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ABSTRACT

Accurate physical parameters of exoplanet systems are essential for further exploration of planetary internal structure,
atmospheres, and formation history. We aim to use simultaneous multicolour transit photometry to improve the estimation
of transit parameters, to search for transit timing variations (TTVs), and to establish which of our targets should be prioritized
for follow-up transmission spectroscopy. We performed time series photometric observations of 12 transits for the hot Jupiters
HAT-P-19b, HAT-P-51b, HAT-P-55b, and HAT-P-65b using the simultaneous four-colour camera MuSCAT?2 on the Telescopio
Carlos Sanchez. We collected 56 additional transit light curves from TESS photometry. To derive transit parameters, we modelled
the MuSCAT?2 light curves with Gaussian processes to account for correlated noise. To derive physical parameters, we performed
EXOFASTV2 global fits to the available transit and radial velocity data sets, together with the Gaia DR3 parallax, isochrones, and
spectral energy distributions. To assess the potential for atmospheric characterization, we compared the multicolour transit depths
with a flat line and a clear atmosphere model. We consistently refined the transit and physical parameters. We improved the orbital
period and ephemeris estimates, and found no evidence for TTVs or orbital decay. The MuSCAT2 broad-band transmission
spectra of HAT-P-19b and HAT-P-65b are consistent with previously published low-resolution transmission spectra. We also
found that, except for HAT-P-65b, the assumption of a planetary atmosphere can improve the fit to the MuSCAT?2 data.
In particular, we identified HAT-P-55b as a priority target among these four planets for further atmospheric studies using
transmission spectroscopy.

Key words: techniques: photometric —planets and satellites: fundamental parameters —planets and satellites: individual: (HAT-
P-19b, HAT-P-51b, HAT-P-55b, HAT-P-65b) — planetary systems.

& Sasselov 2000; Charbonneau et al. 2002), potentially linking

1 INTRODUCTION

Since the discovery of the first exoplanet around a Sun-like star
(Mayor & Queloz 1995), more than 5500 exoplanets have been
found, three-quarters of them by transit. When an exoplanet transits
its host star, part of the starlight is blocked by the planets in the
line of sight of the observer, and the starlight passes through the
day-night terminator of the exoplanet’s atmosphere. With the flux
variation of the planetary system, the transit parameters of the
system can be calculated from the transit light curves, which carry
information about the internal structure and formation process of
the exoplanets (Seager & Mallén-Ornelas 2003; Fortney, Marley
& Barnes 2007; Mordasini et al. 2016). Because the atmospheric
opacity varies in different passbands, the properties of the planetary
atmosphere can be studied through transmission spectra (Seager
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the atmospheric chemistry to the planet’s formation history and
habitability (Madhusudhan, Amin & Kennedy 2014; Madhusudhan
et al. 2016; Mordasini et al. 2016).

Meaningful investigations of planetary internal structure, atmo-
spheric properties, atmospheric evolution, formation, and migration
histories all require precise determination of orbital and physi-
cal parameters for the planetary systems as input. In particular,
precise transit parameters, together with the latest parallaxes pro-
vided by Gaia and additional constraints from spectral energy
distributions and stellar evolution models, can improve the esti-
mates of the physical parameters. In the past decade, simultaneous
multi-channel imagers, such as GROND (Greiner et al. 2008)
and MuSCAT1/2/3 (Narita et al. 2015, 2019, 2020), have been
extensively used to conduct multicolour follow-up transit pho-
tometry. The simultaneous multicolour capability not only allows
precise measurements of colour-independent transit parameters to
revise physical parameters and to search for transit timing vari-
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ations (TTVs), but also helps validate candidate planets orbit-
ing faint stars, constrain star-spot properties and stellar obliquity,
and provide a preliminary assessment of planetary atmospheres
(e.g. Chen et al. 2014; Mancini et al. 2014; Parviainen et al.
2019).

To refine orbital and physical parameters for the known hot
Jupiter systems and to prioritize targets for future spectroscopic
atmospheric characterization, we initiated a multicolour transit
photometry observing campaign using the four-colour simultaneous
camera MuSCAT?2 (Narita et al. 2019) in the g, r, i, and z,; bands. In
previous studies, we have found evidence for scattering features in the
atmospheres of the hot Jupiters WASP-74b (Luque et al. 2020) and
WASP-104b (Chen et al. 2021a) by combining the MuSCAT?2 pho-
tometric measurements with those from transit spectrophotometry.
Here, we present the MuSCAT? transit observations for four Saturn-
mass hot Jupiters, HAT-P-19b, HAT-P-51b, HAT-P-55b, and HAT-P-
65b, complemented by archival data from the Transiting Exoplanet
Survey Satellite (TESS).

HAT-P-19b is a Saturn-mass planet discovered by Hartman et al.
(2011), with amass of 0.29 My, aradius of 1.13 Ry, and an equilibrium
temperature of 1010 K, orbiting a V = 12.9 mag star (0.84 M, 0.82
Re, Teir = 4990 K, and [Fe/H] = 0.23) every 4.009 d. Follow-up
transit photometry found no evidence for TTVs (Seeliger et al. 2015;
Maciejewski et al. 2018; Bastiirk et al. 2020; Hagey, Edwards &
Boley 2022), except for Hagey, Edwards & Boley (2022)’s recent
study suggesting an orbital decay rate of —57.7 £ 7.3 msyr~!.
The atmosphere of HAT-P-19b has been studied by Mallonn et al.
(2015), who observed one transit with OSIRIS at the Gran Telescopio
Canarias (GTC) and derived a flat featureless transmission spectrum.

HAT-P-51b was discovered by Hartman et al. (2015). It is also a
Saturn-mass planet, with a mass of 0.31 Mj, a radius of 1.29 Ry, and
an equilibrium temperature of 1192 K, orbiting a V = 13.4 mag star
(0.98 Mg, 1.04 Rg, Tesr = 5449 K, and [Fe/H] = 0.27) every 4.218 d.

HAT-P-55b was discovered by Juncher et al. (2015), with a mass
of 0.58 Mj, a radius of 1.18 Ry, and an equilibrium temperature of
1313 K, orbiting a V = 13.2 mag star (1.01 Mg, 1.01 Rg, Ter =
5808 K, and [Fe/H] = —0.03) every 3.585 d.

HAT-P-65b was discovered by Hartman et al. (2016), with a mass
of 0.53 Mj, a radius of 1.89 Ry, and an equilibrium temperature of
1930 K, orbiting a V = 13.1 mag star (1.21 Mg, 1.86 Ry, Ter =
5835 K, and [Fe/H] = 0.10) every 2.605 d. Based on two transits
with OSIRIS at the GTC, Chen et al. (2021b) reported the detection
of TiO and possible evidence for Na and VO in the atmosphere of
HAT-P-65b.

This paper is organised as follows. In Section 2, we summarize
the transit observations and data reduction procedures. In Section 3,
we describe the light-curve analysis for MuSCAT2 and TESS,
and present the derived transit parameters and orbital period. In
Section 4, we perform the global modelling to refine the physical
parameters of the planetary systems. In Section 5, we discuss the
wavelength dependence of the transit depth for future atmospheric
characterization. Finally, we draw conclusions in Section 6.

