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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). The system consists of at least two Earth-size plan-
ets whose orbits are near a mutual 4:3 mean-motion resonance, HD 101581 b (R, = 0.95670 003 Rg,
P = 4.47 days) and HD 101581 ¢ (R, = 0.99075-97%0 Ry, P = 6.21 days). Both planets were discov-
ered in Sectors 63 and 64 TESS observations and statistically validated with supporting ground-based
follow-up. We also identify a signal that probably originates from a third transiting planet, TOI-
6276.03 (R, = 0.9821“8:(1)51,3 Rg, 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 multi-planet systems. At V = 7.77, HD 101581 is the brightest star known to host
multiple transiting planets smaller than 1.5 Rg. HD 101581 is a promising system for atmospheric
characterization and comparative planetology of small planets.

Keywords: Exoplanet Systems (484) — Exoplanet Dynamics (490) — Exoplanets (498) — Transit

Photometry (1709)

1. INTRODUCTION

Multi-planet systems (“multis”) represent invaluable
laboratories for advancing our understanding of plane-
tary formation, dynamics, and evolution. The presence
of multiple planets within a system enables direct com-
parative planetology because the planets formed within
the same protoplanetary disk and evolved around the
same host star (e.g., Millholland et al. 2017; 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 archi-
tectures (e.g., Lissauer et al. 2011; Delisle 2017; Petit
et al. 2020).

The Kepler mission (Borucki et al. 2010) revolution-
ized our study of multi-planet systems by finding nearly
800 stars that host at least two exoplanets (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 (Weiss et al. 2018).
The similarity in size appears to be a common outcome
of planet formation, further supported by the finding
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that planets in the same system also tend to have similar
masses (Millholland et al. 2017). Correlations between
planet size and planet spacing also suggest that dynam-
ics play a key role in shaping final system architectures
(e.g., Huang & Ormel 2022; Luque et al. 2023).

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

1 Based on the TESS Object of Interest catalogue on ExoFOP

(NExScI 2023), accessed 2024 August 1.



We present the detection and statistical validation of
a new multi-planetary 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 (Lavie et al. 2023), L 98-59 (Cloutier
et al. 2019), and TRAPPIST-1 (Gillon et al. 2016), and
is the brightest of all such systems in the optical band
(by AV > 2.82) discovered so far.

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 pho-
tometry, high-resolution imaging, and high-resolution
spectroscopy. Section 3 provides information about the
host star, while Section 4 details the planetary system
parameters. In Section 5, we consider various false pos-
itive 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 radial ve-
locity mass measurements and atmospheric characteri-
zation via transmission and emission spectroscopy. Sec-
tion 7 summarizes our results and presents our conclu-
sions.

2. OBSERVATIONS
2.1. Transiting Exoplanet Survey Satellite

The Transiting Exoplanet Survey Satellite (TESS;
Ricker et al. 2015) observed HD 101581 (TIC 397362481)
in Sectors 63 (2023 March 10 - April 06, Camera 2 CCD
3) and 64 (2023 April 06 - May 04, Camera 2 CCD 4) at
a cadence of 2 minutes, totalling 55 days of observations.
The data were processed in the TESS Science Process-
ing Operations Center (SPOC; Jenkins et al. 2016) at
NASA Ames Research Center. The SPOC conducted
a transit search with an adaptive, noise-compensating
matched filter (Jenkins 2002; 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 (Twicken et al. 2018; Li et al.
2019). These signals were reported as TESS Objects of
Interest (TOIs; Guerrero 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 01.

For our analysis, we downloaded the SPOC Sector
63 and 64 light curves from the Mikulski Archive for
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Space Telescopes (MAST).? We used the Presearch Data
Conditioning Simple Aperture Photometry (PDCSAP;
Smith et al. 2012; Stumpe et al. 2012, 2014) light curves
with all data points with a nonzero quality flag re-
moved, and further removed low-frequency trends using
the biweight time-windowed slider implemented in the
wotan Python package (Hippke et al. 2019) with a win-
dow of 0.5 days. Because detrending can distort transit
shapes, we set the detrending algorithm to ignore ca-
dences within one transit duration of the transit mid-
points 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 multi-sector light curve using Transit Least
Squares (TLS; Hippke & 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 Ob-
servatory global telescope network (LCOGT; Brown
et al. 2013). Images were calibrated using the stan-
dard LCOGT BANZAI pipeline (McCully et al. 2018),
and photometric data were extracted with AstroImageJ
(Collins et al. 2017). All time series are available on the
Exoplanet Follow-up Observing Program website® (Ex-
oFOP; NExScI 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 at-
tempted on 2023 May 27 by the 1m telescope at the
Cerro Tololo Inter-American Observatory, which uses a
4096 x 4096 pixel SINISTRO camera with a pixel scale
of 0.389"px~!. 164 images in the 2z’ band were taken
over 243 minutes. The field out to 2.5" was cleared of
NEBs using aperture radii between 5 and 9 px (1.9 -
3.5”). The inner and outer radii of the sky annuli were
20 and 35 px, respectively.

2 https://mast.stsci.edu
3 https://exofop.ipac.caltech.edu
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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 7.9

Table 1. Initial ephemerides and signal-to-noise ratios (SNR) of the three candidates transiting HD 101581, based on a TLS
search of the combined Sector 63 and 64 TESS light curves. Transit epochs are given as the Barycentric Julian Date (BJD)
offset by 2457000 days, also known as the Barycentric TESS Julian Date.
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Figure 1. SPOC PDCSAP light curve for TOI-6276 from Sectors 63 and 64 before detrending (top) and after detrending (bot-
tom) 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.

