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Abstract

Detecting and Characterizing Small Planets in Diverse Environments

by

Andrew Wayne Mayo

Doctor of Philosophy in Astrophysics

University of Copenhagen

Professor Troels Haugbølle, Chair

Our ability to detect and characterize small planets in diverse environments is expanding
rapidly with the development and continued improvement of the transit and radial velocity
methods. Better models, instruments, and telescopes are producing greater planet yields
and tighter planetary radius and mass constraints, which in turn provide new targets for
atmospheric characterization and produce new insights on planet composition, formation,
and evolution. In this thesis, I present work on the characterization and mass determination
of small planets with the radial velocity method, the detection of new planets via the transit
method, and the study of a planet’s atmosphere through transmission spectroscopy and its
implications for planet formation and planet population features.

First, I report on my mass estimation and characterization of the long-period exoplanet
Kepler-538b. This sub-Neptune with a period of P = 81.7 days is the only planet known
to be orbiting its Sun-like star (0.892 M⊙). By simultaneously modeling Kepler photometry
and radial velocities (RVs), I find a semi-amplitude of 1.68± 0.39 m s−1 and a planet mass
of 10.6± 2.5 M⊕, which made Kepler-538b the smallest planet beyond P = 50 days with an
RV mass measurement at the time of publication.

Next, I discuss K2-136c, a sub-Neptune with a period of P = 17.3 days and the largest of
three transiting planets orbiting a late-K dwarf (0.742 M⊙) in the young Hyades open cluster
(650 ± 70 Myr). Collecting and analyzing RV data from the HARPS-N and ESPRESSO
spectrographs jointly with photometry from the K2 and TESS space telescopes, I find K2-
136c induces a semi-amplitude of 5.46 ± 0.45 m s−1, corresponding to a mass of 18.0 ± 1.7
M⊕. K2-136c is now the smallest planet to have a measured mass in an open cluster and
one of the youngest planets ever with a mass measurement.

I then present the TATER planet detection pipeline and apply it to high-cadence photometry
of 914 known planet systems observed during TESS Cycle 3. I report the validation of 4 new
short-period planets. This study provides independent modeling and vetting of hundreds of
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planet candidates while also expanding the known planet population and providing possible
new targets for follow-up radial velocity and transmission spectroscopy observations.

Finally, I report on the atmospheric characterization of WASP-166b, a short-period super-
Neptune (P = 5.44 d, Mp = 32.1±1.6 M⊕, Rp = 7.1±0.3 R⊕). WASP-166b is located in the
Hot Neptune Desert, a sparse region of exoplanet parameter space at high instellation flux
and intermediate planet radii. Using transmission spectroscopy of WASP-166b (two transit
observations with the James Webb Space Telescope), we make novel detections of H2O and
CO2, report non-detections of SO2, NH3, and a cloud deck, place constraints on planetary
metallicity and the C/O ratio, and find evidence for planetary migration, suggesting that
planetary migration is a crucial component of the origin story of the Hot Neptune Desert.
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Vores evne til at opdage og karakterisere små planeter i forskellige miljøer er under rivende
udvikling i kraft af den løbende forbedring af transit- og radialhastighedsmetoderne. Bedre
modeller, instrumenter, og teleskoper gør det muligt at opdage flere planeter og mere præcise
målinger af planeternes radius og masse, som derved bliver mulige kandidater til atmosfærisk
karakterisering hvilket giver ny indsigt i planeternes sammensætning, dannelse og udvikling.
I denne PhD afhandling præsenterer jeg mir arbejde med karakterisering og massebestem-
melse af små planeter via radialhastighedsmetoden, opdagelse af nye planeter via transit-
metoden, og undersøgelse af en planets atmosfære ved hjælp af transmissionsspektroskopi
og de medfølgende konsekvenser for planetdannelse.

