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ABSTRACT

[~ Context. Ultra-short-period (USP) planets are defined as planets with orbital periods shorter than one day. This type of planets is rare, highly
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irradiated, and interesting because their formation history is unknown.

Aims. We aim to obtain precise mass and radius measurements to confirm the planetary nature of a USP candidate found by the Transiting
Exoplanet Survey Satellite (TESS). These parameters can provide insights into the bulk composition of the planet candidate and help to place

constraints on its formation history.

Methods. We used TESS light curves and HARPS-N spectrograph radial velocity measurements to establish the physical properties of the transiting
exoplanet candidate found around the star HD 20329 (TOI-4524). We performed a joint fit of the light curves and radial velocity time series to

measure the mass, radius, and orbital parameters of the candidate.

Results. We confirm and characterize HD 20329b, a USP planet transiting a solar-type star. The host star (HD 20329, V = 8.74 mag, J = 7.5
. mag) is characterized by its G5 spectral type with M, = 0.90 = 0.05 Mg, R, = 1.13 £ 0.02 Ry, and Teg = 5596 + 50 K; it is located at a distance
d = 63.68 £0.29 pc. By jointly fitting the available TESS transit light curves and follow-up radial velocity measurements, we find an orbital period
of 0.9261 + (0.5 x 107*) days, a planetary radius of 1.72 + 0.07 Re, and a mass of 7.42 + 1.09 M, implying a mean density of p, = 8.06 + 1.53 g
L—cm~3. HD 20329b joins the ~30 currently known USP planets with radius and Doppler mass measurements.

@\ Key words. stars: individual: HD 20329 — planetary systems — techniques: photometric — techniques: radial velocities
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1. Introduction

Ultra-short-period (USP) planets are defined by the community
as planetary-mass objects with orbital periods shorter than one
day (Sahu et al. 2006, Sanchis-Ojeda et al. 2013). Of the ~5000
exoplanets discovered to date', close to 120 are USPs, and only
~30 of them have both mass and radius measurements. Some of
the first discovered USP planets are Corot-7b (Léger et al. 2009,
P = 0.85 days), 55 Cnc e (Dawson & Fabrycky 2010; Winn
et al. 2011, P = 0.74 days), Kepler-10b (Batalha et al. 2011,
P = 0.84 days), and Kepler-78b (Sanchis-Ojeda et al. 2013,
P =0.36 days). The USP planets with the shortest orbital period
discovered so far are the planet candidate KOI-1843.03 (Ofir &
Dreizler 2013) and K2-137b (Smith et al. 2018); these two plan-
ets revolve around M dwarfs in just 0.18 days (~4.3 hours).

The first systematic search for transiting USPs was con-
ducted by Sanchis-Ojeda et al. (2014). Using Kepler data, they
found 106 USP candidates, 6 of which have P < 6 hours. The
authors noted that the planetary radii of these objects were rarely
larger than 2.0 Rg. Winn et al. (2018) also found that the radius
distribution of USPs declines sharply around 2 Rg, and they pro-
posed that this sharp decline is attributed to photoevaporation of

! https://exoplanetarchive.ipac.caltech.edu/

the planet atmosphere that is caused by radiation from the host
star.

Although the period cutoff (P < 1 day) is arbitrary, this type
of objects appears to have some distinct characteristics that may
indicate that they are a distinct population. For example, the oc-
currence rates of USP planets seem to depend on spectral type.
Sanchis-Ojeda et al. (2014) found that the USP occurrence rate
falls from 1.1+0.4 % for M dwarfs to 0.15+0.05 % for K dwarfs.
In the same work, they establish that the occurrence rate for G
dwarfs is 0.51 + 0.07 %, meaning that about 1 in 200 solar-type
stars hosts a USP planet (for planets larger than 0.84 Rg).

There are other characteristics that separate USP planets
from other types of short-period exoplanets such as hot Jupiters.
Winn et al. (2017) found that the metallicity distribution for stars
that host hot Jupiters is different from that of stars that host USP
planets: Hot-Jupiter host stars tend to be more metal rich than the
stars that have USP planets. Winn et al. (2018) also pointed out
that, unlike hot Jupiters, USP planets can be found in multiple
planet systems. When USP planets are found in multiple planet
systems, the ratio of the orbital periods between the inner planet
and its nearest neighbor is typically higher than 4 (P,/P; = 4)
(Steffen & Farr 2013, Winn et al. 2018, Pu & Lai 2019). This
period ratio is higher than what is seen in Kepler multiplanet
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systems (Fabrycky et al. 2014). Additionally, for systems of mul-
tiple transiting planets, the dispersion of the orbital inclination of
the different transiting planets has been found to be higher when
a USP planet is part of the system (Dai et al. 2018).

The origin of USP planets is still an open issue. Their close-
in orbit usually places them inside the dust-sublimation region
around their host star, meaning that they are unlikely to have
formed in their present-day orbits. Hence, in all the proposed
scenarios, these objects formed in a wider orbit around their host
star and migrated to their current position. Petrovich et al. (2019)
proposed that secular interactions in multiplanet systems (e.g.,
Npianets > 3) can affect the inner planet (with P in the 5-10 day
range) and push it into a highly eccentric orbit. It is eventually
tidally captured by the star in a short-period orbit that is circu-
larized over time as a result of planetary tides. Pu & Lai (2019)
explored another formation mechanism in which a small rocky
planet is born with a period of a few days and moderate eccen-
tricity (e 2 0.1) in a multiplanetary system; the outer planets
tidally interact with each other and with the innermost planet,
damping the eccentricity to a value close to zero and shrinking
the semi-major axis in a quasi-equilibrium state. At the end of
this process, the innermost planet becomes a USP planet, while
the second planet, an Earth- or super-Earth-sized planet, stabi-
lizes itself on a 10 day orbit. TOI-500 is the first four-planet
system for which this mechanism has been proven to work (Ser-
rano et al. 2022). Millholland & Spalding (2020) proposed an
obliquity-driven tidal migration mechanism. There, in a system
of planets with strong mutual inclinations, planetary obliquities
and tides become excited in a positive-feedback loop that forces
inward migration, until a condition is reached in which the high
obliquities are tidally destabilized and migration stalls.

Because USP planets are rare, those with well-determined
parameters are especially useful for comparison with the predic-
tions made by theoretical models. The NASA-sponsored Tran-
siting Exoplanet Survey Satellite (TESS; Ricker et al. 2014) is a
space telescope equipped with four cameras observing an area
of sky of 24° x 96° degrees. Its main goal is to search for tran-
siting exoplanets around bright stars (5 < I < 13 mag) by
observing the same part of the sky almost uninterrupted dur-
ing ~27 days. Launched in April 2018, TESS is past its original
two-year mission and is currently in its extended mission, which
was approved to continue until the end of September 2022. Al-
though USPs are rare, the TESS ~27-day observation cycles offer
a unique opportunity to find this type of objects, and because the
mission focused on bright stars, it allows Doppler mass measure-
ments through radial velocity follow-up observations.

Here we report the discovery of HD 20329b, a USP planet
around a bright (V = 8.74 mag, J = 7.5 mag) G-type star,
which was discovered using TESS data. This paper is organized
as follows: in Section 2 we describe the TESS data, spectroscopic
follow-up, and high resolution imaging of HD 20329. In Sec-
tion 3 we describe the methods we used to determine the stellar
parameters, the light curve, and the radial velocity fitting proce-
dure. In Section 4 we present the parameters of HD 20329b and
place this planet in the context of known USP planets. Section 5
presents the conclusions of this work.

2. Observations
2.1. TESS photometry

HD 20329 (TIC 333657795; Stassun et al. 2018) was observed
by TESS from 20 August 2021 until 16 September 2021 (sector
42) and from 16 September 2021 until 12 October 2021 (sector
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43). For the stellar coordinates and magnitudes, see Table 1. For
sector 42, the target was observed on camera 4 CCD 3, while
in sector 43, the star was placed on camera 2 CCD 1. For each
TESS sector, the star was observed for ~25 days, and the images
were stacked using a 2-minute cadence mode.

TESS observes a field continuously for ~27 days. At every
orbit perigee (~13 days), science operations are interrupted, and
the data are sent to Earth for processing. The raw images were
processed by the Science Processing Operations Center (SPOC)
at NASA Ames Research Center. The SPOC pipeline (Jenkins
et al. 2016) performs image calibration and data-quality control,
extracts photometry for all the TESS target stars in the field of
view, and searches the extracted light curves for transit signa-
tures.

The data reduction process of TESS time series starts by us-
ing simple aperture photometry (SAP: Morris et al. 2020) to gen-
erate an initial light curve. Then the Presearch Data Conditioning
(PDC) pipeline module (Smith et al. 2012, Stumpe et al. 2014)
removes some instrumental systematic effects from the time se-
ries. Transit events are searched with the wavelet-based matched
filter described in Jenkins (2002) and Jenkins et al. (2020), and
are then fit to transit models, including the contribution made by
stellar limb-darkening effects (Li et al. 2019). Finally, a set of di-
agnostic tests are applied to the light curves to establish whether
the detected transit events have a planetary origin (Twicken et al.
2018). After this process, the TESS science office reviews the
transit signature and promotes the candidate as a TESS object of
interest (TOI) if it has a likely planetary origin. In the case of
HD 20329, the planetary candidate was assigned the TOI iden-
tification TOI-4524.01, and the community was alerted to it in
October 2021. The SPOC transit depth and orbital period of TOI-
4524.01 were 210+0.60 ppm and P = 0.926014 +0.00005 days,
making this TOI a USP planet candidate.

The TESS light curves were analyzed independently using
the Détection Spécialisée de Transits (DST; Cabrera et al. 2012)
pipeline. Variability in the PDC-SAP light curve was first re-
moved using a Savitzky-Golay filter (Savitzky & Golay 1964;
Press et al. 1992), and transit searches were performed. A tran-
sit signal with an orbital period of 0.92653 + 0.00011 day and a
transit depth of 204 + 17 ppm was detected, consistent with the
signal detected by SPOC.

We used the TESS PDC-SAP light curves for the transit anal-
ysis presented in this work. The PDC-SAP curves were cor-
rected for instrumental systematic effects and include some cor-
rection for flux contamination from nearby stars. The TESS sec-
tor 42 and 43 observations are publicly available at the Barbara
A. Mikulski Archive for Space Telescopes (MAST?). Figure 1
shows the TESS target pixel file (TPF) images around HD 20329
for sectors 42 and 43, and the photometric aperture used by TESS
is highlighted with red squares.

2.2. Ground-based seeing-limited photometry with MuSCAT2

TESS has a relatively large pixel scale (21 "/pixel), hence the
detected transit event might originate from another star located
inside the TESS photometric aperture. Centroid analysis results
from the TESS pipeline using images from sectors 42 and 43
combined eliminate the possibility that nearby catalog stars
caused the transit signature. In particular, they exclude the 17th
mag star 37" southwest of HD 20329, the 12th mag star 49”

2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
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Fig. 1. TESS target pixel file image of HD 20329 observed in sector 42 (left) and sector 43 (right), made with tpfplotter (Aller et al. 2020). The
pixels highlighted in red show the aperture used by TESS to create the light curves. The position and sizes of the red circles represent the position

and TESS magnitudes of nearby stars, respectively.

northwest of it, as well as some very dim stars slightly over 25”
to the south-southwest.

When TESS announced HD 20329 as an object of interest,
the transit depth found by the pipeline was ~0.230 mmag (210
ppm), meaning that the transit event probably cannot be detected
on HD 20329 with the medium-sized ground-based telescopes
that are typically used to rule out false positives. Nonetheless, it
is possible to rule out other stars in the field as causing the transit
signal based on seeing-limited photometry.

