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ABSTRACT

We report the validation of a third terrestrial exoplanet in the nearby (22 pc) TOI-2267 system.
TOI-2267 is a binary system with stellar components TOI-2267A (M5, 3030 K) and TOI-2267B (M6,
2930 K), with an on-sky separation of (/384 (8 au projected separation). TOI-2267 hosts two Earth-
sized planets (TOI-2267 b, 1.00+0.11Rg, and TOI-2267 ¢, 1.14+0.13Rg, if orbiting the primary star;
or 1.22 + 0.29Rg and 1.36 & 0.33Rg, respectively, if orbiting the secondary star) with orbital periods
of 2.3 and 3.5 days. This system also contains a third Earth-sized planet candidate with an orbital
period of 2.0 days that was previously identified as a likely planet with a low false-positive probability,
but could not be firmly validated due to the lack of independent observations beyond TESS data.
We combine two new transit observations from the 5.1m Hale Telescope at Palomar Observatory with
archival TESS data and high-resolution imaging to statistically validate the planetary nature of TOI-
2267 d (0.98+£0.09Rg, if orbiting the primary star, or 1.774+0.43 Rg if orbiting the secondary star) using
the updated TRICERATOPS+ pipeline. We attempt to determine the host star for TOI-2267 d using
transit shape stellar density analysis, but are unable to conclusively assign a host. Our validation of
TOI-2267 d suggests that TOI-2267 is either the first known double transiting M dwarf binary system,

or hosts three planets in an extremely compact orbital configuration.

1. INTRODUCTION

M dwarfs are the most common type of star in our
galaxy. They account for 60—-75% of all stars within 10
pc (Henry et al. 2006; Reylé et al. 2021), and ~70%
of all stars in the Milky Way (Bochanski et al. 2010).
The relatively small masses, radii, and temperatures of
M dwarfs make them uniquely favorable targets for the
characterization of terrestrial exoplanets (e.g., Triaud
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2021). Terrestrial planets orbiting M dwarfs have larger
planet-to-star mass ratios and corresponding radial ve-
locity semi-amplitudes than terrestrial planets around
Sun-like stars. Their larger planet-to-star radius ra-
tios also make it easier to detect their thermal emission
and search for signs of atmospheric absorption in tran-
sit (Wordsworth & Kreidberg 2022). The lower temper-
atures of M dwarfs also mean that the habitable zone
is located at smaller orbital separations, where planets
are more likely to transit their host star (e.g., Nutzman
& Charbonneau 2008; Suissa et al. 2020; Gilbert et al.
2023).
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Field M dwarfs have a multiplicity rate of 20-30%
(e.g., Ward-Duong et al. 2015; Winters et al. 2019; Clark
et al. 2024). These stellar companions can alter the for-
mation and evolution of planets in multiple ways. Sys-
tems with multiple stars have less massive, shorter-lived,
and potentially truncated protoplanetary disks, which
can make it harder for planets to accrete gas envelopes
(e.g., Harris et al. 2012; Kraus et al. 2016; Sullivan et al.
2023, 2024). The presence of a stellar companion can
also dynamically perturb a planet’s orbit, potentially re-
sulting in migration or ejection (e.g., Kaib et al. 2013).
For binary systems with small orbital separations, the
increased XUV flux may also result in higher mass loss
rates, making it more challenging for small planets to re-
tain their atmospheres (e.g., Johnstone et al. 2019; Sul-
livan et al. 2024). All of these effects should be stronger
for close (< 50 au) binaries, making these systems espe-
cially valuable testbeds for understanding the effects of
binarity on planet properties.

A recent survey of M dwarf transiting planet candi-
dates identified by the TESS survey found that 19 4-3%
of the planet candidate host stars have stellar compan-
ions, consistent with the rate for field M dwarfs (Mat-
son et al. 2025). They also found that the semi-major
axis distribution of these stellar companions was shifted
to larger values and the mass ratio distribution peaked
at lower values as compared to field M dwarfs (Matson
et al. 2025). This suggests that equal-mass binaries with
small orbital separations may be less likely to host tran-
siting planets, in good agreement with previous results
from surveys of Sun-like stars (Ngo et al. 2016; Hirsch
et al. 2021). However, to date, there has been relatively
little work done on the effect of M dwarf binarity on
planet properties. Only two confirmed planet-hosting
M dwarfs in binary systems have projected separations
< 50 au (Kepler-289, Barclay et al. (2015); and K2-
288, Feinstein et al. (2019)). Two other similar TESS
systems have multiple planet candidates awaiting confir-
mation (TOI-864 and TOI-3494, Matson et al. (2025)).
These rare systems are therefore extremely valuable for
understanding how binarity affects planet formation.