Observations of full transits of TOI-6276.02 were at-
tempted on 2023 May 03 and 2024 March 15 by the 1m
telescope at the South African Astronomical Observa-
tory, which also uses a SINISTRO camera. On the first
night, 260 images in the 2z’ 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 (1.9 -
5.1"), with the inner and outer radii of the sky annu-
lus chosen to be 22 and 33 px. On the second night,
232 images in the 2’ 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.

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, re-
sulting in under-estimated planet radii. All reduced
data are available on ExoFOP.

TOI-6276 was observed on 2005 May 07 as part of a
VLT/NACO AO survey to search for stellar compan-
ions of planet-hosting stars (Eggenberger et al. 2007),
with the star included as part of a control sample of
stars without known planets. The high-resolution im-
ages were taken at 2.0831 pum with a pixel scale of
0.027"px~! and estimated PSF of 0.08”. We also ob-
tained speckle images taken with the Zorro instrument
on the 8m Gemini-South telescope (Scott et al. 2021)
on 2023 June 30. The high-resolution images were col-
lected 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 out-
lined in Howell et al. (2011). To within the angular and
magnitude limits achieved by the observations, no stellar
companions were detected within the sensitivity limits
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Figure 2. Contrast curves and high-resolution images from
archival VLT/NACO AO observations (top) and Gemini-
S/Zorro speckle observations (bottom). No stellar compan-
ions were detected in any observations.

of VLT/NACO (Am = 7.0 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 radial veloc-
ity (RV) measurements through TFOP Subgroup 2 to
search for evidence of the target star being a spectro-
scopic binary or having a stellar-mass companion based
on large RV variations. The full list of derived RVs are
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 Reso-
lution Optical Spectrograph (PUCHEROS+, based on
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 ~

4 https://stel.asu.cas.cz/plato/
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18000 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 (Brahm et al. 2017a), which extracts
1D, order-by-order spectra from the raw images, gen-
erates the corresponding wavelength solutions, corrects
for instrumental drifts, and then computes both the RV
shift and the bisector span of the cross correlation func-
tion used to measure the RV. The radial velocities were
computed with the cross-correlation technique by using
a binary mask (Baranne et al. 1996; Fellgett 1955; Grif-
fin 1967).

2.4.2. Magellan II/PFS

HD 101581 was observed between 2011 April and 2023
June as part of the Magellan Exoplanet Long Term Sur-
vey (LTS), which is carried out on the 6.5-m Magellan 1T
Telescope at Las Campanas Observatory in Chile using
the Carnegie Planet Finder Spectrograph (PFS; Crane
et al. 2006, 2008, 2010). PFS is a high-resolution op-
tical echelle spectrograph with a total wavelength cov-
erage 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 1.05 m s~! from before PFS un-
derwent an upgrade in 2018 February, and 30 RVs with
a mean uncertainty of 0.93 m s~! afterwards. RVs were
extracted following the technique described by Butler
et al. (1996). Given that the planets have expected RV
semi-amplitudes of K ~ 0.4 m s~! (§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 (top panel of Figure 3) is an important indi-
cator that HD 101581 lacks stellar-mass and high-mass
planetary companions (§5.1).

The PFS spectral wavelength range covers the Ca II H
& K lines, enabling measurements of S-indices to mon-
itor stellar activity. S-indices are correlated with spot
activity on the stellar surface (e.g., 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
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
(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; Diego
et al. 1990). UCLES is a high-resolution echelle spectro-
graph covering 482 — 855 nm, limited to 500 — 620 nm for
RV derivation using an iodine cell. We obtained 79 RVs
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Instrument Time RV RV error | S-index
(BJD - 2450000) | (ms™') | (ms™')
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 2.23 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 2.3 -
2452.92427 3.75 2.24 -
2452.93193 0.23 2.0 -
2454.89403 3.38 2.04 -
2454.90169 -5.5 2.17 -
HARPS 3015.86777 0.529 0.983 -
3016.86072 -0.086 0.908 -
3759.82147 4.517 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 -

Table 2. Radial velocity measurements from the Magellan II/PFS, AAT/UCLES, La Silla/HARPS, and La Silla/PUCHEROS+
instruments. 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.
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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 s~*). While the expected RV semi-amplitudes of the three planets are too small to be resolved
(<04 m sfl), the observations do not feature large RV variations corresponding to stellar-mass companions.



with a mean uncertainty of 2.95 m s~!, 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; Mayor et al. 2003) on the ESO 3.6-
m telescope at La Silla Observatory as part of the
HARPS GTO planet search program (Sousa et al. 2008).
HARPS is a high-resolution echelle spectrograph cover-
ing 380 — 690 nm. We obtained 6 RVs with a mean
uncertainty of 0.93 m s~! through the RVBank archive
(Trifonov et al. 2020). The adopted values correspond
to RVs extracted from spectra by the SpEctrum Ra-
dial Velocity AnaLyser (SERVAL) pipeline (Zechmeister
et al. 2018) and corrected for systematic effects includ-
ing barycentric Earth radial velocity, secular accelera-
tion of the RV (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 (Perryman et al. 1997; van Leeuwen 2007; Gaia
Collaboration et al. 2016). We use the cross-calibrated
Hipparcos-Gaia proper motion data from Brandt (2018,
2021) to place limits on long-term tangential motion of
the star. No evidence of astrometric acceleration is de-
tected above the level of precision (sky-projected veloc-
ity 0Gaia = 0.02 mas yr~! ~ 1.2 m s™!), suggesting that
any companions must be very long period or compara-
tively light (e.g. 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,?
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).

