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A B S T R A C T 

Rapidly rotating early-type main-sequence stars with transiting planets are interesting in many aspects. Unfortunately, several 
astrophysical effects in such systems are not well understood yet. Therefore, we performed a photometric mini-surv e y of 
three rapidly rotating stars with transiting planets, namely KEL T -17b, KEL T -19Ab, and KEL T -21b, using the Characterising 

Exoplanets Satellite ( CHEOPS ), complemented with Transiting Exoplanet Survey Satellite ( TESS ) data, and spectroscopic data. 
We aimed at investigating the spin-orbit misalignment and its photometrical signs, therefore the high-quality light curves of the 
selected objects were tested for transit asymmetry, transit duration variations, and orbital precession. In addition, we performed 

transit time variation analyses, obtained new stellar parameters, and refined the system parameters. For KEL T -17b and KEL T - 
19Ab, we obtained significantly smaller planet radius as found before. The gravity-darkening effect is very small compared to 

the precision of CHEOPS data. We can report only on a tentative detection of the stellar inclination of KEL T -21, which is about 
60 deg. In KEL T -17b and KEL T -19Ab, we were able to exclude long-term transit duration variations causing orbital precession. 
The shorter transit duration of KEL T -19Ab compared to the disco v ery paper is probably a consequence of a smaller planet 
radius. KEL T -21b is promising from this viewpoint, but further precise observations are needed. We did not find any convincing 

evidence for additional objects in the systems. 

K ey words: methods: observ ational – techniques: photometric – techniques: spectroscopic – planets and satellites: individual: 
KEL T -17b, KEL T -19Ab, KEL T -21b. 
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 I N T RO D U C T I O N  

arly-type main-sequence stars are rapidly rotating stars. Late-type
tars (F5 and later) have deep con vective en velopes and efficient
agnetic dynamos, maintaining magnetic fields that transfer angular
omentum to the stellar wind, thus slo wing do wn the star’s surface

hrough magnetic braking. This is the so-called Kraft break (Kraft
967 ). The rapid rotation at early-type stars leads to an oblate shape
f the star and induces an equator-to-pole gradient in the ef fecti ve
emperature, called gravity darkening (Von Zeipel 1924a , b ). The
o-called von Zeipel theorem predicts that the flux emitted from the
urface is proportional to the local ef fecti ve gravity, thus the effect
nduces cooler temperatures at a rapidly rotating star’s equator and
otter temperatures at the poles. Ho we ver, the von Zeipel theorem is
ot strictly valid, hence it needs further investigation. Claret ( 1998 )
ound important deviations from von Zeipel theorem in stars with
n velopes in con vective equilibrium. Moreover , Claret ( 2012 ) found
ignificant deviations from von Zeipel theorem at the upper layers
f a distorted star in radiative equilibrium. If an exoplanet transits a
 E-mail: zgarai@ta3.sk , zgarai@gothard.hu 

 

K  

B  

Pub
apidly rotating star, distorted transit light curves are expected, as it
as predicted by Barnes ( 2009 ). If such asymmetries are measured,

his can be used to determine the sky-projected angle λ between
he stellar rotational axis and the planet orbit normal, i.e. we can
etect the spin-orbit misalignment. In addition, the stellar inclination
 ∗, which we define as the angle between the line of sight to the
bserver and the north pole of the star, can be derived and thus the
rue misalignment is possible to obtain. Another way to investigate
he sky-projected spin-orbit misalignment is to measure the Rossiter–

cLaughlin effect via radial velocities (McLaughlin 1924 ; Rossiter
924 ). We can note, ho we ver, that radial velocity measurements in
he case of early-type stars are difficult due to the rapid rotation. In
he case of rapidly rotating stars the Doppler tomography in spectral
ine profiles, broadening function (BF) profiles, or least-squares
econvolution profiles is applicable. With this technique the shadow
f the transiting planet can also be detected, independently from the
hotometry (Donati et al. 1997 ). Both techniques – photometric and
pectroscopic – can be used to put constraints on the theories of
lanet formation and migration. 
Szab ́o et al. ( 2011 ) found an asymmetry in the rapidly rotating

epler-13A transit light curve, consistent with the prediction of
arnes ( 2009 ). Kepler-13A is the first known system, exhibiting
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Table 1. An o v erview of fundamental facts about the exoplanet host stars. 
Notes: H2000 = Høg et al. ( 2000 ), G2018 = Gaia Collaboration ( 2018 ). 

Parameter [unit] Value Source 

KEL T -17 (BD + 14 ◦ 1881) 
RA [h:m:s] (J2000.0) 08:22:28.2 G2018 
Dec. [deg:m:s] (J2000.0) + 13:44:07.1 G2018 
V [mag] 9.23 ± 0.02 H2000 
G [mag] 9.2089 ± 0.0003 G2018 

KEL T -19A (BD + 07 ◦ 1721) 
RA [h:m:s] (J2000.0) 07:26:02.2 G2018 
Dec. [deg:m:s] (J2000.0) + 07:36:56.8 G2018 
V [mag] 9.86 ± 0.04 H2000 
G [mag] 9.8633 ± 0.0016 G2018 

KEL T -21 (HD 332124) 
RA [h:m:s] (J2000.0) 20:19:12.0 G2018 
Dec. [deg:m:s] (J2000.0) + 32:34:51.7 G2018 
V [mag] 10.48 ± 0.04 H2000 
G [mag] 10.5415 ± 0.0003 G2018 
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 light-curve distortion due to spin-orbit misalignment and gravity 
arkening of a rapidly rotating star. Barnes, Linscott & Shporer 
 2011 ) used this asymmetry to measure the sky-projected spin-
rbit misalignment angle λ. They determined λ = 23 ± 4 deg, 
nd I ∗ = 138 ± 4 deg, 1 which gives the real misalignment of
6 ± 4 deg. This represents the first spin-orbit measurement obtained 
ased on precise Kepler photometry (Borucki et al. 1996 , 2004 ),
lthough later Johnson et al. ( 2014 ) obtained λ = 58 ± 2 deg via
oppler tomography, which is a significantly different value for the 

ky-projected spin-orbit misalignment angle. Moreover, the stellar 
otation of Kepler-13A is in exact 5:3 resonance with the orbital 
eriod of the substellar companion, and the long-term transit duration 
ariation (TDV) with a rate of (1.14 ± 0.30) × 10 −6 d cycle −1 is
ue to the precession of its orbital plane (Szab ́o et al. 2012 ). This
ong-term trend in the transit duration was confirmed using combined 
epler and Transiting Exoplanet Survey Satellite ( TESS ) data (Ricker
014 ) by Szab ́o et al. ( 2020 ). We can say that the system Kepler-13A
s a unique laboratory of many astrophysical effects. 

Recently, for example, the asymmetric transit of the exoplanet 
EL T -9b was obtained and modelled using TESS data (Ahlers et al.
020 ). KEL T -9b is an ultra-hot Jupiter transiting a rapidly rotating
arly A-type star in a polar orbit (Gaudi et al. 2017 ). This is the
ain reason, why KEL T -9b is an interesting planet. The true spin-

rbit misalignment angle was determined as 87 ± 11 deg by Ahlers 
t al. ( 2020 ). Another rapidly rotating A-type star with a transiting
lanet, i.e. WASP-189b, was observed also very recently using the 
haracterising Exoplanets Satellite ( CHEOPS ) space observatory 

Benz et al. 2021 ). From the asymmetric transit photometry of
ASP-189b Lendl et al. ( 2020 ) deduced the sky-projected spin-

rbit misalignment angle of λ = 86.4 ± 4.4 deg and the true 
isalignment of 85.4 ± 4.3 deg, in a good agreement with the 

revious measurement from spectroscopic observation (Anderson 
t al. 2018 ). This result indicates that WASP-189b is in a polar
rbit, similarly as KEL T -9b. Since rapidly rotating early-type main- 
equence stars with transiting planets can be similar to the ‘prototype’ 
epler-13A system, in 2019 we proposed a mini-surv e y of such

xoplanet hosts using the CHEOPS space telescope, to constrain 
heir planetary and stellar parameters, and to characterize the star–
lanet interactions in these cases. For this mini-survey we selected 
EL T -17, KEL T -19A, and KEL T -21 planetary systems. Fundamental

acts about the exoplanet host stars are summarized in Table 1 . 
KEL T -17b is a 1.3 M Jup and a 1.5 R Jup hot Jupiter, transiting the

 = 9.23 mag main-sequence A-star KEL T -17 in a 3.08-d misaligned
rbit at λ = 244.0 de g, disco v ered by Zhou et al. ( 2016 ). The host star
D + 14 ◦ 1881 ( M ∗ = 1.6 M �, T eff = 7454 K, vsin I ∗ = 44.2 km s −1 )

s one of the most massive, hottest, and most rapidly rotating planet
ost stars. KEL T -19Ab transits the V = 9.86 mag main-sequence A-
tar KEL T -19A in a 4.61-d retrograde orbit ( λ = 180.3 deg). The host
tar BD + 07 ◦ 1721 is the first chemically peculiar Am-star, which
osts a hot-Jupiter-type planet with a mass of M p < 4.07 M Jup and
 radius of about 1.9 R Jup . Moreo v er, adaptiv e optics observations
evealed a cooler stellar companion, KEL T -19B, which is a G9V or
1V star. The stars have measured magnitude differences of � J =
.50 ± 0.06 mag and � K s = 2.045 ± 0.03 mag (Siverd et al. 2018 ).
he projected separation is 0.64 arcsec, so this system is a close
nalogue of the Kepler-13 system. KEL T -21b is a 3.9 M Jup and a
.5 R Jup hot Jupiter, transiting the V = 10.5 mag main-sequence 
-star KEL T -21 in a 3.6-d orbit, which is misaligned only slightly
 This value reflects our definition of I ∗, but Barnes et al. ( 2011 ) originally 
resented this as follows: the north pole of the star is tilted away from the 
bserver by 48 ± 4 deg. 

o  

2

a
T

 λ = 354.4 deg). The host star HD 332124 has the highest projected
otational velocity among the exoplanet hosts ( vsin I ∗ = 146 km s −1 ),
nd it also appears to be somewhat metal poor (Johnson et al. 2018 ).

In this paper, we aimed at refining the system parameters based
n the obtained CHEOPS photometry data, supplemented with sev- 
ral spectroscopic observations. Furthermore, based on the precise 
HEOPS transit light curves of the systems we aimed at searching for

imilar asymmetries, as it was detected in the Kepler-13A system and
hether asymmetries are consistent with the prediction, coming from 

he previous spectroscopic results. Since the photometric follow-up 
bservations of these systems using the CHEOPS telescope can also 
eveal TDVs, and hence the orbital precession, our further scientific 
oal is to search for such indicators. Finally, transit time variations
TTVs) may also be detected, testing for additional planets in the
ystems, therefore we also included the search for such variations in
ur scientific aims. The paper is organized as follows. In Section 2 , a
rief description of instrumentation and data reduction is given. We 
ummarize the spectral analysis and the derived stellar parameters in 
ection 3 . The fundamental analysis of the CHEOPS transits and the
btained system parameters are described and discussed in Section 4 .
n Section 5 , we analyse the CHEOPS light curves from the viewpoint
f spin-orbit misalignment. Search for long-term TDVs and TTVs is 
etailed in Section 6 . We summarize our findings in Section 7 . 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 Transit photometry 

he transits of KEL T -17b, KEL T -19Ab, and KEL T -21b were ob-
erved photometrically using the CHEOPS space observatory (Benz 
t al. 2021 ). This is the first European space mission dedicated
rimarily to the study of known exoplanets. It consists of a 32 cm
irror diameter telescope 2 based on a Ritchey–Chr ́etien design. The 

hotometric detector is a single CCD camera co v ering the wav elength 
ange from 330 to 1100 nm with a field of view of 0.32 deg 2 .
he payload design and operation have been optimized to achieve 
ltra-high photometric stability, achieving a photometric precision 
f 20 ppm on observations of a G5-type star in 6 h, and 85 ppm
MNRAS 513, 2822–2840 (2022) 

 The primary mirror is partly blocked by the secondary mirror spider legs 
nd has a central cut-out to allow the beam to pass through on to the CCD. 
his means that the ef fecti ve mirror diameter of CHEOPS is 30 cm. 
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Table 2. Log of CHEOPS photometric observations of KEL T -17b, KEL T -19Ab, and KEL T -21b transits (sorted by the targets and CHEOPS visits). The 
table shows the time interval of individual observations, the applied exposure time, the number of obtained frames, the point-to-point root mean square 
( RMS ) of the DRP-processed ‘OPTIMAL’ light curves (see Section 2.1 ), and the file key, which supports the fast identification of the observations in 
the CHEOPS archive. 

