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ABSTRACT

In this work, we present the discovery and confirmation of two hot Jupiters orbiting red giant stars, TOI-4377 b and TOI-4551 b,
observed by Transiting Exoplanet Survey Satellite in the Southern ecliptic hemisphere and later followed-up with radial-velocity
(RV) observations. For TOI-4377 b, we report a mass of 0.957700% My and a inflated radius of 1.348 + 0.081 R; orbiting an
evolved intermediate-mass star (1.36 M and 3.52 Rg; TIC 394918211) on a period of of 4.378 d. For TOI-4551 b, we report a
mass of 1.49 & 0.13 M; and a radius that is not obviously inflated of 1.05870:3¢5 Ry, also orbiting an evolved intermediate-mass
star (1.31 Mg, and 3.55 Rg; TIC 204650483) on a period of 9.956 d. We place both planets in context of known systems with hot
Jupiters orbiting evolved hosts, and note that both planets follow the observed trend of the known stellar incident flux-planetary
radius relation observed for these short-period giants. Additionally, we produce planetary interior models to estimate the heating
efficiency with which stellar incident flux is deposited in the planet’s interior, estimating values of 1.91 4+ 0.48 per cent and
2.19 £ 0.45 per cent for TOI-4377 b and TOI-4551 b, respectively. These values are in line with the known population of hot
Jupiters, including hot Jupiters orbiting main-sequence hosts, which suggests that the radii of our planets have re-inflated in step
with their parent star’s brightening as they evolved into the post-main sequence. Finally, we evaluate the potential to observe

orbital decay in both systems.

Key words: exoplanets —planets and satellites: detection.

1 INTRODUCTION

The occurrence rate of giant planets orbiting main-sequence and
evolved stars has been estimated to be the same, ~ 10 per cent
(Johnson et al. 2007; Cumming et al. 2008; Mayor et al. 2011;
Wittenmyer et al. 2020), with these estimates obtained from radial-
velocity (RV) surveys, given the long periods of the planets. Looking
only at hot Jupiters, RV surveys determine values of their occurrence
rate around main-sequence stars of ~ 1 per cent — 1.5 per cent
(Cumming et al. 2008; Mayor et al. 2011), whilst photometric obser-
vations estimate the values to be ~ 0.5 per cent (Howard et al. 2012;
Fressin et al. 2013; Petigura et al. 2018). Some possible explanations
put forward for these differences between observational methods
include different metallicities between sample (Howard et al. 2012;
Wright et al. 2012) and stellar multiplicity (Wang et al. 2015).
Looking at hot Jupiters orbiting evolved stars, the situation is
less clear. Through RV surveys, with which the majority of known
planets orbiting evolved stars have been identified (Johnson et al.
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2010a; Reffert et al. 2015), there was a dearth of short-period planets
found, especially hot Jupiters (Bowler et al. 2010; Johnson et al.
2010b; Reffert et al. 2015; Ottoni et al. 2022). These results hinted
at possible differences between the populations of hot Jupiters
around main-sequence and evolved hosts, with planetary spiralling
and eventual engulfment being suggested as a mechanism for the
depletion of these planets around evolved hosts (Villaver & Livio
2009; Schlaufman & Winn 2013).

The discovery of giant exoplanets transiting such evolved hosts is
more recent, driven by photometric space missions such as Kepler
(Huber et al. 2013; Lillo-Box et al. 2014; Barclay et al. 2015; Quinn
et al. 2015; Chontos et al. 2019) and K2 (Grunblatt et al. 2016;
Van Eylen et al. 2016; Grunblatt et al. 2017, 2019). These transiting
systems were found on shorter periods than their RV counterparts,
with its population mostly consisting of hot Jupiters. Subsequent
studies of these close-in giant planets orbiting K2 stars revealed
that their occurrence rate is 0.377) 7 per cent (Grunblatt et al. 2019;
Temmink & Snellen 2023), mostly in line with the results from main-
sequence stars. More precise estimates of the planet occurrence rate
of evolved stars will reveal whether late-stage stellar evolution has a
significant impact on planet demographics, as has been predicted by
evolutionary theory (Schlaufman & Winn 2013; Villaver et al. 2014).
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Following up on Kepler and K2, the Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015) traded length of observations
for sky coverage, with the 2-yr primary mission having observed
close to the entire sky for at least one month. Campante et al. (2016)
predicted that up to 200 low-luminosity red giant host stars with
asteroseismic oscillations could be detected with TESS. Currently,
TESS has already led to the discovery of a handful of planets orbiting
evolved stars. TOI-197b was the first planetary detection orbiting an
evolved star, using 7ESS data, and also included an asteroseismic
detection for the host (Huber et al. 2019). In the meantime, multiple
additional transiting giant planets have been found orbiting evolved
stars, both subgiants and red giants (Nielsen et al. 2019; Rodriguez
et al. 2021; Grunblatt et al. 2022; Khandelwal et al. 2022; Saunders
etal. 2022). Planets in evolved systems detected by TESS have begun
to reveal new features of planetary demographics as a function of
evolutionary state (Grunblatt et al. 2023), and additional transiting
planet discoveries will help to determine the significance of these
features.

In this article, we report the discovery and characterization of two
newly discovered short-orbit giant planets, TOI-4377 b and TOI-
4551 b, both of which orbit red giant stars observed by TESS. In
Section 2, we outline all data acquired and utilized in the discovery
and characterization of these two planetary systems. Then, Section 3
describes the characterization of the host stars, and Section 4, the
characterization of the newly discovered planets. In Section 5,
we explore some open questions in the literature related to hot
Jupiters and discuss how these two planets fit in with the existing
population of close-in giant planets orbiting evolved stars. Finally, a
summary of this work’s results and some conclusions are presented in
Section 6.

2 OBSERVATIONAL DATA

2.1 TESS photometry

TOI-4377 b (TIC 394918211) and TOI-4551 b (TIC 204650483), the
two discovered planets introduced in this article, were both identified
as planet candidates through a survey searching for giant planets
orbiting bright, low-luminosity red giant branch stars (LLRGBs). The
reason for selecting this population of stars was twofold. First, to try
and constrain our stellar sample so that the frequency of maximum
oscillation power, vy, was lower than the Nyquist frequency of
30-min cadence TESS data (making stellar oscillations potentially
detectable; see Section 3.2). And secondly, so that Jupiter-sized
planets transiting their hosts could be visible in TESS photometric
data.

Using available information from the 7ESS Input Catalog (TIC,
Stassun et al. 2019), we defined empirical cuts on colour, magnitude,
and Gaia parallax to select only the giant stars from the catalogue. To
further distinguish LLRGB stars from the remaining giant sample,
we initially aimed at restricting the radii of stars from 3 to 8 Rg.
These radii were determined using the Stefan—Boltzmann relation,
with Gaia parallaxes used to estimate distances, and the stellar
effective temperatures obtained from spectroscopy (when available)
or dereddened colours (see section 2.3.5 of Stassun et al. 2019 for
more details). However, to ensure no true giants were lost due to
uncertainties in these TIC radii, we assumed a conservative estimate
of their systematic uncertainties of about 15 percent (Tayar et al.
2022) and expanded our criterion to stellar radii between 2.5 and 10
R . Finally, we considered only brighter stars in the Southern ecliptic
hemisphere, restricting our targets to TESS magnitudes below 10.
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All targets from the sample observed by TESS were put through a
custom-made data processing pipeline comprised mostly of open-
source software. This pipeline extracts and corrects light curves
from TESS full-frame images (FFIs),' searches for transits and
performs statistical and astrophysical false-positive validation of
transits, identifying and ranking promising planet candidates. A full
description of the pipeline and open-source software used in it is
described in detail in Pereira (2022). Additionally, all promising
targets were also analysed with the GIANTS pipeline described
in Saunders et al. (2022), which has been used to confirm the
discovery of giant planets orbiting giant stars with TESS, with
promising results (Grunblatt et al. 2022; Saunders et al. 2022). This
cross-evaluation of candidates improved the chances that follow-
up time was dedicated to the targets more likely to host giant
planets.

In addition to the target search described above, additional targets
were independently identified around fainter evolved stars using the
GIANTS pipeline and then verified using our independent pipeline.
TOI-4377 (TIC 394918211), the host star of TOI-4377 b, is one such
case, as the star has a TESS magnitude of 10.79.

TOI-4377 was observed for three sectors in the initial year of TESS
(Sectors 11-13), with two additional sectors of observations during
TESS’s extended mission (Sectors 38 and 39), which were observed
with a higher cadence (10-min) and binned to 30-min observations
in this work, to match the nominal mission’s observation cadence.
TOI-4551 was observed for two sectors, Sector 10 in the first year of
TESS and Sector 37 in the extended mission, with the observations
from the extended mission’s sector having also been binned to 30-
min cadence in this work. The light curves produced by our pipeline
for TOI-4377 and TOI-4551 are shown on the top and bottom panels
of Fig. 1, respectively.

