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Abstract

We present the discovery and validation of a three-planet system orbiting the nearby (31.1 pc) M2 dwarf star TOI-
700 (TIC 150428135). TOI-700 lies in the TESS continuous viewing zone in the Southern Ecliptic Hemisphere;
observations spanning 11 sectors reveal three planets with radii ranging from 1 R, to 2.6 R, and orbital periods
ranging from 9.98 to 37.43 days. Ground-based follow-up combined with diagnostic vetting and validation tests
enables us to rule out common astrophysical false-positive scenarios and validate the system of planets. The
outermost planet, TOI-700 d, has a radius of 1.19 + 0.11 R, and resides within a conservative estimate of the host
star’s habitable zone, where it receives a flux from its star that is approximately 86% of Earth’s insolation. In
contrast to some other low-mass stars that host Earth-sized planets in their habitable zones, TOI-700 exhibits low
levels of stellar activity, presenting a valuable opportunity to study potentially rocky planets over a wide range of
conditions affecting atmospheric escape. While atmospheric characterization of TOI-700 d with the James Webb
Space Telescope (JWST) will be challenging, the larger sub-Neptune, TOI-700 ¢ (R = 2.63 R;), will be an
excellent target for JWST and future space-based observatories. TESS is scheduled to once again observe the
Southern Hemisphere, and it will monitor TOI-700 for an additional 11 sectors in its extended mission. These
observations should allow further constraints on the known planet parameters and searches for additional planets
and transit timing variations in the system.

Unified Astronomy Thesaurus concepts: Exoplanet systems (484); Transit photometry (1709); Low mass stars
(2050); M dwarf stars (982); Astronomy data analysis (1858)

Gilbert et al.

1. Introduction

The search for small, rocky planets like Earth orbiting stars
outside of our solar system has made rapid progress in the last
decade. The Kepler mission (Borucki et al. 2010), launched in
2009, was designed to explore a specific exoplanet population,
Earth-sized planets in Earth-like orbits around Sun-like stars,
and aimed to address how common they are. Kepler achieved a
number of significant milestones toward this quest, including
finding planets within their host stars’ habitable zones, the
region around a star where liquid water could exist on the
surface of a planet if it has an atmosphere with the appropriate
properties (Shapley 1953; Strughold 1953).

Among the most important discoveries by Kepler was the
high frequency of planets orbiting low-mass M dwarfs
(Dressing & Charbonneau 2013, 2015; Gaidos et al. 2016;
Hardegree-Ullman et al. 2019), particularly small (<2 Rg)
planets in compact, coplanar, multiplanet systems. The first
definitively Earth-sized planet discovered in the habitable zone
of its host star, Kepler-186 f (distance = ~179 pc), resides in a
multiplanet system orbiting an M dwarf about half the mass of
the Sun (Quintana et al. 2014; Torres et al. 2015). Kepler’s
extended mission, K2, surveyed substantially more sky than the
prime mission and collected data for an order of magnitude
more M dwarfs (Dressing et al. 2017, 2019) than were
observed in Kepler’s prime mission (~3000 M dwarfs in the
prime mission; Huber et al. 2016). Despite the large number of

35 NASA Postdoctoral Program Fellow.
36 NASA Sagan Fellow.
7 Kavli Fellow.
5% MTA Distinguished Guest Fellow, Konkoly Observatory, Hungary
59
Packard Fellow.

small-planet discoveries, due to the design of the Kepler and
K2 target selections and their limited sky coverage and mission
durations, the majority of targets in question are too dim for
detailed follow-up observations.

The relative ease of finding small planets orbiting M dwarfs,
compared with Sun-like stars, has made them prime targets for
exoplanet hunters using both transit photometry and ground-based
radial velocity facilities. Radial velocity searches for planets
orbiting low-mass stars pre-date Kepler (Delfosse et al. 1998;
Marcy et al. 1998; Rivera et al. 2005; Plavchan 2006; Bonfils et al.
2013) and have led to discoveries of low-mass planets in the
habitable zone (e.g., Anglada-Escudé et al. 2013, 2016). Both
ground-based radial velocity and transit photometry surveys
searching nearby and bright M dwarfs have discovered systems
of planets with the potential for detailed follow-up. The
TRAPPIST-1 system, for example, is a late-M dwarf that harbors
seven small transiting planets (Gillon et al. 2017), three of which
reside in the star’s habitable zone. Masses determined via transit
timing variations (TTVs; Luger et al. 2017) suggest compositions
from rocky terrestrials to more volatile-rich Earth-sized planets
(Dorn et al. 2018; Grimm et al. 2018).

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015), launched in 2018 April, is performing a near-all-sky
photometric survey designed to search for small planets around the
Sun’s nearest neighbors—those bright enough for follow-up
characterization. The TESS photometric bandpass is redder than
Kepler’s, providing higher sensitivity to planets orbiting cooler,
low-mass stars (Sullivan et al. 2015; Ricker et al. 2015; Barclay
et al. 2018; Ballard 2019). TESS is now beginning its third year of
operations, and it is delivering on its promise to identify small
planets around the closest, brightest M dwarfs. To date, TESS
has discovered 17 small planets orbiting 11 M dwarfs with


http://astrothesaurus.org/uat/484
http://astrothesaurus.org/uat/1709
http://astrothesaurus.org/uat/2050
http://astrothesaurus.org/uat/2050
http://astrothesaurus.org/uat/982
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K-band magnitudes of 6-11. Among these are five compact
multiplanet systems: TOI-270 b, ¢, and d (Giinther et al. 2019),
L98-59 b, c, and d (Kostov et al. 2019b), GJ 357 b (along with
nontransiting planets ¢ and d; Luque et al. 2019), LP 791-18 b and
¢ (Crossfield et al. 2019), and TOI-732 b and c¢ (Cloutier et al.
2020; Nowak et al. 2020). As each of the TESS-discovered
systems is a new potential benchmark, intensive follow-up is
ongoing (Cloutier et al. 2019), and several planets have been
included as targets in guaranteed time observing (GTO) programs
for IWST.%

Building on these discoveries from TESS, here we present the
discovery and validation of a system of three small planets
transiting the nearby (31.1 pc), bright (K = 8.6 mag), M2 dwarf
TOI-700. This system includes a nearly Earth-sized planet in the
habitable zone (TOI-700 d). This paper is the first in a series of
three papers. In this paper, we describe the TESS observations of
the system (Section 2), derive precise stellar properties of the host
star (Section 3), model planet parameters (Section 4), discuss the
observational constraints and our vetting and validation of the
system (Section 5), and explore the dynamics of the system
(Section 6). In Paper II, Rodriguez et al. (2020) use Spitzer
observations to provide independent confirmation that TOI-700 d
is a transiting planet and refine its parameters, and in Paper III,
Suissa et al. (2020) simulate potential climate configurations for
TOI-700 d to explore the prospects of both habitable conditions
and atmosphere detection.

2. TESS Observations and Initial Vetting

TOI-700 (TIC 150428135, 2MASS J06282325-6534456,
UCAC4 123-010026) was prioritized for inclusion in the TESS
2 minute cadence mode target list because it was included as a
target in the TESS Guest Investigator Program Cycle 1 proposal
GO011180, Differential Planet Occurrence Rates for Cool Dwarfs
(PI C. Dressing).®' TOI-700 is in a relatively sparsely populated
region of the sky only 3° away from the south ecliptic pole, as
shown in Figure 1. This resulted in TOI-700 falling into the field of
view of TESS Camera 4 in 11 of the 13 observing sectors that
made up the first year of TESS science (sectors 1, 3, 4,5, 6,7, 8,9,
10, 11, and 13), spanning 25 July 2018 to 18 July 2019. During the
remaining two sectors, TOI-700 fell into gaps between detectors.

The TESS Science Processing Operation Center (SPOC)
pipeline (Jenkins et al. 2016) identified three planet candidates
transiting TOI-700. These candidate planets had periods of 9.98
(TOI1-700.03), 16.05 (TOI-700.01), and 37.42 (TOI-700.02)
days, transit depths ranging from 600-3000 ppm, and signal-to-
noise ratios of 9.8, 27.4, and 10.0. The pipeline-estimated
planet radii were consistent with sub-Neptunes to sub-Saturns,
but this was due to missing stellar parameters in the version of
the TESS Input Catalog (TIC; Stassun et al. 2018, 2019) used
at the time (TIC V6) and 1 R, being adopted by default. The
star’s broadband colors indicated it was likely an M dwarf.
After adopting revised stellar properties based on these colors,
the observed transit depths indicated the planets were small, with
radii spanning approximately 1-3 Rg. This early indication of a
compact system of small planets transiting a bright M dwarf led to

%0 JWST GTO 1201 (PI D. Lafreniére) targets GJ 357 b, 1.98-59 ¢ and d, LP 791-
18 c: http: //www.stsci.edu/jwst/observing-programs /program-information?id=
1201; JWST GTO 1224 (PI S. Birkmann) targets 1.98-59 d: http://www.stsci.
edu/jwst/observing-programs/program-information?id=1224

5! Details of approved TESS Guest Investigator Programs are available from
https:/ /heasarc.gsfc.nasa.gov/docs /tess /approved-programs.html.

Gilbert et al.

a deeper investigation of the candidate signals, the host star, and
subsequently, the planet candidates.

We performed several initial checks of the TESS data for
astrophysical false-positive scenarios that can mimic exoplanet
transits. The data validation module (DV; Twicken et al. 2018;
Li et al. 2019) of the TESS SPOC pipeline performs multiple
diagnostic vetting tests to investigate such scenarios. The three
planet candidates passed all of the DV module’s diagnostic
tests in the multisector search of sectors 1-13. This includes an
odd/even depth test; the statistical bootstrap test, which
estimates the probability of a false alarm from random noise
fluctuations in the light curve and accounts for the nonwhite
nature of the observation noise; the ghost diagnostic test, which
compares the detection statistic of the optimal aperture against
that of a halo with a 1 pixel buffer “ring” around the optimal
aperture—this test can identify when transit-like signatures are
caused by background scattered light, background eclipsing
binaries, and background objects such as asteroids; and the
difference image centroiding test.