2 OBSERVATIONS AND DATA REDUCTION

2.1 TCS/MuSCAT?2 photometry

We observed 3 transits of HAT-P-19b, 3 transits of HAT-P-51b, 4
transits of HAT-P-55b, and 2 transits of HAT-P-65b using the four-
colour imager MuSCAT?2 (Narita et al. 2019) installed on the 1.52 m
Telescopio Carlos Sanchez (TCS) in the Teide Observatory, Tenerife,
Spain. MuSCAT?2 has the ability to simultaneously observe in four
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broad passbands: g (400-550 nm), r (550-700 nm), i (700-820 nm),
and z; (820-920 nm). Each passband has its independent CCD and
each CCD has 1024 x 1024 pixels, with a pixel scale of ~0.44
arcsec, giving MuSCAT? a field of view of 7.4 x 7.4 arcmin®. Due
to CCD failure, only three channels were available in some nights.
The detailed observation information is given in Table 1.

We reduced the MuSCAT2 data with customised IDL scripts
as detailed in Chen et al. (2021a). In brief, we corrected
bias, dark and flat field from the raw images, and per-
formed aperture photometry using the APER routine from
DAOPHOT.! We extracted the central time of each exposure
and converted it to Barycentric Julian Dates in Barycen-
tric Dynamical Time (BJDrpg; Eastman, Siverd & Gaudi
2010). We determined the best aperture radius by minimiz-
ing the light-curve scatter among a grid of radii ranging
from 3 to 32 pixels (equivalent to 1.3-14.1 arcsec). We also
tested different combinations of reference stars to produce the
best synthetic reference light curve that minimizes the light-
curve scatter. The final chosen aperture radii are listed in
Table 1.

2.2 TESS photometry

To enlarge the mid-transit time data set for the refinement of the
orbital period and ephemeris, we made use of the archival transit
observations conducted by the TESS (Ricker et al. 2015).

— For HAT-P-19b, six transits with an exposure time of 1800 s
were observed in full-frame images in Sector 17 between 2019
October 8 and November 2. Another seven transits with an exposure
time of 20 s were observed in target pixel files in Sector 57 between
2022 September 30 and October 29.

— For HAT-P-51b, six transits with an exposure time of 1800 s
were observed in full-frame images in Sector 17 between 2019
October 8 and November 2. Another six transits with an exposure
time of 120 s were observed in full-frame images in Sector 57
between 2022 September 30 and October 29.

— For HAT-P-55b, thirteen transits with an exposure time of 120 s
were observed in target pixel files in Sector 25 and 26 between 2020
May 14 and July 4. Another thirteen transits with an exposure time of
120 s were observed in target pixel files in Sectors 52 and 53 between
2022 May 25 and July 8 of which two transits were not used in the
subsequent analysis due to incomplete transit coverage.

— For HAT-P-65b, ten transits of HAT-P-65b with an exposure
time of 120 s were observed in target pixel files in Sector 55 in 2022
August 5 and September 1, and three transits of HAT-P-65b were not
used in the subsequent analysis due to bad data quality.

We used the PYTHON package LIGHTKURVE (Lightkurve Collabo-
ration 2018) to download the observation data from the MAST data
archive.? For HAT-P-19b and HAT-P-51b, the raw light curves in
2019 were created from the tesscut product from full-frame images,
and the SPOC light curves (Jenkins et al. 2016) were used in 2022.
For HAT-P-55b, all the raw light curves were created from the
target pixel file from tess phot. For HAT-P-65b, the SPOC light
curves were used. The adopted time windows were three times
the transit duration from the expected transit centre for data with
an exposure time of 1800 s, one and a half times for data with
120 s, and one times for data with 20 s. The raw light curves were

Uhttps://idlastro.gsfc.nasa.gov/ftp/pro/idiphot/
Zhttps://archive.stsci.edu/
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Table 1. Observation summary.

# Tele. Instru. Start night Start End Filter fexp Airmass? Aperture
uT uT uT (s) (pixel)

HAT-P—19

1 TCS MuSCAT2 2018-07-23 01:02 05:21 8 i,z 25,25,15,25 1.920-1.009-1.009 10,11, 11,10
2 TCS MuSCAT2 2018-08-04 00:16 05:33 & i, 2 25,15, 15,25 1.904-1.007-1.018 7,8,7,7

3 TCS MuSCAT2 2018-08-08 01:01 05:41 8 i,z 10, 6, 10, 15 1.444-1.007-1.034 13,14, 11,11
HAT-P-51

1 TCS MuSCAT2 2018-10-16 22:46 05:19 g iz 60,60,15,60 1.119-1.003-1.854 15,12, 11,11
2 TCS MuSCAT2 2018-11-23 23:17 03:08 g i 30,15,30 1.020-1.020-1.888 10, 10, 10
3 TCS MuSCAT2 2019-08-04 01:04 05:32 g i 30,15,30 1.918-1.004-1.004 11,10, 11
HAT-P-55

1 TCS MuSCAT2 2018-05-15 23:21 04:04 g i,z 40-70,20-40,30-60,50-70  1.558-1.001-1.025 12,6,9,9
2 TCS MuSCAT2 2019-06-17 21:32 02:54 ri, 2z 15-18,35,60 1.444-1.001-1.108 9,10, 11

3 TCS MuSCAT2 2019-08-17 21:00 01:14 8.1 Zs 20,15,100 1.001-1.001-1.792 10,9, 14
4 TCS MuSCAT2 2021-06-21 22:46 05:05 & i, 2 45,15-30,60,60 1.111-1.001-1.880 10, 8, 12, 10
HAT-P—65

1 TCS MuSCAT2 2018-07-29 22:03 04:49 & i, 2 30, 30, 30, 40 1.654-1.041-1.468 11,11, 11,11
2 TCS MuSCAT2 2019-08-16 21:05 01:05 8.1 Zs 40, 20, 120 1.562-1.041-1.053 11,11, 11

“The first and third values refer to the airmass at the beginning and end of the observation. The second value gives the minimum airmass.

normalized by the decile value of the whole TESS raw flux of all
transits.

3 LIGHT-CURVE ANALYSIS

‘We modelled the raw light curves with the transit model from Mandel
& Agol (2002) using the PYTHON package BATMAN (Kreidberg
2015):

p.(t;@):m(t;Rp/R*,Tmid,i,a/R*,ul,uz). (1)

The free parameters of the transit model consist of radius ratio
R,/R., mid-transit time Tyyq, orbital inclination i, orbital semimajor
axis in units of the stellar radius a/R,, the quadratic limb-darkening
coefficients (LDCs) u; and u,. Circular orbits are adopted for HAT-P-
51, HAT-P-55, and HAT-P-65. For HAT-P-19, the orbital eccentricity
and argument of periastron were fixed to 0.084 and 256 deg (Hartman
et al. 2011), respectively. The orbital period is fixed to literature
values in the transit model. For the planetary systems which are
diluted by an unresolved companion star, the transit model is revised
to w*(t; 0, f.) to account for the flux dilution from the companion:

o uGO)+ Lo
/’L(tsest)_ 1+fc

; @)
where ((t; 0) is the transit model without the dilution effect, f; is the
companion-to-target flux ratio.