HD 20329 was observed on the nights of 4 and 5 December
2021 UT with the simultaneous multicolor imager MuSCAT?2
(Narita et al. 2019) mounted on the 1.5 m Telescopio Carlos
Séanchez (TCS) at Teide Observatory, Spain. MuSCAT?2 has four
CCDs with 1024 x 1024 pixels, and each camera has a field of
view of 7.4’ x 7.4" (pixel scale of 0.44 ”/pixel). The instrument
is capable of taking images simultaneously in g’, #/, i/, and z;
bands with short read-out times. For both nights, the raw data
were reduced by the MuSCAT?2 pipeline (Parviainen et al. 2019),
which performs standard image calibration and aperture pho-
tometry and is capable of modeling the instrumental systematics
present in the data while simultaneously fitting a transit model
to the light curve.

On the night of 4 December 2021 UT, the telescope was de-
focused to avoid saturation of HD 20329. On the night of 5 De-
cember 2021 UT, we also defocused the telescope, but we let the
target star saturate in order to detect fainter stars in the field. For
both nights, the exposure times were set to 5 seconds for all the
MuSCAT2 bands. For the first night, we were unable to detect
the transit on target, likely due to the small transit depth of the
event; on the second night HD 20329 was saturated on purpose
so that no transit detection could be performed. Inside a field of
view with a radius of 2.5’, four stars identified by Gaia (DR3;
Gaia Collaboration et al. 2022) can produce a transit signal with
the depth detected by TESS. Of these stars, we were only able to
rule out the nearby star (TIC 333657797, V = 12.5 mag) as an
eclipsing binary causing the transit events. The other three Gaia
sources were too faint and are not detected in the MuSCAT?2 im-
ages.

2.3. Ground-based high-resolution imaging

Part of the validation process of transiting exoplanets is the as-
sessment of possible flux contamination by nearby companions
(bound or unbound to the target star) and its effect on the de-
rived planetary radius (Ciardi et al. 2015). For this reason, we
observed HD 20329 with a combination of high-resolution imag-
ing resources including optical speckle and near-infrared (NIR)
adaptive optics (AO). Astrometric data from Gaia EDR3 (Gaia
Collaboration et al. 2021) was also used to provide additional
constraints on the presence of undetected stellar companions as
well as wide companions.

2.3.1. SOAR optical speckle imaging

We observed HD 20329 using speckle imaging on 20 Novem-
ber 2021 UT with the 4.1 m Southern Astrophysical Research
(SOAR) telescope (Tokovinin 2018). The observations were
made as part of the SOAR TESS survey (see Ziegler et al. 2020
for details). The data were acquired with the HRCam instrument
(Cousins I band). The observation reached a sensitive thresh-
old to ensure the detection of stars 5.8 magnitudes fainter than
the target at an angular distance of 1”. No nearby stars around
HD 20329 were detected using a search radius of 3”. Figure 2
shows the 50 detection sensitivity and speckle autocorrelation
functions (ACF) from the SOAR observations.

2.3.2. Palomar NIR AO imaging

HD 20329 was observed by the adaptive-optics instrument
PHARO (Hayward et al. 2001; field of view of ~ 25", pixel
scale of 0.025" per pixel) mounted on the 5 m Hale telescope
on 11 November 2021. The observations were made using the
narrow-band NIR Br — v filter and applying a five-point dither
pattern. The raw data were reduced using standard procedures
(flat, dark, and sky calibration; calibrated science images were
coadded). The 5o sensitive curve presented in Figure 3 was de-
termined using injection of artificial sources following the pro-
cedure outlined in (Furlan et al. 2017). No stellar companions
were detected in PHARO observations.
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Table 1. HD 20329 identifiers, coordinates, stellar parameters, and magnitudes.

Identifiers Ref.
HD 20329

HIP 15249

TIC 333657795

TOI 4524

2MASS J03164262+1539260

Gaia EDR3 30398648945512960
Equatorial coordinates

RA (J2000) 03" 16™ 425.63 1
DEC (J2000) +15° 39’ 26701 1
Ura [mas/year] 111.77 = 0.022 1
Upec [mas/year] -202.41 +£0.018 1
Parallax [mas] 15.66 + 0.02 1
Distance [pc] 63.68*07 2
Star systemic radial velocity [km/s] —71.539 + 0.005 6
Stellar Parameters

Effective Temperature [K] Tes 5596 + 50 6
Stellar Luminosity [Lg] L 1.12 = 0.006 6
Surface gravity [cm/s?] log(g) 4.40 +0.07 6
Metallicity [dex] [Fe/H] —0.07 £ 0.06 6
Activity index log R}, -5.03+£0.03 6
Stellar Age [Gyr] 11+£2 6
Projected stellar rotational velocity [km/s] v sin(7) 35+£0.6 6
Microturbulence velocity [km/s] vy 0.86 +0.04 6
Mass [Mg] M, 0.90 + 0.05 6
Radius [Rg] R, 1.13 £0.02 6
Derived stellar density [g/cm?] Px 0.88 +0.068 6
Apparent magnitudes

Gaia G [mag] 8.600 + 0.003 1
B [mag] 9.466 + 0.017 3
V [mag] 8.738 £ 0.026 3
Sloan g [mag] 9.057 + 0.017 3
Sloan r [mag] 8.573 +0.029 3
Sloan i [mag] 8.432 +0.022 3
J [mag] 7.492 +0.021 4
H [mag] 7.208 + 0.049 4
K [mag] 7.116 +£0.024 4
WISE W1 [mag] 7.054 +0.041 5
WISE W2 [mag] 7.105 = 0.020 5
WISE W3 [mag] 7.120 = 0.017 5
WISE W4 [mag] 7.111 £0.108 5

References. (1) Gaia Collaboration et al. (2021); (2) Bailer-Jones et al. (2018) ; (3) Henden et al. (2015); (4) Cutri et al. (2003); (5) Cutri & et al.

(2014); (6) This work.

Notes. The parameters for HD 20329 from Gaia EDR3 did not change with the recent release of Gaia DR3 (Gaia Collaboration et al. 2022).

2.3.3. Gaia assessment

We used Gaia EDR3 measurements to search for stellar compan-
ions around HD 20329 following Luque et al. (2022) (see section
3.2.3 of Luque et al. 2022 and references therein). There are no
nearby stars around the position HD 20329 with similar astro-
metric properties (i.e., parallaxes and proper motions; Mugrauer
& Michel 2020, 2021) that could indicate that they are bound
to the host star. Additionally, the Gaia renormalized unit weight
error (RUWE), a metric used to measure the level of astrometric
noise caused by a gravitationally bound unseen companion (e.g.,
Ziegler et al. 2020), is consistent with a single-star model for the
case of HD 20329 (EDR3 RUWE = 0.92, below the 1.4 RUWE
threshold for a multiple star system).
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2.4. Spectroscopic observations

Between 29 November 2021 (UT) and 30 January 2022 (UT),
we collected 120 spectra with the High Accuracy Radial ve-
locity Planet Searcher for the Northern hemisphere (HARPS-N:
A€ (378-691) nm, R=115 000, Cosentino et al. 2012) mounted
at the 3.58 m Telescopio Nazionale Galileo (TNG) of Roque de
los Muchachos Observatory in La Palma, Spain, under the ob-
serving program CAT21A_119. The exposure time was set to
259-1800 seconds, based on weather conditions and scheduling
constraints, leading to a S/N per pixel of 20-136 at 5500 A. The
spectra were extracted using the off-line version of the HARPS-
N data reduction software (DRS) pipeline (Cosentino et al.
2014), version 3.7. Doppler measurements and spectral activ-
ity indicators (CCF_BIS, CCF_FWHM, CCF_CTR and Mont-
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Fig. 3. Palomar NIR AO imaging and sensitivity curves for HD 20329
taken in the Bry filter. The images were taken in good seeing conditions,
and we reach a contrast of 7 magnitudes fainter than the host star within
0.5”. Inset: Image of the central portion of the data, centered on the star.

Wilson S-index, S_MW) were measured using an online version
of the DRS, the YABI tool®, by cross-correlating the extracted
spectra with a G2 mask (Baranne et al. 1996). We also used
serval code (Zechmeister et al. 2018) to measure relative RVs
by the template-matching, chromatic index (CRX), differential
line width (dLW), and Hea, sodium Na D1 & Na D2 indexes.
The uncertainties in the relative RVs measured with serval are
in the range 0.5-4.4ms~!, with a mean value of 1.2ms™!. The
uncertainties in the absolute RVs measured with the online ver-
sion of DRS (YABI) are in a the range 0.6-6.1ms~!, with a
mean value of 1.3ms™!. Table A.1 gives the time stamps of the
spectra in BJDrpg, absolute RVs, and spectral activity indica-
tors (CCF_BIS, CCF_FWHM, CCF_CTR, and Mont-Wilson S-
index, S_MW) measured with YABI. Table A.2 gives the relative
RVs and spectral activity measurements (CRX, dLW, and He,
and sodium Na D1 & Na D2 indexes) measured with serval.

3 Available at http://ia2-harps.oats.inaf.it:8000.
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Fig. 4. GLS periodogram (Zechmeister & Kiirster 2009) for HARPS-N
radial velocity measurements. (a) Radial velocity measurement resid-
uals after fitting the transiting-planet signal. (b) Stellar activity in-
dices of HD 20329 ((c) to (k)). The peak with the maximum power
in the periodogram for the RV measurements corresponds to a period
of P = 0.9263 days (vertical green line), in agreement with the period
of the transiting-planet candidate reported by TESS. The dash-dotted
blue and segmented red line represent the 0.01% and 0.1% FAP levels,
respectively.

In the joint RV and transit analysis presented in Section 3.2,
we used relative RVs measured from HARPS-N spectra with
serval by the template-matching technique.

Figure 4 shows the generalized Lomb-Scargle (GLS; Zech-
meister & Kiirster 2009) periodogram for the radial velocities
and activity indices. The false-alarm probability (FAP) levels
were computed using the bootstrap method (Murdoch et al.
1993, Hatzes 2016) with 10000 iterations. The peak of the RVs
GLS periodogram is located at P = 0.9263 days, in agreement
with the orbital period of the transiting candidate announced by
TESS.
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3. Analysis
3.1. Stellar parameters

The stellar parameters for HD 20329 are presented in Table 1.
The analysis of the coadded HARPS-N stellar spectrum was car-
ried out by using the BACCHUS code (Masseron et al. 2016),
which relies on the MARCS model atmospheres (Gustafsson
et al. 2008) and atomic and molecular line lists from Heiter et al.
(2021). In brief, the surface gravity was determined by requiring
ionization balance of the Fe1 lines and the Fe i1 line. A microtur-
bulence velocity was also derived by requiring no trend of Fe line
abundances against their equivalent widths. The output metallic-
ity is represented by the average abundance of the Fe1 lines. An
effective temperature of 5596 + 50 K was derived by requiring
no trend of the Fe1 lines abundances against their respective ex-
citation potential.

We compared our stellar parameters to those found in the
literature in the Hypatia Catalog (Hinkel et al. 2014). HD 20329
was spectroscopically observed by Ramirez et al. (2013) and Be-
dell et al. (2017). The effective temperatures and iron-content
determined here are in excellent agreement with both Ramirez
et al. (2013) and Bedell et al. (2017), especially when [Fe/H]
is normalized to the same solar scale. While the surface gravi-
ties of Ramirez et al. (2013) and Bedell et al. (2017) disagree
within their own errors, the value that we determined (4.40 +
0.07) overlaps with the two literature determinations within er-
rors. The [Fe/H] of HD 20329, in addition to other iron-peak el-
ements (Cr, Mn, and Ni), is somewhat subsolar. However, many
elements, especially the @-elements (C, O, Si, Ca, Ti), within HD
20329 are supersolar (Ramirez et al. 2013; Bedell et al. 2017). In
combination with these abundance trends, the stellar kinematics
indicate that HD 20329 likely originated from the thick disk ac-
cording to a conservative kinematic prescription by Bensby et al.
(2003) and as noted within Bedell et al. (2017).