As an additional check, we also used DAVE (Discovery and
Vetting of Exoplanets) to perform similar vetting tests on the
TESS data. DAVE is an automated pipeline built upon vetting
tools developed for Kepler data (e.g., RoboVetter, Coughlin
et al. 2016) and has been extensively used both for K2 (Hedges
et al. 2019; Kostov et al. 2019a) and TESS data (Crossfield
et al. 2019; Kostov et al. 2019b). DAVE performs two sets of
vetting tests: light-curve based—i.e., odd—even difference
between consecutive transits, secondary eclipses, light-curve
modulations introducing transit-like signals—and image based
—i.e., photocenter motion during transit. Our DAVE analysis
confirms that TOI-700 is the transit source for all three planet
candidates and rules out simple false-positive features such as
odd—even differences or secondary eclipses. Given these
results, we moved forward with an investigation of the host
star properties.

3. Determining the Properties of TOI-700

Understanding host stars is an essential component of
validating and characterizing exoplanets. Here we use empiri-
cally derived relations based on absolute magnitude (see
Section 3.1) to estimate TOI-700’s fundamental parameters
and provide an additional level of characterization using an
observed medium-resolution spectrum. We then place con-
straints on the age of TOI-700 using historical photometry (see
Section 3.2).

3.1. Empirically Derived Stellar Parameters

We determined the fundamental parameters of TOI-700 using
empirical relations for M dwarfs that are based on the variation of
mass, radius, luminosity, and temperature with absolute Two
Micron All Sky Survey (2MASS) K,-band magnitude (Mg, ). This
approach is similar to the methods used in other recent TESS
discoveries of small planets transiting M dwarfs (e.g., L98-59 and
LTT 1445A; Kostov et al. 2019b; Winters et al. 2019b).
Specifically, we used the Mg —mass relation of Mann et al.
(2019),%? calibrated using M-dwarf binaries with precise orbital
solutions, to estimate the mass of TOI-700. We then used the
Mk —radius relationship of Mann et al. (2015), calibrated using

62 https: //github.com/awmann/M_-M_K-


http://www.stsci.edu/jwst/observing-programs/program-information?id=1201
http://www.stsci.edu/jwst/observing-programs/program-information?id=1201
http://www.stsci.edu/jwst/observing-programs/program-information?id=1224
http://www.stsci.edu/jwst/observing-programs/program-information?id=1224
https://heasarc.gsfc.nasa.gov/docs/tess/approved-programs.html
https://github.com/awmann/M_-M_K-

THE ASTRONOMICAL JOURNAL, 160:116 (21pp), 2020 September

Gilbert et al.

Figure 1. TOI-700 is close to the south ecliptic pole and was observed by TESS in 11 of the first 13 sectors of the mission. The field around TOI-700 is relatively
uncontaminated, with approximately 1% of the starlight in the region around TOI-700 coming from other stars. The blue dashed line in the figure is the TESS
continuous viewing zone (CVZ). The blue square in the upper-left inset shows TOI-700.

M dwarfs with interferometrically measured radii, to estimate
the stellar radius. To calculate the effective temperature (7.¢),
we estimated the K-band bolometric correction using the
relations of Mann et al. (2015) to calculate the stellar
luminosity and then combined it with the measured radius
estimate using the Stefan—Boltzmann law. The derived
parameter estimates are consistent with an M2V £ 1 dwarf
following the color—temperature relations of Pecaut &
Mamajek (2013).°* We estimated parameter uncertainties using
Monte Carlo methods assuming Gaussian-distributed measure-
ment errors and added the systematic scatter in the parameter
relations in quadrature. We found the stellar radius is
0.420 + 0.031 R, mass is 0.416 + 0.010 M., effective temp-
erature is 3480 + 135 K, and mean stellar density is
8.0+ 1.8gcm °.

63 We used the updated stellar parameter table, version 2019.3.22, available at
http:/ /www.pas.rochester.edu/~emamajek /EEM_dwarf_UBVIJHK_colors_
Teff.txt

We also used the star’s photometry to estimate its metallicity
via its position on a color-magnitude diagram. Color—
magnitude position is mainly sensitive to [Fe/H] for single
M dwarfs, unlike for Sun-like stars where color—magnitude
diagram position also depends on age (due to main-sequence
evolution). We interpolated over five different metal-sensitive
color-magnitude combinations (using Gaia, 2MASS, and
AAVSO All-Sky Photometric Survey (APASS) photometry)
using stars with accurate metallicities from near-infrared
spectra (Rojas-Ayala et al. 2012; Mann et al. 2013; Newton
et al. 2014) and parallaxes from Gaia data release 2 (DR2). This
method yielded a consistent metallicity across all relations,
with a final adopted value of [Fe/H] = —0.07 &+ 0.11 and
errors limited primarily by the [Fe/H] values applied to the
comparison sample.

These stellar properties are adopted as the set we use in the
analyses presented in the rest of the paper. They are
summarized in Table 1, along with the star’s astrometric and
photometric properties.
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Table 1
Stellar Parameters

Parameter Value Source

Identifying Information
Name TOI-700
TIC ID 150428135
Alt. name 2MASS J06282325-6534456
Alt. name UCAC4 123-010026

Astrometric Properties
a R.A. (hh:mm:ss) 06 28 23.229 Gaia DR2
6 Dec. (dd:mm:ss) —65 34 45.522 Gaia DR2
Jio (mas yr— 1) —102.750 + 0.051 Gaia DR2
s (mas yrfl) 161.805 £ 0.060 Gaia DR2
Barycentric radial velocity —4.4+0.1 This work

(kms™")
Distance (pc) 31.127 + 0.020 Gaia DR2
Stellar Properties

Spectral type M2V £ 1 This Work
Terr (K) 3480 + 135 This Work
[Fe/H] —0.07 £ 0.11 This Work
M, M) 0.416 £ 0.010 This Work
R. (R>) 0.420 £ 0.031 This Work
L, (Lo) 0.0233 £ 0.0011 This Work
log g 4.81 + 0.06 This Work
pe (gem ™) 80+ 18 This Work
Rotation period (days) 54.0 £ 0.8 This Work
Age (Gyr) >1.5 This Work

Photometric Properties
B, (mag) 14.550 £ 0.047 APASS DR9
Bp (mag) 13.350 £ 0.003 Gaia DR2
V; (mag) 13.072 £ 0.012 APASS DR9
V; (mag) 13.10 + 0.01 This work
G (mag) 12.067 £ 0.001 Gaia DR2
g’ (mag) 13.796 + 0.026 APASS DR9
r’ (mag) 12.487 + 0.031 APASS DR9
Rkc (mag) 12.03 + 0.01 This Work
Rp (mag) 10.960 + 0.002 Gaia DR2
T (mag) 10.910 + 0.007 TIC V8
Ixc (mag) 10.73 £ 0.02 This Work
i’ (mag) 11.352 £ 0.038 APASS DR9
J (mag) 9.469 + 0.023 2MASS
H (mag) 8.893 £+ 0.027 2MASS
K, (mag) 8.634 + 0.023 2MASS
W1 (mag) 8.523 + 0.023 AlIWISE
W2 (mag) 8.392 + 0.020 AIIWISE
W3 (mag) 8.281 + 0.019 ANIWISE
W4 (mag) 8.234 +£ 0.115 ANIWISE

Note. Gaia DR2 (Gaia Collaboration et al. 2018; Bailer-Jones et al. 2018),
RAVE DRS5 (Kunder et al. 2017, TIC V8 (Stassun et al. 2019), APASS DR9
(Henden et al. 2016), 2MASS (Skrutskie et al. 2006), AIWISE (Cutri et al.
2013).

For an additional level of stellar characterization, we obtained a
spectrum of TOI-700 with the Goodman High-Throughput
Spectrograph (Clemens et al. 2004) on the Southern Astrophysical
Research (SOAR) 4.1 m telescope located at Cerro Pachén, Chile.
On 2019 September 30 UT and under clear (photometric)
conditions, we obtained five spectra of TOI-700, each with an
exposure time of 120s. We took all exposures using the red
camera, 12001/mm grating in the M5 setup, and the 0746 slit
rotated to the parallactic angle, which yielded a resolution of
~5900 spanning 625-750 nm. For wavelength calibration, we
obtained observations of Ne arc lamps taken just before the target,
as well as dome flats and biases taken during the afternoon.
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Figure 2. SOAR Goodman spectrum of TOI-700 (black) compared to an M2
(red) and an M3 (blue) template spectrum. The spectrum exhibits a continuum
shape and broad TiO and CaH absorption bands that are characteristic of early-
to mid-M dwarfs (Kirkpatrick et al. 1991). The good visual match to the M2
and M3 templates is consistent with the M2 + 1 spectral type estimated from
the empirically derived effective temperature in Section 2. Because we used an
archival calibration, the flux calibration of our Goodman spectrum is likely
only accurate to ~10%.

We performed bias subtraction, flat fielding, optimal
extraction of the target spectrum, and mapping pixels to
wavelengths using a fourth-order polynomial derived from the
Ne lamp data. We then stacked the five extracted spectra using
the robust weighted mean (for outlier removal). The stacked
spectrum had a signal-to-noise ratio >100 over the full
wavelength range (excluding areas of strong telluric contam-
ination). While we observed no spectrophotometric standards
during the night, we corrected instrument throughput with
wavelength using standards from an earlier night. The final
spectrum is shown in Figure 2 with M2 and M3 template
spectra from Cushing et al. (2005) for comparison. The
continuum shape and broad TiO and CaH molecular features
(see Kirkpatrick et al. 1991) are a good match to these
standards and indicate that TOI-700 is approximately an M2
spectral type, consistent with our fundamental parameter
estimates.

As an independent check of the empirically derived stellar
parameters presented in this section, we used multiple methods
that combine spectral energy distributions (SEDs) and stellar
models to estimate parameters in Appendix A. We found
consistent results regardless of the method used, providing
validation of the adopted parameters.

