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ABSTRACT

We present broad-band photometry of 30 planetary transits of theultra-hot Jupiter KELT-16b, using five
medium-class telescopes. The transits were monitored through standard B, V, R, I filters and four were
simultaneously observed from different places, for a total»of 36 new light curves. We used these new
photometric data and those from the TESS space telescope to review the main physical properties of the
KELT-16 planetary system. Our results agree with pfevious measurements but are more precise. We estimated
the mid-transit times for each of these transits and‘combined them with others from the literature to obtain
69 epochs, with a time baseline extending over mote than four years, and searched for transit time variations.
We found no evidence for a period change, suggesting a lower limit for orbital decay at 8 Myr, with a lower
limit on the reduced tidal quality factor of Q%)% (1.9 +0.8) x 10° with 95% confidence. We built up an
observational, low-resolution transmission‘spectrum of the planet, finding evidence of the presence of optical
absorbers, although with a low significance.”Using TESS data, we reconstructed the phase curve finding that
KELT-16 b has a phase offset 0£25.25 + 14.03 °E, a day- and night-side brightness temperature of 3190+61 K
and 2668 + 56 K, respectively. Finallyywe compared the flux ratio of the planet over its star at the TESS and
Spitzer wavelengths with theoretical emission spectra, finding evidence of a temperature inversion in the
planet’s atmosphere, the chemical composition of which is preferably oxygen-rich rather than carbon-rich.

Key/words: planetary systems — stars: fundamental parameters — stars: individual: KELT-16
— techniques: photometric — method: data analysis

1 INTRODUCTION to migrate and occupy such short-period orbits (~ 1day) around
their host stars!. The future evolution of a hot Jupiter is also unclear
and difficult to predict exactly but is surely linked to that of its star
and its interaction with it. This because stellar tidal forces become

Althoughot Jupiters were the first exoplanets that have been dis-
coveredunore,than twenty years ago (Mayor & Queloz 1995), there
arestill many open questions related to this class of planets. It is not
welliestablished, for example, the predominant physical mechanism
that caused these gas planets to form, as well as how did they come

! The two leading theories, which can explain the shrinking of the orbit

of a giant planet, are (i) early interactions between a giant planet and the
* E-mail:lmancini @roma2.infn.it protoplanetary disk of its parent star and (i7) planet-planet scattering.
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particularly relevant when a giant planet is at a distance of roughly
0.1 au from its host star.

The gravitational interaction forces a hot Jupiter to change its
rotation rate and circularise its orbit as a result of energy exchange
and heat dissipation. This can lead to a spin-orbit synchroniza-
tion and eventually to orbital decay (e.g., Hut 1980; Rasio & Ford
1996; Sasselov 2003; Ferraz-Mello et al. 2008; Levrard et al. 2009).
When the planet approaches the Roche limit, it begins to lose
mass, in favour of its star, via a mechanism known as Roche-lobe
overflow. At the Roche limit, tidal forces overcome the gravity
of the planet itself, which may then be partially or totally dis-
rupted (Dosopoulou et al. 2017). In case of planetary systems, the
Roche-limit separation can be written as ag ~ 2.165 Ry(Myx/ Mp)l/ 3
(Paczynski 1971; Matsumura et al. 2010).

The frictional processes in the star lead to the dissipation
of orbital energy, whose efficiency can be parameterised by the
tidal dissipation quality factor, Qx, which can be expressed as
the ratio between the energy in the orbit of a binary system
and the amount of energy lost in each orbit due to internal fric-
tion (Goldreich & Soter 1966; Matsumura et al. 2010; Barnes et al.
2011; Wilkins et al. 2017). In the following, we will use the mod-
ified tidal dissipation quality factor, Q’, defined by Ogilvie & Lin
(2007) as Q) = 1.5Qx/kp, where Qy is the stellar tidal quality
factor and k, is the Love number for the second-order harmonic
potential (Love 1944), which is related to the star’s density profile.

The rate of the energy dissipation is related to the physical and
orbital parameters of the planet as well as the spectral class, metal-
licity and rotational evolution of the parent star (Barker & Ogilvie
2010; Ogilvie 2014; Essick & Weinberg 2016; Gallet et al. 2017;
Bolmont et al. 2017). Therefore, the orbital-decay time of a hot
Jupiter is very difficult to estimate, but it should occur on a very
long timescale (Rasio et al. 1996; Lai 2012), with evidence that the
tidal destruction of hot Jupiters happens during the main-sequence
lifetimes of their host stars (Chernov 2017; Hamer & Schlaufman
2019).

Nevertheless, it is useful to try to determine the value of
Q). since it would provide insights into the interior parames
ters of the star and be an empirical test to current dynamiecal
models of close-in planets and tidal stability. Theoretical stud-
ies of tidal evolution of hot Jupiters, based on different initial
conditions and assumptions, suggest 107 < 0, < 1010 (Ogilvie
2014), 10° < 0, < 10° (Penev & Sasselov 2011; Penév, et al#2012)
or Q) S 107 (Hamer & Schlaufman 2019), “A™statistical infer-
ence based on a large sample of hot Jupiters, yielded Q) ~ 108
(Collier Cameron & Jardine 2018). Instead, Jackson et al. (2008)
found that the distribution of initial eccentricities of close-in
planet (a < 0.2au) matches that<of the general population, the
best agreement being with Q) = 10 /A similar value of the
tidal dissipation quality factor\(Qju= 105 - 10°) was estimated by
Essick & Weinberg (2016), for 'systems with solar-type host star,
planet mass Mp 2 0.5Mjyp and orbital period P < 2 days. There-
fore, such a planet«an‘decay on smaller timescales than the main-
sequence lifetime. of its host.

1.1 ‘Transit timing variations for estimating Q’,

Under, several assumptions and using Kepler’s third law
(Goldreich & Soter 1966; Levrard et al. 2009; Matsumura et al.
2010; Birkby et al. 2014; Collier Cameron & Jardine 2018), one
can deduce that the tidal dissipation quality factor is related to

the time derivative P of the planet’s orbital period through

,  27a M, (&)5

= - 1
* 2P My 1

a
where M}, is the mass of the orbiting planet, a is the semi-major
axis of the orbit, while M4 and Ry are the mass and the radius of
the parent star, respectively.

Variations of the orbital period can be found for those hot
Jupiters that transit in front of their parent stars. The methodology
is to systematically measure their mid-transit times and search for
the so-called transit timing variations (TTVs). Such measurements
are not difficult to achieve, although special attention is required for
certain aspects, such as the clocks connected with the telescopes, the
fit of the light curves, combining measurements made with different
instruments, etc.

After excluding all possible sources of uncertainty, possible
detection of TTVs in a transiting planetary system can,be explained
by several scenarios like the presence of additiehal bodies in the
system, an apsidal precession or an unstable orbit, the latter resulting
from tidal forces generated by the parent star. The) orbital decay
results in a non-zero time derivative of the orbital.périod, which can
be measured, for example, by fitting“transit timings to a quadratic
ephemeris or by detecting long-term deviations from the linear
ephemeris.

Constraining Q’, is, therefore, possible for a single transit-
ing planet, but not easy to achieve, as it usually requires system-
atic observations of planetary-transit events over many years and
high-precision pheotometry. Indeed, even though many hot Jupiters
have been extensively monitored during the last two decades,
only a few~and _controversial detections of orbital decay have
been claimed to.date (e.g., Adams et al. 2010; Murgas et al. 2014;
Blecic’et aly,2014; Hoyer et al. 2016; Jiang et al. 2016; Pablo et al.
20173 Southworth et al. 2019). Instead, Maciejewski et al. (2018b)
found nojdeparture from a constant-period model for WASP-18 b,
despite/this being one of the best candidates.

The most convincing case for the detection of orbital decay
is” that of the hot Jupiter WASP-12b (Hebb et al. 2009), whose
transits were systematically monitored almost immediately after the
announcement of its discovery, straightway highlighting evidence of
a decreasing orbital period (Maciejewski et al. 2013, 2016), which
was later confirmed (Patra et al. 2017; Maciejewski et al. 2018a)
and recently ascribed to the orbital decay of the planet (Yee et al.
2020; Turner et al. 2021). In particular, Turner et al. (2021) esti-
mated for WASP-12 that Q) =1.39+0.15x 10%, a low value if
compared with most of the theoretical predictions, but in agreement
with the previous estimate, Q) =1.6+£0.2x 103, from Patra et al.
(2020).