The transit signatures of both targets also passed all the tests
in Data Validation, as presented in the TESS Science Processing
Operations Center (SPOC) DV reports (Jenkins et al. 2016; Twicken
et al. 2018; Li et al. 2019) on MAST (Mikulski Archive for Space
Telescopes). Both targets were made TOIs by the TESS team on
2022 December 14.

2.2 Spectroscopic Follow-up

RV follow-up observations were carried out for both planet can-
didates. For TOI-4377, 20 spectra were obtained between 2021
April and June using the high-resolution CORALIE spectrograph,
located at European Southern Observatory’s La Silla Observatory
on the Swiss 1.2-m Leonhard Euler Telescope (Queloz et al. 2001).
CORALIE has a resolution of R ~ 60000 and is fed by a 2 arcsec
fibre (Ségransan et al. 2010). The exposure times were set at 1800 s,
resulting in spectra with a signal-to-noise ratio (S/N) per resolution
element ranging from 8 to 19. We derived the RV of each epoch
by cross-correlating the spectrum with a K5 binary mask (Baranne
et al. 1996). An additional six spectra were obtained between
2021 May and June using the CHIRON spectrograph (R = 80 000)
at the 1.5-m Small and Moderate Aperture Research Telescope
System (SMARTS) telescope of the Cerro Tololo Inter-American
Observatory in Chile (Tokovinin et al. 2013). CHIRON uses a ThAr
lamp as a wavelength reference and the RVs were derived from each
spectrum following Zhou et al. (2020).

ITESS FFIs were produced by the TESS SPOC at NASA Ames Research
Center (Jenkins et al. 2016).
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Figure 1. Top: light curve produced for TOI-4377. The left section corresponds to Sectors 11-13, observed in 30-min cadence during the first year of TESS.

The one on the right corresponds to Sectors 38 and 39 from TESS’s extende:

d mission, with the measurements, observed on a cadence of 10 min, binned to 30

min to match the first year sectors. Bottom: light curve produced for TOI-4551. The left section corresponds to Sector 10, observed in 30-min cadence during
the first year of TESS. The one on the right corresponds to Sector 37 from TESS’s extended mission, again with the measurements, observed on a cadence of 10
min, binned to 30 min to match the first-year sectors. BTJD is the Barycentric TESS Julian Date, defined as the Barycentric Julian Date (BJD) — 2457000.

For TOI-4551, 15 spectra were obtained between 2021 May
and August using the CHIRON spectrograph using the same
data processing treatment as previously mentioned. An addi-
tional eight spectra were also obtained between 2021 and 2022
June, with the High Resolution Echelle Spectrometer (HIRES)
spectrograph (R = 55000) at the Keck-I telescope of the W.
M. Keck Observatory in Maunakea, Hawaii (Vogt et al. 1994).
The HIRES spectra were obtained and processed using stan-
dard procedures of the California Planet Search (Howard et al.
2010), including the use of an iodine cell as a wavelength ref-
erence and RV determination using the method of Butler et al.
(1996).

Tables Al and A2 show all RV measurements, along with their
observation times and corresponding uncertainties for TOI-4377 and
TOI-4551, respectively.

2.3 Ground-based imaging

Close stellar companions (bound or line of sight) can confound
exoplanet discoveries in a number of ways. The detected transit signal
might be a false positive due to a background eclipsing binary and
even real planet discoveries will yield incorrect stellar and exoplanet
parameters if a close companion exists and is unaccounted for Ciardi
et al. (2015). Given that nearly one-half of solar-like stars are in
binary or multiple star systems (e.g. Matson et al. 2018), high-
resolution imaging provides validation and characterization infor-
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mation for an exoplanet system and crucial information toward our
understanding of exoplanetary formation, dynamics, and evolution
(Howell et al. 2021).

TOI-4377 and TOI-4551 were observed on 2022 May 17 UT
and 18 UT, respectively, using the Zorro speckle instrument on
the Gemini South 8-m telescope (Scott et al. 2021; Howell &
Furlan 2022). Zorro provides simultaneous speckle imaging in two
bands (562 and 832 nm) with output data products including a
reconstructed image with robust contrast limits. We obtained eight
sets of 1000 x 0.06 second images for TOI-4377 and four sets for
TOI-4551. Both data sets were processed in our standard reduction
pipeline (see Howell et al. 2011). Fig. 2 shows our 5o contrast curves
for each filter observation and the 832 nm reconstructed speckle
image. The bar seen in the image of TOI-4377 is an artefact of
the data reduction processing, likely due to a cosmic ray which
was not completely removed. We find that both stars show no close
companions to within the angular [8-m telescope diffraction limit (20
mas) out to 1.2 arcsec] and magnitude contrast limits achieved. At
the distance of TOI-4377 (d = 455.8 pc) and TOI-4551 (d = 216 pc),
these angular limits correspond to spatial limits of 9-547 and 4-259
au, respectively.

2.4 Stellar rotation

Based on WASP (Wide Angle Search for Planets, Butters et al.
2010) data (48 000 data points from 2007 to 2014), we find that, for
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Figure 2. 5o contrast curves of TOI-4377 (top) and TOI-4551 (bottom) for
the 562 and 832 nm bands, based on speckle imaging obtained with the Zorro
speckle instrument. The reconstructed speckle images are shown in the insets.
Both stars show no close companions to within the angular and magnitude
contrast limits achieved.

TOI-4551, there is an upper limit of only about 1 mmag on any
rotational modulation (between ~3 and ~80 d). This points to stellar
rotation not being responsible for the periodic variation which we
attribute to the discovered planet orbiting this star. No WASP data
are available for TOI-4377.

3 HOST STAR CHARACTERIZATION

3.1 Spectroscopy

From the spectra obtained for each of the targets, we derived stellar
atmospheric parameters.

For TOI-4377, available CORALIE spectra were co-added and
the atmospheric parameters were derived following the procedure of
Santos et al. (2013) and Sousa et al. (2021). The values adopted for
the effective temperature T, surface gravity log g, and metallicity
[Fe/H] are shown in the middle column of Table 1. Atmospheric pa-
rameters were also determined using the CHIRON spectra available

TESS giants transiting giants V. 6335

Table 1. Stellar parameters for TOI-4377 and TOI-4551.

Parameter TOI-4377 TOI-4551
Basic properties
TIC 394918211 204 650483
2MASS J10594390 — 8213171 112195494 — 2549399
Gaia DR2 5197568 146570178 176 3476 605 537 386 300 032
RA 10:59:43.79 12:19:54.9
Dec. —82:13:16.86 —25:49:40.27
Magnitude 10.79 9.03
(TESS)
Magnitude (V) 11.71¢ 9.97%
Gaia DR3 parallax
7 (mas) 2.179 + 0.012 4594 +0.017
L. (Lo) 6.64 £ 0.48 6.35 £ 0.44
Spectroscopy
Tet (K) 4974 + 57 4896 + 110
log g (dex) 339 £0.16 3.48 £0.10
[Fe/H] (dex) 0.205 £ 0.038 0.23 + 0.06
vsini (kms~") 1.260 + 0.069 2.84 £ 1.00
M, Mp) 1367558 1317597
R, Rp) 3.52100 3.551 18
0 (gem™3) 0.031+0:003 0.028+0-006
1 (Gyr) 3.8810%2 4925333

Notes.” Additional magnitudes in ExoFOP TIC 394918211.
b Additional magnitudes in ExoFOP TIC 204650483.

for this target, as per Zhou et al. (2020), and were found to be in
agreement with the adopted ones, with T and [Fe/H] found within
lo and log g within 20

For TOI-4551, the values adopted were determined using the
HIRES spectra and SpecMatch (Petigura 2015), and are shown
in the rightmost column of Table 1. Similarly to the previous
target, atmospheric parameters were also determined using CHIRON
spectra and following Zhou et al. (2020), and were found to be
in agreement within lo in T, and [Fe/H] and within 20 in
logg.

Using the atmospheric parameters determined for each star, we
then computed stellar masses, radii, densities, and ages for both stars,
using the Bayesian tool PARAM (da Silva et al. 2006; Rodrigues et al.
2014, 2017). PARAM is a grid-based method that matches a set of
stellar observables to models in a grid of stellar evolutionary tracks.
In this work, this set of observables consisted of the previously
mentioned atmospheric parameters, the Gaia DR3 parallax (Gaia
Collaboration 2016, 2023) as well as the B, V, and Two Micron
All Sky Survey (2MASS ) JHK, apparent magnitudes provided by
the TIC. We report PARAM constraints on stellar masses, radii,
densities, and ages in Table 1. Additionally, PARAM can also make
use of available asteroseismic data, though in this case, no oscillations
were detected in the available TESS photometric data of each target
(see Section 3.2).

