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Abstract

We report the validation of multiple planets transiting the nearby (d = 12.8 pc) K5V dwarf HD 101581 (GJ 435, TOI-
6276, TIC 397362481). This system consists of at least two Earth-size planets whose orbits are near a mutual 4:3 mean-
motion resonance, HD 101581 b (R, = 0.956100¢; Ry, P=4.47days) and HD 101581c (R, = 0.990" 070 R,

—0.070
P =6.21 days). Both planets were discovered in Sectors 63 and 64 TESS observations and statistically validated with

* This paper includes data gathered with the 6.5 meter Magellan Telescopes
located at Las Campanas Observatory, Chile.
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supporting ground-based follow-up. We also identify a signal that probably originates from a third transiting planet,
TOI-6276.03 (R, = 0.98210:00¢ Re, P ="7.87 days). These planets are remarkably uniform in size and their orbits are
evenly spaced, representing a prime example of the “peas-in-a-pod” architecture seen in other compact multiplanet
systems. At V="7.77, HD 101581 is the brightest star known to host multiple transiting planets smaller than 1.5 Ry..
HD 101581 is a promising system for atmospheric characterization and comparative planetology of small planets.

Unified Astronomy Thesaurus concepts: Exoplanet systems (484); Exoplanet dynamics (490); Exoplanets (498);

Transit photometry (1709)

Materials only available in the online version of record: machine-readable table

1. Introduction

Multiplanet systems (“multis”) represent invaluable labora-
tories for advancing our understanding of planetary formation,
dynamics, and evolution. The presence of multiple planets
within a system enables direct comparative planetology
because the planets formed within the same protoplanetary
disk and evolved around the same host star (e.g., S. Millholland
et al. 2017; J. F. Otegi et al. 2022). These systems also enable
studies of planet-planet interactions, and the dynamical
processes that govern the migration and stability of planetary
architectures (e.g., J. J. Lissauer et al. 2011; J. B. Delisle 2017;
A. C. Petit et al. 2020).

The Kepler mission (W. J. Borucki et al. 2010) revolutio-
nized our study of multiplanet systems by finding nearly 800
stars that host at least two exoplanets (S. E. Thompson et al.
2018). Kepler unveiled a diverse array of system architectures,
the most common of which appears to be a “peas-in-a-pod”
configuration where planets tend to be similarly sized and
uniformly spaced (L. M. Weiss et al. 2018). The similarity in
size appears to be a common outcome of planet formation,
further supported by the finding that planets in the same system
also tend to have similar masses (S. Millholland et al. 2017).
Correlations between planet size and planet spacing also
suggest that dynamics play a key role in shaping final system
architectures (e.g., S. Huang & C. W. Ormel 2022; R. Luque
et al. 2023).

More recently, the Transiting Exoplanet Survey Satellite
(TESS; G. R. Ricker et al. 2015) has identified almost 200 new
multiplanet systems consisting of transiting planets and planet
candidates predominantly in short-period orbits (P < 20 days).*!
Because TESS searches nearby, bright stars, TESS multiplanet
systems tend to be significantly more amenable than Kepler
multiplanet systems to follow-up observations such as mass
measurements with radial velocity (RV) observations (e.g.,
D. Gandolfi et al. 2018; D. Dragomir et al. 2019; T. Trifonov
et al. 2019) and atmospheric characterization with transmission
and emission spectroscopy (B. J. Hord et al. 2024).
Characterizing planets across multiple dimensions is important
to take full advantage of multiplanet systems as testbeds for
theories of planetary formation, evolution, and dynamics.

We present the detection and statistical validation of a new
multiplanetary system with at least two Earth-size planets
transiting the bright (V=7.77)K dwarf HD 101581. TESS
observations also reveal a potential third Earth-size planet. At
12.8 pc, HD 101581 is the fourth closest system hosting
multiple Earth-size planets after LTT-1445 A (B. Lavie et al.
2023), L98-59 (R. Cloutier et al. 2019), and TRAPPIST-1
(M. Gillon et al. 2016), and is the brightest of all such systems
in the optical band (by AV > 2.82) discovered so far.

“*! Based on the TESS Object of Interest catalog on ExoFOP (NExScl 2023),
accessed 2024 August 1.

Our paper is organized as follows. Section 2 presents the
space-based photometry from TESS that led to the detection of
the planets and planet candidate. We also describe ground-
based observations that supported the validation of the planets,
including seeing-limited photometry, high-resolution imaging,
and high-resolution spectroscopy. Section 3 provides informa-
tion about the host star, while Section 4 details the planetary
system parameters. In Section 5, we consider various false
positive scenarios and present the statistical validation of the
system. Section 6 discusses several aspects of our results,
including dynamical and stability analysis, and the potential for
follow-up confirmation via RV mass measurements and
atmospheric characterization via transmission and emission
spectroscopy. Section 7 summarizes our results and presents
our conclusions.

2. Observations
2.1. Transiting Exoplanet Survey Satellite

TESS (G. R. Ricker et al. 2015) observed HD 101581 (TIC
397362481) in Sectors 63 (2023 March 10-April 6, Camera 2
CCD 3) and 64 (2023 April 6-May 4, Camera 2 CCD 4) at a
cadence of 2 minutes, totaling 55 days of observations. The
data were processed in the TESS Science Processing Opera-
tions Center (SPOC; J. M. Jenkins et al. 2016) at NASA Ames
Research Center. The SPOC conducted a transit search with an
adaptive, noise-compensating matched filter (J. M. Jenk-
ins 2002; J. M. Jenkins et al. 2010, 2020) and detected two
transiting signals at P = 6.207 and 4.465 days in both sectors,
as presented in SPOC Data Validation (DV) reports
(J. D. Twicken et al. 2018; J. Li et al. 2019). These signals
were reported as TESS Objects of Interest (TOIs; N. M. Guerr-
ero et al. 2021) TOI-6276.01 and TOI-6276.02, respectively,
on 2023 April 27. A third candidate with a period of 7.871 days
was identified by SPOC and alerted as TOI-6276.03 on 2024
February 1.

For our analysis, we downloaded the SPOC Sector 63 and 64
light curves from the Mikulski Archive for Space Telescopes
(MAST).** We used the Presearch Data Conditioning Simple
Aperture Photometry (PDCSAP; J. C. Smith et al. 2012;
M. C. Stumpe et al. 2012, 2014) light curves with all data
points with a nonzero quality flag removed, and further
removed low-frequency trends using the biweight time-wind-
owed slider implemented in the wotan Python package
(M. Hippke et al. 2019) with a window of 0.5 days. Because
detrending can distort transit shapes, we set the detrending
algorithm to ignore cadences within one transit duration of the
transit midpoints when determining the parameters of the trend
functions. We ran a blind search for periods between 1 and 27
days (half the timespan of the data) on the combined

42 https: //mast.stsci.edu
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Table 1
Initial Ephemerides and Signal-to-noise Ratios (SNRs) of the Three Candidates
Transiting HD 101581, Based on a TLS Search of the Combined Sector 63 and
64 TESS Light Curves

TOI Orbital Period Transit epoch Transit Depth ~ SNR
(days) (BJD—2457900) (ppm)
TOI-6276.01 6.207 3017.103 192 12.4
TOI-6276.02 4.466 3014.849 197 15.6
TOI-6276.03 7.874 3018.560 155 79

Note. Transit epochs are given as the Barycentric Julian Date (BJD) offset by
2,457,000 days, also known as the Barycentric TESS Julian Date.

multisector light curve using transit least squares (TLS;
M. Hippke & R. Heller 2019) and recovered all three transit
signals with properties consistent with the DV reports
(Table 1), shown in Figure 1. We did not uncover any new
candidates in further searches of the data.

2.2. Ground-based Photometry

We obtained ground-based photometric observations for
TOI-6276.01 and 6276.02 through the TESS Follow-up
Observing Program (TFOP) Subgroup 1, which specializes in
seeing-limited photometry to aid in the validation of TESS
planet candidates. Observations were taken using telescopes in
the Las Cumbres Observatory global telescope network
(LCOGT; T. M. Brown et al. 2013). Images were calibrated
using the standard LCOGT BANZAI pipeline (C. McCully
et al. 2018), and photometric data were extracted with
AstroImaged (K. A. Collins et al. 2017). All time series
are available on the Exoplanet Follow-up Observing Program
website®® (ExoFOP; NExScl 2023). While the shallow transit
depths of the candidates preclude on-target detection from the
ground, these observations were used to look for deep eclipses
on nearby eclipsing binaries (NEBs) that could result in the
shallow transits seen in TESS data due to blending on the large
TESS pixels.

Observations of a full transit of TOI-6276.01 were attempted
on 2023 May 27 by the 1 m telescope at the Cerro Tololo Inter-
American Observatory, which uses a 4096 x 4096 pixel
SINISTRO camera with a pixel scale of 07389 px™'. In total,
164 images in the 7’ band were taken over 243 minutes. The
field out to 2!5 was cleared of NEBs using aperture radii
between 5 and 9 px (1.79-3.”5). The inner and outer radii of the
sky annuli were 20 and 35 px, respectively.

Observations of full transits of TOI-6276.02 were attempted
on 2023 May 3 and 2024 March 15 by the 1 m telescope at the
South African Astronomical Observatory, which also uses a
SINISTRO camera. On the first night, 260 images in the 7’
band were taken over 230 minutes. The field out to 2.5 was
likewise cleared of NEBs using aperture radii between 5 and
13 px (1.”79-5."1), with the inner and outer radii of the sky
annulus chosen to be 22 and 33 px. On the second night, 232
images in the z’ band were taken over 359 minutes, clearing the
field of NEBs using 5 px aperture radii, 24 px inner sky annulus
radii, and 36 px outer sky annulus radii.

3 https:/ /exofop.ipac.caltech.edu
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2.3. High-resolution Imaging

We obtained high-resolution observations of TOI-6276
using both adaptive optics (AO) and speckle imaging through
TFOP Subgroup 3. We searched for nearby stars (either bound
or chance-aligned) which could be false positive sources for
any of the candidates. These companions can also dilute the
TESS photometry, resulting in underestimated planet radii. All
reduced data are available on ExoFOP.

TOI-6276 was observed on 2005 May 7 as part of a VLT/
NACO AO survey to search for stellar companions of planet-
hosting stars (A. Eggenberger et al. 2007), with the star
included as part of a control sample of stars without known
planets. The high-resolution images were taken at 2.0831 ym
with a pixel scale of 07027 px ' and estimated PSF of 0”08.
We also obtained speckle images taken with the Zorro
instrument on the 8 m Gemini South telescope (N. J. Scott
et al. 2021) on 2023 June 30. The high-resolution images were
collected at 562 and 832 nm with a pixel scale of 0.”01 px '
and an inner working angle of 20 mas. The data were reduced
using the standard Fourier techniques as outlined in
S. B. Howell et al. (2011). To within the angular and
magnitude limits achieved by the observations, no stellar
companions were detected within the sensitivity limits of VLT/
NACO (Am =17.0 at 0.”5) or Gemini-S/Zorro (Am = 6.9 at 0.
"5), as shown in Figure 2.

2.4. High-resolution Spectroscopy

We obtained high-resolution spectra and RV measurements
through TFOP Subgroup 2 to search for evidence of the target
star being a spectroscopic binary or having a stellar-mass
companion based on large RV variations. The full list of
derived RVs is provided in Table 2.

2.4.1. La Silla/PUCHEROS +

We obtained 14 spectra from the upgraded version of the
Pontificia Universidad Catolica High Echelle Resolution
Optical Spectrograph (PUCHEROS+-, based on L. Vanzi
et al. 2012), which is currently installed at the 1.52 m telescope
at La Silla observatory, Chile, within the PLATOSPec
project.** PUCHEROS+ is an R ~ 18,000 spectrograph with
a spectral coverage of 400-700 nm. Observations were taken
between 2023 May and 2024 March (see 2). Spectra were
processed by the CERES+ pipeline (R. Brahm et al. 2017a),
which extracts one-dimensional, order-by-order spectra from
the raw images, generates the corresponding wavelength
solutions, corrects for instrumental drifts, and then computes
both the RV shift and the bisector span of the cross-correlation
function used to measure the RV. The radial velocities were
computed with the cross-correlation technique by using a
binary mask (P. Fellgett 1955; R. F. Griffin 1967; A. Baranne
et al. 1996).

2.4.2. Magellan II/PFS

HD 101581 was observed between 2011 April and 2023
June as part of the Magellan Exoplanet Long Term Survey
(LTS), which is carried out on the 6.5 m Magellan II Telescope
at Las Campanas Observatory in Chile using the Carnegie
Planet Finder Spectrograph (PFS; J. D. Crane et al

a4 https://stel.asu.cas.cz/plato/
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Figure 1. SPOC PDCSAP light curve for TOI-6276 from Sectors 63 and 64 before detrending (top panel) and after detrending (bottom panel) with wotan. The
transits of TOI-6276.01, 6276.02, and 6276.03 are indicated by green, orange, and red dots, respectively, based on our TLS search.