TOI-2267 is a nearby (22 pc) binary star system con-
taining a primary M5, 3030 K component (TOI-2267A)
and secondary M6, 2930 K component (TOI-2267B), ini-
tially characterized in (Zuniga-Fernandez et al. 2025,
hereafter referred to as ZP25). TOI-2267A and B
have an on-sky separation of 07384, corresponding to
a projected separation of just 8 au. This system com-
prises two Earth-sized planets with orbital periods of 2.3
and 3.5 days, which are close to the 3:2 mean motion
resonance (MMR). ZP25 measured planetary radii of
1.00£0.11Rg and 1.14£0.13Rg, respectively, if they or-

bit the primary star, or 1.22+0.29Rg and 1.36 £0.33Rg
if they orbit the secondary star. ZP25 found that the
Bayesian evidence from transit fitting does not favor ei-
ther star, and they were therefore not able to conclu-
sively assign the planets to a host star. The proximity
of the two planets to a MMR also strongly suggests that
they orbit the same host star, as such a configuration
would be very unlikely to occur if each planet orbited
a different star with a period randomly drawn from the
observed population-level distribution (Hsu et al. 2020;
Hardegree-Ullman et al. 2019; Kaminski et al. 2025;
Mignon et al. 2025).

The TESS photometry for TOI-2267 also contains a
third transit signal with an orbital period of 2.0 days.
However, ZP25 were unable to conclusively validate this
candidate without ground-based follow-up observations
demonstrating that its transit signal occurs on target.
Still, statistical validation performed with TRICER-
ATOPS supported the interpretation of the signal as a
likely planetary candidate. In this study, we present two
new ground-based transits of this candidate observed
with Palomar/WIRC and use them to firmly validate
the planetary nature of TOI-2267 d. In Section 2, we de-
scribe the observations from TESS and Palomar/WIRC.
In Section 3, we describe our transit analysis and show
that the updated false positive probability for this can-
didate lies below the threshold for statistical validation.
In Section 4, we explore whether stellar density profil-
ing can be used to assign TOI-2267 d to a host star.
In Section 5, we summarize our key findings and out-
line future observations that could further improve our
understanding of this system.

2. OBSERVATIONS
2.1. TESS

TOI-2267 was observed in 12 TESS sectors (19, 20, 25,
26, 40, 52, 53, 59, 60, 73, 79, and 86) from December
2019 to December 2024. ZP25 reported the discovery
of TOI-2267 b and c at orbital periods of ~ 2.2891 and
~ 3.4950 days, respectively, using 2-minute cadence data
from the Science Processing Operations Center pipeline
(SPOC, Jenkins et al. 2016) for all 12 available TESS
sectors. A third planet candidate with an orbital pe-
riod of ~2.0345 days was first identified in the analysis
of ZP25 using the SHERLOCK'® pipeline (Pozuelos et al.
2020; Dévora-Pajares et al. 2024), based on the initial
four TESS sectors available at the time (see ZP25 for
further details). This signal had not yet been alerted
by SPOC but was later recovered in the SPOC transit

15 https://github.com/franpoz/SHERLOCK
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search with an adaptive, noise-compensating matched
filter (Jenkins 2002; Jenkins et al. 2010, 2020) after the
ninth TESS sector (sector 60). The TESS Science Of-
fice formally released this candidate as TOI-2267.02 on
August 15, 2023. In this work, we refer to it as TOI-
2267 d to align with the naming convention of ZP25.
We note that this name is not intended to imply that
the planet orbits the same star as the other two planets,
and we remain agnostic as to which binary component
hosts each planet. Once future work confidently assigns
stellar hosts, these planets should thereafter be referred
to using the standard binary planet nomenclature (e.g.,
‘TOI-2267A d’ or ‘TOI-2267B d’).

ZP25 analyzed the TESS target pixel files and SPOC
apertures for each sector of TESS observation and ver-
ified that very few faint (Amag > 5) companion stars
were in each aperture, more than 1 TESS pixel away
(> 217) from TOI-2267. ZP25 therefore used the Pre-
search Data Conditioning Simple Aperture Photometry
(PDCSAP) flux data, which are corrected for crowding
and systematic effects (Stumpe et al. 2012, 2014; Smith
et al. 2012), for their subsequent fits. ZP25 performed
a global fit including transit light curve models for all
three planets and a Gaussian process model for out-of-
transit flux variations. They incorporated ground-based
observations for TOI-2267 b and c in their joint fit, but
were unable to obtain any ground-based transit detec-
tions for TOI-2267 d. We refer the reader to ZP25 for
further details on this transit modeling. We use the
detrended and stacked TESS transit profile from ZP25
which includes 108 total transits of TOI-2267 d in a joint
fit with our new ground-based observations (see Section
3) to statistically validate TOI-2267 d (see Section 3.2).

2.2. Palomar/WIRC

We observed two transits of TOI-2267 d in the J-
band with the Wide-field Infared Camera (WIRC) on
the Hale Telescope at Palomar Observatory, California,
USA. The Hale Telescope is a 5.08-m telescope equipped
with a 2048 x 2048 Rockwell Hawaii-II NIR detector,
providing a field of view of 8/7 x 8!7 with a plate scale
of 0.725 per pixel (WIRC, Wilson et al. 2003). Our data
were taken with a beam-shaping diffuser that increased
our observing efficiency and improved the photometric
precision and guiding stability (Stefansson et al. 2017;
Vissapragada et al. 2020).