Fig. 3 shows the position of both hosts in a Hertzsprung—Russell
(HR) diagram. The figure also includes several MESA Isochrones
and Stellar Tracks (MIST; Paxton et al. 2011; Choi et al. 2016; Dotter
2016) evolutionary tracks, with the shown portions corresponding to
the subgiant and red giant branch evolutionary phases. Each track is
colour-coded according to its stellar mass, which ranges from 1 to
2Mg, in 0.1 Mg increments.
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Figure 3. HR diagram with the position of the two hosts, TOI-4377 and TOI-
4551, highlighted. Also shown are MIST evolutionary tracks depicting the
subgiant and red giant branch evolutionary phases. The tracks have increasing
values of stellar mass from the bottom to the top of the figure, and range from
1to 2Mg, in 0.1 Mg increments.

3.2 Asteroseismology

As both targets in this work are notionally solar-like oscillators, we
searched for oscillations in their frequency-power spectra. The power
spectra were computed using the corrected light curves produced by
the photometric pipeline described in Section 2.1.

Since TESS data for the extended mission (Sector number 27 and
above) were observed at a higher cadence of 10 min, compared to the
30-min cadence of the nominal mission, we evaluated two different
power spectra for each star. The first power spectrum was created
using data from all available sectors from the first year of TESS
observations. The second used all available sectors from the third
year (the second year observed the Northern ecliptic hemisphere),
which resulted in a higher Nyquist frequency due to the faster
cadence.

To guide the search for oscillations, and following the procedure
of Van Eylen et al. (2016), we estimate the location of the frequency
of maximum power, Vp,x, for each target using the v o¢ g/+/Tetr
scaling relation (Kjeldsen et al. 1995). The values determined were
~294 uHz for TOI-4377 and ~363 Hz for TOI-4551, respectively.
One clear indication from the estimated vy, for both targets is that,
if there is a detection of the oscillations envelope in the power spectra
of the stars, this detection is expected to be visible only on the faster
10-min cadence spectrum, where the Nyquist frequency is vnyq ~
833 Hz (for 30-min cadence, the value is ~278 uHz).

Unfortunately, visual inspection of all power spectra revealed no
visible oscillations envelope, a result that is not entirely surprising
given the characteristics of both targets. Taking into account the
results from Mackereth et al. (2021), we see that although TOI-4377
has five sectors of data available, it has a TESS magnitude of 10.79
and a G magnitude of 11.46, and a region of the parameter space
where asteroseismic yields are expected to be very low. On the other
hand, TOI-4551, despite being brighter, with a TESS magnitude of
9.03 (Gpag = 9.64), it only has two sectors of data available, where
again the asteroseismic yields are very low.

Finally, we also inspected the asteroseismic catalog from Hon
et al. (2021) to see if there were any asteroseismic estimates for our
targets, but neither of them was present in the published data.
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Table 2. Model and derived parameters for TOI-4377 b.

Parameter Prior Posterior

Model parameters

P(d) 14(4.200000, 4.500000) 4.378081 = 0.000019

1o (BTID) U(1601.0000, 1603.0000)  1602.1245 + 0.0023

JVecosw U(—1.00, 1.00) 0.0670 13

Jesinw U(—1.00, 1.00) —0.0870%

b 4(0.000, 1.000 + Ry/R,) 0.60510V8)

u U(—1.00, 1.00) 0.27+82%

u U(—1.00, 1.00) 0.30%030

Ry/R, 4(0.00100, 0.10000) 003920700007

log o755 U(—12.000, —2.000) -7.61575010

Agran (ppM) U(20, 400) 259113

beran (14Hz) 1(1.00, 100.00) 10.267 89

K(ms™') U(—250.0, 250.0) 96.2180

Y CORALIE (ms™1) 1(12000.0, 13000.0) 12554.4772

YcHmroN (ms™!) U(10500, 11500) 11048712

0 CORALIE (M Sfl) U(0.1, 100.0) 99iré080

o cHIRON (ms™!) U0, 100) 234
Derived properties

e 0045750530

o (deg) 073729

a (aw) 0.05791300%

i (deg) 80.31}1

R, (Ry) 1.348 + 0.081

M, (M) 0.95770-08

pp (gem™) 08817003

Note. “The posterior samples show a half-normal distribution centred on 0.

4 ORBITAL AND PLANETARY
CHARACTERIZATION

4.1 Model adopted

To characterize each of the planetary systems we used EXOPLANET,
a PYTHON package for probabilistic modelling of astronomical time-
series data. Since both photometric and RV data are available for
each of the targets, we simultaneously fit both sets of observations.

For the photometric model of the transit, we considered a stellar
quadratic limb darkening, using the analytical model of Mandel &
Agol (2002), with the limb-darkening parameters following the
parametrization of Kipping (2013). The parameters included in the
model are shown in the left column of Tables 2 and 3, for TOI-4377
b and TOI-4551 b, respectively, with their respective priors shown
in the middle column. For the period P and time of mid-transit #, of
each planet, the priors were defined as uniform distributions centred
roughly around the values determined during the transit search. The
eccentricity e, and argument of periastron w, are sampled uniformly
in \/ecosw and /e sinw to avoid biases (Van Eylen et al. 2016).
Both the ratio of radii Ry/R,, and impact parameter b, are sampled
uninformatively and uniformly, with the impact parameter having a
maximum a priori value of 1 + R,/R, to ensure that the planet crosses
in front of the star.

Finally, since evolved stars show significant stellar signals on
characteristic time-scales similar to the transit duration of planets
in close orbits (Mathur et al. 2011; Kallinger et al. 2014), we also
take these into account in our photometric model of the transit. This
is done using Gaussian Processes, an approach that has been adopted
in the literature (Barclay et al. 2015; Grunblatt et al. 2017) and which
has been shown to be capable of characterizing these signals in the
time domain (Pereira et al. 2019). Following the work of Pereira et al.



Table 3. Model and derived parameters for TOI-4551 b.

Parameter Prior Posterior

Model parameters

P (d) 4(9.800000, 10.100000) 9.955810+0-00007¢
to (BTID) U(1574.5000, 1576.5000) 1575.65971 0004
Jecosw U(—1.000, 1.000) —0.26370078
Jesinw U(—1.00, 1.00) 0.12+0:13
b U(0.00, 1.00 + R,/R,) 0311017
u U(—1.00, 1.00) 076102
u U(—1.00, 1.00) 0.011038
Ry/R. U(0.0010, 0.1000) 0.0308%1
log o 7255 U(—12.000, —2.000) ~8.268 0029
dgran (ppM) U(20, 400) 152+ 11
Deran (1H2) U(1.0, 100.0) 17.5%4%
K (ms™ U(—250.0, 250.0) 117.3%83
Y cHRON (ms™1) 1(41000.0, 42000.0) 41292.7+80
yHRes (ms™!) U(—500, 500) 03
ociroN (ms™!) U(0.1, 100.0) 22,0162
omres (ms™ 1) U(0.1, 100.0) 3271130
Derived properties
e 0.10170:03%
w (deg) 2'37tg:‘:g
a (au) 0.0994 100039
i (deg) 869719
Ry (Ry) Losg g8
M, (My) 1.49 +0.13
pp (gem™) 1745018

Note. “See the end of Section 4.3 for a revised value of the upper uncertainty.

(2019), we consider a stellar signal model with components to capture
the mesogranulation and white noise, discarding the component to
model the oscillations envelope since it is not detected in the data of
either star. The priors on all parameters from both these components
are uniform and adopt identical lower and upper limits to the ones
considered in Pereira et al. (2019).

For the RV model, we consider an RV semi-amplitude K and, for
each instrument for which we have available data, a systemic velocity
offset ¥ nstrument> and a stellar jitter term o pggument- The priors for the
systemic velocity offsets are defined as uniform with wide bounds
and encompass the median velocity of all data points from each
instrument. As for the semi-amplitude prior, we chose a wide and
uniformed uniform prior. The priors considered for the jitter terms
are uniform distributions with an upper limit of the same magnitude
as the detected RVs.

4.2 Parameter estimation

To sample the posterior probabilities of the model parameters,
EXOPLANET uses PYMC3 (Salvatier, Wiecki & Fonnesbeck 2016),
which is a probabilistic framework that implements a Hamiltonian
Monte Carlo (HMC, Neal 2011) algorithm, itself a Markov chain
Monte Carlo (MCMC) method. HMC can compute the derivatives
of the posterior distributions, allowing for more efficient sampling.
Additionally, PYMC3 also implements a No U-Turn Sampler (Hoff-
man & Gelman 2011) which improves sampling convergence when
there are correlations between parameters.
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To ascertain the convergence of the chains, EXOPLANET provides
the Gelman—Rubin statistic, R (Gelman & Rubin 1992), for each of
the sampled variables. In our models, this value was never larger
than 1.01, pointing to a sufficient sampling of all model parameters.
Additionally, the code also computed bulk and tail effective sample
sizes (Gelman et al. 2013) for all sampled properties. These values
allowed us to confirm that all parameter distributions could provide
reliable measurements of both bulk properties (median and mean)
as well as tail properties (variance and 5 percent and 95 percent
percentiles).