2006, 2008, 2010). PFS is a high-resolution optical echelle
spectrograph with a total wavelength coverage of 391-734 nm.
The use of an iodine cell to measure RVs results in a wavelength
range used for RV derivation of 500-620 nm. We obtained 20
RVs with a mean uncertainty of 1.05ms~" from before PFS
underwent an upgrade in 2018 February, and 30 RVs with a
mean uncertainty of 0.93 ms™' afterwards. RVs were extracted
following the technique described by R. P. Butler et al. (1996).
Given that the planets have expected RV semiamplitudes of
K~04ms™! (Section 6.5), these RVs are too imprecise to
allow the determination of the mass of any of the three planets.
However, the lack of large RV variations (Figure 3) is an
important indicator that HD 101581 lacks stellar-mass and high-
mass planetary companions (Section 5.1).

The PFS spectral wavelength range covers the Call H & K
lines, enabling measurements of S-indices to monitor stellar
activity. S-indices are correlated with spot activity on the stellar
surface (e.g., O. C. Wilson 1978), and serve as a proxy for
chromospheric activity that could cause RV shifts that mimic
those induced by planets. S-indices were derived using the
algorithm outlined by N. C. Santos et al. (2000).

2.4.3. AAT/UCLES

HD 101581 was observed between 2002 April and 2015
January as part of the Anglo-Australian Planet Search
(C. G. Tinney et al. 2001), which was carried out on the
3.9 m Anglo-Australian Telescope (AAT) using the University
College of London Echelle Spectrograph (UCLES; F. Diego
et al. 1990). UCLES is a high-resolution echelle spectrograph
covering 482-855 nm, limited to 500-620 nm for RV deriva-
tion using an iodine cell. We obtained 79 RVs with a mean
uncertainty of 2.95ms ™", finding a similar lack of large RV
variation as in the PFS observations (Figure 3).

2.4.4. La Silla/HARPS

HD 101581 was observed between 2004 January and 2007
March by the High Accuracy Radial Velocity Planet Searcher
(HARPS; M. Mayor et al. 2003) on the ESO 3.6 m telescope at

La Silla Observatory as part of the HARPS GTO planet search
program (S. G. Sousa et al. 2008). HARPS is a high-resolution
echelle spectrograph covering 380-690 nm. We obtained six
RVs with a mean uncertainty of 0.93ms~' through the
RvVBank archive (T. Trifonov et al. 2020). The adopted values
correspond to RVs extracted from spectra by the Spectrum
Radial Velocity Analyser (SERVAL) pipeline (M. Zechmeister
et al. 2018) and corrected for systematic effects, including
barycentric Earth RV, secular acceleration of the RV (M. Kiirster
et al. 2003), Fabry—Perot drift, and nightly zero-points.

2.5. Astrometry

Precise astrometric observations of HD 101581 have been
obtained in the course of the Hipparcos and Gaia missions
M. A. C. Perryman et al. 1997; F. van Leeuwen 2007; Gaia
Collaboration et al. 2016). We use the cross-calibrated
Hipparcos-Gaia proper motion data from T. D. Brandt
(2018, 2021) to place limits on long-term tangential motion of
the star. No evidence of astrometric acceleration is detected
above the level of precision (sky-projected velocity
0Gaia=0.02mas yr ' ~ 1.2ms™"), suggesting that any com-
panions must be very long period or comparatively light (e.g.,
A. Castro-Ginard et al. 2024).

2.6. Archival Images

HD 101581 was observed in blue and infrared bands as
part of the SERC Southern Sky Survey in 1977 and 1986, as
well as in the red band as part of the AAO-SES Survey in
1991. We obtained the corresponding images from the
NASA/IPAC Infrared Science Archive,45 as shown in
Figure 4. Due to its high proper motion, the star has moved
32" between the oldest image in 1977 and the start of the TESS
observations in 2023 March. There are no other stars visible at
its current position down to the limiting magnitude of the
SERC-J survey (B = 23).

45 https://irsa.ipac.caltech.edu/applications /finderchart
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Figure 2. Contrast curves and high-resolution images from archival VLT/
NACO AO observations (top panel) and Gemini-S /Zorro speckle observations
(bottom panel). No stellar companions were detected in any observations.

3. Stellar Parameters

HD 101581 is a K4.5V dwarf (R. O. Gray et al. 2006) and is
listed in the TICv8.2 (M. Paegert et al. 2021) as TIC 397362481
with radius R, = 0.631 £ 0.054 R, mass M, = 0.740 & 0.087 M.,
effective temperature T =4634 + 143K, and surface gravity
log g (cgs) = 4.71 = 0.11. A summary of stellar properties and
their sources is given in Table 3.

3.1. Stellar Abundances

A total of 24 elements have been measured within the
photosphere  of HD 101581 per the Hypatia Catalog*®
(N. R. Hinkel et al. 2014). The data were compiled from four
individual literature sources, where their values were renorma-
lized to the same Solar scale so that the results were on the
same baseline. When multiple sources determined the same
elements within HD 101581, the median value was used and
half of the range or spread in measurements is adopted as the
error. A subselection of the elemental abundances for
HD 101581 is shown in Table 3, where the overwhelming
conclusion is that HD 101581 is significantly deficient in all

46 All abundance measurements can be found online at http://www.
hypatiacatalog.com.
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Table 2
RV Measurements from the Magellan II/PFS, AAT/UCLES, La Silla/
HARPS, and La Silla/PUCHEROS+ Instruments

Instrument Time RV RV Error S-index
(BJID—2450000) msh (ms™h
PFS 5663.62928 —8.65 1.04 0.3316
6088.55647 1.68 1.01 0.2804
6092.55211 3.51 1.21 0.2911
6282.85282 223 0.93 0.3672
6347.77346 -1.0 1.11 0.3935
6355.73528 —3.09 1.08 0.3394
UCLES 2389.99163 —2.08 1.81
2424.97284 1.43 23
2452.92427 3.75 224
2452.93193 0.23 2.0
2454.89403 3.38 2.04
2454.90169 -55 2.17
HARPS 3015.86777 0.529 0.983
3016.86072 —0.086 0.908
3759.82147 4517 0.909
4118.85185 —3.266 0.964
4137.85350 —0.933 0.585
4171.77809 0.21 0.809
PUCHEROS+ 10075.63965 105 46
10075.66055 —-93 48
10075.63965 105 46
10075.66055 -93 48
10079.66104 —24 43
10080.62353 —167 45

Note. The PUCHEROS+ RVs have had a mean of 14.358 km s~ subtracted
from the provided values. A portion of this table is shown for demonstration.
The full table is available in a machine readable format.

(This table is available in its entirety in machine-readable form in the online
article.)

elements with respect to the Sun—including a-elements, odd-
Z, iron-peak, beyond the iron-peak, and neutron-capture. Given
that the planets are all Earth-size, we convert to molar ratios
and find that Fe/Mg=0.66 and Si/Mg=1.10, which lies
higher than at least 1o with respect to other Hypatia stars (e.g.,
N. R. Hinkel & C. T. Unterborn 2018).

In addition, stellar parameters were compiled via literature
sources found within the Hypatia Catalog, since the determina-
tion of stellar abundances requires modeling the stellar
atmosphere. The compiled T.¢=4646 £+ 82 K, logg = 4.46+
0.29, R,=0.64+£0.01R,, and M,=0.71 £0.04 M., agree
with the TICv8.2 determined values to within the reported
uncertainties.

3.2. Spectral Characterization

We used multiple methods to measure stellar atmospheric
parameters from the PUCHEROS+ spectra. First, the CERES
pipeline performs an estimation of the stellar atmospheric
parameters by cross correlating each spectrum with a grid of
synthetic models adapted from P. Coelho et al. (2005).
Averaging over the 14 PUCHEROS+ spectra gives
Tetr=4590 = 150K, logg = 4.1 £ 0.5, and metallicity of
[Fe/H] = —0.5 dex. We further analyzed the coadded spectra
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Figure 3. RV observations from PFS (green), UCLES (blue), and HARPS (orange). PUCHEROS-+ RVs are not included due to the large uncertainties (~50 m s7h.
While the expected RV semiamplitudes of the three planets are too small to be resolved (<0.4 ms™'), the observations do not feature large RV variations

corresponding to stellar-mass companions.
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Figure 4. The field within 60” of HD 101581 in blue (far left-hand panel), infrared (center left-hand panel), and red (center right-hand panel) filters from the SERC and
AAO-SES Surveys, and from LCO/CTIO observations taken shortly after the end of the TESS observations in 2023 (far right-hand panel). The location of
HD 101581 at the time of each image is marked with a blue cross, while the location at the start of TESS Sector 63 in 2023 March is marked in orange. The width of a
TESS pixel (21”) is marked in the top left-hand corner of each panel. HD 101581 has moved ~32” between 1977 and 2023.

using the ZASPE code (R. Brahm et al. 2017b), which
compares the spectra to a grid of synthetic models generated
from the ATLAS9 model atmospheres (F. Castelli &
R. L. Kurucz 2003), to find T4=4743+ 100K, logg=
4.19 £+ 0.30, and [Fe/H] = —0.47 4 0.05 dex. The PUCHEROS
+ spectra also constrain the stellar projected rotation velocity to
vsini < 10 kms™!, with measurements of lower v sin i limited by
the resolution of the spectrograph.

V. Perdelwitz et al. (2024) used the SPECIES codebase
(M. G. Soto & J. S. Jenkins 2018) to extract parameters from the
archival HARPS spectra for 3612 stars including HD 101581,
finding T.z=4709 £ 62K, logg = 4.11 + 0.13, [Fe/H] = —
0.58 £ 0.05 dex, and v sini = 2.47 + 0.30 kms™'. The T.sr and
logg values from the Hypatia, PUCHEROS+, and HARPS
results all agree within 1o, while the HARPS-based measure-
ment of metallicity is slightly lower (1.60) than that from
PUCHEROS+. Both analyses conclude that HD 101581 is a
metal-poor star.

3.3. Spectral Energy Distribution Analysis

We performed an analysis of the broadband spectral energy
distribution (SED) of the star together with the Gaia DR3
parallax, in order to determine an empirical measurement of the
stellar radius (K. G. Stassun & G. Torres 2016; K. G. Stassun
et al. 2017, 2018). We extracted the JHKg magnitudes from
2MASS, the W1-W4 magnitudes from WISE, and the GgpGrp
magnitudes from Gaia. We also utilized the absolute flux-
calibrated Gaia spectrum. Together, the available photometry

spans the full stellar SED over the wavelength range
0.4-20 pm (see Figure 5).

We performed a fit using PHOENIX stellar atmosphere
models (T. O. Husser et al. 2013), adopting from the Hypatia
analysis the effective temperature (T.g), metallicity ([Fe/H]),
and surface gravity (logg). We fitted for the extinction Ay,
limited to the maximum line-of-sight value from the Galactic
dust maps of D. J. Schlegel et al. (1998). The resulting fit
(Figure 5) has Ay =0.06 4+0.03, with a reduced X2 of 1.0.
Integrating the (unreddened) model SED §ives the bolometric
flux at Earth, Fpo = 3.599 +0.012 x 10 *ergs ' cm 2 Tak-
ing the Fy, together with the Gaia parallax directly gives the
bolometric luminosity, Ly, = 0.18332 4+0.00059 L.. The
Stefan—Boltzmann relation then gives the stellar radius,
R, =0.662 £0.023 R. In addition, we estimated the stellar
mass using the empirical relations of G. Torres et al. (2010),
giving M, =0.64 +0.04 M.

