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ABSTRACT

We report the Transiting Exoplanet Survey Satellite (TESS) discovery of a three-planet system around the bright Sun-like star
HD 22946 (V =~ 8.3 mag), also known as TIC 100990000, located 63 pc from Earth. The system was observed by TESS in Sec-
tors 3, 4, 30, and 31 and two planet candidates, labeled TESS Objects of Interest (TOIs) 411.01 (planet ¢) and 411.02 (planet b), were
identified on orbits of 9.57 and 4.04 days, respectively. In this work, we validate the two planets and recover an additional single
transit-like signal in the light curve, which suggests the presence of a third transiting planet with a longer period of about 46 days.
We assess the veracity of the TESS transit signals and use follow-up imaging and time-series photometry to rule out false-positive
scenarios, including unresolved binary systems, nearby eclipsing binaries, and contamination of the light curves by background or
foreground stars. Parallax measurements from Gaia Early Data Release 3 together with broad-band photometry and spectroscopic
follow-up by the TESS FollowUp Observing Program (TFOP) allowed us to constrain the stellar parameters of TOI-411, including its
radius of 1.157 + 0.025 R,. Adopting this value, we determined the radii for the three exoplanet candidates and found that planet b
is a super-Earth with a radius of 1.48 + 0.06 Ry, while planets ¢ and d are sub-Neptunian planets with radii of 2.35 + 0.08 Rg and
2.78 £ 0.13 R, respectively. Using dynamical simulations, we assessed the stability of the system and evaluated the possibility of the
presence of other undetected, non-transiting planets by investigating its dynamical packing. We find that the system is dynamically sta-
ble and potentially unpacked, with enough space to host at least one more planet between ¢ and d. Finally, given that the star is bright
and nearby, we discuss possibilities for detailed mass characterisation of its surrounding worlds and opportunities for the detection of

their atmospheres with the James Webb Space Telescope.
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1. Introduction

Multi-planetary systems are crucial cosmic environments with
which to probe our theories of planet formation and evolution.
Exoplanet surveys have revealed an unexpected diversity of such
systems, including exoplanets for which no analog is present
in the Solar System and planetary systems whose orbital archi-
tecture is very different from that of our own (see e.g., Gillon
et al. 2017; Naef et al. 2001; Winn et al. 2011; Miret-Roig et al.
2022). Transiting planetary systems around nearby, bright stars
offer the opportunity for in-depth observational studies to char-
acterize different planets formed in a common environment.
The Transiting Exoplanet Survey Satellite (TESS ; Ricker et al.
2015) is a space-borne NASA mission launched in 2018 to sur-
vey the sky for transiting exoplanets around these stars. To date,
it has contributed to the discovery of more than 200 exoplan-
ets in the Galaxy, with more than 5700 candidates on hold

for confirmation'. These discoveries include planets of differ-
ent sizes, ranging from Mars-like bodies (e.g., L98-59 b, Kostov
et al. 2019) to gas giants larger than Jupiter (e.g., TOI-640 b,
Rodriguez et al. 2021), with the majority of them being super-
Earths (1.25 < Rg < 1.75) and sub-Neptunes (1.75 < Rg < 3.5),
according to the classification criteria defined by Fulton et al.
(2017).

Exoplanets discovered around bright stars are ideal tar-
gets for detailed characterization, including the measurements
of their mass via Doppler spectroscopy and the determination
of their atmospheric proprieties through transmission or emis-
sion spectroscopy. Furthermore, multiplanetary systems offer the
additional opportunity to perform comparative exoplanetology
studies, as we can constrain the formation and evolution of a

1 See the NASA Exoplanet Archive at
https://exoplanetarchive.ipac.caltech.edu/
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group of planets that share a common origin given the fixed pro-
prieties of the host star. For these systems, we can gather enough
information to constrain the orbits and dynamics of the system,
and hence to infer the underlying formation and evolution sce-
narios; see for example Ragozzine & Holman (2010); Lissauer
et al. (2011); Fabrycky et al. (2014).

In this work, we report the TESS discovery of a multi-
planetary system consisting of a super-Earth and two sub-
Neptune-sized planets orbiting the bright (V ~ 8.3 mag), nearby
(63 pc), Sun-like star HD 22946, indicated in the TESS Input
Catalog (Stassun & Torres 2018) as TIC 100990000 and as
TOI-411 in the TESS Objects of Interest (TOI) list on ExoFOP-
TESS?.

Sub-Neptunes and super-Earths are of particular interest for
planetology studies because, while they represent the highest
fraction of planets detected in the Galaxy, they are not observed
in the Solar System. The detection and in-depth characteriza-
tion of such planets orbiting Sun-like stars can help us constrain
the formation and evolution pathways along which they form
and gain a better understanding of different planetary systems
(Bitsch 2019). For example, a depression in the distribution of
exoplanet radii between 1.5 and 2 Rg (Fulton et al. 2017; Owen
& Wu 2017) seems to indicate that these exoplanets accreted an
atmosphere at the time of formation that progressively thinned
out due to heat-driven processes, such as stellar radiation photo-
evaporation (Fulton & Petigura 2018) or core-powered mass loss
(Ginzburg et al. 2018). Moreover, Loyd et al. (2020) found that
doubling the known sample of exoplanets with radii R < 4 Rg
is required to confirm or exclude the role of photo-evaporation
in the supposed atmospheric loss of these worlds. Therefore, by
studying planets in this range, we can shed light on the physical
processes that can lead to the loss of a primary atmosphere and
the possible accretion of a heavier secondary one.

The paper is organized as follows. In Sect. 2, we character-
ize the host star, in Sect. 3 we present the detection of the three
transiting candidates from TESS observations and their charac-
terization. In Sect. 4, we analyze the follow-up data to validate
their planetary nature. In Sect. 5, we explore the dynamics of the
system and the potential for atmospheric characterization of its
planets. Finally, in Sect. 6, we summarize our findings.

2. Characterization of the host star

Characterizing the physical proprieties of the host star, such
as its mass, M,, radius, R, and effective temperature, Teg, is
propaedeutic to constraining the corresponding properties of its
planetary system. Therefore, we first focus on determining these
quantities for HD 22946, together with its spectral class, surface
gravity, log g, metallicity, [Fe/H], and sky-projected rotational
velocity, vsini.

HD 22946 is a bright (V ~8.3 mag) main sequence star
located in the Southern Hemisphere, characterized by a high
proper motion and some photometric variability. Basic stellar
information is given in Table 1.

2.1. Stellar variability

In order to better understand the photometric variability of
the star, we searched for publicly available light curves of
HD 22946; we only found multi-epoch photometry from the
HipPARCOS Epoch Photometry catalog (Hip 1997), which

2 https://exofop.ipac.caltech.edu/tess/
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Fig. 1. Light curve of HD 22946 from the HIPPARCOS Epoch Photom-
etry data (V-band, fop panel), and the corresponding power spectrum
(bottom panel). In the top panel, the mean luminosity and standard devi-
ation are also shown: the scatter in the photometric data is compatible
with a low-amplitude variability. The peak of the power spectrum, indi-
cated by the orange vertical line, is found at ~0.073 days, and it is likely
due to instrumental aliasing.

includes 100 measurements over about 3 yr, with 3—10 measure-
ments per night each month?.

The light curve from the HIPPARCOS data shows a small-
amplitude variation, with a maximum-minimum difference of
about ~0.1 mag, or six times the standard deviation o of the mea-
surements, as can be seen in Fig. 1; we also show the computed
Lomb-Scargle (Lomb 1976; Scargle 1982) periodogram using a
Nyquist factor of 10 following a recommendation from Richards
et al. (2012) and VanderPlas (2018). The peak of the power spec-
trum is found at around 0.073 days, close to the 0.076 days data
gaps of HIPPARCOS observations (Percy et al. 2002), and there-
fore it is likely due to aliasing. Indeed, the star is classified as
static (class “C”) in the HIPPARCOS catalog. The TESS light
curve of HD 22946 also shows mild signs of variability, espe-
cially in sectors 30 and 31, which are described in more detail in
the following section.

2.2. Stellar parameters

Light curves from photometric transits only allow the measure-
ment of the planet-to-star radius ratio, and therefore we need
to accurately determine the stellar radius in order to infer the
radii of the transiting planets. In the literature, there are several
estimates for the mass and radius of HD 22946: (i) the values
from Gaia DR2 (Gaia Collaboration 2018), and (ii) the values
obtained by Kervella et al. (2019, hereinafter K19) using the
V, V—K surface brightness relations for the radius (Kervella et al.
2004) and the isochrone fitting method for the mass (Girardi
et al. 2000). Both these approaches depend on the measured par-
allax. In addition to these estimates, we can use two different
and independent methods to infer the radius of the star and the
other stellar parameters. The first method relies on the analysis
of the spectra collected through the TESS Followup Observ-
ing Program (TFOP*, Collins 2019): high-resolution, high

3 Light curves for this star are available in the ASAS-SN Sky Patrol
database (Shappee et al. 2014; Jayasinghe et al. 2021, and references
therein) and in ASAS (Pojmanski 1997), but the stellar magnitude is
close to the surveys’ saturation limit, and so we discarded this data.
Epoch photometry from Gaia DR3 is not available for this star.

