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Abstract

With data from the Transiting Exoplanet Survey Satellite (TESS), we showcase improvements to the MIT Quick
Look Pipeline (QLP) through the discovery and validation of a multiplanet system around M dwarf TOI 4342
(Trmag = 11.032, M, = 0.63 M, R, =0.60 Ro, Tsr=3900 K, d =61.54 pc). With updates to QLP, including a
new multiplanet search, as well as faster cadence data from TESS’s First Extended Mission, we discovered two
sub-Neptunes (R, = 2.2667 003 R, and R. = 2.41570% R.; P,=5.538 days and P.=10.689 days) and
validated them with ground-based photometry, spectra, and speckle imaging. Both planets notably have high
transmission spectroscopy metrics of 36 and 32, making TOI 4342 one of the best systems for comparative
atmospheric studies. This system demonstrates how improvements to QLP, along with faster cadence full-frame
images, can lead to the discovery of new multiplanet systems.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Transit photometry (1709); M dwarf
stars (982)

1. Introduction candidates, expanding the search from the ~200,000 CTL stars
to millions of stars brighter than T,,,, = 10.5 in the FFIs. In
every sector, QLP searches for planet candidates around stars
with T, < 10.5, making full use of all past sectors of data.
Notably, ~1000 candidates from the Primary Mission were
found around stars not on the CTL—a majority of which were
detected by QLP.

With its First Extended Mission (2020 July 4-2022
September 1), TESS, and QLP in particular, was well positioned
to yield even more candidates, especially as the FFI recording

The Transiting Exoplanet Survey Satellite (TESS, Ricker
et al. 2015) launched on 2018 April 18 with a goal of
discovering transiting exoplanets around bright stars across the
entire sky. During every sector (~27 days), TESS observes a
24° x 96° swath of the sky during two elongated orbits around
the Earth before shifting to the next sector. During its Primary
Mission (2018 July 25-2020 July 4), TESS collected
photometry at a 2 minutes cadence for ~20,000 targets in

each sector preselected from the Candidate Target List (CTL,
Stassun et al. 2018), while full-frame images (FFIs) were
collected at a 30 minutes cadence. In these 26 sectors, TESS
covered 70% of the sky and found 2241 transiting planet
candidates (Guerrero et al. 2021).

The MIT Quick Look Pipeline (QLP, Huang et al. 2020a)
has been an important contributor to detecting these planet

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

cadence was reduced from 30 minutes to 10 minutes. On 2022
September 1, TESS will have started its Second Extended
Mission, and the FFI recording cadence will be reduced further
to 200 s. These reductions allow the flux-time series from the
FFIs to better resolve transit ingresses and egresses and therefore
improve planet detection efficiency. QLP, however, still has
room for improvement. We are introducing here three major
changes to the pipeline:

1. Systematic multiplanet search. In the Primary Mission,
QLP only sent the most promising transit candidate from
each light curve through future stages of vetting.
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Additional candidates could be reported if the TOI vetters
noticed them during visual inspection of the light curves,
but no explicit search was otherwise done for these
additional planets. Based on our knowledge of close-in
exoplanet systems from the Kepler mission, a majority of
the small planets reside in multiple planetary systems
(Winn & Fabrycky 2015). Adding an automatic search
for multiple transit signals will potentially introduce new
interesting systems for follow-up studies and allow future
statistical studies of system architecture.

2. Improved difference images. Difference images (Bryson
et al. 2013) are an effective method of determining the
source location of a transit signal in the sky. For the
Primary Mission, QLP used a simplistic algorithm for
creating difference images by directly subtracting the
median stacked frames in the in-transit and out-of-transit
time windows. By more intelligently selecting frames to
avoid systematics, transit ingress/egress, and additional
planets in the system, we improve the robustness of the
difference images. This reduces QLP’s false positive rate
and allows us to reduce human-review times or
alternatively expand our search to more stars.

3. Quaternion detrending. Previously, QLP detrended light
curves by fitting and removing basis splines to correct
for long-timescale systematics (Vanderburg & Johnson
2014). However, there are residual systematics on shorter
timescales due to spacecraft jitter motions that can have
significant effects on light curves, especially for bright
stars (Vanderburg et al. 2019; Huang et al. 2020b). We
can measure and correct for this jitter with TESS
quaternion data—3-vector time series data describing
spacecraft attitude every two seconds.'” For transit
signals with relatively small depth and short duration,
correcting these systematics is important to improving
QLP’s detection sensitivity.

Altogether, these improvements to QLP—along with
extended light curves at faster cadence—will increase the
scientific output of TESS as a whole. One population that will
especially benefit from this are multiplanet systems around M
dwarfs. M dwarfs are known to frequently host multiplanetary
systems (Dressing & Charbonneau 2015; Ballard 2019). The
duration of planetary transits around M dwarfs is often
relatively short, making these transits easily diluted in the 30
minute cadence TESS FFI light curves from the Primary
Mission. M dwarfs are also the most abundant type of star in
our Galaxy. So, even though many have been selected for 2
minutes cadence target pixel stamp observations, plenty are
only monitored by the FFIs. The regular multisector processing
approach of the QLP also enables us to take the most advantage
of all the available data. Finally, M dwarfs are also ideal host
stars for atmospheric characterization of their transiting planets.
Determining atmospheric composition, especially for multiple
planets in a single system, allows us to compare formation and
evolutionary histories.

As of 2022 July, TESS has detected 373 candidate transiting
planetary systems around nearby M dwarfs.'® Thirty-six of
these systems host multiple planets, including TOI 270

'7 Quaternion data are available online at hitps:/ /archive.stsci.edu/missions/
tess/engineering/

% The TESS candidate list was downloaded from the NASA Exoplanet
Archive on 2022 July 7.
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(Gunther et al. 2019; Van Eylen et al. 2021), TOI 175 (Cloutier
et al. 2019; Kostov et al. 2019), and TOI 700 (Gilbert et al.
2020; Rodriguez et al. 2020). Building on the original Kepler
mission (Kepler Mission 2019), this doubles the number of
discovered transiting M-dwarf multiplanet systems.