We employed Gaussian processes (GP) to account for the corre-
lated noise present in the light curves, which was first introduced
to transmission spectroscopy by Gibson et al. (2012). The one-
dimensional GP regression was performed by the PYTHON package
CELERITE (Foreman-Mackey et al. 2017), which accepts time series
as the input vector. The GP mean function was described by the
transit model multiplied by a linear polynomial baseline function
b(¢). The GP covariance matrix K was described by a combined
kernel which consisted of an approximated 3/2-order Matern kernel
for time-correlated red noise and a jitter kernel for underestimated
white noise:

3 3
k(t;01, p,00) = 012 (1 + \//:t) exp (—C) —|—0228, 3)
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where T = |t; — ;| is the distance between two data points in time, o
and o} are the length and variance scales of systematic noise, o is
the variance of underestimated white noise.

We performed the affine invariant Markov Chain Monte Carlo
(MCMC) ensemble sampler using the PYTHON package EMCEE
(Foreman-Mackey et al. 2013) to explore the posterior probability
distributions of the free parameters. We adopted uniform priors for
most of the transit parameters, polynomial coefficients for the base-
line function, and log-uniform priors for the GP hyperparameters.
We imposed normal priors on the LDCs u; and u, (see Table Al).
We calculated LDCs from the ATLAS stellar atmosphere models
by interpolating in the model grids using the stellar parameters
(Espinoza & Jordan 2015). We ran two short chains for the burn-
in phase and one long to ensure convergence chain for formal
production.

3.1 MuSCAT?2 light curves

For the MuSCAT?2 light curves, we adopted the baseline function
b(p) in the form of

b(p) = co + c1x + 2y + ¢35, 4

where x and y are the coordinates of the target, s is the full width
at half maximum of the target’s point spread function. The mean
function of GP was u*(t; 9, f.)b(¢p) for HAT-P-65 and u(t; 6)b(p)
for the others. HAT-P-65 has a background star located at 3.6 arcsec
in the west according to Hartman et al. (2016). The background
star could not be spatially resolved by the defocused MuSCAT2
observations. Therefore, we estimated the companion-to-target flux
ratios f; within the MuSCAT?2 passbands, which were 0.0086, 0.0094,
0.0098, 0.0101 for g, r, i, and z, respectively, based on the GTC
OSIRIS measurements presented in Chen et al. (2021b).

‘We performed two runs of light-curve modelling for each target.
In the first run, we aimed to derive the common transit parameters.
We jointly fitted multicolour light curves on a nightly basis. Each
night had the same values of i, a/R,, and Ty,q for all light curves,
and each light curve had independent values of R,/R,, u;, and u;.
The coefficients of the baseline function and the GP hyperparameters
were always light-curve dependent. We reported the weighted mean
of i, alR,, and R,/R, of all nights as the final updated values in Table 2.
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Table 2. Derived transit parameters and orbital ephemeris.
Planet Source R,/R, i (deg) alR, P (d) To(BID1pB)
HAT-P—19b
This work 0.1346 + 0.0004 89.52 £ 0.20 12.84 %+ 0.06 4.00878322:+H.90000019 2456610.863945 900007
Hartman et al. (2011) 0.1418 £ 0.0020 88.2 £ 0.4 12.24 £ 0.67 4.008778 £ 0.000006  2455091.53417 £ 0.00034¢
Seeliger et al. (2015) 0.1378 £ 0.0014 88.51 £ 0.22 12.36 £ 0.09 4.0087842 % 0.0000007  2455091.53500 % 0.00015
Mallonn et al. (2015) 0.1390 = 0.0012 88.89 + 0.32 12.37 £0.21 - -
Maciejewski et al. (2018) - - - 4.00878332 £ 0.00000059  2455091.53501 + 0.00015
Bastiirk et al. (2020) - 89.11790% 12.667538 4.00878330 £ 0.00000033  2456827.337856 + 0.000085
Ivshina & Winn (2022) - - - 4.00878403 £ 0.00000049  2456935.57551 £ 0.00012
Kokori et al. (2022) - - - 4.0087842 £ 0.0000004  2456899.49658 = 0.00010
HAT-P-51b
This work 0.1253 = 0.0006 89.28 + 0.30 10.86 £ 0.08 4.218020917+5:00000066 2458349.53123 1000013
Hartman et al. (2015) 0.1278 £ 0.0020 88.48 £ 0.57 10.4879%8 42180278 + 0.0000059  2456194.12204 £ 0.00040°
Kokori et al. (2022) - - - 4.2180226 £ 0.0000009  2457868.67797 % 0.00024
HAT-P—55b
This work 0.1220 £ 0.0007 86.80 £ 0.22 9.06 + 0.16 3.585231307 500000008 2458311.922557 050013
Juncher et al. (2015) 0.1202 £ 0.0019 87.70 £ 0.56 9.79 + 0.34 3.5852467 £ 0.0000064  2456730.83468 =+ 0.00027¢
Ivshina & Winn (2022) - - - 3.5852316 £ 0.0000010  2458989.53140 % 0.00039
Kokori et al. (2022) - - - 3.5852329 £ 0.0000012  2457720.3595 + 0.0003
HAT-P—65b
This work 0.1006 + 0.0009 883+ 1.0 5.18 £ 0.07 2.60544751+0:00000050 2458319.350671 090021
Hartman et al. (2016) 0.1045 =+ 0.0024 842+13 4.57£0.20 2.6054552 £ 0.0000031  2456409.33263 = 0.00046°
Chen et al. (2021b) 89.10153 5.22+0.93

Kokori et al. (2022)

0.0994 + 0.0025

—0.04

2.6054485 £ 0.0000009

2457149.2808 £ 0.0004

“Mid-transit times in BJDyrc.

The detrended MuSCAT?2 light curves and best-fitting residuals are
shown in Fig. 1.

In the second run, we attempted to evaluate the potential variation
in transit depth as a function of wavelength. We fitted each light
curve individually and fixed the values of i, a/R,, and Ty,q to those
obtained in the first run. The free parameters were R,/R,, u;, us,
baseline function coefficients, and GP hyperparameters. For each
passband, the weighted mean of R,/R, was taken as the final value
and listed in Table 3.

3.2 TESS light curves

For the TESS light curves, we adopted the baseline function b(¢) in
the form of

b(p) =co+c1x + ey, )

where x and y are the coordinates of the target. The diluted transit
model p*(t; 6, f.) was adopted to account for the potential dilution
from nearby stars given the large pixel size of TESS. Therefore, ©*(#;
0, fmia)b(¢) was adopted as the GP mean function for all the targets.
For HAT-P-19b and HAT-P-51b, we used the supersampling feature
of batman to account for the long cadence smearing effect (Kipping
2010). Since our purpose of modelling the TESS light curves was
to measure the mid-transit times, we fixed the radius ratio R,/R,,
the inclination i, and the semimajor axis a/R, to the values obtained
from the analysis of the MuSCAT? light curves. We also fixed the
limb darkening coefficients to the pre-calculated values derived from
the code of Espinoza & Jorddn (2015). Each light curve had an
independent mid-transit time. The detrended TESS light curves and
their best-fitting residuals are shown in Fig. Al.

