Aperturet®metry (PDCSAP)
fluxes derived by the SPOC pipeline.

We simply cut the transits on the entire light curve for Se@d to obtain the
out-of-transit light curve. We then removed some data gaihthe beginning and
end of two segments separated by the gap at the data dowintiekdue to their
insufficient precision and potentially misleading accyrad/e then performed a
frequency analysis with a Lomb-Scargle periodogram (Lo®@b6l Scargle 1982)
by usingAsTROPY package (Astropy Collaboratiaet al. 2013, 2018). We found
a statistically significant peak at 0.2373dwith a False Alarm Probability of
practically zero thanks to very high SNR. We checked the S3imple Aperture
Photometry) fluxes from the SPOC pipeline for the star TYC®B2295-1, which
is in close vicinity of HAT-P-36, which has a similar brigleiss fny = 11,62 mag)
and color 8 —V = 0.11 mag). We did not find a similar frequency in its light
curve except for a very strong peak at 14.2526 dwhich probably corresponds
to the period of the intrinsic variability of this staP & 101088 min), which was
already found to be variable by AAVSO observers. The pegodm of this star
is very rich, deserving a careful look to study its variahiln particular, which is
however, out of the scope of this work.

Since the amplitude and probably of the frequency of theabutansit varia-
tion of TESS PDCSAP lightcurve of HAT-P-36 is observed to banging before
and after the data downlink gap, we treated these two segnoérthe PDCSAP
light curve separately and repeated the frequency andlysisach of them. Al-
though the FAP (False Alarm Probability) of the signal infingt segment is found
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Table?2

Passband Brightnesses of HAT-P-36

Passband et [A] Magnitude

APASS-DR9 (Hendest al. 2016)

JohnsonB  4378.1 18744+-0.4
SDSS ¢’ 4640.4 15%84-0.065
SDSS 6122.3 12.97+0.061
SDSS 1’ 74395 18834-0.065

GALEX (Bianchiet al.2017)

galNUVv 22744 18258+ 0.0645

2MASS (Cutriet al. 2003)

Jomass 12350.0 110464 0.027
Homass 16620.0 107234+0.030
Komass 21590.0 10603+0.021

All WISE (Cutri et al.2021)

WISE1 33526.0 1394+ 0.023
WISE2 46028.0 1®33+0.020
WISE3  115608.0 1@89+0.072

Tycho-2 (Haget al. 2000)

BT 4280.0 13168+0.253
VT 5340.0 12238+ 0.156

to be significant, its frequency is significantly smallerl@50 d1) whereas the
frequency derived from the second segment (0.226%) ds in strong agreement
with that from the entire Sector-22 PDCSAP light curve. Wertlguestioned if
these periodicities are observed in the spot-crossingtewerhe transit profiles.
However, we were not able to find any periodicity in the chaafjthe positions
of the spot-induced asymmetries on transit profiles. We fittd the entire light
curve with a perfect sinusoidal, initial parameters of vihigere set to the values
derived from its Lomb-Scargle periodogram with the LevegHdarquardt algo-
rithm and obtained the period of the variation a324-0.02 d. Although this value
is close to the momentum dumps appearing:&td, the variation was continuous.
In addition, the length of a single TESS sector is not adegt@probe the rota-
tion period found by Mancinét al. (2015) from the complete HAT-Net data set
as 153+ 0.4 d because it is close to and slightly longer than the oripiéaiod
of the spacecraft (13.7 d) causing background variatiomstduhe phase depen-
dency of the reflected sunlight. When we restrict the powecsp of its SAP flux
light curves for both HAT-P-36 and this nearby star to lowergfiencies we obtain
very similar frequency at 0.066d (15.01 d). Therefore, although a similar fre-
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quency is found with strong spectral leakage in PDCSAP flate$AT-P-36 too,
the power spectrum might have been affected by the systesridtine instruments.