3.2. Constraints on the Age of TOI-700

Our stellar parameter analyses indicate that TOI-700 is a
main-sequence M2 dwarf star. M dwarfs change little over the
vast majority of their very long life spans on the main
sequence; therefore, precise age determinations for such stars
are notoriously difficult (e.g., Newton et al. 2016; Veyette &
Muirhead 2018). Early-M dwarfs, like TOI-700, have magnetic
dynamos similar to the Sun and shed angular momentum over
time viamagnetic braking as the stellar wind interacts
with magnetic field lines. This braking results in progressively
slower rotation and lower levels of magnetic activity.
Stellar magnetic activity manifests in the form of star spots,
flares, increased X-ray and UV emission, and emission in
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Figure 3. Long-term monitoring of TOI-700 by ground-based ASAS-SN telescopes shows a 54.0 £ 0.8 day rotation period. Top: Lomb—Scargle periodogram of the
ASAS-SN V-band photometry. Middle: Lomb—Scargle periodogram of the ASAS-SN g-band photometry. Bottom: ASAS-SN photometry and GP-modeling
posteriors. The combined V-band data in purple and g-band data in green cover five years. The g-band data have been offset by —0.1. Fifty posterior draws from a
periodic GP kernel model are shown in blue (V band) and pink (g band). The lack of stellar activity and slow rotation period indicate that the star is not young. The
posterior distribution of the rotation period and amplitude of the rotation signal are provided (bottom-right panels). The amplitude of the rotation is 0.6% in the V band

and 0.4% in the g band.

activity-sensitive spectral lines (e.g., Ha, Nal, Call), which
can provide additional constraints on the age of an M dwarf. In
11 sectors of TESS 2 minute cadence, high-precision photo-
metry of TOI-700, there are no detectable white-light flares.
Additionally, we observed no emission in activity-sensitive
lines in a high-resolution spectrum (see Section 5.1.3). We also
searched for excess UV emission from TOI-700 in the GALEX
(Morrissey et al. 2005) catalog of Bianchi et al. (2011). There is
a weak near-UV source near the location of the star, but it is
flagged as an image artifact, so we do not attribute this
detection to TOI-700.

To estimate the rotation period of TOI-700, we analyze more
than five years of archival photometry from the All-Sky
Automated Survey for Supernovae (ASAS-SN; Shappee et al.
2014; Kochanek et al. 2017). We obtained ASAS-SN data (see
Figure 3) from the publicly available Sky Patrol database.®*
The database contained over 2500 photometric observations of
TOI-700 in two bands, V and g, spanning approximately five
years. Both the V- and g-band long-baseline light curves
exhibited slowly varying semisinusoidal modulation, consistent
with periodic brightness variations due to star spots in the
photosphere of a rotating star. We calculated the Lomb—Scargle
periodogram of the ASAS-SN data in each band to estimate the

 hitps: //asas-sn.osu.edu

stellar rotation period. The power spectra each exhibited one
dominant peak: 53 days in the V band and 55 days in the g band
(see Figure 3). Given the consistency of these analyses, we
adopt the mean value of 54 days as the initial estimate of the
stellar rotation period.

We then used exoplanet (Foreman-Mackey 2018) to
model the variability in the ASAS-SN data using a periodic
Gaussian process kernel (Foreman-Mackey et al. 2017; Fore-
man-Mackey 2018) with the Lomb-Scargle-estimated period
as a broad Gaussian input prior in the probabilistic model. The
particular form of the periodic kernel has two peaks in
frequency space: one at the model period and another at half
the model period. This kernel is well suited to modeling the
signature of stellar rotation (spots coming in and out of view as
the star rotates) which often produces two peaks in frequency
space owing to multiple spot clusters on the stellar surface. The
parameters of the model were the log period, and for each of
the two separate data sets, the photometric mean, a log
amplitude, a log quality factor of the primary frequency, a ratio
of the log quality factors between the primary and secondary
frequencies, a ratio between the amplitude of primary and
secondary frequencies, and a log noise parameter that is added
in quadrature with the reported uncertainty in the data. All log
parameters here are natural logarithms. In addition, for only the
V-band ASAS-SN data, we included a long-term variability
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term because there appear to be slow changes in the measured
brightness of the target in that data. We sampled from this
model using the PyMC3 (Salvatier et al. 2016) implementation
of the No U-turn Sampler (NUTS; Hoffman & Gelman 2014),
which is a form of Hamiltonian Monte Carlo. We measured the
posterior rotation period to be 54.0 + 0.8 days. Posterior draws
from the model in data space are shown in Figure 3, along with
posteriors for the rotation period and the multiband amplitudes.
This rotation period is typical for inactive early to mid spectral-
type M dwarfs (Newton et al. 2017). The modeled amplitude of
the rotation signal in the V band is 0.6% + 0.1% and
0.4% =+ 0.1% in the g band. An independent rotation period
analysis using long-baseline photometry from the HATSouth
telescope network (Bakos et al. 2013) that validates the ASAS-
SN analysis is presented in Appendix B.

Stellar galactic kinematics can be combined with the
measured rotation period and activity constraints to provide
additional age constraints. To calculate the galactic UVW
velocities, we followed the prescription of Johnson &
Soderblom (1987), updated to epoch J2000. We also adopted
a coordinate system where U is positive toward the Galactic
center and calculated the UVW velocities corrected to the local
standard of rest (LSR; Coskunoglu et al. 2011). We used the
available astrometry from Gaia DR2 and the radial velocity
measurement from the CHIRON spectrum presented in this
paper (see Section 5.1.3) to calculate (UVWgr) = (—17.83,
20.34, —2.40) + (0.29, 0.44, 0.26) km s_l, which yielded a
total Galactic velocity Spsg = 27.15km s ! indicating that the
star is a likely member of the thin-disk population following the
kinematic criteria of Bensby et al. (2010). The typical
metallicity of stars in the thin disk, —0.7 < [Fe/H] < +0.5
dex (Bensby et al. 2014), is also consistent with the metallicity
of TOI-700 estimated in this work. Following the systematic
study of M-dwarf rotation and kinematics from Newton et al.
(2014), the combined Galactic kinematics and rotation period
indicate that TOI-700 is older than ~2 Gyr.

As a final check, we used stardate (Angus et al.
2019a, 2019b) to estimate the age of TOI-700 using the
photometry listed in Table 1, the Gaia parallax, and the rotation
rate from ASAS-SN. This method has been calibrated and
tested on stars with Gaia B» — Rp < 2.7, and so is appropriate
for TOI-700. The resulting age estimate was >1.5 Gyr at 95%
confidence. This result is consistent with the above limit and is
adopted as the stellar age reported in Table 1.

4. Measuring the Physical Properties of the Planets
Orbiting TOI-700

We determined the physical properties of the TOI-700
planets by combining the stellar properties measured pre-
viously with an analysis of the TESS time-series data. Our
TESS data analysis made use of the SPOC-created systematics-
corrected light curves from the TESS pipeline (Smith et al.
2012; Stumpe et al. 2014; Jenkins et al. 2016) collected at
2 minute cadence. We first used the 1ightkurve package to
download the data sets from the MAST archive (Lightkurve
Collaboration et al. 2018) and used the exoplanet (Fore-
man-Mackey 2018) toolkit to create models of the light curves
and infer the planet properties. Each of the 11 separate sectors
of data have different noise properties, so we opted to model
these as independent data sets with distinct noise terms. Each
sector is modeled with a mean offset, a white-noise term
parameterized as the natural log variance, and two
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hyperparameters, In(Sy) and In(wg), of a Gaussian process
(GP) that describe a stochastically driven, damped harmonic
oscillator and model residual stellar variability. In addition to
the sector-dependent parameters, the model includes two stellar
limb-darkening parameters, the natural logarithm of stellar
density, the stellar radius, and for each planet a natural log
orbital period, a natural log planet-to-star radius ratio, impact
parameter, eccentricity, periastron angle, and time of first
transit.

We used a normal prior for the stellar radius with mean and
standard deviation of 0.42 and 0.03, respectively, in solar units.
The natural log mean stellar density, in cgs units, had a
Gaussian prior with a mean of In 8.0 and standard deviation of
0.3 dex (as per Section 2.1). The limb-darkening parameters
were estimated following Kipping (2013a) and were sampled
uniformly. The impact parameter was uniformly sampled
between zero and one plus the planet-to-star radius ratio. The
eccentricity had a beta prior (as suggested by Kipping 2013b),
with parameters appropriate for systems of small planets
(Van Eylen et al. 2019) and was bounded between zero and
one. The periastron angle at transit was sampled from an
isotropic, two-dimensional normal with the angle given by
the arctangent of the ratio of the two coordinates, yielding a
uniform prior between —7 and 7 with no hard boundaries
(Foreman-Mackey 2018).

We used PyMC3 to make draws from the posterior
distribution. We used 4 independent chains and ran 6000
tuning steps and then 5000 draws which we used for inference.
The chains were well mixed, and the number of effective
samples was over 1000 for each model parameter. The
Gelman—Rubin diagnostic (Gelman & Rubin 1992) measures
convergence between independent chains. All model para-
meters had a Gelman—Rubin diagnostic within 1 part in 1000 of
unity, providing confidence that the chains had converged. The
results of our modeling are shown in Table 2. The “Derived
Parameters” listed in Table 2 are computed during the sampling
as deterministic parameters in PyMC3.

The best-fitting transit model for the three planets is shown
in Figure 4, along with the 1o bounds of the transit model. We
also show binned TESS observations, demonstrating that the
data is well described by the model. The radii of the three
planets are 1.01 4+ 0.09, 2.63 4+ 0.4, and 1.19 4+ 0.11 R, from
the inner to outer planet. TOI-700 b and d are of similar radii to
Earth while TOI-700 c is likely a sub-Neptune-type planet
(Rogers 2015). TOI-700 d receives an incident flux of
0.86 £ 0.2 that of Earth’s insolation, which places it within
the circumstellar habitable zone (Kopparapu et al. 2013).