1.2 Planets that may incur in orbital decay

Considering Eq. (1), it is possible to appreciate how much WASP-
12 b is a very good candidates for detecting orbital decay, as we can
also see from Fig. 1, where we plotted M),/ My versus a/Ry for the
known transiting planetsZ. Another worthwhile plot to understand
the impact of tidal interactions on planetary orbits is the tidal dia-
gram (Pont et al. 2011). The circularisation time 7, can be written

2 Values taken from the Transiting Extrasolar Planet Catalogue (TEPCat),
which is available at http://www.astro.keele.ac.uk/jkt/tepcat/
(Southworth 2011).
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Figure 1. M,/ M, versus a /Ry diagram for the known transiting planetary
systems (the values of the parameters were taken from TEPCat). The points
representing the systems are marked with two different colours, according
to the temperature of the host stars, i.e. red for those with Tog > 6000 K
and blue for the others. Error bars have been suppressed for clarity. Dark
lines show where the decay timescale is constant and have been calculated
using Eq. (1), considering a nominal value of Q’, = 106, The first twenty
most favourable targets are highlighted and labelled. Figure inspired by
Collier Cameron & Jardine (2018) and Patra et al. (2020).

as (Matsumura et al. 2008; Bonomo et al. 2017)3

My ﬁ(i)s

= PorbM_* 6371 Rp (2)

Te
where Rj, is the radius of the planet and QI” is the planetary modified
tidal quality factor, which is defined as Ql’, =30p/2ky, Qp being
the planet tidal quality factor. Following Bonomo et al. (2017), we
considered a modified tidal diagram by plotting P, (Mp/My) ver-
sus (a/Rp) in the top panel of Fig. 2, so that the circularisation
isochrones do not depend on the planetary orbital periods. From
this plot, it is possible to appreciate how most of the eccentric
planets, with e > 0.1 (black stars), are found beyond the 1 Gyr cir-
cularisation isochrone. Finally, in the bottom panel of Fig. 2 we:
show the transiting hot Jupiters with the smallest ratio a/agR.

Examining Figs. 1 and 2, KELT-16 b is one of the mostpromis-
ing hot Jupiters whose transits are worth to precisely’ recordyfor
searching possible tidal-decay signatures. This planet isithe object
we selected for the study that we present in this work ‘and its prop-
erties are described in Sect.2. The paper is organized“as follows.
In Sect.3 we present new photometric follow=up ebservations of
KELT-16b transits. The data reduction is also described in Sect. 3.
The analysis of the light curves is presentedsin Sect. 4, while, in
Sect. 5, we analysed the transit times and investigated the possi-
bility of a decay of the planetary orbit/In Sect.6 we revise the
main physical properties of the KELT-16 planetary system and in-
vestigated the atmosphefe,composition of its planet. Finally, we
summarise our results«in.Sect:7:

2 THE CASE STUDY: KELT-16 B

KELT-16 b was, discovered by Oberst et al. (2017). It has M, =
2. 71 MygpselRpy’= 1.38 Ryyp and orbits in 0.97 days at =~ 1.8a/ar
around “the bright (V = 11.7mag) F7V star KELT-16 (aka

3 Note that the 7 in Eq. (1) of Bonomo et al. 2017 was incorrectly reversed,
as confirmed by Bonomo (2021), private communication.
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Figure 2. Top panel: Modified tidal diagram of known transiting exoplan-
ets. Circles display the position of planets with eccentricity e < 0.1, while
five-pointed stars those with e > 0.1. Error bars have been suppressed for
clarity. The dotted, dashed and dash-dotted lines display the 1, 7, and 14 Gyr
circularisation timescales for Ql’) =10° and e = 0, respectively. Figure in-
spired from Bonomo et al. (2017). Bottom panel: Distribution of the known
larger transiting hot Jupiters versus the orbital semi-major axis in units of
Roche radii ar. The values of the parameters were taken from TEPCat. The
planets close to tidal disruption are highlighted and labelled.

TYC2688-1839-1, aka TOI-1282) in the thin disk of the Galaxy,
on the outskirts of the Cygnus Loop nebula, a supernova remnant.
This star has a widely separated bound companion (a V = 19.6 mag,
M3V type red dwarf), with a minimum separation of ~ 300 au
and an effective temperature of T,g ~ 3400 K (Oberst et al. 2017).
This suggests the possibility to have Kozai-Lidov (KL) oscillations,
which could be responsible for having driven KELT-16b to its cur-
rent orbit.
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Figure 3. Tghift — Pory, diagram for the known transiting hot Jupiters,
whose transits should present the largest mid-transit time shifts after 10 yr.
These planets are labelled. Data taken from TEPCat. Figure inspired from
Maciejewski et al. (2018a).

With an equilibrium temperature of ~ 2450 K, KELT-16b can
be considered as an ultra-hot Jupiter. By using an orbital evolution
model, Oberst et al. (2017) showed that KELT-16 b could be tidally
disrupted in roughly 5.5 x 10° yr, if its parent stars has a value of
Q; ~10° , i.e. similar to that of WASP-12, which was mentioned
above (see Sect. 1).

Due to its particular orbital period (= 1 day), there aresSeveral
blocks of consecutive nights in which KELT-16 b undergoes transit
events during a year. This is a rare and peculiar charaCteristic.for a
transiting planet, because it allows intensive and continuous’mon-
itoring of planetary-transit times for all these nights=with ground-
based telescopes, also simplifying the schedule of‘ebservations.

Maciejewski et al. (2018a) selected<this target as one of the
best candidates in the northern hemisphere for detecting planet-star
tidal interactions. Their selectiondncluded planets for which the
Tnife» the predicted cumulative shiftyin transit times, was greater
than 30 s after 10 years. Figure 3sshows/the Ty — Py, diagram for
transiting hot Jupiters, where Tif;ir; Was derived from Eq. (1) (see
also Maciejewski et al. 2018a), in'which the position of KELT-16 b,
as well as those of other hot Jupiters, is highlighted.

Eleven transit observations were reported by Maciejewski et al.
(2018a), who'used an array of five different telescopes, with aper-
tures between 0.6 mand 2 m. The corresponding mid-transit times
were joined with those from the discovery paper (Oberst et al. 2017),
finding that they were well fitted by a linear ephemeris. The same
result was, obtained by Patra et al. (2020), who observed another
two transits of KELT-16b with a 1.2 m telescope.

Finally, a Spitzer/IRAC 4.5 um phase curve was reported by
Bell et al. (2021), who estimated the day- and night-side tempera-
ture of the planet.

3 OBSERVATIONS AND DATA REDUCTION

Starting from summer 2017, we used an array of five different
telescopes (see Table 1) to perform photometric follow-up observa-
tions of KELT-16. In particular, we used the Zeiss 1.23 m telescope
at Calar Alto (Spain), the Cassini 1.52m telescope at the INAF-
OAS Observatory (Italy), the T100 1.0 m telescope at the TUG
Observatory (Turkey), the SPM 84 cm telescope at the National As-
tronomical Observatory (Mexico) and the 80 cm telescope at the
OARPAF Observatory (Italy). The observations were carried out
through different optical passbands (covering 400 — 1000 nm) to
also study the variation of the planetary radius with the wavelength
(Southworth et al. 2012b), see Sect. 6.3.

We recorded 30 planetary transits?, including three transits
that were simultaneously observed with two telescopes (Cassini
and CA) and one with three telescopes (Cassini, CA and OARPAF),
obtaining a total of 36 light curves (Figs. 4, 5, 6, 7).

Observations of a planetary-transit event by~multiple, tele-
scopes from different places are not easy to_achieve.since one
needs the same telescope time at two different obsetvatories and
the weather conditions must be favourable at both obgervation sites.
If both conditions are met, the correspondinglightCurves are useful
to better constrain the contact points“and, therefore, the mid-transit
time, as well as unambiguously understand if any feature present in
the light curve is due to a real astrophysieal signal (e.g., starspot) or
systematic noise (Ciceri etal.,2013; Mancini et al. 2013a, 2017).