Visit no. Start date [UTC] End date [UTC] Exposure time [s] Number of frames RMS [ppm] File key 

KEL T -17b 
1 2020-12-10 16:32 2020-12-11 01:16 55.1 330 420 CH PR210006 TG000101 
2 2020-12-16 20:55 2020-12-17 04:23 55.1 300 420 CH PR210006 TG000102 
3 2020-12-19 22:06 2020-12-20 06:12 55.1 292 380 CH PR210006 TG000103 
4 2021-02-16 10:33 2021-02-16 18:50 55.1 339 280 CH PR210006 TG000104 

KEL T -19Ab 
1 2020-11-27 12:31 2020-11-27 23:55 60.0 394 370 CH PR210006 TG000201 
2 2020-12-29 19:08 2020-12-30 07:06 60.0 460 520 CH PR210006 TG000202 
3 2021-01-26 11:21 2021-01-26 23:11 60.0 452 420 CH PR210006 TG000203 
4 2021-01-31 01:59 2021-01-31 13:33 60.0 461 440 CH PR210006 TG000204 

KEL T -21b 
1 2020-07-02 23:15 2020-07-03 08:32 60.0 333 720 CH PR210006 TG000301 
2 2020-07-21 01:04 2020-07-21 10:11 60.0 370 780 CH PR210006 TG000302 
3 2020-07-24 16:15 2020-07-25 01:34 60.0 379 720 CH PR210006 TG000303 
4 2020-08-26 03:24 2020-08-26 13:04 60.0 390 920 CH PR210006 TG000304 
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bservations of a K5-type star in 3 h. 20 per cent of the science time
n CHEOPS is available to the astronomical community through a
uest Observers Programme that is open to the science community

s a whole. CHEOPS observations used in this work were obtained
ithin the first cycle of the Guest Observers Programme, proposal

D 006, entitled ‘Rapidly rotating stars and their transiting planets: a
nique laboratory of many astrophysical effects’ 3 (PI: Z. Garai). 
Based on the literature transit duration values (Zhou et al. 2016 ;

ohnson et al. 2018 ; Siverd et al. 2018 ), at least 0.1-long phase
nterval is needed at every transit event (phases 0.95–1.05 around
he mid-transit time) to properly co v er the transit and the neighbour
ut-of-transit phases with observations. Therefore, we proposed five
rbits 4 per visit 5 and four visits in the case of KEL T -17b, seven orbits
er visit and four visits in the case of KEL T -19Ab, and six orbits per
isit and four visits in the case of KEL T -21b, 72 orbits in total,
ncluding interruptions. 6 Due to the interruptions several phase gaps
ccurred during a single visit. The predicted observing efficiencies 7 

ere 59 per cent, 58 per cent, and 63 per cent in the cases of KEL T -
7b, KEL T -19Ab, and KEL T -21b, respectively. Further details about
he CHEOPS observations can be found in Table 2 . 

From the CHEOPS detector, which has 1024 × 1024 pixels, a
00 × 200 pixels subarray is extracted around the target point spread
unction, which is used to compute the photometry (see Fig. 1 ).
he CHEOPS Data Reduction Pipeline – DRP (Hoyer et al. 2020 )
rovides aperture photometry of these subarray frames. It performs
everal image corrections, including bias-, dark-, and flat-corrections,
NRAS 513, 2822–2840 (2022) 

 See the list of appro v ed programs at ht tps://www.cosmos.esa.int /web/cheop 
- guest- observers- programme/ao- 1- programmes . 
 CHEOPS revolves around the Earth in Sun-synchronous, low-Earth orbit 
700 km altitude). The spacecraft completes one orbit around the Earth in 
9 min. 
 A visit is a sequence of successive CHEOPS orbits devoted to observing a 
iven target. 
 Interruptions happen when the target is hidden by the Earth during an Earth 
ccultation, or barely visible due to stray light from the illuminated Earth 
imb or particle hits during passages through the South Atlantic anomaly. 
 The observing efficiency is the ratio between the amount of science observing 
ime available during a visit (excluding the interruptions) and the total amount 
f time in a visit (including the interruptions). 
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ontamination estimation, and background-star correction. The DRP
roduces four different light curve types for each visit: ‘DEFAULT’ –
stimated using the default aperture radius of 25 pixels, ‘OPTIMAL’
the aperture radius is automatically set based on the signal-to-noise

atio, ‘RINF’ – using the aperture radius of 0.9 × 25 pixels, and
RSUP’ – using the aperture radius of 1.2 × 25 pixels. According
o the relatively long exposure times (55.1 and 60.0 s), the data
ere transferred to the Earth without stacking the individual images

ogether, which means that the so-called imagettes with a smaller
adius of 30 pixels are not available in these cases. 

The DRP-processed CHEOPS light curves were downloaded from
he CHEOPS Archive Browser. 8 We first ran several modelling tests
sing the RMF code, described in Section 5 , in order to select
he best light-curve type offered by the archive. Since there is no
ignificant difference among the light-curve types from the viewpoint
f precision, we decided to use the ‘OPTIMAL’ light curves during
ur analysis procedure. 

.2 Target spectroscopy 

esides the transit photometry, spectra of the exoplanet hosts were
lso recorded several times to characterize these stars. The spectro-
copic observations were obtained at the Skalnat ́e Pleso Observatory
Slovakia), using the 1.3 m f/8.36 Astelco Alt-azimuthal Nasmyth-
assegrain reflecting telescope, equipped with a fibre-fed echelle

pectrograph of MUSICOS design (Baudrand & Bohm 1992 ). Its
bre injection and guiding unit (FIGU) is mounted in the Nasmyth
ocus of the telescope. The FIGU is connected to the calibration unit
ThAr hollow cathode lamp, tungsten lamp, blue LED) in the control
oom and to the echelle spectrograph itself in the room below the
ome, where the temperature is stable. The spectra were recorded
y an Andor iKon-936 DZH 2048 × 2048 pixels CCD camera. The
pectral range of the instrument is 4250–7375 Å in 56 echelle orders.
he maximum resolution of the spectrograph reaches R ≈ 38 000
round 6000 Å. The exposure time was 900 s in all cases. Three
aw spectra were obtained consecutively during an observing night.
 See ht tps://cheops-archive.ast ro.unige.ch/ar chive browser /. 

https://www.cosmos.esa.int/web/cheops-guest-observers-programme/ao-1-programmes
https://cheops-archive.astro.unige.ch/archive_browser/


Three KELTs as seen by CHEOPS and TESS 2825 

Figure 1. The 200 × 200 pixels subarrays of the target stars. The background stars were remo v ed from the field of view. We can see the typical CHEOPS shape 
of stars. The point spread function is deliberately defocused to spread the flux o v er a number of pixels. In this way, the telescope is less sensitive to inter-pixel 
v ariation and dif ferences in flat fielding, just like other instruments. The distortion, i.e. the triangular shape, is due to the way in which the primary mirror is 
supported. For more details see Benz et al. ( 2021 ). 

Table 3. Log of spectroscopic observations of KEL T -17, KEL T -19A, and 
KEL T -21 (sorted by the targets). The table shows the time interval of obser- 
vations and the signal-to-noise ratio ( S / N ) of the combined spectra at 5500 Å. 
The S / N was calculated as S /N = 

√ 

( S /N ) 1 2 + ( S /N ) 2 2 + ( S /N ) 3 2 , where 
( S / N ) n is the signal-to-noise ratio of individual spectra. 

Start date [UTC] End date [UTC] S / N 

KEL T -17 
2020-02-20 21:40:23 2020-02-20 22:28:27 46.5 
2020-03-05 19:20:11 2020-03-05 20:08:10 30.3 
2020-03-17 20:39:25 2020-03-17 21:27:24 42.8 
2020-11-25 03:19:07 2020-11-25 04:07:07 38.0 
2021-01-11 02:41:40 2021-01-11 03:29:40 38.0 
2021-01-31 21:49:15 2021-01-31 22:37:16 48.7 
2021-02-20 22:11:30 2021-02-20 22:59:29 44.6 
2021-02-22 21:09:22 2021-02-22 21:57:22 40.5 

KEL T -19A 

2020-02-08 21:17:29 2020-02-08 22:05:29 38.5 
2020-02-20 19:44:45 2020-02-20 20:33:33 30.9 
2020-03-17 19:06:11 2020-03-17 19:54:11 31.3 
2020-12-02 01:23:02 2020-12-02 02:11:02 38.3 
2020-12-13 00:35:12 2020-12-13 01:23:12 40.2 
2020-12-19 23:42:37 2020-12-20 00:30:37 44.5 
2021-01-10 23:54:41 2021-01-11 00:42:40 30.0 
2021-02-21 18:44:05 2021-02-21 19:32:06 37.5 
2021-02-22 19:33:07 2021-02-22 20:21:08 29.9 

KEL T -21 
2020-07-05 22:30:27 2020-07-05 23:18:28 25.8 
2020-07-30 22:40:10 2020-07-30 23:28:05 17.3 
2020-08-01 22:32:39 2020-08-01 23:15:38 23.2 
2020-08-12 22:56:31 2020-08-12 23:44:32 27.7 
2020-09-14 20:33:48 2020-09-14 21:21:48 24.3 
2020-10-28 16:31:23 2020-10-28 17:19:23 22.5 
2020-11-09 17:46:08 2020-11-09 18:36:14 29.1 
2020-11-10 17:04:23 2020-11-10 17:52:24 27.6 
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ore details about the spectroscopic observations can be found in 
he observations log (see Table 3 ). 

The raw spectra were reduced using IRAF package tasks, LINUX 
hell scripts, and FORTRAN programs similarly, as it was described in 
ribulla et al. ( 2015 ) and in Garai et al. ( 2017 ). In the first step, master
ark frames were produced. In the second step, the photometric 
alibration of the frames was done using dark and flat-field frames.
ad pixels were cleaned using a bad pixel mask, and cosmic hits
ere remo v ed using the program of Pych ( 2004 ). Order positions
ere defined by fitting Chebyshev polynomials to tungsten lamp 
nd blue LED spectrum. In the following step, scattered light was
odelled and subtracted. Aperture spectra were then extracted for 

oth object and ThAr frames, and then the resulting 2D spectra were
ispersion-solved. Two-dimensional spectra were finally combined 
o 1D spectra rebinned to 4250–7375 Å wavelength range with a 
.05 Å step, i.e. about two to four times the spectral resolution. 
The obtained 1D spectra were combined to increase the signal- 

o-noise ratio using iSpec 9 (Blanco-Cuaresma et al. 2014 ; Blanco- 
uaresma 2019 ). As first, three consecutive spectra of the same
ight were combined with the assumption that there is no substantial
ifference (Doppler shift) between them. For the following steps, we 
sed these averaged (median) spectra. We shifted all of the spectra
KEL T -17–8 spectra, KEL T -19A–9 spectra, KEL T -21–8 spectra) into
he rest frame combined the barycentric correction and the intrinsic 
adial velocity correction into one step applying the ISPEC cross- 
orrelation routine. We cross-correlated the spectra with a template 
rom the Munari et al. ( 2005 ) synthetic spectrum library. According
o the literature values for the stellar parameters, i.e. the effective
emperature, the surface gravity, and metallicity (Zhou et al. 2016 ;
ohnson et al. 2018 ; Siverd et al. 2018 ), all three host stars are very
imilar, therefore we selected the template file from the spectrum 

ibrary, which corresponds to T eff = 7500 K, log g = 4.0 cgs, and
M/H] = −0.5 dex. After shifting the spectra into the rest frame we
veraged them via median into a final spectrum per object with
etting the resolution to R = 20 000 (average resolution of the
pectrograph), and setting the sampling to 0.05 Å. We then corrected
or the depression between 4800 and 5540 Å (KEL T -17 and KEL T -
9A), and slightly shifted the o v erall continuum level upward with a
alue of about 0.02 to set it to be 1.0 as much as possible. In this way,
e obtained the final averaged spectra for the host stars, which we

urther analysed to obtain basic stellar parameters (see Section 3 ). 