To verify the results of our first TESS light-curve model, we
repeated this analysis but rather than starting with TESS-
pipeline-generated light curves, we began by using the
2 minute cadence target pixel file (TPF) data products (Jenkins
et al. 2016). For each of the 11 TPFs, we manually excluded
data with significant stray light. Next, we generated custom
apertures for each sector by iteratively adding pixels to the
aperture ordered by brightness and then selecting the aperture
that minimizes the scatter in the light curve. We then use these
apertures to generate light curves for each sector. The light
curves were extracted using the 1ightkurve package. We
then masked out transits using the ephemeris generated by the
TESS-pipeline alerts and subsequently detrended the light
curves using pixel-level decorrelation, adapted from the
methods of everest (Luger et al. 2016). Once detrended,
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Table 2

Planet Parameters
Parameter Median +1lo —lo

Model Parameters
Star
Inp (gem?) 2.08 0.16 0.17
Limb-darkening u; 0.34 0.39 0.24
Limb-darkening u, 0.13 0.38 0.32
TOI-700 b
T, (BJD—2457000) 1331.3547 0.0048 0.0032
In(Period[days]) 2.300284 0.000024 0.000028
Impact parameter 0.20 0.19 0.14
InR, /Ry —3.809 0.049 0.55
Eccentricity 0.032 0.050 0.024
w (radians) —0.6 2.5 1.8
TOI-700 ¢
Ty (BJD—2457000) 1340.0887 0.0011 0.0010
In Period (days) 2.7757773 0.0000055 0.0000058
Impact parameter 0.904 0.016 0.024
InR, /Ry —2.857 0.053 0.046
Eccentricity 0.033 0.063 0.025
w (radians) 0.4 1.8 2.4
TOI-700 d
Ty (BJD—2457000) 1330.4737 0.0035 0.0040
In period (days) 3.622365 0.000020 0.000027
Impact parameter 0.40 0.15 0.22
InR, /Ry —3.641 0.053 0.060
Eccentricity 0.032 0.054 0.023
w (radians) 0.2 2.0 2.3

Derived Parameters
TOI-700 b
Period (days) 9.97701 0.00024 0.00028
R,/R, 0.0221 0.0011 0.0012
Radius (R) 1.010 0.094 0.087
Insolation 5.0 1.1 0.9
a/Ry 34.8 1.9 1.9
a (au) 0.0637 0.0064 0.0060
Inclination (deg) 89.67 0.23 0.32
Duration (hr) 2.15 0.15 0.7
TOI-700 ¢
Period (days) 16.051098 0.000089 0.000092
R,/Ry 0.0574 0.0032 0.0026
Radius (R) 2.63 0.24 0.23
Insolation 2.66 0.58 0.46
a/Ry 47.8 2.7 2.6
a (au) 0.0925 0.0088 0.0083
Inclination (deg) 88.90 0.08 0.11
Duration (hr) 1.41 0.14 0.09
TOI-700 d
Period (days) 37.4260 0.0007 0.0010
R,/Ry 0.0262 0.0014 0.0015
Radius (R) 1.19 0.11 0.11
Insolation 0.86 0.19 0.15
a/Ry 84.0 4.7 4.6
a (au) 0.163 0.015 0.015
Inclination (deg) 89.73 0.15 0.12
Duration (hr) 3.21 0.27 0.26
we combined all 11 sectors into a single light curve. We then

used the exoplanet package in a similar manner to that
described above, except that we used the entire time series as a
single data set rather than breaking it into 11 separate data sets.
The resulting exoplanet parameters were consistent at the <0.20
level with the values calculated in our first analysis (see Table 2).
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Figure 4. Phase-folded light curves from 11 sectors of TESS data for planets
TOI-700 b (upper panel), TOI-700 ¢ (middle panel), and TOI-700 d (lower
panel), along with the respective transit model (pink) showing the 1o range in
models consistent with the observed data. The observed data are binned in steps
of 1.2 minutes (dots) and 12 minutes (lines) in phase. The corresponding transit

parameters are listed in Table 2.
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5. System Validation of TOI-700

Here we build upon the TESS pipeline and DAVE vetting
analyses and present a validation of TOI-700 b, c, and d. We
investigated this system using both observational constraints
(Section 5.1) as well as the publicly available software
package, vespa (Section 5.2), to validate the planetary nature
of the signals observed by TESS.

5.1. Observational Constraints

We collected a variety of ground-based observations in order
to explore potential false-positive scenarios for the TOI-700
system. The majority of these observational constraints were
obtained through the TESS Follow-up Observers Program
(TFOP). We utilized archival imaging to place limits on
background sources (Section 5.1.1), high-resolution speckle
imaging to rule out close-in bound companions (Section 5.1.2),
high-resolution spectra to place constraints on potential
blended sources at even smaller separations (Section 5.1.3),
and ground-based time-series photometry to observe additional
planet transits and rule out nearby eclipsing binaries
(Section 5.1.4).

5.1.1. Archival Imaging

TOI-700 was observed three times in historical large-scale
photographic sky surveys (Morgan et al. 1992) during epochs
spanning 1982 to 1996. These Southern Hemisphere observa-
tions were obtained using the UK 1.2 m Schmidt Telescope at
Siding Spring Observatory and were made available for digital
download as part of the Digitized Sky Survey® (Lasker et al.
1990; Lasker 1994, shown in Figure 5). TOI-700 was observed
on 1982 November 20 during the Science and Engineering
Research Council (SERC) J survey using the “Blue” photo-
graphic emulsion (A = 395-590 nm; Monet et al. 2003) and
1989 December 18 during the SERC-I survey using the “IR”
photographic emulsion (A = 715-900 nm; Monet et al. 2003).
The star was observed again on 1996 February 19 during the
Anglo Australian Observatory Second Epoch Survey (AAO-
SES or AAO-R) using the “Red” photographic emulsion
(A = 590-690 nm; Monet et al. 2003). The relatively large
proper motion of TOI-700 allows us to search for background
objects at its current position.

With a total proper motion of 191.673 mas year ', the star
has moved approximately 7” across the sky to its current
location since the SERC-J images were obtained in late 1982.
In the archival data, there are no background sources at the
star’s current position down to ~17 mag in the SERC-J “Blue”
band as shown in Figure 5. We also note there are several faint
stars within a separation of ~1’ of TOI-700 that are within the
apertures used to extract the TESS photometry. We compared
their photometry in the SERC-I “IR” band, the closest available
to the TESS bandpass, with TOI-700 as calibrated and
presented in the USNO-B1.0 catalog (Monet et al. 2003).
The brightest star is about 7.5 magnitudes fainter than TOI-700,
and we find that none of these stars are bright enough to mimic
the transits even if they are totally eclipsing binaries. This is
consistent with our ground-based time-series observations that
rule out nearby eclipsing binaries at the periods of the TOI-700
planets (see Section 5.1.4).

65 https: / /archive.stsci.edu/cgi-bin /dss_form
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5.1.2. High-resolution Imaging

If a star hosting a planet candidate has a close bound
companion (or companions), the companion can create a false-
positive exoplanet detection if it is an eclipsing binary (EB).
Additionally, flux from the additional source(s) can lead to an
underestimated planetary radius if not accounted for in the
transit model (Ciardi et al. 2015; Furlan et al. 2017; Matson
et al. 2018). To search for close-in bound companions
unresolved in our other follow-up observations, we obtained
speckle imaging observations from both Gemini South’s Zorro
instrument and the SOAR HRCam. These observations were
obtained through TFOP.

TOI-700 was observed on 2019 October 8 UT using the
Zorro speckle instrument on Gemini South. Zorro provides
simultaneous speckle imaging in two bands (562nm and
832 nm) with output data products including a reconstructed
image and robust contrast limits on companion detections
(Howell et al. 2011, 2016). The night had light cirrus, a slight
breeze, and very good seeing (~074-0”5) during the
observations. Figure 6 shows our 832 nm contrast curve result
and our reconstructed speckle image. We find that TOI-700 is a
single star with no companion brighter than about 5 to
8 magnitudes, respectively, from the diffraction limit out to
1775. We adopt the Zorro 832 nm band as approximately equal
to the 7 band and estimate that for TOI-700, these limits
correspond to an / ~ 16 mag star at 0.53 au and /~19 mag star
at 54.4 au.

We also searched for previously unknown companions to
TOI-700 with the SOAR speckle imaging camera (HRCam; see
Tokovinin 2018). Data were taken on 2019 October 16 UT in
the I band, a visible bandpass similar to TESS. We detected no
nearby stars within 3” (or 93 au) of TOI-700. The 50 detection
sensitivity and the speckle autocorrelation function from the
SOAR observation are plotted in Figure 7.

We also checked for indications of binarity using the
renormalized unit weight error (RUWE), which is calculated
for each source in the Gaia DR2 catalog. Ziegler et al. (2020)
showed that this measure of fit quality was typically <1.4 for
single stars. For TOI-700, RUWE = 1.08, indicating it is
comfortably in the single-star regime and providing indepen-
dent verification of the results from the speckle imaging
observations.

5.1.3. High-resolution Spectroscopy

As part of our TFOP reconnaissance spectroscopy campaign to
investigate the activity of the host star and rule out close
companions unresolved by speckle imaging, we observed TOI-
700 on 2019 October 1 UT using the CTIO high-resolution
(CHIRON) spectrograph (Tokovinin et al. 2013) in slicer mode
on the Cerro Tololo Inter-American Observatory (CTIO) Small
and Moderate Aperture Research Telescope System (SMARTS)
1.5 m telescope. CHIRON covers a wavelength range of
410-870nm and has a resolving power R = 79,000. We
obtained three 1200 s exposures, which were then median-
combined to yield a signal-to-noise ratio per spectral resolution
element of roughly 28 at 711.59 nm. Using the TiO molecular
bands at 706.5-716.5 nm and an observed template of Barnard’s
Star, we calculate a radial velocity of —4.4 £ 0.1 km s % More
details on the analysis are described in Winters et al. (2018).

66 We note that the total uncertainty on the systemic velocity should include
the 0.5 km s~ ' uncertainty on the Barnard’s Star template velocity.
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Figure 5. Archival images of TOI-700 from the Digitized Sky Survey showing the location of TOI-700 during the TESS observations (red cross). The star has moved
approximately 7” since the earliest image in 1982. There are no sources visible at its current location down to a limit of ~17 mag in the SERC-J “Blue” band. The faint
stars within &1’ are >7.5 mag fainter than TOI-700 in the SERC-I “IR” band (the closest available to the TESS bandpass) and do not contribute significant flux to

dilute the planet transits.
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Figure 6. Gemini South Zorro speckle observations of TOI-700 taken at
832 nm and the corresponding contrast curve. Our simultaneous 562 nm
observation provides a similar result. The red line fit and blue points in the
contrast curve represent the 5o fit to the background sky level (black points),
revealing that no companion star is detected from the diffraction limit (17 mas)
out to 1775 within a A mag of 5 to 8. The reconstructed speckle image (inset)
has north up, east to the left, and is 2”5 across.

We note negligible rotational broadening (v sini <
1.9km sfl) and do not see Ha in emission, indicating that
the star is inactive. Our analysis of the spectrum reveals no
evidence of doubled lines that could originate from unresolved,
very close-in, stellar companions.

We ran a series of injection and recovery tests to determine
how sensitive we are to any remaining unresolved stellar
companions. Under the assumption that any bound (M dwarf)
companion will have a line profile similar to TOI-700—
modulated only by its intensity and rotation—we used the
observed least-squares deconvolution profile of TOI-700 as a
template. We injected secondary least-squares deconvolution
peaks representing companions with properties drawn from
grids of flux ratios between 1% and 50%, radial velocity
separations between —100 and 100kms~', and rotational
velocities between 0 and 10 km s~ '. For each injection, we refit
the central line profile with a Gaussian and removed it, and
performed a search for a second peak in the residuals. We
calculated the significance of the best-fitting Gaussian in the
residuals, which we plot in Figure 8. We adopt a 5o detection
threshold due to the possible additional systematic uncertainty
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Figure 7. SOAR HRCam /-band contrast curve and autocorrelation function
(inset). The two-dimensional autocorrelation function is indicative of a single
star. The contrast curve shows that TOI-700 hosts no close companions
brighter than Al ~5 mag at separations beyond 0.3”

introduced by a mismatch between the line profiles of primary
and secondary components.