The stellar rotation (v sin i) was estimated by measuring the
average of the Fe line broadening after subtracting the instru-
ment and the thermal, collisional, and microturbulence broaden-
ing. This velocity leads to an estimate of the rotational period
of 15 + 3 days (assuming sini = 1). Based on the Noyes et al.
(1984) and Mamajek & Hillenbrand (2008) activity-rotation re-
lations and using (B-V) of 0.670 and the logR},, measured
with YABI (-5.03 £ 0.03), we estimated a rotation period of HD
20329 for 28.6 = 5.8 days and 30.7 + 3.3 days, respectively. The
discrepancy between the two indicators may be explained by the
fact that for relatively long rotation periods, its impact on the line
broadening becomes very weak and its disentanglement from
other sources of broadening becomes more uncertain. Although
the empirical calibrations of chromospheric activity and rota-
tional periods have their own issues, we nevertheless favor a pe-
riod of ~30 days. We tried to establish the rotation period of HD
20329b using long-term photometry data from several surveys.
We were only able to access the photometry from the ASAS-SN
public light-curve archive* (Shappee et al. 2014, Kochanek et al.
2017), but found no conclusive signs of photometric modulation
attributable to the rotation period of the star (see Appendix B).

In a second step, we used the Bayesian tool PARAM (Ro-
drigues et al. 2014, 2017) to derive the stellar mass, radius, and
age using the spectroscopic parameters and the updated Gaia
EDR3 luminosity along with our spectroscopic temperature. The
resulting error radius is shown in Table 1 and appears to be par-
ticularly small (1.8%). The very precise luminosity provided by
Gaia allows us to constrain stellar parameters such as the radius

4 https://asas-sn.osu.edu/
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very well. However, these Bayesian tools underestimate the er-
ror budget because they do not take the systematic errors be-
tween one set of isochrones to the next into account because
of the various underlying assumptions in the respective stellar
evolutionary codes. In order to attempt to take these systematic
errors into account, we combined the results of the two sets of
isochrones provided by PARAM (i.e., MESA and Parsec) and
added the difference between the two sets of results to the er-
ror budget provided by PARAM. However, although using two
set of isochrones may mitigate underlying systematic errors, our
formal error budget for radius and luminosity maybe still be un-
derestimated, as demonstrated by Tayar et al. (2022). For solar-
type stars such as HD 20329, absolute errors may rather be up
to 4%, 2%, 5%, and 20% for radius, luminosity, mass, and age,
respectively.

Despite its nearly solar metallicity, the derived age from the
isochrones indicates that the star is old (11 Gyr). In parallel, the
HARPS-N spectrum allows us to check other indices of age, no-
tably the chromospheric activity of the Ca H&K lines and the Li
abundance. We did not observe any sign of chromospheric ac-
tivity in the cores of the Ca H and K lines (hence leading to a
relatively high log R}, ). Using the activity-age relation of Ma-
majek & Hillenbrand (2008), we also found the age of HD 20329
to be in a range of 4-8 Gyr, which is quite consistent with the age
of 9-13 Gyr as determined by isochrone fitting. In addition, we
did not observe any lithium line, which supports the idea that the
old age of the stars permits a slow depletion of all the lithium in
its shallow convective external envelope.

3.2. Transit light curve and radial velocity model fit

To obtain the planetary mass and radius, we fit the light curves
and radial velocity measurements simultaneously following the
procedure described in Murgas et al. (2021). In summary,
the transits were modeled with PyTransit® (Parviainen 2015)
adopting a quadratic limb-darkening (LD) law. The fitted LD co-
efficients (u; and u,) were weighted against the predicted values
computed by LDTK® (Parviainen & Aigrain 2015) while using the
Kipping (2013) coefficient parameterization. The HARPS-N ra-
dial velocity measurements were fit using RadVel’ (Fulton et al.
2018). For the transits, we set as free parameters the planet-to-
star radius ratio R, /R, the quadratic LD coefficients, the central
time of the transit T, the planetary orbital period P, the stel-
lar density p,, the transit impact parameter b, and in the case
of noncircular-orbit models, the eccentricity e and argument of
the periastron w. The free parameters for the radial velocity fit
were the radial velocity semi-amplitude (Kgrv), the host star sys-
temic velocity (o), and the instrumental jitter (Ory jiter). For the
RV modeling, the orbital period, central transit time, eccentric-
ity, and argument of the periastron were also set free, but were
taken to be global parameters in common with the transit model.
We also introduced a term (¥) to model the slope seen in the RV
measurements (see Fig. 6 top and middle panel).

As aresult of their short orbital periods, it is expected that the
orbits of USPs become circularized over time. Nevertheless, we
decided to fit a noncircular orbit to the RVs, setting as global free
parameters the eccentricity and the argument of the periastron
using the parameterization Ve sin(w) and v/e cos(w) (parameter
limits [—1, 1]). With this parameterization, we sample values of
e€[0,1] and w € [0, 27].

3 https://github.com/hpparvi/PyTransit
6 https://github.com/hpparvi/ldtk
7 https://github.com/California-Planet-Search/radvel
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We modeled the residual correlated noise in TESS and
HARPS-N data using Gaussian processes (GPs; e.g., Rasmussen
& Williams 2010, Gibson et al. 2012, Ambikasaran et al. 2015).
For TESS light curves, we chose a Matern 3/2 kernel,

V3t — 1] V3lt; — 1]
kijTESS = C%[l + 7—1] exp|-———2L|, (1)

T1

where |f;—1;| is the time between epochs in the series, and the hy-
perparameters c; and 7| were set free. Because of its flexibility,
the Matern 3/2 kernel is a commonly used kernel for modeling
TESS systematics.

The radial velocity package RadVel allows modeling cor-
related noise using GPs. For the radial velocity time series, we
chose an exponential squared kernel (i.e., a Gaussian kernel),

)2
(ti — 1)) ) @

k[j RV = C% eXp (— 5
kb

where t; — ¢; is the time between epochs in the series, and the
hyperparameters ¢, and 7, were set free. We chose a Gaussian
kernel to model the red noise in the RVs since it is a simple
model and we saw no signs of RV signals induced by the ro-
tation period of the star in our RV measurements periodogram,
nor evident correlations between the RVs and the measured ac-
tivity indices. This is probably caused by the fact that we likely
covered only two rotation periods of the star (RV baseline of 62
days) if the stellar rotation is around 30 days based on activity
relations.

For the fitting procedure, we constrained the prior values for
the orbital period and central time of the transit based on the
results of applying Transit Least Squares (TLS, Hippke &
Heller 2019) to the TESS time series. Then we maximized a pos-
terior function for the joint data set (TESS plus HARPS-N) using
PyDE®, and started a Markov chain Monte Carlo (MCMC) using
Emcee (Foreman-Mackey et al. 2013) to explore the parameter
space. We used 160 chains to fit 19 free parameters, 2000 itera-
tions as a burn-in phase, and 8000 iterations for the main MCMC
phase. After the MCMC was complete, we computed the per-
centiles corresponding to the median and 1o limits (from the
median) of the distribution for each variable. We adopted these
values as the final parameter estimates and their corresponding
uncertainties.

We repeated this procedure to test whether the data supported
a circular or an eccentric model and the use of GPs for modeling
the RVs. We compared four models: 1) a circular-orbit model
without GPs for the RV data, 2) a circular-orbit model includ-
ing GPs (for TESS and the RVs), 3) a noncircular-orbit model
using GPs only for TESS photometry, and 4) a noncircular-orbit
fit including GPs (for TESS and HARPS-N RVs). Then we com-
puted the model comparison metric Bayesian information cri-
terion (BIC; Schwarz 1978) to determine the best approach to
fitting our data. We found that the preferred model based on
these criteria was the circular-orbit model including GPs for
both TESS and RV measurements, with a BIC difference be-
tween models of ABIC = —7.6 when compared to the second
best model, that is, the circular model without GPs for the RVs
(see Table C.1 for these fit results). Hence, all the results pre-
sented in the following sections refer to the circular-orbit model
including GPs for modeling the red noise in TESS and HARPS-
N measurements. Figure C.1 shows the posterior distribution for
the final fitted orbital parameters.

8 https://github.com/hpparvi/PyDE

Our joint fit analysis found a linear trend in the residuals of
the RV measurements after subtracting the velocity change in-
duced by HD 20329b (see Fig. 6 mid panel). This trend may be
caused by another planet in the system. Based on the TESS SAP
light curves, HD 20329 appears to be a star with low photometric
modulation. In addition to the low value of the log R}, activity
index, HD 20329 is potentially a good candidate for long-term
radial velocity monitoring to search for other planets in this sys-
tem.

We tested for any noticeable curvature in the residuals of the
RV measurements. For this purpose, we added a new parame-
ter (¥) to the RV modeling (circular orbit including GPs) to take
this change into account. The results of the joint fit with this pa-
rameterization are presented in Table C.2. From this fit, we find
¥ = —0.002*-05¢ m/s?, that is, consistent with 0, meaning that no
significant curvature is found in the residuals of the fit. This was
also supported by the BIC model selection criteria values, which
supported an RV model with a linear trend as the best fit.

4. Results and discussion

The final parameter values and 1o uncertainties are presented
in Table 2. Figures 5 and 6 show the TESS light curves and the
radial velocity measurements made by HARPS-N, respectively,
and the best model found by the joint fit.

We find that HD 20329b has an orbital period of P =
0.926118 + 0.00005 days, and according to our model selec-
tion, an orbital eccentricity consistent with 0, as expected for this
type of planets. Using the stellar parameter values derived from
a coadded HARPS-N spectrum, we determined that HD 20329b
has aradius of R, = 1.72 £ 0.07 Rg, a mass of M, = 7.42+1.09
Mg, and a bulk density of p, = 8.06 + 1.53 g cm™3. Assuming
a Bond albedo of 0.3, we find that this planet has an equilibrium
temperature of 7, = 1958 + 25 K.

Figure 7 shows the mass versus radius distribution for known
transiting planets (parameters taken from TEPcat; Southworth
2011). USP planets around stars with T.;; < 4000 K and
T.rr > 4000 K are represented by orange circles and blue tri-
angles, respectively. The figure also includes the rocky planet
models of Zeng et al. (2016, 2019) with an equilibrium temper-
ature of 2000 K. The composition models shown in Fig. 7 are
planets with pure iron cores (100% Fe), Earth-like rocky com-
positions (32.5% Fe plus 67.5% MgSiOs3), and Earth-like com-
position planet cores with 0.1% H; gaseous envelopes. The posi-
tion of HD 20329b in the mass-radius diagram agrees with other
known USP planets with radii smaller than 2.0 Rg, and it most
likely indicates a rocky composition with little to no atmosphere.

4.1. Prospects for atmospheric characterization

We used data from NASA Exoplanet Archive’ to compute the
transmission spectroscopy metric (TSM) and emission spec-
troscopy metric (ESM) as defined by Kempton et al. (2018) for
known transiting planets. These two metrics are used as indica-
tors for the feasibility of detecting atmospheric signals during
a transit (TSM) or detecting the secondary eclipse of a transit-
ing planet (ESM) with the James Webb Space Telescope (JWST;
Gardner et al. 2006). We find a TSM value of 45.7 for HD
20329b. However, Kempton et al. (2018) recommend a threshold
for the TSM value higher than 90 for planets in the radius range
of 1.5 < R, < 10 Rg; this would mean that HD 20329b is not
an ideal candidate for transmission spectroscopy follow-up if the

° https://exoplanetarchive.ipac.caltech.edu/
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Fig. 5. HD 20329 TESS light curves and best model fit. Top and bottom left panels: TESS sector 42 and 43 photometry. The red line shows the
best model fit with and without systematic effects, and the blue and black points are TESS unbinned and binned data points (with a bin size of ~
1 hour). Individual transit events of HD 20329b are marked with vertical black lines. Right panel: TESS phase-folded light curves and best-fitting
model (black line) after subtracting the photometric variability in the two TESS sectors. The red points are binned data points.

planet holds an atmosphere. On the other hand, we find an ESM
= 10.2. This is a favorable indicator that the secondary eclipse
of this planet might be detected with JWST given that Kempton
et al. (2018) established an ESM threshold for rocky worlds of
7.5. We explore the possibility of detecting the secondary transit
and phase variations of HD 20329b using TESS data in Sect. 4.2.