3.4. Isochrones Analysis

To derive a self-consistent set of physical parameters for the
host star, we fit the observed properties of HD 101581 to MIST
evolutionary models (J. Choi et al. 2016; A. Dotter 2016) using
the stellar model grid package isochrones (T. D. Morton
2015). We defined a single-star model using parallax from Gaia
DR3, observed magnitudes (JHK,, GGgpGrp, W1-W3), and
T and [Fe/H] from the Hypatia literature analysis. Following
the convention of J. D. Eastman et al. (2019), we inflated the
Gaia magnitude uncertainties to 0.02.
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Table 3
Stellar Parameters for HD 101581 (TOI-6276)
Parameter Value Description Source
TIC Parameters
ID 397362481 TESS Input Catalog ID TICv8.2 (M. Paegert et al. 2021)
Tetr 4634 + 143 Effective temperature (K) TICv8.2
log g 471 £0.11 Surface gravity (cgs) TICv8.2
R, 0.631 £ 0.054 Stellar radius (R.) TICv8.2
M, 0.740 + 0.087 Stellar mass (M) TICv8.2
[Fe/H] -0.505 + 0.027 Metallicity (dex) TICv8.2
Astrometric Parameters
« 11:41:01.482 Right ascension (J2000, epoch 2016) Gaia DR3 (Gaia Collaboration et al. 2016, 2021)
6 —44:24:14.81 Decl. (J2000, epoch 2016) Gaia DR3
o 78.2268 + 0.0182 Parallax (mas) Gaia DR3
Lhe —660.634 £ 0.016 Proper motion R.A. (mas yr~') Gaia DR3
s 242.096 £ 0.013 Proper motion decl. (mas yr ") Gaia DR3
Photometric Parameters
T 6.721 £ 0.006 TESS band magnitude (mag) TICv8.2
B 8.865 + 0.020 B band magnitude (mag) UCAC4 (N. Zacharias et al. 2013)
Vv 7.770 £ 0.030 V band magnitude (mag) UCAC4
G 7.394 £ 0.003 G band magnitude (mag) Gaia DR3
Ggp 7.979 + 0.003 Ggp band magnitude (mag) Gaia DR3
Ggrp 6.666 + 0.004 Ggrp band magnitude (mag) Gaia DR3
J 5.792 + 0.021 J band magnitude (mag) 2MASS (M. F. Skrutskie et al. 2006)
H 5.273 £0.075 H band magnitude (mag) 2MASS
K, 5.101 +0.016 K band magnitude (mag) 2MASS
w1 5.033 £ 0.206 W1 band magnitude (mag) WISE(E. L. Wright et al. 2010)
w2 4.880 £ 0.099 W2 band magnitude (mag) WISE
w3 5.075 £ 0.014 W3 band magnitude (mag) WISE
w4 5.027 £ 0.028 W4 band magnitude (mag) WISE
Derived Parameters
[C/H] —0.40 £ 0.09 C abundance Hypatia Catalog (N. R. Hinkel et al. 2014; Section 3.1)
[Na/H] —0.32 £ 0.06 Na abundance Hypatia Catalog
[Mg/H] —0.41 £0.05 Mg abundance Hypatia Catalog
[Al/H] —0.31 £0.07 Al abundance Hypatia Catalog
[Si/H] —0.43 £0.11 Si abundance Hypatia Catalog
[Ca/H] —0.37 £0.20 Ca abundance Hypatia Catalog
[Sc/H] 0.13+£0.14 Sc abundance Hypatia Catalog
[Ti/H] —0.18 £0.17 Ti abundance Hypatia Catalog
[V/H] 0.13+£0.11 V abundance Hypatia Catalog
[Fe/H] —0.51 £0.12 Fe abundance Hypatia Catalog
[Ni/H] —0.48 £0.08 Ni abundance Hypatia Catalog
[YII/H] —0.54 £0.08 YII abundance Hypatia Catalog
[Ball/H] —043£0.15 Ball abundance Hypatia Catalog
[Eull/H] —0.08 £ 0.10 Eull abundance Hypatia Catalog
v sini 2.47 + 0.30 Projected rotational velocity (km s7h HARPS spectral classification (Section 3.2)
Fiol 3.599 +0.012 x 1078 Bolometric flux (erg s’ cm™?) Spectral energy distribution analysis (Section 3.3)
Tett 4675 £ 53 Effective temperature (K) Isochrones analysis (Section 3.4)
log g 4.654 £ 0.057 Surface gravity (cgs) Isochrones analysis
[Fe/H] —0.343 £+ 0.059 Metallicity (dex) Isochrones analysis
R, 0.630 £ 0.027 Stellar radius (R-) Isochrones analysis
M, 0.653 £ 0.028 Stellar mass (M) Isochrones analysis
Ty 6.88 +4.27 Stellar age (Gyr) Isochrones analysis

Note. The parameters from our isochrones analysis (Section 3.4) were adopted for deriving planetary parameters (Section 4).

The fit parameters were equivalent evolutionary phase, age,
metallicity, distance, and extinction. We used the default
priors from isochrones, except for a broad flat prior for
metallicity. The parameter space was explored with the
emcee ensemble sampler (J. Goodman & J. Weare 2010;

D. Foreman-Mackey et al. 2013) with 100 walkers for 30,000
steps, at which point the fit converged based on the chain
being more than 50 times longer than the estimated
autocorrelation time. The first 1000 steps were discarded as
burn-in. Based on the isochrones fit, HD 101581 is an old,
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Figure 5. SED of HD 101581. Red symbols represent the observed
photometric measurements, where the horizontal bars represent the effective
width of the passband. Blue symbols are the model fluxes from the best-fit
PHOENIX atmosphere model (black). The absolute flux-calibrated Gaia
spectrum is shown as a gray swathe in the inset figure.

metal-poor K dwarf (age=6.88 + 3.74 Gyr, [Fe/H] = —0.344 +
0.059, T.r=4675=£53K, logg (cgs)=4.654+ 0.012) with
mass M,=0.653+0.015M, and radius R,=0.630=+
0.005 R....

The above uncertainties are underestimated because they do
not take into account differences in assumptions between
different stellar grid models. We used the kiauhoku package
(Z. R. Claytor et al. 2020) to estimate the properties of
HD 101581 based on interpolating effective temperature,
luminosity, and metallicity to stellar grid models from YREC
(P. Demarque et al. 2008), MIST, DSEP (A. Dotter et al. 2008),
and GARSTEC (A. Weiss & H. Schlattl 2008) codes and
databases. We find maximum differences between models of
~4%, 4%, 1%, and 30% in mass, radius, logg, and age,
respectively. These systematic errors have been added in
quadrature to the fit uncertainties and are reflected in Table 3.

We defer to the isochrones-fitted parameters when
requiring stellar parameters in the remainder of this paper.

3.5. Stellar Activity and Rotation

HD 101581 has a chromospheric emission parameter log Ry
of —4.759 from R. O. Gray et al. (2006) and —4.70 from
J. S. Jenkins et al. (2006), consistent with a low-activity star.
The SPOC light curve (Section 2) also does not show any
indications of flares.

We independently estimated log R/ from the S-index and
B —V color of the star following the method outlined by
R. W. Noyes et al. (1984). Based on the mean S-index of 0.388
from the PFS observations and color of B—V=1.095 from
UCAC4 (N. Zacharias et al. 2013), we found log Rz = —4.85.
The overall average of all three values, logRyx = —4.77,
suggests a stellar rotation period of P, ~ 30 days based on the
relationship for K stars provided by A. Sudrez Mascarefio et al.
(2016), which is much longer than all of the planet periods. A
~30days rotation signal may be visible in the PDCSAP light
curve (Figure 1), but measuring rotation periods longer than
~13 days using TESS is challenging due to the telescope’s orbit
(e.g., C. Hedges et al. 2020; Z. R. Claytor et al. 2022).
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Figure 6. GLS periodograms of the RVs and S-indices measured by PFS. The
horizontal lines mark 1% (dotted line) and 0.1% (dashed—dotted line) FAP
levels. Only one peak is stronger than the 0.1% level, at P = 29.4 days in the
power spectrum for S-indices, which likely corresponds to the P, ~ 30 days
rotation period estimated through relation to the chromospheric emission
parameter log Ry = —4.77.

We also produced generalized Lomb—Scargle (GLS) period-
ograms (M. Zechmeister & M. Kiirster 2009) from the PFS
RVs and S-indices to search for significant periodicities
(Figure 6). Frequencies were sampled up to 10 times the
average Nyquist frequency of the observations. Only one peak
in the S-index power spectrum is above a 0.1% false alarm
probability (FAP) level, at P =29.4 days, which is consistent
with the expected stellar rotation period.

4. Planet Parameters

To estimate the physical and orbital parameters of each of
the planet candidates, we fit a three-planet transit model to the
detrended multisector light curve using exoplanet
(D. Foreman-Mackey et al. 2021a). We assumed circular
Keplerian orbits and parameterized the transit model by
orbital period (P), transit epoch (Ty), planet-to-star radius ratio
(R,/R.), and impact parameter (b), with stellar radius and
mass fixed to the median isochrones-fitted values
(R,=0.630R., M, =0.653M.. We adopted a quadratic
limb-darkening law parameterized by ¢, g> from D. M. Kip-
ping (2013), and fit for a flux offset as well as jitter term
added in quadrature to the uncertainties of the SPOC
observations. Uniform or normal priors were used for
parameters as shown in Table Al. We sampled four chains
for 2000 tuning steps and 2000 draw steps each, which
converged according to the Gelman—Rubin convergence
statistic for each parameter satisfying 7 < 1.01 (A. Gelman
& D. B. Rubin 1992). The corresponding posterior parameters
are summarized in Table 4, with stellar parameter uncertain-
ties from the isochrones results propagated through the
uncertainties in derived parameters. The best-fit light curves
are shown in Figure 7. The best fits indicate that HD 101581
hosts three Earth-size exoplanets (R, ~ 1Rg) in co-planar
orbits (i ~ 88°).

We also ran an alternative fit letting the orbital eccentricity (e)
and argument of pericenter (w) for each planet vary. We used the
distribution from V. Van Eylen et al. (2019), appropriate for
multiplanet systems, for the eccentricity prior. The argument of
pericenter was constrained to the range —m to 7, and the
sampling was performed in two-dimensional vector space
(Ve sinw, /e cosw) to avoid the sampler seeing a discontinuity
at values of 7. The results were consistent with the circular fit,
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Table 4
Fitted Transit Model and Planet Parameters for the Three Candidates Orbiting HD 101581
Parameter TOI-6276.01 TOI-6276.02 TOI-6276.03 Description
HD 101581c HD 101581 b
Planet Parameters
P 6.204017030034 4.4656970399%3 7.87081 5901 Orbital period (days)
T, 3017.1147599%3 3014.8496 59928 3018.56961 5354, Transit epoch (BJD—2457000)
R,/R, 0.0144+3:5507 0.013973:99%8 0.0143*5:3013 Planet-to-star radius ratio
b 0.7135983 0.61679%58 0.85470:9% Impact parameter
Derived Parameters
R, 09903979 0.956799! 0.982+0 444 Planet radius (Ry)
i 87937012 87.7810% 87.887013 Inclination angle (°)
Taur 176913 1775043 1454313 Transit duration® (hrs)
a 0.05735:3%% 0.04675:9997 0.0671-5%! Semimajor axis (AU)
N 5278 8013 3874 Instellation flux (S)
T 747438 834123 69013 Equilibrium temperature” (K)
Photometric Parameters
o —4+4 Flux offset (ppm)
o 14354 Flux jitter (ppm)
uy 091798 Limb-darkening coefficient 1
Uy —0.1410%° Limb-darkening coefficient 2
Notes.

 From first to last contact.
b Assuming albedo = 0.

and the eccentricities were consistent with zero, with 84th
percentile (1o) upper limits of 0.08, 0.09, and 0.09. Future RV
observations could further constrain these eccentricities.

We next perform a simplistic model of the precision RV data
(AAT, PFS, HARPS) in order to quantify upper limits on the
masses of the three transiting planet candidates. We model the
RV signals assuming zero eccentricity and enforcing Gaussian
priors on P and T, based on the values in Table 4 for each
companion. In order of increasing orbital period, we place
upper limits on the RV semiamplitudes of K< (1.9, 2.0,
1.5)ms~' and constraints on the planetary masses of
M, < (3.6, 42, 3.6)M at 30 confidence. At this level of
precision, the limits on planetary densities are not probative
(p<20gem ). Thus, despite the substantial amount of
observations, the RV signals of the transiting planet candidates
remain below our current detection limits.

5. Statistical Validation

Lacking planet masses, we attempt to statistically validate
the TOIs by ruling out possible false positive scenarios where
the signals are not due to orbiting planets.

5.1. TOI-6276 is Not an Eclipsing Binary System

The first false positive scenario to consider is that the transit
signals of HD 10158lare caused by an eclipsing stellar
companion. We begin by using the MOLUSC framework
(M. L. Wood et al. 2021) to constrain the range of unseen
stellar companions that could produce the observed transits by
simulating a large number of possible companions and
eliminating those that should have been detected by Gaia in
astrometry, high-resolution imaging, and/or RVs. We generated

one million companions to TOI-6276 with orbital inclinations
forced to be consistent with an eclipsing system and compared
each star’s detectability with Gaia DR3 astrometry, all three
contrast curves, and the PFS, UCLES, and HARPS RV
observations. Only 3.5% of the simulated companions survived
the comparison, 99% of which had low masses (<0.074 M..).
Companions with P <200 days, including those at all the
transiting planet periods, were entirely ruled out.