We conclude that for radial velocity separations >4 kms ™",
we can rule out all bound companions with flux ratios greater
than about 10%. Given the wavelength range of the CHIRON
data used in these analyses, this corresponds to companions
with AR = 2.5 mag. Components with velocity separations
<4kms ! are blended with the primary peak and difficult to
identify. Chance alignments of background stars with different
spectral types can also be detected by this analysis but may
suffer from significant template mismatch, and the significance
of their detection would therefore tend to be overestimated. For
this reason, we limit our quantitative conclusions to hypothe-
tical bound stellar companions of TOI-700.

We also placed TOI-700 on an observational Hertzsprung—
Russell diagram and compared it to the 1120 M-dwarf
primaries within 25 pc, as presented in Winters et al. (2019a).
The system is not elevated above the main sequence or among
the blended photometry binary sequence, which provides
confidence that there are no significantly luminous companions
to TOI-700, consistent with the results of our high-resolution
imaging and spectroscopy.
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Figure 8. Detection limits for faint companions in the CHIRON spectrum
demonstrating that we can rule out the presence of any companion with a flux
ratio greater than 10% and a radial velocity separation of >4 km s .

5.1.4. Time-series Photometry

We conducted ground-based transit observations of the
planet candidates associated with TOI-700 through TFOP. To
schedule the observations, we used the TESS Transit
Finder, which is a customized version of the Tapir
software package (Jensen 2013). These measurements aimed
to independently redetect the transits of the planet candidates to
refine the planet and orbital parameters, and rule out nearby EB
contaminants at the relevant periods. The ground-based
photometric light curves were extracted and analyzed using
the AstroImaged (AIJ) software package (Collins et al.
2017).

TOI-700 b was observed on 2019 December 2 UT at the
Siding Spring Observatory (SSO) using both the Las Cumbres
Observatory Global Telescope (LCOGT) network (Brown et al.
2013) 1.0m telescope and the 0.43 m iTelescope T17.°” The
LCOGT time series was obtained in the z, band®® using
exposure times of 50 s spanning the event ingress and a partial
transit. The images were calibrated by the standard LCOGT
BANZAT pipeline. The iTelescope T17 photometric series was
obtained using an FLI ProLine E2V CCD in the Clear filter
with exposure times of 120 s. We checked the field for nearby
eclipsing binaries at the period of the planet candidate using
custom AIJ scripts. No transit was definitively detected in
either time series, but these observations did allow us to rule
out nearby eclipsing binaries (within 2/5) at the period of TOI-
700 b.

TOI-700 ¢ was observed on 2019 November 1 UT at the
South African Astronomical Observatory (SAAO) location of
the LCOGT. Using the 1.0m telescope in the z; band,
observations spanning the full transit plus ~1 hr on either side
of the transit were obtained with 30 s exposures. We selected
an optimal photometric aperture radius of 5”8 and an optimal
set of seven comparison stars to perform the differential
photometry which minimized the 5 minute binned target star
model residuals to 0.9 ppt. The planet transit was clearly
detected with a transit depth consistent with the TESS data in
apertures as small as 2”3. The field was also cleared of nearby

7 hitps: //www.itelescope.net, https://support.itelescope.net/support/solutions/
articles/231915-telescope-17

8 The Z, or z-short, filter is similar to a z-band filter but with a cutoff at
920 nm.
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eclipsing binaries out to 2/5 and within +40 of the SPOC
transit ephemeris. A figure showing the LCOGT transit
detection and joint transit modeling that includes the TESS
data and this ground-based transit of TOI-700 c is presented
in Paper II of this series.

We attempted additional ground-based observations of TOI-
700 ¢ and TOI-700 d, but the data suffered due to weather and
instrumental issues. The resulting light curves were used to
independently clear the field of nearby eclipsing binaries at the
period of TOI-700 c and to partially clear nearby eclipsing
binaries at the period of TOI-700 d.

5.2. Software Validation Analysis

The suite of follow-up observations presented in the previous
subsections rule out substantial portions of parameter space
where false positives could exist and mimic planetary transit
signals in the TOI-700 TESS data. However, the observational
limits are incomplete, and not all of the potential parameter
space is excluded. Here we statistically analyze the remaining
likelihood of false-positive signals. Specifically, we used the
publicly available software package vespa (Morton 2015) to
calculate the false-positive probabilities for the transit signals in
the TOI-700 data. vespa compares transit signals to a number
of false-positive scenarios including an unblended EB, a
blended background EB, a hierarchical companion EB, and the
“double-period” EB scenario. Following the prescription
described in Schlieder et al. (2016), we ran vespa using the
TESS light curves to calculate the false-positive probability
independently for each planetary signal. We included observa-
tional constraints in our analysis with the addition of the Zorro
832 nm contrast curve (see Section 5.1.2) as well as the radial
velocity constraints derived from the CHIRON data (see
Section 5.1.3). We also included a constraint on the maximum
depth of potential secondary eclipses associated with each
candidate. These constraints were estimated from our DAVE
analysis. We ran vespa within 1 deg? of TOI-700, but dictate
that the maximum aperture radius interior to which the signal
must be produced is 21”, the size of a TESS pixel. Using these
inputs, we calculated the false-positive probabilities to be
0.0012, 0.000086, and 0.0019 for planets b, c, and d,
respectively. Given our extensive follow-up and the resulting
constraints, the only false-positive scenario with any remaining
probability was for the case of a background EB, but the
probability was <1% for each planet and is highly disfavored
over the true planet scenario.

With vespa strongly disfavoring astrophysical false
positives, we statistically validate the planetary nature of the
transit signals. Moreover, vespa analysis does not account for
any increase in our confidence in a planet scenario based on
TOI-700 being a multiplanet system. If we assume that false
positives are randomly distributed among stars, then a star with
at least one transiting planet is more likely to have a second
transiting planet than a false positive (Latham et al. 2011;
Lissauer et al. 2012). For Kepler, this “multiplicity boost”
provided approximately a factor of 50 increase in the
probability that a planet candidate was a true planet rather
than a false positive (Lissauer et al. 2014; Rowe et al. 2014).
For TESS, that number has been estimated to be 30-60 for
small planets like those in the TOI-700 system (N. Guerrero
et al. 2020, in preparation). With this in mind, the probability
that any of the TOI-700 planet signals is the result of an
astrophysical false positive is highly unlikely.


https://www.itelescope.net, https://support.itelescope.net/support/solutions/articles/231915-telescope-17
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However, we note that vespa does not take into account
potential contamination from instrumental false alarms. Burke
et al. (2019) used planet candidates and false positives from
Kepler Data Release 25 (Thompson et al. 2018) to estimate the
instrumental false-alarm rate as a function of multiple event
statistics (MES; Jenkins et al. 2002) for Kepler data. They
recommended a typical threshold for long-period planets of
MES > 9 to avoid false alarms. All three planets orbiting TOI-
700 have MES statistics above 9. If TOI-700 d were a single
Kepler planet, the Burke et al. (2019) estimate of false-alarm
probability would be 0.18%, although given TOI-700 d is in a
multiplanet system, the Burke et al. (2019) estimate falls to
0.013% false-alarm probability. For TOI-700 b and c, these
false-alarm probability values are vanishingly small (<0.1%).

While the instrumental false-alarm rate for TESS has not
been estimated, TESS detectors have fewer image artifacts than
Kepler’s (Coughlin et al. 2014; Vanderspek et al. 2018;
Krishnamurthy et al. 2019), albeit the pointing performance of
TESS is less precise than Kepler’s and there are background
scattered-light features in TESS data that were absent from
Kepler. If we assume that the TESS instrumental false-alarm
rate is similar to that seen with the quieter detectors in the
Kepler focal plane array, the false-alarm rate for TOI-700 d
falls to <1%. Therefore, under the assumption that the TESS
false-alarm rate is similar to or better than Kepler’s, the TOI-
700 planets are unlikely to be instrumental false alarms.
However, this analysis does not independently confirm the
planetary nature of the three planets around TOI-700 because
confirmation of these planets requires detection of a consistent
signal with a facility other than TESS. TOI-700 d is a
particularly high-interest planet given its size and insolation
flux. It is likely to receive a significant amount of follow-up
observations from a number of facilities. With this in mind, our
group requested, and was awarded, Spitzer 4.5 yum observations
to independently confirm a transit of TOI-700 d. We describe
these observations and a joint analysis of the TESS and other
transit data for each planet in the system in Paper II in this
series.

6. Gravitational Dynamics

Multiplanet systems provide rich data sets that can reveal
information that cannot be obtained from single-planet systems.
Lacking radial velocity measurements needed to obtain mass
measurements, herein we use mass—radius relations to estimate
the mass values in order to perform a dynamical stability
analysis of the planetary system as shown in Section 6.1. We
then present a photodynamics and TTV analysis in Section 6.2
to determine whether we can place mass constraints from the
photometry. Finally, we conclude with a search for additional
planets in the system in Section 6.3.

6.1. Stability of the Planetary System

Using the planet radii we reported in Table 2, we estimated
mass values for each planet using Forecaster (Chen &
Kipping 2017) to be 1.077339, 7.4873%), and 1.72%}23 M, for
planets b, ¢, and d, respectively. We used these mass values to
perform a suite of numerical integrations designed to
investigate the TOI-700 planetary system’s long-term dynami-
cal stability over 1 billion orbits of the outermost planet (note
that we choose such long integrations given the lengthy
timescales for secular resonance overlaps to develop; see
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Lithwick & Wu 2011). The Forecaster mass value for TOI-
700 c is much higher than the value we constrain using a
photodynamic model (see Section 6.2 and Table 4), but we
explore a range of masses that encompasses both in this
stability analysis.