3.3 Transit parameter refinement

Based on MuSCAT2’s light curve analysis of all nights and four
passbands in the first run, we are able to refine the transit parameters

for the four hot Jupiter systems, which are shown in Table 2 along
with literature values for comparison.

For HAT-P-19b, HAT-P-51b, and HAT-P-55b, the transit parame-
ters are derived from at least three MuSCAT?2 transits, resulting in
smaller uncertainties than those reported in the literature. In the case
of HAT-P-65b, only two transits were observed by MuSCAT2, and
only one of them covered the entire transit event. The uncertainties
of i and a/R, are slightly larger than those derived from two GTC
transits (Chen et al. 2021b), but still consistent with the latter.

However, the transit parameters measured in different studies
are not exactly in agreement. This discrepancy is likely due to
the degeneracy between i and a/R,, since the measurements from
different studies show a correlation trend (i.e. larger i with larger
alR,) consistent with the i-a/R, degeneracy. Thanks to the multiple
observations and the wide wavelength coverage of MuSCAT?2, the
transit parameters can be tightly constrained, with colour-dependent
bias being eliminated.

3.4 Orbital period determination

We derived the mid-transit time of each transit for all the MuSCAT?2
and TESS observations. To investigate the transit timing variations
and to improve the orbital ephemeris, we also collected other mid-
transit times published in the literature. All the mid-transit times have
been converted to the BJDpp standard and presented in Table A3.

(i) For those with raw light curves available (Hartman et al. 2011,
2015, 2016; Chen et al. 2021b), we recalculated their mid-transit
times using our light curve analysis method.

(ii) For HAT-P-19b, we did not include the mid-transit times in
Bastiirk et al. (2020), which have very small error bars and show a
general downward offset from the linear ephemeris derived from the
other times.

(iii) For HAT-P-51b, we discarded the mid-transit time of the
2018-11-23 transit because the computer time of that night was not
properly synchronised with the Network Time Protocol server.

MNRAS 528, 1930-1944 (2024)
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Figure 1. MuSCAT?2 multicolour transit light curves of HAT-P-19b, HAT-P-51b, HAT-P-55b, and HAT-P-65b. The first and third panels show the light curves
after removal of the systematics. The second and fourth panels show the best-fitting residuals. The black solid lines show the best-fitting model, and the navy

circles show the 15-min binned points.

(iv) For HAT-P-55b and HAT-P-65b, we discarded the partial
transits on 2021-06-21 and 2019-08-16, respectively.

The mid-transit times 7T},;q were fitted as a function of the epoch
E using a linear model and a quadratic model, respectively. For
the linear model, the planet was assumed to have a constant orbital
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period P:

Thia =Ty + PE,

Q)

where T is the mid-transit time at zero epoch. The zero epoch was
optimised to give the smallest error bar for 7. For the quadratic
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model, the planet was assumed to have a decaying orbital period:

1dpP ,
Toa=To+ PE+ 5 -2, @)
where dP/dE is the decay rate between successive transits. We used
the Bayesian Information Criterion (BIC = x2 4 klog N) to perform
model comparison, where k is the number of free parameters and N
is the number of data points.

The results of the model comparison are shown in Table 4. For the
four planetary systems, the difference between the constant period
model and the orbital decay model ABIC is —3.26, —2.64, —2.34,
and —2.11, respectively. The constant period model is favoured with
a lower BIC value in all four planetary systems, indicating that
there is no evidence for orbital decay. Therefore, our results do not
support the claims of potential orbital decay in HAT-P-19b (Hagey,
Edwards & Boley 2022) and HAT-P-51b (Yeh, Jiang & A-thano
2023). Meanwhile, the timing residuals of the four systems with the
best-fitting period model show no sign of transit timing variation
(Fig. 2). The refined period and reference ephemeris are given in
Table 2.

4 PHYSICAL PROPERTIES

Except for HAT-P-19, no follow-up physical property determinations
have been made for these planetary systems. To refine their physical
parameters, we used the IDL package EXOFASTV2 (Eastman et al.
2019) to perform a global modelling of the MuSCAT? transit light
curves, the RV measurements from the literature, the isochrones from
the MESA Isochrones and Stellar Tracks (MIST; Dotter 2016), and
the spectral energy distribution (SED) from broad-band photometry.
The use of the MIST stellar evolutionary models produces consistent
models for both isochrones and SED. The latest stellar parallax
from the Gaia third data release (DR3; Gaia Collaboration 2022)
provides an accurate prior on the stellar distance, which places a
tight constraint on the stellar radius in the SED model. The collected
broad-band photometry and Gaia DR3 stellar parallax are listed in
Table A2.

We imposed Gaussian priors on the effective temperature T, the
metallicity [Fe/H], the parallax from Gaia DR3, the quadratic LDCs,
the transit period, and placed an upper limit of 3.1E(B — V)sgr’
on Ay. We obtained priors of Ty and [Fe/H] from Hartman et al.
(2011), Hartman et al. (2015), Juncher et al. (2015), and Hartman
et al. (2016) and adopted upper limits of Ay < 0.27621, 0.14849,
0.17019, and 0.27032 for HAT-P-19, HAT-P-51, HAT-P-55, and
HAT-P-65, respectively. We ran the MCMC function of EXOFASTv2
to explore the posterior distributions of free parameters and adopted
its default convergence criteria (Gelman-Rubin statistics R, < 1.01
and independent draws T, > 1000). The median and 1o uncertainties
of the derived physical parameters are listed in Table 5. The best-
fitting SED models, RV models, and stellar evolutionary models are
presented in Figs 3-5, respectively.

For HAT-P-19, we jointly fitted 12 MuSCAT? light curves along
with RV from Hartman et al. (2011). The physical parameters
of the HAT-P-19 system have been recently updated by Bastiirk
et al. (2020). We derived consistent but marginally smaller values
(0.27759017 My, 1.00810:013 Ry) for both planetary radius and mass
than theirs (0.28470017 My, 1.06470:03 Ry).

For HAT-P-51, we jointly fitted 10 MuSCAT?2 light curves along
with RV from Hartman et al. (2015). Our derived planetary mass and

3https://irsa.ipac.caltech.edu/
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radius (0.30773958 My, 1.20570917 Ry) are both marginally smaller
than those (0.30970018 My, 1.293%09%% Ry) in the discovery paper
(Hartman et al. 2015).