We can significantly improve on these limits by incorporating
constraints from the long-term observations with precision RVs
and Hipparcos-Gaia astrometry (T. D. Brandt 2018, 2021).
Across >20yr of observation, both RVs and astrometry are
constant at the level of a few ms™', ruling out companions with
orbital periods below P < 8000days down to Jupiter-like
masses. We further attempt to fit linear acceleration terms to
these observations, and measure values consistent with zero at

high precision: ¥ = —0.05 + 0.12ms ' yr /, "d’—l = —0.17+

dr

0.15 ms~'yr!, and % =-006+0.14ms ' yr". The
absence of any significant accelerations argues against the
presence of stellar-mass companions.

Since this contemporaneously constrains the motion of the star
in both radial and tangential directions, we may extrapolate to
make mass constraints at wider separations. The expression for
companion mass M (in M) as a function of velocity change is

-2
M =5342 x 1075 x d x p x ("Z_V)
t

3
2 215
v [(—‘”W) + (—"” ) ]2, (1)
dt dt
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Figure 7. Plots of the transit model fits, with residuals after subtracting the
median models provided in the lower panel of each phase diagram. Black
points show observations with offsets subtracted and jitter terms added in
quadrature with uncertainties, while colored circles represent binned data.
Colored lines represent median model values. In each planet’s phase diagram,
the best-fit models for the other two planets have been subtracted from the data.

where d is the stellar distance in parsecs, p is the projected
separation in arcseconds, and 7V represents the tangential

velocity =,/ + 1 (B. P. Bowler et al. 2021, Equation (2)).
Since d is known, we can convert the limits on the acceleration
terms into a limit on companion masses as a function of
projected separation.
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For HD 101581 we set 30 upper limits on the absolute
accelerations 0f|dﬂ| <04lms yr "and |dT—V| <063ms yr
We plot the resultmg limits on wide compamons in Figure 8. We
exclude the existence of any bound companions with masses
above the hydrogen-burning limit (20.075 M) within a
projected separation of <9 arcseconds from HD 101581
(<110 au), wholly excluding any unresolved stellar companions
to HD 101581. Within <3”5 (<45 au), we can even exclude any
companions above the deuterium-burning limit (>13 M,). On
the weight of the rich observing record, the eclipsing binary
scenario for HD 101581 can be excluded at high confidence.

5.2. TOI-6276 is Not a Nearby or Background Eclipsing
System

The signals may not be associated with the target star, but
rather due to a nearby or chance-aligned eclipsing binary (or
transiting planet) system that contaminated the TESS photometry.

First, we limit the possible transit source locations using the
difference image centroid offsets provided in the SPOC DV
reports. TOI-6276.01 has a measured centroid offset of
11.4 £ 2”7 (4.30) from the TIC position of HD 101581. While
not within 3¢ of the target star, the measured centroids are only
visually near TIC 397362481 (T'=17.7), a star too faint to
explain the transits. TOI-6276.02 and TOI-6276.03 have
offsets of 6”76 +4"1 (1.60) and 8.”9 +4.”9 (1.80), placing
them within 30 of HD 101581. We believe that image
saturation due to the brightness of HD 101581 (7= 6.7) affects
the measured offsets, and thus all the signals are consistent with
being on-target. Our LCOGT observations also cleared the field
out to 2/5 at the ephemerides of TOI-6276.01 and TOI-
6276.02, limiting possible sources to stars not resolved by
seeing-limited photometry.

We further rule out potential NEBs by placing upper limits
on the magnitude of a fully blended star that may cause the
observed transit signals. In the case of photometric contamina-
tion by blended light, the observed TESS transit depth (6oys) is
given by:

@

Oobs ~ OEB s
where 6gg is the depth of the eclipse in the absence of a blend, fis
the flux ratio f= Fgg/F,, Fgp is the flux of the contaminating EB,
and F; is the flux of HD 101581. We may also place an
upper bound on Ogg using Equation (21) from S. Seager &
G. Mallén-Ornelas (2003), assuming an equatorial eclipse (b = 0):

(1 — tp/tr)*

3
(A + te/tr)* ©

6EB

where 17 is the duration of the flat part of the transit (time from
end of ingress to start of egress) and 77 is the total duration of the
transit (time from start of ingress to end of egress). Combining
these equations gives a lower bound on f as a function of transit
observables Ops and tx/t7. We then use the relation between
stellar magnitudes and fluxes (Am = —2.5log,,f) to find the
largest difference in magnitude from HD 101581 that a star
could have to explain the observed transits.

We estimated 6,ps, 7, and #7 for each planet by applying the
equations described by S. Seager & G. Mallén-Ornelas (2003)
to the transit model fit results, finding box-shaped transits with
tr/tr ~0.96, 0.97, and 0.93 for TOI-6276.01, .02, and .03,
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Figure 8. Linear acceleration model for HD 101581 in Hipparcos-Gaia astrometry (R.A., top left-hand panel; decl., top right-hand panel), and RV (bottom left-hand
panel) across >20 yr of observations. In each dimension we find that the acceleration terms are consistent with zero at high precision. We leverage this to achieve
strong limits on the existence of bound unresolved companions as a function of projected separation (bottom right-hand panel). Based on the velocities alone, stellar-

mass companions to HD 101581 can be entirely excluded within <110 au.

respectively. This rules out blended stars fainter than AT =2.2,
1.6, and 4.2 at the 99.9th percentile level. All known stars
within 1" have AT > 7, and therefore are too faint to be possible
NEB sources. Our high-resolution imaging observations from
Gemini-S /Zorro also revealed no bright companions (Am < 5)
down to a separation of ~0.”2 in the field close to the time of
the TESS observations.

Finally, we see that the 2023 location of HD 101581
(corresponding to the last TESS observations) is clear of stars
in the 1977 archival SERC-J Survey image down to the
limiting magnitude of B ~ 23, further ruling out chance-aligned
background EBs as false positive sources.

In summary, we rule out contamination from an NEB as the
source of the transit signals based on SPOC centroid offsets,
seeing-limited and high-resolution imaging follow-up, and
archival images.

5.3. TOI-6276 is Not a Hierarchical Triple

The final scenario involves an EB gravitationally bound to
HD 101581. This type of EB would contaminate the TESS
photometry in the same way as the NEB case, but would evade
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detection due to its close proximity to HD 101581. In
Section 5.1 we used the absence of any significant RV or
astrometric acceleration to rule out any bound stellar-mass
companions within <9”. This conclusion is also supported by
the lack of detectable companions in the VLT/NACO high-
resolution images (out to 4” away) and Gemini-S /Zorro images
(out to 1.”2 away). Any stars at more distant separations would
be easily detectable in imaging, but archival images of
HD 101581 from the SERC-I, SERC-J, AAO-SES, and LCO
surveys do not suggest the presence of bound EBs. The absence
of any bound stellar companions therefore rules out this false
positive scenario.

5.4. False Positive Probabilities

We used the TRICERATOPS statistical validation tool
(S. Giacalone et al. 2021) with the properties of surviving
stellar companions from MOLUSC provided as inputs to
quantify each candidate’s false positive probabilities (FPPs)
and nearby false positive probabilities (NFPPs). TRICERA-
TOPS was run 10 times to find the mean and standard deviation
of FPPs and NFPPs. Based on their low FPP and NFPP values
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Table 5
FPPs and NFPPs Computed by TRICERATOPS for the Transiting Planets in the HD 101581 System
TOIL Name Orbital Period SNR FPP NFPP
TOI-6276.01 HD 101581c 6.204 12.4 24406 x107° 1.1+0.1x1078
TOI-6276.02 HD 101581 b 4.466 15.6 25+50x%x107* 14+03x1078
TOI-6276.03 7.871 7.9 0.010 + 0.003 90+08x 1073

Note. While TOI-6276.03 meets the criteria for statistical validation against astrophysical false positive scenarios, we do not yet consider it validated because of its

low transit SNR.

(<1073; Table 5), we consider TOI-6276.01 and TOI-6276.02
to be statistically validated and refer to them as HD 101581c
and HD 101581 b, respectively, based on their distance from
the star.

TOI-6276.03 has a higher FPP value of FPP = 0.01, which
does not satisfy criteria for statistical validation (commonly
adopted as <0.01). While a multiplicity boost due to its
membership in a multiplanet system would sufficiently reduce
the FPP below this threshold (J. J. Lissauer et al. 2012;
N. M. Guerrero et al. 2021), the relatively weak transit signal—
signal-to-noise ratio (SNR) ~8—is an additional reason why
we do not consider it a statistically validated planet.
TRICERATOPS only considers astrophysical false positive
scenarios and does not consider the possibility of false alarms,
such as those caused by instrumental systematics or intrinsic
stellar variability, and so it should not be used to validate low-
SNR planets. Redetection in a future TESS sector or with
another telescope would increase confidence in the planet
scenario. HD 101581 will be next observed in Sector 90 (2025
March 12—April 9) based on the tess-point high precision
TESS pointing tool (C. J. Burke et al. 2020), which should
improve the SNR of all signals by a factor of ~/3/2 = 1.22.

6. Discussion

6.1. Planet Mass, Radius, and Mean-motion Resonance

HD 101581 is a metal-poor K dwarf hosting two validated
terrestrial planets, HD 101581 b and c, and a third Earth-size
candidate, TOI-6276.03. Adopting mass-radius relations
appropriate for planets with R, <1.23 R, from J. Chen &
D. Kipping (2017),

3.58
M, R
2 —09718] 2| ,
M R

B2 L2

“)

we find that the three planets have predicted masses of
M, ~ 0.837038 M, 0947938 M., and 0.917035 M., respectively.
Alternatively, we estimate the planet masses assuming that
their iron-to-silicate mass fraction ( filr’(')i“e‘), which is defined as
the mass of Fe divided by the total mass of Fe and Si-bearing
species (MgSiO3, Mg,SiOy, and SiO,), equals the stellar value
( flig‘:) Using this definition, V. Adibekyan et al. (2021) found a

statistically significant correlation between fi‘:é‘;“e‘ and f22" for
star

rocky planets. Following their methodology, we find that on
of metal-poor HD 101581 is 0.297)49 (using metallicity data
from the Hypatia Catalog). Assuming a fully differentiated
two-layer structure, where all of the iron in a planet resides in
its core and all of the silicates are stored within its mantle in the
form of MgSiO3, and a mean iron-to-silicate mass fraction of
0.29, we find that HD 101581 b, HD 101581¢, and TOI-
6276.03 have masses of M, ~ 0.847019 My, 0.94703¢ M, and

0.927944 M., respectively. These masses are almost identical to
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those estimated from the J. Chen & D. Kipping (2017) mass—
radius relations.

Similar to most Kepler multiplanet systems, the HD 101581
system follows the “peas-in-a-pod” trend where planets in the
same system tend to be similarly sized and regularly spaced
(S. Millholland et al. 2017; L. M. Weiss et al. 2018). The planet
radii are remarkably uniform. L. M. Weiss et al. (2023) defined
the fractional dispersion of the planet radii within a given
system as og = Var{log;,(R,j/Rs)}, where j indexes over the
planets in the system. Using this metric, o = 0.007, which is
smaller than any of the Kepler systems with four or more
planets considered in L. M. Weiss et al. (2023). As for orbital
spacing, the inner and outer pairs are separated by only
A =15.7 and 11.3 mutual Hill radii, slightly more packed than
the typical A ~ 20 spacing among Kepler multiplanet systems
(L. M. Weiss et al. 2018). This tight spacing implies that the
orbits of the planets most likely have low eccentricity because
more eccentric orbits would likely prove dynamically unstable
(e.g., B. Pu & Y. Wu 2015).

The inner and outer planet pairs also have period ratios of
1.389 and 1.269, respectively. These period ratios place the
planet pairs close to the 4:3 and 5:4 first-order mean-motion
resonances (MMRs), respectively, motivating a search for
transit timing variations (Section 6.2) and indications of
resonant librations (Section 6.3).

6.2. Transit Timing Variations

Proximity to resonance enables the detection of planets
perturbing each other, seen through transit timing variations
(TTVs). TTVs can be used to infer planetary masses and orbital
eccentricities, as well as being used to detect the presence of
additional, nontransiting planets (e.g., E. Agol & D. C. Fabry-
cky 2018). If the planets are in low-order MMRs, then the 4:3
and 5:4 MMR pairs orbiting HD 101581 may have TTV
superperiods of 38 and 105 days, and amplitudes on the order
of a few minutes based on formulae described by Y. Lithwick
et al. (2012).

We searched for evidence of these TTVs by fitting the transit
model described in Section 4 to each individual transit. A
normal prior was used for each transit time, with the mean set
to the global best-fit transit time assuming linear ephemerides
and standard deviation set to 30 minutes. The rest of the
parameters were initialized following the global fit model, and
sampling parameters similarly followed the global fit model.
The resulting TTVs are shown in Figure 9.