 STELLAR  PA R A M E T E R S  F RO M  SPECTRA  

.1 Data analysis 

e tried to fit the final averaged spectra with several spectral
ynthesis softwares, but only the FASMA 10 code (Andreasen et al. 
017 ; Tsantaki et al. 2018 ) led to reasonable results. This could
MNRAS 513, 2822–2840 (2022) 
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Figure 2. Selected BFs of the host stars, smoothed differently, according to the rotational velocities. The radial velocities are barycentric. The secondary 
component KEL T -19B is well visible as a narrow peak on top of the broad profile of the primary component KEL T -19A. 
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Table 4. An o v erview of the stellar parameters obtained from the spectra of 
KEL T -17, KEL T -19A, and KEL T -21, compared to the previously published 
parameters. 

Parameter [unit] This work Zhou et al. ( 2016 ) 

KEL T -17 
M ∗ [ M �] – 1.635 ± 0.066 
R ∗ [ R �] – 1.645 ± 0.060 
I ∗ [deg] – 94 ± 10 
T eff [K] 7109 ± 252 7454 ± 49 
log g [cgs] 4.28 ± 0.39 4.220 ± 0.024 
Fe/H [dex] −0.08 ± 0.12 −0.018 ± 0.074 
v mic [km s −1 ] 3.31 ± 0.35 –
vsin I ∗ [km s −1 ] 48.49 ± 0.15 44.2 ± 1.5 
Parameter [unit] This work Siverd et al. ( 2018 ) 

KEL T -19A 

M ∗ [ M �] – 1.62 ± 0.25 
R ∗ [ R �] – 1.830 ± 0.099 
T eff [K] 6643 ± 391 7500 ± 110 
log g [cgs] 3.56 ± 0.63 4.127 ± 0.029 
Fe/H [dex] −0.38 ± 0.21 −0.12 ± 0.51 
v mic [km s −1 ] 2.62 ± 0.42 –
vsin I ∗ [km s −1 ] 86.36 ± 0.21 84.8 ± 2.0 
Parameter [unit] This work Johnson et al. ( 2018 ) 

KEL T -21 

M ∗ [ M �] – 1.458 ± 0.029 
R ∗ [ R �] – 1.638 ± 0.034 
T eff [K] 8210 ± 771 7598 ± 84 
log g [cgs] 4.53 ± 1.12 4.173 ± 0.015 
Fe/H [dex] −0.19 ± 0.36 −0.405 ± 0.033 
v mic [km s −1 ] 0.68 ± 1.08 –
vsin I ∗ [km s −1 ] 141.9 ± 2.4 146.03 ± 0.48 
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e due to the relatively high temperature of the host stars. The
pectral synthesis softwares, e.g. SPECTRUM (Gray & Corbally 1994 ),
SPEC (Blanco-Cuaresma et al. 2014 ; Blanco-Cuaresma 2019 ), or
ME (Valenti & Piskunov 1996 ), work more ef fecti vely for the
pectra with T eff between 5000 and 6000 K. The spectroscopic
nalysis in the FASMA software is based on the spectral synthesis
echnique using the radiative transfer code MOOG . 11 The model
tmospheres are generated by the ATLAS9 program 

12 (M ́esz ́aros
t al. 2012 ), and all grids are based on 1D atmosphere in LTE.
ASMA includes the parameter optimization procedure based on the
evenberg–Marquardt algorithm. Uncertainties on fitted parameters
re estimated applying the covariance matrix method, see Gonzalez &
aws ( 2000 ) and Gonzalez & Vanture ( 1998 ). 
The software offers the option to the user either to provide initial

uesses for the parameters or set the spectral type and luminosity
lass of the star. We used the first option and set the starting
arameters as follows. Since the host stars are very similar, we
niformly set the ef fecti ve temperature ( T eff = 7500 K), the surface
ravity (log g = 4.0 cgs), metallicity ([Fe/H] = 0.0 dex), and the
tellar microturbulent velocity ( v mic = 1.0 km s −1 ). The stellar
acroturbulent velocity was fixed during the analysis to the value

f v mac = 0.0 km s −1 , which is justified by the radiative envelopes
f A-type stars and by the definition of the macroturbulent velocity
n FASMA , which describes the motion in larger atmospheric cells
Tsantaki et al. 2018 ). We did not adjust the projected rotational
elocity during the analysis, as well. This parameter was derived
ased on the BF technique (Rucinski 1992 ) and then we adopted
nd fixed. Examples of BFs are depicted in the panels of Fig. 2 .
or KEL T -17 we obtained vsin I ∗ = 48.49 ± 0.15 km s −1 , in the
ase of KEL T -19A we got vsin I ∗ = 86.36 ± 0.21 km s −1 , and for
EL T -21 we derived vsin I ∗ = 141.9 ± 2.4 km s −1 . In the latter

ase we used 99 km s −1 in the software, because this is the possible
pper limit in FASMA . If vsin I ∗ is set to zero at the start of the fitting
rocess, it will increase systematically at each step until it reaches
he numerical limit of the program, so it would probably be closer to
he true value of about 141 km s −1 if the program did not have this
imit. We tested the effect of this constraint on the fitted parameters
uring calculations, where the vsin I ∗ parameter was fixed to the
alues of 50, 60, 70, 80, 90, and 99 km s −1 . We found that vsin I ∗ >

0 km s −1 has negligible effect on the fitted parameters. Finally, we
an note that the procedure is relatively independent from the initial
onditions and the starting parameters affect only the computing time
f the fitting procedure. 
NRAS 513, 2822–2840 (2022) 

1 See https:// www.as.utexas.edu/ ∼chris/moog.html . 
2 See http:// research.iac.es/ proyecto/ATLAS-APOGEE/ . 
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.2 Results of target spectroscopy 

he obtained parameters are summarized and compared to the
reviously published parameters in Table 4 . We briefly discuss these
arameters in the following subsections. The observed and averaged
tellar spectra, o v erplotted with the synthetic spectra are depicted in
he Figs 3 and 4 . 

.2.1 KELT-17 

EL T -17 has a mass of 1.635 ± 0.066 M � and a radius of
.645 ± 0.060 R � (Zhou et al. 2016 ). Based on an independent
ifferential rotation analysis, presented by Zhou et al. ( 2016 ), there
s some information about the stellar inclination of KEL T -17. They
ound I ∗ = 94 ± 10 deg, which means that the star is seen
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Figure 3. The final averaged spectrum of the host stars KEL T -17 (left-hand panel) and KEL T -19A (right-hand panel), o v erplotted with the synthetic spectrum. 
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Figure 4. As in Fig. 3 , but for KEL T -21. 
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early equator-on. Using the FASMA code we obtained the stellar 
arameters of T eff = 7109 ± 252 K, log g = 4.28 ± 0.39 cgs, [Fe/H]
 −0.08 ± 0.12 dex, and v mic = 3.31 ± 0.35 km s −1 , which are

n a 3 σ agreement with the previously derived stellar parameters, 
btained by Zhou et al. ( 2016 ). 

.2.2 KELT-19A 

s noted in Section 1 , KEL T -19 is a visual double star. The host star
s the primary component KEL T -19A, which has peculiar abundance 
attern that is indicative of it belonging to the class of metallic-
ine mean sequence Am stars (Siverd et al. 2018 ). It has a mass
f 1.62 ± 0.25 M � and a radius of 1.830 ± 0.099 R � as derived
y the disco v erers. Since the star rotates faster than KEL T -17, the
arameters are determined less precisely than in the previous case. 
oreo v er, spectrum of KEL T -19A includes light contamination from

he companion star KEL T -19B, which is a cooler G-, or K-type
ean sequence star. This means a possible systematic bias, even 

f the secondary component contributes with a very low signal to 
he composite spectrum. The light contribution of the companion 
epends on the seeing conditions. Its parameters are quite uncertain, 
hus difficult to disentangle the spectrum. These conditions allowed 
s to obtain the following stellar parameters with FASMA : T eff =
643 ± 391 K, log g = 3.56 ± 0.63 cgs, [Fe/H] = −0.38 ± 0.21
ex, and v mic = 2.62 ± 0.42 km s −1 . The parameters are in a 3 σ
greement to those of derived by Siverd et al. ( 2018 ). 

.2.3 KELT-21 

EL T -21 was also analysed using the FASMA software. This is the most
apid rotator in our sample, therefore several stellar parameters are 
etermined poorly, or with a more than 3 σ difference in comparison
ith the previously derived parameters, obtained by Johnson et al. 

 2018 ). KEL T -21 is metal poor, which is unusual for relatively young
ot stars (Johnson et al. 2018 ). Adaptive optics imaging reveal two
ikely companions of KEL T -21 in the projected distance of about 1.2
rcsec, but the possible KEL T -21B and KEL T -21C companions are
uch fainter than KEL T -21. The contrast is about 7.3 mag, hence

hey should have a negligible effect on the spectrum of the host star.
he main problem at this star, which affects the stellar synthesis, is

he rapid rotation with vsin I ∗ = 141.9 ± 2.4 km s −1 . Other derived
tellar parameters are T eff = 8210 ± 771 K, log g = 4.53 ± 1.12 cgs,
Fe/H] = −0.19 ± 0.36 dex, and v mic = 0.68 ± 1.08 km s −1 . The mass
f the star is 1.458 ± 0.029 M � and its radius is 1.638 ± 0.034 R �
Johnson et al. 2018 ). 

 SYSTEM  PA R A M E T E R S  F RO M  CHEOPS 

RANSI TS  

.1 Individual transit analysis 

o derive the system parameters, we used the dedicated CHEOPS 
ransit analysis software called PYCHEOPS 13 (Maxted et al. 2022 ). 
his PYTHON 14 package includes downloading, visualizing, and 
ecorrelating CHEOPS data, fitting transits, and eclipses of ex- 
planets, and calculating light curve noise. We first cleaned the 
ight curves from outlier data points using the PYCHEOPS built-in 
unction clip outliers , which remo v es outliers from a data set
y calculating the mean absolute deviation (MAD) from the light 
urve following median smoothing, and rejects data greater than the 
moothed data set plus the MAD multiplied by a clipping factor. The
lipping factor equal to five was reasonable in our cases, which we
hecked visually. The next step was the roll angle effect subtraction.
MNRAS 513, 2822–2840 (2022) 
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n order to keep the cold plate radiators facing away from the Earth,
he spacecraft rolls during its orbit. This causes that the field of
iew rotates around the pointing direction. The target star remains
tationary within typically a pixel, but the rotation of the field of
iew produces a variation of its flux from the nearby sources in
hase with the roll angle of the spacecraft (Bonfanti et al. 2021 ). At
xoplanet transits this is usually a small fraction of the total flux, in a
orm of short-term, non-astrophysical flux trends – waves or bumps.
his rolling effect is not corrected by the DRP, but it is possible to
erform this correction using the PYCHEOPS function called decorr .
y this ‘derolling’ procedure the RMS of the light-curve residuals
ecreased by about 30–50 ppm. Subsequently, the residuals were
isually checked against the roll angle to ensure that the removal of
olling systematics has been done properly. Using this function it is
ossible to model first-, second-, or third-order trends in the flux o v er
ime, x or y centroid, roll angle, background, or contamination. After
he decorrelation process the data are ready for model fitting. 