4.3 Results

Tables 2 and 3 show the results obtained in the characterization
of TOI-4377 b and TOI-4551 b, respectively. A definition of the
various parameters present in both tables is shown in Table B1. Some
parameters were derived using stellar properties from the planet’s
host, which are shown in Table 1. The tables contain two sets of
rows, with the first set containing all parameters present in the model
adopted and for which posterior samples were drawn and the second
set containing derived parameters obtained using the ones in the
previous set. The middle column contains the prior distributions of
all model parameters, whilst the third column contains the posterior
distributions, which consist of a median value and a lower and upper
bound corresponding to the 16 percent (below) and 84 percent
(above) percentiles.

For TOI-4377 b, we find that it orbits its host with a period of
~4.4 d. We determine a radius of 1.348 4+ 0.081 Ry and a mass of
0.95710:0% My, which we combine to estimate an average density for
the planet of 0.881 10008 e cm~3. Results also point to the orbit having
an eccentricity compatible with zero, with the posterior distribution
following a half-Gaussian with the peak at zero. To further confirm
this, we compute the Lucy—Sweeney test (Lucy & Sweeney 1971),
which determines whether a small e is statistically significant from
a circular orbit. Following Lucy & Sweeney (1971), we adopt a
5 per cent level of significance, above which the orbit is assumed to
be compatible with zero, and find a value of ~ 61 per cent for TOI-
4377 b. Fig. 4 shows the fit of the model against the phase-folded
photometric data, on the left, and the phase-folded RV data, on the
right. The residuals to both fits are shown below their respective
plots. The model was drawn using the median values of the posterior
distributions.

As for TOI-4551 b, it orbits its evolved host star at a longer period
of ~10.0 d. For this planet, we find a radius of 1.0587)0¢s Ry and a
mass of 1.49 £ 0.13 My, which we combine to estimate an average
density for the planet of 1.747012 gecm=. This planet seems to
have a slight eccentricity of 0.10 & 0.03, with a zero-eccentricity
solution being over 30 away. Again, we compute the Lucy—Sweeney
test to this eccentricity estimate, this time obtaining a value of
~ 0.4 per cent, well below the 5 percent level of significance set
to assume a circular orbit. Fig. 5 shows the fit of the model against
the phase-folded photometric data, on the left, and the phase-folded
RV data, on the right. The residuals to both fits are shown below
their respective plots. The model was drawn using the median
values of the posterior distributions. Given the low uncertainty in
the RV observations, especially for HIRES data, there is a wide gap
between the data points and their formal error bars, and the RV
model. However, this gap disappears when adding the RV jitter term
estimated for each instrument, in quadrature, to the formal error.
This is not observed for TOI-4377 b as CORALIE’s formal errors
are much larger.
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Figure 4. Joint model of photometric and RV observations for TOI-4377 b, phase-folded to the median of the period distribution present in Table 2. Left: above,
the phase-folded light curve from TESS is shown, with the individual flux observations in blue and the larger white-filled points representing a 10-point temporal
binning. The solid black line represents the best-fitting transit model to the data. Below, the residuals between the data and the transit model are shown, with the
dashed black line representing the null offset. The root-mean-square (rms) deviation between all points and the zero offset is also shown above the plot. Right:
above, the phase-folded RV observations of TOI-4377 are shown. The solid black line is the best-fitting model for the data, whilst the shaded area represents the
lo uncertainty. The plot below follows the same structure as the one on the left, this time using the residuals between the RV measurements and model shown
above.
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Figure 5. Joint model of photometric and RV observations for TOI-4551 b, phase-folded to the median of the period distribution present in Table 2. Left:
above, the phase-folded light curve from TESS is shown, with the individual flux observations in blue and the larger white-filled points representing a 10-point
temporal binning. The solid black line represents the best-fitting transit model to the data. Below, the residuals between the data and the transit model are shown,
with the dashed black line representing the null offset. The rms deviation between all points and the zero offset is also shown above the plot. Right: above,
the phase-folded RV observations of TOI-4551 are shown. The solid black line is the best-fitting model for the data, whilst the shaded area represents the 1o
uncertainty. The plot below follows the same structure as the one on the left, this time using the residuals between the RV measurements and model shown
above.
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Additionally, we conducted a search for a second planet in the
RV data of TOI-4551. For that we used the RVSEARCH search
pipeline, presented in Rosenthal et al. (2021). In the pipeline, the
False Alarm Probability (FAP) is determined analytically, following
the procedure of Howard & Fulton (2016). From our produced two-
planet periodogram, although we find a peak at 33 d, suggesting
a possible second, longer period planet, it does not reach a FAP
< 0.001. Thus, we decided that the two-planet fit did not warrant
further investigation in this manuscript.

A noticeable feature in the phase-folded light curve of TOI-4551
b (upper left panel of Fig. 5) is the region of phase before the start
and after the end of the transit (phases between —1 and 1 d outside
of the transit). Here, the majority of flux measurements is found
to be above the continuum line determined in the characterization.
Although we find that this shift is not characterized by any usual
models of out of transit variations (Lillo-Box et al. 2014), we tried to
quantify how this shift might affect the planetary radius determined
in the fit. We find that the median offset of these flux measurements is
~150 ppm, which would lead to a planetary radius of R, = 1.14Ry,
slightly more that 1o above the current uncertainties. To account
for the possibility that this shift is non-stochastic, we revise the
presented upper uncertainty in Table 3 by adding the increase in
radius due to the offset in quadrature to the MCMC derived value.
This leads to a final planetary radius estimation for TOI-4551 b
of R, = 1.058¥0 063 Ry. Additional TESS observations are needed to
reveal whether this feature is significant and related to astrophysical
or systematic signals in the data.

5 DISCUSSION

5.1 Eccentricity

A planet’s orbital eccentricity can reveal crucial information on plan-
etary formation by exposing possible events of migration. Grunblatt
et al. (2018) found preliminary evidence that close-in giant planets
orbiting evolved hosts exhibited more eccentric orbits than the same
population of planets orbiting main-sequence hosts. Later, Grunblatt
et al. (2023) studied the population of transiting planets that orbit
evolved hosts and observed that they seem to follow a linear trend
in the logperiod—eccentricity plane (see fig. 6 of Grunblatt et al.
2023). He noted that planet—planet scattering events could be exciting
planetary orbital eccentricities at longer periods whilst planet—star
interactions would lead to tidal circularization at smaller periods.

Looking at the targets in this work, the eccentricity of TOI-4377
b, which is compatible with zero (see note in Table 2) and hint of low
eccentricity of TOI-4551 b match the observed period-eccentricity
trend found by Grunblatt et al. (2023). Moderate eccentricities of
hot/warm Jupiters are expected for planets that are experiencing tidal
migration (Villaver et al. 2014). The eccentricity of TOI-4551 may
indicate a dynamic past for this system, which could be supported by
the detection of additional companions. The unusually high amount
of RV scatter for this star as seen in the Keck/HIRES measurements
may also be indicative of an unseen companion.

5.2 Radius inflation

Planetary radius inflation has been observed in both main-sequence
and evolved systems, suggesting that it occurs independently of the
system’s evolutionary state. The left panel of Fig. 6 places both
TOI-4377 b and TOI-4551 b in context with other known short-orbit
(<20 d) Jupiter-sized (>0.5Ry) planets, showing planetary radius
against the incident flux from its host, with the planetary mass
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shown through colour-coding. From the figure, the first noticeable
feature is the clear correlation between planet radius and the incident
flux from the planet’s host star, which is well documented in the
literature (Laughlin, Crismani & Adams 2011; Lopez & Fortney
2016; Thorngren & Fortney 2018). Both TOI-4377 b and TOI-4551
b fit well within the existing population and the observed curve, with
TOI-4377 b having an incident flux of 2027 &£ 160 Fg and TOI-4551
b of 631 £ 67 Fg.

The literature also notes a relation between planet radius and mass
in the context of inflation (Thorngren & Fortney 2018; Thorngren
et al. 2021), with higher mass planets having smaller radii when
subjected to the same stellar incident flux. Thorngren et al. (2021)
point to the higher gravity of higher mass planets as responsible for
offsetting some of the effects of the planet’s interior heating (and
subsequent radius inflation). This correlation can also be observed
in the left panel of Fig. 6, where darker points (lower mass) appear
higher vertically (higher radii).