The measured TTVs have average lo uncertainties of
8 minutes, which is larger than the expected TTV amplitudes.
It is therefore no surprise that we do not see TTVs among the
transits of HD 101581 b, and while we potentially see >1o
variations among the first two transits of TOI-6276.03, it is
unclear if these are reliable given the low SNR of the transit
signal. However, HD 101581c potentially features variations
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Figure 9. Differences between observed and calculated transit times (assuming
linear ephemerides) for each planet in the TOI-6276 system. Each data point
corresponds to the median with 16th to 84th percentile error bars. The transits
of HD 101581 b are consistent with no variation, though we potentially see
variations with a ~15 minutes amplitude for HD 101581c. We also see >1o
variations among the first two transits of TOI-6276.03, but it is less clear if
these are reliable given the low SNR of the transits.

with a ~15minutes amplitude on a ~20days period.
Additional photometry will be needed to better constrain the
transit ephemerides and confirm the TTV periods and
amplitudes, especially over longer timescales.

6.3. Resonance Analysis

Given the apparent proximity to the 4:3 and 5:4 resonances,
we used N-body integrations to check whether the planets are
indeed undergoing resonant librations. We drew 500 samples
randomly from the two posterior distributions described in
Section 4, one assuming circular orbits and the other allowing
the eccentricities to float. We used the Wisdom—Holman
WHFast integrator (J. Wisdom & M. Holman 1991; H. Rein
& D. Tamayo 2015) in REBOUND (H. Rein & S. F. Liu 2012)
to evolve the system for 100 yr. We then tracked the critical
resonant angles associated with the 4:3 MMR for planets b and ¢
(¢12’1 = 4)\2 — 3)\1 — W and ¢12,2 = 4)\2 — 3)\1 — WZ) and with
the 5:4 MMR for planet ¢ and the planet candidate TOI-6276.03
(¢23q2 = 5A3 - 4A2 — Wy and ¢23’3 = 5)\3 - 4)\2 - w3). Here, >\i
and w; are the mean longitude and longitude of periapse of
planet i. Physically, the critical resonant angles measure the
evolution of the planetary conjunctions with respect to the
pericenters of the two orbits.

For planet pairs actively participating in an MMR, the
critical resonant angles undergo bounded oscillations (or
librations) about their equilibria, such that the resonant libration
amplitude is less than 180° (D. Jensen & S. C. Millholland
2022). We used two different approaches to numerically
estimate the amplitude: Ap, = 0.5(max¢ — min¢) and

Ajp = /%Zi(qs — ¢)?, where N is the number of simulation

data points and ¢ is the average value of ¢. The latter definition
is appropriate for approximately sinusoidal oscillations
(S. Millholland et al. 2018).
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Across all of our simulations, we did not find any indication
of bounded librations of the critical resonant angles in either the
4:3 MMR for planets b and c or the 5:4 MMR for planet ¢ and
planet candidate TOI-6276.03. The first measure of the
libration amplitude was Ay, ~ 180° for all resonant angles
and all simulations. However, we found that the second
measure yielded Ay, < 180° in some cases, which indicates that
the critical resonant angles are often concentrated near 0° but
not librating. This is expected for planet pairs that are near but
not in resonance. In summary our simulations suggest that the
orbits of the planets (Table 4) are not currently trapped in
mutual mean-motion resonance. The best-fit orbital configura-
tion of the system is not consistent with a resonant chain.
However, this analysis used estimated planet masses (from the
J. Chen & D. Kipping (2017) mass-radius relations), and it is
possible that future analyses of the system using precise mass
measurements may revisit this finding.

6.4. Dynamical Stability

We used the SPOCK stability classifier (D. Tamayo et al.
2020) to assess the likely long-term stability of the system.
SPOCK is a machine learning classifier trained with 100,000
compact three-planet systems to predict the probability that a
system will remain dynamically stable for 10° orbits of the
innermost planet. We ran the SPOCK classifier on 1000
random draws from the fit posteriors assuming circular orbits.
All draws resulted in a stability probability of at least 50%, and
95% of draws resulted in a stability probability of more than
90%, allowing us to conclude that this system is likely stable.

6.5. Potential for Follow-Up

The apparent brightness of the host star (V=7.77) and
multiplicity of the transiting exoplanet system make HD 101581
an intriguing target for further characterization and comparative
planetology.

6.5.1. Radial Velocity Observations

RV follow-up would be able to confirm all three planets
through measurements of their masses, as well as place
significantly stronger constraints on their orbital eccentricities.
These observations would require sensitivity to semiamplitudes
of K~ (43, 43, 39)cm s ! at the predicted planet masses of
M, ~ (0.83, 0.94, 0.91)M,, which is possibly within the reach
of extreme precision RV (EPRV) instruments in the Southern
Hemisphere, such as VLT/ESPRESSO (F. Pepe et al. 2021).
ESPRESSO observations of K dwarf HD 23472 (V=9.73)
reached a median uncertainty of only 38cms ' and were
capable of distinguishing the RV signals of two super-Earths
and three Earth-sized planets orbiting the star (S. C. C. Barros
et al. 2022). HD 101581 and HD 23472 are K5V and K4V
dwarfs, respectively, are both single stars, metal-poor ([Fe/H] =
—0.34 and —0.20), relatively inactive based on log Ry (—4.77
and —5.00), have low vsini (2.5 and 1.5km sfl), and have
similar rotation periods (~30 and ~44 days) which are several
times longer than the periods of their Earth-size planets.
Exposures of 600 s for K dwarf HD 85512 (V =7.65) were also
able to reach a photon-noise induced RV error of only 18 cm s~
with ESPRESSO (F. Pepe et al. 2021). Actual RV uncertainties
for HD 101581 will be affected by stellar jitter.
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Figure 10. Estimated TSM and ESM values (E. M. R. Kempton et al. 2018) for
known terrestrial planets (R, < 1.5 Rz) with TSM > 10, based on their
properties given in the NASA Exoplanet Archive Planetary Systems Composite
Data Table (NASA Exoplanet Archive 2024). Planets are colored by
equilibrium temperature assuming zero albedo. Sub-Earths (R, < 1 Ry) are
plotted with a black outline. The top right-hand box indicates the TSM/ESM
parameter space in which the planets lie. The planets orbiting HD 101581are
among the best sub-Earths for characterization with both transmission and
emission spectroscopy.

6.5.2. Atmospheric Characterization

We computed the transmission and emission spectroscopy
metrics (TSM and ESM; E. M. R. Kempton et al. 2018) for
each transiting planet to measure their suitability for atmo-
spheric characterization studies. We find TSM = 37.3, 32.8,
and 304 for HD 101581 b and c¢ and TOI-6276.03,
respectively, well above the TSM =10 threshold recom-
mended by E. M. R. Kempton et al. (2018) to identify
promising terrestrial planets (R, < 1.5Rg) for atmospheric
characterization. All three planets are among the top 15
terrestrial planets for atmospheric characterization with trans-
mission spectroscopy (Figure 10). The planets also have
ESM =5.5, 4.5, and 3.6, placing them among the top 10 sub-
Earths (R, <1R.) for characterization with emission
spectroscopy. Among other sub-Earths, HD 101581 b has the
third highest TSM after L98-59 b (V. B. Kostov et al. 2019)
and TOI-540 b (K. Ment et al. 2021), and the third highest
ESM after TOI-540 b and GJ 367 b (K. W. F. Lam et al. 2021).

While the planets’ small radii suggest that they are unlikely
to host light hydrogen-rich atmospheres (L. A. Rogers 2015),
they may host Venus-like or even hotter atmospheres
dominated by gases with high mean molecular weights
(MMWs). To assess the likelihood of atmosphenc retention,
we compare the planets against the empirical / o< v, “cosmic
shoreline,” where [/ is instellation flux and ve, is escape
velocity, that divides between planets likely and unlikely to
sustain an atmosphere (K. J. Zahnle & D. C. Catling 2017). All
three planets are on the airless side of the empirical cosmic
shoreline assuming star-like Fe/Si ratio (Figure 11), but may
cross the shoreline if their interior compositions are more iron-
rich. Note, however, that planets above the shoreline may still
possess atmospheres, as evidenced by the recent atmospheric
detection on 55 Cnc e (R. Hu et al. 2024).

To evaluate the prospect of atmospheric characterization, we
used pet i tRADTRANS (P. Molliere et al. 2019) to model two
possible atmospheric cases, namely a CO,-dominated, Venus-
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like atmosphere (96.5% CO, and 3.5% N,) and an
O,-dominated atmosphere (95% O, and 5% CO,). We adopted
a 10 bar surface pressure and temperature structure calculated
using the T. Guillot (2010) anal;/tlcal pressure-temperature
profile. We then used PandExo®’ and the JWST Exposure
Time Calculator*® to assess the observability of these spectra
with various spectroscopic modes. The star is too bright
(J=5.792, K=5.101) to be observed with NIRISS-SOSS
(0.6-2.8 um), and only narrow wavelength ranges would be
accessible using the SUBS512S subarray with NIRSpec-
G395H/F290LP (3.0-3.4 um and 4.2-4.5 ym), NIRSpec-
G235H/F170LP (1.8-2 um and 2.5-2.7 um), and NIRSpec-
G140H/F100LP (1.5-1.6 um) disperser-filter combinations.
However, NIRCam and MIRI-LRS are suitable for spectro-
scopic follow-up of very bright targets (e.g., 55 Cancri at
K=4.015mag; R. Hu et al. 2024).

For example, NIRCam observations using the SUB-
GRISM64 subarray with two groups would avoid saturation
and allow for observations with either the F322W2 filter
(2.5-4.2 ym) or F444W filter (3.8-5.0 um). Only one transit
observation in either filter would be sufficient to detect the
existence of an atmosphere for all three planets (Figure 12).
NIRCam will also support short wavelength grism time series
observations starting in Cycle 4, which can provide a coverage
of 0.6-5 ym when combined with the long wavelength grism.

7. Summary

We have statistically validated two transiting exoplanets
orbiting HD 101581 and strengthened the candidacy of a third
planet in the same system, all of which are remarkably uniform
in size, with R, = (0.95670.0%3, 0.99070070, 0.98270:458) R
for HD 101581 b, HD 101581c, and TOI-6276.03, respectively.
RV observations from AAT, PFS, and HARPS allow us to
place 30 upper limits on the planet masses of M,, < (3.6, 4.2,
3.60)M.

Their orbital periods, P = (4.466, 6.204, 7.871) days, place
the planets near a 4:3 MMR for planets b and c, and 5:4 MMR
for planet ¢ and planet candidate TOI-6276.03. However,
resonance analysis based on mass estimates from a mass—radius
relation (J. Chen & D. Kipping 2017) did not reveal evidence
that the orbital configuration is consistent with resonant
libration.

At V="7.77, HD 101581 is the brightest known star that hosts
multiple transiting planets with R, < 1.5 Ry, Given that all three
planets are among the top six sub-Earth-size planets by both
transmission and emission spectroscopy metrics, HD 101581 is
one of the best multiplanet systems for atmospheric character-
ization and comparative planetology of the small planets. Future
analysis using precise mass measurements from extreme
precision RV instruments may revisit the possible resonance of
the system, as well as the full confirmation of the planets and
planet candidate.
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Figure 11. Instellation flux as a function of planet escape velocity, in log—log
scale. Based on data from the NASA Exoplanet Archive (2024) downloaded on
2024 June 30. The empirical “cosmic shoreline” and the water vapor
greenhouse runaway threshold (K. J. Zahnle & D. C. Catling 2017) are shown
as cyan and yellow shaded regions, respectively. Planets are categorized into
terrestrial planets (magenta), sub-Neptunes (blue), Neptune-like planets
(green), and gas giants (yellow) based on radius, see legend. The red rectangles
represent escape velocities calculated based on HD 101581 planets’ mean
estimated masses assuming Hypatia Catalog metallicity. Because only radius,
but not mass, is known, we further plot light red regions covering all possible
interior compositions, ranging from pure iron to pure silicates. The heights of
the rectangles represent uncertainties in insolation.
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Figure 12. Expected transmission spectra for all three planets, assuming a
CO,-dominated, Venus-like atmosphere (black) or O,-dominated atmosphere
(gray) at 10 bar surface pressure. Simulated JWST/NIRCam long wavelength
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planets are among the top six sub-Earth-size planets for transmission
spectroscopy.
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Appendix

Priors used for our multiplanet transit model fits (Section 4)
are listed in Table A1, while the final distributions of all fit
parameters are shown in Figure Al.

Table Al
Priors Placed on all Transit Model Fit Parameters
Parameter Prior (TOI-6276.01) Prior (TOI-6276.02) Prior (TOI-6276.03) Description
Planet Parameters
P N(6.21, 0.621)* N(4.47, 0.447) N(7.87, 0.787) Orbital period (days)
To N(3017.103, 0.621) N(3014.859, 0.447) N(3018.560, 0.787) Transit epoch (BJD — 2457000)
R,/R. U, 0.5)* U, 0.5) U0, 0.5) Planet-to-star radius ratio
b Uuo, 1) UuQo, 1) UuQo, 1) Impact parameter
Photometric Parameters
Iz U(—1000, 1000) FFI flux offset (ppm)
o U(0, 1000) Flux jitter (ppm)
q1 u-1,1) Limb-darkening coefficient 1
q> u-1,1 Limb-darkening coefficient 2
Notes.