The discovery of TOI 4342, an M-dwarf system with two
transiting sub-Neptunes, showcases the power of the Extended
Mission FFIs with the newly added improvements to QLP for
detecting multiplanet M-dwarf systems. With the longer
baseline, we have more opportunities to catch transits and,
together with the faster cadence, we have better statistics to
detect the shorter-duration transits that come with M-dwarf
systems. Adding short-timescale systematic corrections adds to
this sensitivity, and the multiplanet search is what allows us to
discover this multiplanet system where the previous version of
QLP could not make this discovery.

TOI 4342 (TESS Input Catalog (TIC) 354944123; T, =
11.032; d = 61.54 pc) is an MOV-type star with two transiting
sub-Neptunes TOI 4342 b (2.27 R) and TOI 4342 ¢ (2.41 R).
The planets are near a 2:1 mean-motion resonance with periods
of 5.538 and 10.689 days. Both planets are good targets for
atmospheric characterization and comparison studies with
transmission spectroscopy metrics >30 (Kempton et al. 2018).

Both planets were detected with TESS and followed up with
ground-based photometry, reconnaissance spectroscopy, and
high-resolution imaging. In Section 2 we describe these
observations. In Section 3 we perform fits and validate both
signals as planetary transits around an MOV host star. In
Section 4 we re-emphasize the improvements to QLP and
describe the TOI 4342 system in the context of small planets,
multiplanet systems, and planets orbiting M dwarfs.

2. Observations and Data Analysis
2.1. TESS

TOI 4342 was first observed by TESS in Sector 13 (Primary
Mission, 2019 June 19-July 18) then observed again in Sector
27 (First Extended Mission, 2020 July 4-30) as a 2 minutes
target due to its brightness and small radius (Stassun et al.
2019), as well as in FFIs.

The 2 minutes data were reduced by the Science
Processing Operations Center (SPOC) pipeline at NASA
(Jenkins et al. 2016). The planets’ transit signals were
detected during a SPOC multisector search of Sectors 13 and
27 on 2021 May 26 with an adaptive, noise-compensating
matched filter (Jenkins 2002; Jenkins et al. 2010, 2017). In
the multisector search, the 5 days signal was detected with
signal-to-noise ratio (S/N) 10.8 and multiple event statistic
(MES) of 8.5, and the 10 days signal was detected with S/N
9.0 and MES 8.2. Both transit signatures passed all the
diagnostic tests reported in the SPOC data validation reports
(Twicken et al. 2018; Li et al. 2019), including the difference
image centroid tests, which located the source of the transits
to within 8”7 £ 5”5 and 3”74 4 376 of the target star image
for TOI 4342 b and c, respectively. Both candidates were
classified as high-quality candidates by the TESS-ExoClass
classifier.'” TESS-ExoClass applies a series of tests based on
the Kepler Robovetter (Coughlin et al. 2016; Thompson et al.
2018) to pass the best candidates on to the manual TOI vetting
process (Guerrero et al. 2021). These exoplanet signatures were

19 https: //github.com/christopherburke /TESS-ExoClass
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Figure 1. Images of the field surrounding TOI 4342 in 1976 (left), 1992 (top right), and 1995 (bottom right). In all images, the orange circle shows the 2021.0 location
of TOI 4342 and the blue circle shows the location on J2000. Both circles have radii of 2”. Nearby stars in the TIC are shown in green with marker size corresponding

to brightness. In red is a 10” scale (~half a TESS pixel).

alerted as TOI 4342.01 and .02 on 2021 July 28 (Guerrero et al.
2021).

The FFIs meanwhile were reduced by QLP, but TOI 4342’s
TESS band brightness is below the threshold to be released as a
QLP TOI (10.5) (Guerrero et al. 2021). While developing the
QLP improvements listed in Section 1, we conducted an
independent search for multiplanet systems in QLP light curves
and found two planet candidates in TOI 4342. For both sectors,
our analysis started with raw QLP light curves, and uses
calibrated FFIs from the MIT TESS image calibration software
(TICA, Fausnaugh et al. 2020).%° Figure 1 shows TOI 4342 and
the surrounding field.

This multiplanet search consisted of iterative applications of
the box least-squares algorithm (BLS, Kovacs et al. 2002) as
implemented in VARTOOLS (Hartman & Bakos 2016), mask-
ing out transits for previously found signals when searching for
new planets. We then also performed an additional step of
light-curve detrending to remove short-timescale systematics.
This was done by decorrelating spacecraft motion from the
light curve using leading statistical moments (mean, standard
deviation, skewness) of and covariances between the quater-
nion time series components Q1, Q2, and Q3 calculated within
each exposure (Vanderburg et al. 2019). Together with basis
splines to remove long-timescale trends (Vanderburg &
Johnson 2014), we performed iterative fits to the light curve,
removing 3o outliers until the fit converged. The resulting
combined trend was subtracted out to produce a final corrected
QLP light curve.

20 TICA FFIs are available as High Level Science Products at the Mikulski
Archive for Space Telescopes (MAST): https://archive.stsci.edu/hlsp/tica.

With these adjustments, we found two signals. The first
signal has a period of 5.538 days with S/N of 13.126 (5.14 per
transit), and the second has a period of 10.688 days with S/N
11.506 (6.74 per transit). To highlight the impact of the First
Extended Mission and QLP improvements, we specifically
searched for planets in Sector 13 (Primary Mission) and Sector
27 (First Extended Mission) separately. Corrected for the
number of transits seen in each sector, we saw average S/N per
transit of 3.70 and 4.83 in Sector 13 for each signal
respectively. In Sector 27, this improved to 5.52 and 5.99.
We also compared the S/Ns with the original QLP detrending
method (only correcting for long-timescale systematics) and
found worse performance without the quaternion correction
(S/Ns per transit of 5.07 and 5.32).

For the remainder of the system modeling in this work, we
use the simple aperture photometry (SAP) light curve from the
SPOC pipeline (Twicken et al. 2010; Morris et al. 2020) with
the following preprocessing. First we removed contamination
from nearby stars by scaling the light curves by the SPOC-
provided CROWDSAP values. We also ignored data with
nonzero SPOC quality flags. This included an anomalous
event during Sector 13 (TJD 1665.2983 to 1665.3501) where
the spacecraft fell out of fine pointing. The resulting light curve
can be seen in Figure 2 with its Lomb—Scargle periodogram.

