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Abstract

The Kepler and TESS missions have demonstrated that planets are ubiquitous. However, the success of these
missions heavily depends on ground-based radial velocity (RV) surveys, which combined with transit photometry
can yield bulk densities and orbital properties. While most Kepler host stars are too faint for detailed follow-up
observations, TESS is detecting planets orbiting nearby bright stars that are more amenable to RV characterization.
Here, we introduce the TESS-Keck Survey (TKS), an RV program using ~100 nights on Keck/HIRES to study
exoplanets identified by TESS. The primary survey aims are investigating the link between stellar properties and
the compositions of small planets; studying how the diversity of system architectures depends on dynamical
configurations or planet multiplicity; identifying prime candidates for atmospheric studies with JWST; and
understanding the role of stellar evolution in shaping planetary systems. We present a fully automated target
selection algorithm, which yielded 103 planets in 86 systems for the final TKS sample. Most TKS hosts are
inactive, solar-like, main-sequence stars (4500 K < T <6000 K) at a wide range of metallicities. The selected
TKS sample contains 71 small planets (R, <4 Rg), 11 systems with multiple transiting candidates, six sub-day-
period planets and three planets that are in or near the habitable zone (Si,. < 10 Sz) of their host star. The target
selection described here will facilitate the comparison of measured planet masses, densities, and eccentricities to
predictions from planet population models. Our target selection software is publicly available and can be adapted
for any survey that requires a balance of multiple science interests within a given telescope allocation.

Unified Astronomy Thesaurus concepts: Surveys (1671); Telescopes (1689); Catalogs (205); Exoplanets (498);

Chontos et al.

Exoplanet catalogs (488); Exoplanet systems (484); Fundamental parameters of stars (555); Observational
astronomy (1145); Photometry (1234); Spectroscopy (1558); Radial velocity (1332); Exoplanet detection

methods (489)

1. Introduction

Measurements of planet sizes in combination with masses,
via the transit and radial velocity (RV) methods, continues to
be the most fruitful synergy for investigating the properties (in
particular the bulk compositions) of exoplanets. Early landmark
discoveries using both transits and RVs included the first rocky
exoplanets, Kepler 10-b (Batalha et al. 2011) and CoRoT-7-b
(Léger et al. 2011), as well as the density transition at 1.5 R,
(Weiss & Marcy 2014), separating primarily rocky planets
from the lower-density, volatile-rich, sub-Neptune-sized pla-
nets (Rogers 2015).

Kepler identified thousands of new transiting candidates
(Borucki et al. 2011a, 2011b; Batalha et al. 2013; Burke et al.
2014; Mullally et al. 2015; Rowe et al. 2015; Coughlin et al.
2016; Thompson et al. 2018), but most targets were faint and
therefore had limited constraints from spectroscopic RV
surveys. Fortunately, this has been mitigated with TESS
(Transiting Exoplanet Survey Satellite; Ricker et al. 2015), a
nearly all-sky survey looking for transiting planets orbiting
bright nearby stars. The first TESS discovery of a rocky super-
Earth orbiting the naked-eye star m Men (Huang et al. 2018)
was a prime example of the type of planet TESS was designed
to detect.

A fundamental goal of exoplanet demographics is to
compare observed populations of exoplanet properties to
population synthesis models in order to inform planet
formation theories (Mordasini 2018). This was accomplished
with Kepler for planet radii (Mulders et al. 2019) and is now
becoming possible for densities with TESS, but the selection
function for RV follow-up is typically much more complex
than for transit surveys. For example, RV surveys frequently
drop stars with rapid rotation or increased stellar activity,
typically on a case-by-case basis, and thus complicate the
estimation of their effects on selection functions.

Large exoplanet surveys such as TESS provide the statistical
insights required to test different formation and evolution
theories to observed planet distributions, but the comparison
hinges on the ability to understand and correct for RV survey

selection biases. Therefore, a critical ingredient for the
realization of these surveys is understanding the process by
which targets were initially selected. Indeed, recent ground-
based TESS follow-up programs such as the Magellan-TESS
Survey (MTS; Teske et al. 2021) have begun to describe target
selection functions, providing a pathway to properly correct for
survey biases or incompleteness.