Først beskriver jeg min masseestimering og karakterisering af exoplaneten Kepler-538b med
en forholdsvis lang omløbstid. Denne sub-Neptun med en periode p̊a P = 81, 7 dage er
den eneste kendte planet, der kredser om sin sollignende stjerne (0, 892 M⊙). Ved samtidig
at modellere fotometri fra Kepler Missionen og radialhastigheder (RV) finder jeg en semi-
amplitude p̊a 1, 68±0, 39 m s−1 og en planetmasse p̊a 10, 6±2, 5 M⊕, hvilket gør Kepler-538b
til den mindste planet med en periode længere end P = 50 dage med en RV-massemåling
da artiklen blev publiceret.

Dernæst diskuterer jeg K2-136c, en sub-Neptun med en periode p̊a P = 17, 3 dage og den
største af tre transiterende planeter, der kredser om en sen K dværg (0, 742 M⊙) i den unge
åbne klynge Hyades (650 ± 70 Myr). Ved at indsamle og analysere RV-data fra HARPS-N
og ESPRESSO-spektrograferne sammen med fotometri fra K2- og TESS-rumteleskoperne,
finder jeg, at K2-136c har en semi-amplitude p̊a 5, 46 ± 0, 45 m s−1, hvilket svarer til en
masse p̊a 18, 0 ± 1, 7 M⊕. K2-136c er nu den mindste planet med en målt masse i en åben
klynge og en af de yngste planeter nogensinde med en masse måling.

Herefter præsenterer jeg TATER : en pipeline til at detektere exoplaneter og anvender den p̊a
høj-kadence fotometri af 914 kendte planetsystemer observeret under TESS Cycle 3. Jeg rap-
porterer valideringen af 4 nye kortperiode planeter. Studiet giver uafhængig modellering og
validering af hundredvis af planetkandidater, samtidig med at det udvider den kendte popu-
lation af exoplaneter og giver mulige nye mål for radialhastighed opfølgning og observationer
af transmissions spektroskopi.

Endelig beskriver jeg en atmosfæriske karakterisering af WASP-166b, en kortperiode super-
Neptun (P = 5, 44 dage, Mp = 32, 1± 1, 6 M⊕, Rp = 7, 1± 0, 3 R⊕). WASP-166b er placeret
i “Hot Neptune Desert”, et sparsomt befolket exoplanet parameteromr̊ade hvor planeterne
modtager høj flux og har mellemstore planetradier. Ved brug af transmissionspektroskopi af
WASP-166b (to transitobservationer med James Webb Space Telescope) finder vi H2O og
CO2 i atmosfæren, rapporterer at SO2, NH3 ikke kunne detekteres, bestemmer den plane-
tarisk metalicitet og C/O-forhold, og finder beviser for migration af planeten, hvilket antyder,
at migration er en afgørende komponent i fortællingen om “Hot Neptune Deserts” oprindelse.
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Chapter 1

Introduction

To date more than 5600 exoplanets have been detected (NASA Exoplanet Archive1; accessed
2024 Apr 25) and the number continues to grow rapidly. The vast majority of these detec-
tions arise from one of two primary methods: transits and radial velocities (RVs). These
two methods, and the planet characterization techniques they allow, are responsible not
only for the majority of exoplanet detections but also the majority of the work presented
within this thesis. In this work I present my contributions to the field of exoplanets via
the transit method, the RV method, and atmospheric characterization through transmission
spectroscopy. I describe effective methods for detecting small exoplanets, place my findings
into the context of the current state of the field and the known exoplanet population, and
argue how these results and similar work are crucial for understanding the frequency and
habitability of small terrestrial planets like our own Earth.