The light curves obtained from our simultaneous observations
are plotted superimposedrin Appendix A.

3.1 CA 1.23mutelescope

Fourteen“complete transits of KELT-16b were observed with the
Zeiss)1.23 mtelescope at the German-Spanish Astronomical Center
at Calar'Alto (CA) in Spain. The telescope is equipped with a DLR-
MKIIT 4k x 4k camera, which has pixels of size 15 um. Considering
that the focal length of the telescope is 9857.1 mm, the resulting
field-of-view (FOV) is 21.5 x 21.5 arcmin, which guarantees a
good number of comparison stars in almost all cases. Observations
were all performed using autoguiding and the defocussing method,
in order to increase the photometric precision (Southworth et al.
2009). The CCD was windowed to decrease the readout time and
increase the cadence of the observations. The transits were observed
through standard Johnson B, V filters and Cousins R/ filters. Details
of the observations are reported in Table 1.

The data were analysed in the standard way by using the
IDL/DEFOT pipeline (Southworth et al. 2009). In short, we calibrated
the raw images of the target with masterbias and masterflat frames,
which were obtained by median combining a set of individual bias
and sky flat-field images, taken on the same day as each transit
observation. We corrected pointing variations by cross-correlating
each image against a reference frame, selected considering the air-
mass. Aperture photometry was performed by placing three aper-
tures on the target and comparison stars. The sizes of the concentric
apertures were selected based on the lowest scatter obtained when
compared with a fitted model (see Table 1). Differential-magnitude
light curves were generated for each observing sequence versus an
ensemble of comparison stars. A straight line was fitted to the ob-
servations outside transit and subtracted to normalize the final light

4 The reduced data will be made available at the cps catalogue service,
http://cdsweb.u-strasbg. fr/
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Table 1. Details of the transit observations presented in this work. Nops is the number of observations, Texp is the exposure time, Tops is the observational
cadence, and ‘Moon illum.” is the geocentric fractional illumination of the Moon at midnight (UT). The aperture sizes are the radii of the software apertures
for the star, inner sky and outer sky, respectively. Scatter is the rms scatter of the data versus a fitted model. The last column specifies if the transit was

simultaneously observed by more than one telescope.

Telescope Date of Start time  End time  Nypg Texp Tobs Filter Airmass Moon  Aperture Scatter  Simultaneous
first obs (UT) (UT) (s) (s) illum. radii (px) (mmag)
CA123m 2017/06/19 23:58 03:46 191 60 72 Cousins 1 1.31 - 1.00 — 1.01 22%  16,25,49 1.27 no
CA123m 2017/06/20 21:59 03:50 295 60 72 Cousins 2.21 — 1.00 — 1.01 14%  17,26,48 1.67 no
Cassini 1.52m 2017/06/21 21:56 02:41 235 40/95 58/113  Johnson R 1.33 — 1.02 — 1.06 7%  11,15,23 1.60 yes
CA123m 2017/06/21 22:12 04:11 230 60/95 72/107  Cousins R 1.95 — 1.00 — 1.04 7%  18,27,49 1.21 yes
OARPAF80cm  2017/06/21 22:18 02:23 225 50 62 Johnson R 1.03 - 1.29 7%  14,15,24 2.15 yes
CA123m 2017/06/22 21:42 03:00 232 55/95 67/107  Cousins R 2.15—1.00 2%  18,26,49 1.60 yes
Cassini 1.52m 2017/06/22 22:18 02:36 230 40/75 58/93 Johnson R 1.36 — 1.02 — 1.07 2%  12,16,25 1.25 yes
Cassini 1.52m 2017/06/23 22:00 01:15 134 40/90 58/108  Johnson V/ 1.40 — 1.02 0% 11,14,25 2.00 no
T100 1 m 2017/06/25 19:37 01:16 126 110 155 Bessel R 2.17 - 1.01 5%  15,20,25 1.82 no
SPM 84 cm 2017/07/10 06:43 12:01 108 150 162 Bessel R 1.22—1.00 — 1.18 95%  20,22,27 2.40 no.
SPM 84 cm 2017/07/11 05:57 11:58 135 150 162 Bessel R 1.39 - 1.00 — 1.18 89%  20,22,27 1.35 no
Cassini 1.52m 2017/07/22 21:56 02:41 269 40/95 58/113  JohnsonV  1.33 — 1.02 — 1.06 0% 11,15,23 1.60 no
Cassini 1.52m 2017/07/24 20:51 02:07 113 120/135  138/153  Johnson B 1.26 — 1.02 — 1.24 4%  15,20,50 1.16 no
Cassini 1.52m 2017/07/25 20:11 01:36 163 95/120 113/138  Johnson B 1.32 — 1.02 — 1.36 9%  13,20,52 1.00. no
T100 1 m 2017/07/27 18:17 22:19 92 110 155 Bessel I 1.67 — 1.01 24%  30,40,45 1.44 no
CA123m 2017/08/20 22:52 04:38 287 60 72 Cousins / 1.05 — 1.00 — 1.68 1%  18,28,47 127 no
CA1.23m 2017/08/22 21:19 04:23 351 60 72 Cousins R 1.11 > 1.00 —» 2.23 2%  18,30,50 1.45 no
CA123m 2017/08/23 21:02 02:53 295 60 72 Johnson V' 1.35—1.00 — 1.93 6%  18,28,47 1.53 no
CA1.23m 2017/09/24 20:21 02:33 192 100 112 Johnson V' 1.01 — 1.00 — 2.58 23%  15,24,50 1.34 no
CA123m 2017/09/25 19:15 02:00 174 100/180  112/192  Johnson B 1.07 — 1.00 — 2.12 31% 22,3255 1.55 no
CA123m 2017/09/26 19:28 01:22 284 50/100 62/112  Cousins R 1.04 — 1.00 — 1.76 40% , 16,25,50 1.87 no
CA123m 2017/09/29 18:00 04:35 226 55/100 67/112  Cousins R 1.0l — 1.00 — 2.42 68% . 16,26,50 1.11 no
CA123m 2018/07/01 22:19 02:16 136 90/120 102/132  Cousins I 1.80 — 1.00 — 1.03 87% 12,3555 1.06 no
CA123m 2018/07/02 21:43 03:17 139 120 132 Cousins R 1.81 — 1.00 — 1.02 80%~, 18,27,47 1.19 yes
Cassini 1.52m 2018/07/02 21:23 02:42 122 120 138 Johnson R 1.32—>1.02 > 1.12 81% 014, 18,28 1.33 yes
Cassini 1.52m 2018/07/03 21:20 23:56 70 120 138 Johnson V 1.31 - 1.03 72%  12,18,25 2.10 yes
CA123m 2018/07/03 21:39 02:25 121 120/130  132/142  Cousins R 1.87 — 1.00 72%  22,30,47 1.22 yes
T100 1 m 2019/07/12 22:03 01:20 79 90 135 Bessel R 1.06 — 1.00 — 1.07 85%  20,25,30 1.79 no
T1001m 2019/08/14 20:03 00:33 303 30 45 Bessel R 1.05 — 1.00 — 1.28 96%  13,21,26 7.13 no
T100 1 m 2019/09/16 18:50 23:07 297 30 45 Bessel R 1.01 — 1.00= 1.48 93%  10,17,22 3.78 no
T100 1 m 2019/09/17 17:16 23:05 422 30 45 Bessel R 1410=,1.00 —'1.49 87%  12,17,22 2.88 no
T100 1 m 2020/05/20 21:26 01:42 85 110 155 Bessel R 2155 —1.05 3% 17,33,46 1.73 no
Cassini 1.52m 2020/07/19 20:26 02:28 263 120 138 GG-495 1.31 1.04 1% 12,18,25 1.03 no
T100 1 m 2021/01/03 15:40 17:47 43 120 165 BessellR 1.42-2.82 76%  14,24,33 1.90 no
Cassini 1.52m 2021/06/29 21:15 02:21 187 60 78 JohnsonV  1.70 — 1.03 — 1.05 68% 10,30,55 1.83 no
Cassini 1.52m 2021/06/30 22:06 02:17 181 60 78 Johnson V', 1.35 — 1.03 — 1.05 58%  10,30,50 1.08 no

curves to zero differential magnitude. The weights of the compar-
ison stars were simultaneously optimized to minimize the scatter
in the data points outside transits. Since the aperture-photometry
procedure tends to underestimate the uncertainties of thé measure-
ments, they were then scaled so each transit had a reduced )(2 of
X2 = 1.0 versus a best-fitting model calculated with\the ykTEBOP
code (see Sect. 4). The final light curves are plottedrin:Fig. 4. Un-
fortunately, the suboptimal quality of the data'is due to the fact that
there is only one good comparison star (LYC 2688-1883-1) in the
FOV. This limits the photometric accuracy, eventising defocussing,
when compared with other transitihg systems with similar magni-
tude, where we have many more comparison stars and we usually
obtain lower scatter (<1 mmag)per observation.