Here, we introduce the TESS-Keck Survey (TKS), a
collaboration between the California Institute of Technology,
the University of California (Berkeley, Irvine, Los Angeles,
Riverside, Santa Cruz), the University of Hawai’i, the
University of Kansas, NASA, the NASA Exoplanet Science
Institute, and the W. M. Keck Observatory. The survey is being
conducted using the High-Resolution Spectrograph (HIRES),
which is mounted on the Keck I telescope at the W. M. Keck
Observatory on the summit of Maunakea in Hawai’i. Building
on the legacies of Kepler and K2, TKS will leverage the new
population of transiting planets orbiting nearby, bright stars to
address major outstanding questions in exoplanet astronomy.
We discuss the detailed vetting and target selection steps taken
to converge on a definitive target list, including a fully
automated target selection algorithm. We conclude by present-
ing our complete target sample and summarizing some of the
general population characteristics.

2. Survey Description
2.1. TKS Science

TKS is structured around several science goals related to the
compositions, architectures, and atmospheres of exoplanets
(see Table 1). The following subsections provide a brief review
of the science motivations for the survey.

2.1.1. Bulk Compositions

One of the most significant exoplanet discoveries by Kepler
was the prevalence of planets between the sizes of Earth and
Neptune (Howard et al. 2012; Fressin et al. 2013; Petigura et al.
2013). More recently, refined radius measurements identified a
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Table 1
TESS-Keck Survey Science Summary
Theme Science Case ID* Description
Bulk Compositions Planet Radius Gap 1A Probing compositions across the planet radius gap to constrain the physical mechanism(s)
causing the bimodal radius distribution
Stellar Flux and Gaseous 1B Analyzing the diversity of gaseous envelopes and their dependence on properties like
Envelopes stellar mass, insolation flux, activity level, and other properties
Ultra-short-period Planets 1C Using ultra-short-period planet compositions as a window into the refractory cores of
small planets
Habitable Zone Planets 1D Identifying and characterizing planets orbiting in the habitable zones of their host star
Planet—Star Correlations 1E Exploring dependencies of bulk planet properties with different stellar properties like M,,
[Fe/H], age, etc.
Architectures and Dynamics Distant Giants 2A  Understanding the occurrence and connection between close-in small planets and distant
giant planets
Eccentricities 2Bi  Characterizing the eccentricities of sub-Jovian planets, to elucidate the possible formation
and/or evolution pathways for dynamically hot planets
Obliquities 2Bii Measuring spin—orbit (mis)alignments in previously unexplored regions of parameter
space, to trace formation histories and past dynamical interactions
Multis 2C Examining the diversity and/or uniformity of properties of planets in multiplanet systems
Atmospheres 3 Identifying interesting planets amenable to atmospheric characterization using transmis-
sion and/or eclipse spectroscopy
Evolved 4 Investigating the role stellar evolution plays in shaping post-main-sequence planetary
systems
Technical Outcomes Planet Host Properties TA Homogeneously determining fundamental stellar properties derived from spectroscopy,

Astrophysical Doppler Noise TB

asteroseismology, and astrometry

Studying the relationships between Doppler jitter with various stellar astrophysical

processes

Note.

# The keys in this table are used in the final TKS sample in Table 3 to identify which science case(s) each target will address.

valley in the planet distribution at a radius of ~1.8 R, (Fulton
et al. 2017; Fulton & Petigura 2018; Van Eylen et al. 2019).

The dominant theory for explaining the radius valley is that
the two populations separated by the valley originated from a
single continuous distribution and is an outcome sculpted by
post-formation pathways. An example is photoevaporation, a
process that strips away the atmosphere for less massive planets
that receive high-energy incident flux from their host star
(Owen & Wu 2013, 2017). Another mechanism is core-
powered mass loss, which is also able to reproduce the
observed planet radius distribution based solely on the internal
cooling of a planet (Ginzburg et al. 2018; Gupta &
Schlichting 2019, 2020). However, a major caveat is that the
simulated planet populations used to test these theories require
assumptions about the underlying mass distribution, which is
degenerate with core compositions.