Y (u, 0): normal prior with mean 4 and standard deviation o.
U(a, b): uniform prior between a and b.
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Figure Al. Histograms of the distributions of all fit parameters from the three-planet transit model fit. The parameters fitted for TOI-6276.01 (HD 101581 c), TOI-
6276.02 (HD 101581 b), and TOI-6276.03 are shown in green, orange, and red, respectively.

ORCID iDs

Michelle Kunimoto © https: //orcid.org/0000-0001-9269-8060
Zifan Lin ® https: //orcid.org/0000-0003-0525-9647

Sarah Millholland ® https: //orcid.org/0000-0003-3130-2282
Alexander Venner © https: //orcid.org/0000-0002-8400-1646
Natalie R. Hinkel ® https: //orcid.org/0000-0003-0595-5132
Avi Shporer ® https: //orcid.org/0000-0002-1836-3120
Andrew Vanderburg © https: //orcid.org/0000-0001-
7246-5438

Jeremy Bailey ® https: //orcid.org /0000-0002-5726-7000
Rafael Brahm @ https: //orcid.org/0000-0002-9158-7315
Jennifer A. Burt ® https: //orcid.org /0000-0002-0040-6815
R. Paul Butler ® https: //orcid.org/0000-0003-1305-3761
Brad Carter ® https: //orcid.org /0000-0003-0035-8769
David R. Ciardi © https: //orcid.org/0000-0002-5741-3047
Karen A. Collins @ https: //orcid.org/0000-0001-6588-9574
Kevin L. Collins @ https: //orcid.org/0000-0003-2781-3207
Knicole D. Colén @ https: //orcid.org/0000-0001-8020-7121

17

Jeffrey D. Crane ® https: //orcid.org/0000-0002-5226-787X
Tansu Daylan @ https: //orcid.org/0000-0002-6939-9211
Matias R. Diaz © https: //orcid.org/0000-0002-2100-3257
Fabo Feng ©® https: //orcid.org/0000-0001-6039-0555

Eike W. Guenther © https: //orcid.org/0000-0002-9130-6747
Jonathan Horner ® https: //orcid.org,/0000-0002-1160-7970
Steve B. Howell © https: //orcid.org/0000-0002-2532-2853
Jan Janik @ https: //orcid.org/0000-0002-6384-0184

Petr Kabéth @ https: //orcid.org/0000-0002-1623-5352
Shubham Kanodia ® https: //orcid.org/0000-0001-8401-4300
Colin Littlefield ® https: //orcid.org/0000-0001-7746-5795
Hugh P. Osborn © https: //orcid.org/0000-0002-4047-4724
Simon O’Toole ® https: //orcid.org/0000-0003-2839-8527
Martin Paegert ® https: //orcid.org/0000-0001-8120-7457
Richard P. Schwarz ® https: //orcid.org,/0000-0001-8227-1020
Steve Shectman @ https: //orcid.org /0000-0002-8681-6136
Keivan G. Stassun © https: //orcid.org/0000-0002-3481-9052
Johanna K. Teske ® https: //orcid.org,/0009-0008-2801-5040
Joseph D. Twicken @ https: //orcid.org /0000-0002-6778-7552


https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0001-9269-8060
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-0525-9647
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0003-3130-2282
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0002-8400-1646
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0003-0595-5132
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0002-1836-3120
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-5726-7000
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0002-0040-6815
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-1305-3761
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0003-0035-8769
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0002-5741-3047
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0003-2781-3207
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0001-8020-7121
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-5226-787X
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-6939-9211
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0002-2100-3257
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0001-6039-0555
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-9130-6747
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-1160-7970
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-2532-2853
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-6384-0184
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0002-1623-5352
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0001-7746-5795
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0002-4047-4724
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0003-2839-8527
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8120-7457
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0001-8227-1020
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-8681-6136
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0000-0002-3481-9052
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0009-0008-2801-5040
https://orcid.org/0000-0002-6778-7552
https://orcid.org/0000-0002-6778-7552
https://orcid.org/0000-0002-6778-7552
https://orcid.org/0000-0002-6778-7552
https://orcid.org/0000-0002-6778-7552
https://orcid.org/0000-0002-6778-7552
https://orcid.org/0000-0002-6778-7552
https://orcid.org/0000-0002-6778-7552

THE ASTRONOMICAL JOURNAL, 169:47 (19pp), 2025 January

Sharon X. Wang @ https: //orcid.org/0000-0002-6937-9034
Robert A. Wittenmyer © https: //orcid.org/0000-0001-
9957-9304

Jon M. Jenkins @ https: //orcid.org/0000-0002-4715-9460
George R. Ricker @ https: //orcid.org/0000-0003-2058-6662
Sara Seager © https: //orcid.org/0000-0002-6892-6948
Joshua Winn @ https: //orcid.org/0000-0002-4265-047X

References

Adibekyan, V., Dorn, C., Sousa, S. G., et al. 2021, Sci, 374, 330

Agol, E., & Fabrycky, D. C. 2018, in Handbook of Exoplanets, ed. H., Deeg &
J., Belmonte (Cham: Springer), 7

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

Astropy Collaboration, Price-Whelan, A. M., Sip6cz, B. M., et al. 2018, AJ,
156, 123

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A,
558, A33

Baranne, A., Queloz, D., Mayor, M., et al. 1996, A&AS, 119, 373

Barros, S. C. C., Demangeon, O. D. S., Alibert, Y., et al. 2022, A&A,
665, A154

Borucki, W. J., Koch, D., Basri, G., et al. 2010, Sci, 327, 977

Bowler, B. P., Cochran, W. D., Endl, M., et al. 2021, AJ, 161, 106

Brahm, R., Jordén, A., & Espinoza, N. 2017a, PASP, 129, 034002

Brahm, R., Jorddn, A., Hartman, J., & Bakos, G. 2017b, MNRAS, 467, 971

Brandt, T. D. 2018, ApJS, 239, 31

Brandt, T. D. 2021, AplS, 254, 42

Brown, T. M., Baliber, N., Bianco, F. B., et al. 2013, PASP, 125, 1031

Burke, C. J., Levine, A., Fausnaugh, M., et al., 2020 TESS-Point: High
precision TESS pointing tool, Astrophysics Source Code Library,
ascl:2003.001

Butler, R. P., Marcy, G. W., Williams, E., et al. 1996, PASP, 108, 500

Castelli, F., & Kurucz, R. L. 2003, in IAU Symp. 210, Modelling of Stellar
Atmospheres, ed. N. Piskunov (San Francisco, CA: ASP)

Castro-Ginard, A., Penoyre, Z., Casey, A. R., et al. 2024, A&A, 688, Al

Chen, J., & Kipping, D. 2017, ApJ, 834, 17

Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102

Claytor, Z. R., van Saders, J. L., Llama, J., et al. 2022, ApJ, 927, 219

Claytor, Z. R., van Saders, J. L., Santos, A.~ R. G, et al. 2020, ApJ, 888, 43

Cloutier, R., Astudillo-Defru, N., Bonfils, X., et al. 2019, A&A, 629, Al111

Coelho, P., Barbuy, B., Meléndez, J., Schiavon, R. P., & Castilho, B. V. 2005,
A&A, 443, 735

Collins, K. A., Kielkopf, J. F., Stassun, K. G., & Hessman, F. V. 2017, AJ,
153, 77

Crane, J. D., Shectman, S. A., & Butler, R. P. 2006, Proc. SPIE, 6269, 626931

Crane, J. D., Shectman, S. A., Butler, R. P., et al. 2010, Proc. SPIE, 7735,
773553

Crane, J. D., Shectman, S. A., Butler, R. P., Thompson, I. B., & Burley, G. S.
2008, Proc. SPIE, 7014, 701479

Delisle, J. B. 2017, A&A, 605, A96

Demarque, P., Guenther, D. B., Li, L. H., Mazumdar, A., & Straka, C. W.
2008, Ap&SS, 316, 31

Diego, F., Charalambous, A., Fish, A. C., & Walker, D. D. 1990, Proc. SPIE,
1235, 562

Dotter, A. 2016, ApJS, 222, 8

Dotter, A., Chaboyer, B., Jevremovi¢, D., et al. 2008, ApJS, 178, 89

Dragomir, D., Teske, J., Giinther, M. N., et al. 2019, ApJL, 875, L7

Eastman, J. D., Rodriguez, J. E., Agol, E., et al. 2019, arXiv:1907.09480

Eggenberger, A., Udry, S., Chauvin, G., et al. 2007, A&A, 474, 273

Fellgett, P. 1955, AcOpt, 2, 9

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP,
125, 306

Foreman-Mackey, D., Savel, A., Luger, R., et al. 2021a, exoplanet-dev/
exoplanet v0.5.1

Foreman-Mackey, D., Luger, R., Agol, E., et al. 2021b, JOSS, 6, 3285

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016, A&A, 595, Al

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2021, A&A, 649, Al

Gandolfi, D., Barragén, O., Livingston, J. H., et al. 2018, A&A, 619, L10

Gelman, A., & Rubin, D. B. 1992, StaSc, 7, 457

Giacalone, S., Dressing, C. D., Jensen, E. L. N., et al. 2021, AJ, 161, 24

Gillon, M., Jehin, E., Lederer, S. M., et al. 2016, Natur, 533, 221

Goodman, J., & Weare, J. 2010, camcos, 5, 65

Gray, R. O., Corbally, C. J., Garrison, R. F., et al. 2006, AJ, 132, 161

Griffin, R. F. 1967, AplJ, 148, 465

18

Kunimoto et al.

Guerrero, N. M., Seager, S., Huang, C. X., et al. 2021, ApJS, 254, 39

Guillot, T. 2010, A&A, 520, A27

Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Natur, 585, 357

Hedges, C., Angus, R., Barentsen, G., et al. 2020, RNAAS, 4, 220

Hinkel, N. R., Timmes, F. X., Young, P. A., Pagano, M. D., & Turnbull, M. C.
2014, AJ, 148, 54

Hinkel, N. R., & Unterborn, C. T. 2018, ApJ, 853, 83

Hippke, M., David, T. J., Mulders, G. D., & Heller, R. 2019, AJ, 158, 143

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

Hord, B. J., Kempton, E. M. R., Evans-Soma, T. M., et al. 2024, AJ, 167, 233

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

Hu, R., Bello-Arufe, A., Zhang, M., et al. 2024, Natur, 630, 609

Huang, S., & Ormel, C. W. 2022, MNRAS, 511, 3814

Hunter, J. D. 2007, CSE, 9, 90

Husser, T. O., Wende-von Berg, S., Dreizler, S., et al. 2013, A&A, 553, A6

Jenkins, J. M. 2002, ApJ, 575, 493

Jenkins, J. M., Tenenbaum, P., Seader, S., et al. 2020,

Jenkins, J. M., Chandrasekaran, H., McCauliff, S. D., et al. 2010, Proc. SPIE,
7740, 77400D

Jenkins, J. M., Twicken, J. D., McCauliff, S., et al. 2016, Proc. SPIE, 9913,
99133E

Jenkins, J. S., Jones, H. R. A., Tinney, C. G., et al. 2006, MNRAS, 372, 163

Jensen, D., & Millholland, S. C. 2022, AJ, 164, 144

Jensen, E., 2013 Tapir: A web interface for transit/eclipse observability,
ascl:1306.007

Kempton, E. M. R., Bean, J. L., Louie, D. R., et al. 2018, PASP, 130, 114401

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

Kostov, V. B., Schlieder, J. E., Barclay, T., et al. 2019, AJ, 158, 32

Kumar, R., Carroll, C., Hartikainen, A., & Martin, O. A. 2019, JOSS, 4, 1143

Kiirster, M., Endl, M., Rouesnel, F., et al. 2003, A&A, 403, 1077

Lam, K. W. F., Csizmadia, S., Astudillo-Defru, N., et al. 2021, Sci, 374, 1271

Lavie, B., Bouchy, F., Lovis, C., et al. 2023, A&A, 673, A69

Li, J., Tenenbaum, P., Twicken, J. D., et al. 2019, PASP, 131, 024506

Lissauer, J. J., Ragozzine, D., Fabrycky, D. C., et al. 2011, ApJS, 197, 8

Lissauer, J. J., Marcy, G. W., Rowe, J. F., et al. 2012, ApJ, 750, 112

Lithwick, Y., Xie, J., & Wu, Y. 2012, ApJ, 761, 122

Luger, R., Agol, E., Foreman-Mackey, D., et al. 2019, AJ, 157, 64

Luque, R., Osborn, H. P., Leleu, A., et al. 2023, Natur, 623, 932

McKinney, M. 2010, in Proc. of the 9th Python in Science Conf. ed.
S. van der Walt & J. Millman (Austin TX: SciPy), 56

