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ABSTRACT
Kepler revealed that roughly one-third of Sun-like stars host planets orbiting within 100 days and
between the size of Earth and Neptune. How do these planets form, what are they made of, and do
they represent a continuous population or multiple populations? To help address these questions, we
began the Magellan-TESS Survey (MTS), which uses Magellan II/PFS to obtain radial velocity (RV)
masses of 30 TESS-detected exoplanets and develops an analysis framework that connects observed
planet distributions to underlying populations. In the past, small planet RV measurements have been
challenging to obtain due to host star faintness and low RV semi-amplitudes, and challenging to
interpret due to the potential biases in target selection and observation planning decisions. The MTS
attempts to minimize these biases by focusing on bright TESS targets and employing a quantitative
selection function and observing strategy. In this paper, we (1) describe our motivation and survey
strategy, (2) present our first catalog of planet density constraints for 27 TESS Objects of Interest
(TOIs; 22 in our population analysis sample, 12 that are members of the same systems), and (3)
employ a hierarchical Bayesian model to produce preliminary constraints on the mass-radius (M-R)
relation. We find that the biases causing previous M-R relations to predict fairly high masses at 1 R⊕
have been reduced. This work can inform more detailed studies of individual systems and offer a
framework that can be applied to future RV surveys with the goal of population inferences.
1. INTRODUCTION
more frequent around solar-type stars in the Galaxy
than larger, Saturn and Jupiter-sized planets (Howard
1.1. Background on Small Planet Formation
et al. 2012; Dressing & Charbonneau 2013; Fressin et al.
The Kepler mission revolutionized our understanding
2013; Petigura et al. 2013; Burke et al. 2015). There
of planet formation by indicating that small (1-3 R⊕ ),
is great interest in understanding how similar or differrelatively short period (P < 100 days) planets are much
ent 1-3 R⊕ planets are from the solar system’s smaller
terrestrial and larger ice giant planets, and in particu‡ Much of this work was completed while this author
lar the mechanism(s) driving 1-3 R⊕ planet formation.
was a NASA Hubble Fellow at the Observatories of
As discussed below, there is evidence that these small
the Carnegie Institution for Science.
planets may naturally fall into two subgroups, super§ NASA Sagan Fellow
Earths (∼1-1.6 R⊕ ) and sub-Neptunes (∼2-3 R⊕ ). A
¶ NSF GRFP Fellow
natural question is, do super-Earth and sub-Neptune
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planets represent a continuous population that has been
influenced by post-formation processes but formed in a
similar way, or did they form differently from the start?
The proposed formation scenarios for 1-3 R⊕ planets
fall into two broad categories – planet or planetesimal
migration (e.g., Raymond & Cossou 2014; Cossou et al.
2014; Schlichting 2014) or in situ formation (e.g., Lee
et al. 2014; Lee & Chiang 2015, 2016; Hansen & Murray
2013; Chiang & Laughlin 2013), although issues remain
with both of these scenarios (e.g., Lissauer et al. 2011;
Fabrycky et al. 2014; Raymond et al. 2014; Schlichting 2014). Perhaps small planet formation could occur
through some combination of both, such that embryos
migrate to increase the inner disk solid surface density,
and resonant chains are then altered when the gas dissipates and the embryos collide to form the final planets
(Raymond et al. 2008; Hansen & Murray 2012; Izidoro
et al. 2017; Inamdar & Schlichting 2016). Whether small
planets form in situ, via disk migration, or a combination of the two, additional processes may also influence
the final range of small planet gas mass fractions, such
as photoevaporation (Lopez et al. 2012; Owen & Wu
2013, 2017; Jin et al. 2014; Chen & Rogers 2016), tidal
heating (Ginzburg & Sari 2017), the timing of gas accretion (Lee & Connors 2020), and giant impacts (Inamdar
& Schlichting 2015, 2016; Liu et al. 2015). From the
theoretical perspective, it remains unclear whether the
combination of different formation scenarios and postformation processes is consistent with one or multiple
small planet populations.
Luckily, the number of precise small planet observations is increasing and leading to tests of different formation scenarios. Studies of the Kepler sample revealed a
clear bimodality in the population of short period (<100
day), small radius planets around solar-type stars (Fulton et al. 2017; Fulton & Petigura 2018), with a decrease
in occurrence rates (a gap) around ∼1.8 R⊕ . The presence and location of the gap is consistent with a model
of photoevaporation via X-ray and extreme ultraviolet
radiation of planets’ volatile envelopes after formation
(Owen & Wu 2013; Lopez & Fortney 2013a; Owen & Wu
2017; Jin & Mordasini 2018; Lopez & Rice 2018), which
naturally herds planets into two groups, one of bare
cores and one of planets with H/He envelopes roughly
the same size as the core (and a few % mass). Most of
the planets in the Fulton et al. (2017) (California Kepler Survey) sample do not have measured masses, so
their core mass fractions are unknown. However, their
planet radius distribution is well matched by a modeled
planet population having uniformly rocky cores, similar
to the Earth’s bulk density (Owen & Wu 2017; Rogers
& Owen 2020), and not by planets having a substantial

mass fraction (& 75%) of ice/water or made purely of
iron.
However, photoevaporation may not be the only mechanism shaping small planets into super-Earths and subNeptunes. The observed Kepler distribution, including
the location of the radius gap, how it changes with
planet orbital period, and trends with stellar properties,
can also be matched with models of core-powered mass
loss, in which the initial energy of the planet’s formation can overcome the gravitational binding energy of
the planet’s atmosphere (Ginzburg et al. 2018; Gupta &
Schlichting 2019, 2020). Gupta & Schlichting (2019)’s results also suggest most super-Earths and sub-Neptunes
have rocky interior compositions composed of mostly
iron and rock, although the interiors can contain up to
∼ 20% water-ice and still match the observations reasonably well. Heterogeneity in the interior composition
“smears out” the gap in the radius distribution (Lopez
& Fortney 2013b; Owen & Wu 2017; Jin & Mordasini
2018), and Teske et al. (2018) found observational evidence of this “smearing out” by accounting for detected
and undetected (in a probabilistic sense) stellar companions to Kepler planet host stars. More variation in the
interior composition of super-Earth and sub-Neptune
planets, perhaps a non-zero fraction of their interiors being ice/water, could open up the possibility that some of
them formed beyond the ice line and migrated inwards.
Alternatively or in addition to this, there appears to
be evidence of a population of super-Earth planets that
were “born rocky” (Neil & Rogers 2020; Rogers & Owen
2020), and theoretical models suggest that after undergoing core-powered mass loss, super-Earths can retain
small H/He atmospheres (Misener & Schlichting 2021).
Thus, from an observational perspective, the question
of whether super-Earth and sub-Neptune planets are a
continuous population or distinct populations (or even
sub-populations) remains open.
1.2. Mass-Radius Relations
Some population-level insights have already come
from examining small planet mass-radius relations. For
example, Dressing et al. (2015) first pointed out that
the five Rp < 1.6 R⊕ planets with well-measured masses
at the time all fell very close to a composition curve
representing a simplified Earth-like composition model,
suggesting a single mass-radius relation may encompass many rocky exoplanets. Subsequent publications
of Rp < 1.6 R⊕ transiting planet masses have started
to show a larger scatter in mass at a given radius (e.g.,
Marcy et al. 2014; Bonomo et al. 2019), although some
also fall along an Earth-like composition curve (e.g.,
López-Morales et al. 2016; Dai et al. 2019), perhaps
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supporting the work above that suggests little variation in interior composition. On the other hand, Weiss
& Marcy (2014) found in their seminal study of the
masses and radii of 65 exoplanets smaller than 4 R⊕
that the weighted mean density increased for planets up
to 1.5 R⊕ , at which point it started decreasing with increasing radius, pointing to a natural break in the small
planet population. They also found moderate scatter
in the mass-radius relation between 1.5-4 R⊕ that was
not explained fully by measurement error, which they
suggested was due to a diversity in compositions at a
given radius. Wolfgang et al. (2016) presented the first
probabilistic mass-radius relationships evaluated within
a Bayesian framework, which quantifies astrophysical
dispersion in the population and can incorporate upper
limits, and also found evidence for significant (nonzero σ, standard deviation of Gaussian distribution of
planet masses) intrinsic, astrophysical scatter. Building
on Wolfgang et al. (2016), Chen & Kipping (2017) extended the idea of hierarchical Bayesian modeling to a
larger range of planet radii by fitting a series of probablistic broken power laws. These authors found the
first empirical break in the mass-radius relation to be
at about 2.04 M⊕ or 1.23+0.44
−0.22 R⊕ , slightly lower than
but still consistent with previous works. Most recently
Neil & Rogers (2020) combined hierarchical Bayesian
modeling with a mixture model to examine the massradius-period distribution of Kepler planets with mass
measurements, finding that a three-component model
with gas envelope, evaporated envelope, and intrinsically rocky planets was preferred over a model with
only the first two components.
However, a major hurdle that has been thus far unaccounted for in studies of small planet mass-radius relations is the observational biases introduced in mass measurements. There may be a “publication bias” wherein
upper limits are not published, as often the decision to
publish a planet’s mass is based on the RV precision
reaching a certain threshold, like K/σRV > 6. This leads
to a measurable bias in the population’s mass-radius relation (Montet 2018; Burt et al. 2018), such that very
small planets (1-2 R⊕ ) are predicted to be more massive
than would be physically expected for that population.
Additionally, the decisions for following up transiting
planets are not sufficiently described in the literature,
but robust statistical analyses require this process to
be reproducible to infer accurate population distributions from the observed sample. No published papers
describing the mass-radius relation or the small-planet
composition distribution take these selection effects into
account, partly due to the difficulty in quantifying the
time-varying selection function used to create the exist-

ing heterogeneous data set. Overall, the criteria of target
selection, design of RV coverage/cadence, and publication of data vary significantly from target to target and
from team to team, limiting the power of statistical or
population studies of the sample of small planets.
1.3. Motivating Questions for This Work
Motivated by these factors in small planet mass measurements, as well as the open questions of super-Earth
and sub-Neptune planet formation, we embarked on a
survey with the goal of building a statistically-robust
sample of well-characterized small planets that can be
used for population inference. Fortunately, the Transiting Exoplanet Survey Satellite (TESS, Ricker et al.
2015) was predicted to find thousands of small planets around bright stars (4 ≤ V ≤ 12) across the entire sky (Sullivan et al. 2015; Barclay et al. 2018),
amenable to RV mass measurement and planet density
constraints. TESS has been making good on that prediction – there have already been dozens of small TESS
planet mass measurements published (e.g., Huang et al.
2018; Dragomir et al. 2019; Winters et al. 2019; Luque
et al. 2019; Cloutier et al. 2019; Espinoza et al. 2020;
Astudillo-Defru et al. 2020; Shporer et al. 2020). Our
work, the Magellan-TESS Survey (MTS), aims to measure the masses of transiting planets between 1–3 R⊕ detected by TESS to help robustly address the populationlevel question: Do super-Earth and sub-Neptune planets have disparate or similar formation pathways? The
MTS consists primarily of RV follow-up observations using the Planet Finder Spectrograph (PFS; Crane et al.
2006, 2008, 2010) on the Magellan II Clay telescope
at Las Campanas Observatory in Chile, in combination
with results from other ground-based observations. The
MTS will produce a probablistic mass-radius relation in
similar fashion to Wolfgang et al. (2016), but with the
important differences of (1) accounting for the sample
selection and (2) being derived from RV observations
specifically designed to mitigate bias.
In addition, our survey will go beyond a mass-radius
relation to study three specific questions about potentially distinguishing effects in the exoplanet population:
1. How do planetary bulk densities depend on stellar insolation? The gap in the radius distribution
appears to drift toward lower radii at lower incident fluxes in systems with solar-type stars, a
trend consistent with both photoevaporation and
core-powered mass loss Van Eylen et al. (2018);
Martinez et al. (2019). However, mass measurements provide a more complete picture, as photoevaporation depends primarily on a planet’s surface
gravity and the core-powered mass loss rate also
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includes an exponential term with planet mass.
We want to know whether the radius bimodality results in a sharp transition in mass-radiusinsolation flux space, or whether mass and radius
values reflect a more continuous population over
insolation flux. One way to quantify this is to assess how the empirical mass-radius (M-R) relation
changes between highly vs. moderately irradiated
planets.
2. How do planetary bulk densities depend on host
star composition? While most of the spread in the
small planet M-R relation may be explained by
volatile envelope variation, it may also indicate diversity in interior composition, and by proxy, host
star composition. Stellar abundances can be important in breaking the degeneracies in constraining planetary interior structure using mass and
radius (Dorn et al. 2015, although see also Plotnykov & Valencia 2020), and stellar abundance estimates are natural products from the high resolution stellar spectra obtained for the RV observations by MTS. By comparing the densities of a
larger sample of small planets to their detailed host
star abundances, we can probe the role of “birth
composition” in distinguishing super-Earths and
sub-Neptunes (e.g., Brewer & Fischer 2018).
3. How do planetary bulk densities depend on system architecture? Follow-up observations on single transiting planet systems can help uncover the
system architectures in terms of eccentricities and
additional planets. Higher eccentricities would indicate a more dynamically rich history (e.g., Naoz
2016), while a high occurrence rate of additional,
non-transiting planets would indicate high mutual
inclinations, perhaps indicating a formation scenario in passive disks at later times (e.g., Bitsch
2019). Furthermore, it is also useful to map out the
outer part of systems, especially the existence of
gas giants, which recent studies suggest are common in systems hosting small inner planets (Zhu
& Wu 2018; Bryan et al. 2019). How outer gas giant exoplanets facilitate/prohibit the channeling
of disk materials inward to form inner small exoplanets (e.g., Bae et al. 2016) and thus how the giant planets affect the compositions of inner planets
(e.g., Schlecker et al. 2020) is not observationally
constrained.
The rest of the paper outline is as follows: In §2 we
detail how we designed a survey strategy, including target selection and observation cadence, to help address

these questions as well as the issues related to robust
population-level analyses described above. In §3 and §4
we describe how we uniformly derived the radii of our
targets from the TESS light curves, how we derived the
masses of our targets from PFS data, and how they
compare to masses from the literature. Our hierarchical
Bayesian modeling (HBM) framework is described and
applied to our measured radii and masses in §5; we also
apply the framework to a heterogeneous data set and
compare the resulting HBM hyperparameter posteriors.
Our discussion in §6 includes a comparison to previous
small planet mass-radius relations, implications of our
results for the detailed planet compositions, limitations
of our work, and future plans. We end with a summary
of conclusions and take-away points in §7. In Appendix
A we also describe background information and previous publications about the planets in our sample. In
Appendix B and C and we show our fits to the TESS
light curves, and in Appendix D we show our fits to the
radial velocities. In Appendix E we list ancillary parameters to the light curve and RV fits. In Appendix F we
describe three TOIs (262, 271, & 560) that were initially
in our target list but later excluded for various reasons;
this appendix also includes the PFS RVs of TOI-560.
2. DESCRIPTION OF SURVEY

The survey was designed to address our three science
questions outlined above, minimize observational and selection biases where possible, and be documented at each
step. In this section, we describe how we vetted TESSdiscovered planet candidates and selected the targets for
our survey (Section 2.1), as well as our procedure for assigning a RV observing cadence to each target for each
observing run (Section 2.2). Importantly, both of these
aspects of the survey are driven by quantitative criteria
that were decided prior to the start of RV observations.
2.1. Target Selection
The principles of our target selection are: (1) we follow
a set procedure with quantified criteria at each step for
cuts and rankings, and (2) we stick to our decisions and
document our entire target selection process.
To summarize our selection process, we start by drawing from the TOIs released by the TESS Science Office1 ,
which we assume are all bona fide planet candidates2 .
We update the TOI list prior to every PFS observing
1

https://tess.mit.edu/toi-releases/
We made this assumption at the beginning of our selection
process because at the time of MTS’s first observations, few of
the planets had been vetted with imaging and reconnaissance spectroscopy. However, as more information emerged and some planets
were identified as false positives, they were removed from both the
2
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run; this is not so consequential at this point in the survey but was during the first year of the TESS mission
as new TOIs were added. We evaluate these planet candidates with a merit function (§2.1.1), and then among
the top ranked ∼60 planets we perform a more careful
vetting to select targets that are validated and orbit host
stars that are viable for RV follow-up observations. We
describe our target selection in detail in the following
subsections. Importantly, all of our targets are drawn
from the TOI list announced by the TESS team, and
are then subject to a large ground-based follow-up effort.
The biases in these vetting and follow-up procedures are
not well documented or easily quantifiable and are left
to be addressed in future works; in principle the analyses presented here could be combined with such works.
See §6.3 for further discussion.
For the MTS, we chose to pursue 30 TESS-discovered
small planets for mostly practical reasons – we wanted
to finish our survey within approximately three years for
maximum relevance to the community and the TESS
mission, given a realistic assumption of available telescope time. At the time we began the MTS, adding 30
small planet masses would have roughly doubled the
number of planets of this size with well-measured RV
masses. We also wanted to cover planets across the entire sky, ideally a few in each TESS sector, to help with
scheduling our observations in the PFS queue. The number 30 is the number of planets, not planetary systems;
in reality, we will have fewer than 30 planetary systems
in our final sample, as some stars have multiple highlyranked planets.
On the other hand, there are planets that are not
among our top ranked 30 planets but are in the systems that we are following up; we will acquire mass constraints on these additional planets (some of which are
currently listed in Tables 3 and 6) although we do not explicitly use them in our cadence decisions (see §2.2) or in
the mass-radius relation analysis (see §5). In this paper,
we present masses for 22 planets, or the first two-thirds
of our sample. A summary of the properties of those 22
planets, as compared to the parent sample of TOIs (described in §2.1.2), is shown in Figure 1. We note that this
figure reflects the planet radii and periods3 used in our
target ranking (§2.1.1), while Table 3 lists the radii and
periods we derived in this work and that are included in
parent sample and the MTS sample. Due to conservative choices
(see §2.1.2) made within the constraints of our predetermined cadence plan (see §2.2), we have in practice lost very little observing
time to eventual false positives.
3 from ExoFOP-TESS as accessed on April 19, 2020, with radii
derived from scaling the transit depths using TICv8 stellar radii

our mass-radius modeling (§5). The rest of the sample is
not yet finalized due to incomplete vetting observations,
but will come from the top ranked ∼60 planets. Once
planets are ranked by our metric in the top 30 (after
disqualifying targets as described below), they are effectively “equal”; the ranking metric serves to make a cut
between the 30 planets included in the survey, not to
prioritize or weight planets within that subset.
2.1.1. Target Ranking Metric
We rank the alerted TESS TOIs according to a merit
function:

F −1/3 T −1 e−1.25(Rp −1.8)2 for R < 3R
p
⊕
insol exp
merit =
(1)
0
otherwise
where Finsol is the stellar insolation flux received by the
planet calculated using the TESS Input Catalog (TIC)
v8 (Stassun et al. 2018, 2019) stellar parameters, Texp is
the total exposure time needed for RV characterization
(described in the next paragraph), and Rp is the planet
radius taken from the TESS alert. This merit function
was chosen to prioritize planets (1) receiving low stellar
insolation flux, which may be preferentially avoided in
RV surveys due to their longer periods; (2) with radii
around ∼1.7 R⊕ , most effective in addressing the origin
of the radius gap; and (3) requiring less observing time
to characterize. The specific shape and parametrization
of this merit function was chosen by ranking the simulated TESS targets produced by Barclay et al. (2018)
and visually examining the distributions of Finsol , Rp ,
and estimated Texp of the top-ranked targets. We emphasize that this function has not been derived from any
‘first-principles’ argument; it is purely a quantitative, reproducible way for us to select the targets that are best
suited to address this survey’s scientific goals.
The Texp term is calculated as follows: We first estimate the single-exposure time texp needed to achieve
the photon-limited RV precision, σRV , of 2 m s−1 based
on previous performance of Magellan II/PFS. We set a
minimum texp of 10 minutes to help address the effects
of stellar oscillation (e.g., Dumusque et al. 2011). Second, we estimate the RV semi-amplitude K of the planet
using the Ning et al. (2018) nonparametric mass-radius
relation to get the mass and convert that into K using
the TESS-measured planet period and the TICv8 stellar
mass. Third, we estimate N , the total number
of RV ob√
servations needed to meet the criterion N ×K/σRV > 6
(e.g. Howard et al. 2012; Dumusque et al. 2017). Note
that while we use K/σRV to estimate N , we do not actually impose any K-significance criterion on the masses
we report here nor the masses we use for the population
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modeling. We require N > 20 RV observations no matter what the predicted K value based on the minimum
number of observations needed in Marcy et al. (2014)
for Kepler systems. The median and mean predicted N
values for our top 60 ranked targets (prior to the elimination process in §2.1.2) are 34 and 40 observations,
respectively. Finally, Texp for each target is calculated
as texp × N × 2, where the factor of two is to account for
extra time that may be needed to address the effects of
stellar jitter (e.g., caused by stellar rotation).
This merit function is frozen for the course of our 3year survey to preserve our ability to perform a population inference analysis (§5). At the start of the survey,
we applied the merit function to the TOIs released in
each TESS sector as they became available and selected
the top ∼2–3 planets that were suitable for RV observations. Most of the planets selected in this way from early
TESS sectors have consistently stayed within our top 30
ranked list as we have added targets from subsequent
sectors in TESS year 1 (for more detailed discussion of
the few exceptions, see Appendix F). We do not include
the community provided TOIs or TOIs released beyond
TESS year 1 so that we do not have a constantly changing target list, and we limit the parent sample to only
southern targets. Finally, in practice we not only use
the merit calculated from the planet’s reported “bestfit" radius and flux to determine a planet’s rank — and
therefore whether it constrains the mass-radius relation
— but the full measurement uncertainty distribution of
these planet parameters; see §5.1 for details.
2.1.2. Target Elimination Criteria
Once we have our top ranked sample of 60 targets,
we proceed to eliminate those that show evidence of
not being real planet candidates. This evidence comes
from the TESS Follow-up Observation Group (TFOP),
particularly sub-group 1 (SG1), which performs groundbased seeing-limited photometric follow-up to rule out
false positive scenarios (e.g., a background eclipsing binary) and detect additional transits on the presumed
host star. We typically wait to start any RV observations until the planet candidate has reached at least the
“cleared-planet-candidate” (CPC; no NEBs found on
stars close enough and bright enough to have caused the
TESS detection) or “verified-planet-candidate” (VPC;
transit event verified in aperture and no other contaminating stars bright enough to cause the TESS detection)
SG1 follow-up status. For targets without CPC or VPC
status, we keep them “on hold” for RV observations until
further vetting has been conducted.
As we aim to measure precise masses of small planets using RVs, we need to discard stars for which this

7

would not be feasible. We eliminate any systems with
host stars with rotation periods shorter than 15 days to
avoid a large stellar RV jitter caused by strong surface
magnetic activity such as star spots (as well as rotational broadening at a level that limits RV precision).
Such a cut-off in rotation period means that our sample
could be skewed towards relatively older stars in general
according to gyrochronology (Barnes 2007; Mamajek &
Hillenbrand 2008). This is unlikely to cause any significant bias in our results, since our sample will probably entirely consist of host stars well into their main
sequence lifetime and relatively mature planetary systems; our primary goals do not include capturing young
planetary systems or distinguishing the effects of stellar
age in the mass-radius relation. Our estimate of stellar rotation period comes primarily from examining the
light curves of our targets from TESS and Evryscope,
as detailed in Howard et al. (submitted). When these
light curves are inconclusive, we look for measurements
of the star’s v sini, often from TFOP SG2 (reconnaissance spectroscopy), and combine that with the radius
(assuming sin i=1) to estimate a rotation period.4
We also remove from the sample planet candidates
that orbit stars with radii > 1.2R or effective temperatures Teff > 6000 K, as these are likely to have a
substantial amount of RV jitter due to stellar oscillation
and granulation (e.g., Luhn et al. 2020). In addition,
we eliminate systems whose host stars are spectroscopic
binaries or visual binaries that are too close to resolve
with slit spectroscopy (similarly for stars in a crowded
field).
There are some TOIs that do not have reported planetary radii with the TESS year 1 data release, and therefore these targets do not receive a ranking at this step.
However, we have examined them on an individual basis and decided to eliminate them all, because they are
either confirmed false positives, or very likely false positives, or their host stars have radii > 1.2R⊕ . We also
do not rank any targets without period estimates from
TESS year 1 data (e.g., single-transit systems).
There are three TOIs that were initially in our target
list but later eliminated: TOI-262, TOI-271, and TOI560. We describe why they were eliminated in Appendix
F, and present the RV data of TOI-560 (the RVs of TOI262 and TOI-271 will be published elsewhere).
4 We note while this estimate is not robust for deriving the
stellar rotation period, it serves our purpose as a back-up method
for vetting out the faster rotators. At least for a relatively fast
rotating star with periods shorter than 15 days, the v sini is usually
large and easy to measure precisely, relatively speaking.
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Figure 1. A summary of the properties of our preliminary sample, which consists of 22 TOIs ranked highly by our metric.
The planet radii and periods shown here are derived from ExoFOP-TESS and were used in our ranking for target selection;
the planet radii and periods in Table 3 were derived from our own analysis and are included in our mass-radius modeling. The
final survey sample will have 30 small planets. Left: Periods and radii of the planets included in our metric-selected sample
(star symbols) along with the parent sample of TOIs (faint circles), colored according to insolation flux relative to the Earth.
Normalized histograms show the current MTS sample in red and the parent sample in grey. Right: A normalized histogram of
the current MTS sample (red) and the TOI parent sample (grey) host star effective temperatures.