In the periodogram, we see a peak signifying stellar
variability at a period of about 13 days. To remove this
variability and other instrumental systematics, we conducted
our own correction similar to our new QLP correction. First, we
excluded data from QLP-predicted transit times, then we split
the light curve into individual spacecraft orbits (with two orbits
per sector) to be corrected separately. We again iteratively
removed short-timescale systematics with quaternion time
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Figure 2. Top: SPOC SAP light curve with our correction trend (described in Section 2.1) in blue. This trend, formed from quaternion data and basis splines to remove
systematics and long-timescale variability, is divided out of the raw light curve to create our final flattened light curve. Bottom: Lomb—Scargle periodograms of the
SAP SPOC light curve for each sector of observation. We see peaks around 14 days marking stellar variability, but we cannot pin down a specific period due to the
large gap between observations.
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Figure 3. Top: detrended TESS light curve in gray, binned values in purple, with transits highlighted for each TOI 4342 b (blue) and TOI 4342 ¢ (orange). Middle:
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Table 1
SG1 Follow-Up Observations

Target Instrument Date (UT) Filter Aperture Observing Notes

TOI 4342 ¢ LCO-CTIO 1.0 m 2021-9-14 i’ 5"1

TOI 4342 b LCO-CTIO 1.0 m 2021-8-31 i’ 62

TOI 4342 b LCO-SSO 1.0 m 2021-8-14 i’ 51

TOI 4342 ¢ LCO-CTIO 1.0 m a 2021-8-13 i’ 5"9 Simultaneous observation®

TOI 4342 ¢ LCO-CTIO 1.0 m b 2021-8-13 i’ 5"9 Simultaneous observation®

TOI 4342 b LCO-CTIO 1.0 m 2021-7-12 i 6"2

TOI 4342 ¢ LCO-SAAO 1.0 m 2021-7-11 i’ 7"0 Noisy, cut short by weather
TOI 4342 b LCO-SAAO 1.0 m 2021-6-19 i’ 8”6

TOI 4342 ¢ LCO-CTIO 1.0 m 2021-5-30 i’ 778 Partial, cut short by weather
Note.

 Transit observed simultaneously by two distinct telescopes at CTIO.

series statistics and long-timescale systematics with basis spline
fits. This final fit was then divided out to produce our corrected
light curve. Figure 3 shows the detrended 2 minutes cadence
light curve with transits highlighted.

2.2. Ground-based Photometry

We obtained seeing-limited ground-based follow-up obser-
vations from the TESS Follow-up Observing Program
Subgroup 1 (TFOP SG1; Collins 2019). The ground-based
observations have much higher spatial resolution than TESS
and can help confirm the source location of a TESS transit
signal and can provide additional transit observations to refine
ephemerides for predicting future transits. We used the TESS
Transit Finder, which is a customized version of the
Tapir software package (Jensen 2013), to schedule our transit
observations.

Between 2021 May 30 and 2021 September 14 UT, four
transits of TOI 4342 b and five transits of TOI 4342 ¢ were
observed in the Sloan i’ band using the Las Cumbres
Observatory Global Telescope (LCOGT; Brown et al. 2013)
1.0m network. The observations were taken at the Siding
Spring Observatory (SSO), South Africa Astronomical Obser-
vatory (SAAOQ), and Cerro Tololo Inter-American Observatory
(CTIO) nodes of the LCOGT network and are summarized in
Table 1. We use seven of the nine transits because two were cut
short for bad weather conditions. The 1 m telescopes are
equipped with 4096 x 4096 SINISTRO cameras having an
image scale of 07389 per pixel, resulting in a 26’ x 26’ field of
view. The images were calibrated by the standard LCOGT
BANZAT pipeline (McCully et al. 2018). Differential photo-
metric data were extracted with AstroImageJ (Collins et al.
2017) using circular photometric apertures with radii 6”0.
Thus, the TOI 4342 aperture excludes flux from the nearest
known Gaia DR3 and TIC v8 star (TIC 2025922721) 16" east
of TOI 4342. As shown in Section 3.2, the transit signals are
detected on-target relative to known Gaia DR3 stars. We also
checked the light curves of Gaia DR3 sources within 2! 5 of
TOI 4342 and found no evidence of nearby eclipsing binary
systems that could be causing the TESS detection. All SG1 data
can be found online at ExoFOP (2019).

2.3. Reconnaissance Spectroscopy

We obtained nine spectra of TOI 4342 over two seasons in
slicer mode with the fiber-fed high-resolution echelle
spectrograph CHIRON (Tokovinin et al. 2013). CHIRON is
mounted on the 1.5m SMARTS telescope, located at the

Table 2
Radial Velocities of TOI 4342
BID RV ORvV Instrument
(kms™ ") (kms~ )
2,459,359.91837 —5.726 0.013 CHIRON
2,459,360.85475 —5.760 0.018 CHIRON
2,459,379.77461 —5.795 0.020 CHIRON
2,459,384.82649 -5.770 0.011 CHIRON
2,459,409.75314 —5.788 0.012 CHIRON
2,459,700.86421 —5.734 0.018 CHIRON
2,459,725.87319 —5.747 0.016 CHIRON
2,459,740.83584 —5.737 0.016 CHIRON
2,459,742.79459 —5.761 0.012 CHIRON

CTIO, Chile, and has a spectral resolving power of 80,000. The
spectra were taken using 1 hr long exposures and were
extracted by the standard CHIRON pipeline (Paredes et al.
2021).

We derived the radial velocities (RVs) using a cross-
correlation against a median-combined template spectrum. The
template spectrum is composed of a median combination of all
CHIRON spectra, each shifted to rest after an approximate
velocity measurement via a cross-correlation against a synthetic
template. The measured velocity of each spectrum is that of the
mean velocity from each spectral order, weighted by the
heights of their cross-correlation functions. The velocity
uncertainties were estimated from the scatter of the per-order
velocities. We find a mean internal uncertainty of ~15 ms™',
with an rms of ~22 m s~ between the nine measurements. The
full data set can be found in Table 2.