Our simulations use the Mercuryé6 integrator (Chambers
1999) and a 10 hr time step. We selected initial orbits for each
planet using the determined nominal semimajor axes and
inclinations, and assumed nearly circular initial eccentricities
(e < 0.001). To account for the substantial degeneracy in
planet masses given the wide range of possible densities, each
simulation varies the respective planets’ masses such that the
entire density range between 1.0 and 12.0 gcm > is probed.
Note that this range includes the lower-density constraints for
planet c that are discussed in the following section. In order to
briefly investigate the possible existence of external, massive
planets, we place an additional Neptune-mass planet at 1.0 au,
on a circular orbit, in half of our simulations. We find that, in
each integration, eccentricity variations for all planets are
smaller than 0.007 (Figure 9). While the moderate inclination
of the second planet relative to the other two does drive secular
inclination variations within the system (as large as ~1.8° for
the inner planet in some simulations), this behavior is regular
and nonchaotic in all of our integrations. We also check each
system for the presence of mean motion resonances and find
the planets to be nonresonant within our tested parameter
space. A more thorough investigation on the dynamics of the
TOI-700 multiplanet system, such as probing the phase space
of inclination, eccentricity, and mass of an outer companion
(Becker & Adams 2017), may provide additional constraints.

6.2. Photodynamics and Transit Timing Variations

The ratio of the mean orbital periods of TOI-700 b and TOI-
700 ¢ (P./P, = 1.609) as observed by TESS is within 1% of
the 8:5 orbital resonance. While this is a weak resonance, this
observation motivated a photodynamical analysis to attempt
measurements of the masses of the planets in the system. A
photodynamical model can assess the potential for mass
measurements from mutual gravitational perturbations of the
planetary orbits by combining a transit model with an orbital
integrator (e.g., Carter et al. 2012). Gravitational interactions
between planets will drive orbital eccentricity to larger values.
Thus, constraints on the mean stellar density, p,, as derived in
Section 3, together with a photodynamical model can, at
minimum, place upper limits on the planetary masses.

Our photodynamical model used positions for each TESS
observation calculated using the Mercury6 hybrid integrator
(Chambers 1999). We then used these positions in the
TRANSITFITS transit-modeling software (Rowe et al. 2015;
Rowe 2016) to calculate the transit photometry of the planetary
system. We parameterized the photodynamical model with four
global parameters: mean stellar density, p,; quadratic limb-
darkening, ¢q;, g, parameterized by Kipping (2013a); and a
factor to scale the photometric uncertainty reported for TESS
photometry, dg.ae. For each planet we used seven parameters:
the center of transit time, Ty, defined as when the projected
separation between the star and planet as seen by the observer
is minimized; the mean orbital period, Pp,can, as observed by
TESS; the impact parameter, by, observed at T; the scaled
planetary radius, R, /R.; the scaled planetary mass, M, /M,; and
orbital eccentricity parameterized by /e cos w and /e sin w.
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Figure 9. The dynamical evolution of the three planets in TOI-700 was
simulated to explore the long-term stability of the system. The variations in
eccentricity (upper panel) and inclinations (lower panel) are shown here for one
sample simulation, illustrating that the system is stable on long timescales.

We matched the photodynamical model to TESS photometry
using a Markov Chain Monte Carlo (MCMC) analysis. The
MCMC routine used an affine-invariant ensemble sampler with
480 walkers (Foreman-Mackey et al. 2013). We initialized
walkers to sample a wide range of orbital eccentricities and
planetary masses to avoid clustering of walkers near a single
local minimum. We required initial parameters to be dynami-
cally stable for the duration of the TESS observations. Models
were considered to be dynamically unstable if any planet pair
came within 3 Hill radii. We adopted a prior on the mean stellar
density of p, = 8.0 + 1.8 gcm °, as reported in Table 1. We
also required masses, radii, and impact parameters to be
positive. Orbital inclination is not well constrained by the
dynamical portion of photodynamics, and negative impact
parameters were found to be completely degenerate with
positive values in our model. A Markov Chain with a length of
7.68 million was generated. The final 1.68 million entries were
examined using the Gelman—Rubin diagnostic (Gelman &
Rubin 1992) to assess convergence and adopted to calculate
posterior distributions for each model parameter.

Table 3 presents the adopted photodynamical model
parameters based on our MCMC analysis and includes the
mode and 68.27% interval centered on the mode. The mode
and interval for each parameter were calculated using a Kernel
Density Estimator from scipy (Oliphant 2007). In Figure 10,
we compare the transit timing predictions from our photo-
dynamical analysis (green lines) with TTVs measured using a
best-fit transit model template from TRANSITFITS (black
dots with 1o uncertainty). The photodynamical model was not
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Table 3

Photodynamic Model Parameters
Parameter Mode +lo —lo
Py (gem™?) 8.1 +1.9 -1.0
7 0.052 +0.263 —0.052
172 0.122 +0.478 —0.114
dycate 0.8841 -+0.0020 —0.0011
TOI-700 b
To (BJID—2457000) 1331.3568 -+0.0059 —0.0053
Pryean (days) 9.97681 +0.00033 —0.00021
by, 0.0586 +0.234 —0.047
R,/R, 0.0227 +0.0011 —0.0011
M,/M, x 10° 3.1 +17.9 -3.1
Je cosw —0.03 +0.18 —0.19
Je sinw —0.14 +0.23 —0.11
TOI-700 ¢
Ty (BJD—2457000) 1340.0898 -+0.0020 -0.0016
Pean (days) 16.050989 —+0.000130 —0.000083
by, 0.920 +0.030 —0.035
R,/R, 0.0575 +0.0035 —0.0022
M,/M, x 10° 7.7 +39.3 -7.7
Je cosw 0.131 —+0.099 —0.232
Je sinw 0.117 —+0.089 —0.220
TOI-700 d
Ty (BJD—2457000) 1330.4698 -+0.0072 —0.0077
Piean (days) 37.4260 +0.0011 —0.0014
by, 0.53 +0.12 —0.28
Ry/R. 0.0277 -+0.0010 —0.0023
M,/M, x 10° 7.5 +30.1 -15
Je cos w 0.217 +0.078 —0.388
Je sinw 0.19 +0.12 —0.28

fit to the template extracted TTVs displayed in Figure 10 but
was fit directly to TESS photometry.

Using stellar parameters reported in Table 1 the posterior
distribution in the planet mass (Mp), planetary radius (R,), and
planet density (pp,) are provided in Table 4. The results show
that TTVs for TOI-700 b and c are allowed with potential
changes in the orbital period of a few minutes per orbit and
provide constraints on the mass and density of the planets. The
density of TOI-700 c is fairly well constrained with a 1o upper
limit of 1.9gcm73. With this constraint, TOI-700 ¢ could
potentially have a significant H/He envelope with a density
that is significantly lower than what would be expected for a
rocky planet. This density limit may also allow a water world
(although that would require an unexpectedly large water/rock
ratio). The orbit of TOI-700 d was not found to be strongly
perturbed by TOI-700 b or TOI-700 c in our analysis on the
timescale of TESS observations. However, additional transit
timing measurements of the TOI-700 system are needed to
reach strong conclusions for planets b and ¢ as the models
diverge very quickly.

6.3. Search for Additional Planets

To complement and reinforce the SPOC pipeline planet
detections, we ran our own independent planet search on the
light curve. Using QATS (Quasi-periodic Automated Transit
Search; Kruse et al. 2019), we recovered the three planet
candidates but found no evidence for further transiting planets
in the system; the QATS search also allowed for planets
exhibiting TTVs, but no additional candidates hidden by strong
TTVs were found.
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Figure 10. The observed minus calculated (O — C) transit times for TOI-700 b,
¢, and d are presented, comparing measured transit times (black markers) and
photodynamical models (green lines). For each TESS transit, the observed
transit time from photodynamics is compared to the calculated transit time
based on the modeled mean orbital period and displayed as green lines. There
are 2000 green lines that present models randomly sampled from MCMC
analysis of TESS photometry with our photodynamical model. Thus, the
density of the lines indicated the probability of deviations from a strictly
periodic orbit. The black markers are measured transit times based on a
template analysis of TESS photometry and are presented to visualize the
expected timing for each observed transit. The green lines are not fit to the
black timing measurements but represent the range of TTVs allowed by TESS
photometry, which can be visually compared to timing measurements of each
individual transit.

Table 4

Photodynamic Derived Parameters
Parameter Mode +1o —1lo
TOI-700 b
R, (Re) 1.041 +0.088 —0.097
M, (Mz) 0.42 +2.5 —0.42
pp (gem™) 22 +12.1 —22
TOI-700 ¢
R, (Ry) 2.66 +0.26 —0.24
M, (M) 1.1 +5.4 —1.1
pp (gem™?) 0.3 +1.6 —03
TOI-700 d
R, (Rg) 1.22 +0.14 —0.10
M, (M) 1.0 +4.1 -1.0
pp (gem™) 3.1 +13.1 -3.1

7. Discussion

TOI-700 is an exciting three-planet system orbiting a nearby
M-dwarf star. In this section we aim to put TOI-700 into
context with other planetary systems, and consider the value of
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Figure 11. A top-down view of the orbits of the TOI-700 planets (upper panel).
The relative sizes of the planets are to scale, but are not on the same scale as the
orbits. The conservative habitable zone is shown in dark gray, and the
optimistic habitable zone in light gray (Kopparapu et al. 2013). We also
compare the TOI-700 system to the solar system and other benchmark
exoplanet systems with low-mass host stars and small habitable-zone planets
(lower panel).

this system for habitability and atmospheric studies and the
prospects for future follow-up characterization.

7.1. Comparison to Other Multiplanet Systems

The TOI-700 planetary system consists of three planets, with
two approximately Earth-sized planets and a larger planet (2.6
times the size of Earth) orbiting in between. This architecture is
unusual compared to other multiplanet systems with small
habitable-zone planets (Figure 11). Studies of the Kepler
multiplanet population have found that planets within a given
multiplanet system tend to have similar sizes, regular orbital
spacings, and circular and coplanar orbits (if measurable;
Millholland et al. 2017; Weiss et al. 2018). The TOI-700
system architecture breaks this trend.

Planetary embryos which grow by accreting planetesimals
tend to end up at similar sizes (Lissauer 1987; Kokubo &
Ida 1998). This is also true for pebble accretion (Lambrechts &
Johansen 2014; Ormel et al. 2017). While one might expect gas
accretion to proceed at a similar rate for neighboring planets
(Ikoma et al. 2001; Millholland et al. 2017), small differences
in the planets’ formation times or the local gas opacity could
easily change this.
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Figure 12. There are now 11 known exoplanets that have radii less than 1.5 R,
and orbit within their star’s optimistic habitable zone (Kopparapu et al. 2013).
Plotted are these planets’ TSM values. The top candidates for atmospheric
characterization orbit TRAPPIST-1. Beyond these, TOI-700 d has the highest
TSM, although characterizing this planet will be challenging.