3. STELLAR PARAMETERS

HD 101581 is a K4.5V dwarf (Gray et al. 2006) and
is listed in the TICv8.2 (Paegert et al. 2021) as TIC

5 https://irsa.ipac.caltech.edu/applications/finderchart
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397362481 with radius R, = 0.631 + 0.054 Ry, mass
M, = 0.740 £+ 0.087 M), effective temperature Tog =
4634 + 143 K, and surface gravity logg (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®
(Hinkel et al. 2014). The data were compiled from four
individual literature sources, where their values were
renormalized to the same Solar scale so that the results
were on the same baseline. When multiple sources deter-
mined the same elements within HD 101581, the median
value was used and half of the range or spread in mea-
surements 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 elements with respect to
the Sun — including a-elements, odd-Z, iron-peak, be-
yond the iron-peak, and neutron-capture. Given that
the planets are all Earth-size, we convert to molar ra-
tios 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., Hinkel & Unterborn 2018).

In addition, stellar parameters were compiled via lit-
erature sources found within the Hypatia Catalog, since
the determination of stellar abundances requires mod-
eling the stellar atmosphere. The compiled Tog =
4646 £ 82 K, logg = 4.46 £0.29, R, = 0.64 £ 0.01 R,
M, = 0.71 £ 0.04 My agree with the TICv8.2 deter-
mined values to within the reported uncertainties.

3.2. Spectral Characterization

We used multiple methods to measure stellar at-
mospheric parameters from the PUCHEROS+ spec-
tra. First, the CERES pipeline performs an estima-
tion of the stellar atmospheric parameters by cross-
correlating each spectrum with a grid of synthetic mod-
els adapted from Coelho et al. (2005). Averaging over
the 14 PUCHEROS+ spectra gives Teg = 4590 £ 150
K, logg = 4.1 £ 0.5, and metallicity of [Fe/H] = —0.5
dex. We further analyzed the co-added spectra using the
ZASPE code (Brahm et al. 2017b), which compares the
spectra to a grid of synthetic models generated from the
ATLAS9 model atmospheres (Castelli & Kurucz 2003),
to find Teg = 4743 + 100 K, logg = 4.19 4+ 0.30, and
[Fe/H] = —0.47 £ 0.05 dex. The PUCHEROS+ spectra
also constrain the stellar projected rotation velocity to

6 All abundance measurements can be found online at www.

hypatiacatalog.com.
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Figure 4. The field within 60" of HD 101581 in blue (far left), infrared (center left), and red (center right) filters from the
SERC and AAO-SES Surveys, and from LCO/CTIO observations taken shortly after the end of the TESS observations in 2023
(right). 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 of each panel.

HD 101581 has moved ~ 32" between 1977 and 2023.

vsini < 10 km s~!, with measurements of lower vsin+

limited by the resolution of the spectrograph.

Perdelwitz et al. (2024) used the SPECIES codebase
(Soto & Jenkins 2018) to extract parameters from the
archival HARPS spectra for 3612 stars including HD
101581, finding Teg = 4709 £+ 62 K, logg = 4.11 £ 0.13,
[Fe/H] = —0.58 + 0.05 dex, and vsini = 2.47 £+ 0.30
km s~!'. The T.g and logg values from the Hypa-
tia, PUCHEROS+, and HARPS results all agree within
1o, while the HARPS-based measurement of metallicity
is slightly lower (1.60) than that from PUCHEROS+.
Both analyses conclude that HD 101581 is a metal-poor
star.

3.3. SED 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 empiri-
cal measurement of the stellar radius (Stassun & Tor-
res 2016; Stassun et al. 2017, 2018). We extracted the
JH Kg magnitudes from 2MASS, the W1-W4 magni-
tudes 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 pum
(see Figure 5).

We performed a fit using PHOENIX stellar atmo-
sphere models (Husser et al. 2013), adopting from the
Hypatia analysis the effective temperature (Teg), metal-
licity ([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 Schlegel et al.
(1998). The resulting fit (Figure 5) has Ay = 0.06+0.03,
with a reduced x? of 1.0. Integrating the (unreddened)
model SED gives the bolometric flux at Earth, Fpo =
3.599 4 0.012 x 1078 erg s~! cm™2. Taking the Fq
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Figure 5. Spectral energy distribution 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 grey swathe in
the inset figure.

together with the Gaia parallax directly gives the bolo-
metric luminosity, Lyo = 0.18332 £ 0.00059 L. The
Stefan-Boltzmann relation then gives the stellar radius,
R, = 0.662 + 0.023 Rg. In addition, we estimated the
stellar mass using the empirical relations of Torres et al.
(2010), giving M, = 0.64 £0.04 Mg.

3.4. Isochrones Analysis

To derive a self-consistent set of physical parame-
ters for the host star, we fit the observed properties of
HD 101581 to MIST evolutionary models (Dotter 2016;
Choi et al. 2016) using the stellar model grid package
isochrones (Morton 2015). We defined a single-star
model using parallax from Gaia DR3, observed magni-
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Table 3. Stellar Parameters for HD 101581 (TOI-6276). The parameters from our isochrones analysis (§3.4) were adopted for
deriving planetary parameters (§4).