A summary of prior knowledge of each the TOI
systems currently in the MTS is given in Appendix
A, which includes 22 TESS planets/planet candidates
– 134.01, 141.01, 144.01, 174.01 & 174.02 & 174.03,
175.01 & 175.02, 186.01, 260.01, 402.01 & 402.02, 431.02,
455.01, 562.01, 652.01, 784.01, 836.01 & 836.02, 1233.01
& 1233.03 & 1233.04. In this work, we do not attempt
to validate the TOIs that, as of this publication, remain
planet candidates (as noted in the individual summaries
in Appendix A); that is beyond the scope of this work.
Based on our vetting and elimination criteria, we suggest
there is a high likelihood that the to-be-validated TOIs
included here are true planets. The status of these TOIs
will be reassessed in our next survey paper, when we
will also update our analysis to include a larger sample
of planets/planet candidates. The TOIs are also listed
in Table 1, where we summarize key parameters of the
host stars as listed in TICv8 (Stassun et al. 2019).
2.1.3. Why Quantify Target Selection?
There are multiple reasons why a quantifiable selection process is advantageous. First, it increases the
transparency of potential biases in the sample and therefore which conclusions about the population are more
likely to be robust to the selection process. Take, for
example, the MTS sample. We emphasize that the sample itself is not unbiased, as our selection function 1)
focuses on small planets around the radius gap and 2)

draws from the human-vetted list of TOIs whose completeness and reliability has not been quantified. Consequently, 1) our results become more uncertain as the
radius increases toward 3 R⊕ and 2) we cannot currently
comment on the occurrence rate of planets in different
parts of the joint mass-radius space (but see point #5
below). That said, MTS is less biased than previous MR datasets for the smallest planets due to the effect that
this selection function has had on our data acquisition
process (see point #4 below), and so the population results for the smallest planets are more robust. Furthermore, the fact that this bias is quantified means that it
can be reliably corrected for in future work, which allows
the population result to be less biased than the sample
itself.
Second, along with clear identification of the utilized
planet and stellar parameters, the selection function
is reproducible and testable with other planet samples, thereby enabling more apples-to-apples comparisons across population studies.
Third, a quantifiable selection process more clearly delineates which RV measurements were “targets of opportunity” and which were chosen for population studies. Since targets of opportunity tend to be novel and
therefore extreme in some aspect of parameter space,
distinguishing these from the population science sample
causes the population results to be less subject to novelty bias – the bias in which one-of-a-kind planets that
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Table 1. Host Star Key Parameters from TICv8
Teff

[M/H]

name(s)

(K)

(dex)

(R )

(M )

(L )

HIP 115211, GJ 4332, L 168-9
HD 213885, HIP 111553
HD 39091, HIP 26394, π Men
HD 23472, HIP 17264
L 98-59
HD 21749, HIP 16069, GJ 143
HIP 1532
HD 15337, HIP 11433
HIP 26013
HIP 14101, GJ 3193A, LTT 1445A
HIP 47103, GJ 357, L 678-39
HD 86226, HIP 48739
HD 307842
HIP 73427
HD 108236, HIP 60689

3746±157
5795±111
5992±104
4813±112
3429±157
4629±151
4049±121
5175±107
4891±112
3384±157
3490±157
5940±110
5464±130
4250±120
5724±111

...
...
0.089±0.007
-0.190±0.080
...
0.003±0.053
...
0.060±0.021
0.020±0.080
...
...
0.017±0.017
...
...
...

0.597±0.018
1.132±0.049
1.149±0.045
0.691±0.042
0.314±0.009
0.705±0.064
0.618±0.060
0.842±0.042
0.727±0.034
0.276±0.008
0.360±0.011
1.034±0.042
0.896±0.050
0.691±0.061
0.864±0.039

0.586±0.021
1.040±0.129
1.100±0.140
0.780±0.089
0.293±0.020
0.730±0.088
0.630±0.081
0.880±0.111
0.800±0.089
0.249±0.020
0.346±0.020
1.090±0.133
0.960±0.123
0.660±0.077
1.020±0.125

0.063±0.015
1.302±0.034
1.533±0.046
0.231±0.007
0.012±0.003
0.206±0.010
0.093±0.007
0.458±0.010
0.272±0.008
0.009±0.002
0.017±0.004
1.99±0.035
0.645±0.016
0.143±0.009
0.722±0.019

TOI

TIC

Alternate

134
141
144
174
175
186
260
402
431
455
562
652
784
836
1233

234994474
403224672
261136679
425997655
307210830
279741379
37749396
120896927
31374837
98796344
413248763
22221375
460984940
440887364
260647166

do not occur in the population sample at the same rate
as their actual frequency in nature contribute disproportionately to the result, depending on the population
model and the location of the planet in parameter space.
Fourth, a quantifiable selection process incentivizes
continued observations of systems where, because the
planet is intrinsically low mass or in a multi-planet system, statistically significant RV variation may emerge
more slowly as a function of the number of observations.
This incentive is particularly important for population
analyses of observations that have significant human
involvement over time, as evolving choices can change
the existence and precision of measurements in ways
that are difficult to correct for on the population level.
Much of the power and utility of a selection function for
RV follow-up lies here, i.e. in forcing the acquisition of
data which may not otherwise have been gathered. Since
the RV signatures of low-mass planets and multi-planet
systems require more observations to distinguish from
noise, an RV selection function reduces the significant
observational and publication biases toward high-mass,
single-planet systems.
Fifth, when combined with information about the
completeness and reliability of the parent sample – in
this case, the TESS transit detections – a selection function can be used to perform robust, quantitative occurrence rate results.5 For the exoplanet mass-radius space,
5 Occurrence rates, i.e. the joint mass-radius distribution
f (m, r) = f (m|r)f (r), requires knowledge of both the completeness and reliability of the TESS survey, which allows a “true”

R∗

M∗

L∗

Neil & Rogers (2020) combined the well-quantified
Kepler completeness information (Christiansen 2017;
Burke & Catanzarite 2017; Thompson et al. 2018; see
also Christiansen et al. 2020) with a less well-quantified
RV selection function to produce a first look at the
occurrence rate of small-planet compositions. The completeness and reliability of the TESS parent sample is
currently less well-quantified, while we endeavor with
MTS to provide a very well-defined RV selection function. Therefore, we anticipate the final results of this
survey to be complementary to prior work and provide insight into the relative importance of the different
components in planetary composition occurrence rate
analyses.

2.2. Cadence Choice for RV Observations
The spirit of our cadence design is to avoid human
biases in deciding which targets receive more observations relative to the others in any given run. We strive
to decouple the quantity and the quality of the RV observations for each system from prior knowledge of their
radii and estimated masses in our decision tree when
planning observations.
marginal radius distribution f (r) to be computed, and the completeness of the follow-up mass measurement effort, which allows a
“true” mass-radius relation f (m|r) to be computed. MTS provides
a f (m|r) with the mass-given-radius completeness quantitatively
defined; if future work produces a reliably completeness-corrected
f (r) for TESS, then the full f (m, r) occurrence rate may be computed.
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In practice, decisions of whether and how each target
shall be observed are made for each observing run of
Magellan II/PFS, as we do not have unlimited or continuous access to our RV instrument. The Magellan II
telescope is classically scheduled, and PFS is a PI instrument, so it is mounted in blocks of time through the
semester, typically between one and two weeks during
bright and gray time. Similar to the California-Kepler
Survey, the PFS team pools all awarded PFS nights
from partner institutions together and manages a queue
across the entire semester. The original goal of our survey – masses of 30 small TESS planets in six semesters –
amounted to ∼12 nights per semester. Through the competitive Carnegie telescope allocation process, we have
been awarded 10–12 nights per semester for MTS since
2018B.
We use a cadence scheme for our RV observations that
would enable a ground-up simulation for our survey, and
we document our decision making process for each observing run. The basic elements in our observing cadence
design are: (1) Should we include this target in this observing run? (2) How many nights should we observe this
target during this observing run? (3) If we do observe
the target on a particular night, how many times should
we visit this target, and how long should the exposure
time be?
For elements (1) and (2), we have adopted a “grade”
system with four levels of observing cadence: high,
medium, low, and trailing cadence. Ideally, we would
observe each target with the highest possible cadence
(nightly visit or even higher) throughout our three year
survey, because this would sample two of the most critical timescales for measuring masses very well – the
planetary orbital timescales (typically days), and the
timescales of the stellar rotation (the most common
source of stellar RV jitter among our targets, typically
∼tens of days). However, we have to run an efficient
survey given the limited telescope time and the fact
that we also need to cover a variety of RV time baselines to search for additional planets in the system.
Therefore, we have decided to adopt a mixed cadence
scheme, where each target receives some amount of highcadence coverage, presumably enough to enable a robust mass measurement, in combination with a suite of
medium, low, and trailing cadence to sample a variety of
timescales for further characterization of the planetary
systems (e.g., eccentricities and additional planets).
The flowchart in Figure 2 shows our decision tree for
each target’s cadence grade in each observing run. For
an observing run with N nights: high cadence means
observing the target every night (on N nights); medium
cadence means observing the target on random nights

with a total of m nights, where m is a random number
between max (N/2, N/P ) and N (where P is the planet
period); low cadence means observing the target on n
random nights, where n is a random number between 1
and max (N/2, N/P ); and trailing cadence means only
observing this target once during this observing run.
Practically, as noted in the figure, this amounts to observations from ∼ 2/3 to 1 N , ∼ 1/3 to 2/3 N , and ∼
2 nights to 1/3 N for high, medium, and low cadence,
respectively. The randomness of the assigned nights for
the medium and low cadence is to avoid aliasing in our
RV data, and the choice of max (N/2, N/P ) is to balance
between lowering the cadence and achieving a good coverage on the planet’s orbital period. In systems with
multiple planets, we adopt the highest cadence grade
among all of the planets in a given system.

Figure 2. Graphical representation of our cadence choice
scheme for conducting RV observations of our sample targets.
P means the orbital period of the planet. The flowchart starts
from the top, and continues down to each decision point, with
a ‘yes’ or ’no’ decision. Abbreviations are explained in the
right corner inset box.

As shown in Figure 2, the cadence priority for each target in an upcoming observing run is determined by how
much coverage the target has received so far (e.g., we do
not observe any star for more than 45 hours per planet
to keep things reasonable), and how well the planet’s K
value is constrained by data collected so far. The presence of additional larger or lower-ranked planets in the
system have the potential to influence the mass determinations of the planets around which we design our
cadence. However, given the architectures of the planets in our sample – mostly short period and compact
– it is unlikely that the additional planets will be less
well sampled in phase. In addition, while our cadence
ranking is related to the planetary period, the actual
observing cadence (which determines how our RV data
populates the phase space of our selected planets) is in
fact randomized and decoupled from the planetary pe-
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riod. This is opposed to the commonly seen strategy of
more dense sampling near the RV semi-amplitude maximum and minimum. Therefore, we do not anticipate
strong bias in our mass measurements due to non-MTS
planets or unseen planets in the system. We will further
evaluate this statement at the end of our survey.
We decrease the cadence significantly when the absolute error on K reaches 0.5 m s−1 , following the recommendation by Montet (2018) to avoid using a K/σK
stopping criterion as is used in typical RV campaigns,
since this can bias RV masses towards larger values.
The criteria for downgrading a given target’s cadence
are listed in Figure 2 in conditional statements such
as “MC and above for > 6P”. In this example, if the
total time span over which the target was observed at
Medium Cadence (MC) from all previous observing runs
exceeds six times the planet’s period (P) and equals or
exceeds six times the median run length, then the observations of this star should drop to a lower cadence.
Note that this is different than a condition based on the
total number of nights on which the star was observed,
as it includes nights between observations. The specific
choices of “3P”, “6P”, or “9P” were more or less arbitrary choices, with the general goal of achieving good
coverage of planetary orbits and stellar rotation periods
(typically days to tens of days for our survey).
In reality, when we had too many observable targets
with high cadence for an upcoming observing run (which
was more common at the beginning of our survey), we
retained the high cadence status for the top ranked targets, and decreased the cadence grades for targets at
the bottom of the ranking in a gradual fashion, until the
planned observation would fit into the survey’s allocated
time for the given run. This meant that lower ranked
targets initially received lower cadence grades, but increased as higher ranked targets naturally received lower
and lower cadence grades as they accumulated more and
more observations. If we still could not fit in all planned
observations after lowering the cadence grades of lower
ranked targets, we eliminated targets one by one from
this observing run to save more time, starting from the
bottom of the ranking.
Besides limited telescope time, weather and seeing
conditions add more realistic constraints to the execution of our designed observing strategies. If we could
not observe a target at its designated window in our cadence design due to weather or bad seeing conditions,
we simply skip this observation without compensation.
This is equivalent to adding another random factor in
our cadence design that is decoupled from planetary
properties or human intervention. For Las Campanas,
the typical weather loss (non-spectroscopic nights) is
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around 20–25% and the 25/50/75% seeing percentiles
are 0.51/0.62/0.7900 (Thomas-Osip et al. 2010). In seeing worse than 0.800 we try not to conduct observations
on targets fainter than V = 11 mag (as the photon noise
approaches the read noise level of the CCD). Since designing the observing cadence of any star in a given observing run depends on its coverage in previous runs,
we record each star’s observation cadence according to
the actual execution of the observations, instead of the
originally designated cadence. For example, if a star was
originally planned for high cadence observations according to the cadence design flowchart in Figure 2, but the
actual cadence was only medium due to weather or seeing, then we record “medium cadence” for this star in
this run.
For element (3) in our observation design, the exposure time and number of visits6 per night are determined
as follows:
• All targets receive at least 10 minutes total exposure time per visit. This is to average over RV
jitter induced by stellar oscillation in F, G, and
early K dwarfs. We keep this rule for later type
stars for simplicity.
• Exposure time is set to achieve <2 m s−1 photon
limited precision per visit.7 If the target is too faint
to achieve 2 m s−1 photon limited precision within
an hour, the combined visits per night should aim
for a 2 m/s precision (i.e., the nightly binned precision) unless the target is not visible for more than
1–2 hours.
• If the target is observable for more than 2–3 hours
during a night, it should receive two visits separated as much time as possible. This is to average
down RV jitter caused by stellar granulation in the
case of F, G and early K dwarfs (e.g., Dumusque
et al. 2011). We keep this strategy for other types
of stars for simplicity (which also helps boost the
nightly binned precision in general).
• If the target has P < 2 days, then the number of
visits within a night should be: HC – as many as
possible, separated by 2–3 hours; MC and LC – 2,
with a higher priority to carry out multiple visits
than other MC or LC targets; Trailing – one visit.
6 We use the term “visit” instead of exposure because a visit
could consist of multiple consecutive exposures to limit the maximum length of an exposure to 20 minutes to limit the number of
cosmic rays in a single frame.
7 This means the exposure time could change according to seeing conditions, as PFS is a slit-fed spectrograph.
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3. UNIFORM DETERMINATION OF PLANET

RADII

Now we move on to our own analysis of the MTS sample. First, we discuss here the uniform determination of
the planet/planet candidate’s radii from the TESS light
curves. In Secton 4 we then describe our analysis of the
RV data and uniform derivation of the planet/planet
candidate’s masses.
3.1. TESS Light Curve Generation
The TESS 2-min cadence images of our MTS sample
were first reduced through the Science Processing Operations Center (SPOC) pipeline (Jenkins et al. 2016),
which was developed at NASA Ames Research Center
mainly based on Kepler mission’s science pipeline. Transit Planet Search (TPS; Jenkins 2002; Jenkins et al.
2017; Twicken et al. 2018; Li et al. 2019) was then performed to look for transit-like periodic signals. All of the
targets in the MTS sample were initially identified as
planet candidates in the TESS Object of Interest catalog (TOI), and alerted on the MIT TESS Alerts portal8 .
For this paper, we only used year 1 TESS data, but we
plan to employ all available TESS data for our selected
targets in future work.
We downloaded all TESS Presearch Data Conditioning Simple Aperture Photometry (PDCSAP; Twicken
et al. 2010; Morris et al. 2020; Stumpe et al. 2012; Smith
et al. 2012; Stumpe et al. 2014) light curves of our MTS
sample from the Mikulski Archive for Space Telescopes
(MAST9 ), which have been corrected for the instrumental and systematic errors as well as light dilution effects
from nearby stars. We removed all measurements where
the SPOC quality flag was set in order to reduce the
effect of stray light from Earth or Moon in camera field
of view.
We retrieved the orbital periods (i.e., P1 , P2 ...Pi ), midtransit times (i.e., t0,1 , t0,2 ...t0,i ) and duration times
(i.e., δ1 , δ2 ...δi ) of each TOI from ExoFOP10 , iteratively
masking out all in-transits of all planets/planet candidates and leaving the out-of-transit (OOT) part of
the total light curve for each system through phaseselection:
δi
+ ∆,
(2)
2 × Pi
where Φi represents the orbital phase of the ith
planet/planet candidate. We accounted for the uncertainties on Pi , t0,i and δi by including an additional
Φi >

8

https://tess.mit.edu/alerts/
http://archive.stsci.edu/tess/
10 https://exofop.ipac.caltech.edu
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factor ∆, which was set to 0.01. We then employed the
celerite package (Foreman-Mackey et al. 2017) to fit
a Gaussian Process (GP) model to the OOT light curve
with a simple Matern32 kernel formulated as:
 √ 
√ 
3τ
3τ
ki,j (τ ) = σ 1 +
exp
,
ρ
ρ
2