Mayor, M., Pepe, F., Queloz, D., et al. 2003, Msngr, 114, 20

McCully, C., Volgenau, N. H., Harbeck, D.-R., et al. 2018, Proc. SPIE, 10707,
107070K

Ment, K., Irwin, J., Charbonneau, D., et al. 2021, AJ, 161, 23

Millholland, S., Wang, S., & Laughlin, G. 2017, ApJL, 849, L33

Millholland, S., Laughlin, G., Teske, J., et al. 2018, AJ, 155, 106

Molliere, P., Wardenier, J. P., van Boekel, R, et al. 2019, A&A, 627, A67

Morton, T. D., 2015 Isochrones: Stellar model grid package, Astrophysics
Source Code Library, ascl:1503.010

NASA Exoplanet Archive 2024, Planetary Systems Composite Parameters,
v2024-04-16 01:06, NExScI-Caltech/IPAC, doi:10.26133 /NEA13

NExScI 2023, Exoplanet Follow-up Observing Program Web Service, IPAC,
doi:10.26134 /ExoFOP5

Noyes, R. W., Hartmann, L. W., Baliunas, S. L., Duncan, D. K., &
Vaughan, A. H. 1984, ApJ, 279, 763

Otegi, J. F., Helled, R., & Bouchy, F. 2022, A&A, 658, A107

Paegert, M., Stassun, K. G., Collins, K. A., et al. 2021, arXiv:2108.04778

Pepe, F., Cristiani, S., Rebolo, R., et al. 2021, A&A, 645, A96

Perdelwitz, V., Trifonov, T., Teklu, J. T., Sreenivas, K. R., & Tal-Or, L. 2024,
A&A, 683, A125

Perryman, M. A. C., Lindegren, L., Kovalevsky, J., et al. 1997, A&A, 500, 501

Petit, A. C., Pichierri, G., Davies, M. B., & Johansen, A. 2020, A&A, 641, A176

Pu, B., & Wu, Y. 2015, ApJ, 807, 44

Rein, H., & Liu, S. F. 2012, A&A, 537, A128

Rein, H., & Tamayo, D. 2015, MNRAS, 452, 376

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2015, JATIS, 1, 014003

Rogers, L. A. 2015, ApJ, 801, 41

Salvatier, J., Wiecki, T. V., & Fonnesbeck, C. 2016, Peer], 2, e55

Santos, N. C., Mayor, M., Naef, D., et al. 2000, A&A, 361, 265

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Scott, N. J., Howell, S. B., Gnilka, C. L., et al. 2021, FrASS, 8, 138

Seager, S., & Mallén-Ornelas, G. 2003, ApJ, 585, 1038

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Smith, J. C., Stumpe, M. C., Van Cleve, J. E., et al. 2012, PASP, 124, 1000

Soto, M. G., & Jenkins, J. S. 2018, A&A, 615, A76

Sousa, S. G., Santos, N. C., Mayor, M., et al. 2008, A&A, 487, 373


https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0002-6937-9034
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0002-4715-9460
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0003-2058-6662
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-6892-6948
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://orcid.org/0000-0002-4265-047X
https://doi.org/10.1126/science.abg8794
https://ui.adsabs.harvard.edu/abs/2021Sci...374..330A/abstract
https://ui.adsabs.harvard.edu/abs/2018haex.bookE...7A/abstract
https://doi.org/10.3847/1538-3881/ab4fee
https://ui.adsabs.harvard.edu/abs/2020AJ....159..123A/abstract
https://doi.org/10.3847/1538-3881/aabc4f
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://ui.adsabs.harvard.edu/abs/1996A&AS..119..373B/abstract
https://doi.org/10.1051/0004-6361/202244293
https://ui.adsabs.harvard.edu/abs/2022A&A...665A.154B/abstract
https://ui.adsabs.harvard.edu/abs/2022A&A...665A.154B/abstract
https://doi.org/10.1126/science.1185402
https://ui.adsabs.harvard.edu/abs/2010Sci...327..977B/abstract
https://doi.org/10.3847/1538-3881/abd243
https://ui.adsabs.harvard.edu/abs/2021AJ....161..106B/abstract
https://doi.org/10.1088/1538-3873/aa5455
https://ui.adsabs.harvard.edu/abs/2017PASP..129c4002B/abstract
https://doi.org/10.1093/mnras/stx144
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467..971B/abstract
https://doi.org/10.3847/1538-4365/aaec06
https://ui.adsabs.harvard.edu/abs/2018ApJS..239...31B/abstract
https://doi.org/10.3847/1538-4365/abf93c
https://ui.adsabs.harvard.edu/abs/2021ApJS..254...42B/abstract
https://doi.org/10.1086/673168
https://ui.adsabs.harvard.edu/abs/2013PASP..125.1031B/abstract
http://www.ascl.net/2003.001
https://doi.org/10.1086/133755
https://ui.adsabs.harvard.edu/abs/1996PASP..108..500B/abstract
https://ui.adsabs.harvard.edu/abs/2024A&A...688A...1C/abstract
https://doi.org/10.3847/1538-4357/834/1/17
https://ui.adsabs.harvard.edu/abs/2017ApJ...834...17C/abstract
https://doi.org/10.3847/0004-637X/823/2/102
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..102C/abstract
https://doi.org/10.3847/1538-4357/ac498f
https://ui.adsabs.harvard.edu/abs/2022ApJ...927..219C/abstract
https://doi.org/10.3847/1538-4357/ab5c24
https://ui.adsabs.harvard.edu/abs/2020ApJ...888...43C/abstract
https://doi.org/10.1051/0004-6361/201935957
https://ui.adsabs.harvard.edu/abs/2019A&A...629A.111C/abstract
https://doi.org/10.1051/0004-6361:20053511
https://ui.adsabs.harvard.edu/abs/2005A&A...443..735C/abstract
https://doi.org/10.3847/1538-3881/153/2/77
https://ui.adsabs.harvard.edu/abs/2017AJ....153...77C/abstract
https://ui.adsabs.harvard.edu/abs/2017AJ....153...77C/abstract
https://doi.org/10.1117/12.672339
https://ui.adsabs.harvard.edu/abs/2006SPIE.6269E..31C/abstract
https://doi.org/10.1117/12.857792
https://ui.adsabs.harvard.edu/abs/2010SPIE.7735E..53C/abstract
https://ui.adsabs.harvard.edu/abs/2010SPIE.7735E..53C/abstract
https://doi.org/10.1117/12.789637
https://ui.adsabs.harvard.edu/abs/2008SPIE.7014E..79C/abstract
https://doi.org/10.1051/0004-6361/201730857
https://ui.adsabs.harvard.edu/abs/2017A&A...605A..96D/abstract
https://doi.org/10.1007/s10509-007-9698-y
https://ui.adsabs.harvard.edu/abs/2008Ap&SS.316...31D/abstract
https://ui.adsabs.harvard.edu/abs/1990SPIE.1235..562D/abstract
https://ui.adsabs.harvard.edu/abs/1990SPIE.1235..562D/abstract
https://doi.org/10.3847/0067-0049/222/1/8
https://ui.adsabs.harvard.edu/abs/2016ApJS..222....8D/abstract
https://doi.org/10.1086/589654
https://ui.adsabs.harvard.edu/abs/2008ApJS..178...89D/abstract
https://doi.org/10.3847/2041-8213/ab12ed
https://ui.adsabs.harvard.edu/abs/2019ApJ...875L...7D/abstract
http://arxiv.org/abs/1907.09480
https://doi.org/10.1051/0004-6361:20077447
https://ui.adsabs.harvard.edu/abs/2007A&A...474..273E/abstract
https://doi.org/10.1080/713820996
https://ui.adsabs.harvard.edu/abs/1955AcOpt...2....9F/abstract
https://doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://doi.org/10.5281/zenodo.1998447
https://doi.org/10.5281/zenodo.1998447
https://doi.org/10.21105/joss.03285
https://ui.adsabs.harvard.edu/abs/2021JOSS....6.3285F/abstract
https://doi.org/10.1051/0004-6361/201629272
https://ui.adsabs.harvard.edu/abs/2016A&A...595A...1G/abstract
https://doi.org/10.1051/0004-6361/202039657
https://ui.adsabs.harvard.edu/abs/2021A&A...649A...1G/abstract
https://doi.org/10.1051/0004-6361/201834289
https://ui.adsabs.harvard.edu/abs/2018A&A...619L..10G/abstract
https://doi.org/10.1214/ss/1177011136
https://ui.adsabs.harvard.edu/abs/1992StaSc...7..457G/abstract
https://doi.org/10.3847/1538-3881/abc6af
https://ui.adsabs.harvard.edu/abs/2021AJ....161...24G/abstract
https://doi.org/10.1038/nature17448
https://ui.adsabs.harvard.edu/abs/2016Natur.533..221G/abstract
https://doi.org/10.2140/camcos.2010.5.65
https://ui.adsabs.harvard.edu/abs/2010CAMCS...5...65G/abstract
https://doi.org/10.1086/504637
https://ui.adsabs.harvard.edu/abs/2006AJ....132..161G/abstract
https://doi.org/10.1086/149168
https://ui.adsabs.harvard.edu/abs/1967ApJ...148..465G/abstract
https://doi.org/10.3847/1538-4365/abefe1
https://ui.adsabs.harvard.edu/abs/2021ApJS..254...39G/abstract
https://doi.org/10.1051/0004-6361/200913396
https://ui.adsabs.harvard.edu/abs/2010A&A...520A..27G/abstract
https://doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H/abstract
https://doi.org/10.3847/2515-5172/abd106
https://ui.adsabs.harvard.edu/abs/2020RNAAS...4..220H/abstract
https://doi.org/10.1088/0004-6256/148/3/54
https://ui.adsabs.harvard.edu/abs/2014AJ....148...54H/abstract
https://doi.org/10.3847/1538-4357/aaa5b4
https://ui.adsabs.harvard.edu/abs/2018ApJ...853...83H/abstract
https://doi.org/10.3847/1538-3881/ab3984
https://ui.adsabs.harvard.edu/abs/2019AJ....158..143H/abstract
https://doi.org/10.1051/0004-6361/201834672
https://ui.adsabs.harvard.edu/abs/2019A&A...623A..39H/abstract
https://doi.org/10.3847/1538-3881/ad3068
https://ui.adsabs.harvard.edu/abs/2024AJ....167..233H/abstract
https://doi.org/10.1088/0004-6256/142/1/19
https://ui.adsabs.harvard.edu/abs/2011AJ....142...19H/abstract
https://ui.adsabs.harvard.edu/abs/2011AJ....142...19H/abstract
https://doi.org/10.1038/s41586-024-07432-x
https://ui.adsabs.harvard.edu/abs/2024Natur.630..609H/abstract
https://doi.org/10.1093/mnras/stac288
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511.3814H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1051/0004-6361/201219058
https://ui.adsabs.harvard.edu/abs/2013A&A...553A...6H/abstract
https://doi.org/10.1086/341136
https://ui.adsabs.harvard.edu/abs/2002ApJ...575..493J/abstract
https://ui.adsabs.harvard.edu/abs/2010SPIE.7740E..0DJ/abstract
https://ui.adsabs.harvard.edu/abs/2010SPIE.7740E..0DJ/abstract
https://doi.org/10.1117/12.2233418
https://ui.adsabs.harvard.edu/abs/2016SPIE.9913E..3EJ/abstract
https://ui.adsabs.harvard.edu/abs/2016SPIE.9913E..3EJ/abstract
https://doi.org/10.1111/j.1365-2966.2006.10811.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372..163J/abstract
https://doi.org/10.3847/1538-3881/ac86c5
https://ui.adsabs.harvard.edu/abs/2022AJ....164..144J/abstract
http://www.ascl.net/1306.007
https://doi.org/10.1088/1538-3873/aadf6f
https://ui.adsabs.harvard.edu/abs/2018PASP..130k4401K/abstract
https://doi.org/10.1093/mnras/stt1435
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.2152K/abstract
https://doi.org/10.3847/1538-3881/ab2459
https://ui.adsabs.harvard.edu/abs/2019AJ....158...32K/abstract
https://doi.org/10.21105/joss.01143
https://ui.adsabs.harvard.edu/abs/2019JOSS....4.1143K/abstract
https://doi.org/10.1051/0004-6361:20030396
https://ui.adsabs.harvard.edu/abs/2003A&A...403.1077K/abstract
https://doi.org/10.1126/science.aay3253
https://ui.adsabs.harvard.edu/abs/2021Sci...374.1271L/abstract
https://doi.org/10.1051/0004-6361/202143007
https://ui.adsabs.harvard.edu/abs/2023A&A...673A..69L/abstract
https://doi.org/10.1088/1538-3873/aaf44d
https://ui.adsabs.harvard.edu/abs/2019PASP..131b4506L/abstract
https://doi.org/10.1088/0067-0049/197/1/8
https://ui.adsabs.harvard.edu/abs/2011ApJS..197....8L/abstract
https://doi.org/10.1088/0004-637X/750/2/112
https://ui.adsabs.harvard.edu/abs/2012ApJ...750..112L/abstract
https://doi.org/10.1088/0004-637X/761/2/122
https://ui.adsabs.harvard.edu/abs/2012ApJ...761..122L/abstract
https://doi.org/10.3847/1538-3881/aae8e5
https://ui.adsabs.harvard.edu/abs/2019AJ....157...64L/abstract
https://doi.org/10.1038/s41586-023-06692-3
https://ui.adsabs.harvard.edu/abs/2023Natur.623..932L/abstract
https://ui.adsabs.harvard.edu/abs/2003Msngr.114...20M/abstract
https://doi.org/10.1117/12.2314340
https://ui.adsabs.harvard.edu/abs/2018SPIE10707E..0KM/abstract
https://ui.adsabs.harvard.edu/abs/2018SPIE10707E..0KM/abstract
https://doi.org/10.3847/1538-3881/abbd91
https://ui.adsabs.harvard.edu/abs/2021AJ....161...23M/abstract
https://doi.org/10.3847/2041-8213/aa9714
https://ui.adsabs.harvard.edu/abs/2017ApJ...849L..33M/abstract
https://doi.org/10.3847/1538-3881/aaa894
https://ui.adsabs.harvard.edu/abs/2018AJ....155..106M/abstract
https://doi.org/10.1051/0004-6361/201935470
https://ui.adsabs.harvard.edu/abs/2019A&A...627A..67M/abstract
http://www.ascl.net/1503.010
https://doi.org/10.26133/NEA13
https://doi.org/10.26134/ExoFOP5
https://doi.org/10.1086/161945
https://ui.adsabs.harvard.edu/abs/1984ApJ...279..763N/abstract
https://doi.org/10.1051/0004-6361/202142110
https://ui.adsabs.harvard.edu/abs/2022A&A...658A.107O/abstract
http://arxiv.org/abs/2108.04778
https://doi.org/10.1051/0004-6361/202038306
https://ui.adsabs.harvard.edu/abs/2021A&A...645A..96P/abstract
https://doi.org/10.1051/0004-6361/202348263
https://ui.adsabs.harvard.edu/abs/2024A&A...683A.125P/abstract
https://ui.adsabs.harvard.edu/abs/2009A&A...500..501P/abstract
https://doi.org/10.1051/0004-6361/202038764
https://ui.adsabs.harvard.edu/abs/2020A&A...641A.176P/abstract
https://doi.org/10.1088/0004-637X/807/1/44
https://ui.adsabs.harvard.edu/abs/2015ApJ...807...44P/abstract
https://doi.org/10.1051/0004-6361/201118085
https://ui.adsabs.harvard.edu/abs/2012A&A...537A.128R/abstract
https://doi.org/10.1093/mnras/stv1257
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452..376R/abstract
https://doi.org/10.1117/1.JATIS.1.1.014003
https://ui.adsabs.harvard.edu/abs/2015JATIS...1a4003R/abstract
https://doi.org/10.1088/0004-637X/801/1/41
https://ui.adsabs.harvard.edu/abs/2015ApJ...801...41R/abstract
https://doi.org/10.7717/peerj-cs.55
https://ui.adsabs.harvard.edu/abs/2000A&A...361..265S/abstract
https://doi.org/10.1086/305772
https://ui.adsabs.harvard.edu/abs/1998ApJ...500..525S/abstract
https://doi.org/10.3389/fspas.2021.716560
https://ui.adsabs.harvard.edu/abs/2021FrASS...8..138S/abstract
https://doi.org/10.1086/346105
https://ui.adsabs.harvard.edu/abs/2003ApJ...585.1038S/abstract
https://doi.org/10.1086/498708
https://ui.adsabs.harvard.edu/abs/2006AJ....131.1163S/abstract
https://doi.org/10.1086/667697
https://ui.adsabs.harvard.edu/abs/2012PASP..124.1000S/abstract
https://doi.org/10.1051/0004-6361/201731533
https://ui.adsabs.harvard.edu/abs/2018A&A...615A..76S/abstract
https://doi.org/10.1051/0004-6361:200809698
https://ui.adsabs.harvard.edu/abs/2008A&A...487..373S/abstract