Turning to the right panel of Fig. 6, the focus is now on
the population of known transiting hot Jupiters orbiting evolved
hosts (R, > 2.0Ry and T < 6000 K; shown as black circles), a
population which includes TOI-4377 b and TOI-4551 b (shown
as the blue triangle and red square, respectively). In general, we
observe that these planets follow the same trend with stellar incident
flux mentioned above, with all planets having incident fluxes above
the black dashed vertical line which shows the empirical incident
flux cut-off for planetary radius inflation (Demory & Seager 2011;
Miller & Fortney 2011).

Lopez & Fortney (2016) postulated that evolved systems with
incident fluxes between 500-1500 Fg would be very valuable in
quantifying the efficiency of planetary radius re-inflation. Grunblatt
et al. (2017) followed by estimating the stellar irradiation heating
efficiency through the characterization of two K2 planets, K2-97 b
and K2-132 b (shown in the figures as the overlapping green triangle
and square, respectively). Compared to those K2 planets, which had
similar masses, radii, orbits and stellar hosts, our two planets have
different masses, radii and stellar incident fluxes, with only the lower
mass one having a clearly inflated radius (R, > 1.2 Ry; Fortney,
Marley & Barnes 2007).

For this reason, we sought to characterize the efficiency with which
the stellar incident flux is deposited in the planetary interior of our
planets. To do so, models of planetary interiors were produced for
both planets, following the approach of Thorngren & Fortney (2018).
These planetary interior structure models include an additional
heating power source that characterizes the energy from the stellar
irradiation that is deposited in the planet’s interior and is identified
by a heating efficiency quantity, €(F), which represents a fraction of
the stellar incident flux, F.

The posterior distributions for the parameters of the interior
structure models for each star are shown in Figs C1 and C2 for TOI-
4377 b and TOI-4551 b, respectively. From the results, we estimate a
heating efficiency of 1.91 & 0.48 per cent and 2.19 = 0.45 per cent
for TOI-4377 b and TOI-4551 b, respectively. Additionally, the
interior models also fit for the heavy-element fraction of the planets,
and we measure values of 0.26 & 0.04 for TOI-4377 band 0.27 &+ 0.05
for TOI-4551 b, which are relatively high values but not completely
unexpected for planets of this mass (see fig. 10 of Thorngren et al.
2016).

Driven by the typical radii and incident fluxes of our planets,
the interior models yield heating efficiencies and planetary bulk
metallicities in line with the known population of hot Jupiters,
including hot Jupiters orbiting main-sequence hosts. This suggests
that the current radii of both our planets reflect the current stellar
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Figure 6. Left: incident flux received by a planet against its radius, for close-in (<20 d) giant (>0.5 Ry) planets. The colour-coding denotes the planetary mass.
TOI-4377 b, TOI-4551 b, K2-97 b, and K2-132 b are identified and their masses are shown in the label. The vertical black dashed line shows the empirical
incident flux cut-off for planetary radius inflation (Demory & Seager 2011; Miller & Fortney 2011). Data for confirmed planets were obtained from the NASA
Exoplanet Archive. Right: same data set as the left panel, this time highlighting evolved systems. Grey circles represent planets orbiting dwarf stars whilst the
larger black circles show planets with evolved hosts (R, > 2.0Rg and Tt < 6000 K).

incident flux to which they are exposed, which has increased as the
stellar host entered the post-main sequence. This in turn suggests
that re-inflation is happening at a fast enough rate that our planet’s
radii have inflated alongside the increase in their hosts’ brightness.
Our results are consistent with the ones of Thorngren et al. (2021),
which find the same conclusion that some degree of re-inflation is
present for hot Jupiters as their host star brightens throughout the
main sequence.

Furthermore, our heating efficiency values are also in good
agreement with the heating efficiency inferred for re-inflated hot
Jupiters transiting evolved stars from K2, K2-97 b and K2- 132 b
(Grunblatt et al. 2017). Comparing our planets to these two, we
can see some the impact of planetary mass and incident flux on the
degree of radius inflation (Thorngren & Fortney 2018). TOI-4377
b is subjected to a higher incident flux than the K2 planets but is
two times more massive and the resulting radii between all planets is
roughly the same. As for TOI-4551 b, it has the largest mass and the
lowest incident flux of all planets in the comparison, and does not
appear to have an inflated radius (looking at its radius only) despite
all planets having similar heating efficiencies.

Still, there are some caveats to the interior structure models pre-
sented here. The interior models attempt to estimate both the heating
efficiency and bulk metallicity of the planets from the planetary
radius alone. This degeneracy is mitigated by defining populational
priors on the planet bulk metallicity (Thorngren et al. 2016) and the
heating efficiency (Thorngren & Fortney 2018). Nevertheless, if a
planet is smaller than the typical, the model cannot tell whether that
is because of an above-average metallicity or a below average heating
efficiency, although the Bayesian model accounts for this problem in
a statistically rigorous way.

5.3 Tidal evolution

Tidal interactions between a planet and its host star can cause
planets to spiral inwards and may eventually lead to tidal destruction
(Villaver & Livio 2009; Schlaufman & Winn 2013). One possible
observation of this phenomenon is the dearth of close-in giant planets
orbiting evolved stars in RV surveys (Johnson et al. 2010b; Jones
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et al. 2016), which hinted at possible differences in the populations
of these planets orbiting evolved and main-sequence hosts. The larger
radii of these evolved hosts, when compared to their main-sequence
counterparts, would correspond to an increase in the strength of the
tidal interactions (see equation 1), leading to quicker time-scales in
the spiralling and destruction and consequently to a reduced number
of the shortest period hot Jupiters (Hamer & Schlaufman 2019).
Despite this, hot Jupiter occurrence rates appear similar between
main-sequence and evolved hosts (Grunblatt et al. 2019; Temmink &
Snellen 2023).

Still, it is interesting to try and estimate the time-scales of tidal
decay and eventual destruction expected for both TOI-4377 b and
TOI-4551 b, which can give an indication of the expected period
variation of the planet and of the tidal dissipation strength in the
system. To do so, we follow equation (3) from Van Eylen et al.
(2016, adapted from equation 11 of Schlaufman & Winn 2013) to
estimate the time-scale of orbital decay, #, with:

O./ky ( M\ (M\"' (RN a 132
1=10G 2 ( ) (
05 \ Mg M, Ro 006/ P

The quantities Q, and k, represent the stellar tidal quality factor
and the second-order stellar tidal Love number, respectively. This
same quantity is often represented in the literature through the
modified tidal quality factor, Q' =3 Q,/2k, (Yee et al. 2020).
Considering a nominal value of Q’ = 10, we estimate that, for
TOI-4377 b, the time-scale for tidal decay is ~1.8 x 107 yr. For
TOI-4551 b, which has a longer orbit, the value is ~4.1 x 10 yr.
Both measurements are dependent on the choice of the tidal quality
factor.

Some measurements of other systems that provide constraints to
this modified tidal quality factor already exist within the literature.
Maciejewski et al. (2016) used transit data of WASP-12 b, which
orbits a Sun-like star, to estimate a value of Q) =2.5 x 109,
with more recent works finding similar values (Patra et al. 2017
determined a value of Q) =2 x 10°, and Yee et al. 2020 a value of
Q' = 1.75 x 10%). The few existing estimates for this quantity place
it above 103 (e.g. Maciejewski et al. 2018; Patra et al. 2020).




For evolved stars, Schlaufman & Winn (2013) estimated that
values of the modified tidal decay factor should be on the order
of 10°-10°, but measurements seem to point to similar values to
the ones found for planets around main-sequence stars. Chontos
et al. (2019) found that Q' = 1.2 x 10° for Kepler-1658 b, whilst
Grunblatt et al. (2022) estimated a lower limit of Q’ > 2 x 10* for
TOI-2337 b. Considering this later, lower value when estimating the
time-scales of our planets, we find that the time-scales for planetary
tidal engulfment are ~3.6 x 10° and ~8.3 x 10° yr for TOI-4377
b and TOI-4551 b, respectively. For TOI-4377 b in particular, the
shorter period planet of the two, this would correspond to a yearly
decrease in its measured period of ~1 s.

Given the short-period and multiple sectors available for TOI-
4377 b, we also attempted to measure an orbital decay rate from
the individual transit times, but we find no evidence of a shift larger
than the statistical scatter in the transit times themselves (~0.01 d).
Currently, given that the transit times for this target are condensed in
~2-3 month time spans, two years apart, attempts to measure a lower
limit of Q’, have not been successful. This is due to a degeneracy in the
fit as the modelled quadratic curve does not have any data points near
its inflection point to constrain it, allowing the curve of the function
to essentially be unbounded. As TESS data from future extended
missions becomes available for this target, this degeneracy will be
broken, which should enable the calculation of a lower limit for the
value of Q’, so that it can be compared with others in the literature.
Additionally, the next TESS extended mission will observe FFIs at a
200-s cadence, further improving the precision in the determination
of the individual transit times.