(3)

where τ is the time-lag, σ and ρ are the covariance amplitude and the correlation timescale of the GP, respectively.
We detrended the PDCSAP light curves using the
best-fit GP models. We note that the TESS light curve
of TOI-186 used in this work is the same as the one in
Dragomir et al. (2019) and Gan et al. (2021), which was
extracted from the publicly available target pixel stamps
using a simple photometric aperture with a customized
pipeline and has not been corrected for light dilution or
systematic signals. We detrended this light curve by using a median filter as the GP model failed to deal with
the sharp downturn between BJD = 2458420 and BJD
= 2458424. We used these reprocessed light curves in
our further transit fitting analysis.
3.2. Transit Fitting
We utilized the juliet package (Espinoza et al. 2019)
to perform the light curve fit. The transit is modelled
by batman (Kreidberg 2015). We applied the dynamic
nested sampling approach to determine the posterior
probability distribution of the system parameters based
on the public package dynesty (Higson et al. 2019; Speagle & Barbary 2018).
As the PDCSAP light curves have already been corrected for light contamination,11 we fixed the dilution
factors DTESS equal to 1 in all our runs12 . For every
planet/planet candidate in each system, we placed Gaussian prior constraints on the periods Pi and times of
transit t0,i , centered at the values reported in the TESS
11 We note that the PDCSAP light curves were updated with
better contamination estimates after the submission of this paper, and as a result, the transit depths reported in this work are
subject to a very small correction. However, the effects of these
corrections are negligible given the typical uncertainties on the
planetary radius. For example, the largest change in the transit
depths occurred
for TOI-134.01, which has a decrease in Rp /R?
p

of 0.0224 · 0.0128) ∼ 0.002, i.e., Rp /R? decreased from 0.0224 to
0.0204, about 1.8%. The typical uncertainty on R? is significantly
larger than 1.8% (typically 0.04 R in TICv8), so the updates on
the PDCSAP light curves would not alter our results or conclusion
in any considerable way.
12 As noted in Section 3.1, the light curve of TOI-186 was not
corrected for light contamination, thus we fitted the dilution effect
by placing a Gaussian prior on DTESS , centering at 0.86, the value
reported by TIC v8, with a width of 0.01.
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validation reports with a 1σ width of 0.1 day. In addition, instead of directly fitting for the planet-to-star radius ratio (Rp /R? ), orbital inclination (i) and scaled separation distance (a/R? ), we applied the new parameterizations r1 and r2 to keep all values physically plausible
(Espinoza 2018), both of which we adopted uniform priors. A quadratic limb-darkening law was adopted for the
TESS photometry, as parameterized by Kipping (2013).
We fitted circular orbits for all planets with Gaussian
priors set on the stellar densities, taken from TICv8. Finally, we also considered the instrument offset and the
photometric jitter, accounting for the white noise.
We list our general prior settings along with detailed
descriptions in Table 2. The final main results of each fit
are presented in Table 3. Other related best-fit parameters are listed in Appendix C in Table 9. We present the
TESS lightcurves and our detrending models and residuals for all the stars, as well as phase-folded lightcurves
for all the planets in this paper, in Appendix B and C.
The complete figure set is available in the online journal.
We note that the advantage of our transit analysis
is that it is uniform across our sample in terms of the
fitting procedure, the choices of priors and the underlying assumptions behind the LC modeling, as well as
the source for the stellar parameters. However, other
works typically employ more precise stellar parameters
than TICv8, from SED fittings and/or spectral analyses, especially works that focus on validating or confirming individual planetary systems. They may also include
ground-based photometry in addition to the TESS light
curves, which could yield better estimates for the planet
radii than our work. Adopting the published radii is unlikely to change our population analysis in any significant way, as our estimates for the planet radii all agree
with the previously published values (if available) within
1σ.
4. UNIFORM DETERMINATION OF PLANET

MASSES

We describe here our RV data and analyses to uniformly derive the masses for the planets in our sample
in this section, including a comparison with the literature results and the caveats in our work. For clarity,
we present our figures of RV fits for all the targets in
Appendix D.
4.1. Radial Velocity Data
The focus of this paper is on the analysis of observations and modeling of the derived masses from the
Planet Finder Spectrograph (PFS; Crane et al. 2006,
2008, 2010), a precision optical radial velocity spectrograph calibrated by an iodine cell on the Magellan II
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telescope at Las Campanas Observatory. PFS was commissioned in October 2009 and has been used for a longterm monitoring campaign to search for new planets, as
well as following up transiting planet candidates from
HAT-South (Bakos et al. 2004, 2009), WASP (Pollacco
et al. 2006), and recently TESS (e.g., Dragomir et al.
2019; Teske et al. 2020).
In January 2018 the PFS detector was upgraded to a
new larger (10k×10k) CCD with smaller (9 µm) pixels,
and the default slit width used for science observations
was changed from 0.500 to 0.300 , increasing the resolving power from ∼80,000 to ∼130,000. We refer to preand post-upgrade PFS data as “PFS1” and “PFS2”. All
PFS spectra are reduced and analyzed using a custom
IDL pipeline based on Butler et al. (1996) that regularly delivers sub-1 m s−1 photon-limited precision and,
especially with the higher resolution data, is capable of
delivering near-0.5 m s−1 photon-limited precision. The
scatter from RV standard stars measured with PFS postupgrade is typically 1.5-2 m s−1 . The PFS radial velocities used in our analysis are listed in Table 4 by TOI
number.
We also perform the same mass-radius modeling using
a set of masses from the literature, some of which also
include a large fraction or all of the PFS data in this
paper. For TOI-836 and TOI-260 we perform our own
updated fit, including observations from additional spectrographs; no previously published mass measurements
exist for these TOIs. Winters et al. (in prep) and Osborn et al. (submitted) will provide updated mass measurements (including more data) of TOI-455 and TOI431, respectively. There are no additional public data
for TOI-784 or TOI-1233.
Additional data for TOI-836 come from the HARPS
and iSHELL precision RV spectrographs. During the
period between 16th and 23rd March 2020, 15 spectra of TOI-836 were obtained with the High Accuracy
Radial velocity Planet Searcher (HARPS, Pepe et al.
2002; Mayor et al. 2003) on the ESO 3.6m telescope
at La Silla, Chile. Spectra were typically taken following a cadence of two per night, with a separation of
2–3 hours. These spectra were obtained as part of the
NCORES programme (PI:Armstrong, 1102.C-0249) designed to study the internal structure of hot worlds. We
used the high-accuracy mode of HARPS with a 100 science fibre on the star and a second on-sky fibre monitoring the background flux during exposure. The nominal
exposure time was 1500 seconds, resulting in a typical
SNR per pixel of 75 and an RV error of 1.5 m s−1 . Spectra and RV information were extracted using the offline
HARPS data reduction pipeline hosted at Geneva Observatory. We use a flux template matching a K5 star to
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Table 2. Model parameters and prior settings for the TESS light curves of each MTS planetary system.
Parameter
Planetary parameters
Pi (days)
t0,i (BJD-2457000)
r1,i
r2,i
ei
ωi (deg)
TESS photometry parameters
DTESS
MTESS (ppm)
σTESS (ppm)
q1
q2
Stellar parameters
ρ? (kg m−3 )
[1]
[2]
[3]
[4]
[5]

Prior
∗[2]

N [1] (Pi
, 0.12 )
∗
N (t0,i , 0.12 )
U [3] (0 , 1)
U (0 , 1)
0 (Fixed)
90 (Fixed)

Description
Orbital period
Mid-transit time
Parametrisation for p and b
Parametrisation for p and b
Orbital eccentricity
Argument of periapsis

1 (Fixed)
N (0 , 0.12 )
J [4] (10−6 , 106 )
U (0 , 1)
U (0 , 1)

∗[5]

N (ρ?

of
of
of
of
of
of

the
the
the
the
the
the

ith
ith
ith
ith
ith
ith

planet
planet
planet
planet
planet
planet

in
in
in
in
in
in

the
the
the
the
the
the

system.
system.
system.
system.
system.
system.

TESS photometric dilution factor
Mean out-of-transit flux of TESS photometry.
TESS additive photometric jitter term.
Quadratic limb darkening coefficient.
Quadratic limb darkening coefficient.

, σρ2∗? )

Stellar density.

2

N (µ , σ ) means a normal prior with mean µ and standard deviation σ.
The priors are centered at the values taken from TESS validation reports.
U(a , b) stands for a uniform prior ranging from a to b.
J (a , b) stands for a Jeffrey’s prior ranging from a to b.
The prior on stellar density is set based on the estimates from TESS Input Catalog (TIC) V8 (Stassun et al. 2018, 2019).

correct the continuum-slope in each echelle order. The
spectra were cross correlated with a K5 mask to derive
the cross correlation function (CCF) (Baranne et al.
1996), on which we fit a Gaussian function to obtain
RVs, FWHM and contrast. Additionally, we compute the
bisector-span (Queloz et al. 2001) of the CCF and spectral indices tracing chromospheric activity (Gomes da
Silva et al. 2011; Boisse et al. 2009). No correlation between the RVs and any activity indicator was observed.
We obtained 55 spectra of TOI-836 during 10 nights
with the iSHELL spectrometer on the NASA Infrared
Telescope Facility (Rayner et al. 2016), spanning 43 days
from January – March 2020. The exposure times were
5 minutes, repeated 3–10 times within a night to reach
a cumulative photon signal-to-noise ratio per spectral
pixel varying from 134–241 at ∼2.4 µm (the approximate
center of the blaze for the middle order). This achieves
a per-night RV percision of 2–6 ms−1 with a median
of 3.4 ms−1 . Spectra were reduced and RVs extracted
using updated methods to those outlined in Cale et al.
(2019). These observations were carried out under IRTF
programs 2019B047 and 2020A088 (PI: Cale).
Additional data for TOI-260 come from Keck I/HIRES
(Vogt et al. 1994) and PFS archival data. The 37 epochs
of Keck I/HIRES observations span September 2008 to
January 2014, and were published in Butler et al. (2017)

and corrected for small systematic effects in Tal-Or et al.
(2019). Typical internal errors of the HIRES TOI-260
data are ∼2 m s−1 . The 28 epochs of archival PFS observations (PFS1) span March 2010 to August 2016, and
were taken with the 0.500 slit providing lower resolving
power than the MTS-specific observations. Typical internal errors of the PFS1 TOI-260 RVs are ∼1.5 m s−1 ,
and these measurements are included in Table 4.
4.2. Radial Velocity Modeling using Only PFS Data
4.2.1. RadVel
We began our RV modeling using RadVel v.1.3.2 (Fulton et al. 2018) and the nightly-binned PFS radial velocity observations, with observations acquired during
planet transits removed. We used the ‘per tc secosw
sesinw k’ basis for fitting and posterior sampling, and
fixed the period and time of inferior conjunction to
the values listed in ExoFOP-TESS13 from the TESS
project.14 For the systems in which there has been a published detection of additional non-transiting planet(s),
13

https://exofop.ipac.caltech.edu/tess/
The period and time of inferior conjunction for each planet
are consistent between our transit fits and the released values on
ExoFOP-TESS. The differences are smaller than their respective
error bars, which are on timescales too short for RV observations
to make any significant impact in the RV fitting.
14
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Table 3. Median and the 68% credibility of the posterior distribution for the transit fit of each system along with the final
derived planet radius.
TOI
134.01[a]
141.01
144.01
174.01
174.02
174.03
175.01
175.02
175.03[b]
186.01
186.02[b]
260.01
402.01
402.02
431.01[b]
431.02
455.01
562.01
652.01
784.01
836.01
836.02
1233.01[a]
1233.02[b]
1233.03
1233.04
1233.05[b]

P (d)
1.401459 ± 0.000124
1.007907 ± 0.000076
6.267843 ± 0.000018
17.667062 ± 0.000354
29.797264 ± 0.000766
12.163131 ± 0.000335
3.690644 ± 0.000005
7.450802 ± 0.000020
2.253114 ± 0.000005
35.613301 ± 0.000561
7.789163 ± 0.000307
13.478048 ± 0.005188
4.756415 ± 0.000195
17.178210 ± 0.001417
12.461062 ± 0.000788
0.490068 ± 0.000009
5.358971 ± 0.000334
3.930638 ± 0.000152
3.984832 ± 0.000428
2.797179 ± 0.000158
8.592004 ± 0.002328
3.816514 ± 0.000757
14.176416 ± 0.000981
19.592851 ± 0.001619
6.204033 ± 0.000581
3.795184 ± 0.000289
29.529048 ± 0.00928

t0 (BJD-2457000)
1326.0332 ± 0.0013
1325.5388 ± 0.0010
1325.5037 ± 0.0007
1325.3291 ± 0.0017
1340.3038 ± 0.0021
1335.7401 ± 0.0043
1356.2032 ± 0.0002
1355.2874 ± 0.0006
1354.9050 ± 0.0004
1350.3116 ± 0.0007
1332.2825 ± 0.0028
1392.2946 ± 0.0029
1411.4619 ± 0.0009
1414.5500 ± 0.0011
1440.6301 ± 0.0006
1438.3795 ± 0.0006
1423.4263 ± 0.0004
1517.9997 ± 0.0006
1543.2539 ± 0.0017
1570.2232 ± 0.0019
1599.7675 ± 0.0036
1599.9956 ± 0.0034
1571.3364 ± 0.0013
1586.5663 ± 0.0013
1572.3938 ± 0.0016
1572.1137 ± 0.0022
1586.4927 ± 0.0069

Rp /R?
0.0224 ± 0.0010
0.0144 ± 0.0004
0.0163 ± 0.0003
0.0273 ± 0.0008
0.0260 ± 0.0010
0.0161 ± 0.0007
0.0402 ± 0.0004
0.0447 ± 0.0009
0.0250 ± 0.0004
0.0382 ± 0.0012
0.0141 ± 0.0005
0.0261 ± 0.0017
0.0182 ± 0.0006
0.0268 ± 0.0011
0.0410 ± 0.0005
0.0161 ± 0.0003
0.0442 ± 0.0013
0.0328 ± 0.0008
0.0186 ± 0.0005
0.0196 ± 0.0006
0.0333 ± 0.0013
0.0240 ± 0.0014
0.0280 ± 0.0005
0.0305 ± 0.0006
0.0211 ± 0.0004
0.0165 ± 0.0006
0.0181 ± 0.0008

a/R?
7.39 ± 0.12
3.83 ± 0.24
13.07 ± 0.87
36.09 ± 0.93
51.13 ± 1.31
28.14 ± 0.72
21.24 ± 0.14
33.93 ± 0.22
15.28 ± 0.10
63.36 ± 3.62
23.00 ± 1.31
33.92 ± 3.88
14.01 ± 0.81
32.97 ± 1.91
29.52 ± 0.70
3.41 ± 0.08
29.40 ± 0.08
20.44 ± 0.19
10.67 ± 0.63
8.93 ± 0.43
24.02 ± 1.76
13.99 ± 1.03
29.74 ± 0.44
36.90 ± 0.54
17.14 ± 0.25
12.35 ± 0.18
48.50 ± 0.71

i (deg)
85.56 ± 0.61
79.52 ± 1.53
87.35 ± 0.50
88.89 ± 0.06
89.16 ± 0.04
89.48 ± 0.42
88.76 ± 0.06
88.46 ± 0.01
87.94 ± 0.08
89.37 ± 0.08
89.25 ± 0.47
88.75 ± 0.30
88.77 ± 0.71
88.49 ± 0.12
89.72 ± 0.25
85.66 ± 1.98
89.36 ± 0.16
88.54 ± 0.10
86.95 ± 0.58
88.75 ± 1.20
88.96 ± 0.41
87.95 ± 0.83
89.65 ± 0.26
89.46 ± 0.13
89.54 ± 0.41
88.17 ± 0.56
89.98 ± 0.22

[1]

Rp (R⊕ )
1.46 ± 0.11
1.78 ± 0.13
2.05 ± 0.12
2.06 ± 0.19
1.96 ± 0.20
1.22 ± 0.13
1.38 ± 0.05
1.53 ± 0.08
0.86 ± 0.04
2.94 ± 0.33[2]
1.08 ± 0.09
1.76 ± 0.30
1.67 ± 0.14
2.47 ± 0.23
3.26 ± 0.23
1.28 ± 0.10
1.33 ± 0.08
1.29 ± 0.07
2.10 ± 0.14
1.92 ± 0.17
2.51 ± 0.33
1.81 ± 0.27
2.64 ± 0.17
2.88 ± 0.18
1.99 ± 0.13
1.55 ± 0.13
1.71 ± 0.15

[a] Median metric rank > 30.
[b] Does not constrain the mass-radius relationship.
[1] We adopted the stellar radius from TESS Input Catalog (TIC) V8 (Stassun et al. 2018, 2019).
[2] The radius we derive for 186.01 or HD 21749b is larger than that reported in the literature (Dragomir et al. 2019 and
Gan et al. 2021), although it is still consistent within error bars, mostly due to a difference in stellar parameters (TICv8
reports a larger stellar radius).
Table 4. PFS Radial Velocities
TOI
134
134
134
134
134
134
...

JD-2450000
(- 2450000)
8406.61644
8407.61934
8408.6066
8409.60288
8410.57667
8411.60363
...

RV
(m/s)
1.83
-3.66
1.48
4.47
-4.24
-4.49
...

σRV
(m/s)
1.01
0.79
0.85
0.73
0.77
0.66
...

Note
PFS2
PFS2
PFS2
PFS2
PFS2
PFS2
...

Note—This table is published in its entirety in the
machine-readable format. A portion is shown here for guidance
regarding its form and content.

we also included those planets in our model but allowed
their P and tc values (in days) to vary within 2× the
errors of the published values (that is, we set a Gaussian prior with σ = 2× the published error value). For
√
our initial fit, we also fixed ‘secosw’, ‘sesinw’ ( e·sin(ω)
√
and e·cos(ω)), slope (γ̇,m s−1 day−1 ), and curvature (γ̈,
m s−1 day−2 ) to zero, and initialized each planet’s semiamplitude K value in m s−1 to the value that we predicted for our ranking metric (§2). We set a wide prior
on the PFS white noise jitter term (U(0,15) m s−1 ), and
a wide prior on K (U(-20,20) m s−1 ). We allowed negative K values to avoid biasing our mass measurements
toward too-high values and use these instances as an indicator that we are only measuring an upper limit. Sec-
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tion §5 describes how we incorporated negative masses
into our mass-radius relation modeling.
We used the ‘fit’ command in RadVel to perform a fit
to maximize the posterior probability (maximum posteriori optimization, MAP), which in RadVel is found
using Powell’s method (Powell 1964) implemented via
scipy.optimize.minimize. To estimate uncertainties
on the fitted parameters, RadVel implements an Affine
Invariant Markov Chain Monte Carlo (MCMC) sampler
via emcee (Foreman-Mackey et al. 2013a), and computes the Gelman-Rubin Statistic (Gelman et al. 2003)
to check for convergence; values close to one indicate the
chains have converged. The default approach in RadVel
is to (1) run an initial set of MCMC chains until the
Gelman-Rubin statistic is < 1.03 for all free parameters, (2) discard these burn-in chains and launch new
chains from the last position, (3) run the MCMC until
the Gelman-Rubin statistic is < 1.01 and the number
of independent samples (Tz , Ford 2006) is > 1000 for
all free parameters for at least five consecutive checks
(which happen every 50 steps). RadVel runs eight independent ensembles of samplers in parallel with 50 walkers per ensemble, for up to a maximum of 10,000 steps
per walker or until convergence is achieved. The default
initial step sizes are 10% of the values of all free parameters, except period, which is set to 0.001% of the
value.
We systematically tested more complicated fits in
RadVel, leaving more parameters – slope (γ̇), curvature
(γ̈), and ‘secosw’ and ‘sesinw’ – free to vary, and including a correlated noise model via Gaussian process (GP)
model with a quasi-periodic kernel as implemented by
celerite (Foreman-Mackey et al. 2017):
Cij =

B
2π|ti − tj |
× e−|ti −tj |/L × (cos(
) + (1 + C)). (4)
2+C
Prot

The addition of a GP term is motivated by previous
works that have successfully modeled stellar activity effects in RV data sets to help tease out the true planetary signals (e.g., Haywood et al. 2014; Grunblatt et al.
2015; López-Morales et al. 2016; Barragán et al. 2019).
To standardize our approach, we used the same broad
priors on the varied parameters for every target as listed
in Table 5. We ran our fits with different combinations of
these free parameters and with or without a GP component. Finally, we computed the Akaike Information Criterion (AIC) to evaluate if adding complexity to our fits
improved the results significantly, with lower AIC values
corresponding to a more favored model. A general rule
of thumb is that ∆AIC values < 2 indicate the models
are indistinguishable, where larger ∆AIC values start to
indicate the model with the lower AIC value is favored.

In the case of a small ∆AIC values between models, we
chose the model with the least number of free parameters as the “best fit”. The K values, ∆AIC, and the
corresponding planet masses from the “best fit” RadVel
models are compiled in Table 6. All other ancillary parameters from the fits are included in the appendix in
Table 10.
4.2.2. juliet
While RadVel provides the Bayesian Information Criterion (BIC) and AIC to evaluate differences between
models, these criteria depend only on point estimates
of the posterior and are less robust than other model
comparison techniques which consider the full posterior. To complement RadVel, we also implement the
planet modeling code juliet, as in §3, which provides
a possibly more robust estimate, via nested sampling, of
the evidence of different models, so they can be compared and selected or combined. Briefly, juliet (1)
makes use of RadVel to compute the Keplerian component of the probabilistic model for the RV data, (2)
gives several different options for posterior sampling –
classical or importance nested sampling via MultiNest
(Feroz et al. 2009, 2019; Buchner et al. 2014), or dynamic nested sampling via dynesty Speagle & Barbary 2018 – that, unlike MCMC algorithms, do not
require initial guesses of the parameters, and then (3)
estimates not only the posterior distribution of parameters θ given the data D, but also the Bayesian evidences
Zi = p(D|Mi ) for model Mi via the posterior odds ratio,
p(Mi |D)/p(Mj |D) = (Zi /Zj )(p(Mi )/p(Mj )). Following
Espinoza et al. (2019), who follow Trotta (2008), we consider ∆lnZ = 2 as moderate evidence of a model being
preferred, and ∆lnZ = 5 as strong evidence. Similarly
to our RadVel model selection, in the case of a small
∆lnZ values between models, we chose the model with
the least number of free parameters as the “best fit”.
For our analysis we used juliet v.2.0 from the command line, and approached RV fitting in a similar systematic fashion as with RadVel, using the nightly-binned
PFS radial velocity observations with those acquired
during planet transits not included in the fit (but included in Table 4. For each planet, in our initial fit we
again fixed the period and time of inferior conjuction
(in days) to the values listed in ExoFOP-TESS from
√
√
the TESS project, fixed e× sin(ω × 180/ π) and e×
cos(ω × 180/ π) to zero, and did not include any trends
in the data. juliet takes priors on each parameter as
input, so we started with wide uniform priors on K
U(−20, 20) m s−1 , based loosely on our expected planet
masses. As with RadVel, we set a wide prior on the PFS
white noise jitter term (U(0,15) m s−1 ) and a narrower
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prior on the PFS velocity zero-offset term µ (U(-2,2)
m s−1 ), since PFS velocities were offset to have a median of 0 m/s out of the RV extraction pipeline prior
to fitting. The priors are listed in Table 5. Also, similar
to our RadVel fits, for the systems in which there has
been a published detection of additional non-transiting
planet(s) we also included those planets in our model
but allowed their P and tc values to vary within 2σ of
the published values.
We then proceeded to increase the complexity of the
juliet model by allowing a linear trend, quadratic
trend, non-zero eccentricity and the argument of periastron, and finally by including a Gaussian process correlated noise model. In keeping consistent with our RadVel
approach, we used the same quasi-periodic kernel as implemented by celerite (Foreman-Mackey et al. 2017).
For each model, We used ∆lnZ for each model to evaluate which K value to report as a our “best fit” for each
system; these K values, the model evidences, and the
corresponding planet masses are compiled in Table 6.
All other ancillary parameters from the fits are included
in the appendix in Table 11.