Figure 8 shows the TSM and ESM values for known transit-
ing planets. We focused on USP period planets and planets with
radii smaller than 2 Rg. The planets with the most similar TSM
and ESM values to HD 20329b are GJ 367b and K2-141b. GJ
367b was discovered by Lam et al. (2021). The planet is a sub-
Earth that orbits an M dwarf with an orbital period of P = 0.321
days (7.7 hours) and has a mass and radius of 0.546 + 0.078 Mg
and 0.718+0.054 Rg. The mean bulk density of this planet is sim-
ilar to that of HD 20329b with p, = 8.1 2.2 g cm™. Because
GJ 367b orbits an M dwarf, this planet receives less flux than
HD 20329b, and their equilibrium temperatures differ by ~ 360
K (Teq = 1597+39 K for GJ 367b assuming Ag = 0.3). K2-141b
was discovered independently by Malavolta et al. (2018) and
Barragan et al. (2018) using data from the Kepler extended mis-
sion K2 (Howell et al. 2014). This planet is a rocky super-Earth
orbiting a K dwarf with a period of P = 0.280 days (~ 6.7 hours),
and with a mass and radius of 5.08 = 0.041 Mg and 1.51 + 0.05
Rg. K2-141b has a similar mean bulk density (p, = 8.1+ 1.1¢g
cm™) and equilibrium temperature (7., = 2039*$] K, Barragan
et al. 2018) as HD 20329b.

4.2. Secondary eclipse in TESS data

In this section we describe our efforts to explore the detection
of the secondary transit and phase variations of HD 20329b us-
ing TESS data. We modeled the TESS light curves from sectors
42 and 43 using the PhaseCurveLPF phase-curve model imple-
mented in PyTransit (see Parviainen et al. 2021). The phase-
curve model includes the effects from thermal emission, reflec-
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tion, ellipsoidal variation, and Doppler boosting, but we forced
the ellipsoidal variation and Doppler boosting amplitudes to zero
with narrow normal priors because the planet-to-star mass ra-
tio is too low for these two effects to have any practical impor-
tance. Furthermore, we set the geometric albedo to zero (again,
using a narrow normal prior) because the reflection and emission
components are strongly degenerate, and we are primarily inter-
ested in determining whether an eclipse signal exists in the light
curves.

With these exceptions, the phase curve model includes 12
free parameters (transit center, orbital period, stellar density,
impact parameter, +/ecosw, v/esinw, planet-star area ratio,
logyp dayside planet-star flux ratio from emission, log;o night-
side planet-star flux ratio from emission, emission peak offset,
and two limb-darkening coeflicients). We set weakly informa-
tive normal priors on the transit center and orbital period based
on the information in ExoFOP, and an informative normal prior,
N(0.88,0.07), on the stellar density based on the stellar charac-
terisation described in Sect. 3.1. We also forced a circular or-
bit by setting tight zero-centered normal priors on v/e cos w and
Ve sinw and constrained the limb-darkening coefficients using
priors calculated with LDTK. The baseline flux variations were
modeled as a time-dependent GP using Celerite (Foreman-
Mackey et al. 2017). Each TESS sector was assigned a separate
GP with its own hyperparameters, and the hyperparameters were
kept free and marginalized over during the posterior sampling.
The day- and nightside log;( flux ratios had uniform priors from
-3t00.

The phase-curve model parameter posteriors were obtained
as usual. We first determined the global posterior maximum us-
ing a global optimization method, and then sampled the posterior
using MCMC sampling.

The results from the phase-curve modeling (Fig. 9) support
the existence of an eclipse signal in the TESS data. The logyg
dayside flux ratio posterior has its median at -0.98, and the day-
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Fig. 6. Radial velocity measurements of HD 20329 taken with HARPS-N. (a): RV time series and best-fitting model (blue line) including red noise.
The best model shown here was computed using the median values of the posterior distribution for each fitted parameter. The orange shaded area
around the blue line represent the 1o~ uncertainty levels of the fitted model. (b): Residuals of the fit after subtracting the single-planet Keplerian

function and systematic noise component

from the RVs. (¢): Radial velocity measurements in phase after subtracting the red noise and best-fitting model (blue line).

side flux ratio estimate'” is 11% + 8%, which corresponds to an
eclipse depth of 20 = 14 ppm, as shown in Fig. 10. The night-
side flux ratio is not constrained. The dayside posterior does not
exclude a no-eclipse scenario (i.e., with a planet-star flux ratio
of zero), but does support a relatively significant planetary emis-

10 The estimates are based on the posterior median and 16th and 84th
posterior percentiles.

sion signal. We used logo flux ratio as a sampling parameter,
and a uniform prior on it sets a reciprocal (log-uniform) prior on
the flux ratio itself. We would expect a uniform log;o flux ratio
posterior distribution in the absence of an eclipse signal, which
would allow us to give only an upper limit for the flux ratio.
However, the log;( dayside flux ratio posterior has a strong mode
with a tail toward lower values, which indicates that models with
little to no eclipse signal can also explain the observations.
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Table 2. HD 20329b fitted and derived parameters, prior functions, and final values.

Parameter Prior Value
Fitted orbital and transit parameters
R,/R. U(0.005,0.025) 0.0139f81888§
T. [BJD] U(2459471.7445,2459472.5445) 2459472.14321f0:§§8§§
P [days] U(0.5,1.5) 0.926118* 000035
px [g cm™3] N(0.879,0.068) 0.88’:0:02
b U(0.0,1.0) 0.826’:%:?}7
vo — {yo) [m/s] U(-6.30,9.70) 3.16’:}'%
¥ [m/s?] U(-100.0,100.0) —0.05f8- 2
K [m/s] U(0.0,110.0) 5.07f0:jg
ory [m/s] U(0.0,10.0) 0.82f§'ig
Derived orbital parameters
e 0 (fixed)
a/R. 3.42 +0.06
i [deg] 76.01 £ 0.46
Transit duration [min] 75.7
Derived planet parameters
R, [Re] 1.72 £ 0.07
M, [Mg] 7.42 +1.09
oplg cm™] 8.06 +1.53
gp [ms™] 247+ 4.1
a [au] 0.0180 + 0.0003
T., (Ap = 0.0) [K] 2141 £ 27
Ty (Ap = 0.3) [K] 1958 + 25
(F,) [10° W/m?] 47.29 £ 1.69
Sy [Sel 3474 + 124
Fitted LD coefficients
q1 TESS U(0.0,1.0) 0.32+0.02
Q2 TESS (0.0,1.0) 0.37 £0.02
Derived LD coefficients
U1 TESS 0.42 +0.02
Uy TESS 0.15+0.03
Fitted GP parameters
log(c;) TESS S42 U(-8.0,2.3) —7.95%008
log(ty) TESS S42 U(-2.65,6.00) 0.37’:8'%5
log(c) TESS S43 UC-8.0,2.3) —7.98f°:84
log(7;) TESS S43 U(-2.65,6.00) —O.34f§'?‘z‘
e (0.0, 100.0) 2.41f4;03>
T U(0.001, 150.0) 1.97*1'63

=111

Notes. U, N represent uniform and normal prior functions. Ap is the Bond albedo. The term 3 was computed relative to Tyuse = 2459579.0 BID.

Curious about the possible eclipse detection, we mapped the
brightness temperatures and geometric albedos that might ex-
plain the dayside flux ratio posterior. We modeled the flux ratio
as the sum of emission and reflection components. The emission
component was calculated using the BT-Settl spectra'! , where
we assumed the host star to have an effective temperature of
5640 K and kept the planet temperature as a free parameter. The
reflection component had the geometric albedo as a free param-
eter, and the remaining parameters (semi-major axis and planet-
star radius ratio) were fixed to the posterior median values from
the phase-curve modeling.

We estimated the brightness temperature and geometric
albedo posterior via MCMC sampling using a Gaussian ker-
nel density estimate (kde) of the log;o dayside flux ratio pos-
terior as a target distribution (i.e., the log likelihood is based

' The BT-Settl spectra are evaluated using an interpolator created with
pytransit.stars.create_bt_settl_interpolator.
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on the kde log pdf evaluated for the log; flux ratio model val-
ues). The final geometric albedo versus brightness distribution
is shown in Fig. 11. The dayside flux ratio posterior from the
phase-curve modeling suggests a very high brightness temper-
ature for the planet that can be reduced only by high geomet-
ric albedos. The median posterior brightness temperature for
A, < 025 is = 3500 K, while for 0.25 < A, < 0.5, it is
~ 3300 K. However, the median posterior value does not char-
acterize the marginalized brightness temperature posterior well
because it changes from a distribution with a clear mode closer to
a uniform distribution as the geometric albedo increases. The up-
per limit for the brightness temperature decreases with increas-
ing geometric albedo (as it should), but the 99th posterior per-
centile is ~ 4000 K over the A, range from O to 1. To support
this conclusion, we also modeled the light curve with the transit
and light-curve modeler code (Csizmadia 2020), which obtained
similar results (see Appendix D.1).
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Fig. 7. Mass-radius diagram for transiting planets with mass determinations with a precision better than 30% (parameters taken from the TEPcat
database; Southworth 2011). The position of HD 20329b is shown by the red star, USP planets orbiting M-type stars (7, < 4000 K) are marked
with the orange circles, USP planets around stars with T,;s > 4000 K are represented by blue triangles, and non-USP planets around other types of
stars are marked by gray squares. The lines in the mass-radius diagram represent the composition models of Zeng et al. (2016, 2019): planets with
pure iron cores (100% Fe, brown line), Earth-like rocky compositions (32.5% Fe plus 67.5% MgSiOs, dashed green line), and a 99.9% Earth-like
rocky core (32.5% Fe plus 67.5% MgSiO;) with a 0.1% H, envelope with a temperature of 2000 K (dash-dotted pink line).

4.3. Additional planets in the system

As pointed out in Sanchis-Ojeda et al. (2014) and Winn et al.
(2018), USP planets are often found in multiple-planet systems.
We searched for additional transit events in TESS data using
Transit Least Squares (TLS; Hippke & Heller 2019). We
used the results of the joint model fit to mask the transit events of
planet b and to remove the photometric noise in the TESS time
series modeled by the GPs. We also tested median filters with
different window sizes to remove the photometric variability in
the light curves and ran TLS multiple times. We found no evi-
dence of other significant transit events in TESS data. The tran-
sits that TLS detected are likely spurious signals, with at least
one transit occurring at the beginning or end of a block of TESS
observations where systematic effects due to the pointing of the
satellite are stronger. In addition, the detected events presented
a low signal detection efficiency (SDE) in comparison to HD
20329b, which TLS detected.

The time baseline of our RV measurements is 62 days be-
cause we do not detect a significant curvature in the RV residu-
als (see end of Sect. 3.2). This means that the object that causes
the RV slope must have an orbital period longer than at least
four times the baseline. Using Kepler’s third law and assuming
M, > M, an object with P = 120 days has an orbital semi-
major axis of 0.46 AU. Based on the maximum ARV difference

of the residuals and setting this value as the semi-amplitude of
an object with orbital period P = 120 days, we find a minimum
mass of M, sin(i) = 0.17 Myy.

If the radial velocity change seen in the RV residuals is
caused by a stellar mass object, this might affect the projected
motion of the star in the sky. Brandt (2021) used the Hip-
parcos (ESA 1997) and Gaia EDR3 (Lindegren et al. 2021)
data to create a catalog of proper motions with a time base-
line of ~24 years (1991.25, 2015.5) to identify astrometrically
accelerating stars. For HD 20329, the Gaia proper motions are
Ue = (111.77 £ 0.030,-202.41 + 0.025) mas yr~! and the de-
rived Hipparcos-Gaia proper motions are py; = (111.73 +
0.035, —202.43+0.026) mas yr~!, meaning that the star presented
a change in proper motion of Ay = |u; — pgl = 0.047 £ 0.044
mas yr ~! over 24 years. This null acceleration is consistent with
the Gaia EDR3 assessment discussed in section 2.3, in which
Gaia measurements favor a single-star model. The slope in the
RV residuals is therefore likely caused by a substellar object.