We observed transits of TOI-2267 d on UT 2024-11-13
and UT 2025-01-11. We used 4-second exposure times
stacked with 9 total co-added exposures per image, and
observed full transits plus more than 1 transit dura-
tion of baseline both pre-ingress and post-egress on each
night (Figure 1). For each night, we obtained calibration

images to dark-subtract, flat-field, remove dead and hot
pixels, and remove detector structure with a dithered
sky background frame following the methodology of Vis-
sapragada et al. (2020). We extracted photometry and
detrended the light curves with the procedure described
in Greklek-McKeon et al. (2023). Conditions were good
on both nights, with seeing well below the 370 FWHM
of our beam-shaping diffuser. This ensured that PSFs
for the target and comparison stars remained stable over
the course of our observations.

We began by extracting photometry for our target star
and a set of 10 nearby comparison stars. We cleaned
the target and comparison light curves by applying a
moving median filter with a width of 31 data points
corresponding to a time interval of 34 minutes, and re-
moving 5o outliers. We then tested circular photomet-
ric apertures with radii ranging between 5 - 25 pixels
and selected the optimal aperture radius by minimizing
the root mean square scatter after the light-curve fit-
ting described in Section 3. Our optimal aperture radii
were 20 pixels (570) and 18 pixels (4”0) for UT 2024-11-
13 and 2025-01-11, respectively. This meant that both
binary components of the TOI-2267 system were fully
contained within our photometric aperture. We provide
additional information about these transit observations,
including observation times, transit coverage, airmasses,
and measured transit mid-times, in Table 1.

3. TRANSIT ANALYSIS
3.1. Transit Modeling

We used the exoplanet package (Foreman-Mackey
et al. 2020) to fit each of the two ground-based WIRC
light curves with a combined systematics and transit
model as described in Greklek-McKeon et al. (2023).
Our systematics model for each night included a linear
combination of comparison star light curve weights, an
error inflation term added in quadrature to the mea-
sured flux errors, and a linear slope. For each night, we
extracted photometry for the 10 comparison stars that
have minimal variance relative to the time-changing flux
of the target star. These initial 10 comparison stars were
reduced to 4 for each night because the significance of
their weights was more than 1o from zero in the final
posteriors from our systematics model optimization pro-
cedure described below.

We also tested systematics models with linear com-
binations of weights for the target centroid offset, PSF
width, airmass, and local sky background as a function
of time. We compared the Bayesian Information Crite-
rion (BIC, Schwarz 1978) for all possible combinations of
these systematic noise parameters using the same frame-
work as in Pérez-Gonzalez et al. (2024). We found that
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Table 1. Summary of Palomar/WIRC observations of TOI-2267 d.

UT Date Start Finish  Transit % DBaseline %  zg Zmin  Zend
2024 Nov 13  03:53:19 07:44:47 100% 470% 1.749 1.615 1.615
2025 Jan 11  03:43:52 07:27:04 100% 530% 1.617 1.610 1.654

Notes. Start and Finish columns represent the time of the first and last science images in UT time, the transit and baseline fractions are
relative to the total transit duration for TOI-2267 d, zyin is the minimum airmass of the science sequence while zg; and Zenq are the
starting and ending airmasses.
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Figure 1. Phased-folded and 2-minute binned TESS light curve (left panel) and detrended Palomar/WIRC light curves (middle
and right panels) for the two transit observations of TOI-2267 d. Residuals after the best-fit transit light curve model has been
subtracted are shown in the lower panels. Unbinned data are shown as grey circles, with 10 minute binned points overplotted
as black circles. The best joint-fit transit models are overplotted as blue lines for the TESS data and red lines for the Palomar
data, with 100 random draws from the posterior distribution to illustrate the typical model uncertainty. All detrended light

curves are available electronically as data behind the figure.

the model that produced the lowest BIC value included
weights for the local sky background and target PSF
width on UT 2024-11-13, while our UT 2025-01-11 ob-
servations preferred no additional detrending parame-
ters in the systematics model.

When optimizing the systematics model for each night
of WIRC data, we also fit for the transit shape pa-
rameters (impact parameter b, planet-star radius ratio
R,/R,, and semi-major axis ratio a/R.), along with the
stellar radius. We used wide uniform priors from 0.0 to
1.0 for b and from 0.0 to 0.2 for R, /R., and normal pri-
ors on the stellar radius and a/ R, values based on the re-
ported stellar mass, radius, and orbital periods reported
in ZP25. We adopted a normal prior on the planetary
orbital period P from ZP25, and placed a wide uniform
prior on the transit time of £90 minutes centered on the
predicted time using the ephemeris from ZP25. We did
not correct the measured R, /R, parameter for dilution
effects from the other binary component in these initial
fits, as the purpose of these fits was only to optimize
the systematics model for each night and ensure that

the results are consistent regardless of stellar host prior
choice.