4 https://tess.mit.edu/followup/
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Table 1. Summary of stellar data used in this work.

Parameters Value Source
Name TOI-411 Guerrero & TESS Science Office (2021)
TIC ID 100990000 TICv8.1
Alt. name HD 22946
Astrometric properties
a RA (hh:mm:ss) 03:39:16.761 Gaia EDR3
6 Dec (dd:mm:ss) —42:45:45.185 Gaia EDR3
U (mas yr1) -51.618 + 0.015 Gaia EDR3
Us (mas yr=1) —110.546 + 0.021 Gaia EDR3
Barycentric Vg (km s7!) 16.91 £ 0.15 Gaia DR2
Distance (pc) 62.87 +0.05 Gaia EDR3
Photometric data
TESS (mag) 7.757 = 0.006 TIC v8.1
FUV (mag) 19.45 £0.16 GALEX GR6
NUV (mag) 13.014 + 0.005 GALEX GR6
Bt (mag) 8.903 + 0.017 Tycho-2
Vr (mag) 8.318 £0.012 Tycho-2
G-band (mag) 8.1281 + 0.0003 Gaia DR2
Gpp-band (mag) 8.4206 + 0.0003 Gaia DR2
Grp-band (mag) 7.7173 = 0.0003 Gaia DR2
B (mag) 8.79 +£0.03 TIC v8.1
V (mag) 8.27 +0.03 TIC v8.1
J (mag) 7.25+0.04 2MASS
H (mag) 7.04 +£0.04 2MASS
K (mag) 6.98 + 0.03 2MASS
w; (mag) 6.91 +0.04 WISE
w, (mag) 6.93 + 0.02 WISE
w3 (mag) 6.95 + 0.02 WISE
w4 (mag) 6.86 + 0.05 WISE
Spectroscopic data in TFOP
UT 2019-02-09 S/N =34 NRES at LCO
UT 2019-02-19 S/N =40 NRES at LCO
UT 2019-02-23 S/N =40 NRES at LCO
UT 2019-02-27 S/N =41 NRES at LCO
UT 2019-02-23 S/N =86 CHIRON at SMARTS
UT 2019-08-09 S/N =170 CHIRON at SMARTS
UT 2021-01-10 S/N =63 CHIRON at SMARTS
UT 2021-08-28 S/N =50 CHIRON at SMARTS

signal-to-noise-ratio (S/N) optical spectra of HD 22946 were
taken at four different epochs with both the Network of
Robotic Echelle Spectrographs of the Las Cumbres Observa-
tory (NRES and LCO; Siverd et al. 2018, 2016; Brown et al.
2013) and the CHIRON spectrograph (Tokovinin 2018) on the
1.5m Small and Moderate Aperture Research Telescope Sys-
tem (SMARTS) at the Cerro Tololo Inter-American Observatory
(CTIO).

The observations are detailed in Table 1. NRES data cover a
380-860 nm spectral band with a resolution of 53 000 and were
processed by the dedicated data-reduction pipeline (McCully
et al. 2018), and then analyzed using SpecMatch (Petigura et al.
2017). CHIRON spectra cover the 450-890nm range with a
resolution of 80000. The spectra were collected by the instru-
ment team and reduced following the optimal extraction method
described in Paredes et al. (2021). We derived radial velocities
by fitting the line profiles of the spectra, which were extracted
via least squares deconvolution (LSD) of the observed spectrum

against synthetic templates (Donati et al. 1997), and we estimated
the spectroscopic stellar parameters using the gradient-boosting
regressor implemented in the scikit-learn Python module,
previously trained on spectra classified by SPC (Buchhave et al.
2012). Our analysis of the line profiles reveals negligible rota-
tional broadening and no evidence of double lines, suggesting
that the star is inactive and not a host to unresolved, close-in
stellar companions.

Table 2 lists the radial velocity V.4 measured at each epoch,
and the weighted average with associated uncertainties for all the
stellar parameters obtained by the spectral analysis with the prior
of the Gaia parallax. We note that the V,,q measured at the dif-
ferent epochs from the same spectrograph are all consistent with
each other. A zero-point discrepancy among the measurements
obtained from the two instruments is expected. NRES observa-
tions do not show significant variation at the level of 600 ms™!
over 18 days while CHIRON spectra do not show significant
variation at the level of 100ms~! over 2.5 yr~!. Moreover, the
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Parameter Value Source
Literature Data

T (K) 6115 + 324 Gaia DR2

Ag (mag) 0.05 £ 0.5 Gaia DR2

Viad (km s71) 16.91 + 0.15 Gaia DR2

R, (Ro) 1.14 £ 0.11 Gaia DR2

M, (M) 1.158 + 0.058 K19

Ry (Ro) 1.115 + 0.056 K19

Viaa (km s™1) 16.15 = 0.04 Pribulla et al. (2014)

vsini (kms™!) 7.05 +0.2 Pribulla et al. (2014)

Spectral type F7/F8V Pribulla et al. (2014)

High-resolution spectroscopy

Viaa (kms™h) 16.6 + 0.3
Vrad (km S_I) 16.2 +0.3
Vrad (km Sil) 16.5 + 0.8
Vrad (km S_l) 16.8 + 0.4
Viag (km s™") 17.589 + 0.033
Viaa (kms™") 17.624 + 0.022
Viad (km s71) 17.685 + 0.038
Viad (km s71) 17.620 + 0.037
Terr (K) 6210 i}Zé
logg 44 +£0.2
[Fe/H] ~0.05 +008
vsini (kms™") 34+0.9
M, 1.104 + 0.012
R, 1157 + 0.025
Terr (K) 6026 + 50
logg 422 +0.10
[Fe/H] -0.22 + 0.08
vsini (kms™") 32+0.5

NRES at LCO
NRES at LCO
NRES at LCO
NRES at LCO
CHIRON at SMARTS
CHIRON at SMARTS
CHIRON at SMARTS
CHIRON at SMARTS

This work, NRES
This work, NRES
This work, NRES
This work, NRES
This work, NRES
This work, NRES
This work, CHIRON
This work, CHIRON
This work, CHIRON
This work, CHIRON

SED fitting from broad-band photometry

Ay 0.02 + -0.01 This work
Fio (erg s™' cm™) 1.289 + 0.030 This work

R, (Ro) 1.139 + 0.035 This work
M, (M) 1.12 + 0.06 from log g and R,
M, (My) 1.13 £ 0.12 from Torres et al. (2010)’s empirical relations
Age (Gyr) 5+1 This work

Best values adopted throughout this work

Ter (K) 6040 + 48 This work
logg 4.26 = 0.15 This work
[Fe/H] -0.14 + 0.07 This work

R, (Ro) 1.157 £ 0.025 This work
M, (M) 1.104 + 0.012 This work

Viaa from Gaia DR2 also shows a small uncertainty, that is, a
small rms from the different epoch observations, and is consis-
tent with the value measured from the NRES spectra. All the
above evidence further confirms that the star does not have a
bound companion.

The second method used to obtain stellar parameters is
based on the fitting of the spectral energy distribution (SED),
that is, the flux emitted by the star across a broad wave-
length range, which yields a semi-empirical determination of
the stellar radius, mass, and age. We used the photomet-
ric data listed in Table 1, following the method described in
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Stassun & Torres (2016, 2018). We retrieved public photometric
data in different passbands as follows:

(i) Far- and near-ultraviolet (FUV and NUV) magnitudes
from the GALEX catalog; (ii) BV magnitudes from the catalog
of Mermilliod (2006); (iii) BrVt magnitudes from the Tycho-2
catalog; (iv) GGgpGgrp magnitudes from Gaia EDR3; (v) JHKj
magnitudes from the 2MASS catalog (Skrutskie et al. 2006;
Cutri et al. 2003); and (vi) magnitudes in the mid-infrared (MIR)
bands at 3.4, 4.6, 12, and 22 um from the WISE catalog (Wright
et al. 2010). The full wavelength range covered by the data goes
from 0.15 to 22 um, as shown in Fig. 2.
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Fig. 2. Spectral energy distribution of HD 22946. The blue symbols and
their vertical error bars represent the photometric measurements avail-
able for this source and listed in Table 1. The horizontal bars indicate
instead the width of the passband for each data point. The overplotted
black line is the best-fit model, which allows us to derive the stellar
parameters.