In order to continue finding more exoplanets, astronomers push our planet detection limits
to smaller and longer-period regimes, each year finding planets more similar to our own. In
the long-term, with development of larger telescopes, more precise spectrographs, and more
comprehensive modeling techniques, exoplanet surveys will be improved to the point that
multiple Earth analogs may be detected, confirmed, and characterized. This in turn will
allow us to more tightly constrain the occurrence rate of Earth twins and reveal exactly how
rare planets like Earth truly are. Additionally, next-generation telescopes and spectrographs
could be pointed at this sample of Earth analogs to study their atmospheres and search for
the presence of biosignatures: molecules and other atmospheric features that are difficult
or impossible to explain without biotic (i.e. living) processes. Even non-detections will
be of great interest, as enough non-detections of biosignatures on Earth twins will allow
astronomers to place upper limits on the prevalence of life on planets like our own, with
every non-detection pushing that upper frequency limit even lower. As Arthur C. Clarke
once famously said: “Two possibilities exist: either we are alone in the Universe or we are
not. Both are equally terrifying.” One way or another, detecting Earth analogs and studying
their atmospheres will allow us to finally answer this question.

1https://exoplanetarchive.ipac.caltech.edu/

https://exoplanetarchive.ipac.caltech.edu/


INTRODUCTION 2

These are the context and goals within which I present my work. As I describe in detail,
each of the projects I discuss push one or another method of detecting and characteriz-
ing exoplanets toward smaller and more Earth-like planets. Here in Chapter 1 I present
background and context on the radial velocity and transit methods, explain the process of
vetting planet candidates and statistically validating planets, detail the transmission spec-
troscopy method of exoplanet atmospheric characterization, and discuss planet formation
and evolution in the context of young planets in open clusters and highly irradiated plan-
ets in the Hot Neptune Desert. In Chapter 2 I present my RV mass determination of the
sub-Neptune Kepler-538b through simultaneous modeling of RVs and stellar activity indices
via a joint Gaussian process. This work led to the smallest RV mass measurement of an
exoplanet beyond an orbital period of 50 days, pushing the RV method to smaller planets
and longer orbital periods. In Chapter 3 I describe my RV analysis of the K2-136 system in
the young Hyades open cluster, applying similar methods to Chapter 2 in order to measure
the mass of K2-136c. This analysis yielded the smallest planet with a mass measurement in
any open cluster, helping pushing RV mass detection to smaller regimes for young planets.
In Chapter 4 I detail the development of the TATER transit detection pipeline and use the
new TRICERATOPS statistical validation pipeline to validate four new short-period exoplan-
ets. New transit detection pipelines like TATER help expand the known planet population
to smaller planets and longer periods while identifying individual targets that present valu-
able research opportunities through additional characterization. In Chapter 5 I present a
state-of-the-art example of follow-up characterization through my atmospheric analysis of
the hot Neptune WASP-166b using transmission spectroscopy from the James Webb Space
Telescope (JWST ). As the most powerful space-based telescope ever launched, JWST has
opened the field of exoplanet atmospheric analysis to smaller planets than ever before. My
analysis of the atmosphere of WASP-166b reveals the presence of H2O and CO2 and provides
evidence for migration as both the formation pathway for WASP-166b and as an important
mechanism for the origin of the Hot Neptune Desert. In Chapter 6 I review my presented
results, reiterate the contribution of each project in pushing our detection and characteriza-
tion limits to smaller and more Earth-like planets, and discuss interesting research questions
and opportunities for future work.

The RV Method

The RV method, sometimes colloquially referred to as the wobble method, is used to measure
the gravitational tug of a planet as it orbits its host star. Observers can collect stellar
spectra and analyze spectral absorption features to measure a Doppler wavelength shift in
the spectrum, either a redshift or a blueshift, via the star’s velocity toward or away from
observers. Planets induce a sinusoidal RV signal as their full orbital motion is projected onto
the radial component and observed (hence the name “radial” velocity).

The period, phase, and amplitude of an RV signal reveal a planet’s orbital period, time
of inferior conjunction, and minimum mass. The latter quantity can only be derived from
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RVs by estimating the stellar mass (e.g. via spectroscopy) and calculating planetary mass
via Kepler’s Third Law.