2.4. High-resolution Speckle Imaging

“Third-light” flux contamination from a close stellar
companion can lead to an underestimated planetary radius if
not accounted for in the transit model (Ciardi et al. 2015) and
even cause nondetections of small planets residing within the
same exoplanetary system (Lester et al. 2021). The discovery
of close, bound companion stars, which exist in nearly one-half
of FGK-type stars (Matson et al. 2018) and in fewer M-class
stars, provides crucial information toward our understanding of
exoplanetary formation, dynamics, and evolution (Howell et al.
2021). Thus, to search for close-in bound companions
unresolved by TESS, Gaia, or ground-based seeing-limited
follow-up observations, we obtained high-resolution speckle
imaging observations of TOI 4342.
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Figure 4. SOAR speckle autocorrelation function (inset plot) and its 5o
detection sensitivity curve (main plot) in the Cousins / band.

TOI 4342 was observed at the 4.1 m Southern Astrophysical
Research (SOAR) telescope (Tokovinin 2018) on 2021
October 1 UT, in Cousins / band, a similar visible bandpass
to TESS. This observation was sensitive to a 5 mag fainter star
at an angular distance of 1” from the target. More details of the
observations within this survey are available in Ziegler et al.
(2020). The 50 detection sensitivity and speckle autocorrelation
functions from the observations are shown in Figure 4. No
nearby stars were detected within 3” of TOI 4342 in the SOAR
observations.

TOI 4342 was also observed on 2021 July 23 UT using the
Zorro speckle instrument on the Gemini South 8 m telescope®!
(Scott et al. 2021). Zorro provides simultaneous speckle
imaging in two bands (562 nm and 832 nm) with output data
products including a reconstructed image with robust contrast
limits on companion detections (e.g., Howell et al. 2016).
During this observing run, the blue channel was inoperable,
thus only 832 nm observations were obtained. Thirteen sets of
1000 x 0.06 s exposures were collected and subjected to
Fourier analysis in the standard reduction pipeline (see Howell
et al. 2011). Figure 5 shows our final contrast curve and the 832
nm reconstructed speckle image. We find that TOI 4342 is a
single star with no companion brighter than 5-6 mag below
that of the target star from very close in (0”1) outto 1”2. At the
distance of TOI 4342 (61.54 pc) these angular distances
correspond to spatial distances of 6.2-74 au.

3. Analysis
3.1. Stellar Parameters

We re-derive stellar parameters according to the following
empirical relations. First we take the observed K; magnitude
from the Two Micron All Sky Survey (2ZMASS) and the
parallax from the Gaia Data Release 3 (DR3, Gaia Collabora-
tion et al. 2022) to find the absolute K; magnitude of TOI 4342.
Then, using the relation from Benedict et al. (2016), we get a
stellar mass of 0.6296 4 0.0086 M. With this mass, we use the
mass—radius relation from Boyajian et al. (2012) to find a
stellar radius of 0.599 £0.013 R.. We check this with the

2 https: //www.gemini.edu/sciops/instruments /alopeke-zorro/
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absolute K, magnitude—radius relation from Mann et al. (2015),
where we find a consistent value of 0.598 +0.018 R.. From
Mann et al. (2015), we also calculate a bolometric luminosity
of 0.0746 + 0.0053 L, via the observed V and J magnitudes
and the resulting bolometric correction. Using the Stefan—
Boltzmann law, we find an effective temperature of 3901 + 69
K, giving TOI 4342 a spectral type around MOV. These values
are consistent with the stellar parameters listed in TIC 8.2 of
0.587 £0.020 M, 0.598 +0.018 R, 0.073 £0.016 L., and
3880 + 160 K, which were derived using the older Gaia DR2.

3.2. Light-curve Modeling
3.2.1. Best-fit Model

We simultaneously fit the detrended TESS light curve and all
seven of the nine SG1 light curves unaffected by weather (see
Table 1) using exoplanet (Foreman-Mackey et al. 2021).

For TESS light curves, we approximate the per-point
measured uncertainty as 1.4826 times the median absolute
deviation of the flux within each TESS orbit. For each SG1
light curve, we use the reported flux uncertainties, and on top of
that we fit for a jitter term (added in quadrature) to capture
additional errors in the observation’s error budget. We also
simultaneously fit a second-order polynomial to the SG1 light
curves to account for nightly trends. To model the stellar limb
darkening we use quadratic limb-darkening models with
uninformative priors following Kipping (2013a) for each
observation band.

For both orbits, we assume an eccentricity of 0.22 Periods
and epochs for each planet were given uniform priors centered
on the values found via BLS search to £10% of the period. The
ratios of planet to stellar radii had uniform priors from O to 1,
and impact parameters had uniform priors from —(1 + R,,/R..)
to +(1+ R,,/R*) (though when reported, we take the absolute
value). Finally, the stellar mass and radius were given normal
priors using the parameters derived in Section 3.1.

exoplanet uses PyMC3 (Salvatier et al. 2016) to perform
No U-turn Sampling (Hoffman & Gelman 2011) from the
posterior distribution. We sampled five independent chains
with 5000 tuning steps and 5000 draws. All parameters
converged with Gelman—Rubin statistic <1.01 (Gelman &
Rubin 1992). Table 3 shows the median sampled and derived
values with 1o confidence intervals, and Figure 3 shows the
median posterior model with residuals.

3.2.2. Transit Shape Model

Separately, using exoplanet’s SimpleTransitOrbit
we also performed a TESS-only fit to best constrain each
candidate’s transit shape—the ratio between the duration of the
flat part of the transit (¢7) and the total transit duration (z7).

Again, we assume a Gaussian noise model on top of a
constant baseline. Priors on period and epoch were set to
uniform distributions centered around the BLS periods and
epochs with bounds of +10% of the period. Durations were
given uniform priors from O to 2 times the BLS durations,
R,/R, was given uniform priors from 0 to 1, and impact
parameters were given uniform priors from —(1 +R,/Ry) to
+(1 +R,/R,). Since we want to find the best characterization

22 Based on priors from Kipping (2013b) and Eylen et al. (2019), we expect
the eccentricities to be low. We also performed a separate fit with an
uninformed prior on the eccentricity and argument of periapsis, and did not see
significant changes in the results.
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Figure 5. Gemini South Zorro speckle imaging So contrast curve (full plot) and
reconstructed images (inset plot) in the 832 nm band. The diffraction limit of
the instrument is 20 mas.

of the transit shape for each planet independently from the host
star, we use two independent star models with loose stellar
radius priors from 0 to 2 R, and quadratic limb darkening with
Kipping (2013a)’s priors.