We performed a fit using the Kurucz stellar atmosphere
models, adopting the spectroscopically determined T.g, logg,
and [Fe/H], as well as the vsini from Pribulla et al. (2014).
The remaining free parameter is the interstellar extinction, Ay,
which we limited to the maximum line-of-sight value from the
dust maps of Schlegel et al. (1998). The fit is reasonably good,
with a reduced y? of 1.9 and best fit Ay = 0.02 + 0.01. Inte-
grating the (unreddened) SED gives Fio = 1.289 + 0.030 x
108erg s7! ecm™!, which, combined with the Gaia EDR3
parallax (with no offset applied; see, e.g., Stassun & Torres
2021), gives R, = 1.139 + 0.035R,. With the spectroscopic
logg, we then calculate a value of M, = 1.13 = 0.12 M,
which is consistent with that determined by adopting the Torres
et al. (2010) empirical relations, namely M, = 1.12 + 0.06 M.
Finally, we can estimate the stellar rotation period via the
observed Ry activity index (Murgas et al. 2013) and the empiri-
cal rotation—activity relations of Mamajek & Hillenbrand (2008),
which yields P, = 10.6 £ 0.9 days. Using these rotation and
activity measurements together with the activity—age relations
of Mamajek & Hillenbrand (2008) gives an estimated stellar age
of 7., =5+ 1Gyr

The derived stellar parameters from both methods are con-
sistent with each other and listed in Table 2, together with the
best values adopted through the next steps of the analysis, which
were obtained by performing the error-weighted average of all
the available parameters. In summary, we find that HD 22946
is a late-type F main sequence star, with T, = 6040 + 48K,
logg = 4.26 £0.15 dex, [Fe/H] =-0.14 £ 0.07 dex, M, = 1.104 +
0.012 My, and R, = 1.157 £ 0.025 R,

3. Discovery and characterization of HD 22946
planets

In this section, we present the TESS observations of HD 22946
and the analysis performed to detect and characterize the transit
signals in its light curve.

TIC 100990000 - Sector 4

1002

Am=
Am=
Am=
Am=
Am=
Am=

1000

Pixel Row Number
Flux x10% (e ™)

994

992

990
4 418 416 414

Pixel Column Number

Fig. 3. TESS image of HD 22946 taken during Sector 4 observations.
The target is in the center, labeled with a “1” an white cross. Nearby
sources down to +10 mag are shown as smaller red dots and labeled in
order of distance from the target. The SPOC-based optimal aperture for
the specific sector is overplotted in red. The color scheme represents the
flux scale on the pixels. This image has been created using the tpfplotter
Python package (Aller et al. 2020).

3.1. TESS observations

TESS observed HD 22946 with Camera 3 in sectors 3 and 4
(2018 September 20 to 2018 October 18 and 2018 October 18
to 2018 November 15) during its primary mission and sec-
tors 30 and 31 (2020 September 22 to 2020 October 21 and
2020 October 21 to 2020 November 19) during the extended
mission. Figure 3 displays a single TESS frame of HD 22946
taken during Sector 4 observations. The first planet search
was carried out with the Science Processing Operation Center
(SPOC) pipeline (Jenkins et al. 2016), which is designed to iden-
tify potential exoplanet transits using a wavelet-based, adaptive
noise-compensating matched filter. Subsequently, it fits a transit
model to the detected signals (Li et al. 2019) and automatically
performs a suite of tests to vet their planetary nature (Twicken
et al. 2018). These are then collected in a data validation report
(DVR), which is made available on both the ExoFOP-TESS and
MAST? archives. At this point, the pipeline masks the detected
signals and runs from the top to identify new signatures. It stops
after eight tries or in cases where the latest found signal is
below a certain S/N threshold. Finally, the pipeline generates
two different light curves for the detected TOlIs: the first one
is extracted through simple-aperture photometry (SAP-FLUX;
Twicken et al. 2010; Morris et al. 2020), whilst the second has
an additional pre-search data conditioning procedure (PDCSAP-
FLUX; Stumpe et al. 2014). This final step removes long-term
trends and contamination due to nearby stars. Two planet candi-
dates were discovered during this preliminary analysis and added
as TESS TOI-411.01 and 411.02 to ExoFOP-TESS. These can-
didates have periods of 9.57 days and 4.04 days, with transit
epochs at 1385.72367 and 1386.189174 Barycentric TESS Julian
Date (BTJD®), respectively. The full TESS light curve is shown
in Fig. 4. The transits of the candidates are highlighted.

5 https://mast.stsci.edu/
6 BTID = BJD-2457000.0

A85, page 5 of 21


https://mast.stsci.edu/

A&A 668, A85 (2022)

1.0

= = Model Data TOI-411 b ® TOl4llc ® Single transit
o L) 3
o
X
=}
=
£
= v
o 4
Z _,ol® . ® o L34 (]
1390 1400 1410 1420 1430 1440
1.0
3
a 0519
é 0.0
=
£ 054 " 3
= ;
5 5
Z _10] ) () ° ° ®
2120 2130 2140 2150 2160 2170

Time (BJD -2457000)

Fig. 4. Full light curve of TESS sectors 3, 4 (top panel), 30, and 31 (bottom panel). The blue line is the best-fit model. The transits of planets b
and c are highlighted with orange and green dots, respectively. The single transit event is highlighted with a red dot.

3.2. Light-curve analysis

We downloaded and worked on the PDCSAP light curve
for TOI-411 wusing the lightkurve package (Lightkurve
Collaboration 2018). This code makes use of an automati-
cally generated optimal aperture but we checked that different
tentative choices of aperture around this target do not affect the
depth of the transit signals. Starting with this time series, we
first recover the candidate events and subsequently fit them to
retrieve physical and orbital parameters.

3.3. Candidate detection

We used the Transit Least Squares (TLS) package (Hippke &
Heller 2019) to recover the candidate signals. This code allows
searches for periodic, transit-like signals in a light curve by
brute-force fitting templates of transits built over a grid of param-
eters. We decided to adopt this code with respect to the more
commonly used Box Least Squares (BLS, Kovécs et al. 2002)
algorithm, because it also accounts for the effect of stellar limb
darkening on the shape of transits, and, according to the authors,
this improvement yields a ~10% higher detection efficiency
(and 10% lower false-alarm rates) compared to BLS, which is
especially relevant for low-S/N signals. The brute-force fitting
consists of the phase-folding of the light curve over a grid of
trial periods, transit epochs, and duration, and computing the y?
at each solution. The solution is then found by minimizing the
2. The period grid is a uniformly spaced set of N possible val-
ues within a given range. The upper limit of the range is set by
the minimum number of transits we want to find over the entire
observation window, which we set to two. The lower limit is such
that the candidate orbits just wide of the Roche limit of its star (in
the assumption of a planet density of p, = 1 gcm™). In the case
of HD 22946, this limit corresponds to 0.6 days. We performed
the first TLS run independently on the couples of sectors [3,4]
and [30,31] to ease the computational burden of the search. The
first run on sectors 3 and 4 yields a periodic event with a period
of ~9.57 days, which is consistent with the ExoFOP TESS listed
period for TOI-411.01. Masking this signal and running a sec-
ond search, we recover the events associated with TOI-411.02
on a ~4.04-day period. A third TLS run does not return consis-
tent periodic events. The same results are found for sectors 30
and 31. In addition, by visually inspecting the available sectors,
we notice two additional events: a transit-like feature in sector 4
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at BTID ~1425 and another dip in sector 30 at BTJD ~2136.5.
However, the latter event presents an asymmetric shape and it
overlaps the momentum dump reported in TESS Data Release
Notes no.45 (DRN45, and Figs. 4 and 7 therein) on MAST’
at the same epoch. The former event, instead, does not corre-
spond to any reported spacecraft maneuver epoch. Hence, we
only consider the sector 4 transit-like signal hereafter. This newly
found signal is then a single event candidate exoplanet whose
period is yet to be defined (see Fig. 4 of this work). This sin-
gle event candidate was also recently reported independently on
ExoFOP-TESS (as TIC 100990000.03) by A.S., a member of the
Planet Hunters TESS citizen science project (Eisner et al. 2021).
We note that TESS is not scheduled to observe this target again
during its upcoming extended mission and therefore follow-up
observations with other facilities will be needed to confirm this
newly found candidate exoplanet.