For HAT-P-55, we jointly fitted 15 MuSCAT?2 light curves along
with RV from Juncher et al. (2015). We derived marginally larger
mass and 2.40 larger radius (0.59670.073 Mj, 1.32410.02 Ry) for the
planet, compared to those (0.582fg:8§g M;, 1.182f8:8§§ Rj) in the
discovery paper (Juncher et al. 2015). Our larger planetary radius is
the result of both the larger radius ratio and the larger stellar radius
(1.10575:518 versus 1.0117393¢ R,).

For HAT-P-65, we jointly fitted 7 MuSCAT?2 light curves, two
GTC/OSIRIS light curves (Chen et al. 2021b), along with RV from
Hartman et al. (2016). Our derived planetary mass and radius are
marginally larger and 2.10 smaller (0.55470 002 Mjy, 1.611100% Ry)
than those in the discovery paper (0.52775:98 M;, 1.8975-13 R)). Our
smaller planetary radius is the result of both the smaller radius ratio
and the smaller stellar radius (1.6667 0054 versus 1.86070 000 Re).
The difference in stellar radius comes from the transit-constrained
stellar density, which could be biased by the degeneracy between i
and a/R,, and was not constrained by the partial transits of Hartman

et al. (2016).

5 VARIATION OF TRANSIT DEPTH WITH
WAVELENGTH

Based on the MuSCAT?2 data, we measured a difference between
the maximum and minimum transit depths of 463 + 293 ppm,
525 £+ 424 ppm, 887 £ 370 ppm, and 1138 + 758 ppm for
HAT-P-19b, HAT-P-51b, HAT-P-55b, and HAT-P-65b, respectively,
corresponding to 1.8 1.1, 1.8 1.5, 4.8 £ 2.0, and 5.4 £ 3.6 times
the transit depth variation caused by one atmospheric scale height.
The atmospheric scale height, H = kgT.4/(11gp), is estimated to be
0.0072, 0.0093, 0.0061, and 0.0107 R, where kg is the Boltzmann
constant, T, is the planetary equilibrium temperature, g, is the
planetary surface gravity, and = 2.3 gmol~! is the mean molecular
weight.

The transit depths measured by MuSCAT? in the g, r, i, z; bands
sample a broad-band transmission spectrum for each planet. In
particular, MuSCAT?2’s ability to perform simultaneous multicolour
photometry eliminates the impact of stellar rotational modulation,
allowing us to take a first look at the planetary atmospheres. The
optical transmission spectrum is sensitive to both optical absorbers
(such as alkali metals and metal oxides) and particle sizes of
scattering sources. However, the broad-band averages the expected
spectral features resulting from the planetary atmosphere, making
it difficult to unambiguously distinguish the opacity sources of
origin. Instead of using the broad-band transmission spectra to infer
atmospheric properties, we tried to answer which targets have a
higher priority for follow-up transmission spectroscopy.

Assuming that the variation in transit depth is potentially caused
by the planetary atmosphere, we performed a simplified Bayesian
spectral retrieval analysis on the MuSCAT?2 broad-band transmission
spectra. Two model hypotheses were considered, including a flat
model and a planetary atmosphere model. The flat model has a
constant planetary radius as the only free parameter. The planetary
atmosphere model assumes a clear atmosphere of solar composition
(C/O = 0.55, logZ/Zs = 0) in chemical equilibrium, consisting
of two free parameters, the planetary radius at 10 mbar (Rjombar)
and the isothermal temperature (7is,). We used PETITRADTRANS
(Molliere et al. 2019) to create the planetary atmosphere model, and
PYMULTINEST (Buchner et al. 2014) to implement the multimodal
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Table 3. Chromatic radius ratios of four hot Jupiter systems.

Band (nm)

HAT-P—19b

HAT-P—-51b

Ry/R.

HAT-P—-55b

HAT-P—65b

g (400-550)
r (550-700)
i (700-820)
2z (820-920)

0.1352 £ 0.0009
0.1335 £ 0.0007
0.1343 £ 0.0007
0.1350 £ 0.0007

0.1257 £ 0.0011
0.1260 £ 0.0010
0.1251 £ 0.0009
0.1239 £ 0.0014

0.1224 £+ 0.0011
0.1237 £ 0.0008
0.1214 £+ 0.0010
0.1201 £ 0.0013

0.0991 £ 0.0016
0.1010 £ 0.0013
0.0984 £ 0.0021
0.1041 £ 0.0031

Table 4. Comparison of the constant period model and the orbital decay
model.

Parameter Symbol  Constant period Orbital decay
HAT-P—19b

Number of data n 27 27
Degrees of freedom dof 24 23
Chi-square x2 23.48 23.45
Reduce chi-square x2/dof 0.98 1.02
Bayesian information criterion BIC 33.37 36.63
RMS of residual (second) RMS 80.8 81.1
HAT-P—51b

Number of data n 19 19
Degrees of freedom dof 16 15
Chi-square statistic x? 27.06 26.76
Reduce chi-square statistic x2/dof 1.69 1.78
Bayesian information criterion BIC 35.89 38.53
RMS of residual (second) RMS 175.5 175.7
HAT-P—55b

Number of data n 30 30
Degrees of freedom dof 27 26
Chi-square statistic x2 19.46 18.40
Reduce chi-square statistic x2/dof 0.72 0.71
Bayesian information criterion BIC 29.66 32.00
RMS of residual (second) RMS 107.2 106.3
HAT-P—65b

Number of data n 16 16
Degrees of freedom dof 13 12
Chi-square statistic x2 22.21 21.53
Reduce chi-square statistic x2/dof 1.71 1.79
Bayesian information criterion BIC 30.52 32.63
RMS of residual (second) RMS 135.9 139.6

nested sampling (Feroz & Hobson 2008; Feroz, Hobson & Bridges
2009) for parameter estimation.

Fig.6 presents the MuSCAT?2 broad-band transmission spectrum
along with the retrieved atmosphere models. Compared to the
flat model, the atmosphere model resulted in decreasing reduced
chi-square values for HAT-P-19b (from 1.18 to 1.08), HAT-P-51b
(from 0.58 to 0.10), and HAT-P-55b (from 2.25 to 0.24), but an
increasing value for HAT-P-65b (from 1.08 to 1.70), indicating that
the atmosphere model provides a better fit than the flat model for the
first three planets. We also calculated the log-evidence to compare
these two models, and obtained A In Z(= In Z,,0s — In Zg,,) values
of —1.2£0.1,-0.24+0.1,2.5£0.1,and —0.5 £ 0.1 for HAT-P-19b,
HAT-P-51b, HAT-P-55b, and HAT-P-65b, respectively. Therefore,
HAT-P-55b is the only planet with moderate evidence in the Bayesian
framework that a planetary atmosphere is required to explain the data,
making it a priority target for future follow-up spectrophotometric
observations.