We first fitted the transit light curves individually. The PYCHEOPS
ackage uses the qpower2 transit model with the power-2 limb-
arkening law (Maxted 2018 ; Maxted & Gill 2019 ). Transit models
re constructed using the following transit parameters: the orbital
eriod P orb , the mid-transit time T c , the transit depth D , which is
efined as D = ( R p / R s ) 2 , where R p / R s is the planet-to-star radius
atio, the transit width W (in phase units), the impact parameter
 (in units of stellar radius), which is defined as b = a cos i / R s ,
here a is the semimajor axis of the planet’s orbit and i is the
rbit inclination angle with respect to the plane of the sky, the flux
caling factor c , the limb-darkening coefficients h 1 and h 2 , and the
rbital eccentricity and longitude of periastron components f c =
 cos ω / 

√ 

e and f s = e sin ω / 
√ 

e , where e is the eccentricity and ω
s the longitude of periastron. Several decorrelation parameters are
lso used. During the individual transit analysis we fixed the orbital
eriod P orb using the already published literature values (Zhou et al.
016 ; Johnson et al. 2018 ; Siverd et al. 2018 ). We also did not adjust
he limb-darkening coefficient h 2 , which was interpolated from the
tellar parameters ( T eff , log g , and Fe/H), tabulated in the SWEET-
at data base (Santos et al. 2013 ) using the ATLAS model, see
.g. Claret ( 2018 ). We note that prior this treatment we ran several
est modellings with h 2 allowed to float, however, we al w ays got
nphysical fitted coefficient far from the interpolated value and the
orresponding fit was inappropriate. Very probably this is due to the
igh T eff of the planet hosts. Finally, we decided to keep fixed this
oefficient, which reflects the average temperatures of the stars. The
verage temperatures are closer to the lowest temperature, because
he polar star regions, where is the highest ef fecti ve temperature,
ave the smallest area. We assumed circular orbit for KEL T -17b,
EL T -19Ab, and KEL T -21b, thus the f c and f s parameters were set

o zero. Other parameters were freely adjusted. 
The final parameters were derived using a Markov chain Monte

arlo (MCMC) methodology. The software PYCHEOPS does this
y utilizing the affine invariant sampler PYTHON package EMCEE 15 

F oreman-Macke y et al. 2013 ) to sample the posterior probability
istribution of fitting the constructed transit model to the data. The
est-fitting values from the qpower2 analysis are used as priors for
he EMCEE sampler function. The sampler has built-in functionality
o fit and remo v e correlated stellar noise using a Gaussian process
egression method from the CELERITE2 16 package (Kallinger et al.
014 ; F oreman-Macke y et al. 2017 ; Barros et al. 2020 ). The regres-
NRAS 513, 2822–2840 (2022) 

5 See https:// emcee.readthedocs.io/en/ stable/ . 
6 See ht tps://celerite.readt hedocs.io/en/stable/. 
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ion is done by using a SHOTerm plus JitterTerm kernel, with
 fixed quality factor Q = 1 / 

√ 

2 , implemented in the CELERITE2
ackage. It uses log σ (free), log Q (fixed), log ω 0 (free), and log S 0 
free) hyperparameters with bounds on the values of these parameters
o be inputted by the user. We first fixed the transit shape, i.e.
he parameters D , W , and b , and the mid-transit time T c from the
nitial qpower2 fit and set free the three hyperparameters for a
reliminary MCMC analysis. The posteriors of the hyperparameters
btained from this analysis were used to define the priors for the
ext MCMC analysis as twice the uncertainty computed from the
osterior distribution. Finally, we ran the MCMC analysis again
ith free transit model parameters and free hyperparameters. 

.2 Joint transit analysis 

o combine the best-fitting results obtained from the individual
HEOPS light curves and to get final parameters of the exoplanet

ystems, we performed a joint analysis of the data set per object using
he PYCHEOPS package. Because the observations were obtained at

ultiple epochs, in this case we fitted not only the transit shape,
.e. the parameters D , W , and b , and the mid-transit time T c , but
lso the orbital period P orb of the planet. As during the individual
nalysis, we fitted only the limb-darkening coefficient h 1 and fixed
 2 as interpolated from the stellar parameters, and we also fixed the f c 
nd f s parameters to zero. We also used the decorrelation parameters
f each single visit, and the Gaussian process regression method
rom the CELERITE2 package, with the common hyperparameters
f log ω 0 and log S 0 . The priors on the hyperparameters were
etermined as the average (with error propagation) of the single-
isit hyperparameters. We note that in the joint transit analysis
ode, the roll angle model is not part of the detrending model as in

he individual transit analysis mode. The detrending parameters of
he roll angle (and its harmonics) are treated as nuisance parameter
Luger, F oreman-Macke y & Hogg 2017 ) and they are marginalized
way as a CELERITE2 CosineTerm kernel added to the covariance
atrix. This method implicitly assumes that the roll angle is a linear

unction of time for each visit. The results obtained from this joint
ransit analysis are presented in Section 4.3 . 

As the next step we took the best-fitting parameters of T c and
 orb from the joint analysis and used them as fixed parameters for
alculating TTVs based on the joint model. In this case the PYCHEOPS
oftware fits the transit shape as previously during the joint transit
nalysis, but in addition, it also fits the deviation � T 0, n for the n -th
isit from the calculated individual mid-transit time. The observed
id-transit time T 0, n is defined based on the linear ephemeris as: 

 0 , n = T c + P orb × E + �T 0 , n , (1) 

here E is the epoch of observation, i.e. the number of the orbital
ycle. The fitted � T 0, n value corresponds to the observed-minus
alculated (O-C) value of mid-transit time, which is a very ef fecti ve
ool to reveal TTVs of planets through the O-C diagram. The
HEOPS space telescope can be used for this purpose as it was

ecently discussed by Borsato et al. ( 2021 ). The transit timing
nalysis of the data is detailed in Section 6.2 . 

.3 Ov er view and discussion of the refined system parameters 

e summarize the fitted and derived parameters of the planetary
ystems in Table 5 . We also present the previously published param-
ters for easy comparison. The phase-folded transit light curves of
he exoplanets KEL T -17b, KEL T -19Ab, and KEL T -21b, o v erplotted
ith the best-fitting PYCHEOPS models are presented in Figs 5 and 6 . 
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Table 5. An o v erview of the PYCHEOPS best-fitting and derived parameters of the exoplanets KEL T -17b, KEL T -19Ab, and KEL T -21b obtained from the CHEOPS 
photometry, compared to the previously published parameters. Notes: 1 The closest mid-transit time to the mid-point of the CHEOPS data set; 2 Adopted from 

literature; 3 Derived based on K = 131 ± 29 m s −1 (Zhou et al. 2016 ). 4 Derived based on K < 352 m s −1 (Siverd et al. 2018 ). 5 Derived based on K < 400 m s −1 

(Johnson et al. 2018 ). The best-fitting P orb values are preliminary, see Section 6.2 for impro v ed values. 

Parameter [unit] Prior This work Zhou et al. ( 2016 ) 

KEL T -17b 
T c [BJD TDB ] N (2459215.9375, 0.0004) 1 2459215.937950 ± 0.000086 2457226.14219 ± 0.00033 
P orb [d] N (3.0801718, 0.0000053) 2 3.0801724 ± 0.0000047 3.0801718 ± 0.0000053 
D N (0.0085, 0.0001) 0.008482 ± 0.000049 0.00907 ± 0.00017 
W (in phase units) N (0.047, 0.001) 0.04691 ± 0.00013 0.04701 ± 0.00045 
b (in units of stellar radius) N (0.60, 0.03) 0.587 ± 0.011 0.570 ± 0.035 
h 1 N (0.79, 0.10) 0.7657 ± 0.0094 –
h 2 (fixed) 0.557 0.557 –
R p / R s – 0.0921 ± 0.0011 0.09526 ± 0.00088 
a / R s – 6.246 ± 0.077 6.38 ± 0.18 
R p [R Jup ] – 1.507 ± 0.055 1.525 ± 0.065 
M p [M Jup ] – 1.31 ± 0.29 3 1.31 ± 0.29 
log g p – 3.154 ± 0.099 3.14 ± 0.11 
ρp [g cm 

−3 ] – 0.47 ± 0.11 0.46 ± 0.12 
Parameter [unit] Prior This work Siverd et al. ( 2018 ) 

KEL T -19Ab 

T c [BJD TDB ] N (2459218.1780, 0.0005) 1 2459218.17799 ± 0.00013 2457281.24953 ± 0.00036 
P orb [d] N (4.6117093, 0.0000088) 2 4.6117105 ± 0.0000077 4.6117093 ± 0.0000088 
D N (0.0100, 0.0002) 0.009702 ± 0.000061 0.01148 ± 0.00020 
W (in phase units) N (0.038, 0.001) 0.03791 ± 0.00010 0.03970 ± 0.00032 
b (in units of stellar radius) N (0.55, 0.03) 0.499 ± 0.018 0.601 ± 0.030 
h 1 N (0.79, 0.10) 0.8064 ± 0.0087 –
h 2 (fixed) 0.542 0.542 –
R p / R s – 0.0985 ± 0.0010 0.10713 ± 0.00092 
a / R s – 8.213 ± 0.088 7.50 ± 0.20 
R p [R Jup ] – 1.794 ± 0.097 1.91 ± 0.11 
M p [M Jup ] – < 4.10 4 < 4.07 
log g p – < 3.61 < 3.44 
ρp [g cm 

−3 ] – < 1.30 < 0.744 
Parameter [unit] Prior This work Johnson et al. ( 2018 ) 

KEL T -21b 

T c [BJD TDB ] N (2459055.3524, 0.0001) 1 2459055.352380 ± 0.000086 2457382.640727 ± 0.00041 
P orb [d] N (3.6127647, 0.0000033) 2 3.6127640 ± 0.0000031 3.6127647 ± 0.0000033 
D N (0.0100, 0.0001) 0.009757 ± 0.000054 0.00990 ± 0.00014 
W (in phase units) N (0.047, 0.001) 0.04722 ± 0.00013 0.04734 ± 0.00025 
b (in units of stellar radius) N (0.40, 0.01) 0.4044 ± 0.0095 0.423 ± 0.039 
h 1 N (0.80, 0.10) 0.7627 ± 0.0089 –
h 2 (fixed) 0.569 0.569 –
R p / R s – 0.0987 ± 0.0011 0.09952 ± 0.00073 
a / R s – 6.885 ± 0.081 6.86 ± 0.13 
R p [R Jup ] – 1.610 ± 0.034 1.586 ± 0.040 
M p [M Jup ] – < 3.70 5 < 3.91 
log g p – < 3.32 < 3.59 
ρp [g cm 

−3 ] – < 1.18 < 1.24 
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.3.1 KELT-17b 

ased on the CHEOPS observations, the planet KEL T -17b is a close-
n hot Jupiter with an orbital period of P orb = 3.0801724 ± 0.0000047
. The orbital period was impro v ed further in Section 6.2 . It is
 massive, inflated planet, its mass is M p = 1.31 ± 0.29 M Jup 

nd its radius is R p = 1.507 ± 0.055 R Jup , which gives the
lanet density of ρp = 0.47 ± 0.11 g cm 

−3 . This value is only
bout 35 per cent of the Jupiter’s density. Based on the CHEOPS
easurements the planet body seems to be smaller in comparison 
ith the value presented by the disco v erers. The fitted transit depth

s D = 0.008482 ± 0.000049. Zhou et al. ( 2016 ) obtained the
ransit depth of D = 0.00907 ± 0.00017, which is about 3.4 σ
ifference. The planet-to-star radius ratio parameter was derived 
rom the transit depth, giving the value of R p / R s = 0.0921 ± 0.0011.
his is almost 3 σ difference in comparison with the value of
 p / R s = 0.09526 ± 0.00088, presented by the disco v erers. This

s an interesting result, suggesting that the planet is not so inflated
s found before. On the other hand, this also could be due either
o the difference in spectral response of the applied detectors, or
he reason could be a parameter de generac y between D and b . The
isadvantage of CHEOPS observations from this viewpoint is the 
ack of multicolour data. Other fitted and derived parameters are in
MNRAS 513, 2822–2840 (2022) 
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Figure 5. Phase-folded CHEOPS transit light curves of KEL T -17b (left-hand panel) and KEL T -19Ab (right-hand panel), o v erplotted with the best-fitting 
PYCHEOPS models. Residuals are also shown (bottom panels). During the joint modelling procedure all individual CHEOPS light curves were combined and 
fitted simultaneously. 
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Figure 6. As in Fig. 5 , but for KEL T -21b. 
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17 Converting the value of b = 0.499 ± 0.018, obtained based on the CHEOPS 
data, to orbit inclination angle gives i = 86.17 ± 0.14 deg. 
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 3 σ agreement with the disco v ery paper, but we impro v ed sev eral
arameter values in comparison with Zhou et al. ( 2016 ), for example
n the case of a / R s with a factor of 2.3, or in the case of T c with a
actor of 3.8. 