Parameter | Value ‘ Description Source
TIC Parameters
ID 397362481 TESS Input Catalog ID TICv8.2 (Paegert et al. 2021)
Tog 4634 + 143 Effective temperature (K) TICv8.2
logg 4.71 £0.11 Surface gravity (cgs) TICv8.2
R. 0.631 £ 0.054 Stellar radius (Re) TICv8.2
M, 0.740 £+ 0.087 Stellar mass (M) TICv8.2
[Fe/H] —0.505 £ 0.027 Metallicity (dex) TICv8.2
Astrometric Parameters
a 11:41:01.482 Right ascension (J2000, epoch 2016) Gaia DR3 (Gaia Collaboration et al. 2016, 2021)
0 -44:24:14.81 Declination (J2000, epoch 2016) Gaia DR3
@ 78.2268 £ 0.0182 Parallax (mas) Gaia DR3
Lo —660.634 4+ 0.016 Proper motion right ascension (mas yrfl) Gaia DR3
s 242.096 £ 0.013 Proper motion declination (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 (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
Gp 7.979 4+ 0.003 Gpp band magnitude (mag) Gaia DR3
GRrp 6.666 £ 0.004 Grp band magnitude (mag) Gaia DR3
J 5.792 +0.021 J band magnitude (mag) 2MASS (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 (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 (Hinkel et al. 2014) (§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] —0.43+0.15 Ball abundance Hypatia Catalog
[Eull/H] —0.08 +0.10 Eull abundance Hypatia Catalog
vsing 2.47 +0.30 Projected rotational velocity (km s™*') HARPS spectral classification (§3.2)
Fool 3.599 + 0.012 x 10~® | Bolometric flux (erg s™' cm™?) SED analysis (§3.3)
Toqr 4675 £ 53 Effective temperature (K) Isochrones analysis (§3.4)
logg 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 (Rg) Isochrones analysis
M, 0.653 £ 0.028 Stellar mass (M) Isochrones analysis
T 6.88 +4.27 Stellar age (Gyr) Isochrones analysis
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tudes (JH K, GGppGrp, W1-W3), and T and [Fe/H]
from the Hypatia literature analysis. Following the con-
vention of Eastman et al. (2019), we inflated the Gaia
magnitude uncertainties to 0.02.

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 (Foreman-
Mackey et al. 2013; Goodman & Weare 2010) 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 1,000 steps
were discarded as burn-in. Based on the isochrones
fit, HD 101581 is an old, metal-poor K-dwarf (age =
6.8843.74 Gyr, [Fe/H] = —0.344+0.059, T = 4675453
K, logg (cgs) = 4.654 £ 0.012) with mass M, = 0.653 +
0.015 Mg and radius R, = 0.630 £ 0.005 Rg.

The above uncertainties are under-estimated because
they do not take into account differences in assump-
tions between different stellar grid models. We used the
kiauhoku package (Claytor et al. 2020) to estimate the
properties of HD 101581 based on interpolating effec-
tive temperature, luminosity, and metallicity to stellar
grid models from YREC (Demarque et al. 2008), MIST,
DSEP (Dotter et al. 2008), and GARSTEC (Weiss &
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 sys-
tematic 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 pa-
per.

3.5. Stellar Activity and Rotation

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

We independently estimated log Ry, from the S-
index and B — V color of the star following the method
outlined by 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 (Zacharias et al. 2013),
we found log R, = —4.85. The overall average of all
three values, log Ry, = —4.77, suggests a stellar rota-
tion period of P ~ 30 days based on the relationship
for K stars provided by Suérez Mascareto et al. (2016),
which is much longer than all of the planet periods. A
~ 30-day rotation signal may be visible in the PDCSAP

0.6 { PFS RVs

0.2

0.0 -JIENTE H.J.ALL A..Jilun“h.llul

0.6 PFS S-index

0.0 1 al. _‘.NL\LA‘.LLAJ[UA -
102 103
Period (days)

Figure 6. GLS periodograms of the RVs and S-indices mea-
sured by PFS. The horizontal lines mark 1% (dotted line) and
0.1% (dash-dotted line) false alarm probability 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 Pt ~ 30-day rotation period estimated through relation
to the chromospheric emission parameter log Ry = —4.77.

light curve (Figure 1), but measuring rotation periods
longer than ~ 13 days using TESS is challenging due
to the telescope orbit (e.g. Hedges et al. 2020; Claytor
et al. 2022).

We also produced generalized Lomb-Scargle (GLS) pe-
riodograms (Zechmeister & 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 tran-
sit model to the detrended multi-sector light curve us-
ing exoplanet (Foreman-Mackey et al. 2021). We as-
sumed circular Keplerian orbits and parameterized the
transit model by orbital period (P), transit epoch (Tp),
planet-to-star radius ratio (R,/R,), and impact param-
eter (b), with stellar radius and mass fixed to the me-
dian isochrones-fitted values (R, = 0.630 Rg, M, =
0.653 M. We adopted a quadratic limb-darkening law
parameterized by ¢1, g2 from Kipping (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 A1l. We sampled four chains for 2000 tuning steps
and 2000 draw steps each, which converged according to
the Gelman-Rubin convergence statistic for each param-
eter satisfying # < 1.01 (Gelman & Rubin 1992). The
corresponding posterior parameters are summarised in



Table 4, with stellar parameter uncertainties from the
isochrones results propagated through the uncertain-
ties 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, ~ 1 Rg) in co-
planar orbits (i ~ 88°).