Of the four planets, two have been observed for optical trans-
mission spectra prior to our MuSCAT?2 observations. Mallonn et al.
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(2015) obtained a flat featureless spectrum for HAT-P-19b using the
R2500R grism of GTC’s OSIRIS spectrograph, while Chen et al.
(2021b) reported the detection of TiO and the possible detection of
Na and VO in the atmosphere of HAT-P-65b using the R1000R
grism of GTC OSIRIS. Therefore, we also performed retrievals
on the combined MuSCAT?2 and GTC data set for HAT-P-19b and
HAT-P-65b. In this case, we adopted a more complicated planetary
atmosphere model because more data points were available. The
model assumes an isothermal atmosphere at a temperature of T,
in chemical equilibrium controlled by the metallicity Z and the C/O
ratio with a clear and a cloudy sector. The cloudy sector has a cloud
fraction of ¢, a cloud top at pressure Pjoud, and a scattering amplitude
Agcan times that of H, Rayleigh scattering. To account for the offsets
introduced by different orbital parameters in deriving the transit depth
and different instrumental systematics, the GTC OSIRIS spectra were
allowed to have a free offset in the retrieval.

Table 6 presents the retrieved parameters based on the combined
MuSCAT2 and GTC data set for HAT-P-19b and HAT-P-65b. For
HAT-P-19b, the atmospheric metallicity tends to be super solar. For
HAT-P-65D, the retrieved parameters agree well with those of Chen
et al. (2021b). Unfortunately, due to the lack of infrared wavelengths
that cover sufficient molecular spectral features to characterize at-
mospheric chemistry and cloud altitude, it is difficult to constrain the
parameters other than temperature, reference radius, and instrumental
offset. Future transmission spectroscopy conducted with the JWST,
together with the current optical transmission spectra, should be able
to place more meaningful constraints on the atmospheric metallicity,
cloud properties, and relative elemental ratios, paving the way for
tracing planetary formation and migration histories (e.g. Oberg,
Murray-Clay & Bergin 2011; Madhusudhan, Amin & Kennedy 2014;
Mordasini et al. 2016; Lothringer et al. 2021; Ohno & Fortney 2023).

6 CONCLUSIONS

We performed simultaneous multicolour photometric observations
of the transiting exoplanet systems HAT-P-19, HAT-P-51, HAT-
P-55, and HAT-P-65 with the MuSCAT2 camera on the 1.52 m
TCS telescope. We observed 12 transits for the four planets and
obtained a total of 43 MuSCAT?2 transit light curves. The transit
parameters were revised based on the MuSCAT2 multicolour transit
light curves. We also collected light curves for 56 transits from the
TESS photometry, and combined the TESS timings with MuSCAT?2
and literature timings to improve the orbital period and ephemeris
estimates. We then consistently refined the physical parameters of
these planetary systems by performing EXOFASTV2 global fits to
the MuSCAT?2 transit data, archival RV data, Gaia DR3 parallax,
isochrones, and broad-band spectral energy distributions. Finally,
we investigated the potential for atmospheric characterization using
the MuSCAT?2 multicolour transit depths for these four hot Jupiters.
Our conclusions can be summarized as follows:
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Figure 2. Timing residuals of four systems with the constant period model. Each data point is the difference between the observed mid-transit time and the
best-fitting linear model. The middle dashed line is the zero line, the other two dashed lines show the range of 1o uncertainty. The inset shows the zoomed view
of the residuals of the TESS light curves. The crossed points were discarded in the period modelling.

Table 5. Stellar and planetary parameters derived from the EXOFASTV2 global fits.

Symbol Parameter (Unit) HAT-P—19 HAT-P—51 HAT-P—55 HAT-P—65
Stellar parameters

M, Mass Mg) 0.80710:03 0.96110:030 1.02875:0% 1.297+0:0%¢
R. Radius (Re) 0.773%0510 0.99570013 110575018 1.66670057
L, Luminosity (Lo) 0.32775013 0.790%5:05) 124975048 2.97025:15
Ox Density (cgs) 2.46870018 1.38075035 1.073+0:9%6 0.39710:003
log g Surface gravity (cgs) 4.5687+0:9066 4.42567 00059 4.3630799130 4.107970008
Tefe Effective temperature (K) 496243 545373 5804137 587274
[Fe/H] Metallicity (dex) 0.166 19070 0.30210.932 0.0037904 0.20810:9%9
[Fe/H]y Initial metallicity 0.156+0070 0.301+00% 0.0431904 024715071
Age Age (Gyr) 7.2749 8.1721 53723 3.9108
Ay V-band extinction (mag) 0.228 10032 0.11979021 0.0741:94 0.18070:94
d Distance (pc) 201.879¢ 445.0732 525.4728 750.071%9
Planetary parameters:

R, Radius (Ry) 100875914 1.20575917 1.32475:023 16117502
M, Mass (M) 0.277+0017 0.307+3:021 0.59679973 0.55410:0%2
a Semimajor axis (au) 0.0459970-000¢3 0050427500068 0.04628T 00007 004042750007
Teg Equilibrium temperature (K) 981.2+77 1168.2769 1367.0+110 1818.0* 130
K RV semiamplitude (m s~') 40.9122 39.7+24 77.6%55 68.01110
Pp Density (cgs) 0.33570018 0.218%0014 0.3187904 0.16470027
log g, Surface gravity 2.83010:923 2.72015:92 2.92610:950 2.7240:965
0] Safronov number 0.0313790018 0.0267790017 0.04057 9008 0.021475:90%
<F > Incident flux (10° erg s~! cm™2) 0.21079:007 0.422+0:-010 0.79479022 2.47870078

MNRAS 528, 1930-1944 (2024)
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Figure 3. Spectral energy distributions (SEDs) of HAT-P-19, HAT-P-51, HAT-P-55, and HAT-P-65 from broad-band photometry. The red data points with error

bars are the broad-band photometric measurements. The blue circles are the best-fitting SED model values.
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Figure 5. Stellar evolutionary tracks of HAT-P-19, HAT-P-51, HAT-P-55, and HAT-P-65. The black line is the MIST mass track interpolated with the best-fitting
free parameters. The yellow circle highlights the mass track grid closest to the best-fitting Equivalent Evolutionary Phase (EEP) value. The red star indicates the

best-fitting values of Tegr and log g,

— We have improved the transit parameter estimates for HAT-P-
19b, HAT-P-51b, and HAT-P-55b, with smaller uncertainties than
previous studies. The MuSCAT2 uncertainties for HAT-P-65b are
slightly larger than those derived from the very precise GTC
observations.

— We have consistently refined the physical parameters for all four
planetary systems based on the improved transit parameters, which
were derived from MuSCAT?2 and GTC for HAT-P-65b, but only

MNRAS 528, 1930-1944 (2024)

from MuSCAT?2 for the other three. All the stellar and planetary radii
are more tightly constrained than in previous studies, with typical
relative errors of less than 2 per cent.

— We have improved the orbital period and ephemeris estimates
for all four planetary systems. All of them are consistent with
linear ephemeris. No significant transit timing variations or evidence
of orbital decay were found. Based on our results, the typical
uncertainties of the predicted mid-transit time by mid-2035 would
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Figure 6. Broad-band transmission spectra of the four hot Jupiters (HAT-P-19b, HAT-P-51b, HAT-P-55b, and HAT-P-65b) along with the retrieved atmospheric
models. For HAT-P-19b and HAT-P-65b, the retrievals were performed on the MuSCAT2 and OSIRIS combined dataset, with the assumption of patchy clouds
and equilibrium chemistry. The OSIRIS data for HAT-P-19b and HAT-P-65b were obtained from Mallonn et al. (2015) and Chen et al. (2021b), respectively.
For HAT-P-51b and HAT-P-55b, due to limited data points, the retrievals adopted a simplified assumption of cloud-free solar atmosphere.