As a result we report the periodicity we found from the outrahsit variabil-
ity in the PDCSAP-fluxes as 4.22 d for future observation$eftarget, especially
TESS observations during the sector-49 from February 26acciM26, 2022, to
verify. Manciniet al. (2015) investigated a rotation period of 4.57 d in their gtud
assuming that the signal of the same spot had been obsertieel iransit chord,
separated by four days. They found it implausible considgthie sky-projected ro-
tation rate ¢ sini, ) derived from spectroscopy by Bakesal.(2012) as 3.58 km/s.
As a result, we adopt the rotation period value found by Mainei al. (2015) as
15.3+0.4 d from HAT-Net data in our estimation of the age of the haat-Bom
tidal-chronology.

3.2. Global Modeling

We modeled the detrended transit light curves that we smleamd the radial
velocity (RV) data together with the information from thel&r evolution mod-
els for HAT-P-36 simultaneously. We providddys and R, parameters from our
SED-fitting results, [Fe/H] from Bakost al. (2012) as the central values of Gaus-
sian priors. Note that logg was not used in global modeling because the mean
stellar density f..) can be employed in the stellar evolution models insteadt;lwh
can be constrained within better precision from transittphmetry by making use
of the Kepler’s third law. It has also the potential to be maoeurate than the
log g value derived from high resolution spectroscopy becauseéegenerate with
other factors controlling the spectral line profile. EXOHAR interpolates for the
gquadratic limb darkening parameters in the tables provigedlaret (2017) for the
TESS band and Claret and Bloemen (2011) for the other barsgsilza the atmo-
spheric parameters of the host star and uses it as a Gaussiargastmaret al.
(2019) recommends the selection of the passband with aesitraihsmission curve
to an unsupported passband when it is the case. Thereforenpleyeed CoRoT
passband for clear observations (Waetgal. 2019), and Johnson-R passband for
Bessel-R, which is the passband used in T100 observatidnotiddr parameters
were adjusted by sampling from uniform distributions, ialivalues of which are
set to the values derived from preliminary analysis in otdeeduce the integration
time. EXOFASTv2 can model (RME) effect but we discarded the RV data during
the transit since its modeling would not have any impact erattsolute parameters.
In total, we used 12 RV points from TRESS (Balaisal. 2012), 11 from HARPS-
North (4 from Manciniet al. (2015) and 7 from Lillo-Boet al.(2018) ) and 7 from
CARMENES (Lillo-Boxet al. 2018) after converting the timings to BJD-TDB for-
mat. EXOFASV2 automatically fits the velocity offset.¢., Vy) for each data
sets from different telescopes. Unfortunately, secondalypse {.e., occultation)
of HAT-P-36 b has not been observed yet and it can not be reegwe the TESS
observations as well by phase-folding and binning. We dated the predicted
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occultation depth as 203 ppm with using guide from Wenal. (2021) but the
standard deviation of residuals of 2 min binned TESS dat@@sppm. This makes

it challenging to put a tight constraint on the orbital eddeity from the RV data
alone and to determine whether the orbit is circular or etteas a result. There-
fore we made two global models, one with the assumption ofauleir orbit and
the other with the eccentricity value derived from RV curVée made a compari-
son of the BIC (Bayesian Information Criteria) values frdra two models, which
favors the circular orbit witlABIC = 6, therefore we adopted the results from the
model based on the circular orbit assumption.