Following the same fitting configuration as Section 3.2.1, we
can calculate the transit shape following Equation (15) from
(Seager & Mallen-Ornelas 2003):

(2)2 (1 = Ry/Ry? — b?
"~ (1 + R,/Ry)* — b*’

ey

Ir

where R, is planet radius, R, is stellar radius, and b is impact

parameter. For TOI 4342 b and TOI 4342 c respectively, we

find median and 1o confidence intervals of 0.912%39%3

and 0.90779918.
3.3. Radial Velocity Modeling

Using the CHIRON data (Table 2), we can place upper limits
on the mass of both planets by fitting for the amplitudes of
simple sinusoids assuming circular orbits. This puts an upper
bound on the variations in radial velocity, meaning we can
constrain the mass of any transiting companion to be planetary
rather than stellar.

We define our model with three unknowns: the baseline
radial velocity, K, and K., where the K’s are semiamplitudes
of sinusoids set to the median periods and epochs from
Section 3. After fitting, we find semiamplitudes of 19.473}
ms ' and 14.473% ms~! for each signal respectively. These
posteriors give us 30 mass upper limits of 0.321 Mj,, and
0.289 Mj,p, both much smaller than stellar masses.

3.4. Photocenter Motion

Photocenter motion analysis can help determine whether the
location of a transit signal matches the location of the target star
on the sky.

An effective method of determining both of these locations is
with the difference imaging technique (Bryson et al. 2013),
designed initially for the Kepler mission and inherited by the
SPOC pipeline, whereby the difference of averaged in- and out-
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Table 3
Stellar and Planet Parameters for TOI 4342

Parameter Value Source

Catalog information

R.A. (h:m:s) 21:37:33.48 Gaia DR3

decl. (d:m:s) —77:58:44.9743 Gaia DR3

Epoch 2016.0 Gaia DR3

Parallax (mas) 16.249 £+ 0.018 Gaia DR3

LR.A. (Mas yr’l) 120.333 £ 0.019 Gaia DR3

Jgeer, (mas yr™ 1) —91.503 £ 0.018 Gaia DR3

Gaia DR3 ID 6355915466181029376

TIC ID 354944123

TOI ID 4342

Photometric properties

TESS (mag) 11.0318 £ 0.0074 TIC v8.2

Gaia (mag) 11.97403 + 0.00032 Gaia DR3

Gaia RP (mag) 11.02247 + 0.00081 Gaia DR3

Gaia BP (mag) 12.8963 + 0.0014 Gaia DR3

V, (mag) 12.669 + 0.057 UCAC4*

B, (mag) 14.055 + 0.011 APASS DR9"

J (mag) 9.832 £ 0.024 2MASS

H (mag) 9.179 £ 0.024 2MASS

K, (mag) 9.018 + 0.021 2MASS

Derived properties

M, (M) 0.6296 + 0.0086 Parallax +Benedict et al.
(2016)°

R, (Rw) 0.599 + 0.013 Parallax +Mann et al.
(2015)¢

logg, (cgs)

L, (Lo)

Terrs (K)

My (mag)

My (mag)

Distance (pc)

P (gem™)
Limb-darkening coefficients

4.68787 03088
0.0746 + 0.0053
3901 =+ 69
14.39 + 0.02
8.272 + 0.015
61.543 + 0.070
2.985+0:089

empirical relation + LC®
Mann et al. (2015)
£

Parallax

Parallax

Parallax
empirical relation + LC®

u;, TESS 027591

u,, TESS 0375512

up, i' 0447013

s, i 0.083:13

Light-curve parameters TOI 4342 b TOI 4342 ¢

P (days) 5.5382498+0.0000057 10.68871675-990012
T. (BID — 2,457,000) 1654.535597 930059 1659.346231 99009
T4 (h) 22152367 282020033
T, = T3, (min) 48875013 6313018
a/R, 18.97+047 29.40%933
R,/R. 0.034915390047 0.0371915:99934
b=acosi/R, 0.290+5:9%2 0.187+39%

i (deg) 89.137913 89.63012
Planetary parameters

R, (Rs) 22667003 241553048

a (au) 0.05251733%1 0.08140+95%017
T.q (K) 633.6183 508.9439

(F) (S2) 26,951 1118494
Notes.

# Zacharias et al. (2013).
® Henden et al. (2016).

€ We adopt error based on the scatter in the empirical relations from Benedict

et al. (2016).

4 we adopt error based on the scatter in the empirical relations from Mann

et al. (2015).

¢ We fitted the transit light curves with a prior constraint on the stellar density.
f Tesr was determined from the bolometric luminosity and the stellar radius.

of-transit pixel images is found. Assuming stellar variability
and/or instrumental systematics are negligible on transit
timescales, the difference image should appear starlike at the
location of the transit signal source. Meanwhile, the out-of-
transit image should represent a direct image of the field
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surrounding the target star. If the field is relatively uncrowded
and the target star is indeed the source of the transit signal, the
difference and direct images should appear similar.

To produce difference and direct images, we used TESS-
plots,” a publicly available Python package for robust pixel-
level analysis of TESS FFIs. For planets in multiplanet systems
such as TOI 4342, TESS-plots masks out all cadences
corresponding to other planet transits. This ensures that the
primary source of variability in the difference image is due to
the planet of interest. TESS-plots also puts more care in
choosing which in- and out-of-transit frames are used than the
original difference images in QLP. It ignores the first and last
5% of the transit duration to better avoid ingress/egress. It also
places a buffer between in- and out-of-transit frames to handle
underestimated transit durations. Finally, “bad” transits (tran-
sits with lots of missing or poor-quality data points) are
discarded to prevent contamination of the overall difference
image. Altogether, with these improvements, TESS-plots
marks an important update over the Primary Mission QLP
difference images.