When the planet mass is significantly smaller than the stellar mass, the scaling relations
become very simple: K ∼ Mp sin(i)M

−1
∗ P−1/3, where K is the RV semi-amplitude, Mp is the

planet mass, i is the orbital inclination, M∗ is the stellar mass, and P is the orbital period.
In other words, the RV signal is strongest for large planets orbiting small stars with short
orbital periods and edge-on orbits.

Measuring planet masses via the RV method allows astronomers to better understand a
planet’s density and composition, especially if the planet radius has also been estimated. This
in turn reveals and provides insights on exoplanet population-level features like the existence
of hot Jupiters (Jupiter-sized planets at P < 10 d) or the exoplanet radius valley (Fulton and
Petigura 2018). Further, measuring the planet mass breaks the degeneracy between mass
and metallicity in atmospheric characterization studies (both high mass and high metallicity
can lead to a compressed atmosphere with low scale height). As a result, mass constraints
are an important prerequisite before detailed atmospheric analysis is possible (Batalha et al.
2019).

The RV method has been used widely and regularly for decades to characterize stellar
binary systems. The idea of detecting exoplanets via their RV signature on the host star was
first proposed by Struve (1952) as an extension of stellar binary mass characterization. But
the first successful detection of an exoplanet via the RV method was not until 1995 with the
discovery of 51 Pegasi b (Mayor and Queloz 1995).

Currently the RV method has proven effective at detecting planet signals at the 1 m
s−1 and slightly below. According to the NASA Exoplanet Archive (accessed 2024 Apr
25), only 35 exoplanets have a detected RV signal (not an upper limit) below 1 m s−1,
and only 11 of those had uncertainties < 20%. Although we are now pushing below 1 m
s−1 sensitivity, this performance is still limited to only a handful of ground-based extreme-
precision spectrographs including:

• CARMENES (Calar Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Échelle Spectrographs); Quirrenbach et al. (2020)

• EXPRES (EXtreme PREcision Spectrograph); Brewer et al. (2020)

• ESPRESSO (Échelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic
Observation); Pepe et al. (2021)

• HARPS (High Accuracy Radial Velocity Planet Searcher); Mayor et al. (2003)

• HARPS-N (High Accuracy Radial Velocity Planet Searcher-North); Cosentino et al.
(2012)

• HIRES (High Resolution Echelle Spectrometer); Vogt et al. (1994)

• KPF (Keck Planet Finder; Rubenzahl et al. (2023)
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• MAROON-X (M dwarf Advanced Radial velocity Observer Of Neighboring eXoplan-
ets); Seifahrt et al. (2022)

• NEID (NN-explore Exoplanet Investigations with Doppler spectroscopy); Schwab et al.
(2016)

However, while instrumental precision is necessary to detect small planetary RV signals
it is not nearly sufficient; there are numerous sources of stellar activity that induce spurious
and complex noise into RV observations.

Starspots on a stellar surface, being cooler than surrounding stellar material, appear very
dark and introduce asymmetries on the stellar surface that manifest as a net redshift when
a spot is on the approaching (blueshifted) side. As the star rotates and the spot crosses
over to the receding (redshifted) side of the stellar surface, it induces an inverse, blueshift
effect. Thus, starspots and other localized stellar phenomenae like plage (chromospheric
bright spots) and faculae (photospheric bright spots) all induce correlated RV noise on the
timescale of the stellar rotation period.

Additionally, there are a host of other short term effects like p-mode oscillations (resonant
standing waves ringing through the stellar interior) that propagate on second to minute
timescales and long term effects like the stellar magnetic activity cycle (powered by an
internal stellar dynamo) that operate on timescales of years. Reliable planet detection and
characterization with the RV method must either mitigate or model all of these effects
appropriately. Further discussion of the RV method and procedures for mitigating stellar
activity and measuring planet masses are presented in Chapters 2 and 3.

The Transit Method

An exoplanet transit occurs when a planetary orbit is coincidentally aligned with observers
and the planet appears to pass across the face of its host star, casting a shadow and causing
a temporary (and periodic) dip in light. Studying a transiting exoplanet reveals the physical
size of the planet (i.e. radius), the orbital period, and the orbital inclination. Exoplanet
transits can also sometimes help place constraints on planetary eccentricity.