We used MIST to determine the age and the mass of the starp,Tderived
from the transit photometry and the prior on tRg value affect the mass value.
During the main sequence lifetimes, these absolute paesset low mass stars,
such as HAT-P-36, change very slowly and in smaller amouras the theoreti-
cal models can precisely predict, which is why age detertiindrom isochrone
models are usually not accurate although they have smali bars that seem rea-
sonable. We found HAT-P-36 is 9 Gyr old from the MIST models, which makes
it older than expected from its moderate magnetic activity meported stellar rota-
tion rate (Mancinet al.2015). In most cases isochrone age is overestimated for the
same reason. On the other hand, gyrochronological age beulchderestimated
due to the fact that the angular momentum transfer from teedebiting planet
to the star during the evolution of the system is not accalifae Therefore we
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Fig. 5. Radial velocity observations from CARMENES (blacktal points), HARPS-N (green data
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made use of theaToo" code (Gallet 2020) which takes into account the angular
momentum transfer and hence calculates a “tidal-chrondlage. TATOO code
simply estimates the angular momentum transfer from thegpldissipated by the
host star and calculates a corrected gyrochronological ag®it parameters are
orbital period, masses of the planet and the star, which wassge found from our
global modeling, and the stellar rotation period, which wegted from Mancini
et al. (2015). TaToO code also calculates an uncorrected gyrochronological age
which is much less than the tidal-gyrochronological agexgeeted. We did not
adopt the periodicity we found from the out-of-transit adnility (4.22 d) in TESS
observations, which also makes the the tidal-chronoldgiga unrealistic and used
the rotational period found by Mancieit al. (2015) instead. We calculated the
gyrochronological as as.32+ 0.04 Gyr, however, tidal interactions with the host
star may have it spun-up to look younger than it actually ifileWthis is accounted
for through tidal-chronology, we found the age to b&53t 0.33 Gyr. The results
of all three methods for estimation of the stellar age atedign Table 3.

The parameter values from our global model are also providdable 3, on
which the light curve models given in Fig. 2 and RV models ig.H, SED models
in Fig. 4 are based.

3.3. Orbital Period Analysis

We calculated the mid-transit times for each observati@etdan a reference
mid-transit time (ETD number 160, observer:Yves Jongeh92W-07) and an or-
bital period (Bakoset al. 2012) and investigated the deviations from the observed
mid-transit times we derived from our models wit#lxOFAST. We then plotted
these deviations with respect to epoch of observation amadad the TTV diagram
that is shown in Fig. 6. We fitted a linear (Model 1) and a seabegiee polyno-
mial model (Model 2) independently to the data to correctitiear ephemeris and
search for a potential orbital period change. We usedEE (Foreman-Mackesgt
al. 2013) code for fitting procedure by making use of 500 randortkava, each
of which was iterated for 5000 steps. We discarded the fir6t&tins for the
burn-in phase. We generated random samples for fit paragregtdrcomputed the
likelihood of each sample based on its agreement with the didgram. Posterior
probability distribution of each of the fit parameters waspated, from which
the median value andoluncertainties of the fit parameters are obtained. As a re-
sult, we obtained posterior probability distributions feio parameters (slope and
y-intercept) for the linear fit and three parameters (y+irdpt, slope and quadratic
term) for the polynomial fit. We added y-intercept from botbduals to the ref-
erence transit mid time (), slope parameter to the orbital period to correct the
reference light elements for future transit observations.

New ephemeris information was derived from the linear mdbiieldel 1) as

T = 245849065429732) + 1.32734683612) x E (3)

Thttps://github.com/GalletFlorian/TATOO/




Table3

Stellar and Planetary parameters of the HAT-P-36 system

Symbol

Parameter (Unit)

Value

Stellar Parameters:

M, Mass [M:] 0.961°3935
R. Radius [R)] 1.05279521
R..SED Radius from SED [R] 1.0095.5%7
L, Luminosity [L] 0.947208

Ps Density [cgs] 11645335
logg Surface gravity [cgs] 2770912
Tett Effective Temperature [K] 55343
TefiSED Effective Temperature from SED [K] 559629
[Fe/H] Metallicity [dex] 0.249+0.094
[Fe/H]o Initial Metallicity 0.265'3:982
Agaso Isochrone Age [Gyr] %27
AgQ8idal_chro  Tidal-Chronology Age [Gyr] PH5+0.34
Ageyyro Gyrochrolology Age [Gyr] 152+ 0.04
EEP Equal Evolutionary Point 4022

Ay V-band extinction [mag] 0213913
w Parallax [mas] 3146+ 0.058
d Distance [pc] 295
Planetary Parameters:

P Period [d] 1327346702 0.000000043
Ro Radius Rj] 1.288'2027
Mp Mass M;] 1.75939%3

a Semi-major axis [a.u.] 023347550932
[ Inclination [] 85.897 932
Teq Equilibrium temperature [K] 179129