Multiplanet transiting systems with planets that straddle the
radius valley are useful for discerning between these theories.
Owen & Campos Estrada (2020) used 104 planets in 73
systems and found that only two planets were significantly
(>30) inconsistent with the photoevaporation model. However,
all planets used in the analysis were faint Kepler systems, and
fewer than half of the population had actual mass constraints.
TESS planets are more amenable to RV characterization and
are therefore an ideal population to test these theories. A recent
example was demonstrated in Cloutier et al. (2020) for TOI-
732, an M dwarf with a pair of planets that straddle the gap, but
more systems with a larger diversity of host star spectral types
are needed.

TKS will measure precise (>50 ) masses of small planets
(<4 Ry) in various environments, to address some of these
questions. In particular, TKS aims to probe planet compositions
across the radius gap in order to constrain the underlying
physical mechanism(s), including timescales for which the
bimodal distribution becomes more distinct. Additionally, by
targeting a range of small planets (1 R, < R, <4 Rg,) at various
incident fluxes, TKS can test the photoevaporation hypothesis.
The compositions of ultra-short-period planets (P < 1 day) will
be used as a window into the refractory core of small planets
(Dai et al. 2021). TKS will also measure masses for cooler
planets in order to identify any that could have possible Earth-
like compositions, especially for planets that are amenable to
subsequent atmospheric characterization. Finally, TKS will
make use of the entire population of small planets with
precisely measured masses to investigate any dependencies or
correlations of bulk planet properties with stellar properties.

2.1.2. System Architectures and Dynamics

A striking feature of the solar system is its dynamically cool
architecture; i.e., planets have nearly circular, nearly coplanar
orbits that are well-aligned with the rotation axis of the Sun.

In contrast, large-scale exoplanet surveys have since
introduced us to planets in a rich diversity of system
architectures and dynamical configurations. For instance, it is
now believed that eccentricity and inclination excitation is a
common outcome of various planet formation channels (Ford
& Rasio 2008) or dynamical perturbation scenarios (Goldreich
& Schlichting 2014). While planet detections from RV surveys
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Figure 1. Stellar obliquity vs. host star age for confirmed planetary systems adapted from Zhou et al. (2020). Tidal realignment and other obliquity-exciting
mechanisms such as Kozai-Lidov or secular processes operate on different timescales. Young systems with well-known ages may elucidate the relative importance of
these mechanisms. TKS measurements (red) of TOI-1726¢ (Dai et al. 2020) and WASP-107 b (Rubenzahl et al. 2021) add crucial points to distinguish various

obliquity-exciting scenarios.

have yielded well-constrained eccentricity measurements for
many giant planets, sub-Jovian planet dynamics and dynamical
histories remain elusive. Current observations point toward
smaller planets having lower eccentricities (Van Eylen &
Albrecht 2015; Van Eylen et al. 2019), but the number of such
systems with precise eccentricities is low.

Another dynamical property is the obliquity, or the angle
between the orbital plane and the stellar equatorial plane. There
are many proposed mechanisms for spin—orbit misalignments
in planetary systems that operate on different timescales
(Figure 1). Some processes tilt planet orbits during the disk-
hosting stage (~3 Myr; Batygin et al. 2011); while the Kozai—
Lidov mechanism operates typically on tens of Myr timescales,
depending on the system configuration (Fabrycky & Tremaine
2007). Another proposed mechanism occurs through secular
interactions between planets and is expected to happen in
hundreds of Myr (Wu & Lithwick 2011). Therefore, obliquity
measurements of stars with well-known ages could distinguish
these theories. Young planets, especially those orbiting stars
with established cluster membership, have the best estimated
ages and provide the strongest constraints on various obliquity-
exciting theories.

TKS will shed light on these questions by measuring
eccentricities and obliquities around stars of various ages. Early
TKS studies have already yielded obliquities for two new
systems, including a small planet in a multiplanet transiting
system in the Ursa Major Moving Group (Dai et al. 2020) and
the nearly pole-on, superpuff WASP-107 b (Rubenzahl et al.
2021). Additionally, TKS will increase the number of well-
studied eccentric sub-Jovians by selecting high-probability
eccentric candidates based on their transit durations or the
“photoeccentric effect” (see Dawson & Johnson 2012). TKS
will also explore the architectures of systems with multiple
planets (in particular within the habitable zone) by searching
for additional planets that revolve in non-transiting or longer-
period orbits.