Transits are crucial for understanding the exoplanet population. By revealing a planet’s
radius and period, transits provide a wealth of information about planetary composition (i.e.
rocky v. gaseous) and planetary habitability (by inferring orbital separation and equilibrium
temperature from orbital period, stellar mass, and stellar luminosity). Additionally, the
transit method relies on photometry alone, no spectroscopy required, which is cheaper and
makes space-based transit surveys far more plausible than space-based RV surveys. This
is compounded by the ease of follow-up observations for the transit method in comparison
to the RV method: only a short photometric baseline before and after is needed to study
a planet transit, whereas a full phase of RVs across the entire orbital period is needed to
characterize an RV signal.

The first confirmed transit detection of an exoplanet was made by Charbonneau et al.
(2000) who detected a transit of HD 209458 b, a hot Jupiter orbiting its host star every 3.5
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days. The transit method yielded a slow trickle of additional detections over the following
decade. According to the NASA Exoplanet Archive (accessed 2024 Apr 25), there were 2
transit detections in 2000-2002, 6 transit detections in 2003-2005, and 39 transit detections
in 2006-2008.

But the field truly took off with the start of the Kepler mission. The Kepler probe was
NASA’s first planet-hunting spacecraft, designed to look for transiting planets in a field
of ∼ 100000 stars, a single patch of sky 115 square degrees in size (about the size of an
outstretched hand, or ∼ 1/400th of the night sky). Launched in 2009 and operating until
2013, its importance to the field of exoplanets cannot be overstated. According to the NASA
Exoplanet Archive (accessed 2024 Apr 25), Kepler alone is responsible for approximately half
of all exoplanets detected to date (2774/5612 = 49.4%).

After the second of four reaction wheels on the Kepler spacecraft broke in 2013, the probe
could no longer observe its intended field of view and the mission was ended. However, the
probe was revamped as the K2 mission to look at new fields of view along the ecliptic plane,
discovering more than 500 additional planets before the spacecraft exhausted its fuel reserves
in 2018 (NASA Exoplanet Archive; accessed 2024 Apr 25).

Since the Kepler/K2 era, the primary instrument to hunt transiting planets has been
TESS, the Transiting Exoplanet Survey Satellite (Ricker et al. 2015). Successor to Kepler
and K2, TESS forgoes Kepler’s narrow and deep field with a long temporal baseline in
favor of a full-sky survey of bright stars conducted in 27 day sectors. This approach was
designed with the TESS primary mission goal in mind: detecting at least 50 sub-Neptunes
orbiting stars bright enough to allow spectroscopic mass determination and atmospheric
characterization.

According to the NASA Exoplanet Archive (accessed 2024 Apr 25), TESS is responsible
for detecting 440 confirmed, transiting exoplanets thus far. Of those, 237 are smaller than
Neptune and 63 of those planets orbit host stars brighter than J = 8. TESS easily met
its primary mission goal, providing JWST with dozens to hundreds of targets for follow-
up atmospheric characterization. This is due in part to the longevity of TESS operations.
Although the TESS primary mission lasted only 2 years, larger than expected fuel reserves
may optimistically allow operations to continue into the 2030s. The extended mission will be
crucial for detecting additional planets, particularly at longer orbital periods, as well collect-
ing further observations necessary to characterize and validate currently detected planets.
In addition to 440 confirmed planets, TESS has detected an additional 4614 planet candi-
dates that have yet to be confirmed or classified as false positives (NASA Exoplanet Archive,
accessed 25 Apr 2024).