3.2 Cassini 1.52'm telescope

Eleven transits of KELT-16 b were observed with the Cassini 1.52 m
telescopefrom the Astrophysics and Space Science Observatory of
Bologna.in Loiano (Italy) by using the BFOSC (Bologna Faint Ob-
jectSpectrograph and Camera). This imager has a back-illuminated
ECD with 1300 x 1340 pixels and a pixel size of 20 um. The current
FOV of this facility is 13 X 12.6 arcmin. The transits were observed
through standard Johnson B, V, R filters and one with the special
uncoated GG-495 glass long-pass filter (transparent at > 500 nm),
which is used within the EDEN project (Gibbs et al. 2020). Sev-

eral of these transits were, unfortunately, not well sampled due to
bad weather conditions (see Fig. 5). Details of the observations are
reported in Table 1. The data were reduced and analysed as those
from CA (see Sect. 3.1).

3.3 T100 1 m telescope

We observed eight transits of KELT-16b with the 1-meter Turkish
telescope T100 in TUBITAK National Observatory of Turkey’s
(TUG) Bakiarlitepe Campus, which is located at 2500 m altitude.
The telescope is equipped with a cryo-cooled SI 1100 CCD with
4096 x 4096 pixels, which gives an effective field of view of 20" x
20’. We employed a Bessel-R filter in all the observations except that
on 2017/07/27, in which a Bessel-I filter was used. We employed
the defocusing technique in 5 nights, while we focused the telescope
during the nights of August 14, September 16-17 in 2019. Details of
the observations are reported in Table 1. The AsTroIMAGE] software
package was used (Collins et al. 2017) for reducing the CCD images
and performing aperture photometry with respect an ensemble of
comparison stars. The light curves are plotted in Fig. 6.

3.4 SPM 84 cm telescope

Two complete transits of KELT-16b were observed with the 84 cm
telescope of the Observatorio Astronomico Nacional of San Pe-
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Figure 4. Left-hand panel: light curves of fourteen transits.0f KELT-16b observed with the Zeiss 1.23 m telescope through four different filters. The labels
indicate the observation date and the filter that was used foteach observation. They are plotted versus the orbital phase and compared to the best-fitting JK TEBOP

models. Right-hand panel: the residuals of each fit.

dro Martir (OAN-SPM), which is located in Northwestern Mexico.
This telescope provides a set of instruments that can be mounted
according to the observational needs; among these, we have used
the Mexman, which is a wide-field imager with a CCD size of
2043 x 4612 pixels, a resolution 0f*0:25 arcsec px~! and a FOV of
8.4 x19.0arcmin. The transits were observed through a Bessel-R
filter and the photometric.data,were reduced and analysed as those
from CA (see Figi7). Details of the observations are reported in
Table 1, whilethose abeut this telescope can be found in Ricci et al.
(2017).

3.5 'OARPAF 80 cm telescope

One complete transit of KELT-16b was observed with the alt-
azimuth OARPAF 80cm telescope, located near Mt. Antola in
Northern Italy. At the time of the observation, the telescope was
equipped with an air-cooled SBIG STL 11000m camera and a

standard UBVRI Johnson filter wheel. The size of this CCD is
2004 x 1336 pixels, with a resolution of 0.29 arcsecpx~! and a
FOV of 10x 10 arcmin. The transit was observed using the Johnson
R filter and the photometric data were reduced and analysed as those
from CA (see Fig. 7). Details of the observations are reported in
Table 1, while those about this telescope can be found in Ricci et al.
(2020).

3.6 TESS photomety

KELT-16 was observed by TESS (Ricker et al. 2015) with the
2min cadence during Sector 15 of its primary mission. Contin-
uous observations of the target star were obtained from 2019-
08-15 to 2019-08-25 and from 2019-08-29 to 2019-09-07. Using
the Lightkurve Collaboration (2018) Python package, we down-
loaded the detrended PDCSAP (Pre-search Data Conditioning Sim-
ple Aperture Photometry) light curve, whose known systematics
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Figure 5. Left-hand panel: light curves of eight transits of KELT-16 bobserved with the Cassini 1.52m telescope through four different filters. The labels
indicate the observation date and the filter that was used for'each observation. They are plotted versus the orbital phase and compared to the best-fitting JK TEBOP

models. Right-hand panel: the residuals of each fit.

were already removed. The data contains twenty transits of KELT-
16 b, of which eighteen are complete and present out-of-transit data
both before the ingress and after the egress, see Fig. 8. The subop-
timal quality of TESS data is due to thefaintness of the KELT-16
star (V = 11.6 mag), which is at thedimit of the working magnitude
of TESS.

4 LIGHT-CURVE ANALYSIS

First of all, we performed a careful analysis of the most suspi-
cious light curves using prism and Gemc codes (Tregloan-Reed et al.
2013,2015), in order to search for the possible presence of starspots
occulted, by KELT-16b during its transits. It was reported by
Tregloan-Reed & Unda-Sanzana (2019, 2021) that to fully constrain
the physical parameters of a starspot and therefore provide a de-
tection to a high confidence, requires the amplitude of a starspot
anomaly to be at least twice the rms scatter of the light curve. Our

analysis determined that all the anomaly amplitudes were below
this limit and when modelled as a starspot anomaly, gave incon-
sistent system parameters (i.e. transit depth) compared to the other
anomaly free transits, strongly suggesting that the anomalies are non
astrophysical systematics. The absence of starspots is a conclusion
in agreement with a low stellar activity, which is typical for the
spectral class of the parent star.

Then, we considered the possible light contribution coming
from the companion M3 star (see Sect. 1.1), which is at roughly
0.7 away from KELT-16, but much fainter and cooler than it.
Following Southworth et al. (2010), we estimated the amount of
this “third light” by considering the effective temperature of the two
stars, the AK mag measured by Oberst et al. (2017), the 2MASS K
filter and extrapolated the light ratios to the B, V, R, I bands using
synthetic spectra, which were calculated with the ATLAS9 (Kurucz
1979, 1993) and PHOENIX model atmospheres (Allard et al. 2001),
and filter-response functions taken from the Isaac Newton Group of
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Figure 6. Left-hand panel: light curves of eight transits of KELT-16 b observed with the T100 1 m telescope through two different filters. The labels indicate
the observation date and the filter that was used for each observation. They are plotted versus the orbital phase and compared to the best-fitting sk TEBoP models.

Right-hand panel: the residuals of each fit.

Telescopes website. We found the following values for the fraction
of light coming from the unresolved star:

e Johnson B: 0.00035 +0.00009
e Johnson V: 0.00076.« 0.00020
e Johnson/Cousins R:.0.00147 +0.00037
e Johnson/Cousins /: 0.00400 + 0.00095
Therefore, in the weorst case, the contribution of the companion is
only 0.4%. We'made seyeral tests with our /-band light curves to
see how much effectythis is compared to the error bars and found
that it doésynotimake a significant difference for the global solution
of the’system'(see Sect. 6).