We also ran an alternative fit letting the orbital ec-
centricity (e) and argument of pericenter (w) for each
planet vary. We used the distribution from Van Eylen
et al. (2019), appropriate for multi-planet systems, for
the eccentricity prior. The argument of pericenter was
constrained to the range —7 to 7, and the sampling was
performed in two-dimensional vector space (y/esinw,
Ve cosw) to avoid the sampler seeing a discontinuity at
values of m. The results were consistent with the circu-
lar fit, 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 preci-
sion RV data (AAT, PFS, HARPS) in order to quan-
tify upper limits on the masses of the three transit-
ing planet candidates. We model the RV signals as-
suming zero eccentricity and enforcing Gaussian pri-
ors on P and Ty based on the values in Table 4 for
each companion. In order of increasing orbital period,
we place upper limits on the RV semi-amplitudes of
K < (1.9,2.0,1.5) m s~! and constraints on the plane-
tary masses of M, < (3.6,4.2,3.6) Mg at 30 confidence.
At this level of precision, the limits on planetary densi-
ties are not probative (p < 20 g cm™3). Thus, despite
the substantial amount of observations, the RV signals of
the transiting planet candidates remain below our cur-
rent detection limits.

5. STATISTICAL VALIDATION

Lacking planet masses, we attempt to statistically val-
idate the TOIs by ruling out possible false positive sce-
narios 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 101581 are caused by an eclips-
ing stellar companion. We begin by using the MOLUSC
framework (Wood et al. 2021) to constrain the range of
unseen stellar companions that could produce the ob-
served transits by simulating a large number of possible
companions and eliminating those that should have been
detected by Gaia in astrometry, high-resolution imag-
ing, and/or RVs. We generated one million compan-
ions to TOI-6276 with orbital inclinations forced to be
consistent with an eclipsing system and compared each
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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 quadra-
ture 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.
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Parameter TOI-6276.01 TOI-6276.02
HD 101581 ¢ HD 101581 b

TOI-6276.03 Description

Planet Parameters
P 6.2040110:00051  4.4656970 0003  7.870810001% | Orbital period (days)
Ty 3017.11415:052%  3014.84961 00555 3018.5696 10007, | Transit epoch (BJD - 2457000)
R,/R. 0.0144715-9007 0.013979-0008 0.0143%7:0012 Planet-to-star radius ratio
b 0.71375:932 0.61615535 0.85415-028 Impact parameter
Derived Parameters
R, 0.99010 979 0.95619 053 0.98270 os Planet radius (Rg)
i 87.931512 87.7819-57 87.88791% Inclination angle (°)
Taur 1.7675°15 1771518 1.45%519 Transit duration® (hrs)
a 0.057370 5059 0.04675:0507 0.0671755%) | Semi-major axis (AU)
S 52t§ 80t§ 381‘?l Instellation flux (Sg)
Teq TATT2Y 834123 690713 Equilibrium temperature® (K)
Photometric Parameters
u —474 Flux offset (ppm)
o 14374 Flux jitter (ppm)
Ul 0.91f8:§3 Limb-darkening coefficient 1
U9 70.14J_r8‘_25 Limb-darkening coefficient 2

From first to last contact

b Assuming albedo = 0

Table 4. Fitted transit model and planet parameters for the three candidates orbiting HD 101581.

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 Mg). Companions with P < 200 days, in-
cluding those at all the transiting planet periods, were
entirely ruled out.

We can significantly improve on these limits by in-
corporating constraints from the long-term observa-
tions with precision RVs and Hipparcos-Gaia astrometry
(Brandt 2018, 2021). Across >20 years of observation
both RVs and astrometry are constant at the level of
a few m s™!, ruling out companions with orbital pe-
riods below P < 8000 d down to Jupiter-like masses.
We further attempt to fit linear acceleration terms to
these observations, and measure values consistent with

dRV

zero at high precision: ;- = —0.054+0.12 m s~ yr 1,

o = _0.17+£0.15m s yr~!, and % = —0.06+0.14
m s~ ! yr~!. The absence of any significant accelerations
argues against the presence of stellar-mass companions.

As this contemporaneously constrains the motion of
the star in both radial and tangential directions, we may
extrapolate to make mass constraints at wider separa-
tions. The expression for companion mass M (in Mg)

as a function of velocity change is

TV 2
M =5.342 x 107° x d2><p2><<d V) X

dt
ARV \ 2 N dTV \?
dt dt

where d is the stellar distance in parsecs, p is the pro-
jected separation in arcseconds, and TV represents the
tangential velocity = /p2 + p2 (Bowler et al. 2021,
equation 2). As d is known, we can convert the lim-
its on the acceleration terms into a limit on companion
masses as a function of projected separation.

For HD 101581 we set 30 upper limits on the ab-
solute accelerations of [“EV| < 0.41 m s™' yr~! and
\%| < 0.63 m s~! yr=!. We plot the resulting lim-
its on wide companions in Figure 8. We exclude the
existence of any bound companions with masses above
the hydrogen-burning limit (Z0.075 M) within a pro-
jected separation of <9 arcseconds from HD 101581
(<110 AU), wholly excluding any unresolved stellar
companions to HD 101581. Within <3.5 arcseconds
(<45 AU) we can even exclude any companions above
the deuterium-burning limit (>13 Mj). On the weight
of the rich observing record, the eclipsing binary scenario
for HD 101581 can be excluded at high confidence.
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Figure 8. Linear acceleration model for HD 101581 in Hipparcos-Gaia astrometry (right ascension, top left; declination, top
right), and radial velocity (bottom left) across >20 years 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). Based on the velocities alone, stellar-mass companions to

HD 101581 can be entirely excluded within <110 AU.