.3.2 KELT-19Ab 

EL T -19Ab is a close-in giant hot-Jupiter-type planet with an orbital
eriod of P orb = 4.6117105 ± 0.0000077 d (see Section 6.2 for the
mpro v ed value). This parameter value was derived based on the
our CHEOPS observations and it is in a 3 σ agreement with the
rbital period found by the disco v erers. Other fitted parameters are,
o we ver, significantly dif ferent in comparison with the parameter
alues presented by Siverd et al. ( 2018 ). This indicates that the
arameter de generac y between D and b as the reason for this
iscrepancy is less probable. The transit is shallower, we obtained
 transit depth of D = 0.009702 ± 0.000061, which is almost 9 σ
ifference in comparison with the previously obtained value of D =
.01148 ± 0.00020. Consequently, the planet body is also smaller,
he derived parameter R p / R s is 0.0985 ± 0.0010, where is about 8.6 σ
ifference in comparison with the value presented by the disco v erers.
ote that we could not refine only this parameter using CHEOPS
bservations. The obtained impact parameter is also very different,
NRAS 513, 2822–2840 (2022) 
.e. we obtained b = 0.499 ± 0.018, while Siverd et al. ( 2018 )
erived b = 0.601 ± 0.030, which differs by about 3.4 σ from our
alue. The scaled semimajor axis a / R s also seems to be significantly
arger by about 3.5 σ . The telescope rotation cannot cause such a
iscrepancy, mainly because the rolling effect is too small, moreo v er,
ecause the observed flux was decorrelated against the roll angle. The
ass of the planet is not constrained well due to the scatter in the

isco v ery radial v elocity measurements, as well as the parameters
erived from the planet mass are only upper limited (see Table 5 ).
he last parameter, i.e. the transit width W (the transit duration) is
iscussed in Section 6.1 . 
Yang, Chary & Liu ( 2022 ) recently reported on results of a follow-

p photometry observation of three exoplanets, including KEL T -
9Ab, using precise TESS data. Yang et al. ( 2022 ) analysed 2-min
adence data of KEL T -19Ab and they corrected the contamination
oming from the field stars using the Gaia data base (Gaia Collabo-
ation 2018 ). The authors derived the following system parameters:
 p / R s = 0.09955 ± 0.00074, i = 88.9 ± 0.7 deg, and a / R s =
.10 ± 0.19. We can see that the planet-to-star radius ratio value
erived from the TESS data is comparable with the R p / R s value
btained based on the CHEOPS measurements (the difference is
bout 1 σ ). On the other hand, the orbit inclination angle value 17 i
nd the scaled semimajor axis value a / R s is significantly different
rom the CHEOPS -based values. 

Furthermore, we reanalysed the mentioned TESS 2-min cadence
ata set of KEL T -19Ab using the RMF code, as it is described in Sec-
ion 6.1 . We got R p / R s = 0.09550 ± 0.00030, i = 87.65 ± 0.36 deg,
nd a / R s = 8.70 ± 0.17 . These results also indicate that the size of
EL T -19Ab is smaller than originally derived by the disco v erers and

hat its orbital parameters are different, too. 

.3.3 KELT-21b 

EL T -21b is a hot-Jupiter-type planet with an orbital period of
 orb = 3.6127640 ± 0.0000031 d, impro v ed further in Section 6.2 ,
rbiting the host KEL T -21, which is the most rapidly rotating star
o host a transiting planet. Based on the newly obtained spectra

art/stac1095_f5.eps
art/stac1095_f6.eps


Three KELTs as seen by CHEOPS and TESS 2831 

Table 6. An o v erview of the RMF best-fitting parameters of the exoplanets KEL T -17b, KEL T -19Ab, and KEL T -21b obtained from the CHEOPS photometry 
and using the gravity-darkening approach of Espinosa Lara & Rieutord ( 2011 ). Notes: 1 The closest mid-transit time to the mid-point of the CHEOPS data 
set. 2 Based on pycheops results. 3 Assuming circular orbit. 4 Based on the literature values (Zhou et al. 2016 ; Johnson et al. 2018 ; Siverd et al. 2018 ). 
5 Minimum value, assuming I ∗ = 90 deg. 6 Unknown parameter, assuming I ∗ = 90 deg. 

Parameter [unit] KEL T -17b KEL T -19Ab KEL T -21b 

T c [BJD TDB ] 1 2459215.937912 ± 0.000073 2459218.17800 ± 0.00012 2459055.35251 ± 0.00016 
P orb [d] (fixed) 2 3.0801724 4.6117105 3.6127640 
i [deg] 84.780 ± 0.071 88.66 ± 0.33 87.19 ± 0.13 
R s / a 0.15952 ± 0.00068 0.1100 ± 0.0014 0.14357 ± 0.00090 
R p / R s 0.09186 ± 0.00016 0.09640 ± 0.00021 0.09551 ± 0.00016 
e (fixed) 3 0.0 0.0 0.0 
ω [de g] (fix ed) 3 90.0 90.0 90.0 
λ [deg] (0 deg if aligned; fixed) 4 244.0 180.3 354.4 
d i /d t [deg d −1 ] (fixed) 0.0 0.0 0.0 
�/ �crit (fixed) 5 0.113 0.230 0.394 
I ∗ [de g] (fix ed) 6 90.0 90.0 90.0 
l norm 

1.0000750 ± 0.0000010 1.0000740 ± 0.0000010 1.0000760 ± 0.0000010 
l 3 (fixed) 0.0 0.0 0.0 

Table 7. Log of TESS observations of KELT17b, KELT-19Ab, and KELT- 
21b used in our analysis. The table shows time interval of observations, 
number of observed transits, and number of data points obtained from the 
TESS data base. 

Target Time interval of observations Transits Data points 

KEL T -17 2021-10-12–2021-12-30 22 47 411 
KEL T -19A 2019-01-07–2019-02-02 4 16 362 
KEL T -21 2021-07-23–2021-08-20 8 18 322 
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see Section 2.2 ) we derived the vsin I ∗ = 141.9 ± 2.4 km s −1 , but
ohnson et al. ( 2018 ) presented a more precise value of vsin I ∗ =
46.03 ± 0.48 km s −1 . The disco v erers announced a pair of faint
tars at a projected separation of 1.2 arcsec from the host, which
ould be a pair of stars bound with KEL T -21 in a triple system. If
onfirmed in the future, the KEL T -21 system would be very unique,
ith two M dwarfs and a fast-rotating A-type planet host. 
Based on the CHEOPS observations we significantly impro v ed 

he system parameters (except for the planet-to-star-radius ratio 
 p / R s parameter) in comparison with Johnson et al. ( 2018 ), e.g.

he impact parameter b with a factor of 4.1, or the mid-transit
ime T c with a factor of 4.7. Every parameter derived based on the
HEOPS observations is in a 3 σ agreement with the corresponding 
arameter value presented by the disco v erers. Based on the impro v ed
arameters, KEL T -21b is a massive Jupiter-sized planet with R p =
.610 ± 0.034 R Jup , transiting the host in a distance of a =
.885 ± 0.081 R s with the impact parameter of b = 0.4044 ± 0.0095,
ausing the transit depth of D = 0.009757 ± 0.000054. Due to the
arge scatter in the disco v ery radial velocity measurements, caused by 
apid rotation of KEL T -21, we can estimate only the upper limit on the
lanet’s mass as M p < 3.70 M Jup . Similarly, the derived parameters
f log g p < 3.32 cgs and ρp < 1.18 g cm 

−3 are also upper limited
nly, similarly as in the case of KEL T -19Ab (see Table 5 ). 

 T H E  CHEOPS TRANSIT  L I G H T  C U RV E S  

RO M  T H E  V I E W P O I N T  O F  SPIN-ORBIT  

ISALIGNMENT  

ossiter–McLaughlin effect (McLaughlin 1924 ; Rossiter 1924 ) 
bserv ations re vealed se veral spin-orbit misaligned planets, see 
.g. Narita et al. ( 2008 ), H ́ebrard et al. ( 2009 ), or Johnson et al.
 2011 ). This technique can determine only the sky-projected spin-
rbit misalignment angle λ; moreo v er, due to the rapid rotation of
arly-type stars the radial velocity measurements are challenging in 
hese cases. Therefore, at fast rotators the transit photometry method 
Barnes 2009 ) is used instead of radial velocities, if the data are
recise enough, see e.g. Szab ́o et al. ( 2011 ). The advantage of this
ethod is that it is also possible to derive the stellar inclination

 ∗, and thus the true misalignment (Barnes et al. 2011 ). Several
HEOPS observations were also used for this purpose, for example 

n Lendl et al. ( 2020 ). Since the effect of rapid rotation in transit
ight curves are maximized at short wavelengths (Barnes 2009 ), 
he advantage of the CHEOPS observatory compared, e.g. with 
he TESS telescope is the bluer spectral window of the CHEOPS
nstrument. 18 We also aimed at searching for photometric indicators 
f spin-orbit misalignment in the precise CHEOPS transit light curves 
f KEL T -17b, KEL T -19Ab, and KEL T -21b, therefore we tested the
btained CHEOPS data from the viewpoint of transit asymmetry. 
or this purpose we used the same DRP processed ‘OPTIMAL’ light
urves as in Section 4 . The data were detrended as it is described
n Section 4.1 , i.e. using the PYCHEOPS function decorr , where
ainly the rolling effect of the telescope is remo v ed, but in this

ase we did not use the Gaussian process regression method to
 v oid o v ercompensation of the light curv es (Borsato et al. 2021 ).
e wanted to preserve the possible transit asymmetry with this data 

reatment. 
The detrended CHEOPS transit data were analysed using the 
MF (Roche ModiFied) code. The software was prepared based on 

he ROCHE code, which is devoted to the modelling of multi-data set
bservations of close eclipsing binary stars, such as radial velocities 
nd multicolour light curves (Pribulla 2012 ). The RMF code was
lready used with success, e.g. in Szab ́o et al. ( 2020 ), where the spin-
rbit misaligned Kepler-13A system were reanalysed using Kepler 
nd TESS data. The software can simultaneously model multicolour 
ight curves, radial velocities, and BFs, or least-squares deconvolved 
ine profiles of binary stars and transiting exoplanets. Its modification 
o be used with the transiting exoplanets uses the Roche surface
eometry with the planet gravity neglected for the host star (rotation-
lly deformed shape) and spherical shape for the planet. The model
an handle eccentric orbits, misaligned rotational axes of the com- 
onents, stellar oblateness, gravity darkening due to rapid rotation 
MNRAS 513, 2822–2840 (2022) 
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sing the analytical approach of Espinosa Lara & Rieutord ( 2011 ), 19 

oppler beaming ef fect, adv anced limb-darkening description, and
hird light. The synthesis of the broadening functions assumes solid-
ody rotation. The synthesis of the observables is performed in
he plane of the sky using pixel elements. The ef fecti veness of the
ntegration is increased by the adaptive phase step being more fine
uring the eclipses/transits. 
The software uses the following parameters: the mid-transit time

 c , the orbital period P orb , the orbit inclination angle i with respect to
he plane of the sky, the ratio of the host radius to the semimajor axis
 s / a , the eccentricity e , the longitude of the periastron passage ω, the
ky-projected spin-orbit misalignment angle λ, the orbit inclination
ngle change rate d i /d t , the inclination angle of the stellar rotation
xis I ∗, the planet-to-star radius ratio R p / R s , the third light l 3 , defined
s l 3 /( l 1 + l 2 ), the light-curve normalization factor l norm 