5. Conclusions

We reported the discovery of HD 20329b, an ultra-short-period
transiting planet around a solar-type star. Observations made
by the NASA TESS mission led to the initial detection of the
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Fig. 8. TSM vs ESM (Kempton et al. 2018) values for known transiting
planets. The USP planets (P < 1 days) with radii smaller than 2.0 R
are marked by circles. The color and size of the circles represent the
equilibrium temperature and radius of the planet, respectively. USPs
with radii larger than 2.0 R, are represented with purple pentagons, and
small planets (R, < 2.0 Ry) with orbital periods longer than one day are
marked with gray squares. The position of HD 20329b is marked by the
red star and arrow. We did not label all USP planets in the plot for easy
viewing.

transits. Follow-up radial velocity measurements taken with the
HARPS-N spectrograph made it possible to confirm the plane-
tary nature of the transiting object and to establish its mass and
radius.

From a coadded HARPS-N mean stellar spectrum, we es-
timate that the host star has an effective temperature of Teg =
5596 + 50 K, a metallicity of [Fe/H] = —0.07 + 0.06 dex, and
a derived stellar mass and radius of M, = 0.90 + 0.05 My and
R, =1.13+£0.02 Re.

We analyzed TESS photometric data from sectors 42 and
43 and radial velocity measurements taken with the HARPS-N
spectrograph. The transit observations made by TESS and the
radial velocity measurements were fit simultaneously using an
MCMC procedure that included Gaussian processes to model the
systematic effects present in the light curves and RV measure-
ments. We find that HD 20329b has a radius of R, = 1.72 +£0.07
Rg and a mass of M, = 7.42 £+ 1.09 Mg, and that it orbits its star
with a period of 0.926118 +0.50 x 10~* days. We derived a mean
bulk density of p, = 8.06+1.53 g cm™, indicating a likely rocky
composition. We note that after subtracting the planetary signal
of the USP planet from the RV measurements, the RV residuals
present a slope that might indicate the presence of an additional
low-mass object orbiting HD 20329.

The ESM for HD 20329b indicates that this planet presents
favorable conditions for secondary transit follow-up with the
JWST. We used a simple phase-curve model including reflected
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light and thermal emission to search for the secondary transit and
phase variations in 7ESS light curves. Our results support the ex-
istence of a significant, although not conclusive, eclipse signal
in the TESS data, with a dayside flux ratio of 11% and a rela-
tively strong planetary emission signal. Our modeling indicates
a brightness temperature of ~3500 K for low geometric albedo
values (A¢ < 0.25) and an upper limit on the brightness tempera-
ture of ~4000 K over the range A, € [0, 1]. Precise observations,
preferable in the IR, are needed to confirm these results.
Overall, HD 203290 is a new addition to the ~120 currently
known USP planets. It presents very favorable metrics for a sec-
ondary transit detection with the JWST and for radial velocity
follow-up to search for additional planets in the system.
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Appendix A: Radial velocity data

Radial velocity and activity indices measurements are available
electronically at CDS.
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Table A.1. Radial velocities and spectral activity indicators measured from TNG/HARPS-N spectra measured with DRS.

BJD7gp RV RV BIS opis CCF_FWHM CCF_CTR logRy, oy, R, SNR Texp
2457000 ms™H  @msH  msTH)  (@msh (kms~!) (%) — —  @550nm (s)
254838925 -71541.952 1.406  -33.408 1.988 6.706 49557 -5.0304  0.0240 642 1800.0
254841148  -71540.799 1113 -31.256 1.574 6.707 49.600 -5.0235  0.0160 78.5  1800.0
2548.43064  -71541.531 1.198  -28.501 1.694 6.710 49567 -5.0372  0.0184 73.5  1800.0
2548.44897  -71549.223 2426  -28.041 3.431 6.715 49397  -4.9776  0.0463 408 12977
254849747  -71538.122 1.524  -32264  2.156 6.714 49.672  -5.0946  0.0305 59.6  1800.0
254851778  -71537.561 1403  -28.272 1.984 6.712 49.672  -5.1202  0.0283 63.9  1800.0
2548.53804  -71536.048 2311 -18.694 3.269 6.707 49.770  -5.1484  0.0645 422 1800.0
2548.56765  -71536.879 1.561  -29.939 2208 6.707 49745  -5.0651  0.0300 58.3  1800.0
2548.58848  -71534.582 1.003  -23.429 1.418 6.708 49.680 -5.0662  0.0148 86.4  1800.0
2548.61078  -71535372  0.827  -25.407 1.169 6.708 49.633  -5.0297  0.0100 103.5  1800.0
2548.62788  -71533.015 0.766  -29.019 1.084 6.712 49633  -5.0557  0.0094 111.1  1800.0
2548.64993  -71532.477 1.507  -28.405 2.131 6.711 49.699  -5.0731 0.0302 60.3  1800.0
2549.48989  -71533.658 0729  -30.220 1.032 6.709 49.651  -5.0478  0.0079 1169  600.0
2549.58635  -71532.431 1.014  -30.773 1.434 6.709 49.697 -5.0586  0.0140 85.5  600.0
2549.59350  -71531.330  0.951  -32.005 1.345 6.710 49.662  -5.0473  0.0122 90.9  600.0
2549.60087 -71531.964  0.924 -33.911 1.307 6.713 49.661  -5.0476  0.0118 939  600.0
2549.60799  -71533.208 0.985 -29.182 1.393 6.713 49.666  -5.0527  0.0135 88.7  600.0
2549.61530  -71531.679 0976  -34.417 1.381 6.707 49.693  -5.0581  0.0133 889  600.0
2549.62259  -71531.860 1.064  -35.413 1.505 6.711 49.660  -5.0585  0.0158 826  600.0
2549.62966  -71531.595 0.964  -30.693 1.363 6.709 49.683  -5.0725  0.0134 90.3  600.0
2549.63716  -71532.263 0.990  -34.485 1.400 6.708 49.692  -5.0587  0.0135 87.6  600.0
2549.64418  -71530.736 1.066  -32.053 1.508 6.710 49.688  -5.0809  0.0162 81.6  600.0
2549.65143  -71530.213 1.067  -29.169 1.509 6.711 49.692  -5.0431 0.0150 81.6  600.0
2549.65889  -71531.234 1.088  -26.211 1.538 6.712 49.687  -5.0449  0.0157 803  600.0
2549.66609  -71528.996 1.084  -29.887 1.532 6.706 49.695 -5.0480  0.0156 80.1  600.0
257131864  -71535.293 0.945 -29.315 1.337 6.713 49.638  -5.0711 0.0133 92.6  600.0
2571.32583  -71538.561 0.800 -32.283 1.131 6.713 49.627  -5.0363  0.0093 108.0  600.0
257138443  -71541370  0.619 -30.227 0.875 6.713 49.611  -5.0388  0.0060 136.5  600.0
2571.43882  -71542.590  0.987  -29.938 1.395 6.708 49.667  -5.0929  0.0139 877  300.0
2571.46595 -71539.454  0.854 -27.828 1.208 6.708 49.649  -5.0666  0.0103 100.5  300.0
2571.46972  -71540.977 0.868  -26.775 1.228 6.710 49.627  -5.0568  0.0104 99.2  300.0
2571.47346  -71539.378 0.884  -31.134 1.251 6.710 49.647  -5.0292  0.0101 97.5  300.0
2571.47723  -71541.818 0952  -33.182 1.346 6.707 49653  -5.0472  0.0118 912 300.0
2571.48079  -71543.080 1219 -27.371 1.723 6.710 49.666  -5.0455  0.0172 727 300.0
2571.53324  -71539.056 1.135  -33.473 1.606 6.710 49702 -5.0282  0.0149 787 300.0
2571.53697  -71539.154 1.076  -30.636 1.522 6.706 49708  -5.0406  0.0138 825  300.0
2571.56680  -71540.021 1.169  -30.701 1.653 6.712 49702  -5.0533  0.0172 77.0  300.0
2571.57059  -71541.958 1.155  -29.892 1.633 6.713 49701  -5.0230  0.0158 77.8  300.0
2571.57430  -71541.975 1.115  -30.917 1.577 6.715 49700  -5.0457  0.0154 80.4  300.0
2571.57816  -71539.707 1.058  -24.791 1.496 6.715 49.661  -5.0418  0.0138 84.5  300.0
2571.58184  -71540.095 1.140  -26.395 1.613 6.707 49.696  -5.0698  0.0171 789  300.0
2571.58563  -71537.806 1.244  -23.725 1.759 6.712 49.673  -5.0682  0.0197 72.8  300.0
2571.58937  -71539.275 1.259  -23.205 1.781 6.715 49.736  -5.0644  0.0198 72.0  300.0
257159315  -71541.176 1.248  -35.206 1.765 6.716 49.695  -5.0264  0.0182 727 300.0
2571.59700  -71539.804 1259  -31.169 1.780 6.717 49.688  -5.0301 0.0185 72.1  300.0
257231216  -71541.398 0.804 -28.376 1.138 6.712 49.642  -5.0500  0.0098 1072 600.0
257234406  -71542.324  0.742  -29.934 1.050 6.708 49.638  -5.0432  0.0083 1153 600.0
257238954  -71546.581 6.151  -42.830 8.699 6.716 49762  -5.0687  0.1743 19.9 2586
257239760  -71544.307 0945 -31.615 1.336 6.711 49.625 -5.0339  0.0122 914  600.0
2572.40497  -71544.627 0969 -31.318 1.370 6.708 49.654  -5.0466  0.0131 89.2  600.0
257241226  -71543.755 1.004  -29.075 1.420 6.713 49.640  -5.0725  0.0148 86.1 600.0
257244244 71540514  0.823  -30.844 1.164 6.709 49.630  -5.0504  0.0099 1033 600.0
2572.44984  -71540.833 0.796  -29.074 1.126 6.711 49.628  -5.0574  0.0095 1063 600.0
2572.48691  -71542.089 0.818  -29.285 1.156 6.713 49.610  -5.0533  0.0099 1046  600.0
257251683  -71542.402 1.101  -33.197 1.557 6.716 49.653  -5.0444  0.0158 80.3  1800.0
257331105  -71542.490 1.095  -31.099 1.548 6.714 49.668  -5.0565  0.0164 80.7  600.0
257331830  -71542.482 1.046  -28.074 1.479 6.706 49.686  -5.0445  0.0149 840  600.0
257332583  -71542.233 1.022  -30.968 1.446 6.710 49.660  -5.0285  0.0139 85.6  600.0
2573.55786  -71537.894  0.777  -32.620 1.098 6.712 49.632  -5.0373  0.0090 111.1  600.0
2573.59103  -71534.291 0.746  -29.106 1.054 6.712 49.635  -5.0506  0.0088 1164  600.0
2573.59858  -71534.876  0.802  -30.403 1.134 6.715 49.631  -5.0405  0.0096 1094  600.0
257431846  -71540.278 1.071  -25914 1.515 6.717 49533  -5.0128  0.0193 86.0  1800.0
257433601  -71554.091 0.819  -29.532 1.159 6.710 49556  -5.0289  0.0124 109.6  1049.3
2574.40863  -71540.749 0.835  -28.763 1.181 6.714 49564  -5.0327  0.0104 1042 1800.0
257442162  -71556.413 0.871  -29.407 1.231 6.711 49577  -5.0087  0.0106 100.1 835.7
257446844  -71551.744 1.183  -26.819 1.672 6.712 49559  -5.0160  0.0179 762 9674
2574.48849  -71538226  0.869  -30.864 1.229 6.706 49.567  -5.0312  0.0121 102.1  1800.0
2574.50351  -71555.299 0.934  -28.430 1.321 6.712 49.567  -5.0438  0.0145 96.0 7784

Continued on next page

Article number, page 17 of 26



A&A proofs: manuscript no. TOI4524_KESPRINT_Murgas

Table A.1 — continued from previous page.