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 po-
sition of HD 101581. While not within 30 of the tar-
get 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 6.6 £4.1” (1.60) and 8.9 +4.9” (1.80), placing them
within 30 of HD 101581. We believe that image satura-
tion due to the brightness of HD 101581 (T" = 6.7) affects

the measured offsets, and thus all the signals are con-
sistent 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 pho-
tometric contamination by blended light, the observed
TESS transit depth (dobs) is given by:

(2)

Oobs = OEB——
obs EB1 +fa
where dgp is the depth of the eclipse in the absence
of a blend, f is the flux ratio f = Fgp/Fs, Fgp is
the flux of the contaminating EB, and Fy is the flux
of HD 101581. We may also place an upper bound on
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ogp using Eqn. 21 from Seager & Mallén-Ornelas (2003),
assuming an equatorial eclipse (b = 0):

(1 —tp/tr)?

Spp < — T
BB = (14 tp/tr)?

3)
where tp is the duration of the flat part of the transit
(time from end of ingress to start of egress) and tr 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
dobs and tg /tr. 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 dons, tr, and tp for each planet by
applying the equations described by Seager & Mallén-
Ornelas (2003) to the transit model fit results, finding
box-shaped transits with tg/tr ~ 0.96, 0.97, and 0.93
for TOI-6276.01, .02, and .03, 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 compan-
ions (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 cen-
troid 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 contami-
nate the TESS photometry in the same way as the NEB
case, but would evade detection due to its close proxim-
ity 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. Fualse Positive Probabilities

We used the TRICERATOPS statistical validation tool
(Giacalone et al. 2021) with the properties of surviv-
ing stellar companions from MOLUSC provided as inputs
to quantify each candidate’s false positive probabilities
(FPPs) and nearby false positive probabilities (NFPPs).
TRICERATOPS was run 10 times to find the mean and
standard deviation of FPPs and NFPPs. Based on
their low FPP and NFPP values (< 1073; Table 5),
we consider TOI-6276.01 and TOI-6276.02 to be statis-
tically validated and refer to them as HD 101581 ¢ 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 multi-planet system
would sufficiently reduce the FPP below this threshold
(Lissauer et al. 2012; Guerrero et al. 2021), the relatively
weak transit signal (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 systemat-
ics or intrinsic stellar variability, and so it should not
be used to validate low-SNR planets. Re-detection in a
future TESS sector or with another telescope would in-
crease 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 (Burke et al. 2020), which should improve the SNR
of all signals by a factor of ~ \/Zm =1.22.

6. DISCUSSION

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

HD 101581 is a metal-poor K dwarf hosting two val-
idated terrestrial planets, HD 101581 b and ¢, and
a third Earth-size candidate, TOI-6276.03. Adopt-
ing mass-radius relations appropriate for planets with
R, < 1.23 Rg from Chen & Kipping (2017),

Mp R 3.58
—P —09718 =2 4
Mg <R@> ’ @

we find that the three planets have predicted masses of
M, ~ 0.83753% Mg, 0.947025 Mg, and 0.917558 M,
respectively.

Alternatively, we estimate the planet masses assuming

that their iron-to-silicate mass fraction (f2"°"), which
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TOI Name Orbital period SNR FPP NFPP
TOI-6276.01 HD 101581 ¢ 6.204 124 24406x107°% 1.1+0.1x1078
TOI-6276.02 HD 101581 b 4.466 156 2.5+50x107* 14+0.3x1078
TOI-6276.03 - 7.871 7.9 0.010+0.003 9.0+£0.8 x 1075

Table 5. False positive probabilities (FPPs) and nearby false positive probabilities (NFPPs) computed by TRICERATOPS for the
transiting planets in the HD 101581 system. 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.

is defined as the mass of Fe divided by the total mass
of Fe and Si-bearing species (MgSiO3, MgsSiOy4, and
SiO2), equals the stellar value (f5%2r). Using this defi-
nition, Adibekyan et al. (2021) found a statistically sig-
nificant correlation between f22" and f5%r for rocky
planets. Following their methodology, we find that f5t2r
of metal-poor HD 101581 is 0.2970 09 (using metallic-
ity 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 MgSiOg,
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, ~ 0.84703% Mg, 0.94703% Mg, and
0.92Jj8:§€1, Mg, respectively. These masses are almost
identical to those estimated from the Chen & 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 (Weiss et al. 2018; Millhol-
land et al. 2017). The planet radii are remarkably uni-
form. Weiss et al. (2023) defined the fractional dis-
persion of the planet radii within a given system as
or = Var{log,o(R, ;/Re)}, where j indexes over the
planets in the system. Using this metric, ox = 0.007,
which is smaller than any of the Kepler systems with
four or more planets considered in Weiss et al. (2023).
As for orbital spacing, the inner and outer pairs are sep-
arated by only A = 15.7 and 11.3 mutual Hill radii,
slightly more packed than the typical A ~ 20 spacing
among Kepler multis (Weiss et al. 2018). This tight
spacing implies that the orbits of the planets most likely
have low eccentricity, as more eccentric orbits would
likely prove dynamically unstable (e.g., Pu & Wu 2015).

The inner and outer planet pairs also have period ra-
tios 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, moti-
vating a search for transit timing variations (§6.2) and
indications of resonant librations (§6.3).

6.2. Transit Timing Variations
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Figure 9. Differences between observed and calculated tran-
sit times (assuming linear ephemerides) for each planet in
the TOI-6276 system. Each datapoint 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-minute amplitude for
HD 101581 c. 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.

Proximity to resonance enables the detection of plan-
ets 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, non-transiting plan-
ets (e.g., Agol & Fabrycky 2018). If the planets are in
low-order MMRs, then the 4:3 and 5:4 MMR pairs orbit-
ing HD 101581 may have TTV super-periods of 38 and
105 days, and amplitudes on the order of a few minutes
based on formulae described by Lithwick et al. (2012).