, and the
atio of the stellar angular rotation velocity to the break-up velocity
/ �crit , which defines the rotationally deformed stellar shape and

he temperature distribution on the stellar surface, see equation ( 1 )
n Szab ́o et al. ( 2020 ). The stellar limb darkening is described
y the four-parameter model of Claret ( 2018 ) with the critical
oreshortening angle approach. The limb-darkening coefficients ( a 1 ,
 2 , a 3 , a 4 , and μcrit ) 20 were calculated for the CHEOPS passband
sing the same spherical PHOENIX-COND models as in Claret
 2018 ). The applied coefficients were linearly interpolated from
he calculated table for the local gravity and temperature for each
urface pixel, based on the already published Fe/H parameter values,
isted in Table 4 . This is important because the local gravity and
he ef fecti ve temperature v ary due to the stellar rotation. The local
alues of temperature were calculated using the approach of Espinosa
ara & Rieutord ( 2011 ) from the local gravity. The values of the
olar temperature and gravity were adjusted, so the mean value of
he surface distribution was close to the already published stellar
arameters of T eff and log g , presented in Table 4 . These coefficients
ere fixed during the fitting procedure. We also kept fixed the orbital
eriod based on the PYCHEOPS results, and the λ values as presented
n the literature (Zhou et al. 2016 ; Johnson et al. 2018 ; Siverd et al.
018 ). In addition, the eccentricity e was set to zero and the longitude
f the periastron passage ω was fixed at 90 deg, i.e. we assumed
ircular orbit of the exoplanets. We assumed no change in the orbit
nclination angle with time, i.e. we set d i /d t to zero. The parameter

/ �crit was calculated based on the stellar mass M ∗ and radius R ∗,
resented in the literature, see Table 4 , and then it was fixed during
he fitting procedure. We calculated the star’s polar radius based on its
ean radius using the equation (16) of Zahn, Ranc & Morel ( 2010 ).
ince I ∗ is unkno wn parameter, e ven in the case of KEL T -17 is very
ncertain, we assumed I ∗ = 90 deg, thus we could calculate only the
inimum value of �/ �crit . Finally, we also fix the l 3 parameter to

ero, because the third light contamination was remo v ed by the DRP.
We present the best-fitting RMF parameters of KEL T -17, KEL T -

9A, and KEL T -21 systems in Table 6 . The uncertainties in the fitted
arameters were derived based on the covariance matrix method.
he majority of the parameter values corresponds to the PYCHEOPS
arameter solutions within 3 σ . The phase-folded transit light curves
f the exoplanets are depicted in Figs 7 and 8 . We can see that
NRAS 513, 2822–2840 (2022) 

9 This model assumes that the latitudinal variation of T eff only depends on a 
ingle parameter, namely the ratio of the equatorial velocity to the Keplerian 
elocity (the gravity darkening exponent is removed). 
0 Parameter μ = cos θ , where θ is the so-called foreshortening angle, which 
s angle between the line of sight and a normal to the stellar surface. For μ < 

crit the stellar flux is assumed to be zero, see Claret ( 2018 ). 
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022
recision of the CHEOPS observations is insufficient to conclude on
pin-orbit misalignment of the planets. The point-to-point scatter is
oo big to detect the transit asymmetry in the data, which is about
0, 10, and 150 ppm for KEL T -17b, KEL T -19Ab, and KEL T -21b,
espectively. The RMF and PYCHEOPS models are close to each other
nd both satisfy the observations (see top panels in Figs 7 and 8 ). We
id not detect the expected wave shape in the residuals, even though
e binned the data points to highlight the possible asymmetry. This
o detection is due to the characteristics of the systems. We at least
onfirmed that the gravity-darkening effect is very low in these cases.
n the case of KEL T -17b (see Fig. 9 left-hand panel) the spin-orbit
isalignment angle is λ = 244.0 deg, which is in fa v our of the

ra vity-darkening effect, b ut on the other hand, the host star rotates
elati vely slo wly with vsin I ∗ = 48.49 ± 0.15 km s −1 . KEL T -19A
otates faster with vsin I ∗ = 86.36 ± 0.21 km s −1 , but the planet
EL T -19Ab is in a retrograde orbit regime (see Fig. 9 middle panel),
hich causes very low gravity-darkening effect. The third system

n our sample, KEL T -21, was the most promising due to the very
ast-rotating host star with vsin I ∗ = 141.9 ± 2.4 km s −1 , ho we ver
he low gravity-darkening effect is caused by the almost aligned orbit
egime of KEL T -21b (see Fig. 9 right-hand panel). We can conclude
hat more precise observations are needed to detect these fine effects
n the future. Furthermore, shorter wavelengths observations than the
HEOPS spectral window can make the detection easier. Finally, we

ested the effect of a change in the inclination angle of the stellar
otation axis I ∗ on the quality of the fit. We set free the I ∗ parameter
nd measured the quality of the fit when I ∗ is changing. The χ2 

arameter was used as a goodness-of-fit indicator. In the cases of
he relatively slowly rotating systems of KEL T -17 and KEL T -19A
t does not affect the quality of the fit, thus we could not draw any
onclusions for these systems. At the very fast-rotating KEL T -21
ystem there is an indication that the inclination angle of the stellar
otation axis is I ∗ ≈ 60 de g. We re gistered the lowest χ2 at this value,
nd the quality of the fit decreased both below and abo v e of this
nclination angle value. 

 SEARCH  F O R  T DV S  A N D  T T V S  IN  T H E  

YSTEMS  

DVs are possible in planetary systems with rapidly rotating host
tars. In the case of the ‘prototype’ Kepler-13A system the identified
ong-term TDV is caused by precession of the orbital plane of the ex-
planet Kepler-13Ab. The orbital precession is induced by oblateness
f the host star. Szab ́o et al. ( 2012 ) found that the duration of Kepler-
3Ab transits is gradually increasing with a rate of (1.14 ± 0.30) ×
0 −6 d c ycle −1 . Moreo v er, the authors suggested that the reason for
his variation is the expected change of the impact parameter with a
ate of d b /d t = −0.016 ± 0.004 yr −1 . Later, the orbital precession
as confirmed by Masuda ( 2015 ). Szab ́o et al. ( 2020 ) revisited the

mpact parameter change rate using available Kepler and TESS data,
nd found a value of d b /d t = −0.011 yr −1 . In this part of our work,
e also investigated the presence of long-term TDV in KEL T -17,
EL T -19A, and KEL T -21 systems, searching for possible orbital
recession. Based on equation (12) in Szab ́o et al. ( 2012 ) the orbital
recession probability is higher in the case of KEL T -17b, where λ =
44.0 deg, and lower in the cases of KEL T -19A and KEL T -21, where
early retrograde and aligned orbit was identified, respectively (Zhou
t al. 2016 ; Johnson et al. 2018 ; Siverd et al. 2018 ). 

TTVs were identified only in the case of a few hot Jupiters. The
ain reason for these variations is the suspected outer companions,

.e. planets and brown dwarfs, see for example Dawson et al. ( 2012 ),
ascimbeni et al. ( 2013 ), Maciejewski et al. ( 2013 ), Knutson et al.
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Figure 7. Phase-folded transit light curves of KEL T -17b (top left-hand panel) and KEL T -19Ab (top right-hand panel), o v erplotted with the best-fitting 
RMF models. The corresponding residuals are also shown (middle panels). The graphs were cropped to focus on transit events, where the asymmetry is expected. 
The best-fitting PYCHEOPS transit models (top panels) and residuals (bottom panels) are copied here for comparison purposes. The residuals were binned to 
highlight the possible wave shape (one bin-point represents 50 data-points). 
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 2014 ), Hartman et al. ( 2014 ), Neveu-VanMalle et al. ( 2016 ), or
ajdo ̌s et al. ( 2019 ). Long-term TTVs were considered due to the

idal decay, for example by Hellier et al. ( 2009 ), Oberst et al. ( 2017 ),
illon et al. ( 2012 , 2014 ), or by Hebb et al. ( 2009 ); ho we ver up to now
ASP-12b is the only hot Jupiter to have a decaying orbit confirmed

Turner, Ridden-Harper & Jayawardhana 2021 ). These examples are, 
o we ver, relati vely rare to the number of known hot Jupiters. Some
nown examples of TTVs has recently been debated, see for example 
eeliger et al. ( 2014 ), Wang et al. ( 2018 ), or Ridden-Harper, Turner &
ayawardhana ( 2020 ). Szab ́o et al. ( 2020 ) also searched for possible
TVs in the rapidly rotating Kepler-13A system. In this particular 
ase the absence of any TTVs is very strongly constrained by the
wo sources of data, i.e. Kepler and TESS . Rapid rotation as the
rimary reason for the TTV signal was not confirmed within hot
upiter planets. On the other hand, we considered as important to
heck the possible TTVs in the case of our sample, because precise
HEOPS data can unco v er such a variation with higher probability. 

.1 Search for long-term TDVs – signs of orbital precession 

ong-term variations in transit duration, caused by orbital precession, 
an be detected more easily than variations in mid-transit times, 
ecause such a long-term TDV is a linear function of time, thus longer
ime base-line, greater difference in transit duration (P ́al & Kocsis
008 ). CHEOPS observations of KEL T -17, KEL T -19A, and KEL T -
1 co v er a time-baseline of about 2 months (see Table 2 ), which is
MNRAS 513, 2822–2840 (2022) 
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Figure 8. As in Fig. 7 , but for KEL T -21b. 
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 very short interval from this point of view. Another problem is
hat due to interruptions in CHEOPS observations (see Section 2.1 )
he ingress and/or the egress part of the transit light curve can be

issed, thus it is not possible to search for TDVs only using the
btained CHEOPS data, i.e. from transit to transit. Therefore, we
sed the TESS data of these objects and the available literature data
o increase the time-baseline. 