3.4. Transit modeling

We used exoplanet, a code for probabilistic modeling of exo-
planet transits (Foreman-Mackey et al. 2021), to measure the
properties of the transiting planets. The model we set up con-
sists of four elements: three planet transit components with
Keplerian orbits and limb-darkened transits, and a Gaussian Pro-
cess (GP) component that models residual stellar variability.
We combined the data from all the sectors into one time series
with the same median normalized brightness. The planet mod-
els were computed with exoplanet using STARRY (Luger et al.
2019), while the GP was computed using celerite (Foreman-
Mackey et al. 2017; Foreman-Mackey 2018). The GP component
is described as a stochastically driven, damped harmonic oscil-
lator with parameters of log(S¢) and log(wy), where the power
spectrum of the GP is

2

and a white noise term, with a model parameter of the log vari-
ance. We fixed Q to one-third and put wide Gaussian priors on
log(So) and log(wy) with means of the log variance, and one
log of one-tenth of a cycle, respectively, and a standard devia-
tion on the priors of 10. This form of GP was chosen because it

4
Soa)o

9
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7 https://archive.stsci.edu/tess/tess_drn.html
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enables us to model a wide range of low-frequency astrophysi-
cal and instrumental signals without requiring a physical model
for the observed variability. The white noise term carried the
same prior as 1og(S). The planet model was parameterized in
terms of limb darkening, log stellar density, and stellar radius for
the three planets. Each individual planet was parameterized in
terms of log orbital period, time of transit, planet-to-star radius
ratio, impact parameter, orbital eccentricity, and periastron angle
at the time of transit. The time of transit was set to a tran-
sit near the center of the time series to minimize correlations
between transit epoch and orbital period. The stellar radius had
a Gaussian prior of 1.157 + 0.025 R. The log mean stellar den-
sity, in cgs units, had a Gaussian prior with a mean of log 1.1
and standard deviation of 0.18 dex. The limb darkening followed
the Kipping (2013) parameterization. The log orbital periods,
time of transit, and log planet-to-star radius ratio of the three
candidates had Gaussian priors with means at the values listed
on ExoFOP-TESS (aside from the single transiting planet where
we fixed the orbital period). The impact parameter had a uni-
form prior of between zero and one plus the planet-to-star radius
ratio. Eccentricity had a beta prior with @ = 0.867 and 8 = 3.03
(as suggested by Kipping 2013), and was bounded between zero
and one. The periastron angle at transit was sampled in vector
space to avoid the sampler seeing a discontinuity at values of 7.
We sampled the posterior distribution of the model parameters
using the No U-turn Sampler (NUTS, Hoffman & Gelman 2014)
which is a form of Hamiltonian Monte Carlo, as implemented
in PyMC3 (Salvatier et al. 2016). We ran four simultaneous
chains, with 3000 tuning steps, and 2000 draws in the final sam-
ple. The phase-folded transits of the three candidates, along with
best-fitting transit models, are shown in Fig. 5, and the model
parameters are provided in Table 4. We note that, by using the
transit duration and depth along with stellar mass and radius, we
can estimate the period through Kepler’s third law in the assump-
tion of planar and circular orbit, as shown in Sect. 6.5 of Seager
& Mallén-Ornelas (2003). This yields a period of approximately
46 + 4 days. A period of between 43 and 46 days would also
be consistent with the possible overlap of a secondary transit
corresponding to momentum dump in sector 30, with a missing
signal that would fall in the downlink gap of sector 31 and just
short of the beginning of observations for sector 3. Moreover, if
we assume that the signal at BJD 2136.5 is a secondary transit
happening at the same time as the reported momentum dump in
sector 30, we find a period of 44.47 days, which is also consis-
tent with our rough estimate. On the basis of TESS data only, we
are not able to establish whether the signal that we observed in
sector 30 at BJD 2136.5 is only due to an instrumental artifact or
also includes the transit of planet d.

3.5. Additional radial-velocity data

By searching the ESO archive, we found that TOI-411 was
observed by the Echelle SPectrograph for Rocky Exoplan-
ets and Stable Spectroscopic Observations (ESPRESSO; Pepe
et al. 2014) between 2019 February 20 and 2019 March 17
(program ID: 0102.C-0456; PI: Van Eylen). ESPRESSO is a
high-resolution (R~140000) spectrograph operating at the VLT
at ESO’s Paranal Observatory, and is capable of measuring
radial velocities of bright stars (V < 8 mag) with a precision
of 10cms™! in the 377-790 nm range. TOI-411 was observed
14 times in roughly one month, with typical exposure of 600s and
S/N ranging from 120 to 243. The observations are summarized
in Table 3. We looked at the radial velocities publicly available
in the archive, which are derived from the cross-correlation of
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Fig. 5. Folded TESS light curves from sectors 3, 4, 30, and 31 corre-
sponding to the transits of planet b (fop panel), planet ¢ (middle panel),
and the single event transit of candidate planet d from sector 4 (bottom
panel). The exoplanet fits of the transits are overplotted (colored lines)
while blue points are binned data points.

the stellar spectra with a G2 template. The data are shown in
Fig. 6.

We modeled the ESPRESSO radial-velocity (V_rad) data
using exoplanet (Foreman-Mackey et al. 2017; Foreman-
Mackey 2018). Specifically, we included the V_rad data with the
transit model and performed a joint, self-consistent model. As
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Fig. 6. Upper panel: ESPRESSO precise radial-velocity measurements
of TOI-411 taken over February and March 2019. Lower panel: radial-
velocity measurements have been phase-folded on the periods of planet
candidates TOI-411 b and c.

Table 3. ESPRESSO radial-velocity measurements of HD 22946.

CCFy 14 (kms™") CCFy g, (kms™") <S/N > MJD
16.864287 0.000561 181  58524.05723591
16.865981 0.000627 164 58525.05175402
16.868350 0.000553 184  58526.09212435
16.866658 0.001012 109 58527.12891579
16.865454 0.000619 168  58535.12063523
16.864550 0.000496 203 58540.03340549
16.869616 0.000916 119 58550.06931525
16.866772 0.000763 139 58552.06584297
16.876263 0.000540 188  58553.01522444
16.868946 0.000662 156  58555.99860106
16.870850 0.000447 224 58557.00297657
16.870675 0.000487 208  58557.06290428
16.870844 0.000482 210 58558.02527738
16.870741 0.000766 138 58559.03833688

parts of the V_rad component of the model, we included a peri-
odic Gaussian Process with a characteristic timescale of 50 days
and an amplitude of 2 m s~!. The values chose were selected to be
longer than any Keplerian signal from the planets, and designed
to encompass any long-term variations in the data. The period
of planet d was fixed to 46 days. The posterior distributions of
the semi-amplitudes are consistent with nondetection of any sig-
nal in the radial-velocity data, with 30 upper limits of 4.1, 3.5,
and 8.4 ms™! for planets b, ¢, and d, respectively. These values
for the semi-amplitudes yield upper mass limits of ~ 11, 14.5,
and 24.5 M. The masses are forecast to be in the region of 3.6,
8.0, and 11 Mg (Chen & Kipping 2017), and therefore the non-
detection of any mass signal is not unexpected. Finally, there is
evidence of a slope in the V_rad data, although the significance
is not high. In the month covered by the V_rad data, the star
shows a 6ms~! change in measured radial velocity. This signal
is consistent with an amplitude that might be seen if the source of
the signal were stellar rotation or V_rad jitter (Luhn et al. 2020).
If the source is not stellar or instrumental noise, then the slope
could be due to an external body such as another planet or stel-
lar companion. However, the available data are not sufficient to
make predictions beyond saying that the data are not inconsis-
tent with a companion more massive than Neptune on an orbital
period longer than about 30 days.
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4. Ruling out false positive scenarios

TESS is designed to have a large field of view (24° X 96°) to sur-
vey 85% of the entire sky within the 2 yr of the nominal mission.
As a consequence, it also has a large pixel scale (21” per pixel),
with a focus-limited PSF that can be as large as 1’. This implies
that the collected time-series photometry of a given target can be
contaminated by nearby sources and/or unresolved background
or foreground sources. Specifically, the aperture used to extract
the light curve could contain more sources. The light contribu-
tion of this other source could dilute the transit signal, resulting
in underestimation of the associated planetary radius. The addi-
tional source could also be an eclipsing binary of which we can
only observe one set of eclipses due to signal dilution caused
by the light collected from the target star producing a false posi-
tive. Therefore, the various scenarios we have to rule out include:
(a) possible instrumental (systematic) effects; (b) the host star
being in an eclipsing binary or multiple system; (c) the host star
being close to or aligned with a foreground or background star
eclipsed by a stellar companion or transited by a planet.

To exclude that the signals are due to instrumental effects, we
inspected TESS Data Releases for the interested sectors to look
for instrument malfunctioning and reported artifacts. As stated in
Sect. 3.3, we found a feature at 2136.5 BTJD associated with one
of the momentum dumps, that is, the times at which the reaction
wheel speeds of the satellite are reset. We therefore decided to
discard this event as an instrumental artifact. We did not find any
other feature of similar nature in the entire light curve.