THE ASTRONOMICAL JOURNAL, 169:47 (19pp), 2025 January

Stassun, K. G., Collins, K. A., & Gaudi, B. S. 2017, AJ, 153, 136

Stassun, K. G., Corsaro, E., Pepper, J. A., & Gaudi, B. S. 2018, AJ, 155, 22

Stassun, K. G., & Torres, G. 2016, AJ, 152, 180

Stumpe, M. C., Smith, J. C., Catanzarite, J. H., et al. 2014, PASP, 126, 100

Stumpe, M. C., Smith, J. C., Van Cleve, J. E., et al. 2012, PASP, 124, 985

Sudrez Mascarefio, A., Rebolo, R., & Gonzdlez Hernandez, J. 1. 2016, A&A,
595, A12

Tamayo, D., Cranmer, M., Hadden, S., et al. 2020, PNAS, 117, 18194

Team, T. P. D. 2020, pandas-dev /pandas: Pandas, latest, Zenodo, doi:10.5281 /
zenodo.3509134

Theano Development Team 2016, arXiv:1605.02688

Thompson, S. E., Coughlin, J. L., Hoffman, K., et al. 2018, ApJS, 235, 38

Tinney, C. G., Butler, R. P., Marcy, G. W., et al. 2001, ApJ, 551, 507

Torres, G., Andersen, J., & Giménez, A. 2010, A&ARv, 18, 67

Trifonov, T., Rybizki, J., & Kiirster, M. 2019, A&A, 622, L7

Trifonov, T., Tal-Or, L., Zechmeister, M., et al. 2020, A&A, 636, A74

Twicken, J. D., Catanzarite, J. H., Clarke, B. D, et al. 2018, PASP, 130, 064502

19

Kunimoto et al.

Van Eylen, V., Albrecht, S., Huang, X., et al. 2019, AJ, 157, 61

van Leeuwen, F. 2007, A&A, 474, 653

Vanzi, L., Chacon, J., Helminiak, K. G., et al. 2012, MNRAS, 424, 2770

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261

Weiss, A., & Schlattl, H. 2008, Ap&SS, 316, 99

Weiss, L. M., Millholland, S. C., Petigura, E. A., et al. 2023, in ASP Conf. Ser.
534, Protostars and Planets VII, ed. S. Inutsuka et al. (San Francisco, CA:
ASP), 863

Weiss, L. M., Marcy, G. W, Petigura, E. A, et al. 2018, AJ, 155, 48

Wilson, O. C. 1978, ApJ, 226, 379

Wisdom, J., & Holman, M. 1991, AJ, 102, 1528

Wood, M. L., Mann, A. W., & Kraus, A. L. 2021, AJ, 162, 128

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868

Zacharias, N., Finch, C. T., Girard, T. M., et al. 2013, AJ, 145, 44

Zahnle, K. J., & Catling, D. C. 2017, ApJ, 843, 122

Zechmeister, M., & Kiirster, M. 2009, A&A, 496, 577

Zechmeister, M., Reiners, A., Amado, P. J., et al. 2018, A&A, 609, A12


https://doi.org/10.3847/1538-3881/aa5df3
https://ui.adsabs.harvard.edu/abs/2017AJ....153..136S/abstract
https://doi.org/10.3847/1538-3881/aa998a
https://ui.adsabs.harvard.edu/abs/2018AJ....155...22S/abstract
https://doi.org/10.3847/0004-6256/152/6/180
https://ui.adsabs.harvard.edu/abs/2016AJ....152..180S/abstract
https://doi.org/10.1086/674989
https://ui.adsabs.harvard.edu/abs/2014PASP..126..100S/abstract
https://doi.org/10.1086/667698
https://ui.adsabs.harvard.edu/abs/2012PASP..124..985S/abstract
https://doi.org/10.1051/0004-6361/201628586
https://ui.adsabs.harvard.edu/abs/2016A&A...595A..12S/abstract
https://ui.adsabs.harvard.edu/abs/2016A&A...595A..12S/abstract
https://doi.org/10.1073/pnas.2001258117
https://ui.adsabs.harvard.edu/abs/2020PNAS..11718194T/abstract
https://doi.org/10.5281/zenodo.3509134
https://doi.org/10.5281/zenodo.3509134
http://arxiv.org/abs/1605.02688
https://doi.org/10.3847/1538-4365/aab4f9
https://ui.adsabs.harvard.edu/abs/2018ApJS..235...38T/abstract
https://doi.org/10.1086/320097
https://ui.adsabs.harvard.edu/abs/2001ApJ...551..507T/abstract
https://doi.org/10.1007/s00159-009-0025-1
https://ui.adsabs.harvard.edu/abs/2010A&ARv..18...67T/abstract
https://doi.org/10.1051/0004-6361/201834817
https://ui.adsabs.harvard.edu/abs/2019A&A...622L...7T/abstract
https://doi.org/10.1051/0004-6361/201936686
https://ui.adsabs.harvard.edu/abs/2020A&A...636A..74T/abstract
https://doi.org/10.1088/1538-3873/aab694
https://ui.adsabs.harvard.edu/abs/2018PASP..130f4502T/abstract
https://doi.org/10.3847/1538-3881/aaf22f
https://ui.adsabs.harvard.edu/abs/2019AJ....157...61V/abstract
https://doi.org/10.1051/0004-6361:20078357
https://ui.adsabs.harvard.edu/abs/2007A&A...474..653V/abstract
https://doi.org/10.1111/j.1365-2966.2012.21382.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424.2770V/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://doi.org/10.1007/s10509-007-9606-5
https://ui.adsabs.harvard.edu/abs/2008Ap&SS.316...99W/abstract
https://ui.adsabs.harvard.edu/abs/2023ASPC..534..863W/abstract
https://doi.org/10.3847/1538-3881/aa9ff6
https://ui.adsabs.harvard.edu/abs/2018AJ....155...48W/abstract
https://doi.org/10.1086/156618
https://ui.adsabs.harvard.edu/abs/1978ApJ...226..379W/abstract
https://doi.org/10.1086/115978
https://ui.adsabs.harvard.edu/abs/1991AJ....102.1528W/abstract
https://doi.org/10.3847/1538-3881/ac0ae9
https://ui.adsabs.harvard.edu/abs/2021AJ....162..128W/abstract
https://doi.org/10.1088/0004-6256/140/6/1868
https://ui.adsabs.harvard.edu/abs/2010AJ....140.1868W/abstract
https://doi.org/10.1088/0004-6256/145/2/44
https://ui.adsabs.harvard.edu/abs/2013AJ....145...44Z/abstract
https://doi.org/10.3847/1538-4357/aa7846
https://ui.adsabs.harvard.edu/abs/2017ApJ...843..122Z/abstract
https://doi.org/10.1051/0004-6361:200811296
https://ui.adsabs.harvard.edu/abs/2009A&A...496..577Z/abstract
https://doi.org/10.1051/0004-6361/201731483
https://ui.adsabs.harvard.edu/abs/2018A&A...609A..12Z/abstract

	1. Introduction
	2. Observations
	2.1. Transiting Exoplanet Survey Satellite
	2.2. Ground-based Photometry
	2.3. High-resolution Imaging
	2.4. High-resolution Spectroscopy
	2.4.1. La Silla/PUCHEROS+
	2.4.2. Magellan II/PFS
	2.4.3. AAT/UCLES
	2.4.4. La Silla/HARPS

	2.5. Astrometry
	2.6. Archival Images

	3. Stellar Parameters
	3.1. Stellar Abundances
	3.2. Spectral Characterization
	3.3. Spectral Energy Distribution Analysis
	3.4. Isochrones Analysis
	3.5. Stellar Activity and Rotation

	4. Planet Parameters
	5. Statistical Validation
	5.1. TOI-6276 is Not an Eclipsing Binary System
	5.2. TOI-6276 is Not a Nearby or Background Eclipsing System
	5.3. TOI-6276 is Not a Hierarchical Triple
	5.4. False Positive Probabilities

	6. Discussion
	6.1. Planet Mass, Radius, and Mean-motion Resonance
	6.2. Transit Timing Variations
	6.3. Resonance Analysis
	6.4. Dynamical Stability
	6.5. Potential for Follow-Up
	6.5.1. Radial Velocity Observations
	6.5.2. Atmospheric Characterization


	7. Summary
	Appendix
	References