KEL T -17b was observed with TESS during three Sectors Nos.
4, 45, and 46 from 2021-10-12 to 2021-12-30. KEL T -19Ab was
bserved in Sector No. 7 from 2019-01-07 to 2019-02-02. KEL T -
1b was observed in Sector No. 41 from 2021-07-23 to 2021-08-20.
he data were downloaded from the Mikulski Archive for Space
elescopes 21 in the form of Simple Aperture Photometry (SAP)
NRAS 513, 2822–2840 (2022) 

1 See ht tps://mast .stsci.edu/portal/Mashup/Clients/Mast/Port al.html . 

2

l
T

uxes, see Table 7 for the TESS observational log. These data were
btained from 2-min integrations, but in comparison with Pre-search
ata Conditioning Simple Aperture Photometry (PDCSAP) fluxes,

ong-term trends were not remo v ed. The downloaded SAP flux es
ere detrended using our pipeline, as follows. The SAP fluxes were
rst normalized to unity. During the next step TESS data were cut

nto segments, each covering one orbital period. Each segment of the
ata was fitted with a linear function. During the fitting procedure
he part of the data co v ering the transit was excluded from the
t. Consequently, the linear trend was remo v ed from each chunk
f data (including the transit data). This detrending method can
f fecti v ely remo v e the long-term variability (mainly variability of
he host star due to spots and rotation) while it does not introduce
ny non-linear trend to the data, see e.g. Garai et al. ( 2021 ). Outliers
ere cleaned using a 3 σ clipping, where σ is the standard deviation
f the light curve. Since TESS uses as time-stamps Barycentric
ESS Julian Date (i.e. BJD TDB − 2457000.0), during the next step
e converted all TESS time-stamps to BJD TDB . We analysed the
etrended TESS photometry data using the RMF code, described in
ection 5 . During this analysis procedure we used the same free and
xed parameters as we presented in Table 6 . We applied the four-
arameter limb-darkening model with the critical foreshortening
ngle approach (Claret 2018 ). The coefficients were calculated for the
ESS passband using the same spherical PHOENIX-COND models as

n Claret ( 2018 ). The applied limb-darkening coefficients were first
inearly interpolated from the calculated table and then were used
dentically, as it is described in Section 5 . Since we used TESS SAP
uxes, which are not corrected by the dilution factor, we used the
ROWDSAP 

22 crowding metric value to determine the l 3 parameter
or the TESS aperture. In the case of KEL T -17b this gives l 3, TESS =
.0009, for KEL T -19Ab l 3, TESS = 0.0150, and in the case of KEL T -
1b l 3, TESS = 0.0636. The uncertainties in the fitted parameters were
erived based on the covariance matrix method. We present the best-
tting parameters of KEL T -17, KEL T -19A, and KEL T -21 systems

n Table 8 . The corresponding phase-folded transit light curves,
 v erplotted with the best-fitting RMF models are depicted in Figs 10
nd 11 . 

Based on the mid-transit time values T c , presented in the Tables 5
nd 8 , we can clearly see that the time-baseline was extended
ignificantly using the TESS data base. In the case of KEL T -17b,
he TESS data set follows the CHEOPS data set. The closest mid-
ransit time to the mid-point of TESS observations is T c, TESS =
459536.27682 ± 0.00013 BJD TDB , while for the CHEOPS data
et it is T c, CHEOPS = 2459215.937950 ± 0.000086 BJD TDB . The
ime-baseline of these two data sets is about 1 yr, but if we add
he literature data (Zhou et al. 2016 ) to the data set, based on the

id-transit time of T c, Z2016 = 2457226.14219 ± 0.00033 BJD TDB 

e can extend the time-baseline by about 1989 d. In the
ase of KEL T -19Ab, the TESS data set precedes CHEOPS ob-
ervations. The mid-transit time of TESS data is T c, TESS =
458503.35923 ± 0.00017 BJD TDB , while for the CHEOPS data
et it is T c, CHEOPS = 2459218.17799 ± 0.00013 BJD TDB . The time-
aseline of these two data sets is about 2 yr. Using the literature
ata presented by Siverd et al. ( 2018 ), we could extend this time-
aseline by about 1222 d – this is the difference between the mid-
ransit time T c, S2018 = 2457281.24953 ± 0.00036 BJD TDB , presented
y these authors and the mid-transit time derived based on the
2 CROWDSAP is a k eyw ord on the header of the FITS files containing the 
ight curves. It represents the ratio of the target flux to the total flux in the 
ESS aperture. 

art/stac1095_f8.eps
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html


Three KELTs as seen by CHEOPS and TESS 2835 

Figure 9. 2D illustration of the transit chord of KEL T -17b, KEL T -19Ab, and KEL T -21b in front of the stellar surfaces. The intensity distribution was calculated 
for the ef fecti v e wav elength of the CHEOPS instrument. The green-yellow-red-magenta colouring scheme of the stellar surfaces reflects the increasing local 
flux as seen by the observer. The stellar inclination is al w ays I ∗ = 90 deg. 
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Figure 10. Phase-folded TESS transit light curves of KEL T -17b (left-hand panel) and KEL T -19Ab (right-hand panel), o v erplotted with the best-fitting 
RMF models. Residuals are also shown (bottom panels). During this modelling procedure all TESS data per object were fitted and the time-baseline of 
observations was extended for the purpose of search for TDVs. 

Table 8. An o v erview of the RMF best-fitting parameters of the exoplanets KEL T -17b, KEL T -19Ab, and KEL T -21b obtained from the TESS 
photometry and using the gravity-darkening approach of Espinosa Lara & Rieutord ( 2011 ). Only the fitted parameters and the l 3 parameter 
values are presented here. Other parameters were fixed as we presented in Table 6 . Notes: 1 The closest mid-transit time to the mid-point of 
the TESS data set. 

Parameter [unit] KEL T -17b KEL T -19Ab KEL T -21b 

T c [BJD TDB ] 1 2459536.27682 ± 0.00013 2458503.35923 ± 0.00017 2459434.69341 ± 0.00019 
i [deg] 84.537 ± 0.061 87.65 ± 0.36 86.95 ± 0.18 
R s / a 0.16141 ± 0.00063 0.1148 ± 0.0023 0.1452 ± 0.0013 
R p / R s 0.09166 ± 0.00011 0.09550 ± 0.00030 0.09960 ± 0.00040 
l norm 

1.0000740 ± 0.0000010 1.0000750 ± 0.0000010 1.0000740 ± 0.0000010 
l 3 (fixed) 0.0009 0.0150 0.0636 
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ESS data. In the case of KEL T -21b, the TESS data set follows
he CHEOPS data set. Similarly, we can write the mid-transit time 
alues of T c, CHEOPS = 2459055.352380 ± 0.000086 BJD TDB and 
 c, TESS = 2459434.69341 ± 0.00019 BJD TDB , which gives about 
 yr difference, but if we also include the data presented in the
iterature (Johnson et al. 2018 ), we can extend this time-baseline by
bout 1672 d ( T c, J2018 = 2457382.640727 ± 0.00041 BJD TDB ). 

The PYCHEOPS software uses the transit width W as a free parameter, 
hich corresponds to the transit duration of CHEOPS visits in phase 
nits. In the cited literature we can also find the tabulated transit
uration of the exoplanets in days, which we can easily convert to the
hase units. The most problematic are the TESS data fitted with the
MF code. This software does not use such a free parameter, therefore
e directly measured the transit durations in the plots presented 

n Figs 10 and 11 , which are also expressed in phase units. The
ncertainties in these cases follow from the uncertainties of R s / a and
 (see Table 8 ), since these parameters affect the transit duration most
ignificantly. In this way, we could compare the transit durations of
MNRAS 513, 2822–2840 (2022) 
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Figure 11. As in Fig. 10 , but for KEL T -21b. 

t  

i  

p  

a  

i  

o  

e  

e  

w  

p  

t  

p  

i  

c  

t  

o  

T  

t
 

a  

w  

h  

K  

d  

t  

 0.047
 0.0471
 0.0472
 0.0473
 0.0474
 0.0475
 0.0476
 0.0477
 0.0478
 0.0479

 0.048
 0.0481

 7000  7500  8000  8500  9000  9500
 86

 86.2

 86.4

 86.6

 86.8

 87

 87.2

Tr
an

si
t D

ur
at

io
n 

(W
) [

P
ha

se
 U

ni
ts

]

O
rb

it 
In

cl
in

at
io

n 
A

ng
le

 (i
) [

D
eg

]

Time [BJDTDB − 2 450 000]

KELT−21b

W
i

Johnson et al. (2018) CHEOPS TESS

Figure 13. As in Fig. 12 , but for KEL T -21b. 
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he exoplanets coming from three seasons of observation, which
s enough to unco v er possible long-term TDVs – signs of orbital
recession. Simultaneously, we also checked the orbit inclination
ngle values, because the possible orbital precession should be visible
n this parameter, as well (Szab ́o et al. 2012 , 2020 ). We note that the
rbit inclination angle change rate d i /d t parameter used by Szab ́o
t al. ( 2020 ) is applicable only if long-term consecutive observations
xist, e.g. Kepler observations, but this is not the case, therefore
e did not apply this parameter during the analysis. The impact
arameters b obtained using the PYCHEOPS software were converted
o the orbit inclination angle values i . In such a combination of
arameters, i.e. W and i , we can assume that if a long-term TDV
s caused by orbital precession, a change in the parameter W is
orrelated with the change in parameter i . This means, for example,
hat if W is increasing, i is also increasing and vice versa. In the case
f W and b the trend should be anticorrelated, see Szab ́o et al. ( 2012 ).
his should be taken into consideration during the interpretation of

he obtained results, which are plotted in Figs 12 and 13 . 
Here, we can see the transit durations W and the orbit inclination

ngles i in three different seasons. Since CHEOPS data were analysed
ith the RMF code, as well as with the PYCHEOPS software, we present
ere only the latter solution as finally adopted results. In the case of
EL T -17b (Fig. 12 left-hand panel) we can see that the CHEOPS
ata reveal slightly smaller values of W and i in comparison with
he disco v erers, but due to the large uncertainties in the disco v ery
NRAS 513, 2822–2840 (2022) 
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igure 12. Transit durations and orbit inclination angles of KEL T -17b (left-hand p
n literature data, CHEOPS , and TESS observations. For more details see the text o
alues this difference is inconclusive. Using TESS observations we
btained the W and i parameter values within a 3 σ agreement with the
HEOPS results, which means that the difference is not significant.
oreo v er, the parameter trends seem to be anticorrelated between the
HEOPS and TESS observations, which is against the precession-
ased long-term TDV, as we discussed this in the previous paragraph.
EL T -19Ab is also an interesting object, since using both ( TESS and
HEOPS ) data sets we found the transit duration shorter and the
rbit inclination angle value larger in comparison with the disco v ery
alues, see Fig. 12 right-hand panel. The difference between certain
arameter values is significant, exceeding the 3 σ difference, which
ndicates the robustness of the detection. If we took a look again
t Fig. 12 right-hand panel, we can see that the trend in W and i
s anticorrelated, thus the detection of the shorter transit duration
ompared to the disco v ery paper cannot be due to orbital precession.
ather, the smaller W is a consequence of a smaller planet size, as we
oncluded in Section 4.3.2 . In the case of KEL T -21b (see Fig. 13 ),
sing CHEOPS and TESS observations we found the orbit inclination
ngle larger in comparison with the disco v ery value and the transit
uration is also longer based on the TESS measurements. Although
he differences are not significant due to the larger uncertainties in the
etection, we can see that the trend in W and i seems to be correlated,
hus this object could be interesting from the viewpoint of long-term
DV and orbital precession in the future. More observations are
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Table 9. The list of the observed (O) mid-transit times of KEL T -17b, KEL T - 
19Ab, and KEL T -21b, derived in this work using the joint PYCHEOPS model 
parameter values (see Table 5 ). The epoch E is calculated according to the T c 
parameter values, presented by Zhou et al. ( 2016 ), Siverd et al. ( 2018 ), and 
Johnson et al. ( 2018 ). 