To clear HD 22946 from the remaining false-positive sce-
narios, we first directly analyzed TESS images and light curves
using the DAVE pipeline (Kostov et al. 2019), as described
in Sect. 4.1. Secondly, we investigated the veracity of the
transit-like signals using additional ground-based time series and
high-resolution imaging collected within TFOP, as described in
Sects. 4.2 and 4.3. All of these tests were exclusively performed
on planet candidates b and c, because they are based on the detec-
tion of multiple events and were therefore scheduled around the
predictions made from the known periods. However, we note that
if we assume a population of false positives randomly distributed
over the entire sky, a star with at least one (confirmed) transit-
ing planet is more likely to show signals of a second transiting
planet rather than being a false positive (Latham et al. 2011;
Lissauer et al. 2012; Guerrero & TESS Science Office 2021).
This multiplicity factor increases the probability that a planet
candidate is a true planet rather than a false positive by a fac-
tor of 20-50 (Rowe et al. 2014; Lissauer et al. 2014; Guerrero
& TESS Science Office 2021). These considerations help us to
increase our confidence in the planetary nature of all three can-
didates investigated in this work. To quantify this confidence, we
computed the Bayesian probability that the signals are false pos-
itives with triceratops (Giacalone & Dressing 2020) and vespa
(Morton 2015), as described in Sect. 4.4.

4.1. DAVE analysis

In order to tackle the false-positive scenarios (b) and (c), we first
used the DAVE package, following the workflow of Cacciapuoti
et al. (2022). We used different modules of the code, with the
following rationale.

— centroids generates the in-transit and the two (before and
after the event) out-of-transit images for each transit. It then
subtracts the overall in-transit image from the overall out-
of-transit image to produce a difference image. Finally, it
measures the center of light for each difference image by
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Parameter Median +lo -lo
Model parameters
Star
p (gcm™) 1.10 0.19 0.16
Limb darkening i 0.18 0.20 0.13
Limb darkening u, 0.19 0.28 0.24
TOI-411 b
Ty (BID-2457000) 1385.729875 0.004361 0.001199
In Period (days) 1.396319 0.000006  0.000010
Impact parameter 0.29 0.23 0.12
Depth (ppm) 151 10 10
Eccentricity 0.126 0.190 0.009
w (rad) -0.7 2.2 2.9
TOI-411 ¢
Ty (BID-2457000) 1386.188119 0.001278 0.001313
In Period (days) 2.2589566 0.0000027  0.0000024
Impact parameter 0.42 0.20 0.27
Depth (ppm) 378 17 16
eccentricity 0.16 0.17 0.10
w (rad) 0.2 2.2 2.4
Single transit event
T, (BID-2457000) 1425.164717 0.002288  0.001901
In Period (days) - - -
Impact parameter 0.35 0.21 0.23
Depth (ppm) 531 43 42
Eccentricity - - -
w (rad) - - -
Derived parameters
TOI-411 b
Period (days) 4.040301 0.000023  0.000042
Ry /R, 0.01173 0.00045 0.00045
Radius (Rg) 1.48 0.06 0.06
a/R, 9.84 0.53 0.51
a (AU) 0.0528 0.0030 0.0030
Inclination (deg) 88.3 1.1 1.2
Transit duration (h) 2.92 0.34 0.58
Equilibrium temperature (K) 1378 36 36
TOI-411 ¢
Period (days) 9.573096 0.000026  0.000023
Ry /R, 0.02161 0.00077 0.00075
Radius (Rg) 2.74 0.14 0.14
a/R. 17.49 0.95 0.91
a (AU) 0.0939 0.0054 0.0054
Inclination (deg) 88.57 0.86 0.53
Transit duration (h) 3.90 0.81 0.82
Equilibrium temperature (K) 1033 27 27
Single transit event
Period (days) - - -
Ry /R, 0.0255 0.0012 .0012
Radius (Rg) 3.23 0.19 0.19
a/R. - - -
a (AU) - - -
Inclination (deg) - - -
Transit duration (h) 6.58 1.1 1.4

Equilibrium temperature (K)

Notes. The priors for each fitted quantity are explained in the text (Sect. 3.4).
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fitting the TESS pixel response function (PRF®) to the image

and computes the overall photocenter by averaging over all

the events examined at the previous step. The aim of this pro-
cedure is to pinpoint the true source of the transit-like events.

See Kostov et al. (2019) for further details.

— modelshift phase-folds the light curve and convolves it with
the best-fit trapezoid transit model, thus highlighting light-
curve features. Furthermore, it shows the average of the input
primary signals, the average of the odd and even signals, and
the most prominent secondary, tertiary, and positive features.
These results allow us to investigate the possibility that the
source of the signal is an eclipsing binary. See Kostov et al.
(2019) for further details.

— DAVE finally runs the astropy-implemented Lomb-Scargle
periodogram and generates a PDF file showing both the light
curve phase-folded on the period of the inspected signal and
the LS period. This test is performed to check whether light-
curve modulations occur on (half) the orbital period of the
candidate. This is typical of beaming, reflection, and ellip-
soidal effects of binary systems (see e.g., Morris & Naftilan
1993; Faigler & Mazeh 2011; Shporer 2017).

DAVE results for both TOI-411.01 and TOI-411.02 show no
significant additional eclipse in the light curves, no odd—even
differences in consecutive signals, nor flag the shapes of the
transits. Even though some transits of planets b and ¢ produce
unreliable photocenter difference images due to their low S/N,
the transits that are reliable confirm that the target star is the true
source of the signal. For every sector, the average of all photocen-
ters for each difference image of planets b and c falls on the target
star. As no significant shift is found, HD 22946 can be consid-
ered the source of the recovered signals, atthe TESS resolution
limit. Regarding planet candidate d, no reliable photocenter mea-
surement can be drawn due to the fact that only a single event
has been observed by TESS . Modelshift also requires periodic
signals, so it cannot be applied to the single-event candidate d.
Several resulting images of the centroids module and examples
of Modelshift’s results are shown in Figs. A.1-A 4.

Finally, it is worth mentioning that TOI-411 b passed all
the automated SPOC pipeline data validation (DV) diagnostic
tests except the difference-image centroiding test for sectors 4
and 31. However, the difference-image centroiding tests for this
planet are affected by the fact that TOI-411 appears to be
slightly saturated and the S/N of the transit signal is low (~10).
TOI-411 ¢ passed all the DV diagnostic tests, including the
difference-image centroiding tests (except sector 4). Both tran-
sit signatures passed the odd—even transit depth tests reported
by the DV. The summary of these results can be found on
ExoFOP-TESS’.

4.2. Ruling out nearby eclipsing binaries

We acquired ground-based time-series follow-up photometry of
the stars in the field around TOI-411 as part of the TESS Follow-
up Observing Program (TFOP; Collins 2019)'°. Observations
were scheduled to cover the times of transit of TOI-411.01
and TOI-411.02, predicted by the initial published Quick Look
Pipeline (QLP, Huang et al. 2020) ephemerides from TESS

8 For more information about TESS PRF see https://
archive.stsci.edu/files/live/sites/mast/files/home/
missions-and-data/active-missions/tess/_documents/
TESS_Instrument_Handbook_v0.1.pdf

9 https://exofop.ipac.caltech.edu/tess/target.php?id=
100990000

10 https://tess.mit.edu/followup
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sectors 3 and 4 using the TESS Transit Finder, which is
a customized version of the Tapir software package (Jensen
2013). If the events detected in the TESS data are indeed on-
target, the shallow QLP-reported depths of 280 ppm and 166 ppm
for TOI-411.01 and TOI-411.02, respectively, would not generally
be detectable in ground-based observations. Instead, we satu-
rated the bright star TOI-411 to enable the extraction of light
curves of nearby fainter stars to attempt to rule out or identify
nearby eclipsing binaries (NEBs) as potential sources of TESS
detection.

We observed an ingress plus about 50% of a predicted
TOI-411.01 event and a full transit of TOI-411.02 using the
Las Cumbres Observatory Global Telescope (LCOGT; Brown
et al. 2013) 1.0 m network nodes at the South Africa Astronom-
ical Observatory and Cerro Tololo Inter-American Observatory,
respectively. The TOI-411.01 observation was on UTC 2019
February 24 in Sloan 7’-band and the TOI-411.02 observation
was on UTC 2020 December 2 in Sloan i’ band. The 1 m tele-
scopes are equipped with 4096 x 4096 SINISTRO cameras with
an image scale of 0’389 per pixel, resulting in a 26" X 26’ field
of view. The images were calibrated by the standard LCOGT
BANZAT pipeline (McCully et al. 2018). Photometric data were
extracted using AstroImage] (Collins et al. 2017).

Additionally, full transit duration observations were per-
formed with the 0.305m Perth Exoplanet Survey Telescope
(PEST) in the Rc filter on the nights of 2019 February 16 (TOI-
411.02) and 2020 December 06 (TOI-411.01). The data reduction
and the aperture photometry were performed using a custom
pipeline based on C-Munipack!!.