4.3. Radial Velocity Modeling to Derive Masses to
Compare to Literature Values
Our survey is designed to be self-contained, reliant
only on PFS data collected by our team according to
the prioritization and cadence schemes outlined in §2.
This enables us to better account for target selection
and observational decisions in our hierarchical Bayesian
modeling (§5). However, limiting our mass derivation to
only PFS data could, and in some of the targets likely
does, limit the precision of the masses. So, we are also
interested in whether inferences about the population
change after including additional RV data in the planet
mass derivation. As an exercise, we wish to compare the
mass-radius relation derived from “MTS-only” masses to
that derived from masses taken from a set of disparate
sources.
First, we searched for masses from the literature,
which are listed in the right-most columns of Table 6.
For most of our sample, there are recent publications
that include an analysis of all (or all at the time) available RV data to derive the planet masses, as described
in Appendix A. In cases where no prior literature mass
exists, we tried to collect additional data and combine
with the MTS data to derive a mass analogous to a literature value (TOI-836 and TOI-260); this was not possible in all cases. To create our “literature value” sample, we then chose the mass with best precision for each
TOI. In cases where there were no available additional

data and not (yet) a literature value (TOI-431, TOI-455,
TOI-784, TOI-1233), we included our MTS mass.
For TOI-836 (HIP 73472) and TOI-260 (HIP 1532),
we combine the available public or contributed RV data
and the PFS data to derive a mass using the most complete data set possible. We follow the same systematic
procedure that is outlined above for the “PFS data only”
fits. The results of these “additional data” fits for TOI260 and TOI-836 are given in the last three columns of
Table 6. In the case of TOI-836 our fit includes iSHELL
data taken in K-band, and in this paper we ignore that
these data will have a different (smaller) activity amplitude than the visible wavelength spectrographs; analyzing the effects of different wavelengths of RV data is
beyond the scope of this work.
4.4. Caveats to RV fitting
While our goal was to systematically step through increasing complexity in each system with RadVel and
juliet, there were some special cases where this was
not feasible. First, fitting TOI-144 and 652, we input
and/or used as priors the most recently published information on the long-period, RV-detected giant planets that accompany the inner transiting planets. Our
MTS RV data does not cover a long enough time span
to place good constraints on the long-period planets,
but they still influence the final fit to the system, so
we need to account for them. For TOI-144, we use the
long-period planet P and tc values from Damasso et al.
(2020), and for TOI-652, we use the long-period planet
P and tc values from Teske et al. (2020). For TOI-141,
Espinoza et al. (2020) detected a second non-transiting
planet at 4.79 d, and we use the parameters from that
paper for the non-transiting planet in our model for
TOI-141. For TOI-562, Luque et al. (2019) detected two
non-transiting planets at 9.12 d and 55.7 d, and we use
the parameters from that paper for the non-transiting
planets in our model for TOI-141.
Second, the number of epochs of RV observations we
have in hand ranges from system to system, and is sometimes as few as nine. For TOI-455 (10 MTS RVs), we do
not attempt any of the more complex fits, and just report the “best fit” as that in which only K varies. For
TOI-1233 (33 MTS RVs) and TOI-431 (9 MTS RVs)
we do not attempt a fit with the correlated noise (GP)
component, given the number of free parameters in a
four-planet and two-planet fit, respectively. For TOI-455
(12 MTS RVs), we only test and report the simplest fit
where K alone is free.
Third, in the case of TOI-174, TOI-431, and TOI1233, our RV modeling consistently produced K . 0 values for at least one of the planets in the system. In each
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Table 5. Priors used in fits juliet and RadVel.
Parameter

Prior

Description

P
t0
√
e × sin ω
√
e × cos ω
K
γP F S
σP F S
GPB
GPC
GPL
GPP rot

fixed to TESS project value
fixed to TESS project value
N (0, 1)
N (0, 1)
U (-20,20)
U (−2, 2)
U (0, 15)
U (0, ∞)
U (0, ∞)
U (0, ∞)
N (30,20)

planet period (d)
center-of-transit time (d)
parameterization of e and ω
parameterization of e and ω
RV semi-amplitude (m s−1 )
velocity zero point (all PFS RVs are normalized before fitting)
PFS jitter (m s−1 )
GP variability amplitude (m s−1 )
GP periodic characteristic length
GP non-periodic characteristic length (d)
GP variability period (d)

of these negative K cases, we refit the system without
the negative K planet, and used the RMS (root-meansquare) residuals of that fit as the upper limit on the
removed planet’s K value. We also tested whether removing the negative K planets from the fits significantly
changed the K values of the other planets. For TOI174.03 and TOI-1233.01, we found no significant difference within 1σ errors. For TOI-431, our RV modeling
produced a negative K value for 431.02, but removing
this planet from the fit more significantly changed the
K value of 431.01 – from 1.34±1.7 m s−1 with 431.02
included to 2.51±1.10 m s−1 without it, using RadVel.
Although TOI-431.01 is too large to be in our sample,
we report both the 2-planet and 1-planet fit masses for
this planet in Table 6.
We also note that, while for many of the TOIs the
favored models of RadVel and juliet were the same,
this was not always the case. In the case of TOI-174, in
which the favored RadVel model includes a GP and the
favored juliet model does not, the resulting upper limits on TOI 174.03 (at 12.2d) are significantly different,
such that the RadVel limit is much lower than that from
juliet.
5. POPULATION ANALYSIS OF THE

MASS-RADIUS RELATION

The MTS has been designed from the outset to enable
population inferences. As this big-picture view drives
our science, we choose to break with common practice in
the RV community and present preliminary populationwide results before the survey is complete. The purpose
of this decision is to provide a published, transparent
record of how the mass-radius relation can change as the
data to which it is fit grows, and to examine how our
survey design might affect the resulting M-R relation.
Since we are starting with a small sample, we do not
believe that a complex M-R model is either warranted
or wise(for a direct demonstration of this, see §5.4). We
acknowledge that a population model that more directly

ties the mass-radius space to planetary compositions can
provide more intuitive interpretation of this data. However, such composition-focused analyses are heavily dependent on the utilized interior structure models and
the range of compositions that they are allowed to take.
Furthermore, an important goal of this study is to test
the effect of observational choices on the M-R relation,
which is more straightforward to assess with observed
quantities like mass and radius. As a result, we implement a simple model (Eqn 5) that can provide applesto-apples comparisons with prior work.
5.1. Framework: Hierarchical Bayesian Model
There are non-negligible measurement uncertainties
on small exoplanet masses and radii, and some masses
that are effectively only upper limits. Given our goal
of quantifying how much astrophysical scatter there is
in planet masses around the radius gap, we must use an
analysis method that can account for multiple sources of
scatter in the data and incorporate uncertainties on both
the individual and population-wide level. Hierarchical
Bayesian modeling (HBM) provides just this framework.
HBM has been described in detail in previous papers
(Hogg et al. 2010; Wolfgang & Lopez 2015) and used
in several papers on the exoplanet mass-radius relation
(Wolfgang et al. 2016; Chen & Kipping 2017; Neil &
Rogers 2020); we defer to these sources for a detailed
description of this method and its advantages. For our
purposes here, we note that hierarchical Bayesian modeling involves a likelihood where parameters on both the
individual planet and population-wide levels are allowed
to vary. The probabilistic relationships between parameters on multiple levels also allows multiple sources of
uncertainty to be propagated through the posteriors of
all of the parameters. In what follows, we focus on the
posteriors for the population-wide parameters, hereafter
referred to as “hyperparameters”.
The model that we use for this analysis consists of a
power-law with some intrinsic dispersion at the popula-

RadVel
Model

K
K
K

juliet
Model

2.99±0.39
1.39 ± 0.48
<0.51
1.97±0.66
0.91±0.70
1.46±0.81
5.83±2.23
0.55±0.35
1.09±1.56
2.85±0.31
1.81±0.78
1.34±1.70
2.51±1.10
<1.52
2.40±1.09
2.28±0.55
1.81±0.45
2.76±0.47
3.30±0.53
7.09±0.61
4.52±0.52
6.13±1.42
3.09±0.56
<1.89
4.92±0.78
1.33±0.57
1.64±0.59
4.59±1.33

5.26
1.17
1.17
8.35
6.40
6.40
12.23
12.23
12.23
12.23
12.23

0.49
0.49
0.82
0.89
0.89
2.96
2.96
2.96
2.96
2.96

K + eb
K + eb
K
K+GP
K+GP
K +e
K +e
K +e
K +e
K +e

9.71±1.38
14.94±3.67
5.73±1.12
<7.25
20.99±3.84
3.88±1.71
4.06±1.51
22.42±6.90

8.65±1.58
138.31±16.46c

0.77

K

8.12±1.42c

7.03
7.03
7.03
5.73
5.73
5.73
1.23
1.23
0.95
2.14
2.14
13.34
28.83
28.83
n.a.
0.77
0.77

K
K
K
K
K
K
K+GP
K+GP
K +e
K
K
K
K
K
K
K
K

0.21
0.21

0.24
8.77
8.77

juliet |∆ln(Z)|
(vs. next
best model)

10.32±1.56
5.68±2.00
<1.55
2.11±0.72
1.24±0.94
1.32±0.73
24.36±9.14
1.38±0.88
2.93±4.26
6.88±0.97
6.76±2.94
4.14±5.33
7.83±3.38
<1.50
2.61±1.19
2.78±0.69
2.91±0.72c

1.42±0.47
4.35±1.48
K + eb +GP+trend
196.43±0.55 4171.17±357.76c K + eb +GP+trend

3.61±1.43
6.53±1.62
17.52±2.32

M⊕

m s−1
2.94±1.18
4.06±0.94
6.50±0.67

RadVel mass

RadVel K

6.31
6.31
6.31
12.53
12.53
12.53
3.51
3.51
7.77
12.16
12.16
13.13
21.31
21.31
n.a.
5.26
5.26

11.14
11.14

3.20
5.03
5.03

RadVel |∆AIC|
(vs. next
best model)
3.55±1.44
4.96±1.68
17.16±2.88

M⊕

juliet mass

4.83±1.31
5.95±0.81
3.22±0.53
<2.02
4.48±0.83
1.36±0.60
1.75±0.59
2.20±1.12

3.08±0.50
6.25±0.53

2.76±0.43

3.39±0.27
1.18±0.30
<1.49
1.62±1.15
0.82±1.28
0.94±1.44
4.54±1.01
0.54±0.34
1.03±3.81
2.84±0.49
1.96±0.50
2.04±1.37
2.47±0.96
<1.42
2.38±1.07
2.30±0.51
1.80±0.41

10.36±2.96
14.44±2.28
5.97±1.09
<7.75
19.10±3.91
3.97±1.77
4.33±1.54
10.85±5.55

8.07±1.47
121.68±14.26d

8.11±1.31c

11.70±1.30
4.85±1.28
<4.53
1.72±1.24
1.12±1.73
0.84±1.29
18.91±4.48
1.34±0.87
2.75±10.39
6.87±1.34
7.25±1.94
6.37±4.28
7.70±3.03
<1.50
2.57±1.17
2.8±0.63
2.90±0.66d

1.42±0.41
4.36±1.32
196.47±0.47 4172.10±357.77c

2.90±1.17
3.09±1.01
6.35±0.93

m s−1

juliet K

n.a.
K+GP
K+GP
n.a.
n.a.
n.a.
n.a.
n.a.

K + eb
K + eb

K+GP

K
K
n.a.
K + e+GP
K + e+GP
K + e+GP
K+GP
K
K+GP
K + e+trend+GP
K + e+trend+GP
n.a.
n.a.
n.a.
n.a
K+GP
K+GP

K + eb
K + eb

K + e+GP
K+GP
K+GP

n.a.
d
14.66+2.33
−2.11
d
5.91+1.04
−0.97
n.a.
n.a.
n.a.
n.a.
n.a.

7.25+1.19
−1.12
+12.71 c
143.00−15.89

2.89+0.46
−0.43
7.74+0.69
−0.70
n.a.
6.07±0.77d
3.21±0.49d
n.a.
n.a.
n.a.
n.a.
n.a.

6.10±1.0c

17.921.41
−14.00
17.18+1.07
−13.77
n.a.
2.42+0.35
−0.34
2.31+0.46
−0.45
< 1.01
20.0±2.7
< 3.70
d
3.97+2.39
−2.23
7.20±0.81
8.79±1.68
n.a.
n.a.
n.a
n.a.
1.84±0.31
3.40±0.46c
5.33+0.67
−4.20
4.290.26
−3.44
n.a.
2.21±0.28
1.67±0.31
< 1.06
4.86±0.61
< 1.43
d
1.47+0.85
−0.83
3.11±0.35
2.48±0.47
n.a.
n.a.
n.a.
n.a.
1.52±0.25
2.13±0.28
2.09+0.34
−0.35

4.30±0.70
9.89±0.25c

4.60±0.56
8.83+0.66
−0.65
c
19.95+1.38
−1.36

1.50±0.20
196.10±0.70

3.66+0.47
−0.46
5.30±0.39
7.26+0.48
−0.47

Published or Published or Published or
all-data model add.-data K add.-data mass
m s−1
M⊕
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a Median metric rank > 30.
b Does not constrain the mass-radius relationship.
c Minimum mass of non-transiting planet.
d Fit using additional RV data as described in the text.
Note—Published Mass References: TOI-134 Astudillo-Defru et al. (2020), TOI-141 Espinoza et al. (2020), TOI-144 Damasso et al. (2020), TOI-174 Trifonov et al. (2019), TOI-175 Cloutier
et al. (2019), TOI-186 Gan et al. (2021) & Dragomir et al. (2019), TOI-402 Dumusque et al. (2019) but see also Gandolfi et al. (2019) (respectively), TOI-562 Luque et al. (2019), TOI-652 Teske
et al. (2020). The masses of TOI-455.01 and TOI-431.01 & 431.02 will be measured from a more extensive RV data sets and published by Winters et al. (in prep) and Osborn et al. (submitted),
respectively. In the case of the all-data models, we quote our RadVel results; these are all consistent with our juliet results.

134.01
K
141.01
K+trend
non-transiting 4.78d
K+trend
planet in TOI-141b
144.01
K + eb
non-transiting 2088d
K + eb
planet in TOI-144b
174.01
K+GP
174.02
K+GP
174.03
K+GP
175.01
K+trend
175.02
K+trend
175.03b
K+trend
186.01
K + e0.01 +GP
186.02b
K + e0.01 +GP
260.01
K+GP
402.01
K+GP
402.02
K+GP
431.01 (2pl)b
K
431.01 (1pl)b
K
431.02
K
455.01
K
562.01
K
non-transiting 9.12d
K
planet in TOI-562b
non-transiting 55.96d
K
planet in TOI-562b
652.01
K + eb
non-transiting 1651d
K + eb
planet in TOI-652b
784.01
K+trend
836.01
K+GP
836.02
K+GP
1233.01a
K + e0.02
1233.02b
K + e0.02
1233.03
K + e0.02
1233.04
K + e0.02
1233.05b
K + e0.02

a

TOI

Table 6. Results of RV fitting of PFS data
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the “|” below for brevity.

tion level. Mathematically it can be summarized as
µM = C

p(γ) = N (1, 1)

 R γ
p

p(ln(C)) = U(−3, 3)

R⊕

Mp
∼ Normal(µM , σ)
M⊕

(5)

where the hyperparameters γ and C define the “mean”
power law between mass and radius, and σ is the scatter
of the individual mass measurements around this power
law (∼ means “drawn from” and indicates that the function on the right is a probability distribution). Collectively, these hyperparameters define the mass-radius relation, and are the parameters whose posteriors are displayed in Figures 3 and 4. Often σ is interpreted as representing the astrophysical diversity in planet compositions at a given radius, although the observed scatter in
planet masses at similar radii could have other origins
(see §5.3).
The full hierarchical Bayesian model consists of the
likelihood L of the data D (the observed masses M̂
and radii R̂) given the model parameters θ (the unobserved, infinitely precise “true" masses Mt and radii Rt
and the above hyperparameters of the mass-radius relation), scaled by the priors π for all parameters:

L (D|θ)π(θ)
= L (M̂ , R̂|Mt , Rt , C, γ, σ)π(Mt , Rt , C, γ, σ)
= p(M̂ |Mt )p(R̂|Rt )p(Mt |Rt , C, γ, σ)p(Rt )p(C, γ, σ)
= p(C)p(γ)p(σ)

N
Y

(i)

(i)

p(M̂ (i) |Mt )p(R̂(i) |Rt )

i=1
(i)

(i)

(i)

× p(Mt |Rt , C, γ, σ)p(Rt )
(6)
where 1) we have assumed that the measurement uncertainty distributions for the observed masses and radii are
independent, as is appropriate given their separate measurement techniques; 2) we have defined the mass-radius
relation as a mass conditional on a radius, as in Eqn 5;
and 3) all masses and radii have units of M⊕ and R⊕ ,
respectively, so that the hyperparameters are unitless.
The last step in defining the full hierarchical model is
specifying each p(); this is given below. In general, distinguishing between conditional probabilities (p(x|y)), joint
probabilities (p(x, y)), and marginal probabilities (p(x)
and p(y)) is important for correct construction of hierarchical models, so we note that we have only dropped

p(log(σ 2 )) = U(−8, 3)
(i)

p(Rt ) = U(0.3, 20)


(i)
(i)
p(Mt ) = N C(Rt )γ , σ
(i)

(i)

p(R̂(i) ) = N (Rt , σ̂R )
(i)

(i)

(i)

p(M̂ (i) |M̂ (i) > 0) = p̂30 N (Mt , σ̂M )
(i)

+ (1 − p̂30 ) U(0, 30)
Z M̂ (i)
(i)
lim
(i)
(i)
(i) M̂
(i)
P (M̂ (i) < M̂lim |M̂ (i) < 0) = p̂30
N (Mt , lim )dMt
2
0
Z M̂ (i)
lim
(i)
(i)
+ (1 − p̂30 )
U(0, 30)dMt
0

(7)

In the rest of this section, we describe the above
hierarchical Bayesian model in detail and note some
practical implementation requirements which have influenced these details. To provide context to this discussion, we note now that we have fit this model with STAN
(Stan Development Team 2019), a platform for statistical modeling that produces full Bayesian statistical inference with Markov chain Monte Carlo (MCMC) sampling. The specific algorithm used by STAN is Hamiltonian Monte Carlo (HMC) with a No-U-Turn sampler
(NUTS). This MCMC method uses the derivatives of
the specified likelihood to perform efficient sampling of
the posterior. In particular, it numerically integrates to
first order a Hamiltonian-like set of coupled differential
equations describing the position and “momentum” (determined by the “potential energy”, i.e. the posterior
probability) of a location in parameter space to find a
new location that would, if the posterior does not have
significant curvature, result in a higher probability. That
step is either accepted or rejected with the standard
Metropolis acceptance probability, which compares the
actual probability of the new location with that of the
current location. The No-U-turn sampler avoids trajectories in parameter space that double back on themselves.
To return to Eqn 7, the hyperparameters γ, C, and
σ are drawn from arbitrary but wide prior distributions, such as the uniform distribution denoted by
U(lower bound, upper bound) and the normal distribution denoted by N (mean,standard deviation) where
the standard deviation is large. These distributions are
largely uninformative, meaning that the data do not
need to contain much information before the posteriors
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are pulled away from the prior distributions. In other
words, as long as the priors on the hyperparameters are
sufficiently uninformative, the resulting M-R relation
does not change with changes in the prior distribution.
In particular, the prior we use for σ is a Jeffreys prior for
the standard deviation of a normal distribution (note
that σ ∼ 1/σ transforms to a uniform distribution on
ln(σ)), which is a common uninformative prior for scale
parameters.
Below the hyperparameters, the parameters for the individual planets, denoted by “(i) ”, are drawn from distributions that depend on the hyperparameters – this
multi-level probabilistic structure is what makes this
Bayesian analysis hierarchical. In particular, the “true”
masses Mt and “true” radii Rt of the planets are defined
as latent, unobserved variables – in contrast to the observed quantities denoted by “ˆ” – where each planet’s
Mt is drawn from the M-R relation given its Rt . Within
the hierarchical model we require that Mt > 0, as no
planet can have a negative mass in nature15 . However,
we allow the observed mass to possibly be below zero
due to measurement uncertainty, which we approximate
with a usual Gaussian distribution whose standard deviation is set to the standard deviation of the posterior
samples (σ̂M ). In general, the posteriors computed in §4
may not be Gaussian, but in practice, a normal distribution is a close approximation of the posterior shape for
nearly all constrained mass measurements (see Figures 5
and 6 for contours computed directly from the individual
planets’ posterior masses and radii; note that the x-axis
is in log scale). We investigated using a more flexible
approximation for the individual planet mass posteriors through the quantile-defined functions developed by
Hadlock & Bickel (2019)16 , but found that the computational tradeoffs were not worth the change. In particular,
the computational time increased, mixing within chains
decreased with higher autocorrelation between samples,
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and in the end the hyperparameter posterior did not significantly differ from the posterior that assumed normal
distributions for the measurement uncertainties.
Returning to Eqn 7, this mass measurement uncertainty is incorporated into the last two lines of the
model. The penultimate line provides the likelihood that
we observed the specific value M̂ (i) for the planet’s mass
(in practice, this is the mean of the RadVel or juliet
posteriors) when the mass posterior provides an acceptable constraint (which we define as M̂ (i) > 0). p(M̂ (i) )
depends on: 1) the planet’s true mass Mt , which in turn
depends on the mass-radius relation; and 2) the proba(i)
bility p̂30 that the planet is ranked in the top 30 TOIs
via the merit function of Eqn 1, and thus is in the MTS
sample. As a result, this likelihood, and the corresponding posterior constraints on the M-R relation, include
the quantitative selection function that is a salient feature of this survey (see discussion in §2.1.3). Specifically, p(M̂ (i) ) is a mixture of two components: One in
which the planet is ranked highly enough to be included
in the MTS sample, and thus has an informative mass
measurement (first term), and one in which the planet
falls out of the MTS sample and so does not contribute
an informative mass measurement to the M-R relation
(i)
(second term). p̂30 is calculated by simulating the TOI
parent sample (the list of TOIs that meet our eligibility
criteria; see §2.1.2) several thousand times – we sample from the measurement uncertainties of each planet’s
insolation flux and radius, including the uncertainties
in the host star’s Tef f , M? , and R? , evaluate the merit
function, and rank the TOIs based on that merit for each
of these several thousand instances. The fraction of simulation instances for which a planet is ranked in the top
(i)
30 TOIs yields p̂30 , which is treated as data (versus a
parameter that can vary) in the model.17
The last line of Eqn 7 incorporates the information
about the mass-radius relation that is provided by mass
upper limits. This information can be valuable because

15

While STAN allows bounds on parameters to be formally restricted at declaration, these restrictions can impose hard boundaries in parameter space which STAN’s HMC algorithm struggles
to efficiently explore. Specifically, sharp boundaries can cause divergences in the MCMC chains, for which there is concern that
the accepted posterior samples may not reflect the actual underlying posterior probability. In practice we found that the formal
Mt > 0 bound produced a high (> 60%) fraction of divergences,
so we impose a softer boundary using a sigmoid function which
allows only slightly negative (. |10−2 |) Mt values. Fortunately in
our case, both treatments of the Mt > 0 bound produced very
similar posteriors.
16 STAN requires that all probability distributions are analytically defined so that it can compute the derivatives of the likelihood that are required for the HMC algorithm. Accordingly, we
could not sample directly from the RadVel or juliet posteriors
while using STAN.