Table 6. Parameter estimation for spectral retrievals.

Parameter Prior Posterior
HAT-P—19b HAT-P—65b
Tiso (K) (500, 2500) 6817118 1412440
Riombar (RY) U(0.5,2) 1.03275:502 1.63470:02
log Pioud (bar) U—6,2) -2.3%28 —1.4132
10g Ascar U, 4) 1753 2143
C/O U(0.1, 1.6) 0.767933 0.947938
log Z/Z¢ U-2,3) 18794 0.3%]4
& U©, 1) 0.38+031 0.407927
Offset (ppm) U(—5000, 5000) 12997113 54113

be 33, 84, 77, and 104 s for HAT-P-19b, HAT-P-51b, HAT-P-55b,
and HAT-P-65b, respectively, which are reasonably precise even in
the ARIEL era.

— We have found that planetary atmosphere models can improve
the fit to the MuSCAT?2 broad-band transmission spectra of HAT-
P-19b, HAT-P-51b, and HAT-P-55b compared to a flat line based
on yx? statistics. However, in terms of Bayesian model statistical
significance, only HAT-P-55b shows (moderate) evidence of the
presence of a planetary atmosphere. This makes HAT-P-55b a priority
target for future transmission spectroscopy.
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Figure A1. TESS transit light curves of HAT-P-19b, HAT-P-51b, HAT-P-55b, and HAT-P-65b. The first and third panels show the light curves after removal of
systematics and the solid lines show the best-fitting model, the second and fourth panels show the best-fitting residual, and the navy circles show the 60-min
binned points.
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Table Al. Adopted priors for LDCs.

System

Band

uy

up

HAT-P—-19
HAT-P—-19
HAT-P—-19
HAT-P—-19
HAT-P-51
HAT-P-51
HAT-P-51
HAT-P-51
HAT-P-55
HAT-P-55
HAT-P-55
HAT-P-55
HAT-P—-65
HAT-P—-65
HAT-P—-65
HAT-P—-65

8
r
i

s
8
r
i
s
8
r
i
s

oQ

s

N(0.8106, 0.0743)
N(0.5636, 0.0560)
N(0.4446, 0.0408)
N(0.3714, 0.0342)
N(0.6814, 0.0672)
N(0.4614, 0.0533)
N(0.3665, 0.0419)
N(0.3051, 0.0351)
N(0.5792, 0.0640)
N(0.3883, 0.0479)
N(0.3104, 0.0390)
N(0.2602, 0.0345)
N(0.5898, 0.0630)
N(0.3886, 0.0496)
N(0.3064, 0.0414)
N(0.2548, 0.0358)

N(0.0221, 0.0659)
N(0.1680, 0.0410)
N(0.1993, 0.0263)
N(0.2144,0.0202)
N(0.1280, 0.0538)
N(0.2385, 0.0346)
N(0.2506, 0.0255)
N(0.2546,0.0192)
N(0.2048, 0.0472)
N(0.2781, 0.0277)
N(0.2745, 0.0206)
N(0.2725,0.0171)
N(0.1966, 0.0464)
N(0.2800, 0.0292)
N(0.2807, 0.0225)
N(0.2774,0.0182)

Table A2. Broad-band photometry and stellar parallax of HAT-P—19, HAT-P—51, HAT-P—55, and HAT-P—65.

Passband HAT-P—19 (mag) Ref. HAT-P—51 (mag) Ref. HAT-P—55 (mag) Ref. HAT-P—65 (mag) Ref.
Johnson B 13.834 £ 0.051 1 14.261 £+ 0.067 1 13.871 £ 0.039 1 13.818 £ 0.021 1
Johnson V 12.853 £ 0.055 1 13.440 £+ 0.042 1 13.207 £+ 0.039 1 13.145 £ 0.029 1
Johnson R 11.990 £ 0.100 2 - - - - — -
Johnson 1 - — — — - - 12.456 £ 0.101 6
SDSS u’ 15.589 £ 0.005 3 - - - - - -
SDSS g/ 13.779 £ 0.003 3 13.839 £ 0.050 1 13.501 £+ 0.039 1 13.445 £ 0.016 3
SDSS #’ 12.659 £ 0.002 3 13.194 £ 0.032 1 13.060 £ 0.021 1 12.948 £+ 0.033 3
SDSS i’ 12.406 £ 0.001 3 12.998 £ 0.042 1 12.880 £+ 0.041 1 12.784 £+ 0.097 3
SDSS 7' 12.623 + 0.004 3 - - - - - -
2MASS J 11.095 £+ 0.020 3 12.039 £ 0.022 5 12.020 £+ 0.022 5 11.892 £+ 0.026 5
2MASS H 10.644 £ 0.022 3 11.645 £ 0.023 5 11.714 £ 0.026 5 11.604 £ 0.022 5
2MASS K 10.546 £ 0.019 3 11.614 £ 0.020 5 11.627 £ 0.025 5 11.528 £+ 0.025 5
WISE1 10.495 £+ 0.022 3 — — — 11.494 £+ 0.023 5
WISE2 10.557 £+ 0.020 3 - - - 11.532 £ 0.021 5
WISE3 10.561 £+ 0.091 3 — — — — 11.373 £0.172 5
Gaia 12.546 £+ 0.003 4 13.271 £ 0.003 4 13.083 £+ 0.003 4 12.981 £+ 0.003 4
Gaia BP 13.059 £ 0.003 4 13.686 £ 0.003 4 13.414 £ 0.003 4 13.332 £ 0.003 4
Gaia RP 11.884 £+ 0.004 4 12.698 £ 0.004 4 12.590 £ 0.004 4 12.468 £+ 0.004 4
Parallax (mas) 4.96 +0.01 4 2.25 +0.02 4 1.90 + 0.01 4 1.32 +0.03 4
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References: (1) Henden et al. (2015); (2) Zacharias, Finch & Frouard (2017); (3) Medan, Lepine & Hartman (2022); (4) Gaia Collaboration (2022); (5) Cutri &
et al. (2014); (6) Droege et al. (2006).