We performed two fits for each night of data — one as-
suming the primary star is the host, and one assuming
the secondary star is the host. We adopted stellar pa-
rameters from ZP25 for each case and used 1dtk (Parvi-
ainen & Aigrain 2015) to calculate the J-band quadratic
WIRC limb darkening parameters, which we held fixed
in our fits. In the primary star case, u; = 0.174 and
us = 0.136, and in the secondary star case u; = 0.188
and us = 0.168. We explored the parameter space of
our model with the NUTS sampler (Hoffman & Gelman
2011) in PyMC3 (Salvatier et al. 2016) for 2500 tune and
2000 draw steps, and confirmed that the Gelman-Rubin
statistic values were < 1.01 for all parameters, indicating
good fit convergence.

We confirmed that for both nights of Palomar/WIRC
observation, the preferred systematics model is the same
regardless of the host star choice, and the R,/R, con-
straint is > 30 from 0 indicating a strong detection of
the transit around the target. We also confirmed that
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the measured R,/R., a/R., and b values are consistent
with each other within 1o across the two nights and re-
gardless of the stellar host choice.

We conclude that both transits are strongly detected
and that our fitted transit shapes are consistent regard-
less of host star prior choice. We therefore proceeded
to jointly fit both Palomar/WIRC transits assuming a
common transit shape. We also confirmed that our fit-
ted b and a/ R, values are consistent with the values from
the TESS-only fit reported in ZP25. We therefore incor-
porated the stacked TESS transit profile into our joint
transit fit in order to obtain the most precise constraints
on the transit shape parameters. We allowed for sepa-
rate R,/R, values in the TESS and WIRC bandpasses
in order to determine whether or not these two parame-
ters are consistent after accounting for the wavelength-
dependent dilution from the binary.

We carried out two versions of this joint fit with dif-
ferent assumptions for each. In the first version, we
assumed that the primary star is the host, and in the
second version we assumed that the secondary star is the
host. We used the same model parameters and priors as
described in the individual night fits, with b and a/R,
now shared across all three transit light curves. We al-
lowed the individual transit midtimes to vary as free
parameters using the TTVOrbit module of exoplanet,
with the stacked TESS transit profile arbitrarily shifted
to 1 orbital period before the first Palomar transit. We
allow the transit midtimes to freely vary due to the po-
tential for TTVs in the system (see ZP25 and Section
5.1). We also fit for the true (undiluted) R,/R, value
in each bandpass (TESS and J). At each step of the fit,
we converted the true R, /R, values to predicted transit
depths in each bandpass using a radius correction factor
Xg incorporating the wavelength-dependent flux dilu-
tion from the companion. The radius correction factor
was calculated using Equation 7 of Ciardi et al. (2015)
for the primary star case, and Equation 6 of Ciardi et al.
(2015) for the secondary star case. We assumed a flux
ratio Fyecondary/Fprimary Of 0.3045 £ 0.05 in the TESS
bandpass and 0.357140.05 in the J band, as reported in
ZP25. We accounted for the uncertainties on these two
flux ratios by making them both free parameters in our
fit and placing a Gaussian prior on each that matches
the value reported by ZP25.

We explored the parameter space of our joint transit
model with the NUTS sampler in PyMC3 for 10 tune
and 10 draw steps, and confirmed that the Gelman-
Rubin statistic values are < 1.01 for all parameters, in-
dicating that the fit has converged. The posterior dis-
tributions for our transit model parameters and related
derived quantities for both the primary and secondary

star fits are summarized in Table 2, and corner plots il-
lustrating the posterior distributions for all joint model
parameters, including systematics, are included in the
appendix.

3.2. Planet Validation

We find that for both the primary and the secondary
star cases, the dilution-corrected planet-star radius ra-
tio for TOI-2267 d is consistent at the 1o level between
the TESS and J bands. This increases our confidence
that this candidate is a genuine planet, as stellar eclips-
ing binaries often exhibit wavelength-dependent tran-
sit depths. In this section, we quantify the effect of
this knowledge on the planet’s False Positive Probabil-
ity (FPP) and the Nearby False Positive Probability
(NFPP) using the TRICERATOPS+ statistical validation
code. The TRICERATOPS+ FPP describes the probability
that a transit signal does not originate from a planet
transiting the target star. The NFPP describes the
probability that the observed transit signal originates
from a resolved nearby star (i.e., a star farther away
than 172 that contributes sufficient flux to the TESS
aperture to produce the observed signal) rather than
the target star. The FPP encapsulates all possible false
positive scenarios, whereas the NFPP considers only a
subset of them.

The original TRICERATOPS code (Giacalone et al. 2021)
models the light curves of transiting planets and vari-
ous astrophysical false positive scenarios, incorporating
prior information about the population of stars in the
Milky Way to compute the FPP and NFPP for a given
planet candidate. This code has been widely used to
confirm TESS planet candidates (e.g., Thomas et al.
2025; Scott et al. 2025; Barkaoui et al. 2025; Stalport
et al. 2025). In TRICERATOPS+ (Gomez Barrientos et al.
2025)16, we updated this code to incorporate informa-
tion from transit light curves obtained in multiple band-
passes.