K RV semi-amplitude [m/s] 337183

Pp Density [cgs] 10215339
loggp Surface gravity 312+0.02
(C) Safronov Number 0662+ 0.0021

(F)

Incident Flux [1§ erg s 1 cm~2]

+0.16
234718

Transit Parameters:

b Transit impact parameter 2598

5 Transit depth [fraction] 15807205013
a/R, Semi-major axis in stellar radii 27280901

T Ingress/egress transit duration [d] .00213+0.00028
T1a Total transit duration [days] .09604+0.00027
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Table3

Concluded
Symbol Parameter (Unit) Value
Wavelength Parameters:
Ui Clear linear limb-darkening coeff in Clear .4051+0.028
Uo Clear quadratic limb-darkening coeff in Clear .A12+0.034
Uy, linear limb-darkening coeff in | @03+0.024
Up) quadratic limb-darkening coeff in | 82212031
ULR linear limb-darkening coeff in R 259523
WwR guadratic limb-darkening coeff in R .24+ 0.026
Uy jr linear limb-darkening coeff in i’ (B65+0.031
Upji quadratic limb-darkening coeff in i 392043
VRY linear limb-darkening coeff in r’ %17+0.036
Up,pr quadratic limb-darkening coeff in r’ 01270048
U1, TESS linear limb-darkening coeff in TESS Band .392+0.028
U TESS quadratic limb-darkening coeff in TESS Band .257+0.040
Auxiliary RV Parameters:
ycarMENnEs  Relative RV Offset of CARMENES data [m/s] ~168311"53
Vuarps.N  Relative RV Offset HARPS-N data [m/s] ~162894 187
VrRESS Relative RV Offset of TRESS data [m/s] K
03 RV Jitter measured from CARMENES data [m/s] 202
(o} RV Jitter measured from HARPS-N data [m/s] 289
03 RV Jitter measured from TRESS data [m/s] 42

aAn arbitrary number had been substracted from supplied BRi8a by Bakost al. (2012).

while ephemeris derived from parabolic model (Model 2) as
T = 245849065420835) + 1.32734722573) x E+28547) x 10 10 x E2. (4)

Both Bayesian (BIC) and Akaike (AIC) Information Criteriteangly favor the
Model 2 with ABIC 31.2 andAAIC 33.8. On the other hand, chi-squared and re-
duced chi-squared of Model 1 j& = 55364 andx3 = 5.95 while x*> = 517.89
and x3 = 5.63 for Model 2 meaning parabola is slightly better than Imféabut
both models are not sufficently represents the data or tloe bars are under-
estimated. Nevertheless, Model 2 indicates an increaseeirottbital period by
P =0.14+0.02 s in 10 yr rather than a decline as expected. However, wadalid
find any statistically significant parabolic trend in trangnes from undetrended
light curves which could be lost in scatter if the trend idrea

We also applied the same procedure to a TTV diagram, cornisttbased on the
undetrended data. But the standard deviations of residieisthe linear fit was
o0 =1.8 min while itiso = 1.6 min for the data detrended from red-noise with GP.
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The scatter around the linear model decreased significtmdlyks to detrending
especially for the well sampled intervals like that covelogdrESS observations.

The linear and quadratic models; however, resulted in leedaced chi-square
values, hinting existence of another potential variatiod/ar underestimation of
the error bars. Therefore, we performed frequency analysé®th data sets to in-
vestigate high-frequency variations explaining the scattound the linear models
larger than the error bars suggest. We found a cyclic variatiith 15.85 d peri-
odicity in the TTV diagram, based on the detrended data sktarrected for the
linear trend, with a FAP of 0.06. But we did not find any sigrafitcyclic variation
in the TTV diagram constructed with the undetrended datas @yclic variation
has an amplitude compatible with the scatter of the datarefbee we noted the
frequency we found for future investigations.