MNRAS 528, 1930-1944 (2024)



Simultaneous multicolour transit photometry 1943

Table A3. Mid-transit times of the four hot Jupiters. Table A3 — continued
Planet Telescope Tmida — 2450000[BJD1pg| Ref. Planet Telescope Tia — 2450000[BJD1pg| Ref.
HAT-P—19b TCS 8322.61426 + 0.00016 1 HAT-P—55b TESS 8985.94888 £ 0.00233 1
HAT-P—19b TCS 8334.64066 + 0.00010 1 HAT-P—55b TESS 8989.53122 + 0.00165 1
HAT-P—19b TCS 8338.64963 £ 0.00012 1 HAT-P—55b TESS 8993.11849 + 0.00172 1
HAT-P—19b TESS 8767.58920 + 0.00089 1 HAT-P—55b TESS 9000.28713 £+ 0.00171 1
HAT-P—19b TESS 8771.60119 + 0.00135 1 HAT-P—55b TESS 9003.87156 + 0.00181 1
HAT-P—19b TESS 8775.60828 + 0.00126 1 HAT-P—55b TESS 9007.45673 £+ 0.00153 1
HAT-P—19b TESS 8779.61650 £ 0.00115 1 HAT-P—55b TESS 9011.04274 + 0.00144 1
HAT-P—19b TESS 8783.62458 £ 0.00097 1 HAT-P—55b TESS 9014.62923 £ 0.00167 1
HAT-P—19b TESS 8787.63334 £ 0.00109 1 HAT-P—55b TESS 9018.21567 £+ 0.00189 1
HAT-P—19b TESS 9853.96840 £ 0.00153 1 HAT-P—55b TESS 9021.79611 £ 0.00175 1
HAT-P—19b TESS 9857.97795 £ 0.00112 1 HAT-P—55b TESS 9025.38530 £+ 0.00158 1
HAT-P—19b TESS 9861.98675 £ 0.00077 1 HAT-P—55b TESS 9028.96794 + 0.00160 1
HAT-P—19b TESS 9870.00479 £+ 0.00103 1 HAT-P—55b TESS 9032.55352 £+ 0.00160 1
HAT-P—19b TESS 9874.01519 £ 0.00082 1 HAT-P—55b TESS 9720.91828 + 0.00319 1
HAT-P—19b TESS 9878.02177 £ 0.00132 1 HAT-P—55b TESS 9724.50368 + 0.00194 1
HAT-P—19b TESS 9882.02999 + 0.00138 1 HAT-P—55b TESS 9728.08945 + 0.00154 1
HAT-P—19b FLWO 1.2 m 5111.57694 + 0.00102 24 HAT-P—55b TESS 9731.67384 £+ 0.00156 1
HAT-P—19b FLWO 1.2 m 5135.63142 £ 0.00104 24 HAT-P—55b TESS 9738.84360 £ 0.00180 1
HAT-P—19b FLWO 1.2 m 5163.69374 £ 0.00111 24 HAT-P—55b TESS 9742.42780 4+ 0.00115 1
HAT-P—19b FLWO 1.2 m 5167.70166 =+ 0.00092 2 HAT-P—55b TESS 9746.01622 £ 0.00156 1
HAT-P—19b Jena 0.6 m 5889.28345 + 0.00049 3 HAT-P—55b TESS 9753.18433 £+ 0.00150 1
HAT-P—19b Jena 0.6 m 5905.31810 =+ 0.00044 3 HAT-P—55b TESS 9760.35539 £ 0.00168 1
HAT-P—19b CA-DLR 1.2 m 5913.33571 4+ 0.00034 3 HAT-P—55b TESS 9763.94164 £+ 0.00175 1
HAT-P—19b Jena 0.6 m 6935.57559 =+ 0.00055 3 HAT-P—55b TESS 9767.52606 £ 0.00155 1
HAT-P—19b GTC 5937.38839 + 0.00011 4 HAT-P—55b FLWO 1.2 m 6730.83546 + 0.00027 7
HAT-P—19b Toruri 0.6 m 7300.37489 £ 0.00040 5 HAT-P—55b Haleadkala 8985.9487 + 0.0015 8
HAT-P—19b Toruri 0.6 m 7304.38284 + 0.00039 5 HAT-P—55b Haleadkala 9305.0323 £ 0.0018 8
HAT-P-51b TCS 8408.58379 £ 0.00019 1 HAT-P—65b TCS 8329.54876 =+ 0.00038 1
HAT-P-51b TCS 8446.55780 + 0.00040 1 HAT-P—65b TCS 8712.54036 + 0.00645 1
HAT-P-51b TCS 8699.62675 £ 0.00021 1 HAT-P—65b TESS 9799.01953 £+ 0.00174 1
HAT-P-51b TESS 8767.11668 £+ 0.00179 1 HAT-P—65b TESS 9801.62787 4+ 0.00181 1
HAT-P-51b TESS 8771.32811 £ 0.00186 1 HAT-P—65b TESS 9804.23259 £+ 0.00192 1
HAT-P—51b TESS 8775.54648 + 0.00372 1 HAT-P—65b TESS 9812.05096 £ 0.00164 1
HAT-P—-51b TESS 8779.76896 + 0.00179 1 HAT-P—65b TESS 9814.65134 £ 0.00191 1
HAT-P—51b TESS 8783.98563 + 0.00212 1 HAT-P—65b TESS 9817.25814 £+ 0.00170 1
HAT-P—-51b TESS 8788.20607 + 0.00247 1 HAT-P—65b TESS 9819.86376 + 0.00209 1
HAT-P—51b TESS 9855.36415 4+ 0.00161 1 HAT-P—65b FLWO 1.2 m 5739.73328 + 0.00083 9¢
HAT-P-51b TESS 9859.58096 + 0.00155 1 HAT-P—65b FLWO 1.2 m 5757.96850 + 0.00212 9¢
HAT-P—-51b TESS 9868.01820 £ 0.00144 1 HAT-P—65b FLWO 1.2 m 5825.71212 +£ 0.00205 94
HAT-P—-51b TESS 9872.23663 + 0.00162 1 HAT-P—65b FLWO 1.2 m 6552.63474 £ 0.00253 94
HAT-P—51b TESS 9876.45429 + 0.00153 1 HAT-P—65b FLWO 1.2 m 6565.66238 + 0.00079 94
HAT-P—51b TESS 9880.67726 £ 0.00157 1 HAT-P—65b FLWO 1.2 m 6570.86994 + 0.00077 94
HAT-P—51b FLWO 1.2 m 5856.68101 =+ 0.00071 64 HAT-P—65b GTC 8329.54829 + 0.00041 10¢
HAT-P—51b FLWO 1.2 m 5932.60419 £ 0.00105 64 HAT-P—65b GTC 9069.49471 £+ 0.00048 104
gi$_§_§ i]; Iljt\\;\vlg i; 2 giggggggg i ggggzi 2: “These mid-transit times have been recalculated using our light-curve analysis
: : ’ method.
HAT-P—51b FLWO 1.2m 6244.74004 £ 0.00103 o References: (1) This work; (2) Hartman et al. (2011); (3) Seeliger et al.
HAT-P—53b Tes 8254.55943 £ 0.00046 ! (2015); (4) Mallonn et al. (2015); (5) Maciejewski et al. (2018); (6) Hartman
gi?g_ggz ¥g§ ggiiiézig i 8888;2 i etal. (2015); (7) Juncher et al. (2015); (8) Edwards et al. (2021); (9) Hartman
HAT-P—55b TCS 0387.48890 + 0.00466 1 ot al. (2016); (10) Chen et al. (20210).
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