We searched for evidence of these TTVs by fitting the
transit model described in §4 to each individual tran-
sit. A normal prior was used for each transit time, with
the mean set to the global best-fit transit time assum-
ing linear ephemerides and standard deviation set to 30
minutes. The rest of the parameters were initialized fol-
lowing the global fit model, and sampling parameters
similarly followed the global fit model. The resulting
TTVs are shown in Figure 9.
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The measured TTVs have average 1o uncertainties of
8 minutes, which is larger than the expected TTV am-
plitudes. 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 re-
liable given the low SNR of the transit signal. How-
ever, HD 101581 c potentially features variations with
a ~ 15-minute amplitude on a ~ 20-day period. Addi-
tional 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 reso-
nances, 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 cir-
cular orbits and the other allowing the eccentricities to
float. We used the Wisdom-Holman WHFast integrator
(Wisdom & Holman 1991; Rein & Tamayo 2015) in RE-
BOUND (Rein & Liu 2012) to evolve the system for
100 years. We then tracked the critical resonant an-
gles associated with the 4:3 MMR for planets b and ¢
(P12, = 4X2 — 3A1 — @y and 122 = 4Xa — 3\ — w2)
and with the 5:4 MMR for planet ¢ and the planet
candidate TOI-6276.03 (¢23,2 = BAz — 4h2 — wo and
¢23.3 = A3 — 4y — w3). Here, \; and w; are the mean
longitude and longitude of periapse of planet i. Physi-
cally, the critical resonant angles measure the evolution
of the planetary conjunctions with respect to the peri-
centers of the two orbits.

For planet pairs actively participating in a mean-
motion resonance, the critical resonant angles undergo
bounded oscillations (or “librations”) about their equi-
libria, such that the resonant libration amplitude is
less than 180° (Jensen & Millholland 2022). We used
two different approaches to numerically estimate the
amplitude: Ajp = 0.5(max¢ — ming) and Ay, =

23", (¢ — ¢)2, where N is the number of simulation

data points and ¢ is the average value of ¢. The latter
definition is appropriate for approximately sinusoidal os-
cillations (Millholland et al. 2018).

Across all of our simulations, we did not find any in-
dication 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 App ~ 180° for all resonant angles and all simu-
lations. However, we found that the second measure
yielded Ajp < 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 res-
onance. The best-fit orbital configuration of the system
is not consistent with a resonant chain. However, this
analysis used estimated planet masses (from the Chen &
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 (Tamayo et al.
2020) to assess the likely long-term stability of the sys-
tem. SPOCK is a machine learning classifier trained
with 100,000 compact 3-planet systems to predict the
probability that a system will remain dynamically sta-
ble 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 characteriza-
tion 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 or-
bital eccentricities. These observations would require
sensitivity to semi-amplitudes of K =~ (43,43,39)
cm s~! at the predicted planet masses of M, =~
(0.83,0.94,0.91) Mg, which is possibly within the reach
of extreme precision RV (EPRV) instruments in the
Southern Hemisphere such as VLT /ESPRESSO (Pepe
et al. 2021). ESPRESSO observations of K dwarf
HD 23472 (V = 9.73) reached a median uncertainty of
only 38 cm s~ ! and were capable of distinguishing the
RV signals of two super-Earths and three Earth-sized
planets orbiting the star (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 R’y ;c (—4.77 and
—5.00), have low vsini (2.5 and 1.5 km s~!), and have
similar rotation periods (~ 30 and ~ 44 days) which are
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Figure 10. Estimated TSM and ESM values (Kempton
et al. 2018) for known terrestrial planets (R, < 1.5 Rg)
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
(Rp < 1 Rg) are plotted with a black outline. The top-right
box indicates the TSM/ESM parameter space in which the
planets lie. The planets orbiting HD 101581 are among the
best sub-Earths for characterization with both transmission
and emission spectroscopy.

several times longer than the periods of their Earth-size
planets. Exposures of 600s 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 (Pepe et al.
2021). Actual RV uncertainties for HD 101581 will be
affected by stellar jitter.

6.5.2. Atmospheric Characterization

We computed the transmission and emission spec-
troscopy metrics (TSM and ESM; Kempton et al. 2018)
for each transiting planet to measure their suitability
for atmospheric characterization studies. We find TSM
= 37.3, 32.8, and 30.4 for HD 101581 b and ¢ and TOI-
6276.03, respectively, well above the TSM = 10 thresh-
old recommended by Kempton et al. (2018) to identify
promising terrestrial planets (R, < 1.5 Rg) for atmo-
spheric characterization. All three planets are among
the top 15 terrestrial planets for atmospheric character-
ization with transmission spectroscopy (Figure 10). The
planets also have ESM = 5.5, 4.5, and 3.6, placing them
among the top 10 sub-Earths (R, < 1 Rg) for char-
acterization with emission spectroscopy. Among other
sub-Earths, HD 101581 b has the third highest TSM af-
ter L 98-59 b (Kostov et al. 2019) and TOI-540 b (Ment
et al. 2021), and the third highest ESM after TOI-540
b and GJ 367 b (Lam et al. 2021).
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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 Ex-
oplanet Archive (2024) downloaded on June 30, 2024. The
empirical “cosmic shoreline” and the water vapor greenhouse
runaway threshold (Zahnle & 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 es-
cape velocities calculated based on HD 101581 planets’ mean
estimated masses assuming Hypatia Catalog metallicity. Be-
cause 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. Height of the rect-
angles represent uncertainties in insolation.