17 While it is possible with STAN to calculate the merit function and the associated ranking at each step of the MCMC chain,
in practice the convergence of the chains is very poor when the
instantaneous in/out-of-MTS-sample state is used. Because STAN
calculates derivatives of the likelihood, step functions in likelihood
parameters prove to be particularly problematic. This in/out-ofsample variable is a discrete, binary parameter which is set by such
a step function: it equaled 1 if the planet’s ranking was 6 30, or 0 if
not. We tried substituting this step function with a differentiableyet-still-steep sigmoid function; in practice, fast switching between
the informative term and the uninformative term in the mixture
still throttled convergence. The above mixture model formulation
sidesteps these computational difficulties by effectively marginalizing over this instantaneous in/out state variable with the intro(i)
duction of p̂30 , which is calculated outside of the MCMC chains.
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even though upper limits don’t show where a planet is located on the mass-radius plane, they do show where that
planet is not located. With an analysis that incorporates
upper limits, M-R relations that pass through that portion of mass-radius space are ruled out; meanwhile, an
analysis that discards upper limits erroneously considers those M-R relations as possibilities. Therefore, analyses that do not consider upper limits are potentially
arriving at incorrect conclusions, depending on the proportion of constrained to unconstrained measurements
at crucial locations in the mass-radius space, such as at
small radii. The standard way to incorporate upper or
lower limits in Bayesian models is to marginalize over
the unobserved portion of the likelihood; this is accomplished via the integrals in the last line of Eqn 7. We
note that this probability also incorporates the MTS
selection function through the mixture model weighted
with pˆ30 (i) . We identify which planets effectively have
only an upper limit on its mass when the RadVel or
juliet posterior has a negative mean value (M̂ (i) < 0);
in these cases we do not consider the mass posterior to
be reliable. Therefore we do not use the posterior to inform the upper limit in the M-R modeling; instead, we
(i)
set M̂lim to the RMS of the residual RV time series, from
which all planets with constrained mass measurements
(i.e. M̂ (i) > 0) have been removed. Because this mass
upper limit is the only information we retain about the
measurement uncertainty distribution, we had to choose
a standard deviation that was reasonable given that upper limit. We generated residual RV time series with
differing true RV semiamplitudes hidden in white noise
scaled to these RMS values and determined that a standard deviation equal to half of the upper limit was a
conservative estimate of the width of this unobserved
(i)
measurement uncertainty distribution: if Mt was close
(i)
to zero, then M̂lim would be a 2-σ upper limit, but given
(i)
(i)
the more likely scenario that Mt is at least 1 M⊕ , M̂lim
as implemented above is closer to a 1-σ upper limit.

(i)

(i)

p(Mob |I (i) = 0, Mt , ...) =

Z

(i)

Mlim

(i)

(i)

N(Mt , σM )dMt

0

This model borrows very heavily from Wolfgang et al.
(2016) with some minor adjustments, including the explicit integration of mass upper limits in the likelihood,
the inclusion of the MTS selection function, and the removal of the theoretical upper mass limit that was used
in Wolfgang et al. (2016). While there has been significant developments in studying the mass-radius relation
since then (i.e., Chen & Kipping 2017; Ning et al. 2018;
Neil & Rogers 2020), Ning et al. (2018) found that a
power-law was a sufficient descriptor of the mass-radius

relation for planets with radii < 5 R⊕ . Since we are
starting with a smaller sample and testing the effect
of observational choices on the population result, we
have decided to start with a simple model that can provide straightforward apples-to-apples comparisons. Nevertheless, this is a clear area for future improvement (see
§6.4).
Convergence of the posterior is assessed in the standard ways, by 1) plotting the parameter value as a function of the position in the chain to ensure no discontinuous jumps to new values have occurred after warm-up;
2) comparing the variance of parameter values within a
chain to the variance between chains via the R̂ value;
and 3) assessing the autocorrelation from step to step
within a chain. All of the posteriors whose results are
presented in the following sections were sampled by 8
chains for 1,000,000 steps apiece, with the first 500,000
discarded as warm-up and the value of every 100th step
saved as output. The average effective (i.e. uncorrelated)
number of posterior samples (nef f ) per hyperparameter
over the five fits we display below is roughly equal to
the number of saved samples, pointing to low autocorrelation lengths, a positive indicator of convergence. R̂ is
universally equal to 1.0, indicating that the chains were
well mixed.
5.2. Preliminary M-R Relation with Mid-Survey
Masses
In Figure 3 we display the posteriors that result from
fitting the M-R relation described in Eqn 7 to the 22
planets with non-zero p̂30 (see Eqn 7) and with mass
measurements or upper limits obtained with RadVel, as
described in §4.2.1. The posterior medians and central
68% credible intervals for the three hyperparameters
+0.39
+1.19
are: C = 1.13+0.35
−0.26 , γ = 2.57−0.42 , σ = 0.28−0.28 . The left
subplot of Figure 4 shows the posteriors from our M-R
relation fits using masses and upper limits derived with
juliet; these results are consistent with the RadVel re+0.34
+0.89
sults in Figure 3: C = 1.22+0.31
−0.27 , γ = 2.43−0.33 , σ = 0.03−0.03 .
This consistency is expected, as the two sets of mass
measurements were derived using the same dataset, and
our RadVel and juliet masses agree with each other
within error bars.
Figures 5 and 6 display these results projected on the
mass-radius plane. In particular, in green we plot the
posterior predictive mass-radius relation, which means
that it was produced by ranging over the above hyperparameter posteriors rather than just using the “best fit”
values. As a result, the width of the band includes the
uncertainty on the M-R relation itself. Figure 5 displays
the M-R relation that was fit to the RadVel masses;
given that the intrinsic scatter for this fit is consistent
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with zero, the uncertainty in the M-R relation hyperparameters dominates the width of the band. The left
panel of Figure 6 displays the M-R relation that was fit
to the juliet masses; again, it looks very similar to the
fit to the RadVel masses. The colored contours or upper
limits (triangles) are the mass and radius constraints for
the 22 planets with non-zero p̂30 , color-coded by individual planets; the mean mass and radius for each planet is
demarcated by a symbol. The gray lines and regions are
M-R relations from Wolfgang et al. (2016) (dashed line)
and Chen & Kipping (2017) (dotted line). We highlight
some features of our M-R relation results in comparison
with these previous ones and discuss the implications in
Section 6.1.

Figure 3. The posteriors of the empirical power-law massradius relation (see Eqn 7, which draws heavily from the
model presented in Wolfgang et al. 2016) fit to the 22 planets with non-zero p̂30 (see Eqn 7) and mass measurements
or upper limits derived using Radvel; these results will likely
change as the survey grows. The contours show the 68%,
95%, and 99.7% credible regions of various 2-D projections
of the joint 3-D hyperparameter posterior, which consists of
C, the normalization constant of the power law, γ, the powerlaw index, and σ, the astrophysical scatter around the mean
relation. The histograms on the diagonal show the marginal
1-D posteriors for those hyperparameters; the dashed lines
denote the corresponding prior distribution. Note that the
power-law normalization constant C is close to 1, and that
there is currently no statistically significant astrophysical
scatter in this dataset, as the σ posterior mostly follows the
prior distribution and is still consistent with 0; these preliminary results contrast with prior published work. See §6.1 for
a full discussion.
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5.3. Analysis Including Masses Derived from
Literature Values
As described in §2.2, in the MTS we use a detailed
RV observation cadence scheme to determine when to
observe our targets and their relative priority within an
observing run, with the ultimate goal of producing a relatively homogeneous sample in terms of observational
coverage and precision on the mass measurement. Studies that combine mass and radius measurements from
different teams would likely produce a more heterogeneous dataset, although the exact effects of such heterogeneity are difficult to quantify without a homogeneous control sample. Given the uniformity of our approach, we are able to shed light on this issue. Specifically, we compare the MTS M-R relation results from
§5.2 to those fit to a heterogeneous sample that includes
literature values where they are available (see §4.3 for
details). As the planet sample itself is not changing, any
differences between the MTS- and literature-based M-R
results would not arise from differences in target selection, but instead may be due to heterogeneous analysis techniques or to heterogeneous data acquisition processes (modulo typical statistical variance). Performing
this test therefore allows us to distinguish how much the
differences between the MTS M-R relation and previous
M-R relations in the literature are due to our selection
function versus other analysis differences.
Analogous to the results presented in §5.2, the right
panel of Figure 4 shows the posterior distributions for
the M-R relation hyperparameters from our HBM modeling of the heterogenous sample. The posterior medians
and central 68% credible intervals for the three hyperpa+0.40
+0.57
rameters are: C = 1.39+0.44
−0.36 , γ = 2.30−0.36 , σ = 1.71−0.47 .
Figure 6, right panel, shows the posterior predictive MR relation derived from the heterogenous sample; the
literature radius and mass measurements are shown in
crosses to distinguish them from the MTS-only measurements, which are used when there is no independent paper yet published on the individual planets or when the
MTS-only RadVel mass measurements are more precise.
While the heterogeneous literature sample results in
posterior median values for C and γ that are consistent at the 1-σ level with the RadVel median values, the
posterior median value for σ is only marginally consistent with the RadVel values, and would be considered
inconsistent if not for the long tail in the RadVel σ posterior. In Section 6.1 we further discuss the implications of
differences between the M-R relations of the MTS-only
data and the literature data.
5.4. Beyond the Single Power Law M-R relation
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Figure 4. Same as Figure 3, but using the juliet-derived masses (left) and the heterogeneous masses pulled from the literature,
where available (right). Note that all axes are on the same scale as Figure 3. The hyperparameter posteriors for the julietderived M-R relation are very similar to the hyperparameter posteriors for the Radvel-derived M-R relation; both relations use
the exact same radial velocity data from PFS. On the other hand, the hyperparameter posteriors for the literature-derived M-R
relation is noticeably different from both of these for σ, wherein there is significant probability away from zero; while the same
planets were included in this relation as the Radvel-derived and juliet-derived ones, the underlying radial velocity data differs
and is drawn from heterogenous sources. Part of the difference in σ may be due to the fact that overall the literature masses are
currently more precise (see discussion in §6.3). If the final MTS mass error bars become similar in size to those in the literature,
and if the MTS σ remains consistent with zero, then the non-zero intrinsic scatter fit by previous M-R studies to heterogeneous
mass data may not actually astrophysical but may instead be driven by differences in how different RV teams acquire, reduce,
and analyze their data. See §6.1 for a full discussion.

The basic power law M-R relation is useful as an
apples-to-apples comparison with prior work and as a
tool to explore the impact that target selection and data
acquisition choices can have on these population results.
However, it is limited in its flexibility as an M-R model
and does not necessarily reflect our evolving a priori
expectations for the densities of small planets. In particular, it does not allow different populations of planets in this 1 − 3 R⊕ range to be distinguished, which is
a key motivation of the MTS. In this paper we have
attempted to balance transparency through sharing inprogress results with realism about what can be concluded from preliminary analyses; that said, we acknowledge that there is keen interest, both amongst ourselves
(see §6.4) and in the community to fit more physically
interpretable population models to datasets like these.
To provide a window into these possibilities, especially
with respect to distinguishing between multiple populations, we offer some preliminary results from a model
that is a small step up in complexity from the basic single power law. In doing so, we demonstrate that more
complex modeling on this dataset as it currently stands
would need to be carefully interpreted.

A broken power law is one such model that is only
slightly more complex than the single power law (so as
to maximize the information contained in this dataset
per hyperparameter), yet is able to distinguish between
different planetary populations. Mathematically, this MR relation is:
h
 R  γ1

 γ2 i
p
(γ1 −γ2 ) Rp
µM = C g(∆R )
+ g(−∆R ) ∗ Rtrans
R⊕
R⊕
Mpl
∼ Normal(µM , σ)
(8)
M⊕
(γ −γ )

1
2
where the Rtrans
factor forces the two segments to be
continuous at the transition point, and where g(∆R ) =
(1 + e−100(Rtrans −Rp ) )−1 is a sigmoid function that allows
the broken power law to be differentiable (required for
convergence with STAN) while maintaining a fast transition between the two segments. Note that the intrinsic
scatter, σ, is the same for both power-law segments, as it
was already consistent with zero for the single power law
and as we aim to limit the number of additional free parameters for ease of comparison. To assess differences in
the M-R relation on either side of the super-Earth/subNeptune radius gap, we set Rtrans = 1.7. With Rtrans
fixed, this broken, mean-continuous power-law HBM has
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Figure 5. The empirical mass-radius relation of Eqn 7 (green solid line) with the 22 planets with mass constraints and non-zero
p̂30 (see Eqn 7). Mass measurements are represented by the colored contours (only the central 68% of the joint mass, radius
uncertainty distribution is shown) with the mean values denoted with a symbol; upper limits are denoted with left-pointing
triangles, which correspond to rms of the residual RV time series for that planetary system. The legend contains the TOI
host star, planetary orbital period, and p̂30 , the probability that the TOI is ranked in the top 30 by our merit function (Eqn
1). The green band corresponds to the posterior predictive M-R relation, meaning that it was produced by ranging over the
hyperparameter posteriors (see Figure 3). Since the σ for this dataset is consistent with 0, the width of this band is dominated
by the uncertainty in the mean mass-radius relation, not by any intrinsic variation in these planets’ compositions. Specifically,
the band represents the central 68% credible interval of the posterior predictive masses at a given radius. The gray bands denote
previous mass-radius relations from the literature, fit to datasets that differ significantly than the one used here: the dashed
line centered in the wider gray band corresponds to the Wolfgang et al. (2016) mass-radius relation that was fit to the RV-only
data using the model with a radius-dependent astrophysical scatter; and the dotted line centered in the narrower gray band
corresponds to the Chen & Kipping (2017) relation. The M-R relation fit here has some preliminary quantitative differences
with this prior work (discussed in §6.1) that will be monitored as we acquire more data.

a total of four free hyperparameters (C, γ1 , γ2 , σ), which
is one more than the HBM displayed in Eqn 7; other
than the above change in the mean power law, all other
details of the HBM remain the same between the two
models (p(γ1 ) = p(γ2 ) = N (1, 1)).
Figure 7 displays the posterior of these four hyperparameters, on the same scale as Figures 3 and 4. The posterior medians and central 68% credible intervals for the
+0.75
hyperparameters are: C = 1.14+0.54
−0.33 , γ1 = 2.70−0.81 ,γ2 =
+0.60
+1.08
2.06−0.65 , σ = 0.60−0.60 . These constraints are looser than
that for the single power law, as would be expected when
an additional free parameter is introduced to the fit.
Note also that there are weaker constraints on γ2 than
γ1 , and that they are consistent with each other at the

1-σ level. Together, these indicate that the populationdistinguishing power in the current dataset is weak, and
that a single power law is a more informative fit to the
current dataset.
Figure 8 shows the broken power law fit to the 22
MTS planets with RadVel mass constraints and nonzero p̂30 . The posterior predictive M-R relation of Figure 5 is plotted in green for ready comparison with the
posterior predictive broken power law in purple. The
small-radius segment (lighter purple) closely follows the
single power law, and the large-radius segment (darker
purple) is consistent with the single power law within
1-σ. Given the non-negligible uncertainties in both sets
of hyperparameters, this suggests that: 1) there is cur-
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Figure 6. Same as Figure 5, but for the juliet-derived masses (left) and for the masses from the literature, where available
(right, see §5.3). On the right, the data from the literature is denoted by the crosses; for planets without previously published
masses or whose published masses were less precise than the ones computed here, we use our RadVel mass estimates and denote
those planets’ mass and radius uncertainties with the same contours as Figure 5. The juliet M-R relation is very similar to
the RadVel relation, which reflects the fact that the majority of the individual planet Radvel and juliet masses are consistent
within 1-sigma. On the other hand, the M-R relation fit to the literature values is quantitatively different than that fit to the
masses calculated here, in both the width of the relation and in its mean predicted mass at 1R⊕ . For full discussion, see §5.3.

rently little evidence for more than one population in
this mid-survey dataset, at least when assuming a sharp
transition in radius; 2) the single power law is actually
a reasonable model given the current size of both the
sample and the measurement uncertainties; and 3) future analyses of more complex M-R models will need to
carefully consider the full width of the hyperparameter
posteriors before drawing conclusions about the presence of different planet populations and their respective
M-R relations.
What if we had allowed the transition radius Rtrans
to vary? Would the HBM have been able to find a break
point that better emphasizes the difference in the two
segments? As displayed in Figure 9, the answer is no:
The marginal posterior for Rtrans (the rightmost bottom panel) illustrates that the more probable transition
points occur at the edges of the allowed range (∼ 1 and
∼ 2.5 − 3 R⊕ ; the prior on Rtrans was a uniform distribution between 1 and 3 R⊕ ). In fact, a transition
at 1.6-1.7 R⊕ that is physically motivated given prior
work is actually the least probable break point given
this current dataset. This indicates that the MCMC algorithm prefers placing the data into one rather than
two segments. This conclusion is further supported by
the disjoint, multimodal Rtrans vs. γ1 and Rtrans vs. γ2
projections of the five-dimensional hyperparameter posterior, as the most probable values for γ2 (the power-law
index for the larger radius segment) when Rtrans is small
is very similar to that for γ1 (the power-law index for

the smaller radius segment) when Rtrans is large. Together with Figure 8, this demonstrates that there is
little evidence for more than one population in the current dataset. We emphasize, however, that this result
may change as the survey grows and the mass measurements become more precise.
6. DISCUSSION

6.1. Comparison of Mass-Radius Relations
First, we caution readers that any comparisons between mass-radius relations at this point should only
be considered in a qualitative fashion and should not be
over-interpreted on a quantitative level. The results from
our data are only preliminary, as we are only halfway
through our survey. As the MTS acquires more RV data,
these mass contours will shrink, and more planet masses
will be added to Figure 5, which could change our results
on a quantitative level (see discussion in §6.3 and §6.4).
Therefore we save an in-detail discussion of the MTS
M-R relation as compared to others in the literature
(e.g. Chen & Kipping 2017; Ning et al. 2018; Kanodia
et al. 2019; Neil & Rogers 2020) for a future analysis. For
now, since we aimed to begin with a simple model that
can provide apples-to-apples comparisons, we limit ourselves to more straightforward comparisons. The model
presented here (a single power law with some intrinsic scatter across our radius range of 1–3R⊕ ) is most
similar to that in Wolfgang et al. (2016); therefore we
restrict our discussion to the comparison between this
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Figure 7. The posteriors of the broken power-law massradius relation (see Eqn 8), fit to the 22 planets with mass
constraints and non-zero p̂30 (see Eqn 7). The contours
show the 68%, 95%, and 99.7% credible regions of various 2-D projections of the joint 4-D hyperparameter posterior, which consists of: C, the normalization constant of
the power law; γ1 , the power-law index of the segment with
Rp < Rtrans = 1.7 R⊕ ; γ2 , the power-law index of the segment with Rp > Rtrans = 1.7 R⊕ ; and σ, the astrophysical scatter around the mean relation, which is the same for
both power-law segments. The histograms on the diagonal
show the marginal 1-D posteriors for those hyperparameters;
the dashed lines denote the corresponding prior distribution.
Note that there are weaker constraints on γ2 than γ1 , and
that they are consistent with each other at the 1-σ level.
This indicates that the population-distinguishing power in
the current dataset is weak.

prior work and the MTS-derived (§5.2) and literaturederived (§5.3) results.
With these caveats, we note a few interesting differences as compared to Wolfgang et al. (2016), which are
visually apparent in Figure 5. First, in our MTS-only relation, the power-law normalization constant C is close
to 1. This means that we predict 1 R⊕ planets to have
masses of ∼ 1 M⊕ . This is noteable because Wolfgang
et al. (2016) and other prior work predicted masses of
> 2 − 3 M⊕ for 1 R⊕ planets. While our sample does
not contain planets at exactly 1 R⊕ , the smallest planets in our sample are 1.2 − 1.3 R⊕ . Therefore very little
extrapolation of our mass-radius relation is required to
make a mass prediction at 1 R⊕ , especially compared
to the datasets used by Wolfgang et al. (2016) and oth-
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Figure 8. The single power law mass-radius relation (in
green) and a broken, mean-continuous power law (in purple)
with a transition point fixed at 1.7 R⊕ , fit to the 22 planets
with mass constraints and non-zero p̂30 (see Eqn 7). These
are posterior predictive distributions; because the intrinsic
scatter terms for these fits are near zero, the widths of the
relation dominated by the uncertainty in the hyperparameters. Contours denoting individual planets’ measurement uncertainties and the single power law M-R relation are the
same as in Figure 5. The small-radius segment (lighter purple) closely follows the single power law, and the large-radius
segment (darker purple) is consistent with the single power
law within 1-σ. This suggests that there is currently little
evidence for more than one population in this mid-survey
dataset. As the survey grows and the mass measurements
become more precise, this result may change.

ers, which contained a larger gap between 1 R⊕ and the
smallest exoplanet.
What causes our M-R relation to predict ∼ 1 M⊕ for 1
R⊕ planets while previous ones didn’t? Studies such as
Burt et al. (2018) have shown that imposing a threshold
on the statistical significance of a planet’s mass measurement before it is published creates a bias toward higher
mass/density planets, which manifests in the empirical
M-R relation as higher predicted masses for 1 R⊕ planets. Our M-R relation appears to remove much of this
bias, as it passes closer to (1 R⊕ , 1 M⊕ ) without needing
be anchored to the solar system terrestrial planets. Initially one might attribute this to the combination of the
selection function we used to define our sample and our
inclusion of mass upper limits for the smallest radius
planets. Together, these survey design choices address
the population bias identified by Burt et al. (2018), as
we are not discarding the low-significance mass measurements that are more likely to occur for small planets.
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Figure 9. The posteriors of the broken power-law massradius relation (see Eqn 8) with the transition point Rtrans
allowed to vary. The contours show the 68%, 95%, and 99.7%
credible regions of various 2-D projections of the joint 5-D
hyperparameter posterior. The histograms on the diagonal
show the marginal 1-D posteriors for those hyperparameters; the dashed lines denote the corresponding prior distribution. Note the marginal posterior for Rtrans in the rightmost panel: the more probable transition points occur at the
edges of the allowed range (∼ 1 and ∼ 2.5 − 3 R⊕ ), which
indicates that a single power law is preferred. Taken with
Figure 8, this demonstrates that there is little evidence for
more than one population in the current dataset. As the survey grows and the mass measurements become more precise,
this result may change.