BJDTBD RV ORV BIS OBIS CCF_FWHM CCF_CTR 10g RHK 0’log Ri—(K SNR Texp
2457000 ms™H  (@@msH  @ms)  (@ms (kms™!) (%) — —  @550nm (s)
257451379 -71537.101 1.157 -30.748 1.637 6.715 49.646  -5.0574  0.0219 794 600.0
257458349  -71536.318 1.134  -34.294 1.604 6.710 49.697 -5.0757  0.0266 82.5  600.0
2574.59058  -71534.548 1.178  -29.135 1.666 6.710 49706  -5.0394  0.0265 792 600.0
257459766  -71535.344 1.296  -26.572 1.833 6.711 49724  -5.0652  0.0313 725  600.0
2574.60500  -71532.721 1.320  -31.661 1.867 6.713 49732  -5.1067  0.0347 70.5  600.0
2593.40900  -71533.471 1.406  -31.102 1.989 6.710 49521  -5.0027  0.0201 64.7  300.0
2593.41275  -71537.837 1.049  -29.455 1.484 6.708 49581  -5.0083  0.0129 83.6  300.0
2593.41628  -71534.749 1.358  -31.847 1.920 6.712 49537  -5.0101 0.0192 66.7  300.0
2593.42011  -71534.351 2.034 -29.815 2.876 6.718 49376  -4.9745  0.0321 477 3000
2593.42434  -71538.442 1.600  -30.596 2.263 6.720 49488  -5.0054  0.0243 58.0 300.0
2593.43181  -71534.332 0.785  -29.060 1.110 6.710 49590  -5.0400  0.0089 109.6  600.0
2593.43903  -71538.304 0.775  -31.981 1.096 6.711 49580  -5.0234  0.0083 1109  600.0
2593.44623  -71535.063 0.742  -29.776 1.050 6.710 49586  -5.0111 0.0075 1153 600.0
2593.45346  -71537.187 0.731  -30.638 1.034 6.709 49592  -5.0074  0.0073 1170 600.0
2593.46070  -71536.350 0.762  -30.596 1.077 6.709 49588  -5.0110  0.0079 1127 600.0
2593.46780  -71536.826 0.882  -27.244 1.248 6.709 49582  -5.0411 0.0108 982  600.0
2593.47518  -71533.347 1.168  -35.666 1.651 6.711 49531  -49876  0.0155 762 600.0
2593.48243  -71536.373 0.935 -31.925 1.322 6.708 49593  -5.0268  0.0116 932 600.0
2593.48962  -71537.314 1.064  -30.825 1.505 6.711 49.545  -5.0032  0.0138 82.8  600.0
2593.49682  -71536.261 1327  -25.631 1.877 6.716 49519  -4.9886  0.0196 68.0  600.0
2593.50438  -71539.203 1.264  -33.520 1.788 6.713 49552 -5.0065  0.0191 71.0  600.0
2593.51132  -71538.603 1257 -25.938 1.777 6.716 49517  -5.0395  0.0201 715 600.0
2593.51838  -71540.223 1439 -30911 2.035 6.715 49489  -5.0028  0.0234 635  600.0
259432088  -71536.077 1307 -32.112 1.848 6.712 49518  -4.9954  0.0191 68.4  900.0
259433189  -71536.263 1.503  -30.420 2.126 6.717 49505  -4.9546  0.0215 60.7  600.0
259434112 -71534.931 1.897  -32.983 2.683 6.702 49454 50152  0.0348 498  600.0
259434795 -71534.974 2.184  -19.346 3.089 6.720 49379  -5.0000  0.0414 445  600.0
259435561  -71537.292 1.890  -31.028 2.672 6.716 49385  -5.0180  0.0346 50.0  600.0
2594.36264  -71539.088 2,122 -28.818 3.001 6.710 49338  -5.0594  0.0452 456  600.0
259437029  -71535.650 1.720 -28.164 2.433 6.719 49435  -4.9681 0.0270 54.0 600.0
259437735  -71534.154 1.677  -34.824 2372 6.704 49457  -5.0146  0.0288 55.1  600.0
259438434  -71537.979 1.614  -32.169 2.282 6.713 49.462  -5.0487  0.0293 57.0  600.0
2594.39178  -71538.555 1423 -32.410 2.012 6.715 49538 -5.0073  0.0220 634 600.0
2594.39898  -71537.503 1.395  -29.141 1.973 6.711 49571  -5.0138  0.0217 64.4  600.0
2594.40591  -71540.192 1.770  -35.809 2.503 6.717 49.467  -5.0500  0.0339 52.7  600.0
2594.41370  -71538.466 1.809  -34.907 2.559 6.715 49442 -4.9494  0.0282 51.8  600.0
2594.42108  -71537.895 1.535  -25.808 2.171 6.712 49513  -49768  0.0234 59.6  600.0
2594.42783  -71538.497 1.566  -35.504 2.214 6.711 49507 -5.0323  0.0274 58.5  600.0
2594.43510  -71541.803 1437  -33.464 2.032 6.714 49502  -5.0403  0.0243 632 600.0
2594.44242  -71542.258 1.595  -31.454 2256 6.706 49514  -49918  0.0259 577  600.0
2594.48563  -71539.279 1.727  -25.845 2.443 6.717 49.464  -49914  0.0296 542 600.0
2594.49280  -71541.386 2,024 -27.241 2.863 6.713 49382  -5.0230  0.0407 477 600.0
2594.49952  -71543.043 2352 -29.494 3.327 6.699 49.445  -49750  0.0458 421  600.0
259450747  -71538.894 2.164  -28.365 3.060 6.713 49436  -4.9843  0.0417 45.1  600.0
2594.51482  -71541.065 2353 -28913 3.327 6.713 49360  -4.9919  0.0483 424 600.0
2594.52207  -71542.399 1.950 -26.317 2.758 6.717 49419  -4.9788  0.0359 494 600.0
2594.52912  -71542.366 2.049  -28.653 2.898 6.711 49393  -4.9658  0.0380 473 600.0
2609.40477  -71540.357 3401 -33.090 4.810 6.715 49911  -5.1093  0.0997 313 300.0
2610.32561  -71541.265 1.360  -26.425 1.924 6.717 49.672  -5.0892  0.0240 66.5  300.0
261041463  -71544.193 1.175  -35.381 1.662 6.710 49727  -5.0472  0.0164 757 300.0
2610.45201  -71545.655 1361  -31.510 1.924 6.714 49731  -5.0515  0.0223 66.9  300.0
2610.48547  -71542.322 0.909 -31.562 1.286 6.713 49.671  -5.0429  0.0119 96.6  600.0
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Table A.2. Radial velocities and spectral activity indicators measured from TNG/HARPS-N spectra measured with SERVAL.

BJDTBD RV ORV CRX O CRX diw Odw th OH, NaD1 O'NaD; NaDz O'NaD,
2457000 (ms™')  (ms™)  (ms'Np™H)  (msINp™) (m?s?) (m?s7?) — — — — — —
254838925  -0.345 1.351 -19.144 11.601 -4.199 2981 04387 0.0013 0.3088 0.0014 0.4224 0.0018
254841148  -0.304 1.099 -12.633 9.602 -6.084 2228 0.4396 00011 03084 0.0012 04207 0.0015
2548.43064  -1.438 1.128 -3.862 9.985 -4.775 2483 0.4373 0.0012 03068 0.0013 04171 0.0016
2548.44897  -0.831 2.162 6.980 19.018 5.030 3987 0.4401 0.0022 0.3165 0.0024 04216 0.0029
2548.49747 2.964 1.305 5.994 11.513  -13.729 3.001  0.4360 0.0014 03171 0.0016 0.4224 0.0020
2548.51778 1.592 1.236 -3.673 10979  -14.972 2273 04374 0.0014 03175 0.0015 0.4218 0.0018
2548.53804 4.609 2.015 14.245 17.746  -27.117 5311 0.4461 0.0021 0.3180 0.0023 04217 0.0028
2548.56765 2.566 1.229 -15.540 10.624  -22.572 3374 0.4425 0.0014 03185 0.0016 0.4236  0.0020
2548.58848 6.049 0.847 1.976 7.445  -17.542 1.829 0.4381 0.0010 0.3169 0.0011 0.4217 0.0013
2548.61078 5.289 0.879 -4.847 7.677 -8.950 1412 04379 0.0008 03158 0.0009 0.4200 0.0011
2548.62788 7.786 0.803 -4.054 6.960 -9.085 1.078 04392  0.0007 03162 0.0008 0.4198 0.0010
2548.64993 8.675 1.337 -10.634 11411 -19.423 2574 0.4424 0.0013 03089 0.0015 0.4221 0.0019
2549.48989 7.269 0.738 10.195 6319  -10.468 1.300 04398 0.0007 0.3099 0.0008 0.4193  0.0010
2549.58635 9.082 1.102 9.258 9230  -15.887 1.960 0.4389 0.0009 0.3171 0.0010 0.4198 0.0013
2549.59350 9.492 1.008 0.496 8.614  -12.688 2.020 0.4390 0.0008 03168 0.0010 0.4207 0.0012
2549.60087 9.645 1.097 11.358 9279  -12211 1.423 04369 0.0008 03186 0.0009 0.4212 0.0012
2549.60799 7.606 0.901 11.997 7.597  -15.185 1.584  0.4358 0.0009 0.3155 0.0010 0.4204 0.0012
2549.61530 9.202 1.012 12.840 8380  -16.931 1.672 04360 0.0008 0.3147 0.0010 04211 0.0012
2549.62259 9.851 1.010 2.320 8.644  -12.850 1.995 04365 0.0009 03171 0.0011 04205 0.0013
2549.62966 8.221 1.068 8.477 9.005  -15.600 1772 0.4335 0.0008 0.3161 0.0010 0.4199 0.0012
2549.63716  10.298 1.240 7.693 10.358  -16.527 1.828 04371  0.0008 03162 0.0010 0.4180 0.0012
2549.64418 9.798 1.266 8.911 10502 -16.244 2222 04350 0.0009 0.3194 0.0011 04228 0.0013
2549.65143  10.494 1.057 -8.359 8.730  -16.266 2296 0.4359 0.0009 03160 0.0010 0.4205 0.0013
2549.65889  10.231 1.167 8.908 9.631  -13.576 2.148 0.4336 0.0009 0.3189 0.0011 04203 0.0013
2549.66609  11.651 1.129 -8.686 9206  -16.159 2.031 0.4382 0.0008 03178 0.0010 0.4207 0.0013
2571.31864 4914 0.922 -21.990 7.581  -10.050 1.611 0.4388 0.0010 0.3149 0.0010 0.4231 0.0013
2571.32583 3.289 0.820 -13.643 7.084 9.166 1.487 04369 0.0009 03159 0.0009 0.4228 0.0011
2571.38443 0.132 0.527 -4.409 4.641 -3.758 1200 0.4369 0.0007 0.3153  0.0007 0.4334  0.0009
2571.43882  -0.310 1.000 -3.810 9218  -13.890 1.675 04348 0.0012 03131 0.0011 04253 0.0014
2571.46595 0.391 0.763 -10.145 6.916 -8.793 1.631 04401 0.0011 03138 0.0010 0.4253 0.0012
2571.46972  -0.111 0.867 6.032 8.004 -7.015 1.332  0.4405 0.0012 0.3158 0.0010 0.4249 0.0012
2571.47346 2.401 0.843 -6.034 7.760 9.756 1.418 04388 0.0011 03162 0.0010 04240 0.0013
2571.47723  -0.818 0.798 -0.284 7.244  -10.003 1.361 04403 0.0011 03172 0.0010 0.4246 0.0013
2571.48079  -2.735 1.205 -8.646 10.676  -11.748 2409 04383 00013 03171 0.0013 04242 0.0016
2571.53324 1.339 0.977 -0.440 8214  -18.062 2291 0.4376 0.0010 03103 0.0011 04254 0.0014
2571.53697 1.820 1.012 4.236 8.480  -14.014 1.931 04391 0.0010 03109 0.0011 04248 0.0014
2571.56680  -0.380 1.108 -13.160 9342 -16.377 1.982  0.4390 0.0011 0.3071 0.0012 0.4227 0.0015
2571.57059  -0.797 1.113 -2.659 9.531  -16.299 2.150 0.4398 0.0011 0.3106 0.0012 04245 0.0015
2571.57430  -0.545 1.197 -3.652 10201 -13.167 1916 0.4400 0.0010 0.3160 0.0011 0.4241  0.0014
2571.57816 1.008 1.060 -4.562 9.009  -10.176 1.895 0.4390 0.0010 0.3151 0.0011 0.4215 0.0013
2571.58184 0.453 1.038 -5.893 8.858  -14.763 2372 0.4405 0.0011 03166 0.0011 04261 0.0014
2571.58563 2484 1.293 -4.422 10922 -13.492 2264 0.4401 0.0011 03167 0.0012 0.4242 0.0015
2571.58937 3.496 1.221 -11.632 10.113  -18.152 2484 0.4396 00011 03152 0.0012 04255 0.0015
2571.59315  -0.078 1.077 10.732 8900  -17.034 1.972 04386 0.0011 03144 0.0012 04239 0.0015
2571.59700 1.776 1.240 2.819 10285  -13.717 2386 0.4387 0.0010 03165 0.0012 0.4251 0.0015
257231216 -0.246 0.801 11.316 7.070 -8.657 1.103 04381 0.0009 0.3156 0.0009 0.4272 0.0011
257234406  -2.155 0.754 -2.561 6.751 -8.725 1.398 04381 0.0008 0.3133 0.0008 0.4244 0.0010
2572.38954  -5.633 4.385 35.010 39.892  -34.205 9.454  0.4442 0.0057 03130 0.0057 0.4287 0.0070
257239760  -3.776 0.862 -1.435 7877  -11.119 1.502 04383 0.0011 03100 0.0011 04233 0.0013
2572.40497  -3.406 0.988 -0.944 9.060  -12.175 1.710  0.4400 0.0011 0.3079 0.0011 0.4257 0.0014
257241226  -3.681 0.967 1.789 8927  -10.330 1.562  0.4406 0.0012 0.3086 0.0011 0.4262 0.0014
2572.44244 0.070 0.903 7.028 8.259 -8.036 1.482 04389 0.0010 03158 0.0009 0.4245 0.0012
2572.44984  -0.199 0.779 -2.558 7.178 -7.538 1.384 0.4386 0.0010 0.3164 0.0009 0.4254 0.0012
257248691  -1.501 0.804 -1.595 7318 -6.320 1.602 04388 0.0010 0.3144 0.0009 04254 0.0012
2572.51683  -1.978 1.101 14.581 9.476  -11.125 1795 04406 0.0011 03158 0.0012 04338 0.0015
257331105  -3.986 1.015 5.123 8.902 -8.451 1.897 0.4384 0.0011 0.3150 0.0012 0.4280 0.0015
257331830  -2.276 0.923 -15.172 7931  -13.825 1.967 04384 0.0011 03147 0.0011 04265 0.0014
2573.32583  -1.711 1.000 -6.081 8976  -10.054 1916 04402 0.0011 03130 0.0011 04272 0.0014
2573.55786 3.167 0.769 -4.761 6.831 -6.485 1.552  0.4385 0.0009 0.3076 0.0008 0.4259 0.0011
2573.59103 4.955 0.755 -4.616 6.717 -6.165 1.302 04380 0.0008 0.3138 0.0008 0.4288 0.0010
2573.59858 4.380 0.873 -4.674 7.519 -5.731 1.570 04371  0.0008 0.3121  0.0008 0.4277 0.0011
257431846  -0.838 1.151 7.673 10.431 1.172 2403 04346 00011 03135 0.0011 04259 0.0014
257433601  -1.510 0.870 17.296 7.793 0.451 1.464 04385 0.0010 03148 0.0009 0.4267 0.0011
2574.40863  -0.227 0.860 -2.655 7.837 2.740 1.858  0.4366 0.0010 0.3075 0.0009 0.4256 0.0012
2574.42162 0.903 0.889 10.334 7.988 -1.584 1.555 0.4363 0.0010 0.3138 0.0010 0.4274 0.0012
2574.46844 1.002 1.155 1.763 10.428 -0.611 2,583 0.4385 0.0013 0.3146 0.0013 04252 0.0016
2574.48849 3.126 0.973 12.574 8.587 -0.839 1.798  0.4371  0.0009 0.3159 0.0009 0.4276 0.0012
2574.50351 2.100 0.848 11.061 7.230 -2.062 1.887 04374 0.0009 0.3125 0.0009 0.4360 0.0012
2574.51379 1.104 1.240 8.330 11.178  -15.354 2.158 0.4395 0.0012 0.3148 0.0012 04265 0.0015