TRICERATOPS+ does not directly utilize any of the in-
formation from our transit light curve fits in §3.1. In-
stead, it generates a series of scenarios for both transit-
ing planet and stellar eclipsing binary cases by draw-
ing parameters randomly from a set of prior distri-
butions informed by observations of both populations.
For each randomly generated scenario, it calculates a
predicted bandpass-specific light curve. It then com-
pares this predicted light curve to the measured light
curve in that bandpass and calculates the correspond-
ing log-likelihood value (Equation 16 of Giacalone et al.
2021). The code then sums the individual log-likelihoods

16 https://github.com/JGB276 /TRICERATOPS-plus
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Parameter

Primary host Secondary host

Model Parameters

Undiluted R,/R. TESS
Radius correction factor TESS, Xr; rEss
Undiluted R,/R. WIRC

Radius correction factor WIRC, Xr; wirc

TOI-2267 d
0.041 %+ 0.003 0.121%9058
1.142 + 0.021 3.54710%6%
0.046 %+ 0.002 0.12975057
1.166 + 0.021 3.34970:5%0

a/R.

Impact Parameter b

Mid-transit time, 7o WIRC Night 1
Mid-transit time, 7o WIRC Night 2

BJDrp5-2457000
BJDrpB-2457000

18.61712:520
0.6974%51
3627.754210:99°7
3686.7539 = 0.0007

22.69373:924
0.44979:302
3627.7544+:0006
3686.753910:0006

Derived Parameters

“Planet Radius, R,

Semimajor axis, a

Orbital period, P

Mid-transit time, Ty

Inclination, 4

bEquilibrium Temperature, Teq

Insolation Flux, S

Transmission spectroscopy metric (T'SM)®

Host density from transit, p.

Re 0.98 £ 0.09 1.77 £0.43

au 0.0174 + 0.0003 0.0145+9-000%

days 2.0344678 £2.3 x 1075 2.0344671 £2.3 x 10°°
BJDrpp-2457000 3625.719970 0012 3625.720070 5013
° 87.4+0.6 89.075:%

K 503 & 32 422753

Se 10.775:2 5.3153
18.9%55 2677355

- 32.0%50% 6047557

Table 2. Model and derived parameters for the joint TESS+Palomar transit fitting of TOI-2267 d, for cases where the primary

or the secondary star is the host. Adapted from ZP25.

“Calculated from the stellar radius values reported in ZP95 (Rprimary = 0.2075 +0.0225, Rsecondary = 0.130 +0.030) and taking

the error-weighted average across the two bands.

®Values calculated assuming an albedo of 0.3 (Earth-like) and an Earth-like bulk density, from Kempton et al. (2018).

for each bandpass to make a single combined log-
likelihood for that scenario. The resulting ensemble of
log-likelihoods is then used to calculate the FPP and
NFPP as described in Giacalone et al. (2021). This
package calculates limb darkening coefficients using the
ExoTIC-LD package (Grant & Wakeford 2022); in order
to do so for TOI-2267, we utilize the stellar parame-
ter values reported in Table 2 of ZP25. For scenarios
involving eclipsing binaries and/or contamination from
unresolved companions, as is the case for the TOI-2267
system, TRICERATOPS+ also incorporates the bandpass-
specific flux ratio when computing predicted model light
curves for each scenario (for more details, see Gomez
Barrientos et al. 2025).

We computed the FPP and NFPP for TOI-2267 d us-
ing the phased TESS transit light curve, both Palomar
light curves, and high-resolution contrast curves from
the ‘Alopeke speckle instrument on the Gemini North
8-m telescope and the speckle polarimeter on the 2.5-m
telescope at the Caucasian Observa- tory of Sternberg
Astronomical Institute, both of which were published
in ZP25. This observation detected the companion star
TOI-2267B at a separation of 07384, and found no ev-
idence for any additional companions brighter than 4-5

magnitudes below that of TOI-2267A out to a distance
of 172.

In the TRICERATOPS analysis of ZP25, multiple terms
are excluded from the NFPP calculation, which corre-
spond to scenarios that have already been ruled out for
the TOI-2267 system. These include scenarios where the
star does not have an unresolved companion, and sce-
narios where there is a background star at the current
location of TOI-2267, which was ruled out through an
analysis of archival images for this high proper motion
star. Removing these terms has the effect of decreas-
ing the NFPP value (see equation 5 of Giacalone et al.
2021). ZP25 also added two new terms to the FPP
calculation, corresponding to scenarios with a transit-
ing planet around an unresolved bound companion (see
equation 4 of Giacalone et al. 2021), which has the ef-
fect of decreasing the FPP value. We do not modify
the FPP and NFPP calculations, instead adopting the
standard approach described in Giacalone et al. (2021).
This provides us with a conservative upper limit on the
false positive probabilities for TOI-2267 d. Following
previous statistical validation studies with TRICERATOPS
(e.g., Giacalone et al. 2021, 2022), we ran the analysis
20 times and report the average value and the 68% con-
fidence interval of the FPP and the NFPP. We obtain
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a FPP of 4.7 x 107, with a 68% confidence interval
range of (4.5 x 1077,5.0 x 10~?). We calculate a NFPP
of 0; this reflects the fact that our Palomar observa-
tions detected transits with the expected depth around
the target system, which is the unresolved light of both
TOI-2267A and B. These detections indicate that the
signal is coming from either TOI-2267A or B, allowing
us to confidently rule out events that occur on other
nearby spatially resolved stars whose light is blended
with the target system in the TESS aperture. We do
not consider the scenario where the planet transits the
secondary star to be a “nearby false positive” in the tra-
ditional sense, because this analysis still supports the
hypothesis that TOI-2267 d must be a planet orbiting
either TOI-2267A or B. As defined in Giacalone et al.
2021, the recommended threshold to validate a plane-
tary candidate is FPP < 1.5% and NFPP < 0.1%. This
means that TOI-2267 d definitively satisfies the require-
ments for a statistically validated planet orbiting one of
the two stars.