However, the comparison between the MTS-only fit
and the fit with the literature values (see §5.3) indicates
that the origin of this difference is more complex, as both
the planet sample and the two low-radius upper limits
are the same in both datasets. The literature M-R relation predicts masses closer to 1 M⊕ for 1 R⊕ planets
versus Wolfgang et al. (2016), indicating that the usage
of a selection function with upper limits does have some
mitigating effect, but it is still higher than that for the
MTS-only relation. Looking at the posteriors in Figure
4, we see a slight correlation between σ and C, so that
if the data contains enough information to constrain σ
away from zero, then C will also shift away from 1. Indeed, σ = 0 and C = 1 is consistent with the literature
M-R relation at the 2σ level, considering the slightly bimodal posterior. Given that the masses in the literature
dataset are overall more precise than those in the MTSonly dataset, this could be evidence that our simple M-R

relation is a less sufficient fit for this more mass-precise
dataset. In particular, the assumption that σ is constant
over the entire M-R relation, or that there is only one
M-R relation rather than a mixture of several, may need
to be relaxed in future analyses with more precise mass
measurements.
A second difference between Wolfgang et al. (2016)
and the M-R relations presented here is that there is
currently no statistically significant evidence for intrinsic scatter in the MTS-only M-R relation as the σ posterior closely follows the prior distribution. This is likely
due to our small sample size and larger mass measurement uncertainty – using a larger sample, Wolfgang et al.
(2016) found a non-zero intrinsic scatter that was statistically significant, and using the same sample with
slightly different and somewhat more precise mass measurements on the per-planet level, the literature relation
presented here has a mostly non-zero σ posterior. It will
be important to perform this comparison again once our
survey is completed and the size of the MTS mass measurement errors shrink, which will allow the model to
more easily distinguish the intrinsic scatter around the
mean M-R relation from ordinary measurement uncertainty (see §6.3 for a more detailed discussion of why σ
will likely change as the survey grows). If the final MTS
mass error bars are similar in size to those in the literature and if a consistent-with-zero σ persists, then there
will be evidence that the non-zero intrinsic scatter fit
to heterogeneous mass data is not actually astrophysical but is instead driven by differences in how different
RV teams acquire, reduce, and analyze their data, even
if the differences in masses are statistically consistent
with each other on the individual planet level.
We note a seemingly contradictory observation about
the M-R relation fit to our putatively less biased sample: it predicts higher masses than other relations at the
3 R⊕ end. First, we acknowledge that our survey and
results are not completely free of limitations and biases;
we detail these in Section 6.3. We do not believe this
to be a true bias, but a manifestation of statistical variance due to a small sample size, and expect that this
aspect of our relation will change as our survey continues. To explain, we note that the majority of the data
to which the Wolfgang et al. (2016) M-R relation was fit
lies in a slightly different mass and radius regime than
the sample presented here. In particular, our sample is
less biased toward higher mass planets for planets with
radii < 2 R⊕ , as we are especially interested in the compositions around the radius valley and thus target planets within that radius range (which is also reflected in
our selection metric described in §2.1.1). However, the
trade-off to this choice is that we have fewer planets in
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our sample above ∼2.2 R⊕ , and so the M-R relation toward the larger planets is more subject to small number
statistics. By chance, the larger planets currently in our
sample have mass measurements that are higher than
other ∼2.5-3 R⊕ planets not in our sample. This happenstance, along with the fact that we do not fit the
relation to any planets above 3 R⊕ , causes our relation
to be shallower and therefore to predict higher masses
at higher radii. This observation serves as a valuable reminder that these results are preliminary. Overall, we
expect a clearer understanding of these apparent discrepancies with previous results in future analyses with
more sophisticated and realistic M-R models (see §6.4),
as appropriate given the ultimate size of our sample.
6.2. Implications of Planet Compositions from this
Study
The M-R relation derived above is an empirical one
obtained from the observed data. In this section we compare this empirical relation to theoretical M-R relationships derived from specific, constant planetary compositions. The goal is to explore what our sample implies for
the variety of compositions produced by nature. This exploration is preliminary since the masses reported here
will likely change and/or increase in precision as additional RV measurements are collected, but it is still
a useful exercise to see if there are any current trends
which we can monitor as the survey grows.
Figure 10 shows where these planets fall on a M-R
diagram compared to different likely compositions. The
M-R constant composition curves are obtained with interior structure code based on Valencia et al. (2006) and
Valencia et al. (2013) with updated equations of state
for the rocky minerals (Plotnykov & Valencia 2020). We
have also included the mass-radius space of planets that
have the same refractory ratios as planet-hosting stars in
general (Hinkel et al. 2014) (though not necessarily our
specific host stars, see §6.4). That is, we have translated
the rocky component of planet-hosting stars to constant
composition curves. Given that stars have a distribution
of Fe/Mg and Fe/Si refractory ratios, we have shown the
one-sigma values of the probability density distribution
of stars translated to composition curves as a white strip
within the grey shaded rocky region for comparison 18 .
Interestingly, most planets that fall within the rocky region (shaded grey) have masses less than 8 M⊕ and also
overlap with the composition of the general sample of
planet-hosting stars, suggesting these planets could have
18
For
a
repository
that
converts
composition
to
rocky
M-R
relationships
https://github.com/mplotnyko/SuperEarth.py

stars
see

a primordial origin (i.e. they did not suffer any compositional processing during formation and would have a
similar composition as the host star). This trend is in
agreement with previous assumptions that aim at breaking the degeneracy in low-mass exoplanets by using the
refractory ratios of the star to constrain the rocky part
of the planets (Dorn et al. 2015), although see also the
more recent work of Adibekyan et al. (2021) showing
the a correlation that is not one-to-one between the iron
contents in stars and their orbiting planets. Within the
data included in this paper, the only outlier to this trend
is TOI-175.03, with a compact radius of 0.86 ± 0.04 R⊕
and a small (preliminary) mass of 1.32 ± 0.73 M⊕ . While
TOI-175.03 is excluded from the empirical relation analysis above based on its rank in our metric, we have mass
constraints since its “siblings” were highly ranked. We
note that with a larger RV data set, Cloutier et al. (2019)
puts a limit on the mass of TOI-175.03 to be < 1.01 M⊕ ,
which would place it within the rocky region and thus
consistent with a similar composition to host stars.
The Rocky Threshold Radius (RTR), shown in Fig.
10), is the largest size a rocky planet can be (Plotnykov & Valencia 2020 and can be used to investigate
the transition between planets that could be rocky to
those that have volatiles. Within our data, this transition is not entirely clear, but appears to happens near
1.7 R⊕ . Again, given the preliminary nature of our mass
measurements, it will be interesting to monitor how this
transition changes with additional RV data and thus
better mass constraints.
More than a third of planets in our sample, all with
different equilibrium temperatures, cluster around a
composition that is just above or barely intersects the
RTR at masses between 5-10 M⊕ . Should they have
volatiles, these planets would have less than 1% atmosphere by mass. Instead, should they be rocky, they
would be depleted in iron with respect to Earth – a puzzling scenario as we do not have a theory that can form
iron-poor massive rocky planets (Scora et al. 2020). As
we continue to gather RV data on these planets our hope
is to uncover useful constraints on their composition.
6.3. Limitations of this Study
There are several salient limitations to this work that
we wish to explicitly delineate. Our survey was designed
to explore a population rather than thoroughly analyze
thirty individual planets, and so we prefer a uniform
analysis as much as possible versus a customized one
that could ultimately produce lower uncertainties on
the planets’ masses. Furthermore, the purpose of this
mid-survey paper is to describe our motivation, survey
structure, and analysis process – the results presented
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Figure 10. Planets in our sample compared to mass-radius relationships for different compositions. The shaded grey region
corresponds to rocky compositions: pure iron-nickel (solid black line at the bottom), Mercury’s composition (core-mass fraction
of 0.67, dotted-dashed black line), Earth’s composition (core-mass fraction of 0.33, dashed black line), Mg-Si rock with all
relevant phases (RTR, rocky threshold radius). Planets with the same refractory ratios as that of stars would lie within the
white shaded region (marked with a small star symbol). Planets above the RTR require volatiles. The M-R relationships for
mini-Neptunes correspond to an Earth-like rocky interior overlaid by an atmospheric composition of pure H-He (solid lines) or
an even mixture of H-He and water vapor (dashed line). We show two different atmospheric-mass fractions (amf) – 1% (thin
lines) and 3% (thick lines) – for two different temperatures temperatures – 800K (light blue) and 1600 K (orange). Planet masses
shown in this figure were derived using RadVel. Planets are color coded according to their equilibrium temperatures (calculated
with Ab = 0.3 and a redistribution factor of 4) and the contours show their one-sigma values. The planet with hatch symbol did
not rank highly in our sample and thus was excluded from analysis, but a mass measurement was obtained anyway because it
is in a system with planets that are highly ranked.
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here will change as we add more data and will be updated in our next MTS paper. The sample presented
here is mostly comprised of vetted TOIs, but a few are
still planet candidates. We did not attempt to detail the
full suite of follow-up observations that have or will be
conducted for these TOIs, as that is beyond the scope of
this work, but single-system papers on at least TOI-260,
TOI-784, and TOI-836 are warranted.
One set of limitations of our study comes from the
analysis of the radial velocity data. In many cases our
PFS data-in-hand are not large in number, so provide
only limited information about the planet masses (although our HBM analysis enables us to incorporate this
information regardless of how loose the resulting constraints are). In each TOI system we tested a series of
increasingly complex models to fit the RV data, but certainly more variations in models could be tested and
may provide improvements on the resulting “goodness
of fit” metrics. Furthermore, we acknowledge that the
RV noise from stellar activity is often not well behaved,
and adding more data to a given time series can shift the
mode of K posterior, and thus the mass measurement
of the planet, away from initial values. That said, we do
test Gaussian process models for the stellar noise, and
we suspect that for quiet stars the improvements provided by more complex RV models would not be large
given only the data presented here. For example, although we used the computationally efficient celerite
approximation for the quasi-periodic Gaussian process
kernel, we repeated our RadVel fits with a traditional
quasi-periodic kernel and found no difference in the resulting ∆K values greater than 0.6 m s−1 , which in many
cases is on par with or lower than our quoted K errors.
As for the overall activity of our stellar sample, we have
endeavored to identify a quieter stellar sample by removing stars with photometric rotational periods less than
15 days and with R? > 1.2R .
We also present some cautionary notes about the population results presented in this work. As the survey is
not yet complete, these population results should be interpreted as a status report that we wish to have a record
of in the literature. In particular, more data means that
more of our top-ranked planets will be observed and
that the mass uncertainties will shrink. One may expect
more planets and/or smaller mass uncertainties to simply shrink the M-R relation hyperparameter posteriors,
but this may not necessarily be the case. If the underlying distribution of planet masses and radii follow a
well-behaved symmetric distribution, such as the normal distribution that we have assumed in our power-law
model, then we would expect that the mean power law
of the final MTS M-R relation would be consistent with
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these preliminary results. (The intrinsic scatter term,
however, will almost certainly change; see discussion below.) However, we do not actually know whether the
underlying distribution of masses and radii are symmetric. If it is asymmetric, then the planets whose masses
we have yet to observe may tend to be lower or higher
than the current sample, which would change the powerlaw index and its normalization constant, and we would
need to reassess the symmetry assumed in the M-R relation of Eqn 5 (see Ning et al. (2018) for an analysis of
this assumption given the Kepler M,R dataset). Having
the mean power law shift away from these preliminary
“best-fit" values (instead of the posteriors shrinking in
around them) is even more of a possibility given that
our dataset is relatively small. In the final MTS paper
we plan to perform tests on how robust the final M-R
result is to the presence/absence of one to a few planets,
but these tests are out of the scope of this current work.
Even if the underlying distribution of planet masses
and radii are symmetric, the intrinsic scatter term in
the M-R relation will almost certainly change as more
data are added to this analysis. In order to understand
why, it is important to realize that hierarchical modeling enables different sources of uncertainty/scatter in
the data to be separated. In this model, there are two
different ways that a planet’s mass is able to be “scattered” around the mean mass-radius relation (i.e., the
power law by itself). First, there is measurement uncertainty, which scatters the measured mass around its
“true” value due to uncertainty in the observations and
mass measurement process. Second, there is the intrinsic
scatter term, (i.e., σ), which is intended to represent the
compositional diversity of extrasolar planets at a single
radius value.19 There is a trade-off between these two
sources of scatter as fit by the hierarchical model. When
the measurement uncertainty is large, then more of the
error contours intersect with the mean mass-radius relation, and there is no need for any astrophysical scatter — the observed variation around the power law can
be completely explained by measurement uncertainty,
as is the case for these preliminary results. However,
as the mass measurement uncertainty shrinks as we acquire more data — even if the error contours shrink
toward their current means — then fewer of the planets’ error contours intersect with the mean power law,
and measurement uncertainty may not be enough to explain the observed dispersion. This is when the intrinsic/astrophysical scatter term, σ, starts to be nonzero
19 In truth, σ includes this astrophysical diversity plus the
sources of measurement uncertainty/systematic error that are not
accurately captured in the reported mass measurement error bar.
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and thus qualitatively different from our current results,
a situation which may or may not arise at the end of the
survey.
Our hierarchical Bayesian modeling also does not account for biases introduced in the original vetting and reporting of the TOIs by the TESS team, which are likely
sector-dependent and will affect our sample. We apply
our selection function only to those TOIs announced by
the TESS project and use only their reported parameters
in the ranking process; we do not include any community TOIs in our parent sample. As discussed in §2.1.3,
explicitly incorporating a selection function is particularly important for occurrence rate studies that aim to
extract underlying frequencies of planets with different
compositions. While occurrence rate studies are a natural extension of this work, they require understanding
the completeness and reliability of the TESS detections,
which is outside the scope of this paper. Instead, the primary utility of the selection function for the population
results presented here is simply ensuring – in a way that
is easy to reproduce – that we are measuring masses of
a wide variety of sub-Neptune-sized planets and eliminating some of the more pernicious publication biases
present in the current exoplanet mass, radius dataset
collated from the literature.
Finally, our sample has a limited radius range and
has fewer planets toward the sub-Neptune regime. As
described in §6.1, this limits the predictive power of our
M-R relation above ∼2.2 R⊕ . We will monitor this effect
as we add more RV data and planets to our sample, but
note that it should not significantly impact our ability
to address the science questions motivating the survey,
which our selection metric was designed to address.
6.4. Future Work
The full results and interpretation of the MTS will
come in future analyses. The preliminary masses and
densities presented here will likely change and/or become more precise as we continue the MTS and add
to our RV data quantity and time baseline, which will
affect our mass-radius model and inferences about the
planet compositions. We will also add TOIs to our sample to reach our stated goal of 30 Rp 6 3 R⊕ planet mass
measurements.
In this work we have not started to explore how the
planet densities depend on the three parameters listed
in §1.3 – insolation flux, host star composition, and system architecture. Given the lack of intrinsic scatter in
our preliminary measurements (§5), adding an insolation flux dependence is not yet warranted. Also given the
current varying quantities and baseline of our RV data,
we leave to our end-of-survey paper an examination of

the residuals of our RV fits and searches for long term
trends that might be indicative of non-transiting/longerperiod planet companions. Finally, host star compositions will be investigated in the future via a uniform
analysis (using an equivalent width, line-by-line differential approach, similar to Teske et al. 2019) of our highresolution, high-signal-to-noise, iodine-free PFS template spectra to measure a suite of elemental abundances
(O, C, Si, Mg, Ni, Ti, etc.). These could be used jointly
with the planet masses and radii to help break degeneracies in the bulk composition and constrain the planetary refractory content (e.g., Dorn et al. 2015, however
see also Plotnykov & Valencia 2020 for evidence calling
this assumption into question).
There are areas of improvement for the hierarchical
model implemented in this paper. In particular, we plan
to:
1. Test the dependence of the M-R relation on other
planetary and stellar properties, once/if a nonzero
σ indicates that the dataset contains astrophysical
scatter whose origins can be explored.
2. Model the planet transit depth and RV semiamplitude uncertainty separately from the stellar parameter uncertainties, instead of combining
measurement uncertainty of the planet and star
parameters into the masses and radii that are inputted into the hierarchical model. This will allow us to account for correlated errors between the
stellar masses and radii, and therefore the planet
masses and radii.
3. Assess the impact of different assumptions for
the underlying mass-radius relation. Ning et al.
(2018) relaxed the assumption of the power-law
for the entire Kepler sample and found that it
still described well the M-R relationship for planets < 5R⊕ , which spans the entire MTS sample.
That said, there have been a number of studies
since Wolfgang et al. (2016), from which we draw
heavily here, which have improved on this early
M-R model. As the survey grows, we intend to
incorporate some of these improvements, most notably those in Neil & Rogers (2020), to provide
closer comparisons with the state of the art in MR modeling.
Looking beyond just planet bulk density, a natural extension of the MTS is a campaign to collect atmospheric
observations of our targets with JWST. All of the TOIs
in our sample orbit bright, slowly rotating stars that
are mostly “well behaved” (not very jittery), and fall in
a parameter space of atmospheric studies that remain
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virtually unexplored. The planets in our sample span a
wide range of densities and equilibrium temperatures,
and could host a variety of primary or secondary (outgassed) atmospheres measurable by JWST. As seen in
Figure 10, based on our preliminary results, many of
our targets could straddle the RTR, so we may only
be able to know their volatile fraction through atmospheric observations. All of the planets in our sample
have mass constraints (albeit some only upper limits,
which will improve with more time and data), which
Batalha et al. (2019) showed is an important ingredient for accurately and precisely interpreting atmosphere
transmission observations. If the targets for a future atmospheric composition survey were also selected from
MTS with a quantitative metric, this would provide a
natural framework for a population-level inference study
of small exoplanet atmosphere. Indeed, several of the
TOIs in this MTS Year 1.5 paper will be observed in
the first year of JWST operations – 134.01, 175.01 &
.02, 260.01, 402.01 & .02, 455.01, 562.01, 836.01 & .02
(see proposals GO 2512 from Batalha et al. 2021, GO
1981 from Stevenson et al. 2021, GO 2708 from BertaThompson et al. 2021, and GTO 1224 from Birkmann
et al. 2017).
7. SUMMARY

Here we introduce the Magellan-TESS Survey, designed to broadly explore whether super-Earths and subNeptunes have similar or divergent formation pathways
by searching for trends between planet density and insolation flux, host star composition, and the presence of
additional planets. The MTS was conceived as a threeyear survey with the Planet Finder Spectrograph on
Magellan II to measure the RV masses of 30 Rp 6 3R⊕
transiting planets detected by TESS in its first year
scanning the southern hemisphere. In this work representing approximately the mid-point of our survey, we
detail the survey motivation and structure, including
target selection and the RV observation strategy. Most
of the 27 TOIs presented here have already been validated in separate papers, but some of them are still
planet candidates; we provide a summary of what was
known about all the TOIs in our sample prior to this
work in Appendix A.
The main contributions from this paper are as follows:
• We uniformly measure the transit depths of our
targets from the TESS light curves and combine
these with the TICv8 stellar radii to derive planet
radii (§3 and Table 3).
• We systematically test how well increasingly complex radial velocity models fit our MTS PFS data,
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and report the best fits from both RadVel and
juliet, which have different approaches to posterior sampling and determining “goodness of fit”.
The best fit values are then combined with TICv8
stellar masses to derive planet masses (§4 and Table 6).
• We analyze the Rp and Mp measurements computed in this work with a single power law hierarchical Bayesian model of the mass-radius relation
that, for the first time, is based on quantitative
target selection and an observational decision tree
designed to decrease bias (§5).
• Our preliminary empirical mass-radius relation
(e.g., Figure 5) shows two noteworthy differences
versus prior works: (1) the power law constant C
is close to 1, meaning the relation passes through
1 R⊕ , 1 M⊕ without anchoring to solar system
bodies and potentially indicating our survey strategy has mitigated some previous bias; and (2) the
intrinsic scatter parameter σ closely follows the
prior distribution (which peaks at zero) (Figure 3).
The second point likely reflects our smaller sample size and still-large measurement uncertainties,
but may indicate that the non-zero σ in previously
published mass-radius relations was driven by differences in RV observation decisions rather than
by astrophysical diversity. We will assess these differences further once our survey is complete.
• We also explore a continuous broken power law
mass-radius relation (§5.4 and Figure 8) and find
it closely follows the single power law at small radii
and is consistent at ∼ 1σ at large radii. This indicates that there is little evidence for more than
one population in this mid-survey dataset.
• We compare our Rp and Mp values to curves representing specific planetary compositions to estimate the compositional diversity in our sample
(§6.2 and Figure 10).
The Rp and especially Mp results in this paper are
preliminary and will likely change as we add more RV
data in the second half of our survey, and/or add TESS
transits from the Extended Mission; for a full discussion
see §6.3 and §6.4. Thus the reader is advised to avoid
over-interpreting or relying very heavily on our HBM
mass-radius relation and the comparison of our measurements to composition curves. Sharing a preliminary
data release and analysis prior to survey completion is
not the “norm” in the radial velocity community, but
given the population-level goals of this survey, we have
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decided that there is utility in producing a record of how
our results can evolve as more data are added. Instead
of final masses or a final mass-radius relation, the goal
of this paper is to detail the framework and process of
MTS, and demonstrate that it is possible to design and
conduct an RV survey of transiting planets that allows
for robust population inference. This type of approach
may become increasingly necessary as we move deeper
into the era of exoplanet characterization, especially in
the small planet regime where observational constraints
on both masses and atmospheres are more technically
challenging and expensive.
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APPENDIX
A. SUMMARY OF PRIOR KNOWLEDGE OF INDIVIDUAL SYSTEMS IN MTS