Although the original analyses were based on the initial
published QLP ephemerides from TESS sectors 3 and 4, we
reanalyzed the data relative to the TOI-411.01 and TOI-411.02
ephemerides derived in this work. We checked for possible NEBs
that could be contaminating the SPOC and QLP photometric
apertures, which generally extend ~1” from the target star. To
account for possible contamination from the wings of the PSFs
of neighboring stars, we searched for NEBs in all known Gaia
EDR3 and TIC version 8 nearby stars out to 2!5 from TOI-411
that are possibly bright enough in TESS-band to produce the
TESS detection (assuming a 100% eclipse and 100% contami-
nation of the TESS aperture). In order to account for possible
delta-magnitude differences between TESS-band and the follow-
up filter bands, we checked stars that are an extra 0.5 magnitudes
fainter in TESS-band than needed. We consider a star cleared
of an NEB if the RMS of its 10-min binned light curve is more
than a factor of 5 smaller than the adjusted expected NEB depth
in the star (adjusted to allow for the potential TESS-band delta-
magnitude difference). We then visually inspect the light curve
of each neighboring star to ensure no obvious eclipse-like signal.

The transit depths we derive in this work are deeper than
the initial QLP depths. To be conservative when checking for
potential NEBs, we used the shallower TOI-411.02 QLP depth of
166 ppm to calculate adjusted expected depths in all of the nearby
stars. This resulted in a check of the ten stars labeled T2 through
T11 in Fig. 7. To simplify the presentation of the results, we also
checked the same ten stars for the deeper transit of TOI-411.01.
The faintest star we checked is T2 (TIC 100990001), which has a
delta-TESS-band magnitude of 9.86 according to TIC version 8.
Assuming its true delta magnitude is 9.36 in the follow-up filter
bands, a 92% eclipse in T2 would produce a 166 ppm depth in
TOI-411. We find that the RMS of all ten light curves for each
planet candidate are more than a factor of 5 smaller than the

I http://c-munipack.sourceforge.net/
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Fig. 7. Las Cumbres Observatory image of the host star HD 22946 in the
rp filter. The ten sources identified by pink circles as T2 through T11 are
within a 2.5" radius of TOI-411 and are potentially bright enough (see
text) to cause the TOI-411 b/c signals. The nine closest nearby sources
are also displayed in Fig. 3 and fall just outside the automatic, SPOC-
based aperture used in Sector 4.

adjusted expected NEB depth in the respective star. All of our
follow-up light curves and supporting results are available on the
EXOFOP-TESS website'?.

Finally, we note that no observations could be carried out to
perform a similar analysis for planet candidate d, because the
orbital period is unknown and we therefore cannot make reliable
predictions for the epoch of the next transits.

4.3. Ruling out unresolved stellar companions

Unresolved, dimmer stars could fall in the same 21”"-wide TESS
pixel. If an additional source is indeed present, and if this source
is an eclipsing binary, its (diluted) eclipses might be the signals
we observe in the light curve. In addition, the light contamina-
tion due to this unresolved star (system) might dilute the transit
candidates, resulting in underestimated radii for the exoplanets
(see e.g., Furlan et al. 2017; Ciardi et al. 2015). To rule out stellar
companions and foreground or background stars at close separa-
tions unresolved in TESS images, we obtained speckle imaging
observations with the 8 m Zorro instrument of the Gemini-
South telescope (Scott et al. 2021), which provides speckle
imaging simultaneously in two bands centered at 562 nm and
832 nm, resulting in reconstructed images and robust contrast
limits on companion detections (see Howell et al. 2011, 2016).
TOI-411 was also observed with the 4.1 m SOuthern Astro-
physical Research (SOAR) telescope (Ziegler et al. 2020, 2021)
speckle imaging camera HRCam (Tokovinin 2018). Specifically,
HD 22946 was observed with Zorro on 2020 November 21
and 2020 November 25 in both bands. The estimated PSF at
the time of observations was 0.02”. The 50 sensitivity curves
and the reconstructed images for the two bands are shown in
Fig. 8. We find that TOI-411 has no companion brighter than
about 5 to 8 magnitudes, respectively, from about 0.1 out to

12 https://exofop.ipac.caltech.edu/tess
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Fig. 8. Gemini-South Zorro’s speckle high-contrast imaging obser-
vations of TOI-411 on UT 2020-11-25: 50 sensitivity curves and
reconstructed images. The data show that there are no close-in com-
panions detected down to 5 mag fainter than our target at a separation of
0.1 arcsec.

1.2”. Observations with the HRCam on the SOAR were carried
out on the UT 2019-02-18 in the /-band, centered at 879 nm.
The estimated PSF at the epoch of the observations was 0.06”.
The auto-correlation functions for the data obtained with SOAR
observations is shown in Fig. 9. No nearby star is detected within
3" of TOI-411, which corresponds to 188 AU at the distance
of the target. Finally, we note that the host star HD 22946 was
also analyzed by Kervella et al. (2019, 2022) for proper motion
anomalies that could be induced by an unresolved orbiting com-
panion, resulting in a nondetection. The Gaia renormalised unit
weight error (RUWE) of the star is indeed 1.039, which is a typi-
cal value for single bright stars (Gaia Collaboration 2021; Ziegler
et al. 2020), thus further confirming the single-star scenario.

4.4. Quantifying the false-positive probability for different
scenarios

To quantify the false-positive probability (FPP) for this system,
we use the triceratops (Giacalone et al. 2021; Giacalone &
Dressing 2020) and vespa (Morton 2015) packages. triceratops
is an algorithm that rules out astrophysical false positives by
calculating and comparing the probabilities of various transit-
producing scenarios. triceratops is specifically designed for
TESS observations that consider transit scenarios originating
from the target star, sources unresolved with the target star, and
known nearby stars within 2.5 arcmin from the target star. This
tool encapsulates the total probability that a planet candidate is a
false positive in the false-positive probability (FPP) and the prob-
ability that the planet candidate is a false positive originating
from a known nearby star in the nearby false-positive probability
(NFPP). For a planet candidate to be validated, it must achieve
FPP < 0.01 and NFPP < 0.001 (see Giacalone et al. 2021, for
more details). As an additional constraint in our calculations,
we fold in the speckle imaging follow-up observations discussed
in the previous section. Because these observations reveal no
previously unresolved companions within their detection limits,
incorporating the follow-up reduces the calculated probability of
the transit originating from a bound or chance-aligned star within
the resolution limits of the target star, thereby reducing the FPP
of the planet candidate. We note that, as the true period of planet
d is unknown, we cannot perform this kind of analysis for it.
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Fig. 9. Analysis of the SOARCam high-contrast image of TOI-411: the
two-dimensional autocorrelation function and the reconstructed image
of the field are shown. The data show that there are no close-in com-
panions detected within 3 arcsec of TOI-411, which would show up as
additional peaks in the autocorrelation function.

Otherwise, we ran triceratops 20 times for each of the
planet candidates b and c and calculated the mean and standard
deviation of the resulting FPPs and NFPPs. We found FPP =
(0.88 + 1.28) X 1077 and FPP = (3.56 + 1.27) x 10~ for TOI-
411.01 and TOI-411.02, respectively. Because triceratops
determines that no nearby stars are capable of being sources of
astrophysical false positives, we find NFPP = 0 for both candi-
dates. Based on these results, we consider planets b and ¢ to be
validated.

Additionally, we used vespa to independently validate the
same signals. vespa compares transit signals to a number of
false-positive scenarios including an unblended eclipsing binary
(EB), a blended background EB, a hierarchical companion EB,
and the “double-period” EB scenario. It accounts for the period,
depth, duration, and shape of each signal, as well as the colors
of the target star, spectroscopic and imaging follow-up obser-
vations, and simulations of the population and distribution of
field stars and binary stars at the position of the target. We
ran vespa on the TESS light curves to calculate the FPP
for each individual planetary signal after masking additional
potential transits for each target signal. The observational con-
straints derived from the high-contrast imaging of TOI-411 by
Gemini-South Zorro were included in this case as well. vespa is
particularly sensitive to the constraint on the maximum depth of
potential secondary eclipses and the maximum radius at which
vespa considers the influence of background binary systems.
We used the DAVE analysis to estimate the secondary depth
constraint and set the maximum radius parameter at 21" to
emulate the size of a TESS pixel. Using these inputs, we cal-
culated an FPP of 7.77x107!? and 4.51x107> for TOI-411.01 and
TOI-411.02, respectively. These values are well below the com-
monly suggested 0.01 threshold required to statistically validate
these candidates as planets, in agreement with the results from
triceratops.

5. The HD 22946 planetary system

In this section, we present the main properties of the planetary
system orbiting HD 22946. The three planets are a 1.48 +0.06 Rg
super-Earth (planet b), and 2.35 + 0.08 Ry (planet ¢) and a
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2.78 + 0.13 Rz (planet d) sub-Neptunes. In Sect. 5.1, we esti-
mate the planet masses and the expected semi-amplitudes of
radial-velocity curves that could be measured.

In Sect. 5.3, we perform N-body simulations to assess the
dynamical stability of the system, while in Sect. 5.4 we investi-
gate the dynamical packing of the system to determine whether
additional planets might be orbiting HD 22956. Finally, we eval-
uate the capability of spectroscopic follow-ups with the JWST
NIRISS instrument in Sect. 5.5 for the detection of possible
atmospheres.