What formation scenarios might explain the origin of a
system like TOI-700, containing a low-density planet bracketed
on either side by higher-density planets with similar masses?
Perhaps the two inner planets formed faster and accreted
significant gaseous envelopes but the outer planet formed more
slowly and accreted less gas. Photoevaporation is extremely
sensitive to the orbital separation (Lopez & Fortney 2013), so
the inner planet may have lost its envelope later. Alternately,
long-range orbital migration causes large diversity in planetary
feeding zones, and therefore, compositions (Raymond et al.
2018). One could imagine that planet ¢ migrated inward from
the outer parts of the disk and thus formed under different
conditions (and perhaps faster) than planets b and d. Given that
the masses of the planets are not tightly constrained (see
Table 4), this second scenario would become more plausible if
future studies indicate that the mass of planet c is significantly
larger than that of planets b and d. It could be that planet ¢ has
more rock and was thus able to accrete and retain a much larger
atmosphere.

The sizes of the planets orbiting TOI-700 span the observed
gap in the transiting planet radius distribution (Fulton et al.
2017; Van Eylen et al. 2018; Cloutier & Menou 2020). The
inner and outer planets are likely to be rocky, whereas the
middle planet likely has a gaseous envelope and is more akin to
Neptune (Rogers 2015; Lopez & Fortney 2014). This system is
therefore a great laboratory to explore the formation mechan-
isms of compact multiplanet systems and for future atmo-
spheric studies.

7.2. Atmospheric Stability

One of the key questions for the exoplanet community is,
“under what conditions are rocky exoplanets able to retain an
atmosphere?” Recent observations of thermal emission from the
rocky exoplanet LHS 3844b indicate that it is likely airless
(Kreidberg et al. 2019). Furthermore, a large and growing body of
literature indicates that most of the rocky exoplanets found by
Kepler have likely been heavily sculpted by extreme atmospheric
escape (e.g., Lopez et al. 2012; Owen & Wu 2013, 2017;
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Lopez 2017; Zahnle & Catling 2017; McDonald et al. 2019; Neil
& Rogers 2020). This is a particular concern for planets around M
dwarfs, where the host stars’ long pre-main-sequence lifetimes
and frequently high activity levels mean that even rocky planets
with heavier secondary atmospheres in or near the habitable zone
are highly vulnerable to extreme atmospheric escape driven by
space weather in the form of ionizing radiation (X-ray and
extreme UV, XUV, 1-1240 A) and stellar wind particles (e.g.,
Lissauer 2007; Lammer et al. 2007; Cohen et al. 2014, 2018;
Owen & Mohanty 2016; Airapetian et al. 2017, 2020; Bolmont
et al. 2017; Dong et al. 2017; Garcia-Sage et al. 2017; Garraffo
et al. 2017).

In this context, the TOI-700 system presents an exceptional
opportunity because it contains three planets well suited to
detailed characterization around a bright, nearby M dwarf with
low levels of stellar activity. As discussed in Section 3.2, over
the 11 sectors observed with TESS we do not observe a single
white-light flare, and its slow rotation rate of 54 days places it
firmly into the low-activity sample of M dwarfs identified by
Newton et al. (2017). Stars with rotation rates this slow are
observed to have low X-ray luminosities with Lyx/Ly, ~
107> (e.g., Kiraga & Stepien 2007), whereas more active M
dwarfs like Proxima Centauri and TRAPPIST-1 have Lx/Ly
in the range of ~2 x 107* — 1073 (Wheatley et al. 2017).

TOI-700 has been observed in the soft X-ray band (0.1-2.5 keV)
by the NICER mission, but there was no detection of X-ray
emission. This suggests the upper bound for the star’s
X-ray luminosity at L, < 10?7 erg, which is comparable to the
X-ray luminosity of the Sun at solar maximum (Aschwanden 1994;
Peres et al. 2000). This lower X-ray luminosity is critically
important to atmospheric survival as it also strongly correlates
with other key drivers of atmospheric escape including EUV
irradiation and stellar wind particle flux (e.g., Lammer et al. 2003;
Khodachenko et al. 2007; Owen & Jackson 2012; Cohen et al.
2015; Airapetian et al. 2017; Dong et al. 2018).

TOI-700 d is of particular interest as a likely rocky planet in
the habitable zone. An empirical relationship between EUV
and X-ray fluxes for G, K, and early-M dwarfs (Sanz-Forcada
et al. 2011) implies a total XUV incident flux at TOI-700 d of
approximately 65ergs s 'cm 2, approximately 35 times
greater than the XUV flux at present-day Earth and 50 times
lower than that received by TRAPPIST-1 e (Wheatley et al.
2017).

Much work still needs to be done to understand the processes
that drive atmospheric escape from rocky exoplanets. However,
to get an initial idea, we used an escape rate scaling law for an
Earth-like planet to estimate the possible rate of O and N* ion
escape (Airapetian et al. 2017). Assuming Earth’s surface
gravity, atmospheric composition, and magnetic moment, along
with quiescent conditions from the host star, with no observed
flares and associated coronal mass ejections, gives a total ion
mass-loss rate of 1 x 10° gs~'. At this escape rate, a planet
with a 1bar Earth-like atmosphere would survive for longer
than >1 Gyr even if there was no atmospheric replenishment
due to volcanic activity. Assuming that the XUV emission at
the early phase of the stellar evolution was about 10 times
higher, the corresponding escape rate would be comparable to
the outgassing rate of 1 x 10°gs ™' via volcanic activity on the
early Earth-like planet (e.g Claire 2008; Schaefer & Fegley
2007), suggesting that this planet may have been able to retain
an Earth-like secondary atmosphere. Recent studies of the
interaction of stellar wind with TOI-700 d also suggest that the
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planet should retain a thick atmosphere over a few billion years
(Cohen et al. 2020; Dong et al. 2020). Along with other recent
discoveries of potentially rocky transiting planets like those in
the TRAPPIST-1 system, we believe that TOI-700 presents a
valuable opportunity to compare the atmospheres of rocky
planets in the habitable zone over a wide range of conditions
affecting atmospheric escape.

7.3. Prospects for Follow-up

Prior to the launch of Kepler, it was unknown whether Earth-
sized planets in the habitable zones of other stars existed.
Particularly for M dwarfs, the Galaxy’s most common type of
star, this question has been of great interest due to the
implications for the abundance of habitable planets in our
galaxy. Of the more than 4000 exoplanets discovered to date,
only about a dozen are Earth-sized and reside in their stars’
habitable zones. However, we now know that Earth-sized,
habitable-zone planets orbit stars that span the full range of
M-dwarf masses: from the ultracool M8 dwarf TRAPPIST-1
(0.08 M), the M3 dwarf K2-72 (0.3 M), to the MO dwarf
Kepler-186 (0.5 M)). We can now add the M2 dwarf, TOI-700
(0.42 M), to this growing list.

For detecting and characterizing planetary atmospheres,
TRAPPIST-1 is a prime target as the planet-to-star size ratio is
extremely high due to the diminutive size of the star
(approximately the size of the planet Jupiter). TRAPPIST-1
also resides at 12 pc and has a K-band magnitude of 10.3. TOI-
700 also has the small-star advantage, but another advantage
over Kepler and K2 targets is the star’s proximity to observers
(Blpc, versus 70 and 179 pc for K2-72 and Kepler-186,
respectively), and its K magnitude of 8.6. The TRAPPIST-1
and TOI-700 systems provide an opportunity to compare
planets within the same system that formed in the same stellar
environment to those that formed in very different M-dwarf
stellar environments. While TRAPPIST-1 and TOI-700 are
both M dwarfs, the difference in mass between the two is more
than a factor of 4, whereas the masses of TOI-700 and the Sun
differ by less than a factor of 3. Moreover, TOI-700 is
relatively old and quiet, whereas TRAPPIST-1 is fairly active
(Vida et al. 2017), providing the opportunity to explore how
activity affects atmospheric escape.

Following the methods of Kempton et al. (2018), we took an
initial look at the potential for future atmospheric follow-up
with JWST by calculating the transmission spectroscopy metric
(TSM) of each planet (see Figure 12). The TSMs for planets
TOI-700 b, TOI-700 c, and TOI-700 d are 5.40, 73.64, and
3.49, respectively. While a TSM of 3.49 is the highest of any
habitable-zone planet smaller than 1.5R; outside of the
TRAPPIST-1 system, it is still relatively low.

Achieving a ~5¢ detection of biosignatures or other
molecules in the atmosphere of TOI-700 d would likely
require over 100 transits using JWST (see Paper II in the
series). Paper III in this series provides detailed modeling of
plausible atmospheres of TOI-700 d and the resulting
detectability using future observing facilities.

TOI-700 c, on the other hand, is a sub-Neptune-sized planet
around a bright M dwarf with a high TSM value, making it an
excellent candidate for further investigation. A TSM of 74 is
among the highest of planets in the “Venus Zone” (Kane et al.
2014) and may provide an excellent opportunity to characterize
this sub-Neptune with the Hubble Space Telescope and JWST.

16

Gilbert et al.

7.3.1. Radial Velocity Follow-up

For radial velocity observations, we estimated the signals
needed to constrain the masses of the TOI-700 planets. The
three planets in the system, from inner to outer, TOI-700 b, c,
and d, have expected Doppler semiamplitudes of 0.57, 3.4, and
0.59 m/s, respectively, with uncertainties around 20% (using
the Forecaster mass-radius relation). While the velocity
semiamplitude of planet ¢ is well within the capabilities of
current Southern Hemisphere instruments such as HARPS and
PFS (Mayor et al. 2003; Teske et al. 2016), the orbital period of
TOI-700 c of 16.05 days is close to one-third of the ~54 day
stellar rotation period. The rotational modulation of stellar
activity introduces apparent velocity changes of a few meters
per second for quiet, main-sequence dwarfs. The strongest of
these changes occur at timescales equal to one-third, one-half,
and one times the stellar rotation period for intensely sampled
cadences (Vanderburg et al. 2016), and also at other spurious
periods both longer and shorter than the rotation period that can
persist for multiple observing seasons for less well-sampled
cadences (Nava et al. 2020). This will confound the
interpretation of the radial velocity signal for all of the TOI-
700 planets without novel methods for mitigating stellar
activity in radial velocities such as recently probed with line-
by-line analysis and chromatic radial velocities (Cretignier
et al. 2020; Dumusque 2018; Lanza et al. 2019; Tal-Or et al.
2018).