As‘amnext step, following our consolidated approach (see, for
example, Mancini et al. 2014; Southworth et al. 2016 and reference
therein), we used the skTEBOP code (Southworth 2013) to model the

5 http://www.ing.iac.es.

light curves presented in Sect. 3. The orbit of the planet was assumed
circular (Oberst et al. 2017) and the light curves were modelled us-
ing the Levenberg-Marquardt optimization algorithm. In particular,
we fitted the sum and ratio of the fractional radii® (rx +7rp and
k = rp/r«), the orbital period and inclination (Pyy, and i) and the
midpoint time of the transit (7). The limb darkening (LD) of the star
was also modelled by applying a quadratic law for describing the LD
effect and using the LD coefficients provided by Claret et al. (2004).
We considered the linear coefficient as a free parameter and fixed
the non-linear one, which was perturbed during the error-analysis
process. Finally, the uncertainties of the fitted parameters were es-
timated by running a residual-permutation algorithm (Southworth
2008).

The light curves and their best-fitting models are shown in

6 The fractional radii are 7 = Ry /a and p = Rp/a, where Ry and R, are
the true radii of the star and planet, while a is the semi-major axis.
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Figure 7. Light curves of two transits of KELT-16 b observed with the SPM
84 cm telescope and one with the OARPAF 80 cm telescope. Observations
were performed through two different R filters. The labels indicate the
observation date and the filter that was used for each observation. They are
plotted versus the orbital phase and compared to the best-fitting JXTEBOP
models. The residuals of the fits are plotted at the base of the figure.

Figs. 4,5, 6, 7. The values of the photometric parameters, which re-
sulted from the fit of each light curve, were combined into weighted
means to get the final values. They are reported in Table 2.

5 TRANSIT TIME ANALYSIS

5.1 Fitting the timing data

From the study of our new light curves (see Sect. 4), we.can estimate
the mid-transit time for each of the transits that'werecorded. How-
ever, we have to consider that time-correlated exrors.(i.e., red noise)
can significantly affect ground-based data:and, therefore, the deter-
mination of transit times. In order to derivesmore realistic uncer-
tainties for each point in our light eurves, we assessed the red noise
by using the S approach (e.g., Gillon‘et al: 2006; Winn et al. 2008;
Gibson et al. 2008; Nikolov et als,2012; Southworth et al. 2012a;
Mancini et al. 2013a. Practically, we inflated the error bars fur-
ther by multiplying the data‘weights by a factor § > 1, which is a
measurement of how close the data noise is to the Poisson approxi-
mation. The S factoriis found by binning the data and determining
the ratio between the size of the residuals versus what would be
expected if the data followed the Poisson distribution. We evaluated
the values of,the S factor for between two and ten data points for
each'light curve, and adopted the largest 8 value.

We,then estimated the mid-transit time for each of the transits
that we recorded by running the JxTEBOP code another time. In par-
ticular, concerning the four transits that we simultaneously observed
with two telescopes (see Appendix A), we obtained the following
values for the mid-transit times:

The ultra-hot-Jupiter KELT-16b 9

Telescope Tmid (BIDTDB)

2017.06.21

CA1.23m 11 =2457926.51170 +£0.00048

Cassini 1.52m th =2457926.51199 +0.00071

OARPAF 80 cm t3 =2457926.51419 +£0.00052
th—t; =(25.1+£102.8) sec  0.3-0
t3—t; = (215.1£106.3) sec 3.5-0
t3—1tp =(190.1£86.4) sec  1.5-0

2017.06.22

CA1.23m 1) =2457927.47825 +0.00047

Cassini 1.52m t) =2457927.48150+0.00026

th—t; = (280.8+£63.1) sec  6.1-0
2018.07.02

CA1.23m
Cassini 1.52m

t) =2458302.48199 +£0.00037
ty =2458302.48202 +0,00087

-t = (2.6+107.1) seé. 0.03-o
2018.07.03

CA1.23m
Cassini 1.52m

t] =2458303.44916 + 0,00093
ty =2458303.44984<0.00091

th—t; =(58.8+159.0) sec  0.5-0

We noticed that when the transitis simultaneously and completely
monitored by two telescopes, including the out-of-transit phases,
the difference between. the mid-transit times is minimal (~ 2.6 sec,
with 0.03-07). Instead, whentthe transit is not completely monitored
by the two telescopes, then the difference is greater (~ 215 sec and
~ 280 sec in.our worst-Cases, i.e. a difference of 3.5-0- and 6.1-
o, respectively). This happening was already noted by Barros et al.
(2013).This stresses how important it is to get complete light curves
(including the out-of-transit points) of transit events in order to
achievereliable estimates of the mid-transit times. Considering the
differences in the above table, we decided to reject the timing from
OARPAF 80 cm taken on 2017.06.21 and that from CA taken on
2017.06.22. For the remaining timings of the table, as in previous
works of our series, we decide to take the weighted mean of the
times for each of these four transits.

Finally, we assembled a final list of 69 transit timings by
joining our measurements with those from Oberst et al. (2017),
Maciejewski et al. (2018a) and Patra et al. (2020). They are reported
in Table 3.

We selected the reference epoch as that corresponding to the
first observation of our campaign (see Fig. 10) and we made several
attempts to fit the above-mentioned list of timing data. In particular,
we tried both a linear and a quadratic ephemeris in the forms

Tinid =To + Porn E, 3)

1 dPorp 2
Tmid =To+ PorbE + =——E~. 4
mid 0 orb 2 dE 4)
As usual, E represents the number of orbital cycles after the ref-
dP orb

erence epoch Tp, while =722 is the change in the orbital period
between succeeding transits. The fit of the mid-transit times with
a straight line gave the following refinement of the linear transit
ephemerides

Timid = BID DR 2457927.481100(80) +0.968993061 (139) E, (5)

with areduced chi-square of Xf =0.98 and aroot-mean-square devi-
ation (rmsd) scatter of 67.68 s (the quantities in brackets represent
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Figure 8. The photometric monitoring of KELT-16 by the TESS space telescope.

Table 2. Photometric properties of the KELT-16 system derived by fitting the transit light curves with sxTEBOP. The valuesireported in the third column are the

weighted means of the results for the individual data sets and are compared with those from other works.

Quantity Symbol This work Oberst et al. (2017) , Maciejewski et al. (2018a)

Sum of the fractional radii Tw +1p 0.33352 +0.00237
0.10814 +0.00087

Ratio of the fractional radii k&

Orbital inclination. . ...... i(°) 89.72+0.25
Star’s fractional radius. . .. Tx 0.30131 +£0.00201
Planet’s fractional radius. . "

0.1070*0-0013 0.1076 +0.0010

—g.(())mz o
8~ +2.
84.475% 84.57,
0.310+0.012 0.3088+0-0080

-0.0072

0.03264 +0.00032 = -

the uncertainties in the preceding digits). Instead, the best-fitting
quadratic ephemeris resulted to be

Tonia = BIDTDR 2457927.481114(82) + 0.968993190 (211) £+
—(1.62+2.01)x 107 10E2,
(6)

with a slightly lower XE and rmsd scatter, i.€..0:97=and 66.24 s,
respectively. We also tried a fit with a cubic ‘ephemeris and, also
in this case, we found a negligible improyement, compared to the
previous cases; see Table 4, where we summarise the results of our
analysis.

Since the )(3 of the three models was very similar to each
other, we estimate the Akaike Information Criterion (AIC) and the
Bayesian Information Criterion((BIC). Both these criteria slightly
prefer the linear model overthe’quadratic and cubic models (see
Table 4). The timing residuals from the linear ephemeris are plotted
in Fig. 10 together with the quadratic model.

Following a suggestion of the referee, we excluded the light
curves thathave missing ingress/egress or strong systematics and re-
peated.the analysis of the transit times without these values to check
if theresults are consistent. In particular, we excluded the light curve
recorded by the Cassini 1.52 m telescope on 2017/06/23 because the
ingress is missing; we excluded the two T100 light curves (recorded
on 2019/08/14 and 2019/09/16) because they were observed with-
out using defocussing; we excluded the T100 light curve recorded
on 2021/01/03 because the ingress is missing. Having excluded

theseAfour timings, we remade the TTV analysis and did not find
significant differences compared to the case with the entire dataset.