5.1. Planet mass estimates

While TOI-411 has been observed with ESPRESSO and a total
of 14 radial-velocity measurements are available as explained in
Sect. 3.4, we note that a significantly larger number of spectra
would be needed to place meaningful mass constraints on the
planets of the TOI-411 system. Given the lack of them, we use
empirical radius—mass relations to estimate the masses of these
planets.

We make use of two different equations for the inner planet
and the outer ones. In fact, while the well-known Chen &
Kipping (2017) relations have been widely used in the litera-
ture to estimate the masses of exoplanets of any size, Otegi et al.
(2020) showed that a slightly different equation better constrains
super-Earths (1.5 < R/Rg < 2). Thus, adopting the planet radii in
Table 4 and using Chen & Kipping (2017) relations, we estimate
the masses of planets ¢ and d to be M, = 6.03 + 0.0.37 Mg and
M, = 8.01 £ 0.68 Mg, respectively. On the other hand, consider-
ing the corrections of Otegi et al. (2020), we estimate a mass of
My, = 3.49 £ 0.52 My, for planet b.

Given the brightness of the host star (V ~ 8.3 mag), these
planets are optimal targets for mass measurements by means of
radial-velocity curves. In fact, the computed mean masses yield
Viaa semi-amplitudes of 1.31 £ 0.19 m/s, 1.70 + 0.10 m/s, and
1.33 £ 0.12 m/s, respectively, which are well within the capa-
bilities of current Southern Hemisphere instruments such as
HARPS (Pepe et al. 2002) and ESPRESSO (Pepe et al. 2014),
assuming an intensive monitoring.

5.2. Transit timing variation analysis

In order to obtain independent estimates of the planetary masses,
we performed a transit timing variation (TTVs) analysis, which
is also able to find possible undetected planets. We modeled the
TOI-411 system with the TRANSITFITS5 transit modeling soft-
ware (Rowe & Thompson 2015; Rowe 2016). We computed a
multi-planet fit that includes all three planets and assumes non-
interacting Keplerian orbits. The best-fit model was then used
to create a theoretical light curve with two of the other planets
removed, thus isolating a single planet. The single-planet light
curve was then used to measure the center of the transit times
for each transit event. We did not find any obvious sign of TTV.
The period ratio of planets b and c is not close to strong orbital
resonance and the potentially long period of d suggests all three
planets are not strongly dynamically coupled.

5.3. Dynamical stability

In order to validate the derived planetary architecture of the sys-
tem, we performed a set of dynamical simulations to investigate
the dynamical integrity of the orbits and possible eccentricity
variations induced by the proximity of the planets to each other.
We performed one simulation including only planets b and ¢, and
a set of different simulations on a range of possible values for
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Fig. 10. One of the simulated eccentricity evolutions of the HD 22946 system over 10° yr. In the case shown here, we assume the following extreme
initial conditions for planet d: initial semi-major axis of 0.19 AU and eccentricity of 0.4.

the semi-major axes of planet d, given its uncertain location. We
adopted the stellar parameters shown in Table 2 and the planetary
properties provided by Table 4.

All simulations were carried out using the N-body integra-
tion capabilities of the Mercury Integrator Package (Chambers
1999) and adopting a methodology similar to the one described
by Kane & Raymond (2014) and Kane (2016). They were car-
ried out on a hybrid symplectic/Bulirsch-Stoer integrator with
a Jacobi coordinate system (Wisdom & Holman 1991; Wisdom
2006), with a time resolution of 0.2 days to ensure adequate sam-
pling of the planetary orbits, on a time span of 107 yr. Results
from the simulation of planets b and ¢ alone show that they are
in exceptionally stable orbits that remain approximately circular,
inferring minimal dynamical interactions between them.

To study the effects of planet d, we assumed a value for the
semi-major axes in the range from 0.19 to 0.26 AU, correspond-
ing to the mean and —1o values for the constrained period of
46 + 4 days. We only considered the —1o (and not the +10)
scenario to put ourselves in the most dynamically extreme sit-
uation for which the planet orbits as close as possible (within
our predictions) to the other two celestial bodies and its gravita-
tional influence has a larger effect. The system remained stable
through the semi-major axis range for planet d and for the full
duration of the simulations. We further investigated the effects
of high eccentricities for planet d and found that eccentricities
as high as 0.4 still allow for fully stable orbits within the system
even in the most compact configuration.

For example, Fig. 10 shows the eccentricity evolution of the
three planets for the extreme scenario where planet d is located
in a 0.19 AU orbit with a starting eccentricity of 0.4. Remark-
ably, the stability of the system enables a seamless transfer of
angular momentum between the planets in long-term sustainable
cycles. These results show that the HD 22946 planetary system
is dynamically sustainable, strengthening the self-consistency of
our analysis.

5.4. Possible undetected planets

Here, we investigate the presence of potentially undetected plan-
ets orbiting in the gaps between the planets presented in this work
following the same approach as that of Humphrey & Quintana
(2020). Gladman (1993) defined a system of two planets as

Hill-stable (unstable) if the separation between the two, A, nor-
malized by the mutual Hill-radius (Ry) of the pair is above
(below) an analytically defined critical level, A.;. In the more
general case of multi-planetary systems, Chambers et al. (1996);
Pu & Wu (2015) used numerical simulations to retrieve the min-
imum value of A,y above which the pair can be considered
dynamically stable. Chambers et al. (1996) simulated systems
with circular, coplanar orbits, and found that a A,y = 10 can
be generally used to measure the stability of multi-planet sys-
tems within the described prescriptions. Pu & Wu (2015) found
the same A as Chambers et al. (1996) for systems on circular
and coplanar orbits but extended their simulations by including
system eccentricities and inclinations drawn from a Rayleigh
distribution. These latter authors find that planet pairs with
A < Agir = 12.3 are expected to experience close encounters,
orbit crossing events, and/or ejections due to strong gravita-
tional interaction between the planets. Considering these two
values for A, we can verify whether or not the HD 22946 sys-
tem could host, between each planet pair, an additional planet
without jeopardizing the system stability. Following Humphrey
& Quintana (2020), we computed the interval ([aymin, @xmax])
of possible semi-major axes for a potential additional planet
in a range of possible masses M, for both the b/c and the
c/d pair. If, for a given mass, dymin < @ymax, the planet pair is
considered unpacked, that is, there is enough space to host an
additional planet that would not destabilize the system. By solv-
ing Egs. (2) and (3) of Humphrey & Quintana (2020), one can
compute (M max, dy), the maximum mass that a potential unde-
tected planet could have without destabilizing the system and
its related semi-major axis. We computed d,pnin and aymax for
each value of A, for both couples in the system. The results
are shown in Fig. 11. Both planet pairs are unpacked for each
value of A4, though there is quite limited space for an addi-
tional planet between TOI-411 b and c. The planets TOI-411 ¢
and d, on the other hand, might host an additional planet as
large as 0.4 M, based on the least stringent A,y value of 10.
Table 5 shows the computed values for M,n.x and related a,
under the two different A conditions. We searched the light
curve with the TLS pipeline in the intermediate range of periods
and found no evidence for additional transiting candidates. How-
ever, there is the possibility that a potentially undetected planet is
not observed transiting the star due to its orbital inclination and
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Fig. 11. Mass and semi-major axis of a possible undetected planet
between TOI-411 b/c (upper panel) and TOI-411 c/d (lower panel). The
minimum semi-major axis (&,mi,) is shown as a dashed line and the max-
imum one (d,max ) i shown as a continuous line for A.;; = 10 and 12.3 in
red and green, respectively. Given A, the shaded region contains the
possible combinations (M,, a,) for a stable system configuration hosting
one more planet.

Table 5. Maximum mass M, and related semi-major axis a, of a
potential additional planet orbiting between planets b/c or ¢/d.

Pair b/c M max /Mg a, (AU)
A = 10 18.6 0.0698
Agic = 123 6.7 0.0693
Pair c¢/d Mmax /Mg a, (AU)
Agit = 10 127.4 0.156
Agit = 12.3  64.2 0.156

Notes. Two different values for A.; are considered (see text).

might be discovered via precise radial-velocity techniques such
as those described by Demangeon et al. (2021).