4. HOST STAR IDENTIFICATION

Having confirmed the planetary nature of TOI-2267 d,
we next attempted to determine which binary compo-
nent it orbits. First, we compared the quality of the
joint transit fit from §3.1 for the primary versus sec-
ondary star case. Since both cases have the same model
framework and number of parameters, we compared the
ratio of maximum a posteriori likelihood values identi-
fied from each PyMC3 sampler chain. We measured a
likelihood ratio of 1.5 in favor of the primary star over
the secondary star case. However, this preference is not
statistically significant; a likelihood ratio closer to 10 is
typically required in order to provide strong evidence for
one model over another (Deeks & Altman 2004).

We also attempted to identify the host star using con-
straints on the stellar density derived from our measure-
ment of the transit shape (e.g., Lester et al. 2022). We
combined our retrieved posterior distribution for a/R.
with the orbital period and the measured stellar radius
reported by ZP25 to calculate a posterior probability
distribution for the mean stellar density. We repeated
this process for fits where the planet was assumed to or-
bit the primary and where it orbited the secondary. We
then compared the inferred stellar densities from each
transit fit to the independently measured stellar densi-
ties from the SED fitting of ZP25. In previous studies us-
ing this technique, the star whose measured stellar den-
sity from the transit light curve more closely matched ex-
pectations from stellar population models was assumed
to be the planet host (Lester et al. 2022). Unfortunately,
the density of TOI-2267B is only loosely constrained by
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Figure 2. Empirical stellar density constraints derived from
our transit shape analysis (red) compared to the stellar den-
sity measurements from the SED fitting of ZP25 (blue), for
the primary (top) and secondary star (bottom) fits. Our
empirical constraints on the stellar density are not precise
enough to conclusively rule out either star as the host of
TOI-2267 d.

SED fitting (p., = 23.0755, p., = 837353, ZP 25). We
found that our empirically constrained stellar densities
are consistent with the SED priors in both cases (see
Fig. 2). We conclude that our combined transit light
curves are not precise enough to identify the host star
for TOI-2267 d.

In principle, we can also use the measured occurrence
rate as a function of planet radius for low-mass stars
as indirect evidence in favor of one binary host over
the other. For low-mass M dwarfs such as TOI-2267A
and B, TESS results have shown that sub-Neptune sized
planets (1.5-2 Rg) are relatively rare (occurrence rates
< 7.3%). In these systems, terrestrial planets (< 1.5
Rg) outnumber sub-Neptunes by a ratio of 14 to 1 (Ment
& Charbonneau 2023). Our analysis indicates that TOI-
2267 has a radius of 1.77 +£0.43Rg if it orbits the sec-
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ondary star and 0.98 £0.09Rg if it orbits the primary,
suggesting that the secondary star scenario may be less
likely from a population statistics perspective. Unfor-
tunately, even this qualitative analysis is not conclusive
because TOI-2267 d’s radius is 1o consistent with the
terrestrial planet threshold for the secondary host star
scenario.

5. DISCUSSION
5.1. Prospects for Identifying a Host Star

In the future, improved stellar density constraints
might make it possible to unambiguously assign TOI-
2267 d to a host star. However, there are several alterna-
tive approaches that could also provide a definitive iden-
tification. The most straightforward solution would be
to obtain a transit observation of TOI-2267 d that spa-
tially resolves the two stars; however, ground-based AO
imaging has not demonstrated that it can achieve the re-
quired photometric precision (e.g., Howell et al. 2019),
and this would therefore likely require space-based ob-
servations with HST or JWST. ZP25 also pointed out
that significantly higher precision measurements of the
wavelength-dependent transit shape after correcting for
dilution effects could also be used to assign a stellar host.