The data we used to form Fig. 6 is available in machine readismat in
detail (.e., including 3 and PNR values, mid-transit times and their error bars and
also sources of the data).
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4. Discussion

The fundamental light and radial velocity curve parametssm our analy-
sis are in agreement with the previous studies. We also rediaihe radius of
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the star based on SED-analysis, confirming the value caémileefore with the
same method by Stasset al. (2017) within the uncertainties of measurements.
However, the absolute parameters of the host star and itefpkre not in &
agreement with a recent study by Waagal. (2019) even though most other
parameters do agree within the same limits. Our stellar raadsradius values
(M, = 0.9617535M ¢, R, = 1.052°552 R.)) are smaller than what Wareg al.
(2019) found M, = 1.04970928 M, R, = 1.108'595> R.,). This difference is
caused by the difference between theoretical stellar ,saetaployed in the analy-
sis in order to calculate the mass and the radius of the stahwdirectly affects the
absolute parameters of the planet. Wa@l. (2019) used the empirical relation
given by Torreset al. (2010) based on the parameter values from transit models
to calculate the stellar mass and the radius in their glolmaleting while we used
the MIST-grids instead of any empirical relations. We alsovjded a prior onR,
from the SED model which penalizes the fits in order to impretedlar parameters
(Eastmaret al.2019).

Since HAT-P-36 is an active star displaying significant afility in and out
of its transit profiles, we attempted at treating these atedpot-induced signals
on the transit light curve as correlated noise and detremdight curves for it to-
gether with other red noise sources based on Gaussian BesceBhis approach
improved the accuracy (standart deviation of linear resglveduced to 1.8 min
from 1.6 min) and precision (mean mid time errors are reducét52 min from
0.74 min) of the measurements of mid-transit times sigmfiya Therefore we
constructed another TTV diagram based on these measuremamntlight curves
detrended for the red-noise. We then compared the TTV sefdn these de-
trended and undetrended data sets and we found out thahdieyereduces the
scatter around the linear models significantly. We corktte linear ephemeris
(Eq. 3), as a result, based on the parameters of the lineaglrbthe TTV dia-
gram constructed with the timings measured from the dee@light curves. Since
the scatter around this linear model suggested a variaiget than the error bars
of the measurements, we constructed Lomb-Scargle peniadwgof the TTV and
found a tentative 15.85 d periodicity with 6% FAP only in th&Vis based on the
detrended light curves, which we noted for further obséowat

Our approach based on detrending the light curves from o&krue to spot-
induced asymmetries or any other source also increasedtistisal significance
of the quadratic model of the TTV diagram, which turned oubéomore proba-
ble statistically than the linear model. However, the restlichi-square value of
Xv = 5.63 for the quadratic model is also not reassuring when thekagnand a
potential underestimation of the error bars in measuresramt considered. Nev-
ertheless, the quadratic coefficient of the best-fittingpala is positive indicating
an increase in the orbital period despite the expectancy oflsital decay based on
system parameters. Hence, we can only provide a lower limthe tidal quality
parameter for the host star & > (6.97+ 1.63) x 10* following Goldreich and
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Soter (1966) and Ogilvie (2014). If the signal is real, thaa parabolic trend could
also be a short segment of a longer term cyclic variation.

We observed that spot-induced hump features on transitgsafi TESS (and
also other) light curves pop-up and then disappear almostoraly. These be-
haviors and rather low amplitude of the signal 0.5 milimags) hint that the spot
groups observed in TESS sector-22 may have short lifetinégover a large area,
and / or have low temperature factors. This can be relateldetstiort observing
window, which can coincide with a quiet phase of the starsmrmiagnetic activity
cycle. The predominant type of activity.€., spot or faculae domination) on the
surface of solar-like stars is also a controlling factor affdct the detectability of
stellar rotation period (Reinholet al. 2021). Instrumental systematics and / or re-
duction procedure may have also introduced the varialalitjis frequency. Due
to these ambiguities, disagreement with the projectedionta velocity from high-
resolution spectroscopy (Bakesal.2012), data precision and observing window
issues, we do not adopt the periodicity at 4.22 d we found fiteenout-of-transit
variability in the PDCSAP fluxes of HAT-P-36 as its rotatioerjpd. However, we
encourage observers to observe the star spectroscopasalliell as photometri-
cally in addition to the upcoming sector-49 observationthWiESS at the end of
February 2022.
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