While the planets’ small radii suggest that they are
unlikely to host light hydrogen-rich atmospheres (Rogers
2015), they may host Venus-like or even hotter atmo-
spheres dominated by gases with high mean molecular
weights (MMWs). To assess the likelihood of atmo-
spheric retention, we compare the planets against the
empirical I o vi. “cosmic shoreline,” where I is in-
stellation flux and ves. is escape velocity, that divides
between planets likely and unlikely to sustain an atmo-
sphere (Zahnle & Catling 2017). All three planets are on
the airless side of the empirical cosmic shoreline assum-
ing star-like Fe/Si ratio (Figure 11), but may cross the
shoreline if their interior compositions are more iron-
rich. Note that, however, planets above the shoreline
may still possess atmospheres, as evidenced by the re-
cent atmospheric detection on 55 Cnc e (Hu et al. 2024).

To evaluate the prospect of atmospheric characteriza-
tion, we used petitRADTRANS (Mollicre et al. 2019) to
model two possible atmospheric cases, namely a CO,-
dominated, Venus-like atmosphere (96.5% CO, and
3.5% Nj) and an Og-dominated atmosphere (95% O2
and 5% CO3). We adopted a 10 bar surface pressure



18

and temperature structure calculated using the Guil-
lot (2010) analytical pressure-temperature profile. We
then used PandExo’ and the JWST Exposure Time
Calculator® to assess the observability of these spec-
tra 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 pym), and only narrow wave-
length ranges would be accessible using the SUB512S
subarray with NIRSpec-G395H/F290LP (3.0 — 3.4 um
and 4.2 — 4.5 pm), NIRSpec-G235H/F170LP (1.8 —
2 pm 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 spectroscopic
follow-up of very bright targets (e.g., 55 Cancri at
K = 4.015 mag; Hu et al. 2024).

For example, NIRCam observations using the SUB-
GRISM64 subarray with two groups would avoid satura-
tion and allow for observations with either the F322W2
filter (2.5 — 4.2 pm) or F444W filter (3.8 — 5.0 pm).
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 pum
when combined with the long wavelength grism.

7. SUMMARY

We have statistically validated two transiting exo-
planets orbiting HD 101581 and strengthened the can-
didacy of a third planet in the same system, all of
which are remarkably uniform in size, with R, =
(0.95615:061 0.9905-970 0.98210-L14y Ry, for HD 101581
b, HD 101581 ¢, and TOI-6276.03, respectively. RV ob-
servations from AAT, PFS, and HARPS allow us to
place 30 upper limits on the planet masses of M, <
(3.6,4.2,3.6) Mg.

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 (Chen & Kipping
2017) did not reveal evidence that the orbital configu-
ration 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 Rg.
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
multi-planet systems for atmospheric characterization

7 https://github.com/natashabatalha/PandExo
8 https://jwst.etc.stsci.edu/
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Figure 12. Expected transmission spectra for all three
planets, assuming a CO2-dominated, Venus-like atmosphere
(black) or Oz-dominated atmosphere (grey) at 10 bar sur-
face pressure. Simulated JWST/NIRCam long wavelength
grism observations of the CO2-dominated atmosphere using
the SUBGRISM64 array (useful for extremely bright hosts)
is shown for the F322W2 filter (blue) and F444W filter (or-
ange). The JWST data have been re-binned to R = 20 and
assume only 1 transit per planet. At TSM = 37.3, 32.8, and
30.4, all three planets are among the top six sub-Earth-size
planets for transmission spectroscopy.

and comparative planetology of the small planets. Fu-
ture analysis using precise mass measurements from ex-
treme precision RV instruments may revisit the possible
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resonance of the system as well as the full confirmation
of the planets and planet candidate.
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(Foreman-Mackey et al. 2013), exoplanet (Foreman-
Mackey et al. 2021; Foreman-Mackey et al. 2021; Agol
et al. 2020; Kumar et al. 2019; Astropy Collaboration

et al. 2013, 2018; Kipping 2013; Luger et al. 2019; Sal-
vatier et al. 2016; Theano Development Team 2016),
isochrones (Morton 2015), matplotlib (Hunter 2007),
numpy (Harris et al. 2020), pandas (Team 2020; Wes
McKinney 2010), PYMC3 (Salvatier et al. 2016), scipy
(Virtanen et al. 2020), TAPIR (Jensen 2013), tess-point
(Burke et al. 2020)
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APPENDIX

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

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. 1(0,0.5)" U(0,0.5) U(0,0.5) Planet-to-star radius ratio
b U(0,1) U,1) U,1) Impact parameter
Photometric Parameters
o U(—1000, 1000) FFI flux offset (ppm)
o (0, 1000) Flux jitter (ppm)
q Uui-1,1) Limb-darkening coefficient 1
q2 Uu-1,1) Limb-darkening coefficient 2

& N(p,o0): normal prior with mean u and standard deviation o

b U(a,b): uniform prior between a and b

Table A1l. Priors placed on all transit model fit parameters.



To (BJD - 2457000)

To (BJD - 2457000)

TOI-6276.01 TOI-6276.03
6202 6204  6.206 4.464 4.465 4.466 4.467 7.870 7.875
P (days) P (days) P (days)
TOI-6276.01 TOI-6276.03
3017.11 3017.12  3014.84 3014.85 3014.86 3018.56  3018.58

To (BJD - 2457000)

0.010 0.015 0.020
Rp/R.
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Figure A1l. 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
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