Figure 6 shows difference images for TOI 4342 b and TOI
4342 c next to the direct image for TOI 4342, using Sector 27
FFlIs. The difference images confidently rule out the transit
signals as coming from other nearby sources listed in the TIC,
consistent with the centroid analysis derived by the SPOC
pipeline. For TOI 4342 b, the SPOC-derived photocentroid is
only 2.50 away from the location of TIC 2025922721
(T=19.805 mag). However, this star is too faint to produce
the transit depths observed on TOI 4342.

3.5. Possible False Positive Scenarios

In this section we rule out possible false positive scenarios
where the signals are not coming from a multiplanet system.

3.5.1. TOI 4342 is an Eclipsing Star System

One possible source of false positives could be signals from
eclipsing stellar companions rather than planetary companions.
We can rule out this scenario by considering our radial velocity
model in Section 3.3. We found 3o upper limits on
semiamplitude magnitudes of 50 ms™' and 36 ms~', which
translate to mass limits of 0.321 My, and 0.289 My, for TOI
4342 b and TOI 4342 c respectively. In other words, if our
transit signals are caused by gravitationally bound companions
that block out light from TOI 4342, those companions must
have sub-Jupiter masses and cannot be stars.

3.5.2. Contamination from a Nearby Eclipsing Binary

Another major source of false positives is the signal of an
eclipsing binary (EB) in the field near our target of interest.
Because photometers measure all light within a specific
aperture, eclipses from a nearby EB (NEB) can contaminate
the target aperture and cause transit-like events in the light
curve. These false positives account for as much as 40% of
transit-like signals at the lowest Galactic latitudes in the Kepler
field (Morton & Johnson 2011; Bryson et al. 2013).

We can start ruling out NEBs by restricting the signal source
to be near TOI 4342. Our photocenter motion analysis in
Section 3.4 rules out signals from known TIC v8 stars,
constraining the signal to be within ~21” (one TESS pixel) of

B https: //github.com/mkunimoto /TESS-plots
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TOI 4342. In Section 2.2, SG1 observations rule out signals
from the nearest Gaia DR3 stars. In DR3 (Fabricius et al. 2021;
Gaia Collaboration et al. 2022), Gaia has a resolution down to
~0”7, so the signal must be on-target or from an NEB within
an arcsecond of TOI 4342.

Next, we can rule out potential NEBs by showing they must
be brighter than certain magnitudes to cause either transit
signal. First, we note the observed transit depth s is

f

—, 2
I+f @

6obs = 6EB

where Ogp is the “true” depth (the NEB’s primary eclipse depth
if TOI 4342 were not present), and f is the flux ratio between
the NEB and TOI 4342.

Then, we can place an upper bound on 6gg by assuming
b=0 as in Equation (21) from Seager & Mallen-Ornelas
(2003):

< (1 — tF/tT)z'
S A F /1)

Together with Equation (2), this places a lower bound on f
purely as a function of d,s and transit shape (¢ /tr):

6obs/6EB
— </, 4)
1 - 50bs/6EB

which we can rearrange to an upper bound on NEB magnitude
(mgg — my = —2.5log,,f where m, is 11.032, the T, of
TOI 4342).

Using the result of the transit shape model in Section 3.2.2,
we can derive 30 lower bounds on transit shape for each signal.
These correspond to upper bounds on NEB magnitude of 15.38
and 16.70 (AT =4.35 and 5.67 mag). In other words, for an
NEB to cause the TOI 4342 b signal, it is likely within 4.35
mag of TOI 4342.

In Figure 4, we see no stars within 5-6 mag of TOI 4342 at
separations of 1”-3”0. This supports the ruling-out of Gaia
sources down to around 1”. In Figure 5, no neighbors within
5-6 mag of TOI 4342 were detected from 0”1 to 172. So,
altogether we can rule out NEBs greater than 0”1 away from
TOI 4342 as sources of the transit signals.

Lastly, taking advantage of the relatively high proper motion
of TOI 4342, we can use archival images to rule out NEBs
within 0”1 of TOI 4342’s current location. Figure 1 shows the
field surrounding TOI 4342 in 1976 along with all known
nearby TIC stars for magnitude reference. We see that in 1976,
the 2021 location of TOI 4342 is clear of any stars with
Tiag S 17 (AT~ 6 mag). This rules out NEBs within 071 of
TOI 4342.

Altogether, using our photocenter motion analysis, high-
resolution speckle imaging, and archival field images, we are
able to rule out contamination from an NEB as the source of
either transit signal.

3)

OEn

3.5.3. TOI 4342 is a Hierarchical Triple

The final scenario we consider is an EB gravitationally
bound to TOI 4342 (i.e., a hierarchical triple system). This EB
would cause the same aperture contamination described in
Section 3.5.2 (with the same magnitude limits), but could have
evaded detection in Figure 1 because it would stay close to
TOI 4342.
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Figure 6. Difference images for TOI 4342 b and TOI 4342 ¢, made using 20 x 20 pixel cutouts of the Sector 27 TESS FFIs (top). A close-up of the central 5 x 5
pixels is also shown (bottom). The third column shows the average of out-of-transit images, which should represent a direct image of the field near the target star. The
target TIC 354944123 is indicated with a pink star, while nearby stars down to AT = 4 mag are plotted as white circles with sizes scaled by brightness. The difference
images for both planet candidates indicate the transit sources are collocated with the target star. The color bars are all in units of electrons per second.

In this scenario, if we assume the EB’s orbit is within 0”1 of
TOI 4342, its semimajor axis would be at most ~6.2 au (at a
distance of 61.54 pc via Gaia DR3 parallax). With Kepler’s
third law and the stellar mass from Section 3.1, this gives the
NEB an orbital period of ~19.2 yr around TOI 4342.

From Section 3.5.2, we saw that NEBs should be brighter
than AT ~ 5 mag to cause the transit signals. This translates to
a minimum luminosity of 7.5 x 10~ L, and, using L oc M*, a
minimum mass of 0.13 M.

For a gravitationally bound NEB with a mass of at least
0.13 M., we would expect an edge-on radial velocity
semiamplitude of ~1.8 kms '. Gaia DR3 observed TOI
4342 over a 34 month baseline. In this timeframe, if there were
a 0.13 M, companion at 6.2 au, we would expect an RV shift
of ~1 kms '. The reported mean RV error though is only
~0.36 kms~'. Similarly, from Section 3.3, our RV data span
more than a year. Based on this observation timeline, we expect
an RV scatter from a companion NEB at a distance of 6.2 au
with 0.13 M., would be larger than our observed 22 ms™~' at
least 95% of the time.