6 CONCLUSIONS

We report the identification and confirmation of two close-in giant
planets orbiting red giant stars, TOI-4377 b and TOI-4551 b. The
planets were found during a search for transits around bright, LLRGB
stars observed by TESS in the Southern ecliptic hemisphere (during
the first year of the nominal mission). Both targets were followed-
up with RV observations which confirmed their planetary nature
and improved the characterization of the system, despite the lack of
asteroseismic signal detections in the data.

TOI-4377 b is a hot Jupiter with a radius of 1.35 R; and a mass
of 0.96 M;. It orbits its host, a red giant star (3.52 Rg and 1.36 M),
every 4.38 d with an orbit with an eccentricity compatible with zero
(see note in Table 2). Its clearly inflated radius and orbit around an
evolved star (which corresponds to a higher irradiation of the planet,
when compared to a dwarf host) make this a good candidate for
studies on planetary radius re-inflation, and we produce planetary
interior structure models of the planet and estimate an inflation
heating efficiency of 1.91 £ 0.48 per cent. These results point to
stellar irradiation being a capable mechanism to explain the inflated
radii of hot Jupiters, and that this re-inflation is happening at a pace
faster than post-main-sequence evolution. Using a tentative lower
limit value for the modified tidal decay factor we estimate a tidal
decay time-scale for the planet of ~3.6 x 10° yr, which corresponds
to a yearly change in the period of the planet of ~1 s.

Given the short period of this planet, we attempt to determine a
lower limit to the tidal decay factor from the individual transit times,
but conclude that due to degeneracies in the data set, no valuable
estimate can be produced currently.

TOI-4551 b is a massive hot Jupiter with with a radius of 1.06 R;
and a mass of 1.49 M. It orbits its host, a red giant star (3.55 R and
1.31 Mg), every 9.95 d with an orbit with eccentricity of 0.10. From
planetary interior models, we find a radius inflation efficiency of
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2.19 +£0.45 per cent, suggesting that radius inflation is also taking
place in the planet, despite its modest radius. When compared to the
K2 giant planets K2-97 b and K2-132 b, which also orbit evolved
stars (Grunblatt et al. 2017), we see how both its larger mass and
lower incident flux influence the size of the planet, since despite
having similar heating efficiencies to both K2 planets, its radius is
smaller and even seemingly non-inflated (R, < 1.2 Ry).

Using the same assumptions on the tidal decay factor as for
TOI-4377 b, we estimate a tidal decay time-scale for this planet
of ~8.3 x 10° yr.

All in all, the two newly confirmed planets enrich the existing
population of known hot Jupiters orbiting evolved hosts. They
should prove particularly relevant to demographic studies of short-
period giant planets around red giant stars, where only a handful
of planets are known. At the same time, the systems’ unique
properties also make them interesting targets to further decipher the
mechanisms behind planetary radius inflation and might possibly
lead to measurements of orbital decay through tidal interactions
between planet and host.

ACKNOWLEDGEMENTS

This work was supported by FCT—Fundacdo para a Ciéncia
e a Tecnologia through national funds and by FEDER
through COMPETE2020—Programa Operacional Competitivi-
dade e Internacionalizacdo by these grants: UIDB/04434/2020
and UIDP/04434/2020. SKG acknowledges support from the
National Aeronautics and Space Administration under grants
80ONSSC19K0593 and 8ONSSC21K0781 issued through the TESS
Guest Investigator Program. TLC is supported by FCT in the
form of a work contract (CEECIND/00476/2018). MSC ac-
knowledges the support from the FCT through a work contract
(CEECIND/02619/2017). Co-funded by the European Union (ERC,
FIERCE, 101052347). Views and opinions expressed are however
those of the author(s) only and do not necessarily reflect those of
the European Union or the European Research Council. Neither the
European Union nor the granting authority can be held responsible
for them. ML acknowledges support of the Swiss National Science
Foundation under grant number PCEFP2_194576. SQ acknowledges
support from the TESS GI Program under award 8ONSSC21K1056
and from the TESS mission via subaward s3449 from MIT. We
thank the Swiss National Science Foundation (SNSF) and the
Geneva University for their continuous support to our planet low-
mass companion search programs. This work was been in particular
carried out within the framework of the Swiss National Centre for
Competence in Research (NCCR) PlanetS supported by the Swiss
National Science Foundation (SNSF) under grants S1INF40_182901
and 51NF40_205606. ML and BA acknowledge support of the Swiss
National Science Foundation under grant no. PCEFP2_194576. This
publication makes use of The Data and Analysis Center for Exoplan-
ets (DACE), which is a facility based at the University of Geneva
(CH) dedicated to extrasolar planet data visualization, exchange, and
analysis. DACE is a platform of NCCR PlanetS and is available at
https://dace.unige.ch. Some of the observations in this paper made
use of the High-Resolution Imaging instrument Zorro and were
obtained under Gemini LLP proposal number: GN/S-2021A-LP-105.
Zorro was funded by the NASA Exoplanet Exploration Program and
built at the NASA Ames Research Center by Steve B. Howell, Nic
Scott, Elliott P. Horch, and Emmett Quigley. Zorro was mounted on
the Gemini South telescope of the international Gemini Observatory,
aprogram of NSF’s OIR Lab, which is managed by the Association of
Universities for Research in Astronomy (AURA) under a cooperative

MNRAS 527, 6332-6345 (2024)


https://dace.unige.ch

6342  F. Pereira et al.

agreement with the National Science Foundation. On behalf of
the Gemini partnership: the National Science Foundation (United
States), National Research Council (Canada), Agencia Nacional
de Investigacién y Desarrollo (Chile), Ministerio de Ciencia, Tec-
nologia e Innovacién (Argentina), Ministério da Ciéncia, Tecnologia,
Inovacdes e Comunicagdes (Brazil), and Korea Astronomy and
Space Science Institute (Republic of Korea). This paper made use
of data collected by the TESS mission and are publicly available
from the MAST operated by the Space Telescope Science Institute
(STScl). Funding for the TESS mission is provided by NASA’s
Science Mission Directorate. We acknowledge the use of public
TESS data from pipelines at the TESS Science Office and at the TESS
SPOC. Resources supporting this work were provided by the NASA
High-End Computing (HEC) Program through the NASA Advanced
Supercomputing (NAS) Division at Ames Research Center for the
production of the SPOC data products. DH acknowledges support
from the Alfred P. Sloan Foundation, the National Aeronautics
and Space Administration (8ONSSC21K0652), and the Australian
Research Council (FT200100871).

Software: This research made use of open-source software,
namely: EXOPLANET (Foreman-Mackey et al. 2021a, b) and its depen-
dencies (Astropy Collaboration 2013, 2018; Kipping 2013; Salvatier,
Wiecki & Fonnesbeck 2016; The Theano Development Team et al.
2016; Foreman-Mackey et al. 2017; Foreman-Mackey 2018; Kumar
et al. 2019; Luger et al. 2019; Agol, Luger & Foreman-Mackey
2020), TESSCUT (Brasseur et al. 2019), ASTROPY (Astropy Collabo-
ration 2013, 2018), ELEANOR (Feinstein et al. 2019), TRANSITLEAST-
SQUARES (Hippke & Heller 2019), and VESPA (Morton 2012, 2015).

DATA AVAILABILITY

The TESS FFI data used in this article were accessed from
MAST portal (Barbara A. Mikulski Archive for Space Telescopes)
at https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html. As
mentioned in Section 2.1, a full description of the aperture pho-
tometry and planet search pipeline used in this work, including
a description and links to all open-source software used in it is
described in detail in Pereira (2022). Imaging data from Gemini
are accessible through the ExoFOP portal at https://exofop.ipac.
caltech.edu/tess/target.php?id = 394918211 for TOI-4377 and at
https://exofop.ipac.caltech.edu/tess/target.php?id = 204650483 for
TOI-4551, respectively. The derived data generated for this research
and corresponding code to produce the figures will be shared upon
reasonable request from the corresponding author.