2.1.3. Spectroscopy of Exoplanet Atmospheres

Multiwavelength observations during transit and eclipse can
constrain planet properties such as the admixtures of
constituent gases, the presence of clouds and/or hazes, and
the rate of atmospheric loss. For sub-Neptune-size planets,
atmospheric observations are particularly valuable because they
can help us distinguish between different possibilities for the
interior composition (Rogers & Seager 2010). In turn, proper-
ties derived from these observations may be related to the
location within the protoplanetary disk where the planet
formed, the interaction between its atmosphere and the stellar
radiation field, and planetary habitability (Mordasini et al.
2016). The number of current measurements of sub-Jovian
atmospheres is limited due to the scarcity of such targets
around bright stars (Crossfield & Kreidberg 2017).

With the launch of the James Webb Space Telescope
(JWST; Gardner et al. 2006), mass measurements of small
TESS planets that are amenable to atmospheric characterization
are critical for planning future follow-up observations.
Exoplanets require precise (=50 ) mass measurements to break
the degeneracy between surface gravity and atmospheric mean
molecular weight when interpreting their transmission spectra
(Batalha et al. 2019). Therefore, TKS will follow up and
measure masses with the required precision (=50 ) in order to
identify prime targets to be later observed with JWST for
atmospheric studies.

2.1.4. Evolved Host Stars

Subgiant stars are frequently avoided in exoplanet surveys,
with the exception of early RV surveys that aimed to probe the
occurrence rates of gas-giant planets with stellar mass (Johnson
et al. 2007, 2010, 2013). For transiting planets, larger stars bias
detections toward larger planets while RV measurements of
subgiants tend to be noisier than those of main-sequence stars
(Luhn et al. 2019, 2020). However, the fraction of the total
lifetime of a star spent on the subgiant branch is comparatively
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small, and therefore, a location on an HR-diagram conveniently
provides a much more precise mass and age than that of a
main-sequence star. Specifically in the Gaia era, the effective
temperature, luminosity, and metallicity alone are sufficient to
characterize a subgiant for most investigations of the planets
that it hosts.

Precise ages are valuable when placing observational
constraints on dynamical timescales for exoplanets. Previous
studies have suggested that the dynamical timescales for
processes like circularization or inward migration through tidal
dissipation are strongly dependent on the scaled semimajor axis
of the system (a/R,; see Zahn 1977; Hut 1981; Zahn 1989).
Since this property is most rapidly changing for subgiant stars,
stellar evolution is expected to affect tidal circularization
timescales of close-in gas-giant planets, producing a transient
population of mildly eccentric planets orbiting evolved stars
(Villaver et al. 2014). Kepler and K2 data have yielded
intriguing evidence supporting this theory, but were based on a
small sample of planets (Grunblatt et al. 2018; Chontos et al.
2019). By building up a more statistically significant popula-
tion of planets orbiting subgiants, TKS will be able to further
investigate the role of stellar evolution in shaping post-main-
sequence planetary systems.

Another advantage of studying planets orbiting evolved stars
is that the likelihood of performing asteroseismology increases,
since the amplitude of the oscillations increases with stellar
luminosity. Ensemble studies of exoplanets orbiting astero-
seismic stars have provided some of the most precise planet
properties to date, revealing features like the hot sub-Neptune
desert (Lundkvist et al. 2016) and the radius valley (Van Eylen
et al. 2019). First examples for asteroseismology—exoplanet
synergies with TESS include transiting planets around TOI 197
(Huber et al. 2019) and TOI 257 (Addison et al. 2021), as well
as asteroseismic detections in solar analogs that are prime
targets for future direct imaging missions (Chontos et al. 2021).

2.2. Technical Outcomes
2.2.1. Host Star Characterization

Fundamental properties of planet hosts are essential to
realizing the full scientific return of TESS. High-resolution
spectroscopy allows the precise determination of effective
temperatures and chemical abundances, which combined with
Gaia parallaxes allow the precise characterization of exoplanet
host star properties such as stellar masses (Berger et al.
2018, 2020). The results of the homogeneous stellar character-
ization of TESS host stars using Keck /HIRES, including TESS
planet hosts beyond the target sample described here, will be
presented in a future study.

2.2.2. Understanding Stellar Doppler Noise

Various stellar phenomena such as spot modulation,
granulation, and chr