Continued on next page
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Table A.2 — continued from previous page.

BJDtBD RV ORV CRX O CRX diw TdIwW H, OH, NaD; O NaD, NaD; O NaD,
2457000 (ms™))  (ms))  (ms'Np™") (ms'Np™) (m?s?) (m%s7?) — — — — — —
2574.58349 3.597 1.433 29.225 12172 -13.270 2205 0.4401 00011 03148 00011 04296 0.0014
2574.59058 4.821 1.446 0.174 12499  -16.630 2215 04381 0.0010 03173 0.0011 04291 0.0015
2574.59766 4.048 1.216 21.793 10.087  -19.257 2.195 0.4404 0.0011 03137 0.0012 0.4269 0.0016
2574.60500 7.169 1.510 12.008 12.669  -17.792 2737 0.4384 0.0011 03174 0.0013 04298 0.0016
2593.40900 5.831 1.131 -1.971 10.131 5.706 2952 04333  0.0015 03090 0.0015 04270 0.0019
2593.41275 3.641 0.917 -11.577 8.143 -3.434 2131 0.4368 0.0012 03080 0.0011 0.4244 0.0014
2593.41628 6.346 1.262 -2.095 11.315 0.194 2491 04322  0.0014 03079 0.0014 04216 0.0018
2593.42011 5.521 1.813 5.385 16.233 13.538 3265 04363 0.0020 03074 0.0020 0.4293  0.0026
2593.42434 1.827 1.290 -2.293 11.505 3.958 2961 0.4364 0.0016 03106 0.0016 0.4220 0.0021
2593.43181 5.509 0.689 1.585 6.153 -0.326 1.598  0.4340 0.0008 0.3075 0.0008 0.4231 0.0011
2593.43903 2.474 0.799 -2.345 7.069 -0.470 1.774  0.4341  0.0008 0.3076  0.0008 0.4236 0.0010
2593.44623 5.337 0.714 0.632 6.297 -0.433 1.541  0.4341 0.0007 0.3080 0.0008 0.4249  0.0010
2593.45346 2.847 0.663 -9.682 5.681 -1.446 1.394  0.4344 0.0007 0.3076  0.0008 0.4233  0.0010
2593.46070 3.838 0.766 -4.065 6.707 -1.212 1.840  0.4351  0.0007 0.3084 0.0008 0.4245 0.0010
2593.46780 2.160 0.814 6.853 7.013 -1.686 1780  0.4347  0.0008 0.3150 0.0009 0.4250 0.0012
2593.47518 6.892 1.137 6.906 9.817 1.472 2678 0.4348 0.0011 03167 0.0012 04248 0.0015
2593.48243 4.497 1.055 6.062 9.123 -3.728 2.093 0.4346 0.0009 03163 0.0010 04324 0.0012
2593.48962 3.834 1.100 1.622 9.516 -0.954 2.580 0.4345 0.0010 03146 0.0011 04336 0.0014
2593.49682 3.161 1.340 8.316 11.571 2.743 3434 04346  0.0012 03144 0.0013 04334  0.0017
2593.50438 1.551 1.179 -0.482 10.175 -0.119 2641 04362 00011 03131 0.0013 04317 0.0016
2593.51132 1.627 1.059 10.946 8.976 1.574 2991 0.4347 0.0011 03153  0.0013 04302 0.0016
2593.51838 0.416 1.425 -1.325 12.270 2.824 2981 04375 0.0013 03161 0.0014 0.4228 0.0018
2594.32088 3.544 1.068 -10.618 9.416 3.255 2853 04382 0.0013 03133 0.0014 04270 0.0018
2594.33189 4.705 1.496 6.834 13.281 1.073 2752 04380 0.0015 03129 0.0016 04265 0.0020
2594.34112 3.162 1.686 -11.627 14.845 6.451 3.975 0.4380 0.0018 0.3090 0.0019 0.4266 0.0025
2594.34795 5.150 1.600 1.259 14.257 12.478 3.489 04338 0.0020 03123 0.0022 0.4295 0.0028
2594.35561 3.750 1.494 2.845 13.394 9.972 3.539 04356 0.0019 03114 0.0020 04237  0.0025
2594.36264 2292 2.089 -14.077 18.561 14.409 4065 04317 0.0020 03136 0.0022 0.4270 0.0027
2594.37029 4.196 1.521 6.943 13.628 10.048 3218 04352  0.0017 03101 0.0018 0.4268 0.0023
2594.37735 5.233 1.372 -19.557 12.099 4.251 27756  0.4342  0.0017 03177 0.0018 04304  0.0022
2594.38434 1.119 1.395 8.446 12.519 7.257 2.800 0.4346 0.0016 0.3175 0.0017 0.4326 0.0021
2594.39178 0.852 1.171 19.816 10.260 -0.605 3.002 04371  0.0015 03178 0.0015 04352 0.0019
2594.39898 2.366 1.423 -7.600 12.817 -1.579 3.022 04323 00014 03195 0.0015 04315 0.0019
2594.40591 1.208 1.408 -8.005 12.519 5.817 3.195 0.4391 0.0017 03160 0.0018 0.4342  0.0023
2594.41370 1.071 1.595 12.501 14.154 7.740 4067 0.4382 0.0017 0.3184 0.0019 0.4295 0.0024
2594.42108 0.828 1.446 12.525 12.862 1.939 2703 0.4349 0.0015 03178 0.0016 0.4255 0.0020
2594.42783 1.236 1.366 18.663 11.962 4267 3.105 0.4358 0.0016 0.3184 0.0016 0.4217 0.0021
2594.43510  -0.501 1.337 -4.138 12.020 8.477 2983 04364 0.0014 03179 0.0015 04261 0.0019
2594.44242  -1.016 1.415 1.093 12.562 1.629 3421 04342 0.0015 03188 0.0017 0.4264 0.0021
2594.48563 1.440 1.745 3.922 15.395 5.280 3387 0.4340 00016 03187 0.0018 0.4254  0.0022
2594.49280  -0.136 1.415 -2.060 12.474 7.930 3.822  0.4365 0.0018 03196 0.0020 04240  0.0025
2594.49952  -4.955 1.843 -22.775 15.883 5.596 4310 0.4344 0.0020 0.3187 0.0023 0.4289  0.0029
2594.50747  -0.276 1.665 -11.380 14.496 11.913 3971 04368 0.0019 03175 0.0021 04237  0.0027
2594.51482  -0.664 1.681 22422 14.747 9.008 5225  0.4348 0.0020 03169 0.0023 04279  0.0029
2594.52207  -2.340 1.793 4.591 15.585 5.496 3915 0.4394 00017 03193 0.0019 04284 0.0024
2594.52912  -2.855 1.846 -16.878 15.805 8.534 3423 04358 0.0017 03194 0.0020 04221  0.0025
2609.40477  -2.265 3.286 10.183 28.059  -43.995 9733  0.4384 0.0026 0.3184 0.0030 0.4313  0.0038
261032561  -1.262 1.445 7.936 12.986  -11.247 2252 04374 00014 03185 0.0014 04267 0.0018
2610.41463  -3.876 1.312 -1.199 11327  -17.556 2344 04359 0.0011 03166 0.0012 04245 0.0015
261045201  -5.755 1.224 21.584 10321 -20.802 2551  0.4368 0.0012 03181 0.0014 0.4256 0.0017
2610.48547  -2.004 1.011 -3.229 9.041  -10.746 1.666  0.4337 0.0009 0.3170 0.0009 0.4236 0.0012
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Appendix B: Stellar rotation from ASAS-SN
photometry

Inhomogeneities in the stellar surface (e.g., spots or plages) that
appear and disappear out of sight as the star rotates can im-
print flux variations that can be detected by photometric mea-
surements. We obtained V-band photometry for HD 20329b
from ASAS-SN public light-curve archive'” (Shappee et al.
2014, Kochanek et al. 2017). The ASAS-SN archive has 251
observations spanning a time baseline of 1832 days (¢y4: =
2456618.931 HID, t,,q = 2458451.844 HJD). The ASAS-SN
photometry is shown in Figure B.1. The GLS periodogram of
the photometry presents several peaks with about equal power.
The strongest peak corresponds to a period of 423 days. We fit
the ASAS-SN photometry using the package for Gaussian Pro-
cesses Celerite (Foreman-Mackey et al. 2017) and fit the pho-
tometry with the kernel

) B.1)

2nt; —t;
kij Phot = e litil/L [cos (%) +(1+0C)

rot

2+C

where |t; — ;| is the difference between two epochs of observa-
tions, B, C, L are positive constants, and P,,, is the stellar rota-
tional period (see Foreman-Mackey et al. 2017 for details). For
the fit, we considered each ASAS-SN camera (bd and bh) as
an independent instrument. Each data set had as free parameters
the constants B, C, L , but shared a common rotational period
parameter.