REFERENCES

Agol E., Luger R., Foreman-Mackey D., 2020, AJ, 159, 123

Astropy Collaboration, 2013, A&A, 558, A33

Astropy Collaboration, 2018, AJ, 156, 123

Baranne A. et al., 1996, A&AS, 119, 373

Barclay T., Endl M., Huber D., Foreman-Mackey D., Cochran W. D,
MacQueen P. J., Rowe J. F,, Quintana E. V., 2015, ApJ, 800, 46

Bowler B. P. et al., 2010, ApJ, 709, 396

Brasseur C. E., Phillip C., Fleming S. W., Mullally S. E., White R. L., 2019,
Astrophysics Source Code Library, recordascl:1905.007

Butler R. P., Marcy G. W., Williams E., McCarthy C., Dosanjh P., Vogt S. S.,
1996, PASP, 108, 500

Butters O. W. et al., 2010, A&A, 520, L10

Campante T. L. et al., 2016, ApJ, 830, 138

Choi J., Dotter A., Conroy C., Cantiello M., Paxton B., Johnson B. D., 2016,
AplJ, 823,102

Chontos A. et al., 2019, AJ, 157, 192

MNRAS 527, 6332-6345 (2024)

Ciardi D. R., Beichman C. A., Horch E. P., Howell S. B., 2015, ApJ, 805,
16

Cumming A., Butler R. P,, Marcy G. W., Vogt S. S., Wright J. T., Fischer D.
A., 2008, PASP, 120, 531

da Silva L. et al., 2006, A&A, 458, 609

Demory B.-O., Seager S., 2011, ApJS, 197, 12

Dotter A., 2016, ApJS, 222, 8

Feinstein A. D. et al., 2019, PASP, 131, 094502

Foreman-Mackey D. et al., 2021a, exoplanet: Gradient-based probabilistic
inference for exoplanet data and other astronomical timeseries

Foreman-Mackey D. et al., 2021b, J. Open Source Softw., 6, 3285

Foreman-Mackey D., 2018, Res. Notes Am. Astron. Soc., 2, 31

Foreman-Mackey D., Agol E., Ambikasaran S., Angus R., 2017, AJ, 154,
220

Fortney J. J., Marley M. S., Barnes J. W., 2007, ApJ, 659, 1661

Fressin F. et al., 2013, ApJ, 766, 81

Gaia Collaboration, 2023, A&A, 674, Al

Gaia Collaboration, 2016, A&A, 595, Al

Gelman A., Carlin J., Stern H., Dunson D., Vehtari A., Rubin D., 2013,
Bayesian Data Analysis, Third Edition. Chapman and Hall/CRC Texts
in Statistical Science, Taylor and Francis, https://books.google.pt/books?
id = ZXL6AQAAQBAJ

Gelman A., Rubin D. B., 1992, Stat. Sci., 7, 457

Grunblatt S. K. et al., 2016, AJ, 152, 185

Grunblatt S. K. et al., 2017, AJ, 154, 254

Grunblatt S. K. et al., 2018, ApJ, 861, L5

Grunblatt S. K. et al., 2022, AJ, 163, 120

Grunblatt S. K. et al., 2023, AJ, 165, 44

Grunblatt S. K., Huber D., Gaidos E., Hon M., Zinn J. C., Stello D., 2019,
Al, 158,227

Hamer J. H., Schlaufman K. C., 2019, AJ, 158, 190

Hippke M., Heller R., 2019, A&A, 623, A39

Hoffman M. D., Gelman A., 2014, J. Mach. Learn. Res., 15, 1593

Hon M. et al., 2021, ApJ, 919, 131

Howard A. W. et al., 2010, ApJ, 721, 1467

Howard A. W. et al., 2012, ApJS, 201, 15

Howard A. W., Fulton B. J., 2016, PASP, 128, 114401

Howell S. B., Everett M. E., Sherry W., Horch E., Ciardi D. R., 2011, AJ,
142, 19

Howell S. B., Furlan E., 2022, Front. Astron. Space Sci., 9, 871163

Howell S. B., Scott N. J., Matson R. A., Everett M. E., Furlan E., Gnilka C.
L., Ciardi D. R., Lester K. V., 2021, Front. Astron. Space Sci., 8, 10

Huber D. et al., 2013, Science, 342, 331

Huber D. et al., 2019, AJ, 157, 245

Jenkins J. M. et al., 2016, in Chiozzi G., Guzman J. C.eds, Proc. SPIE Conf.
Ser. Vol. 9913, Software and Cyberinfrastructure for Astronomy I'V. SPIE,
Bellingham, p. 99133E

Johnson J. A., Aller K. M., Howard A. W., Crepp J. R., 2010b, PASP, 122,
905

Johnson J. A., Butler R. P,, Marcy G. W., Fischer D. A., Vogt S. S., Wright J.
T., Peek K. M. G., 2007, ApJ, 670, 833

Johnson J. A., Howard A. W., Bowler B. P,, Henry G. W., Marcy G. W.,
Wright J. T., Fischer D. A., Isaacson H., 2010a, PASP, 122, 701

Jones M. 1. et al., 2016, A&A, 590, A38

Kallinger T. et al., 2014, A&A, 570, A41

Khandelwal A. et al., 2022, MNRAS, 509, 3339

Kipping D. M., 2013, MNRAS, 435, 2152

Kjeldsen H., Bedding T. R., Viskum M., Frandsen S., 1995, AJ, 109, 1313

Kumar R., Carroll C., Hartikainen A., Martin O., 2019, J. Open Source Softw.,
4,1143

Laughlin G., Crismani M., Adams F. C., 2011, ApJ, 729, L7

Li J., Tenenbaum P., Twicken J. D., Burke C. J., Jenkins J. M., Quintana E.
V., Rowe J. F.,, Seader S. E., 2019, PASP, 131, 024506

Lillo-Box J. et al., 2014, A&A, 562, A109

Lopez E. D., Fortney J. J., 2016, ApJ, 818, 4

Lucy L. B, Sweeney M. A., 1971, AJ, 76, 544

Luger R., Agol E., Foreman-Mackey D., Fleming D. P., Lustig-Yaeger J.,
Deitrick R., 2019, AJ, 157, 64


https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://exofop.ipac.caltech.edu/tess/target.php?id=394918211
https://exofop.ipac.caltech.edu/tess/target.php?id=204650483
http://dx.doi.org/10.3847/1538-3881/ab4fee
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.1088/0004-637X/800/1/46
http://dx.doi.org/10.1088/0004-637X/709/1/396
http://dx.doi.org/10.1086/133755
http://dx.doi.org/10.1051/0004-6361/201015655
http://dx.doi.org/10.3847/0004-637X/830/2/138
http://dx.doi.org/10.3847/0004-637X/823/2/102
http://dx.doi.org/10.3847/1538-3881/ab0e8e
http://dx.doi.org/10.1088/0004-637X/805/1/16
http://dx.doi.org/10.1086/588487
http://dx.doi.org/10.1051/0004-6361:20065105
http://dx.doi.org/10.1088/0067-0049/197/1/12
http://dx.doi.org/10.3847/0067-0049/222/1/8
http://dx.doi.org/10.1088/1538-3873/ab291c
http://dx.doi.org/10.21105/joss.03285
http://dx.doi.org/10.3847/2515-5172/aaaf6c
http://dx.doi.org/10.3847/1538-3881/aa9332
http://dx.doi.org/10.1086/512120
http://dx.doi.org/10.1088/0004-637X/766/2/81
http://dx.doi.org/10.1051/0004-6361/201629272
https://books.google.pt/books?id=ZXL6AQAAQBAJ
http://dx.doi.org/10.1214/ss/1177011136
http://dx.doi.org/10.3847/0004-6256/152/6/185
http://dx.doi.org/10.3847/1538-3881/aa932d
http://dx.doi.org/10.3847/2041-8213/aacc67
http://dx.doi.org/10.3847/1538-3881/ac4972
http://dx.doi.org/10.3847/1538-3881/aca670
http://dx.doi.org/10.3847/1538-3881/ab4c35
http://dx.doi.org/10.3847/1538-3881/ab3c56
http://dx.doi.org/10.1051/0004-6361/201834672
http://dx.doi.org/10.48550/arXiv.1111.4246
http://dx.doi.org/10.3847/1538-4357/ac14b1
http://dx.doi.org/10.1088/0004-637X/721/2/1467
http://dx.doi.org/10.1088/0067-0049/201/2/15
http://dx.doi.org/10.1088/1538-3873/128/969/114401
http://dx.doi.org/10.1088/0004-6256/142/1/19
http://dx.doi.org/10.3389/fspas.2022.871163
http://dx.doi.org/10.3389/fspas.2021.635864
http://dx.doi.org/10.1126/science.1242066
http://dx.doi.org/10.3847/1538-3881/ab1488
http://dx.doi.org/10.1086/655775
http://dx.doi.org/10.1086/521720
http://dx.doi.org/10.1086/653809
http://dx.doi.org/10.1051/0004-6361/201628067
http://dx.doi.org/10.1051/0004-6361/201424313
http://dx.doi.org/10.1093/mnras/stab2970
http://dx.doi.org/10.1093/mnras/stt1435
http://dx.doi.org/10.1086/117363
http://dx.doi.org/10.21105/joss.01143
http://dx.doi.org/10.1088/2041-8205/729/1/L7
http://dx.doi.org/10.1088/1538-3873/aaf44d
http://dx.doi.org/10.1051/0004-6361/201322001
http://dx.doi.org/10.3847/0004-637X/818/1/4
http://dx.doi.org/10.1086/111159
http://dx.doi.org/10.3847/1538-3881/aae8e5

TESS giants transiting giants V. 6343

Maciejewski G. et al., 2016, A&A, 588, L6 APPENDIX A: RADIAL-VELOCITY
Maciejewski G. et al., 2018, Acta Astron., 68, 371 ME ASUREMENTS

Mackereth J. T. et al., 2021, MNRAS, 502, 1947

Mandel K., Agol E., 2002, ApJ, 580, L171

Mathur S. et al., 2011, ApJ, 741, 119

Matson R. A., Howell S. B., Horch E. P,, Everett M. E., 2018, AJ, 156, 31
Mayor M. et al., 2011, preprint (arXiv:1109.2497)

Table A1l. RV observations for TOI-4377.