5.5. Potential for atmospheric characterization

The observed period and derived radius for TOI-411 b place it
in the range of hot super-Earths; specifically, in the 1.5-2.0 Rg
interval where a scarcity of exoplanets has been observed by
Fulton et al. (2017). This is considered to be a transition region
from rocky worlds with a high-molecular-weight atmosphere,
to low-density worlds dominated by a H/He gaseous envelope.
The former may have accreted a primary atmosphere in the early
stages of formation that might have been dispersed due to escape
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Fig. 12. Transmission spectroscopy metric values for known exoplan-
ets orbiting F/G stars in less than 50 days. We only show exoplanets
for which TSM > 50 for clarity as ~98% of worlds in the sample lay
below this value. While TOI-411 b and c fall in the 2% of this kind of
planet with TSM > 50, only TOI-411 ¢ passes the suggested threshold
of 90, joining an elite group of 15 super-Earths and sub-Neptunes orbit-
ing Sun-like stars and amenable for spectroscopic follow-up with JWST.

processes, such as stellar radiation photo-evaporation (Fulton &
Petigura 2018) or core-powered mass loss (Ginzburg et al. 2018).
The only super-Earth with a detected (and largely discussed)
atmosphere is 55 Cnc e, which probably lost its primary H/He
envelope (Zhang et al. 2021). Even if TOI-411 b did lose its
primary atmosphere during early evolution, a large reserve of
hydrogen could still be trapped in its mantle (Kite et al. 2019).
This could lead to the out-gassing of a secondary atmosphere, as
suggested in the case of the Earth-like planet GJ 1132 b (Swain
et al. 2021). Precise radial-velocity measurements and improved
mass estimates will be critical to determining the mean density
of the planet and constraining its composition. TOI-411 ¢ and
the single transit event candidate appear to be a hot and a warm
sub-Neptune, respectively, and therefore they could potentially
hold a thick H/He envelope. Future observations with new gen-
eration telescopes of these < 4 Rg exoplanets will be crucial for
identifying their atmospheric composition and narrowing down
the possibilities regarding their formation mechanisms. For this
purpose, following the methods of Kempton et al. (2018), we
estimated the potential for atmospheric follow-up of these worlds
with the James Webb Space Telescope (JWST). We computed
the transmission spectroscopy metric (TSM), a quantity propor-
tional to the expected S/N of the transmission spectrum of a
cloud-free atmosphere, over a 10-h observation in the NIRISS
bandpass. The TSM values for planets b and ¢ and candidate d
are, respectively, 65 + 10, 89 + 16, and 67 + 14. We note that
the TSM value is intended as a rough indicator for transmis-
sion spectroscopy follow-ups that can and should be refined with
precise mass measurement of the planets. We put our planets
into context by comparing their TSM with the same quantity
for similar worlds. Specifically, Fig. 12 shows the TSM val-
ues for every confirmed planet listed on the NASA Exoplanet
Archive? orbiting F/G stars, with 1.5Rs < R, < 4.0Rs and

3 https://exoplanetarchive.ipac.caltech.edu/index.html
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Pow < 50 days. The lower limit is chosen to discard the terres-
trial planets for which the Kempton et al. (2018) TSM threshold
is set to 10 whilst the upper limit keeps the sample within the
sub-Neptune radius range. The reported equilibrium tempera-
ture (Tq) was computed for each planet by assuming null albedo
and full day—night heat redistribution. Within this sample of 1140
planets, only 1.2% of them have a TSM value above the threshold
of 90 that Kempton et al. (2018) indicates to qualify the planet
as suitable for atmospheric detection with JWST, and TOI-411 ¢
can potentially overcome this threshold.

6. Conclusions

We present the discovery of a multi-planetary system around the
bright (V ~ 8.3 mag), nearby (~63 pc) Sun-like star HD 22946,
indicated also as TOI-411 from TESS data. The host star was
observed by TESS in Sectors 3, 4, 30, and 31 and two transiting
planets with periods of 4.04 and 9.57 days were identified in the
light curve, with an additional single event that we associate to a
third transiting planet with a period of 46 + 4 days. By modeling
the transits, we determine the planet radii: 1.48 + 0.06 R for
planet b, 2.35 + 0.08 Rg for planet ¢, and 2.78 + 0.13 Ry for
planet d.

While the nature of the single event cannot be verified
using exclusively TESS data, and follow-ups are not yet avail-
able, we vetted the innermost exoplanets, considering several
different aspects: we used the pipelines DAVE, vespa, and
triceratops to exclude false-positive scenarios or determine
that the false-positive probability is negligible, whilst we used
TFOP photometric data and high-resolution imaging to rule out
faint bound companions and foreground, background, or nearby
eclipsing binaries that could contaminate the TESS light curve.
Therefore, we validate the discovery of planets b (or TOI-411.02)
and ¢ (or TOI-411.01), while we plan to collect additional data
(radial-velocity curve and photometric follow-up observations)
in order to further confirm the nature of candidate planet d (or
TOI-411.03)

Multi-planetary systems around Sun-like stars, such as the
one reported here, are ideal laboratories for testing our under-
standing of how planets form end evolve. TOI-411 b, with an
inferred mass of ~3.5 Mg, is a hot super-Earth (Fulton et al. 2017,
Fressin et al. 2013) orbiting its star with a period of ~4 days at the
equilibrium temperature of 1378 + 36 K. Because of its size, it is
one of the relatively few planets found within the Fulton gap, that
is, a range of planetary radii of between 1.5 and 2 Ry, that is rel-
atively less populated (Fulton et al. 2017) with respect to smaller
or larger radii. This bimodality in the distribution of the planets
is thought to be the effect of photoevaporation of volatile gases
or core-powered mass loss that strips low-mass planets of their
atmosphere, leaving behind bare, rocky planets, while gas giants
with radii larger than 2 Rg remain unaffected.

Indeed, TOI-411 ¢ and TOI-411 d have larger radii, with a
radius ratio of 1.6 and 1.8 respectively. By adopting the approach
described in Humphrey & Quintana (2020), we find that between
planet b and c it would be possible to include at least one other
planet without compromising the dynamical stability of the sys-
tem. In the scenario described above, this undetected planet
would have an intermediate period and a smaller radius ratio.
However, we do not find evidence for this intermediate planet
from the TESS light curve.

With an equilibrium temperature of about 1000 K, planet c is
a hot sub-Neptunian, and holds particular interest because it can
potentially host a tick atmosphere and has a TSM compatible

with atmospheric detection from JWST. Furthermore, even if
the host star is bright, its luminosity (~7.3 mag in the J-band) is
still below the saturation limit for the NIRISS single-object spec-
troscopy mode. An independent constraint on the mass value for
this planet from radial-velocity measurement is critical in order
to confirm the suitability of this target for atmospheric detection.
On the other side, being a cold (Tq = 622 K) sub-Neptunian, if
observable, planet d would provide an opportunity to carry out
comparative atmospheric characterization via transmission spec-
troscopy. In this case, the TSM estimate should be recomputed
when the validation is confirmed and the period is known with
better precision.

In summary, by hosting a star that is bright and simi-
lar to our Sun, and three planets with a common origin but
completely different aspects, the HD 22946 multiplanetary sys-
tem offers many interesting insights into planetary formation.
We conclude that HD 22946 hosts one small planet stripped
of its atmosphere (or with a secondary, accreted atmosphere),
two larger planets at significantly different temperatures, and
probably yet-to-be-discovered intermediate ones.

This system therefore provides an exciting opportunity for
a synergy of space- and ground-based facilities such as the
CHaracterising ExOplanets Satellite (CHEOPS Broeg et al.
2013), HARPS, and ESPRESSO to determine the bulk density
of the planets, and possibly also for JWST to investigate the pres-
ence of an atmosphere around TOI-411 c. These efforts will help
us to gain a better understanding of the formation pathways that
can lead to a similar system.
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Appendix A: DAVE results

In this section we show examples of DAVE results. Figures A.1
and A.2 show the photocenter difference images for the planet
candidates as computed in different sectors. The black star indi-
cates the TIC position, and the red circle is the average of
measured photocenters for each transit. The white dashed line
indicates the TESS target pixel aperture used to extract the light
curve. Figures A.3 and A.4 show TESS transit data (first panel),
the binned data (second panel), diagnostic plots to check for
odd—even effects (third panel), secondary and tertiary eclipses,
and positive bumps, as might be produced by false positives (bot-
tom panel). DAVE analysis reports no significant false-positive
indicators for TOI 411 b and c.
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Fig. A.1. DAVE photocenter out-of-transit, in-transit, difference, and
difference S/N images for planet b based on TESS sector 3 (upper panel)
and 30 (upper panel) data. The axis numbers are expressed in TESS
pixels.
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Fig. A.2. DAVE photocenter out-of-transit, in-transit, difference, and
difference S/N images for planet ¢ based on sector 30 (upper panel) and
31 (lower panel) data. The axis numbers are expressed in TESS pixels.
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TICp00100950000, P =4.040051 Days, E = 2112.983875 Days
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Fig. A.3. DAVE Modelshift for planet b based on TESS data of Sector 30. No significant false-positive indicator is detected.
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TIC,00100990000, P = 9.570000 Days, E = 2142.466499 Days
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Fig. A.4. DAVE Modelshift for planet ¢ based on TESS data of Sector 31. No significant false-positive indicator is detected.
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