5.2 Orbital-decay analysis

The analysis presented in the Sect. 5.1 shows that both linear and
quadratic models fit the mid-transit times of KELT-16 b equally well.
The impasse can only be overcome by acquiring new planetary-
transit measurements. The quadratic terms can be progressively
constrained to be smaller and smaller as more data are added. Based
on the current data and following the approach of previous studies
(e.g., Maciejewski et al. 2016; Patra et al. 2017; Southworth et al.

2019), we found that the change in the orbital period is % =

—(3.2+4.0)x 10719 days per orbital cycle and, therefore, the period
derivative is Py = ﬁ% =-10.6+13.1 ms yr‘l, consistent
with a constant orbital period or with an orbital period that shrink
to zero in a time larger than 8 Myr.

The rate of the orbital decay, which we have deduced, may be
used to limit the modified tidal dissipation quality factor, via Eq. (1),
to Q4 > (1.9+0.8)x 10; this result is based on the 95% confidence
lower limits on P,y,, while the uncertainties come from propagating
the errors in M/ My and Ry /a (see Table 5).
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and panel: TESS light curves of KELT-16 b transits. They are plotted versus the orbital phase and compared to the best-fitting JkTEBOP models.

anel: the residuals of each fit.
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Figure 10. Plot of the residuals of the timings of mid-transit of KELT-16b versus a linear ephemeris. The points are coloured based on their source(sée the
legend). CA points (dark blue) include the times averaged on simultaneous observations (see Table 1 and Appendix A). The red band represents 1 o~ uncertainty
on the orbital decay model. Zooms in to the two best-sampled regions are shown in Fig. B1.

6 PHYSICAL PROPERTIES

6.1 Analysis of stellar parameters

We reviewed the stellar parameters of the KELT-16 star by fitting
its Spectral Energy Distribution (SED) using the MESA Isochrones
and Stellar Tracks (MIST; Dotter 2016; Choi et al. 2016) through
the EXOFASTv2 suite (Eastman et al. 2019). To be precise, following
Barbato et al. (2020), we fitted the stellar magnitudes (Oberst et al.
2017), imposing Gaussian priors on the effective temperature and
the metallicity. These priors were based on the spectroscopic mea-
surements and the parallax obtained from Gaia DR3. From this
analysis, we estimated the stellar atmospheric parameters, which
resulted to be in good agreement with those of the discovery paper,
see Table 5.

6.2 Physical parameters of the planetary system

The main physical properties of the KELT-16 system wefe de-
termined using our robust “Homogeneous Studies” approach (see
for example Southworth 2012; Mancini et al. 2013a and references
therein), which makes use of the photometric parareters reported
in Table 2, the stellar radial-velocity amplitude Ky =494 +25m 571
(Oberst et al. 2017), the spectroscopic parameters (Sect. 6.1) and a
set of theoretical stellar models. We calculated the properties of the
system by using standard formulaeyincluding the velocity amplitude
of the planet, Kp,. Then, we iterdtively adjusted the value of K to
find the best agreement between'the values of 7, and T.g that we
measured from the observations and those predicted by a single the-
oretical model of.the'ealculated mass. This procedure was repeated
for a wide grid of ages and five different theoretical models.

Finally, we took the unweighted mean of the five sets of values
as the final setof physical properties of the system. They are reported
in Table 5. The systematic uncertainties of these values were calcu-
lated as the standard deviation of the results from the five models for
each output parameter. Table 5 also shows the physical properties
found'by other authors. Our results are in good agreement with them
but more precise because of the much more extensive photometry
of the system presented in the current work.

6.3 Variation of the planetary radius.with the wavelength

It has been well ascertained that thé.transmission spectra of hot
Jupiters show characteristic absogption features at particular wave-
lengths (see, e.g., Sing 2018)«In particular, those for which the
incident stellar flux is > 10° erg s7lecm™2 are expected to host a
large amount of absorbing ‘substances in their atmospheres, such
as gaseous titanium oxide (Ti®) and vanadium oxide (VO), act-
ing in a window .of the Optical region between 450 and 700 nm
(Fortney et al. 2008). Using the multi-colour light curves that we
took throughdifferent passbands (i.e. B, V, R7, I), we attempted to
reconstruct a low-resolution transmission spectrum of KELT-16b.
We excluded from this analysis the low-quality and the incomplete
light curves that we presented in Sect. 3 (also see Table 1 and Figs 4,
5 and 7),because from their fits we can get inaccurate value of the
transit depth. We also excluded the TESS light curves because the
long-pass filter of TESS is just too wide (> 500 nm) for our pur-
poses.

Following a general approach, we run again jktEBOP for each
of our light curves to calculate the ratio of the radii in each pass-
band, fixing this time the other photometric parameters to their
best-fitting values that we previously estimated (see Table 5). This
returned a set of k = Rp/R, values which are directly compa-
rable and whose error bars exclude common sources of uncer-
tainty. Then, we made a weighted mean of these values for each
of the four passbands, obtaining the following: kp = 0.10767 +
0.00055, ky = 0.10846 + 0.00076, kg = 0.10825 + 0.00112 and
ky =0.10833+£0.00051. These values are shown in Fig 11 and com-
pared with two one-dimensional model atmospheres, which were
obtained by Fortney et al. (2010). In particular, the red line has
been calculated for Jupiter’s gravity (25 ms~2) with a base radius
of 1.25 Ryyp at the 10 bar level and at 2500 K. The opacity of TiO
and VO molecules is excluded from the model and the optical trans-
mission spectrum is dominated by Hy/He Rayleigh scattering in
the blue, and pressure-broadened neutral atomic lines of sodium at
589 nm and potassium at 770 nm. The green line represents a model
similar to the previous one, but the opacity of TiO and VO molecules
was included. This model shows significant optical absorption that
broadly peaks around 700 nm, with a sharp fall-off in the blue and a

7 Even though different R filters were used, they are very similar considering
their bandwidth and effective wavelength.
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Table 3. Times of mid-transit for KELT-16 b and their residuals for a constant
period.

Time of minimum Cycle o-C Reference

BID(TDB)-2400000 no. (day)

57165.85142+0.00099 —-786.0  —0.00095
57166.82179+0.00086  —785.0 0.00043
57168.75660+0.00185  —783.0  —0.00275
57196.85920+0.00275 -754.0  -0.00096
57198.79802+0.00072  -752.0  —0.00012
57228.83690+0.00100 -721.0  —0.00004
57238.52790+0.00175  -711.0 0.00103
57328.64440+0.00130  —618.0 0.00114
57329.61146+0.00093  —617.0  —0.00079
57330.58151+0.00046  —616.0 0.00026 Oberst et al. (2017)

57363.52676+0.00091  —582.0  —0.00026 Oberst et al. (2017)

57714.30206 +0.00071  -220.0  —0.00054  Maciejewski et al. (2018a)

Oberst et al. (2017)
Oberst et al. (2017)
Oberst et al. (2017)
Oberst et al. (2017)
Oberst et al. (2017)
Oberst et al. (2017)
Oberst et al. (2017)
Oberst et al. (2017)
Oberst et al. (2017)