For TOIs with no previously published validation, we briefly summarize the ground-based photometric follow-up
observations in Table 7 that have been made by the TFOP SG1 using the facilities listed in Table 8. These observations
attempt to rule out false positives from neighboring stars that may be blended with the target in the TESS data.
A.1. TOI-134.01
L 168-9 b (TOI-134.01) is a 1.39±0.09 R⊕ planet in a 1.4-d orbit around a bright (V = 11, d = 25 pc) M1 host star,
detected by TESS in Sector 1 and published by Astudillo-Defru et al. (2020). The authors measured the mass of the
planet using HARPS and PFS RV observations to be 4.60±0.56 M⊕ , and put an upper limit on the orbital eccentricity
of 0.21 (95% confidence). Using additional photometry of L 168-9 from WASP collected between 2010 and 2014, the
authors measured the rotation period (Prot ) of the star using a Gaussian process regression model with a quasi-periodic
covariance kernel to be 29.8±1.3 days. A similar Gaussian process component was included in the author’s model of
the RV data, with PRV = Prot . The mass and radius of TOI-134.01 make it one of the densest planets above 4 M⊕ ,
and it is one of the top rocky planet targets for emission spectroscopy with JWST.
A.2. TOI-141.01
HD 213885 b (TOI-141.01) is an ultrashort 1.008-d period, 1.75±0.05 R⊕ planet detected in TESS Sector 1 around
a bright V = 7.9 (d=48 pc) G dwarf slightly hotter than the Sun, and published by Espinoza et al. (2020). The authors
measured the planet’s mass as 8.8±0.6 M⊕ using radial velocity observations from FEROS, HARPS, and CORALIE.
The authors also searched for additional Keplerian signals in the RV data, and found their modeling to strongly favor a
two-planet model, with a second planet (HD 213885 c or TOI-141c) with a period of 4.785 days and a semi-amplitude
−1
+1.38
of 7.26+0.48
−0.47 m s , translating to a minimum mass of 19.95−1.36 M⊕ (assuming M∗ of 1.068 M from their own stellar
parameter analysis). Both planets’ orbits were fit assuming e = 0, although the authors give 95% upper confidence
interval limits on the eccentricities of 0.24 and 0.16 for the short and long period planets, respectively. The authors
searched for transits of TOI-141c in the TESS data but did not find evidence of this. The authors also found the model
that was favored (highest evidence) included a Gaussian process component with a squared-exponential kernel to model
correlated noise in the RV data. Overall, TOI-141.01 presents an interesting prospect for atmospheric characterization
– the star is the second brightest known to host an USP exoplanet, and the planet is a very close “twin” to the
well-known USP super-Earth 55 Cancri e.
A.3. TOI-144.01
related noise model. Given the slightly different stellar
masses derived by the different authors (1.094±0.039
HD 39091 c (π Men c, TOI-144.01) is a ∼2 R⊕ planet
M by Huang et al. 2018 and 1.02±0.03 by M Ganorbiting a naked-eye (V = 5.65, d = 18.27 pc) star in a
dolfi et al. 2018), the derived masses for HD 39091 c
6.27 day orbit. The planet was detected in TESS Secwere 4.82+0.84
−0.86 and 4.52±0.81 M⊕ , respectively. An uptor 1 data, and was the first published TESS planet
dated
analysis
incorporating new TESS observations,
(Huang et al. 2018; Gandolfi et al. 2018); the G0V star
previously-unreleased
CORALIE RV observations, and
was also previously revealed with RV observations to
new
VLT/ESPRESSO
radial velocity observations (with
host a long-period, eccentric sub-stellar companion (HD
typical nightly binned uncertainties of 10 cm s−1 ) result
39091 b, Jones et al. 2002). The authors of both papers
in a K value for HD 39091 c of 1.5±0.2 m s−1 , again usused archival RV data from the Anglo-Australian Teleing a white noise model and assuming e = 0 (Damasso
scope (AAT) University College London Echelle Specet al. 2020). The author’s analysis of their ESPRESSO
trograph (UCLES) and HARPS (both pre- and postspectra result in a derived M∗ = 1.07 ± 0.04 M and
fiber upgrade) to derive the mass of the inner TESSMp = 4.3 ± 0.7 M⊕ . Both Damasso et al. (2020) and
detected planet, finding that the 6.27-d period signal
Xuan
& Wyatt (2020) find evidence for a large mutual
was fit with an RV semi-amplitude K of 1.55±0.27
inclination
between HD 39091 b and c by combining
+0.26
−1
(Huang et al. 2018) and 1.58−0.28 m s (Gandolfi et al.
the
RVs
with
astrometry from Hipparcos and Gaia DR2,
2018). Both papers fixed the orbital eccentricity of HD
suggestive of a significant dynamical evolution history in
39091 c to 0, and included separate systemic velocthe system.
ity and white noise (jitter) terms for the three data
sets (UCLES, HARPS-pre, HARPS-post), but no cor-
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Table 7. TFOP SG1 Photometric Observations
TOI

TIC

Telescope

Date

Filter

174.01

425997655

IRSF/Sirius
LCO 1m
LCO 0.4m
iTel. T17
LCO 1m
LCO 1m

2018-11-08
2018-12-14
2019-01-18
2019-01-18
2019-10-28
2019-12-20

JHKs
i0
i0
clear
zs
zs

174.02

425997655

LCO 1m

2018-11-07

r0

260.01

37749396

LCO 1m
LCO 1m

2019-08-19
2020-10-10

y
zs

784.01

460984940

LCO 1m

2020-02-26

zs

440887364

MEarth-South
NGTS
LCO 1m
LCO 1m
PEST
LCO 1m

2019-07-04
2019-08-15
2020-02-29
2020-04-12
2020-04-29
2020-05-16

RG715
NGTS[1]
y
zs
Rc
zs

440887364

MEarth-South
LCO 1m
LCO 1m
LCO 1m
LCO 1m
LCO 1m
LCO 1m
LCO 1m
LCO 1m

2019-07-04
2019-07-04
2020-03-08
2020-03-20
2020-05-04
2020-05-15
2020-05-19
2020-06-15
2020-07-08

RG715
i0
y
y
zs
zs
zs
zs
zs

836.01

836.02

[1] The custom NGTS filter covers 520–890 nm.

Table 8. Facilities used for TFOP SG1 followup
Facility or Instrument

Location

Aperture
(m)

CTIO / MEarth-South
iTelescope T17
IRSF/Sirius
LCOGT 0.4m
LCOGT 1m
NGTS
Perth Exoplanet Survey Tel. (PEST)

La Serena, Chile
Siding Spring, Australia
Sutherland, South Africa
(various)
(various)
Paranal, Chile
Perth, Australia

0.4
0.43
1.4
0.4
1
0.2
0.3

Pixel scale

FOV

(arcsec)

(arcmin)

0.84
0.92
0.45
0.57
0.39
4.97
1.2

29 × 29
15.5 × 15.5
7.7 × 7.7
29.2 × 19.5
26.5 × 26.5
170 × 170
31 × 21
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The brightness of the host star makes HD 39091 c still
one of the best small planet atmospheric targets (not accounting for saturation issues), despite the larger size of
the host star relative to other planets with predicted
strong atmospheric signals. In addition, given the differences in stellar activity over time between G and M
dwarfs, the atmospheric properties of the planet could be
different from similar planets around lower mass stars;
the planet also sits near the radius gap of small, close-in
planets (Fulton et al. 2017; Van Eylen et al. 2018) so
could have an atmosphere in transition. García Muñoz
et al. (2020) used HST/STIS HI Lyα observations to
search for hydrogen from photodissociating H2 or H2 O,
but could only place an upper limit. García Muñoz et al.
(2020) and later Shaikhislamov et al. (2020) suggest
that this non-detection could be due to a high meanmolecular weight (heavier than H) atmosphere in HD
39091 c.

A.4. TOI-174.01, 174.02, & 174.03
HD 23472 (TOI-174) is a fairly bright (V = 9.7, d =
39.08 pc Gaia Collab. et al. 2018) mid-K dwarf of somewhat low [Fe/H] (∼ −0.2, Sousa et al. 2011), around
which TESS detected multiple planet candidates in sectors 1-4: TOI-174.01 with Rp = 1.89 R⊕ and P = 17.67
d, TOI-174.02 with Rp = 1.73R⊕ and P = 29.80 d, TOI174.03 with Rp = 1.25 R⊕ and P = 12.61 d, and TOI174.04 with Rp = 0.93 R⊕ and P = 3.98 d. We do not
detect the latter TOI in our TESS light curve analysis
(§3), so it is not considered in our ranking. Trifonov et al.
(2019) reprocessed 14 archival HARPS RVs, taken between February 2004 and February 2013, with the SpEctrum Radial Velocity AnaLyser (SERVAL, Zechmeister
et al. 2018) pipeline and modeled the first two TOI174 planets. The authors included the planet periods
and phases as free parameters in their modeling to allow
for small deviations of the orbit over the 14 year span
of RV observations. Indeed, they find the exact period
estimates from TESS give a poor fit, but also caution
that the small amount of RV makes it challenging to
derive firm constraints on the planet masses. Nonetheless, they report K values (assuming circular orbits) of
+0.67
−1
5.33−4.20
m s−1 and 4.29+0.26
for TOI-174.01 and
−3.44 m s
174.02, respectively, resulting in masses of 17.92+1.41
−14.00
+0.04
and 17.18+1.07
−13.77 M⊕ assuming M∗ = 0.75−0.03 M . No
further papers validating the TOI-174 planet candidates
as true planets have been published, although there is
a paper in preparation (Burt et al.). TFOP SG1 photometry at the TESS ephemeris timing of TOI-174.01
and TOI-174.02 (Table 7) rules out all neighboring stars
bright enough to cause the transit seen in the TESS

data; one observation of TOI-174.01 shows a tentative
on-source detection of a ∼0.6 ppt transit.
A.5. TOI-175.01 & 175.02
L 98-59 (TOI-174) is a nearby M3 dwarf (V = 11.685,
d = 10.6 pc) around which TESS first detected three
small planet candidates in Sector 2 (and subsequently
observed in sectors 5, 8, & 9-12): TOI-175.01 with a period of 3.69 d and a radius of 1.375 R⊕ , TOI-175.02 with
a period 7.45 d and a radius of 1.476 R⊕ , and TOI-175.03
with a period of 2.25 d and a radius of 0.861 R⊕ . Given
the small expected signal K of TOI-175.03, it is not
highly-ranked by our metric and thus not included in our
sample. Kostov et al. (2019) presented the discovery of
the system via a thorough analysis of the TESS photometry and extensive suite of follow-up observations to confirm the host star and planet properties of this TOI. Following that work, Cloutier et al. (2019) set out to measure the masses of the planets and acquired 164 HARPS
spectra of L 98-59 between October 2018 and April 2019.
They used a semi-parametric Gaussian process (GP) regression model (with a quasi-periodic kernel) of the RV
stellar activity, as measured through Hα, and simultaneously modeled the activity and RV planetary signals.
The authors only detect the outer two planets with robust K > 0 m s−1 values, with K = 2.21 ± 0.28 m s−1 for
the 3.69 d planet and K = 1.67 ± 0.31 m s−1 for the 7.45
d planet; the inner-most planet at 2.25 d has a K upper limits of 1.06 m s−1 . Assuming a M∗ = 0.312 ± 0.031,
+0.46
this results in mass derivations of 2.42+0.35
−0.34 , 2.31−0.45 ,
and < 1.01 M⊕ for TOI-175.01, .02, and .03, respectively. The authors also constrain the planet’s orbital
eccentricity values through a stability analysis to be
<0.19, <0.31, and <0.53 for TOI-175.01, .02, and 0.03,
respectively. This analysis confirms the TOI-175 system
is similar to other compact systems with low eccentricities. Overall, TOI-175 is an interesting laboratory for
studying terrestrial planets with the host star parameters held constant and is a prime target for transmission
spectroscopy with JWST (TSM values between ∼15 and
210; Cloutier et al. 2019).
A.6. TOI-186.01
HD 21749 b (TOI-186.01) is a 2.85±0.2 R⊕ planet orbiting at 35 days around a bright (V = 8.1) K dwarf
detected by TESS in sectors 2, 3, and 4 (Gan et al.
2021). The planet was originally alerted as a singletransit candidate. The first publication of this planet
was by Trifonov et al. (2019), who used archival RV
data from HARPS to “Doppler validate” the planet,
finding a period of 35.6 d, a moderately eccentric orbit
with e = 0.33, and K = 7.6 m s−1 , resulting in a derived
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+0.03
planet mass of 30.63+2.63
−2.67 M⊕ (assuming M∗ = 0.76−0.02
M ). Dragomir et al. (2019) were the first to present an
analysis of the TESS data on this system. After being
alerted to the single transit in sector 2, the authors analyzed archival HARPS RVs of the star, which showed
a clear signal at 35.57 days. Additional TESS observations in sectors 3 and 4 confirmed the RV signal was indeed TOI-186.01. Furthermore, the fully-combined (sectors 1-4) TESS observations revealed a second planet
candidate with a period of 7.9 days (TOI-186.02) and
+0.064
a radius of 0.892−0.058
R⊕ . Dragomir et al. (2019) combined the archival HARPS RVs with archival and new
PFS RVs (sporadic cadence from January 2010 to October 2018, and then high cadence in December 2018)
−1
to measure K = 1.51+0.41
for HD 21749 b, re−0.33 m s
sulting in a derived mass Mp = 22.7+2.2
−1.9 M⊕ (assuming
M∗ = 0.73 ± 0.07 M ). The authors used a white noise
model (jitter term) only for the RVs. They were also able
to put an upper limit on the mass of HD 21749 c of 3.70
M⊕ (from K < 1.43 m s−1 ).
However, HD 21749 is a particularly challenging system because the TESS photometry as well as KELT
photometry (published in Dragomir et al. 2019) indicate a stellar rotation period at almost the same value
as the outer planet’s orbit period. Stellar activity like
that manifesting as stellar rotation signals can induce
RV variations that interfere with precise planet mass
measurements. This motivated Gan et al. (2021) to reanalyze the observations included in Dragomir et al., and
also 53 new PFS RV epochs and new Evryscope-South
photometry, to determine to what extent the stellar rotation signal from HD 21749 was influencing the derived
planet masses. The authors incorporated a Gaussian
process in their model to fit the RV data, with hyperparameter priors informed by the Gaussian process model
(with the same kernel) applied to the TESS photometry.
The GP+Keplerian fit results in K = 4.92 ± 0.66 m s−1
and e = 0.177±0.065, which combined with the assumed
stellar mass of 0.73±0.07 M results in a planet mass
of 20.2±2.7 M⊕ . The authors also updated the radius of
HD 21749 b with the new TICv8 dilution factor, which
was not available at the time Dragomir et al. (2019) was
published.

A.7. TOI-260.01
HIP 1532 (TOI-260) is a nearby (V = 9.9, d = 20.197
pc, Gaia Collab. et al. 2018) early M star observed by
TESS in Sector 3. The TESS SPOC pipeline detected
one transiting planet candidate, TOI-260.01 with Rp =
1.60 R⊕ and P = 13.47 days. This star was monitored as
part of the California Planet Search program and LickCarnegie Exoplanet Survey (Isaacson & Fischer 2010;

Butler et al. 2017), and as part of the Magellan Planet
Search Program (when it was using Magellan II/MIKE
and PFS Arriagada 2011), but no prior planet detections have been published. There has been no publication validating this TOI as a true planet. TFOP SG1
photometric observations (Table 7) have ruled out any
nearby stars bright enough to be the source of the 0.7
ppt transit seen in the TESS data but have not conclusively detected the transit on-source, suggesting that
the SPOC ephemeris may be slightly off. Two papers in
prep further validate this planet, Beard et al. and Lavie
et al.
A.8. TOI-402.01 & 402.02
HD 15337 (TOI-402) was announced as the host of
two transiting planets, TOI-402.01 and .02, in January
2019 based on TESS sector 3 and 4 data. The host star
is a bright (V = 9.1, d = 44.86 pc Gaia Collab. et al.
2018) K1 dwarf star with solar metallicity. The system
was validated in two separate publications, Dumusque
et al. (2019) and Gandolfi et al. (2019), which both
made use of HARPS radial velocity measurements. In
Dumusque et al. (2019), their analysis of the TESS light
+0.062
curves results in radii and periods of Rp = 1.699−0.059
R⊕
+0.106
and P = 4.756 d and Rp = 2.522−0.102 R⊕ and P =
17.178 d for TOI-402.01 and 402.02, respectively, assuming R∗ = 0.839+0.018
−0.016 R . The authors re-reduced 85
HARPS spectra using the latest Data Reduction Software (DRS) that includes a better wavelength solution,
which results in significant differences in the data gathered after the change of HARPS fibers in June 2015.
These authors model the RVs using a Gaussian process
model with a squared exponential kernel to account for
0
stellar activity, after examining the log(RHK
) measurements for the star. Dumusque et al. (2019) find through
their analyses of the HARPS RVs K semi-amplitudes
of 3.1079±0.3515 m s−1 and 2.4819±0.4679 m s−1 for
TOI-402.01 and 402.02, respectively, which translate
into masses of 7.20±0.81 M⊕ and 8.79±1.68 M⊕ , assuming M∗ = 0.851+0.042
−0.034 M . Dumusque et al. (2019)
also find non-zero eccentricities of the planets to be
e1 = 0.17 ± 0.09 and e2 = 0.19 ± 0.10.
Gandolfi et al. (2019) use the same HARPS data but
a slightly different approach to deriving the masses of
the TOI-402 planets. They rely on a joint analysis of
the TESS light curves and RV data, and include in
their RV model a coherent sine-like curve with a period prior constrained by the HARPS FWHM measurements of the cross-correlation function (CCF) and
uniform priors on the phase and amplitude. The authors tested swapping out the coherent signal with a
GP model with a quasi-periodic kernel as described by
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Rajpaul et al. (2015), and found similar results. Gandolfi
−1
et al. (2019) report K semi-amplitudes of 3.08+0.44
−0.41 m s
+0.48
−1
and 2.16−0.45 m s for TOI-402.01 and 402.02, respectively, which translate into masses of 7.51+1.09
−1.01 M⊕ and
+1.82
8.11−1.69 M⊕ , assuming M∗ = 0.90 ± 0.03 M . Gandolfi
et al. (2019) also find a possible non-zero eccentricity of
TOI-402.01, e1 = 0.09 ± 0.05, but that the eccentricity
of TOI-402.02 is consistent with 0, e2 = 0.05+0.06
−0.04 . Their
analysis of the TESS light curves results in radii and
periods of Rp = 1.64 ± 0.06 R⊕ and P = 4.756 d and
Rp = 2.39 ± 0.12 R⊕ and P = 17.178 d for TOI-402.01
and 402.02, respectively, assuming R∗ = 0.856 ± 0.017
R .
The TOI-402 system will be particularly interesting
for further studies of atmospheric composition. Based on
its density and consideration of likely atmospheric evolution in the presence of stellar irradiation, TOI-402.01
should not have a H/He atmosphere, but could have a
secondary atmosphere, whereas the less irradiated TOI402.02 should have a primordial H/He atmosphere (Dumusque et al. 2019). Placing limits on the current atmospheric compositions of these planets will help elucidate their past evolution and will represent comparative
planetology across the radius gap.
A.9. TOI-431.02
HIP 26013 (TOI-431) is a nearby (V = 9.13, ∼32.6 pc
Gaia Collab. et al. 2018) K3 dwarf of moderate activity
(Gray et al. 2006) and solar metallicity (Delgado Mena
et al. 2015) around which TESS detected two transiting planets, TOI-431.01 at Rp = 3.61831 ± 0.230095 R⊕
and P = 12.45941 ± 0.0008 d and TOI-431.02 at Rp =
1.419494 ± 0.697035 R⊕ and P = 0.490058 ± 0.00001 d.
Due to the radius of TOI-431.01, it is not included in our
population analysis but we analyze the entire system for
mass constraints and provide those results here. There
are not yet any publications validating this TOI as a
true planet, but Osborn et al. (submitted) will present
observations that both validate the planets in this system, and provide additional RV data with which they
will derive updated mass estimates.
A.10. TOI-455.01
GJ 3193 b (TOI-455.01, LTT 1445Ab) is 1.38+0.13
−0.12 R⊕
planet orbiting at 5.36 days around one mid-M dwarf
(A) in a hierarchical triple composed of three mid-tolate M dwarfs (B and C also orbit each other) observed
by TESS in Sector 4. The discovery of this system was
published in Winters et al. (2019), and the authors also
presented a detailed characterization of the very nearby
(6.9 pc) host star system using high-resolution astrometry from the Fourth Interferometric Catalog, speckle

imaging data from WIYN/DSSI, high-resolution spectroscopy from FLWO/TRES, along with MEarth and
TESS photometry. This characterization was especially
important in this system in which all three stars were
blended in one 2100 square TESS pixel. Using archival and
new HARPS data, the authors place a 3σ upper limit
on the planet’s mass of 8.4 M⊕ . GJ 3193 b is the nearest
planet known to transit an M dwarf and a prime target
for atmosphere studies due to the relatively large transit
depth (0.2%) and bright host star (V = 11.22, K = 6.50);
the blended BC pair is also a potentially valuable calibration source with the same spectral type as the host
star. Winters et al. (in prep) present an updated analysis
of the system with new RV data from multiple instruments, including the PFS data analyzed in this work,
from which they derive a precise mass measurement for
GJ 3193 b.