Together, since the actual RV error is lower than expected
from a companion EB for both our RV data and Gaia data, we
conclude that these scenarios of EBs gravitationally bound to
TOI 4342 are unlikely causes of the transit signals.

3.5.4. TRICERATOPS and Summary

Using two sectors of TESS data along with additional
photometric and spectroscopic observations, we were able to
rule out most astrophysical false positives as sources of our
transit signals. We considered the possibilities that our signals
are caused directly by an EB, by contamination from a
background EB, and by certain configurations of a hierarchical
companion EB. For each scenario, we showed that it is highly

unlikely for that scenario to cause our transits. In addition, we
use triceratops (Giacalone & Dressing 2020) to indepen-
dently check the false positive probabilities (FPPs) and nearby
false positive probabilities (NFPPs) for each signal. After 20
runs for each signal, we calculate mean and standard deviation
FPPs of 0.00211+£0.00018 and 0.00320 £ 0.00027, and
NFPPs of 0.0000138 £ 0.0000013 and 0.000387 £ 0.000026.
Finally, Lissauer et al. (2012) and Guerrero et al. (2021) found
that multicandidate systems have lower false positive rates than
single-candidate systems, so we receive a “multiplicity boost,”
further decreasing the false positive probabilities and increasing
the likelihood of having real planets. Altogether, we conclude
that our signals are statistically valid exoplanet transits.

4. Results and Discussion

In this work, we statistically validated a pair of sub-Neptunes
around MOV dwarf TOI 4342. In this section, we discuss this
system in the context of other planetary systems.

4.1. Follow-up Characterization of Mass and Atmosphere

The best-fit parameters from Section 3.2.1 show the planets
have radii of 2.26610%38 and 2.41573%43 R, and periods of
5.538 and 10.689 days. Given their radii, these planets are most
likely sub-Neptunes with a significant fraction of H/He in their
atmospheres (Rogers 2015). Using the sub-Neptune mass—
radius relationship from Wolfgang et al. (2016), we expect the
planets to have masses of 7.8303 and 8.537090 M..

This corresponds to expected radial velocity semiamplitudes
of 3.9 and 3.4 ms™ !, meaning it is feasible to measure the
precise masses using a high-precision radial velocity instrument
mounted on a large telescope for TOI 4342 (V= 12.67 mag).
With these masses, we will be able to compare bulk densities of
the planets. Given the similar radii (within 10% of each other),
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Figure 7. TSM, as defined in Kempton et al. (2018), for TOIs in multiplanet systems around bright M dwarfs (T < 4000 K and Ty, < 11.5) with R, < 4 Rg, as of
2022 July 7. TIC stars are sorted in decreasing order of second largest TSM value in the system. Color corresponds to host 7', and size corresponds to planet radius.
The gray dashed line is the atmospheric follow-up threshold recommended by Guerrero et al. (2021) for sub-Neptunes. TOI 4342 is among the top 10 systems with

multiple planets that are well suited for atmospheric characterization.

this will show the influence of different levels of irradiation
(incident fluxes of ~27 and ~11 Sg) on the planet
atmospheres.

Using the expected masses, we can also calculate transmis-
sion spectroscopy metrics (TSMs, Kempton et al. 2018),
measures of how promising planets are for atmospheric
characterization studies. For these planets, we find values of
36 and 32, both of which are above the updated follow-up
threshold of ~25 recommended by Guerrero et al. (2021) for
the 100 best atmospherically characterizable sub-Neptunes
(updated from Kempton et al. 2018).

More notably, TOI 4342 has multiple (more than one) high-
TSM planets, making it one of the best M-dwarf systems for
atmospheric comparison studies. Figure 7 shows the TSM
values for multiplanet M-dwarf systems sorted by second
highest TSM value of planets in each system. Characterizing
and comparing the atmospheres of both planets will allow us to
perform comparative exoplanetology, and TOI 4342 is one of
the few systems where multiple planets have characterizable
atmospheres. Additionally, given the two planets are near a
mean-motion resonance (MMR) of 2:1, it is likely they
migrated together to their current orbits and have similar
primordial compositions. This would mean any differences
detected in their atmospheric properties can probably be
attributed to the differing levels of stellar irradiation between
the planets. This will help us gain insights into the evolution of
planetary atmospheres and responses to different intensities of
stellar irradiation.

4.2. Radius Gap for Small Planets

Fulton et al. (2017) identified a radius gap for small planets
roughly between 1.5 and 2.0 R, separating rocky super-Earths
and gaseous sub-Neptunes for Sun-like stars. Cloutier &
Menou (2020) showed this gap persisted around low-mass
stars. One predominant cause of this gap may be photo-
evaporation: the stripping away of a planet’s atmosphere as it
undergoes heavy irradiation from its star (Owen & Wu 2013).
Highly irradiated planets would be left as bare rocky cores,
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while less irradiated planets would keep their atmospheres with
larger mass and radii, leading to a bimodal radius distribution.
With radii of 2.27 and 2.41 R, both TOI 4342 b and TOI 4342
¢ appear to fall on the upper side of the valley. Figure 8 shows
TOI 4342 b and TOI 4342 c in cyan as a function of irradiation
level and planetary radius over relative occurrence contours
from Fulton & Petigura (2018). We see both planets have
relatively low irradiation levels of ~27 and ~11 S,
respectively, meaning they are likely good fits for their
description as low-mass atmosphere-retaining sub-Neptune
planets on the upper side of the gap.