57914.88456 +0.00051 -13.0 0.00036 Patra et al. (2020)
57915.85370 +0.00062 -12.0 0.00050 Patra et al. (2020)
57924.57245 +0.00059 -3.0 -0.00169 CA
57925.54315+0.00044 -2.0 0.00002 CA
57926.51179 +0.00040 -1.0 -0.00033 CA/Cassini
57927.48150 +0.00026 0.0 0.00039 Cassini
57927.48156 +0.00047 0.0 0.00045  Maciejewski et al. (2018a)
57928.44850 +0.00396 1.0 -0.00161 Cassini
57930.38847 +0.00061 3.0 0.00038 T100
57945.89131+0.00184 19.0  -0.00068 SPM
57946.86111+0.00110 20.0 0.00013 SPM
57957.51989 +0.00049 31.0 -0.00001 Cassini
57958.48844 +0.00026 32.0 -0.00046  Maciejewski et al. (2018a)
57959.45852 +0.00055 33.0 0.00063 Cassini
57960.42762 +0.00050 34.0 0.00073 Cassini
57962.36544 +0.00230 36.0 0.00057 T100
57986.58974 +0.00055 61.0 0.00004 CA
57988.52836 +0.00055 63.0 0.00068 CA
57988.52797 £ 0.00038 63.0 0.00029  Maciejewski et al. (2018a)
57989.49700 + 0.00076 64.0 0.00033 CA
58021.47285+0.00092 97.0  —0.00060 CA
58021.47346 +0.00038 97.0 0.00001  Maciejewski et al. (2018a)
58022.44176 +0.00095 98.0  —0.00068 CA
58022.44219 +0.00046 98.0  —0.00025  Maciejewski et al. (2018a)
58023.41090£0.00131 99.0  —-0.00053 CA
58026.31752+0.00071 102.0  -0.00090  Maciejewski et al. (2018a)
58056.35704 +0.00064 133.0 -0.00017 CA
58301.51280+0.00039 386.0 0.00034 CA
58302.48200+0.00034 387.0 0.00054 CA/Cassini
58303.44940 +0.00065 388.0 -0.00105 CA/Cassini

58334.45858 +0.00061 420.0 0.00035  Maciejewski et al.42018a)
58365.46578 +£0.00063 452.0  -0.00022  Maciejewski etk (2018a)
58368.37232+0.00047 455.0  —0.00066  Maciejewskifet al. (2018a)
58401.31876 +0.00028 489.0 0.00001  Maciejewski et al. (2018a)

58677.48078 £0.00112 774.0  -0.00097 T100
58710.42937 +£0.00167 808.0 0.00186 T100
58711.39561 +0.00071 809.0  —0.00089 TESS
58713.33461 £0.00049 811.0 0.00013 TESS
58714.30250 +0.00062 812.0  —0.00098 TESS
58715.27389 +0.00083 813.0 0.00142 TESS
58716.24094 £ 0.00060 814.0  ~0.00052 TESS
58717.21045 +0.00053 815.0 ~ —0:00001 TESS
58719.14782 +0.00096 817.0  -0.00062 TESS
58725.93202 £ 0.00074 824.0 0.00063 TESS
58726.90076 +0.00076 825.0 0.00038 TESS
58727.86882+0.00061 826.0 1,»—0.00056 TESS
58728.83823 +0.00054 827.0 -0.00014 TESS
58729.80658 +0.00089 828.0  —0.00079 TESS
58730.77638 £0.00067 829.0 0.00003 TESS
58731.74528 +0.00090 830.0  -0.00007 TESS
58732.71525 +0.00061 831.0 0.00091 TESS
58733.68336%0.00077 832.0 0.00003 TESS
58743.37244 + 0.00092 842.0  -0.00082 T100
58 744.34073'+0.00062 843.0 -0.00153 T100
58990.46559+0.00139  1097.0  —0.00085 T100
59050.54472+0.00035  1159.0 0.00072 Cassini
59218.17959£0.00080  1332.0  -0.00016 T100
59395.50478 £0.00062  1515.0  —0.00064 Cassini
59396.47467 £0.00046  1516.0 0.00026 Cassini
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Figure 11. Variation of the planetary radius, in terms of the,planet/star
radius ratio, with wavelength. The points are from the grotind-based transit
observations presented in this work. The vertical bars represent.the errors
in the measurements and the horizontal bars show the FWHM transmission
of the passbands used. The observational points are compared with two
synthetic spectra from Fortney et al. (2010) (see textifor-details). Coloured
squares represent band-averaged model radiizover the bandpasses of the
observations.

shallower fall-off in the redeUnfortunately, the accuracy of our data
is not at the same level of accuracy as the atmosphere models; even
though they indicate a possible radius variation between wavelength
ranges 350 —420 nm and’500 — 800 nm, practically, they show a flat
transmission spectrum to within the experimental uncertainties.

6.4 _Flux ratio of KELT-16 b from TESS phase curve

Due. to itsshort period, KELT-16b has been selected as a back-
uptarget for the JWST Early Release Science program (Bean et al.
2018). This because the time required to observe an its full orbit
phase curve is relatively small when compared with a more typical
hot Jupiter (P, ~ 3 days). Moreover, KELT-16b is highly irradi-
ated and, therefore, will give a large thermal emission signal.

By using the SPOC pipeline, we extracted the data of KELT-
16 from the TESS database and generated a phase curve with the
periodicity and time of transit shown in Table 5. We exploited the
Starry python package (Luger et al. 2019) to fit both the transit and
the secondary eclipse to measure the flux ratio of the planet over
its star, see Fig 12. We approximate KELT-16 b to be tidally-locked
and model it with a simple dipole brightness map, where the bright
side is facing the star, but we also take into account a possible offset
that captures the eventual misalignment between the hot spot of the
planet and the sub-stellar point, which causes the maximum of the
planet flux to happen outside of the secondary eclipse. The mass
and radius of both the star and the planet are set to be normally
distributed around the value and standard deviation from Table 5,
while the offset and the amplitude of the planet flux are free to vary
within reasonable limits. A brightness temperature for both the day
side and the night side of the planet is then computed with the
Planck’s law. The results are shown in Table 6 and the distributions
are plotted in Fig. C1, from where result an offset of 25+ 14°
and a Fp/Fy of 434 +42 ppm. Finally, the brightness temperature
of the day- and night-side simple model are Tgyy = 3190 £ 61K
and Thighy = 2668 +56 K, respectively. These values are compatible
within 1 o~ and 2 o, respectively, of those found by Bell et al. (2021)
with Spitzer measurements.
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Table 4. Summary of the best-fitting values of the parameters obtained by using a linear-, a quadratic and a cubic-ephemeris model for the KELT-16b time
residuals. The corresponding reduced chi-square, AIC, BIC and root-mean-square-deviation (rmsd) values are also reported.

Poly order )(3 Ty (BID1pp —2400000) Orbital Period (day) Quadratic term Cubic term AIC BIC rmsd (s)
Linear 0.98  57927.481100+0.000080  0.968993061 +0.000000139 - - 7329 77.82 67.68
Quadratic  0.97  57927.481114+0.000082  0.968993190 +0.000000211  —(1.62+2.01)x 10710 - 74.64 8143 66.49
Cubic 0.96  57927.481145+0.000095  0.968993123 +0.000000236 —(3.49+3.54)x 10710 (1.81+£2.82)x 10713 7623 85.28 65.97

Table 5. Physical parameters of the planetary system KELT-16 derived in this work (Sect. 6.2), compared with those from other works. Where two error bars
are given, the first refers to the statistical uncertainties, while the second to the systematic errors. Notes. ¢ This value was obtained from the SED fitting
procedure (Sect. 6.1). b This value was obtained from the transit-time analysis (Sect. 5).

Quantity Symbol Unit This work Oberst et al. (2017) Maciejewski et al. (2018a) Patra et al. (2020)

Stellar parameters

Stellar effective temperature® Ter K 6237f§§ 6236 + 54 - &

Stellar metallicity® ......... [Fe/H] dex -0.006*0-082 -0.002+5-08¢ - -

Stellar mass ................ M Mg 1.195£0.037+0.024 1.21170:943 - -

Stellar radius ............... Ry Ro 1.315+0.016 +0.009 1.360+0-9% - -

Stellar surface gravit log g« cgs 4.278£0.007 +0.003 4.25370-931 - -

Stellar density .............. Px PO 0.5256+0.0100 0.48170-056 - -

AQe i T Gyr 3.0f8:;f8:3 3.1+£0.3 - -

V-band extinction® ......... Ay mag 0. 179f8:8§2 0.04+0.04 - -

Parallax® @ mas 2.247’:8: 8{% - - -

Distance® d pc 445.0+2.6 399+ 19 — -

Planetary parameters

Planetary mass ............. M, My 2.71+0.15+0.04 2.75’:8:}2 - -

Planetary radius ............ Ry Riyup 1.383£0.023 +0.009 1.415+0-084 - -

Planetary surface gravity . ... & ms~2 35.1£2.0 33.93:2 - -

Planetary density ........... Pp Plup 0.958 +0.062 +0.006 0.90+0.14 - -

Equilibrium temperature .. .. Teq K 2417+22 2453’:1; - -

Safronov number ........... () 0.0667 +0.0036 +0.0004 0.0654 +£0.0045 - -

Orbital parameters

Semi-major axis ............ a au 0.02035 +0.00021 000014 %, 0:02044+0-00024 - -

Inclination ................. i degree 89.72+0.14 84.473-9 84.512-0 -
Constant period