The fitting procedure consisted of a global optimization of
a log likelihood function. Then we sampled the posterior distri-
bution of the kernel we used to fit the photometry with Emcee
(Foreman-Mackey et al. 2013) using 120 chains and 10000 iter-
ations for the main MCMC. The final parameter values (median
and lo uncertainties) were estimated from the posterior distri-
bution.

Figure B.1 presents the photometry (top panel) and the pos-
terior distribution of the fitted rotation period parameter (bottom
right panel). The distribution of the rotation period parameter
presents a long a tail of possible values, but the median value is

Py = 34.8770€ days.

Appendix C: Light curve and radial velocity joint fit

In this section, we present the tests and results from the joint
fit of TESS photometric data and the HARPS-N radial velocity
measurements. Figure C.1 shows the parameter distributions for
the best-fit model, table C.1 presents the results of the fit models
we tested in our model selection analysis, and table C.2 presents
the results of a fit including a second-order term to model the
linear trend seen in the RV residuals of the best-fit model.

Appendix D: Light-curve fit with TLCM

We also fit the light curve with the TransiT AND LiGHT CURVE
MobpeLLER code described in detail in Csizmadia (2020). We
briefly summarize its main features here. This code is able to
perform a joint radial velocity and light-curve fit. The transit and
occultation events can be modeled with different limb-darkening
laws. The out-of-transit variations can be modeled by including
the ellipsoidal, reflection, and beaming effects (for details, see
Csizmadia et al. 2021). Contamination effects and eccentric or-
bit are included. The instrumental noise and stellar variability in

2 https://asas-sn.osu.edu/

the light curve are modeled by wavelets that are simultaneously
fit with the light-curve model (for a more detailed description,
see Csizmadia et al. 2021).

In the fit, the free parameters were the scaled semi-major
axis (a/Rgar), the planet-to-star radius ratio (Rpianet/Rstar), the
impact parameter (b), the planet-to-star surface brightness ra-
tio, the epoch, the period, the RV amplitude for the beaming
effect, the planetary geometric albedo, the mass ratio for the el-
lipsoidal effect, the wavelet noise parameters o, and o, and the
two limb-darkening coefficient combinations for the quadratic
limb-darkening law u, = u, + up and u_ = u, — up. Since the
derived eccentricity seems to be compatible with zero (see Ta-
ble 2), we assumed a circular orbit for the planet.

The solution was optimized with the genetic algorithm
(Geem et al. 2001) first, then a differential evolution MCMC
analysis (Nelson et al. 2014; Sherri et al. 2017) was performed
to estimate the median of the posterior distribution. The uncer-
tainties were obtained using the usual 16-84% rule. The results
are reported in Table D.1.

The combined model + noise model fit is presented graphi-
cally in the left panel of Figure D.1. For visualization purposes,
we subtracted the wavelet-based red-noise component from the
light curve, then we phase-folded and plotted it in the right panel
of Figure D.1 . We binned the phase-folded, red-noise-corrected
light curve into 50 bins (bin size ~27 minutes) to show the oc-
cultation event (secondary transit) at phase 0.5. Although there
is a flux loss at this phase, we did not detect the occultation of the
planet at a 30" significance level. This detection is just tentative.
We argue for this in the following way: First, a similar flux loss is
visible in this binned light curve at phase 0.25, where we do not
expect such a flux drop (Figure D.2). Second, the observed geo-
metric albedo is 1.217, meaning that it cannot be derived from
this light-curve set. We also measured the surface brightness ra-
tio of the planet and the star to be Iyjanet/ Istar = 0.09’:8:83 , Which
is compatible with zero. When blackbody radiation is asumed for
the star and the planet, the median value would mean a tempera-
ture of 3300 K for the planet. This agrees well with the analysis
presented in Section 4.2. The occultation depth is 30 + 54 ppm,
which does not exclude a nondetection of the secondary transit.

We conclude that we can give only a 1o upper limit of 84
ppm for the occultation depth in the system of HD 20329b with
TLCM. The error bars given by TLCM are slightly larger than
the values in Table 2. The derived planet-to-star radius ratio
agrees within 1o of the error bar with the values reported in Ta-
ble 2, and all other parameters also agree reasonably well with
the finally accepted values.
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Fig. B.1. Ground-based long-term photometry of HD 20329. Top panel: ASAS-SN V-band measurements from cameras bd and bh. Bottom left
panel: GLS periodogram (Zechmeister & Kiirster 2009) of the V-band photometry. Bottom right panel: Posterior distribution of the rotation period
parameter from the fit.
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Fig. C.1. Correlation plot for the fit orbital parameters. Limb-darkening coefficients and systematic effect parameters were intentionally left out
for easy viewing. The blue lines give the median values of the parameters.
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Table C.1. HD 203290 fit parameters and final values for the other models tested in the joint fit.

Parameter e = 0 (RVs without GPs) e # 0 (RVs without GPs) ¢ # 0 (RVs with GPs)
Fitted orbital and transit parameters
R,/R 0.0139+0-0005 0.0139+0-0005 0.014070-0005
7. [BID] 2450472, 143440123 2450470 14401700005 2450470 14327000092
PC d 0 92621 8+0.0(i)%92091 0 9261 16+0.060%(5)8084 0 9261 18+0.060%(5)9082
[days] ‘ —~0.000061 : —~0.000047 : —~0,000047
p. [gem™] O.SSj%%% o.sst%;%% o.sst%;%%
b O.837f0102§ 0.820f8:82§ 0.831j0:02‘f
Ve cos(w) — 0.283* 5‘2‘ 0.026j8‘}§6
Ve sin(w) — 0.049j83ﬁ; —0.038j8~1§§
Yo — (¥o) [m/s] 3.2470.17 3.39j§-’f5' 3.16f}-3’§
¥ [l’Il/Sz] —0.06+0'§l _0.074—0. 1 —0.06+O‘05
K [mys] 4.99?%’%1 5.41 f’%‘g‘l s.ostﬁj%s
ory [m/s] 1 20+8:16 1 18+§:15 0 81+§116
2V 014 1% 014 O1 014
Derived planet parameters
R, [Rs] 1.73 £0.07 1.71 £ 0.07 1.73 £ 0.07
M, [Ms] 742 +1.13 7.93 +1.36 743 +1.27
pp [gem™] 7.81 +£1.57 8.67 +1.87 7.94 +1.68
gp (ms™] 24.0+43 26.5+5.1 24.4+4.6
a [au] 0.0180 + 0.0003 0.0180 + 0.0003 0.0180 + 0.0003
T., (A = 0.0) [K] 2140 + 27 2139 + 28 2140 + 28
T., (A = 0.3) [K] 1958 + 25 1957 + 25 1958 + 25
(F,) [10° W/m?] 472+ 1.7 472+ 1.7 473+ 1.7
Sy [Sel 3470 + 124 3465 + 124 3472 + 124
Fitted LD coefficients
0.32+0.02 0.32+0.02 031 +0.02
Fitted GP parameters

log(c;) TESS S42 -7.95t3;§§ -7.95jg;§3 -7.97fg;§;
log(r;) TESS S42 0.36j8§;3 O.37f8'§4 0.34’:8'%8
log(c;) TESS S43 —7.97j‘8>;(§ —7.98j§;§‘%‘ —7.99j§;?i
log(r,) TESS S43 -0.32713 -0.347015 -0.357013
c — — —
T2 —_— —_— —_—

Notes. The term ¥ was computed relative to Tp,se = 2459579.0 BJD.
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Fig. D.1. HD 20329 TESS photometry and TLCM fit. Left panel: TESS normalized SAP-fluxes vs time. Black dots are the observations. The red
curve is the result of the simultaneous transit + occultation + beaming + reflection + ellipsoidal + wavelet-based noise model fit. Top right panel:
Primary transit of HD 20329b (black dots) and best model fit (red line) after subtracting the red-noise component from the light curve (top). Bottom

right panel: Residuals of the fit.
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Table C.2. HD 20329b fit parameters (circular orbit), prior functions, and final values for the joint fit including a quadratic term in the RV

measurements.
Parameter Prior Value
Fitted orbital and transit parameters
R, /R, U(0.005,0.025) 0.0140j8:888§
T. [BID] U((2459471.7445,2459472.5445) 2459472.14325j01§§8§;
P [days] U0.5,1.5) 0.926108f8'°8884l
p. [gecm™] N(0.879, 0.068) O.88t8:85
b U(0.0,1.0) 0.826 + 0.017
vo — {yo) [m/s] U(-6.30,9.70) 3.70322
¥ [m/s?] U(-100.0, 100.0) —0.055f°'“§
y s3] U(-100.0, 100.0) —o.oozfgféég
K [m/s] U(0.0,110.0) 5.14 +£0.40
o gy [m/s] U(0.0,10.0) 0.84j8-}g
Fitted LD coefficients
q1 TESS U(0.0,1.0) 0.32f§:§§
q2 TESS U(0.0,1.0) 0.37500
Fitted GP parameters
log(c;) TESS S42 U(-8.0,2.3) —7.95jg;é2
log(t;) TESS S42 U(-2.65,6.00) 0.38+02
log(cy) TESS S43 UC-8.0,2.3) —7.98’:&34
log(r;) TESS S43 U(-2.65,6.00) —0.34f§'?§
e (0.0, 100.0) 4.85f7'3b
> (0.001, 150.0) 5.16ﬁ3§§

Notes. U, N represent uniform and normal prior functions, respectively. The terms ¥ and ¥ were computed relative to Tpuse = 2459579.0 BID.

Table D.1. TLCM fit. Ljjanet/ Isiar is the surface brightness ratio of the planet and the star, measured in the TESS passband.

Parameter Prior Circular orbit
a/Rgar U,29) 3.521’8:{?
Rplanel/Rstar UQ©, 1) 00128t§§§§(1)
b UQO, 1) O.827f8:8g7
Iplanet/lstar U©, 1) 009t003
Epoch (BJD - 2 450 000) U9472.141,9472.145)  9472.1429* '08}2
Period (days) 2(0.925,0.927) 0.926269j0-§g%;§g
Koot (m/s) U(—-1000, 1000) 19;}8'
Mptanet/Mgtar U(0.0,0.02) 0.00009;8'(?8&3
Geometric albedo of the planet U-1,10) 1.213:2?

o, (ppm) (0.0, 10%) 27 465f§;§
o, (ppm) (0.0, 10%) 414”_’%

s U-1,2) 0.55;50°

Uu_ U-1,2) 0.056"7'29
Pstar [g/cm?] - 0.97 £0.12
Occultation depth (ppm) - 30+ 54
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Fig. D.2. TESS binned light curve of HD 20329b (50 bins with a ~27 min. bin size), zoomed at the out-of-transit part (phase curve). See details in
Appendix D. TLCM normalized the light curve to phase 0.25.
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