. —1 —1
Miller N., Fortney J. J., 2011, ApJ, 736, L29 Time (BTID) RV (ms™) orv (ms™) Instrument
Morton T. D., 2012, Apl, 761, 6 2319.72448 12562.68 37.77 CORALIE
Morton T. D., 2015, Astrophysics Source Code Library, record ascl:1503.011 2322 68777 12584.39 3071 CORALIE
Neal R., 2011, in, Handbook of Markov Chain Monte Carlo. Chapman and 232764425 12621.87 54.49 CORALIE
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Patra K. C. et al,, 2020, AJ, 159, 150 2333.65451 12474.46 29.82 CORALIE
Patra K. C., Winn J. N., Holman M. J., Yu L., Deming D., Dai F.,, 2017, AJ, 2335.64513 12570.10 37.95 CORALIE
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Paxton B., Bildsten L., Dotter A., Herwig F., Lesaffre P., Timmes F., 2011, 234557824 12644.60 26.34 CORALIE
ApJS, 192,3 2346.66669 12546.54 42.58 CORALIE
Pereira F. et al., 2019, MNRAS, 489, 5764 2357.59247 12630.90 36.86 CORALIE
Pereira F., 2022, preprint (arXiv:2207.03019) 2358.55233 12645.13 42.20 CORALIE
Petigura E. A. et al., 2018, AJ, 155, 89 2361.50828 12501.66 21.45 CORALIE
Petigura E. A., 2015, PhD thesis, University of California, Berkeley 2365.56857 12492.95 18.46 CORALIE
Queloz D. et al., 2001, The Messenger, 105, 1 236952124 12460.29 19.62 CORALIE
Quinn S. N. et al., 2015, /—\pJ,.803, 49 . 2371.53820 12667.72 24.29 CORALIE
Reffert S., Bergmann C., Quirrenbach A., Trifonov T., Kiinstler A., 2015, 2372 65545 12587.73 30.72 CORALIE
A&A, 574, A116 2375.51523 12660.14 26.66 CORALIE
Ricker G. R. et al., 2015, J. Astron. Telesc. Instrum. Syst., 1, 014003 2377.52719 12524.64 22.04 CORALIE
Rodrigues T. S. et al., 2014, MNRAS, 445, 2758 234959669 11163.26 42.04 CHIRON
Rodrigues T. S. et al., 2017, MNRAS, 467, 1433 2360.52207 10927.55 10.90 CHIRON
Rodriguez J. E. et al., 2021, AJ, 161, 194 2364.51929 11008.63 14.42 CHIRON
Rosenthal L. J. et al., 2021, ApJS, 255, 8 2366.48316 11094.18 9.82 CHIRON
Salvatier J., Wiecki T. V., Fonnesbeck C., 2016, PeerJ Comput. Sci., 2, 2367.50442 11130.68 10.20 CHIRON
e55 2374.50064 11002.46 11.35 CHIRON

Santos N. C. et al., 2013, A&A, 556, A150

Saunders N. et al., 2022, AJ, 163, 53

Schlaufman K. C., Winn J. N., 2013, ApJ, 772, 143
Scott N. J. et al., 2021, Front. Astron. Space Sci., 8, 138
Ségransan D. et al., 2010, A&A, 511, A45

Sousa S. G. et al., 2021, A&A, 656, A53

Stassun K. G. et al., 2019, AJ, 158, 138

Table A2. RV observations for TOI-4551.

Tayar J., Claytor Z. R., Huber D., van Saders J., 2022, ApJ, 927, 31 Time (BTJD) RV (ms™) orv (ms™") Instrument
Temmink M., Snellen I. A. G., 2023, A&A, 670, A26 2344.58473 41184.15 832 CHIRON
The Theano Development Team et al., 2016, preprint (arXiv:1605.02688) 2349 63372 4143571 5.65 CHIRON
Thorngren D. P, Fortney J. J., 2018, AJ, 155, 214 2356.51315 41282.27 577 CHIRON
Thorngren D. P., Fortney J. J., Lopez E. D., Berger T. A., Huber D., 2021, 2359 50827 41418.42 472 CHIRON
Apl, 909, L16 2378.57253 41406.44 5.92 CHIRON
Thorngren D. P., Fortney J. J., Murray-Clay R. A., Lopez E. D., 2016, ApJ, 2382.54754 41231.28 957 CHIRON
831, 64 _ 2383.46308 41170.69 7.85 CHIRON
Tokovinin A., Fischer D. A., Bonati M., Giguere M. J., Moore P., Schwab C., 2385.61740 41239.41 754 CHIRON
Spronck J. F. P, Szymkowiak A., 2013, PASP, 125, 1336 2387.61159 41345.90 $.80 CHIRON
Twicken J. D. et al., 2018, PASP, 130, 064502 2409.52933 41370.92 6.28 CHIRON
Van Eylen V. et al, 2016, AJ, 152, 143 2416.50498 41298.20 7.17 CHIRON
Villaver E., Livio M., 2009, ApJ, 705, L81 2418.53099 41368.87 578 CHIRON
Villaver E., Livio M., Mustill A. J., Siess L., 2014, ApJ, 794, 3 2419.50210 41382.79 6.16 CHIRON
Vogt S. S. et al., 1994, in Crawford D. L., Craine E. R.eds, Proc. SPIE Conf. 2425 48791 41199.13 5.66 CHIRON
Ser. Vol. 2198, Instrumentation in Astronomy VIII. SPIE, Bellingham, p. 2430.49159 41364.45 537 CHIRON
362 2395.76900 ~102.03 150 HIRES
Wang J., Fischer D. A., Horch E. P, Huang X., 2015, ApJ, 799, 229 2399 76400 66.96 170 HIRES
Wittenmyer R. A. et al., 2020, MNRAS, 491, 5248 2654.89700 2520 2.10 HIRES

Wright J. T., Marcy G. W., Howard A. W., Johnson J. A., Morton T. D., 2681.82100

, —79.71 2.20 HIRES
Fischer D. A., 2012, ApJ, 753, 160 2694.97700 _25.30 220 HIRES
Yee S. W.etal., 2020, Ap/, 888, L5 2724.81600 ~21.00 220 HIRES
Zhou G. et al., 2020, Apl, 892, L21 2745.78800 55.40 2.10 HIRES
2748.77700 130.50 1.80 HIRES
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APPENDIX B: SYMBOL NAMES

Table B1. Parameters shown in Tables 2 and 3.

Symbol Definition

P (d) Orbital period

to (BTID) Time of inferior conjuction

b Impact parameter

uy,2 Quadratic limb-darkening coefficients

log o' 7Ess (ppm)
Agran (ppm)

bgran (uHz)

K (ms™!)

Y cHRoN (ms™1)
yHres (ms™h)

¥ corALIE (ms™1)
ocuroN (ms™!)
onres (ms™h)
ocoraLie (ms™h)
e

o (deg)

a (au)

i (deg)

Rp (RJup)

R, Rp)

Mp (MJup)

M, (MO )

pp (gem™)

Photometric shot noise (TESS data set)
Granulation amplitude parameter
Granulation time-scale parameter
RV semi-amplitude

Systemic velocity (CHIRON)
Systemic velocity (HIRES)
Systemic velocity (CORALIE)
RV jitter (CHIRON)

RV jitter (HIRES)

RV jitter (CORALIE)

Orbital eccentricity

Longitude of periastron
Semimajor axis

Orbital inclination

Planetary radius (in Jupiter radii)
Stellar radius (in solar radii)
Planetary mass (in Jupiter masses)
Stellar mass (in solar masses)
Planetary mean density

APPENDIX C: INFLATION MODEL POSTERIOR

DISTRIBUTIONS
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Figure C1. Posterior distributions for the parameters of the inflation model
of TOI-4377 b. Top to bottom, the parameters are the mass of the planet,
observed fraction of metals in the planet (Z;,), log of the inflation efficiency
(€), and age of the system.
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Figure C2. Posterior distributions for the parameters of the inflation model
of TOI-4551 b. The parameters are the same as in Fig. C1.
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