Time of mid-transit? ....... Ty BIDTpB 2457927°481100 (80) 2457165.85179(49) 2457247.24774(24) 2457910.03913(11)

Period? ................... Pory days 0.96899306 (14) 0.9689951(24) 0.96899320(29) 0.96899319(30)
Orbital decay

Time of mid-transit?® ....... Ty BIDTpB 2457927.481114(82) - - 2457910.03918(15)

Period? ................... Porb, days 0.96899319(21) - - 0.96899314(33)

Table 6. Posterior values and their standard deviations over the model pa-
rameters from a Starry computation with 8000 draw iterations. The day and
the night flux are defined as the fluxes ratio that the planet emits over the
star’s respectively at phase 0.5 and 0.0 in ppm (also the average planet ampli-
tude is in ppm). hdi_3% and hdi_97% represent the lower and upper bounds
of a ~ 95% credible interval, which contains the true parameter value with

1000

2000

~ 95% probability.
g
u?“_: - Quantity Unit This work hdi_3% hdi_97% Bell et al. (2021)
Fp/Fa....... (ppm)  434.19+41.61  361.08 519.88 4810*330
Max flux offset ~ °E 25.25+£14.03  -0.56 5250 -38+1¢
- Day flux...... (ppm)  654.61+£71.18 52135  786.51 -
= T T : : Nightflux....  (ppm) 213.78+31.94  158.69  276.11 -
t
roftal phase Tagoooo K 3190:£61 3077 3301 3070*190
Thight -« -+ - K 2668 + 56 2563 2773 1900*439

Figure 12. Top panel: phase curve of KELT-16 from TESS data, fitted with
the Starry package. Bottom panel: residual of the fit.
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Figure 13. Dayside emission spectra of KELT-16b in terms of the planet-
to-star flux ratio, with a specimen atmosphere rich in hydrogen and with
two different C/O ratios and temperature profiles. The spectra in green and
red correspond to C/O = 0.4 and C/O = 1.1 atmospheres, respectively,
with a simple mixture of H,O, CO, CHy, CO;, C,H,, HCN and TiO. The
temperature profiles are shown in the upper left inner panels, the top one
being a temperature inversion model with a peak temperature at 3600 K,
while the bottom one is the Guillot (2010) model. The black diamond is the
expected day flux ratio contribution from this paper with TESS data, while
the blue dot is the calculated planet flux ratio with Spitzer from Bell et al.
(2021). The bandpass integrated model points are shown in the coloured
squares. The two curves at the bottom of the panels show the TESS and the
Spitzer 4.5 um photometric bandpasses.

6.5 Emission spectrum of KELT-16 b

In order to compare the calculated flux ratio at the TESS wave-
length (centred on 786.5 nm) with that at the Spitzer\wavelength
(centered on 4500nm) from Bell et al. (2021), 'we used the Tau-
rex python package (Al-Refaie etal. 2019) and generated four
emission-spectrum models (Fig. 13), whichiare based on the KELT-
16 planetary-system parameters (Table 5), with two different at-
mosphere compositions® (oxygen“dominated, C/O = 0.4 in green;
carbon-dominated, C/O = 1.1 in red)yand two different tempera-
ture profiles: a temperature inversion-model for the top panel and
the Guillot (2010) model for the bottom panel. In every emission
model, we set a constant-quench temperature (7' = 3190 K), i.e. the
temperature of thelower.atmosphere (P ~ 1 bar), as it fits very well
the planet flux-fatio calculated with TESS data. However, from an
inspection of the two panels, only the inversion-temperature case
manages-to,also fit-the flux ratio from Spitzer with a peak tempera-
ture of 3600 K.

8, These atmosphere compositions are the same used by Madhusudhan et al.
(2012) for WASP-19b, which has an equilibrium temperature and radius
similar to those of KELT-16b.
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7 SUMMARY AND CONCLUSIONS

In this work we studied the physical and orbital properties of the
ultra-hot Jupiter KELT-16 b, which is one of the few giant transiting
exoplanets with Py, < 1 day and belongs to a group of exoplanets
that are the most favourable to detect orbital decay (see discussion
in Sect. 1.1 and Sect. 1.2). We reported the photometric monitoring
of 28 transit events of KELT-16b, which were observed with five
medium-class telescopes through four different optical passbands.
Most of the transits were observed using the defocussing technique,
achieving a photometric precision of 1 mmag per observation in the
best case (this unusual lack of good accuracy can be explained by
the fact that there are no good comparison stars around KELT-16).
Three transits were simultaneously observed with two differént
telescopes in different countries and one with three telescopes.
In total, we collected 34 new light curves that were .modelled
with the skTEBOP code (see Figs. 4, 5, 6, 7). We also"considered
the TESS data and analysed 18 complete transitSirecorded by
this space telescope (see Fig. 8). Our principal results are-as-follows.

e  We estimated the mid-transit time for each of the transit
event of KELT-16b that we presented. These,timings were joined
to others already published, obtaining a final list of 69 epochs
(Table 3), which we used for updating the ephemeris of the orbital
period and the mid-transit time. 'We alse’searched for evidence of a
decrease in its orbital period=Quz.analysis shows the possibility of
TTVs in this planetary system, the values of the )(3, AIB and BIC
of the orbital-decay ephemeris‘model being similar to the constant
orbital-period model. Longet monitoring of KELT-16 b transits are
needed to obtain robust indications that the orbit of KELT-16b is
decaying. Based"on the current data and assuming that the period
is not changing,'we can set a limit of 0/, > (2.2+£0.4) x 10° with
95% confidence.

e . 'We have used the TESS and the new ground-based light
curves'to refine the physical parameters of the KELT-16 planetary
system. Our results are shown in Table 5 and, in general, are in
good agreement with those obtained by Oberst et al. (2017) but
more precise.

e As stressed by Oberst et al. (2017), its ultra-short period
and the high irradiation make KELT-16b a benchmark target for
atmospheric studies. Taking advantage of our multi-band pho-
tometric observations, we reconstructed a low-resolution optical
transmission spectrum of the planet. We found a small variation of
the planet’s radius, which suggests the presence of strong absorbers
in the optical, as expected, but at a low significance. More precise
observations are mandatory to robustly confirm this indication.

e Using the TESS data, we reconstructed the phase curve of
the KELT-16 adopting the periodicity and the time of transit shown
in Table 5. We simultaneously fitted the transit and occultation
and estimated the flux ratio of the planet over its parent star and
estimated the temperature of both the day- and night-side of the
planet (3190 + 61 K and 2668 + 56 K, respectively). Moreover, we
found that KELT-16 b has a phase offset of 25 + 14 °E. These results
(see Table 6), which are based on TESS data, are compatible with
those found with Spitzer data (Bell et al. 2021).

o We compared the flux ratio at the TESS wavelength with that
at the Spitzer wavelength and generated several emission-spectrum
models for probing the chemical composition of the planet’s atmo-
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sphere. We found that an atmosphere with temperature inversion is
favoured, with a slight preference for an oxygen-dominated rather
than a carbon-dominated composition. Again, many more measure-
ments at different wavelength are needed to confirm this results.
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This paper has been typeset from a TEX/I&TEX file prepared by the author.
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Figure A1. The fours transit events that were simultaneously observed with
three telescopes (top panel) and two telescopes bottom panels.
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Figure B1. Zooms in to the best sampled region (top panel) and in that
covered by TESS (bottom panel). The points are coloured as in Fig 10.
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Figure C1. Distributions of the posteriorvalues over the model parameters
from a Starry computation with'8000 draw iterations. Mean values are
highlighted with blue lines, while the’contour levels of the joint probability
densities have been drawn at 1o distance.
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