E ‘O’ times [BJD TDB ] ±1 σ [d] Source 

KEL T -17b 
639 2459194.37646 0.00041 CHEOPS 
641 2459200.53715 0.00016 CHEOPS 
642 2459203.61727 0.00015 CHEOPS 
661 2459262.14059 0.00016 CHEOPS 
739 2459502.39443 0.00032 TESS 
740 2459505.47552 0.00028 TESS 
741 2459508.55519 0.00030 TESS 
742 2459511.63552 0.00032 TESS 
743 2459514.71578 0.00031 TESS 
744 2459517.79631 0.00034 TESS 
745 2459520.87523 0.00030 TESS 
746 2459523.95613 0.00030 TESS 
747 2459527.03613 0.00029 TESS 
748 2459530.11631 0.00027 TESS 
749 2459533.19632 0.00030 TESS 
750 2459536.27697 0.00030 TESS 
752 2459542.43692 0.00029 TESS 
753 2459545.51797 0.00029 TESS 
754 2459548.59758 0.00030 TESS 
756 2459554.75829 0.00031 TESS 
757 2459557.83755 0.00032 TESS 
758 2459560.91815 0.00027 TESS 
759 2459563.99834 0.00032 TESS 
761 2459570.15903 0.00028 TESS 
762 2459573.23897 0.00028 TESS 
763 2459576.31897 0.00030 TESS 

KEL T -19Ab 
263 2458494.13568 0.00047 TESS 
264 2458498.74760 0.00038 TESS 
266 2458507.97115 0.00048 TESS 
267 2458512.58297 0.00043 TESS 
412 2459181.28423 0.00019 CHEOPS 
419 2459213.56631 0.00023 CHEOPS 
425 2459241.23668 0.00028 CHEOPS 
426 2459245.84811 0.00031 CHEOPS 

KEL T -21b 
457 2459033.67650 0.00032 CHEOPS 
462 2459051.74102 0.00071 CHEOPS 
463 2459055.35200 0.00021 CHEOPS 
472 2459087.86668 0.00046 CHEOPS 
564 2459420.24231 0.00058 TESS 
565 2459423.85549 0.00054 TESS 
566 2459427.46758 0.00060 TESS 
567 2459431.08095 0.00059 TESS 
568 2459434.69341 0.00053 TESS 
569 2459438.30580 0.00052 TESS 
570 2459441.91831 0.00050 TESS 
571 2459445.53197 0.00050 TESS 
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.2 Search for TTVs – signs of additional substellar objects in 

he systems 

o unco v er the possible TTVs, which can indicate additional 
ubstellar objects, i.e. planets or brown dwarfs in the systems, 
e constructed the observed-minus-calculated (O-C) diagram for 
id-transit times. Similarly as in Section 6.1 , we used not only

he CHEOPS observations, because of the following reasons. The 
nterruptions occurring in CHEOPS visits represent a disadvantage 
rom this viewpoint, although the data are precise. If the ingress
nd/or the egress part of the transit is missing, this can significantly
ecrease the precision of the O-C value. Another reason for use of
dditional observations is that more O-C data can easier unco v er
ny periodicity coming from perturbations of an additional object in 
he system. Therefore, besides the CHEOPS data collected within 
his project, we also used the available TESS data and literature 
ata. CHEOPS data were treated using the pycheops software 
s it is described in the second part of Section 4.2 . During this
rocedure we obtained four fitted � T 0, n values, i.e. one for each
isit. Since � T 0, n values correspond to the wanted O-C values of
id-transit times, we could easily get the O-C diagram of CHEOPS

bservations. Such a diagram is generated automatically by the 
ycheops software and it enabled us to first-look check these 
-C data. On the other hand, we needed the ’O’ times of individual

ransits with uncertainties, i.e. the T 0, n values, since this is the input
or the OCFIT code, described and applied later in this section. 
herefore, we used equation ( 1 ) to get the observed mid-transit times
f individual CHEOPS transits. In the next step we used the TESS
ata, already processed in Section 6.1 . To obtain the ’O’ times of the
id-transits we modelled each TESS transit e vent indi vidually using

he RMF code. We fix ed ev ery parameter to its best value from the
oint pycheops model (see Table 5 ) except for two parameters: the

id-transit time and the light-curve normalization factor of the given 
ransit. We summarize the CHEOPS and TESS observed mid-transit 
imes in Table 9 . Finally, to extend the time-baseline of CHEOPS
nd TESS observations and to increase the amount of data points, we
lso used the already published ’O’ times, presented by Zhou et al.
 2016 ), Siverd et al. ( 2018 ) and Johnson et al. ( 2018 ). 

To calculate the ’C’ times of the individual transit events and 
o construct the O-C diagram of mid-transit times we applied the 
CFIT 23 code (Gajdo ̌s & Parimucha 2019 ). To plot the O-C diagram
f the mid-transit times it requires ’O’ times with uncertainties, the 
id-transit time T c and the orbital period P orb of the planet. Then it

ses the linear ephemeris formula as: 

 c , n = T c + P orb × E (2) 

o construct the O-C diagram, were T c, n corresponds to the ’C’
alue of the n -th transit, and E is the epoch of observation, i.e. the
umber of the orbital c ycle. F or P orb we used the best-fitting joint
ycheops model parameters (see Table 5 ), but for T c we chose the

iterature values presented by Zhou et al. ( 2016 ), Siverd et al. ( 2018 )
nd Johnson et al. ( 2018 ), because the derived CHEOPS -based
 c parameter values were located at the end/middle of the joint 
literature and this work) data sets. It is better to choose the T c 

arameter from the beginning of the whole data set. The obtained 
-C diagrams of the planets are depicted in Figs 14 and 15 . We

an see that the O-C data of mid-transit times do not show periodic
eatures, which means that there is no evidence for a third body in
he planetary systems. To final check the possibility of additional 
3 See https:// github.com/pavolgaj/ OCFit. 

O  

p  

t  

c  
bjects in the systems we fitted the O-C data sets of mid-transit
imes. As first we applied a linear function using the OCFIT
ackage FitLinear . The free parameters of the linear model are
he mid-transit time T c and the orbital period P orb . Subsequently, the
-C data were fitted with a quadratic function within the OCFIT
ackage FitQuad . The free parameters of the quadratic model are
he mid-transit time T c , the orbital period P orb , and the quadratic
oefficient Q , see Garai et al. ( 2021 ) for more information about
MNRAS 513, 2822–2840 (2022) 

https://github.com/pavolgaj/OCFit
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Figure 14. Observed-minus-calculated (O-C) diagrams of KEL T -17b (left-hand panel) and KEL T -19Ab (right-hand panel) mid-transit times, obtained based 
on literature data, CHEOPS , and TESS observations. For more details see the text of Section 6.2 . 
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Figure 15. As in Fig. 14 , but for KEL T -21b. 
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Table 10. Linear ephemeris of KELT-17b, KELT-19Ab, and KELT-21b, 
obtained based on the whole O-C data-set of mid-transit times. Here, we 
impro v ed further the orbital period of the planets compared to the joint 
PYCHEOPS solutions (see and compare the appropriate parameter values with 
Table 5 ), thus the final P orb values are presented in this table. 

Parameter [unit] Value ±1 σ

KEL T -17b 
T c [BJD TDB ] 2457226.14186 0.00041 
P orb [d] 3.08017988 0.00000058 

KEL T -19Ab 
T c [BJD TDB ] 2457281.24924 0.00069 
P orb [d] 4.6117352 0.0000018 

KEL T -21b 
T c [BJD TDB ] 2457382.64023 0.00083 
P orb [d] 3.6127693 0.0000017 
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his parameter. The uncertainties in the fitted parameters of P orb , T c ,
nd Q were derived within the OCFIT packages FitLinear and
itQuad , applying the covariance matrix method. These fits are
lso visible in Figs 14 and 15 . The quality of the linear and quadratic
ts was expressed as Bayesian Information Criterion ( BIC ), which is
efined as: 

I C = χ2 + k ln N, (3) 

here k is the number of free parameters of the model and N is the
umber of data points. 
In the case of KEL T -17b the observations co v er a time-baseline

f about 2400 d, but the literature data have significant scatter
ompared to the CHEOPS and TESS data. There is no significant
ifference between the Bayesian Information Criterions when we
pply linear, or quadratic fit ( BIC lin = 59.0 and BIC quad = 60.3,
espectively), therefore the quadratic fit is not justified here. The O-
 values obtained by the disco v erers allowed to e xclude periodic
TVs with the semi-amplitude of about 5 min. If we take into
onsideration CHEOPS and TESS observations, we can put more
onstraints on this upper limit with the value of about 3 min (3 σ
pper limit). Based on the linear fit we obtained a new linear
phemeris of KEL T -17b, which is presented in Table 10 . For KEL T -
9Ab we collected transit observations co v ering a time baseline of
bout 2000 d, including the literature data. The O-C data have a
ell defined and clearly visible linear trend, see Fig. 14 (right-hand
anel). There is no significant difference between the linear and
NRAS 513, 2822–2840 (2022) 
uadratic fit, the Bayesian Information Criterions are very similar,
.e. BIC lin = 39.7 and BIC quad = 42.0, therefore we adopted the linear
t as a final solution. The obtained linear ephemeris is presented in
 able 10 . T aking the precise CHEOPS and TESS observations into
onsideration, we can exclude periodic TTVs with a semi-amplitude
f about 3 min (3 σ upper limit), which is an impro v ement by a
actor of 2 in comparison with the disco v ery O-C values. In the
ase of KEL T -21b there are observations from three seasons, as
ell, which co v er a time-baseline of about 2000 d. The relativ e

catter of the CHEOPS and TESS data is larger in comparison
ith the previous case. On the other hand, the newly obtained O-
 data are more precise than the disco v ery data, see Fig. 15 . The
uadratic trend is not significant, i.e. there is no significant difference
etween the Bayesian Information Criterion of the linear and the
uadratic fit ( BIC lin = 54.6 and BIC quad = 53.6, respectively). Since
o statistical justification for the quadratic fit, we can adopt the linear
t as a final solution. The obtained linear ephemeris is presented in
able 10 . Based on the CHEOPS and TESS O-C data we did not
nd periodic TTVs with a semi-amplitude larger than 3 min (1 σ
pper limit). Since the relatively larger scatter in the new data sets,
ore and precise observations are needed to impro v e this value. In

ummary, we did not find any convincing evidence for an additional
bject in these systems, but via this procedure we impro v ed further
he orbital period of the planets (see Table 10 and compare the
 orb values to those of presented in Table 5 ). Therefore, we can
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onsider the P orb parameter values presented in Table 10 as the final
olutions. 

 C O N C L U S I O N S  

sing precise CHEOPS and TESS photometric observations, comple- 
ented with target spectroscopy, we analysed three rapidly rotating 

lanetary systems, i.e. KEL T -17, KEL T -19A, and KEL T -21 from
e veral vie wpoints. We obtained ne w spectroscopic observ ations, 
hich we used to derive stellar parameters of the planet hosts. Since

he high ef fecti ve temperature and the rapid rotation of the stars,
he spectroscopic modelling was challenging in these cases and the 
esulting stellar parameters are not so precise as we expected before. 
n the other hand, based on the CHEOPS photometric observations 
e were able to derive significantly impro v ed system parameters 

n comparison with the previously published values. Based on these 
esults we can conclude that KEL T -17b and KEL T -19Ab have smaller
lanet radius as found before, but in the case of KEL T -17b this could
e also due to the parameter de generac y. F or KEL T -21b we could
onfirm the previously obtained system and planet parameters within 
 σ . The CHEOPS light curves were also analysed from the viewpoint
f spin-orbit misalignment. Here, we were able to confirm only that 
he gravity-darkening effect is very low in these cases. CHEOPS data 
re too noisy to draw any conclusions on spin-orbit misalignment 
rom the photometry alone. In addition, based on these analyses we 
an report on a tentative indication that the stellar inclination of
EL T -21 is I ∗ ≈ 60 deg. 
The CHEOPS photometric observations, complemented with the 

vailable TESS data were also used to search for TDVs and TTVs
n the systems. The search for long-term TDVs in the systems
as moti v ated by the K epler-13A planetary system, where orbital
recession was identified, causing a long-term trend in the transit 
uration. In the cases of KEL T -17b and KEL T -19Ab we were able
o exclude long-term TDVs causing orbital precession. The shorter 
ransit duration of KEL T -19Ab compared to the disco v ery paper is
robably a consequence of a smaller planet radius. In the case of
EL T -21b, there is an indication that a long-term TDV may exist in
 connection with orbital precession, therefore this system could be 
nteresting from this viewpoint. More high-quality data are needed 
n the future to confirm, or reject the orbital precession/long-term 

DV. Furthermore, via observed-minus-calculated diagrams of mid- 
ransit times we probed the photometry data from the viewpoint of
dditional objects in the systems, but we did not find any convincing
vidence. Based on the CHEOPS and TESS observations we set new 

pper limits on possible TTV semi-amplitudes and we were able to 
mpro v e further the orbital period of the planets. 
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