In principle, dynamical stability arguments can also
be used to eliminate some possible orbital configura-
tions, as the three planets have very similar orbital peri-
ods. ZP25 used the SPOCK stability classifier (Tamayo
et al. 2020b), a machine-learning model trained on nu-
merical integrations of three-planet systems, to predict
the stability of the system if all three planets orbit ei-
ther the primary or secondary star. They found that
these kinds of architectures would be highly unstable,
and suggested that all three planets are therefore un-
likely to orbit the same star. ZP25 then carried out sta-
bility analyses for two-planet scenarios using rebound
(Rein & Tamayo 2015) n-body integrations that sam-
ple orbital parameters from the posterior distributions
reported in ZP25, integrate over 107 orbital periods of
the outermost planet, and calculate the MEGNO pa-
rameter (Mean Exponential Growth factor of Nearby
Orbits; Cincotta & Simo6 1999; Cincotta et al. 2003), a
well-established diagnostic for assessing the dynamical
stability of planetary systems (e.g., Hinse et al. 2015;
Jenkins et al. 2019; Delrez et al. 2021). This analysis
found highly stable configurations when TOI-2267 d and
c or TOI-2267 b and c orbit the same star, and highly
unstable configurations when TOI-2267 d and b orbit
the same star, further strengthening the argument that
all three planets cannot share one stellar host. ZP25
additionally found that in all of their dynamical sim-
ulations of the b-c¢ pair, the system exhibited apsidal

libration around a fixed point, suggesting that planets b
and ¢ may be locked in the 3:2 mean motion resonance.
However, ZP25 did not test whether the b-d pair might
also be locked in an orbital resonance, which could al-
low for a stable three-planet configuration around one
star despite the extremely close orbits. This scenario
was originally proposed by Asiru et al. (in prep), who
explore the viability of this configuration in more detail
using n-body simulations.

As aresult of their compact orbits, any planet pairs or-
biting the same star should exhibit transit timing varia-
tions. ZP25 predicted that the TTV amplitudes of TOI-
2267 b and ¢ due to proximity to the 3:2 resonance are
likely to be small (< 4 min if orbiting the primary, < 10
min if orbiting the secondary), and are therefore unlikely
to be detected using the individual TESS transits times,
which have a relatively low SNR. For TOI-2267 d, our
individual Palomar/WIRC transit observations achieve
a much higher timing precision (1.3 min) than for in-
dividual TESS transit observations (median precision of
~12min). In the future, additional ground-based transit
timing measurements of all three planets with a compa-
rable precision could be used to carry out a much more
sensitive search for transit timing variations. If all three
planets orbit the same star in a resonant configuration,
then the TTVs should be significantly larger, allowing
for a straightforward test of this hypothesis. If TTVs are
detected for any of the planets in the TOI-2267 system,
the information on planet-to-star mass ratio could also
be combined with information on planet-to-star radius
ratio and compatibility with each binary component’s
density to obtain improved constraints on which star
the planets orbit.

5.2. Could TOI-2267 d Host a Volatile-Rich Envelope?

Small M dwarf planets may be more susceptible to at-
mospheric mass loss. M dwarfs have higher fractional
XUV fluxes, more frequent flares than their sun-like
counterparts, and a longer activity lifetime, which could
result in enhanced atmospheric mass loss rates (John-
stone 2020; Harbach et al. 2021; Atri & Mogan 2021).
The observed flaring in TESS photometry and very short
rotation periods of the TOI-2267 stars (~ 17 hours for
TOI-2267A, and ~15 hours for TOI-2267B, ZP25), sug-
gest both stars may have strong stellar winds and en-
ergetic particle emissions. Whether TOI-2267 d orbits
the primary or the secondary star, its short orbital pe-
riod indicates that it is likely subjected to extreme space
weather conditions. If TOI-2267 d orbits the primary
star it would have a radius of 0.98 £ 0.09 Rg and a pre-
dicted equilibrium temperature of 503 4+ 32 K, incorpo-
rating only the flux from the primary star since the true
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separation of the binary components is unknown. This
makes it a close analogue of Trappist-1 b, which was re-
cently shown to have lost most or all of its atmosphere
(Greene et al. 2023).

If TOI-2267 d instead orbits the secondary star, it
would have a radius of 1.77 £ 0.43 Rg and an equi-
librium temperature of 422 + 55 K. Population-level
studies of M dwarf planet masses indicate that plan-
ets of this size often host volatile-rich envelopes (e.g.,
Luque & Pallé 2022; Rogers et al. 2023). Regardless
of which star TOI-2267 d orbits, with a projected sep-
aration of just 8 au the companion star may be close
enough to contribute to the planet’s stellar radiation en-
vironment, with corresponding implications for its atmo-
spheric mass loss history (e.g., Lammer 2013; Cherenkov
et al. 2017; Alvarado-Gomez et al. 2022). We conclude
that this system presents an exciting opportunity for fu-
ture studies on the impact of stellar multiplicity on space
weather and atmospheric mass loss for sub-Neptune-
sized exoplanets, if the host star for TOI-2267 d can
be identified.