Planets b and d will be challenging because of the relatively
low expected amplitudes (under 1 m/s) and will require
excellent instrument stability. ESPRESSO is currently the only
Southern Hemisphere facility with demonstrated instrument
single measurement precision of less than 0.5 m/s on sky that
can access TOI-700 (Pepe et al. 2014; Faria et al. 2020). Recent
work shows promising ESPRESSO stability in the mass
measurement of Proxima Centauri b with a typical photon-
noise-limited radial velocity semiamplitude precision of 27 cm
s~ (Sudrez Mascarefio et al. 2020). Moreover, they did not
find that stellar jitter noise was detectable above the photon-
noise limit of the observations. TOI-700 provides an excellent
benchmark case for ESPRESSO to explore the limits of
techniques for stellar activity correction in radial velocity
spectra time series for early-M dwarfs with multiplanet
systems.

While planet ¢ is well within the capabilities of current
instruments, planet b, and particularly planet d, will be
challenging because of the length of the orbital periods and
low expected radial velocity amplitudes. Mass measurements
of these two planets will require excellent instrument stability.

7.3.2. Additional Photometry from TESS’s Extended Mission

The TESS extended mission began 2020 July 4. TESS is
returning to the Southern Hemisphere where it will reobserve
TOI-700 for 11 of the 13 sectors in TESS Guest Investigator
Program Cycle 3. The full-frame image data will be collected at
10 minute cadence in the extended mission, and targets can be
proposed for both 2 minute cadence observations and a new
20 s cadence mode. Additional photometry, combined with the
data presented herein, will allow for better constraints on planet
parameters, enable searches for additional planets, and collect
more transit time measurements to improve our TTV analysis.



THE ASTRONOMICAL JOURNAL, 160:116 (21pp), 2020 September

8. Conclusions

We present the discovery and validation of three small
planets (R, = 1.01, 2.63, 1.19 Rg) orbiting TOI-700, a bright,
nearby (distance = 31.1 pc) M2 dwarf (0.416 M, 0.42R.,
with a temperature of 3480 K). The outermost planet, TOI-
700 d, is approximately Earth sized and resides in the star’s
habitable zone.

After initial vetting and extensive ground-based follow-up
observations, we found no evidence of binarity or contamina-
tion of the light from the host star. We then validated the
system using the vespa software package and showed that the
signals in TESS data are planetary in nature and highly unlikely
to be false positives.

TOI-700 d affords us the exciting opportunity to study an
Earth-sized, habitable-zone planet. TOI-700 ¢ is also an
excellent target for detailed follow-up. The sizes of the planets
in the system span the observed gap in the transiting planet
radius distribution; therefore, this system is an intriguing target
for studies of planet formation and comparative planetology.
TOI-700 is a quiet star, with no detectable flares in the optical
TESS data, making it an optimal target for habitability studies
of planets orbiting M dwarfs.

TESS recently returned to the Southern Hemisphere to
observe TOI-700 for an additional 11 sectors in TESS’s
extended mission. This will enable studies for additional
evidence of TTVs, place further constraints on planet
parameters, and searches for additional planets in the system.
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Appendix A
Validation of the Stellar Parameters with Alternative SED-
based Methods

As an independent check of the stellar parameters derived in
Section 3.1, we used multiple SED-based methods to derive
stellar parameters to validate the previous analysis. The first
check employed the methods and procedures described in
Kostov et al. (2019b) and combined the stellar SED with the
Gaia DR2 parallax to determine an empirical measurement of
the stellar radius. We used the By V; magnitudes from Tycho-2,
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the BVgri magnitudes from APASS, the JHK s magnitudes from
2MASS, the WI-W4 magnitudes from the Wide-field Infrared
Survey Explorer (WISE), the G magnitude from Gaia, and the
NUYV magnitude from GALEX. Together, the available photo-
metry spans the full stellar SED over the wavelength range
0.2-22 pm.

We performed a fit using NextGen stellar atmosphere models,
with the priors on effective temperature (Tys), surface gravity
(log g), and metallicity ([Fe/H]) from the values provided in the
TIC (Stassun et al. 2019). The remaining free parameter is the
extinction (Ay), which we set to zero because of the star’s
proximity. Integrating the model SED gives the bolometric flux at
Earth, Fio; = 7.15 £ 0.34 x 10" erg s cm 2 Taking the Fpo
and Togr together with the Gaia DR2 parallax69 provides a stellar
radius R = 0.404 + 0.023 R,. Finally, estimating the stellar
mass from the empirical relations of Torres et al. (2010),
assuming solar metallicity, gives M = 0.44 £+ 0.03 M, which
when combined with the radius results in a mean stellar density
p=9.52+0.12g cm °. These results are consistent with
those from the empirically driven parameter analysis.

As a second independent check on the stellar parameters, we
employ the SED-fitting method of M. Silverstein et al. (2020,
in preparation), which is based upon the method described by
Dieterich et al. (2014). In this analysis, we compared the star’s
Johnson V (V;), Kron—Cousins RI (Rxclkc), 2MASS JHK, and
WISE AIIWISE Release WIW2W3 to those extracted from the
BT-Settl 2011 photospheric model spectra (Allard et al. 2011).
We obtained V;Rkclkc photometry observations at the
SMARTS/CTIO 0.9 m telescope in Chile on 2019 August
20 UT using the 2048 x 2048 Tektronix CCD camera.
Following standard RECONS SMARTS/CTIO 0.9 m photo-
metry procedures (Jao et al. 2003, 2005; Winters et al. 2011),
we took observations, reduced the data, and performed aperture
photometry.

In M. Silverstein et al. (2020, in preparation), we found nine
photometric colors to be effective probes of temperature for
early-M dwarfs. Here we compared the colors of TOI-700 to
colors extracted from the BT-Settl 2011 model photospheres.
Each color yielded a best-matching spectrum and corresp-
onding effective temperature. The resulting value for TOI-700,
Terr = 3480 £ 50K, is the mean of these temperatures. We
estimated the temperature uncertainty by adding their standard
deviation in quadrature with a systematic error based on the
discrete nature of the model grid. We then calculated the flux
within the full wavelength range covered by the available
photometry using an iterative procedure that scaled a 3500 K
model spectrum, the closest grid point to our results, until all
model magnitudes were within 0.03 mag of their observed
counterparts. Next, we integrated the scaled spectrum within
the wavelength range of the V; to W3 photometry, and we
performed a correction to bolometric flux by calculating the
flux that would be missing from a blackbody of the same
effective temperature. We calculated the bolometric luminosity,
Ly, = 0.0235 £ 0.0004 L., by scaling the resultant bolo-
metric flux, Fyo = 7.73 + 0.12x10 % ergscm ™2, by the
inverse square of the Gaia DR2 parallax. We then derived a
radius of R = 0.421 +£ 0.025 R, using the Stefan—Boltzmann
law. We also calculated the mass of the star using the Benedict
et al. (2016) absolute V- and K-band mass—luminosity relations
for main-sequence M dwarfs. We determined the weighted

& Adjusted by +0.08 mas to account for the systematic offset reported by
Stassun & Torres (2018).
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Figure A1. Best-fit spectral template and Goodman spectrum (black) compared
to the photometry of TOI-700. Gray regions are BT-Settl models, used to fill in
gaps or regions of high telluric contamination. Literature photometry is shown
in pink, with horizontal errors corresponding to the filter width and vertical
errors the measurement errors. Corresponding synthetic photometry is shown
as blue points. The bottom panel shows the residuals in terms of standard
deviations from the fit.

mean of the masses from each relation and found M =
0.42 £ 0.02 M. These parameters are also consistent with
those estimated in Section 3.1.

As a final alternative, we also estimated the stellar
parameters using the SOAR Goodman spectrum described in
Section 3.1. We constructed and fit an SED using available
photometry, the spectrum, and M-dwarf templates from Gaidos
et al. (2014). More details of our method can be found in Mann
et al. (2015), which we summarize here. We first downloaded
literature optical and NIR photometry from 2MASS (Skrutskie
et al. 2006), WISE (Wright et al. 2010), Gaia DR2 (Evans et al.
2018; Lindegren et al. 2018), and APASS (Henden et al. 2012).
We compared this photometry to synthetic magnitudes com-
puted from the combination of our SOAR spectrum, a grid of
template M-dwarf spectra, and PHOENIX BT-Settl models
(Allard et al. 2011) to cover gaps in the spectra. The Goodman
spectrum was not as precisely flux-calibrated as the data used in
Mann et al. (2015), so we included two additional free
parameters to fit out wavelength-dependent flux variations (so
the major constraint comes from the molecular band shape
and depth). This joint fitting procedure yielded a T of
3460 £ 65K and an L, of 0.0236 + 0.0005 L. Using the
Stefan—Boltzmann Law, this yielded a radius value consistent
at <lo with the value derived from the Mg, — R relation
described in Section 3.1. The final calibrated and combined
spectrum along with archival and synthetic photometry used to
construct the SED is shown in Figure Al.

Appendix B
Validation of the Stellar Rotation Period with HATSouth

Long-baseline photometry of TOI-700 was also obtained using
the HATSouth telescope network (Bakos et al. 2013) from 2017
Feb 15 through 2017 May 9. A total of 1137 r-band exposures of
4 minute duration were obtained containing TOI-700 as a point
source. The median FWHM of the point spread function was 7" at
the location of TOI-700. The observations were reduced to an
ensemble-corrected light curve via aperture photometry following
the method described by (Penev et al. 2013). The light curve
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shows a clear quasi-sinusoidal variation that phases up at a
period of 53.1 + 1.2 days and a peak-to-peak amplitude of 12.6 +
0.7 ppt. If this is the rotation period of the star, the observations
span 1.6 cycles. After fitting and subtracting a sinusoid model from
the light curve, we find that the residuals have a point-to-point rms
scatter of 6.4 ppt. The sinusoidal variation persists after applying
the standard detrending techniques used by HATSouth, indicating
an astrophysical origin. The scatter in the HATSouth light curve is
too large to permit detection of any of the three transiting planet
signals identified by TESS, and the time coverage is such that no
transit events were observed for TOI-700.01 or TOI-700.03. The
observations do cover a predicted transit for TOI-700.02, though
the transit is too shallow to be detected. While no obvious flare
events are seen in the HATSouth light curve, we do find a slight
imbalance between the number of bright outliers in the light curve
compared to faint outliers, with six total 3¢ bright outliers and two
3o faint outliers. These HATSouth observations are consistent with
those from ASAS-SN and confirm the estimated rotation period of
TOI-700.
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