A.11. TOI-562.01
GJ 357 b (TOI-562.01) is a 1.217±0.085 R⊕ , 3.93 d
planet orbiting a nearby (d = 9.4 pc) M2.5V star, detected by TESS in Sector 8 and published by Luque et al.
(2019). The authors combined RV data from HIRES,
HARPS, PFS, and CARMENES to measure the mass
of the planet to be 1.84±0.31 M⊕ . They also performed
a search via generalized Lomb-Scargle peridogram and
found significant evidence for additional Keplerian signals, which they tested with more extensive modeling
of the RVs. The model that best explains the data has
three planets at 3.93, 9.1, and 55.7 days, and a Gaussian process component for correlated noise (using an
exponential kernel). The minimum masses of the two
outer planets are 3.40±0.45 M⊕ (9.1 days, GJ 357 c)
and 6.1±1.0 M⊕ (55.7 days; GJ 357 d), and they do not
show transits in the TESS data. The authors further
ruled out possible transits of GJ 357 c by comparing a
transiting vs. non-transiting model for the planet, finding the non-transiting model preferred. However, based
on the predicted transit epoch from the RV fits, in its
28-day observing window TESS would have missed the
transit of GJ 357 d. The a priori transit probability of
GJ 357 d is only 0.8%, but the authors note that further RVs could improve the transit predictions and allow for a more precise transit search. The authors were
also able to determine the host star’s rotation period
Prot = 77.8+2.1
−2.0 by fitting photometry from ASAS, NSVS,
ASAS-SN, and WASP with a quasi-periodic Gaussian
process model. Overall, GJ 357 b is one of the best targets for atmospheric characterization with both JWST
and ground-based ELTs.
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A.12. TOI-652.01

HD 86226 c (TOI-652.01) is a short-period subNeptune planet orbiting a bright (V = 7.9) solar-type
host star detected by TESS in Sector 9, and published by
Teske et al. (2020). From the TESS data, the authors derived a radius Rp = 2.16 ± 0.08 R⊕ and period P = 3.98
days for HD 86226 c. From CORALIE, MIKE, and PFS
RV data the authors derived a mass for HD 86226 c of
Mp = 7.25+1.19
−1.12 M⊕ , and fit for e but found it consistent
with zero (e = 0.075+0.065
−0.048 ). The MIKE and most of the
CORALIE RV observations were used previously to detect a long-period, eccentric giant planet (HD 86226 b;
Arriagada et al. 2010; Marmier et al. 2013), the parameters of which Teske et al. updated to Mp sini = 0.45+0.04
−0.05
+0.062
MJup , P = 1628+22
−21 , and e = 0.059−0.039 , decreasing both
the mass and eccentricity significantly from Marmier et
al. HD 86226 c fits the prediction of Zhu & Wu (2018)
and Bryan et al. (2019) that long-period giant planets
are very likely to have short-period small planet companions, and its location close to but not within the
hot Neptune desert makes it an interesting target for
better understanding the processes that influence small
exoplanet sizes.
A.13. TOI-784.01
HD 307842 is a V = 9.33 solar-type mid-G star observed by TESS in Sectors 10 and 11. The TESS SPOC
pipeline detected one transiting planet candidate, TOI784.01 with Rp = 1.86 R⊕ and P = 2.80 days. There
have been no publications validating this TOI as a true
planet. TFOP SG1 photometry (Table 7) rules out all
neighboring stars bright enough to cause the transit seen
in the TESS data and shows a tentative on-source detection of the 0.4 ppt transit.
A.14. TOI-836.01 & 836.02
HIP 73427 (TOI-836) is a fairly bright (V = 9.9,
d = 27.5 pc, Gaia Collab. et al. 2018) late K dwarf
star observed by TESS in Sector 11. The TESS SPOC
pipeline (Jenkins et al. 2016) detected two transiting
planet candidates, TOI-836.01 with Rp = 2.52 R⊕ and
P = 8.59 days and TOI-836.02 with Rp = 1.76 R⊕ and
P = 3.81 days. This star was monitored as part of the
California Planet Search program and Lick-Carnegie Exoplanet Survey (Isaacson & Fischer 2010; Butler et al.
2017), and as part of the Magellan Planet Search Program (when it was using Magellan II/MIKE; Arriagada
2011), but no prior planet detections have been published. There have been no publications validating these
TOIs as true planets. TFOP SG1 photometric observations (Table 7) have ruled out blends from neighboring
stars as the source of the TESS transit signal. Transits

of both TOIs have been detected in SG1 observations in
multiple bands. There are some suggestions of TTVs in
the SG1 data.
A.15. TOI-1233.01, 1233.03, & 1233.04
HD 108236 (TOI-1233) hosts four exoplanets detected by TESS in sectors 10 and 11, with periods
of 3.8, 6.2, 14.2, and 19.6 days and radii of 1.586±0.098,
+0.13
2.068+0.10
−0.091 , 2.72±0.11, and 3.12−0.12 R⊕ , respectively
(Daylan et al. 2020). The TOIs were detected in a
different order from their periods – TOI-1233.04 is
a 3.8 days, TOI-1233.03 is at 6.2 days, TOI-1233.01
is at 14.2 days, and finally TOI-1233.02 is at 19.6
days. Daylan et al. (2020) validated the planets using
photmetry from TESS, LCOGT, MEarth-South, and
WASP; reconnaissance spectroscopy from LCO/NRES
and SMARTS/CHIRON; high-resolution speckle imaging from SOAR/HRCAM and Gemini/Zorro; and a
subset of the precision RV data from PFS that is presented here. A fifth planet was detected by CHEOPS
high-precision photometric observations; from a combined analysis of CHEOP and TESS data, Bonfanti
et al. (2021) report that this planet (TOI-1233.05) has
+0.052
a period of 29.5 days and a radius of 2.017−0.057
R⊕ .
The authors also update the radii of the previouslydetected planets (.01 - .04) to be 2.539+0.062
−0.065 , 3.083±
0.052, 2.017±0.052, and 1.615±0.051, respectively. HD
108236 is a bright (V= 9.2, d = 64 pc), Sun-like star
(R∗ = 0.888 ± 0.017 R , Teff = 5730 ± 50 K; Daylan
et al. 2020), and the third system brighter than V = 10
to host more than four transiting planets. While the
system does consist of closely-packed planets, none of
them are in or near a strong mean motion resonance,
however non-resonant (chopping) TTVs are feasible and
could be used to measure the masses of these planets.
No other papers have been published on the TOI-1233
system, so this work presents the first planet mass measurements. Overall, TOI-1233 stands out as one of the
highest-multiplicity TESS systems yet detected, offering a controlled experiment for studying small planet
evolution.
B. TESS LIGHT CURVE DETRENDS

Fig. Set 11. TESS SAP, PDCSAP and detreded PDCSAP light curves of each target.
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Figure 11. The SAP, PDCSAP and detrended PDCSAP light curves of TESS. The best-fit GP model is shown as a red solid
line. The vertical colored ticks represent the expected transits of each planet.
C. TESS LIGHT CURVE FITS

Fig. Set 12. TESS phase-folded curves of each
TOI.
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Figure 12. The phase-folded curve of TOI-134.01. The best-fit transit model is shown as a red solid line. The residuals are
plotted below.
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Figure 13. The best fit RV models (as listed in Table 6) for TOI-134. The left/right column shows the Radvel/juliet results.
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Figure 14. The best fit RV models (as listed in Table 6) for TOI-141. The left/right column shows the Radvel/juliet results.
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Figure 15. The best fit RV models (as listed in Table 6) for TOI-144. The left/right column shows the Radvel/juliet results.
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Figure 16. The best fit RV models (as listed in Table 6) for TOI-174. The left/right column shows the Radvel/juliet results.
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Figure 17. The best fit RV models (as listed in Table 6) for TOI-175. The left/right column shows the Radvel/juliet results.
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Figure 18. The best fit RV models (as listed in Table 6) for TOI-186. The left/right column shows the Radvel/juliet results.
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Figure 19. The best fit RV models (as listed in Table 6) for TOI-260. The left/right column shows the Radvel/juliet results.
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Figure 20. The best fit RV models (as listed in Table 6) for TOI-402. The left/right column shows the Radvel/juliet results.
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Figure 22. The best fit RV models (as listed in Table 6) for TOI-455. The left/right column shows the Radvel/juliet results.
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Figure 23. The best fit RV models (as listed in Table 6) for TOI-562. The left/right column shows the Radvel/juliet results.
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Figure 24. The best fit RV models (as listed in Table 6) for TOI-652. The left/right column shows the Radvel/juliet results.
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Figure 26. The best fit RV models (as listed in Table 6) for TOI-836. The left/right column shows the Radvel/juliet results.
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Figure 27. The best fit RV models (as listed in Table 6) for TOI-1233. The left/right column shows the Radvel/juliet results.
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Figure 28. The best fit Radvel RV model (as listed in Table 6) for TOI-260 including PFS and HIRES data.
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Figure 29. The best fit juliet RV model (as listed in Table 6) for TOI-260 including PFS and HIRES data.
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Figure 30. The best fit RV models (as listed in Table 6) for TOI-836 including PFS, HARPS, and iSHELL data. The left/right
column shows the Radvel/juliet results.
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E. ANCILLARY PARAMETER TABLES
F. TOIS 262, 271, AND 560

Three TOIs – 262, 271 and 560 – were observed under
MTS as they were originally in our target list but later
excluded. TOI-560 was found out to be a fast rotator
with a period shorter than 15 days later in our survey
as more ancillary data become available. A 12-day modulation is detected consistently across four seasons by
WASP (see ExoFOP-TESS). The SAP light curve also
shows a clear rotation signal. The RVs of TOI-560 are
in Table 12, while the RV data of TOI-271 and TOI-262
will be published elsewhere.
TOI-271 was initially ranked higher than 30 but
dropped below our threshold as more TESS targets were
released. In order to start the MTS observations as soon
as possible, we selected 2–3 targets from each sector in
the early days of TESS before Year 1 of the survey was
finished. When new TOIs were released in later sectors,
there were targets with higher merit scores according
to our target selection function and thus TOI-271 fell
below 30 in our ranking.
TOI-262 was initially selected as an MTS target using
the reported period when calculating its ranking merit.
However, since it was only detected with two transit
events in TESS Year 1 data, the reported period was
ambiguous: the signals could be two transits of the same
planet or one transit each of two similarly sized but distinct planets. With the TESS Year 3 data on this target,
we performed a transit fit and determined its period to
indeed be 11.15 days, the same as reported in the Year
1 data release. However, we only select targets based on
the Year 1 data for the purpose of finalizing our target
list as early as possible and also simplifying the completeness assessment in the future. TOI-262 is not a validated target based on the Year 1 data only, and thus
we do not include TOI-262 in our sample. Moreover, in
addition to TOI-262, ignoring the TESS Year 3 data will
eliminate only 2–3 targets that are not fully vetted yet
from our list of top 30 targets.
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Table 9. Median and the 68% credibility of the posterior distribution for additional parameters in the transit fit of each system.
TOI
134.01
141.01
144.01
174.01
174.02
174.03
175.01
175.02
175.03
186.01
186.02
260.01
402.01
402.02
431.01
431.02
455.01
562.01
652.01
784.01
836.01
836.02
1233.01
1233.02
1233.03
1233.04
1233.05

r1
0.7153 ± 0.0506
0.7981 ± 0.0438
0.7361 ± 0.0336
0.7995 ± 0.0196
0.8344 ± 0.0177
0.5021 ± 0.1051
0.6391 ± 0.0133
0.9403 ± 0.0039
0.6998 ± 0.0140
0.7966 ± 0.0281
0.5332 ± 0.1208
0.8285 ± 0.0604
0.5345 ± 0.1135
0.9118 ± 0.0116
0.4287 ± 0.0809
0.5060 ± 0.0783
0.5514 ± 0.0536
0.6800 ± 0.0197
0.7122 ± 0.0486
0.4638 ± 0.1139
0.6251 ± 0.1056
0.6680 ± 0.1269
0.4101 ± 0.0619
0.5459 ± 0.0313
0.3663 ± 0.0314
0.5612 ± 0.0774
0.3459 ± 0.0123

r2
0.0224 ± 0.0010
0.0144 ± 0.0004
0.0163 ± 0.0003
0.0273 ± 0.0008
0.0260 ± 0.0010
0.0161 ± 0.0007
0.0402 ± 0.0004
0.0447 ± 0.0009
0.0250 ± 0.0004
0.0382 ± 0.0008
0.0141 ± 0.0005
0.0261 ± 0.0017
0.0182 ± 0.0006
0.0268 ± 0.0011
0.0410 ± 0.0005
0.0161 ± 0.0003
0.0442 ± 0.0013
0.0328 ± 0.0008
0.0186 ± 0.0005
0.0196 ± 0.0006
0.0333 ± 0.0013
0.0240 ± 0.0014
0.0280 ± 0.0005
0.0305 ± 0.0006
0.0211 ± 0.0005
0.0166 ± 0.0006
0.0181 ± 0.0008

q1
0.52 ± 0.29
0.19 ± 0.21
0.36 ± 0.14
0.72 ± 0.18

q2
0.46 ± 0.31
0.45 ± 0.30
0.22 ± 0.15
0.60 ± 0.23

ρ? (kg m−3 )
3894 ± 194
1047 ± 188
1075 ± 201
2849 ± 213

MTESS (ppm)
0.07 ± 5.33
−0.17 ± 1.92
−0.40 ± 0.57
−0.67 ± 1.86

σTESS (ppm)
0.19 ± 0.10
35.16 ± 13.26
156.33 ± 0.47
89.63 ± 8.58

0.23 ± 0.14

0.39 ± 0.31

13306 ± 262

−0.67 ± 1.86

89.63 ± 8.58

0.35 ± 0.12

0.70 ± 0.32

3794 ± 614

0.57 ± 1.29

166.66 ± 1.33

0.54 ± 0.32
0.19 ± 0.11

0.45 ± 0.32
0.43 ± 0.28

4063 ± 1239
2298 ± 376

0.63 ± 3.97
1.00 ± 2.53

0.01 ± 0.01
108.55 ± 7.42

0.46 ± 0.24

0.28 ± 0.23

3134 ± 219

−0.47 ± 2.32

96.46 ± 6.78

0.40 ± 0.33
0.24 ± 0.14
0.32 ± 0.17
0.19 ± 0.11
0.58 ± 0.22

0.29 ± 0.19
0.31 ± 0.21
0.37 ± 0.25
0.48 ± 0.31
0.56 ± 0.25

16743 ± 134
10463 ± 295
1446 ± 243
1720 ± 239
3553 ± 727

−0.23 ± 8.52
1.28 ± 4.84
−0.39 ± 2.43
0.22 ± 3.37
0.52 ± 5.16

714.94 ± 9.13
0.22 ± 0.22
126.18 ± 4.12
130.78 ± 11.64
0.01 ± 1.14

0.22 ± 0.04

0.44 ± 0.04

2475 ± 108

−0.78 ± 2.82

160.04 ± 7.03

P
d

tc
d

σPFS
m s−1

γ
m s−1

γ̇
γ̈
m s day−1 m s−1 day−2
−1

a Median metric rank > 30.
b Does not constrain the mass-radius relationship.

134.01a
1.401461
2458326.033176 2.99+0.80
0.35+0.82
−0.57
−0.84
141.01
1.008035
2458325.538528 2.08+0.48
0.02
± 0.67 −0.03 ± 0.01
−0.36
+0.073
non-transiting 4.78d
4.7855+0.00097
−0.00098 2458396.749−0.075
planet in TOI-141a
144.01
6.267852
2458519.8068
1.82+0.27
−0.23 −262.54 ± 0.82
+0.51
+1.0
non-transiting 2088d
2088.80−0.50
2458631.4−0.98
planet in TOI-144b
174.01
17.667156
2459226.349919 0.69+0.24
0.40+2.4
−0.29
−2.6
174.02
29.797307
2459234.224619
174.03 (not in final fit)
12.16099
2458335.751351
175.01
3.690638
2458356.203945 1.52+0.63
2.38+0.77
−0.06 ± 0.07
∼0
−0.42
−0.78
175.02
7.450804
2458355.286650
175.03b
2.253089
2458354.906006
186.01
35.61253
2458350.313556 0.00+0.22
0.83+1.59
0.00
−1.76
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2458332.299222
+0.66
+2.9
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0.6−3.4
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−0.73
431.02 (not in final fit)
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planet in TOI-562b
non-transiting 55.96d
55.68+0.54
2458322.7+5.4
−0.57
−4.9
planet in TOI-562b
652.01
3.984627
2458543.254775 2.14+0.31
−4.0+0.73
−0.26
−0.59
non-transiting 1651d
1647 ± 23
2457376+29
−31
planet in TOI-652b
784.01
2.796723
2458570.224864 0.99+0.48
−0.7 ± 0.5
0.66+0.097
0.014 ± 0.032
−0.31
−0.1
+2.8
836.01
8.593935
2458599.763960 0.88+0.78
−0.5
−0.61
−2.5
836.02
3.817155
2458599.992303
1233.01a (not in final fit)
14.175685
2458769.79682
1233.02b
19.590025
2458782.46935
1.9+0.46
3.37+0.91
−0.37
−1.1
1233.03
6.203449
2458770.90586
1233.04
3.795963
2458773.2964
1233.05b
29.541159
2458793.2786

TOI System

0.03+0.16
−0.17

-0.60+0.07
−0.04

−0.17+0.35
−0.36 −0.18 ± 0.35

−0.10+0.27
−0.24

e·cos(ω)

0.13+0.22
−0.27

√

0.69+0.001
−0.001

e·sin(ω)

−0.40+0.004
−0.004

√

Table 10. Ancillary RV Fitting Parameters from RadVel

6.5+11000
× 10−6
−6.5

0.0081+340
−0.0081
0.00027+2.8
−0.00027

101+100
−48
15.1+19.0
−7.5

54+70
−26

∼0

14
2.08+97000
−2.10 × 10

GPC

+14.31
23.08−9.09

26+50
−21

GPB
mm2 s−2

30 ± 21

GPProt
1/day

33+38
−20

58+28
−29
41+37
−26

21+24
−11

33+13
−14
+17.0
30.7−6.5

+29.58
51.95−23.46
20.66+6.84
−6.62

254+180
−220

GPL
1/day
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P
d

tc
d

σPFS
m s−1

0.27+0.85
−0.88

-0.09+1.72
−1.69

3.07+0.95
−0.66

0.23+0.23
−0.15

0.31+0.48
0.69
0.15+0.49
−0.54

e·sin(ω)

0.06±0.16
0.02+0.23
−0.22
-0.04+0.22
−0.23
-0.05±0.21

−0.45+0.91
−0.91
held at 0

−0.11+0.58
−0.52

2458570.224864 2.94+1.0
−0.62
2458599.763960 0.85+0.77
−0.53
2458599.992303
24585571.3375
24585586.5679 2.15+0.54
−0.40
24585572.3950
2458572.1138
2458793.2786
1.32+0.75
−0.79

√
e·cos(ω)

-0.60+0.13
−0.06
0.02±0.21
+0.18
0.01−0.19
0.03+0.20
−0.19

−0.30−0.14
+0.10

0.21+0.45
−0.78

−0.405 ± 0.003 0.694 ± 0.003

√

−0.16+0.23
−0.21

-1.06+0.005
−0.004

γ̇
γ̈
m s−1 day−1 m s−1 day−2

−1.79+0.28
−0.15

+0.72
2.14+0.84
−0.53 −0.09−0.77
1.80+0.39
−0.29 −0.88 ± 0.41

1.81+0.94
−0.52
1.74+0.76
−0.45

4.72+0.78
0.85+0.78
−0.61
−0.80
2.26+0.30
−0.26 −0.31 ± 0.36

0.33+0.19
−0.20

1.34+0.16
−0.14

+8.72
1.78+0.25
−0.20 -0.110−8.63

0.35+0.82
−0.81
-0.07+0.67
−0.68

γ
m s−1

2458543.254774 2.32+0.33
−0.27
2457315+27
−28

2458322+5
−4

2459226.349919
2459234.224619
2458335.751351
2458356.203945
2458355.286650
2458354.906006
2458350.313556
2458332.299222
2458392.294409
2458411.463494
2458414.547596
2458440.63138
2458440.63138
2458438.379781
2458412.708786
2458517.999665
2458314.07 ± 0.42

2458519.8068
2458631+0.85
−0.81

2458326.033176 3.00+0.78
−0.57
2458325.538528 3.04+0.57
−0.46
2458396.635

a Not included in our mass-radius modeling.

134.01
1.401461
141.01
1.007908
non-transiting 4.78d
4.78503
planet in TOI-141a
144.01
6.267852
non-transiting 2088d
2088+0.45
−0.42
planet in TOI-144a
174.01
17.667156
174.02
29.797307
174.03 (not in final fit)
12.16099
175.01
3.690638
175.02
7.450804
175.03a
2.253089
186.01
35.607
186.02
7.78706
260.01
13.470018
402.01
4.755833
402.02
17.2148
431.01 (2pl)a
12.45941
431.01 (1pl)a
12.45941
431.02 (not in final fit)
0.490058
455.01
5.358807
562.01
3.930792
non-transiting 9.12d
9.125 ± 0.002
planet in TOI-562a
non-transiting 55.96d
55.759+0.494
0.539
planet in TOI-562a
652.01
3.984627
non-transiting 1651d
1633 ± 22
planet in TOI-652a
784.01
2.796723
836.01
8.593935
836.02
3.817155
1233.01a (not in final fit)
14.1761
1233.02a
19.5917
1233.03
6.20374
1233.04
3.79519
1233.05a
29.541159

TOI System

Table 11. Ancillary RV Fitting Parameters from juliet
GPC

GPL
1/day

GPProt
1/day

6
4.41+3.43
5669+2443
−2.81 ×10
−2937

4
+3.18
6
+2402
1.65+1.11
−0.92 × 10 4.75−3.02 × 10 5879−2892

5447+2875
−2737

32+16
−15

32+17
−16

+3.12
6
+3049
4.94−3.16
× 106 5.16+3.03
−3.19 × 10 5015−3124 30 ± 18

GPB
mm2 s−2

MTS Mid-Survey
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Table 12. RV data of TOI-560
TOI
560
560
560
560
560
560
...

JD-2450000
(- 2450000)
8591.58957
8591.60409
8592.54942
8592.56387
8593.60634
8593.62062
...

RV
(m/s)
-3.92
-4.24
0.19
0.39
8.27
3.57
...

σRV
(m/s)
0.63
0.6
0.72
0.79
0.69
0.75
...

Note
PFS2
PFS2
PFS2
PFS2
PFS2
PFS2
...

Note—This table is published in its entirety in the machine-readable
format. A portion is shown here for guidance regarding its form and
content.