4.3. Transit Timing Variation (TTV)

With periods of 5.538 days and 10.689 days, TOI 4342 b
and TOI 4342 c also fall within 5% of the first-order MMR of
2:1. Given the proximity to the 2:1 resonance, we expect the
system would show transit timing variation (TTV) signals.
Based on formulae in Lithwick et al. (2012), the super period of
the TTV is about 157 days; the amplitude of the TTV signal is
expected to be of the order of a few minutes using the estimated
mass from empirical relations. Calculations using TTVFast
(Deck et al. 2014) assuming the expected planet masses and
eccentricities smaller than 0.1 for both planets show similar
results to Lithwick et al. (2012). For TOI 4342, the photometric
observations from ground-based 1 m telescopes were able to
achieve transit time measurements at a similar or slightly better
precision than TESS. With these observations, we can search
for evidence of TTVs over a baseline of >800 days via
exoplanet’s TTVOrbit. First, we subtract the best-fit
background trends found in Section 3.2.1 from each light
curve. We use the global best-fit ephemerides to set normal
priors on transit times with standard deviations of 7 minutes.
The rest of the parameters (limb darkening, stellar properties,
radii ratios, impact parameter) are initialized following the best-
fit model. Sampling parameters similarly followed the best
global fit model. Based on the TTV fit, we do not observe
significant deviation from linear ephemerides by more than 5
minutes for a majority of the observations (Figure 9), indicating
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Figure 8. Insolation and orbital period vs. planet size. TOI 4342 b and TOI 4342 c are shown in cyan over occurrence contours for host stars with M, < 0.97 M., from
Fulton & Petigura (2018). M-dwarf TOIs as of 2022 July 7 are plotted as well, with multiplanet system planets highlighted in magenta. TOI 4342 b and TOI 4342 ¢

both lie in the upper end of the radius valley.
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Figure 9. Observed minus calculated transit times for all observed transits across TESS and SG1 data. Observed transit times were modeled with exoplanet’s
TTVOrbit (Section 4.3) and the expected transit times were linearly propagated from the best-fit ephemerides (Section 3.2.1). Based on the current data, we see no
evidence for significant deviations from expected transit times. With expected TTV amplitudes of only ~5 minutes, future observations could help could pinpoint

TTV amplitudes.

that the eccentricities of both planets are likely to be close to
zero. TESS will reobserve TOI 4342 in Sectors 66 and 67
(2023 June-July), adding new transits that will help further
constrain the TTV amplitudes. Additional photometric obser-
vations that can achieve transit center timing with precision
better than 1 minute can also provide stronger constraints on
the TTV amplitudes. If measured, these amplitudes could help
constrain planet masses.

4.4. QLP and Extended Mission FFlIs

This discovery showcases our recent improvements to QLP
on Extended Mission FFIs. By adding a multiplanet search,
short-timescale systematic correction, and improved difference
images to QLP, we were able to detect this new M-dwarf
system using the First Extended Mission FFIs. We saw
improvements in signal-to-noise ratio when comparing transit
searches between the original detrending method and the
improved method. We also saw improvements when
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comparing searches between the Primary Mission and
Extended Mission FFIs. On top of this, the multiplanet search,
together with the longer light-curve baseline, let us discover
both planets in the system, where the original QLP would only
have found one. Finally, we were able to use the improved
difference images in localizing the source of the transit events
to our particular target.

TOI 4342 is just one example of systems we will be able to
find with all these improvements. In the future, we expect these
upgrades to yield even more multiplanet M-dwarf systems as
they continue to be used with every new sector of the standard
QLP planet detection procedures at MIT. This will help build
up our populations of small planets that are suitable for
follow-up.

This paper includes data collected by the TESS mission,
which are publicly available from the Mikulski Archive for
Space Telescopes (MAST; Huang 2020; Fausnaugh 2021;
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Team 2021). Funding for the TESS mission is provided by
NASA’s Science Mission directorate. We acknowledge the use
of public TESS data from pipelines at the TESS Science Office
and at the TESS Science Processing Operations Center.
Resources supporting this work were provided by the NASA
High-End Computing (HEC) Program through the NASA
Advanced Supercomputing (NAS) Division at Ames Research
Center for the production of the SPOC data products. This
research has made use of the Exoplanet Follow-up Observation
Program website (ExoFOP 2019), which is operated by the
California Institute of Technology, under contract with the
National Aeronautics and Space Administration under the
Exoplanet Exploration Program. This research has made use of
the NASA Exoplanet Archive, which is operated by the
California Institute of Technology, under contract with the
National Aeronautics and Space Administration under the
Exoplanet Exploration Program.

Some of the observations in the paper made use of the High-
Resolution Imaging instrument Zorro obtained under Gemini
LLP Proposal Number: GN/S-2021A-LP-105. Zorro was
funded by the NASA Exoplanet Exploration Program and
built at the NASA Ames Research Center by Steve B. Howell,
Nic Scott, Elliott P. Horch, and Emmett Quigley. Zorro was
mounted on the Gemini South telescope of the international
Gemini Observatory, a program of NSF’s OIR Lab, which is
managed by the Association of Universities for Research in
Astronomy (AURA) under a cooperative agreement with the
National Science Foundation. on behalf of the Gemini
partnership: the National Science Foundation (United States),
National Research Council (Canada), Agencia Nacional de
Investigaciéon y Desarrollo (Chile), Ministerio de Ciencia,
Tecnologia e Innovacién (Argentina), Ministério da Ciéncia,
Tecnologia, Inovagdes e Comunicagdes (Brazil), and Korea
Astronomy and Space Science Institute (Republic of Korea).

This work makes use of observations from the LCOGT
network. Part of the LCOGT telescope time was granted by
NOIRLab through the Mid-Scale Innovations Program (MSIP).
MSIP is funded by NSF.

Facilities: TESS, Gaia, CTIO:1.5m (CHIRON), LCO:1.0m
(Sinistro), SOAR:4.1m (HRCam), Gemini South:8m (Zorro).

Software: Astrolmage] (Collins et al. 2017), Astropy
(Collaboration et al. 2013; Astropy Collaboration et al.
2018), exoplanet (Kipping 2013a; Salvatier et al. 2016; The
Theano Development Team et al. 2016; Kumar et al. 2019;
Luger et al. 2019; Agol et al. 2020; Foreman-Mackey et al.
2021), HS5py, Matplotlib (Hunter 2007), MIT Quick Look
Pipeline (Huang et al. 2020a), Numpy (Harris et al. 2020),
TESS SPOC Pipeline (Jenkins et al. 2016; Li et al. 2018;
Twicken et al. 2018), Pandas (Reback et al. 2020), Scipy
(Virtanen et al. 2020), Vartools (Hartman & Bakos 2016).
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