6. CONCLUSIONS

By combining ground-based observations with statis-
tical validation, we firmly confirm the planetary nature
of TOI-2267 d, the third Earth-sized exoplanet identi-
fied in the TOI-2267 binary system. However, we are
unable to unambiguously determine its host star. If it
orbits TOI-2267A, it is a ~ 1.0 Rg terrestrial planet
with a predicted equilibrium temperature of approxi-
mately 500 K. Given the relatively high activity levels
of both stars and their small projected separation, this
would suggest that it has likely lost any primordial at-
mosphere. If it instead orbits the secondary, it isa ~ 1.8
Rg planet with an equilibrium temperature of approx-
imately 420 K, and therefore might host a volatile-rich
envelope. If present, any volatile-rich envelope is likely
to experience ongoing atmospheric mass loss driven by
the irradiation and winds from both stars.

Regardless of whether TOI-2267 d orbits the primary
or secondary star, the presence of three transiting plan-
ets in this system provides an exciting opportunity to
explore the effect of a close binary companion on the for-
mation and evolution of sub-Neptune-sized planets. If
TOI-2267 d orbits a different star than TOI-2267 b and
¢, then this system is the first double-transiting binary
M dwarf system and the most compact binary system
known to host planets around both stars. If all three
planets instead orbit one star in a resonant configura-
tion as proposed by Asiru et al. (in prep.), then TOI-
2267 would host the most compact orbital configuration
of any exoplanet system and have an extremely dynami-

cally delicate architecture similar to that of TRAPPIST-
1 (Luger et al. 2017; Tamayo et al. 2017; Papaloizou
et al. 2018). Any detection of transit timing variations
(TTVs) for TOI-2267 b, ¢, or d would prove that they
are gravitationally interacting and therefore share a host
star. Planet-to-star mass ratios from TTVs could also
be combined with planet-to-star radius ratios from the
stacked transit profiles to perform updated stellar den-
sity analysis and assign a host star (e.g., Lester et al.
2022). There is therefore great value in obtaining addi-
tional high-precision ground-based transit observations
of all three planets in this exciting new system.

7. ACKNOWLEDGMENTS

We thank the Palomar Observatory telescope opera-
tors, support astronomers, hospitality, and administra-
tive staff, without whom this research would not have
been possible. We are especially grateful to Paul Nied,
Carolyn Heffner, Kathleen Koviak, Diana Roderick, and
Rigel Rafto who supported our observations of TOI-
2267, and to Monastery keeper Jeff. Part of this pro-
gram was supported by JPL Hale telescope time alloca-
tions. We are thankful to the PARVI team and Palomar
Observatory directorate, especially David Ciardi, Chas
Beichman, Aurora Kesseli, and Andy Boden for their
gracious support of the Palomar TTV survey program
during periods requiring quick readjustment of the 200-
inch observing schedule.

This research was supported from the Wilf Family Dis-
covery Fund in Space and Planetary Science established
by the Wilf Family Foundation. F.J.P acknowledges fi-
nancial support from the Severo Ochoa grant CEX2021-
001131-S MICIU/AEI/10.13039/501100011033  and
Ministerio de Ciencia e Innovacién through the project
PID2022-137241NB-C43. T.D. acknowledges support
from the McDonnell Center for the Space Sciences at
Washington University in St. Louis. This research
has made use of the NASA Exoplanet Archive (NASA
Exoplanet Archive 2024) and the Exoplanet Follow-up
Observation Program website, which are operated by
the California Institute of Technology, under contract
with the National Aeronautics and Space Administra-
tion under the Exoplanet Exploration Program. The
research made use of the Swarthmore transit finder
online tool (Jensen 2013). This paper includes data
collected by the TESS mission that are publicly avail-
able from the Mikulski Archive for Space Telescopes
(MAST). We acknowledge the use of public TESS data
from pipelines at the TESS Science Office and at the
TESS Science Processing Operations Center. Funding
for the TESS mission is provided by NASA’s Science
Mission Directorate.



10 GREKLEK-MCKEON ET AL.

Software: exoplanet (Foreman-Mackey et al. 2021;
Foreman-Mackey et al. 2021) and its dependencies
(Foreman-Mackey et al. 2017; Foreman-Mackey 2018;
Agol et al. 2020; Kumar et al. 2019; Astropy Collab-
oration et al. 2013, 2018a; Luger et al. 2019; Salvatier
et al. 2016; Theano Development Team 2016) astropy
(Astropy Collaboration et al. 2018b), scipy (SciPy
2001), numpy (Harris et al. 2020), matplotlib (Hunter

2007), rebound (Tamayo et al. 2020a), reboundx (Lu
et al. 2023), BATMAN (Kreidberg 2015), emcee (Foreman-
Mackey et al. 2013), corner (Foreman-Mackey 2016),
lightkurve (Lightkurve Collaboration et al. 2018), and
Claude 3.5 Sonnet.

Facilities: ADS, NASA Exoplanet Archive, Exo-
FOP, TESS, Hale (Palomar 200-inch/WIRC)

APPENDIX

We present the full posterior distribution for all transit model parameters in the primary star joint fit in Figure 3,
and the posterior distribution for all transit model parameters in the secondary star joint fit in Figure 4.
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Figure 3. Posterior distribution of transit model parameters in our joint transit fit, assuming the primary host star, using both
nights of Palomar/WIRC data and the phase-folded TESS photometry for TOI-2267 d.
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