Planet Vetting and Validation

A transiting planet signal must pass through several stages to become a confirmed planet. At
the earliest stage, a planet-search algorithm will identify a periodic dip in light that passes
a certain threshold of detection significance in order to be classified as a threshold crossing
event (TCE).
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TCEs must next be subjected to various vetting tests designed to identify instrumental
false alarms and astrophysical false positives. TCEs passing all relevant vetting tests are
upgraded to planet candidates. For example, two common vetting tests for astrophysical
false positives include the odd-even test and the secondary eclipse test:

• Odd-even test: If the transit depth of the odd transits only versus even transits only is
significantly different, it suggests the signal may be due to an eclipsing stellar binary.
The odd transits are due to Star A eclipsing Star B while the even transits are due to
Star B eclipsing Star A, and therefore odd and even transits look distinct unless both
stars are nearly identical.

• Secondary eclipse test: If there is evidence of a deep secondary eclipse (when the
proposed planet passes behind its host star), the signal may be due to an eclipsing
stellar binary for which the detected transits are actually Star A eclipsing Star B while
the secondary eclipses are due to Star B eclipsing Star A. Only the largest planets have
detectable secondary eclipses, and small eclipses at that, so a large secondary eclipse
is a strong indicator of a false positive.

Planet candidates are then subjected to statistical validation, a process by which a false
positive probability (FPP) can be calculated in order to quantitatively assess the likelihood
of the transiting planet scenario versus various eclipsing binary scenarios. Validation is
typically conducted by constructing a large ensemble of synthetic stellar systems consistent
with observed stellar properties (e.g. M∗, R∗, Teff), local field star distribution, and transit
signal properties (e.g. transit depth and duration). Once the ensemble is conditioned on
these input properties, the fraction of ensemble systems capable of matching observations
via any kind of off-target or eclipsing binary scenario constitutes the FPP.

Statistical validation of an exoplanet is the bare minimum necessary to declare a “planet
detection” or “planet discovery.” However, it is important to note that a planet can addi-
tionally be confirmed via any alternative detection method such as RVs or transit timing
variations. Validation and confirmation can operate independently, meaning a planet dis-
covery may be due to validation, confirmation via another method, or both. An application
of planet detection, vetting, and validation methods is presented in Chapter 4 with the
validation of 4 new exoplanets that may be amenable to follow-up observations.

Transmission Spectroscopy

While the transit method itself is fundamental for exoplanet detection, it also allows for
a crucial method of atmospheric characterization called transmission spectroscopy. This
method is conducted by collecting sequential spectra before, during, and after transit. As-
tronomers then analyze this time series of spectra as a function of wavelength in order to
construct transit light curves as a function of wavelength. Observers can model these transits
and assess the apparent size of the planet and its atmosphere as a function of wavelength.
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Because transit radius is a proxy for atmospheric opacity, this analysis yields a transmission
spectrum of the planet’s atmosphere.

Because different molecules absorb at unique wavelengths, modeling this transmission
spectrum allows observers to identify and constrain individual atmospheric constituents.
Exoplanet atmospheres reveal a vast amount of information about the planets they encom-
pass. The atmospheric makeup of a planet can help differentiate between various planetary
formation and evolution pathways, probe interior planetary composition by constraining
planetary metallicity, assess habitability, and identify broader patterns between planet at-
mospheres and the properties of their host star and planetary siblings.

Transmission spectroscopy has been successfully performed with both ground and space-
based instruments. The first successful use of this technique was also the first detection
of any molecule in any exoplanet atmosphere, via transmission spectroscopy or otherwise.
This was the detection of sodium in the atmosphere of HD 209458 from four transit obser-
vations (Charbonneau et al. 2002). Since 2002, the use and capability of the transmission
spectroscopy method has only expanded. According to the NASA Exoplanet Archive at-
mospheric spectroscopy table (accessed 2024 Apr 25), there are currently 701 atmospheric
spectra that have been collected for 170 planets. However, several of these spectra have
only one or a few data points. Confining ourselves to atmospheric spectra of 5 or more data
points, we find 324 spectra for 100 planets. 259 of those 324 spectra (80%) were collected via
transmission spectroscopy corresponding to 92 of those 100 planets. All 65 remaining spectra
were collected via emission spectroscopy, observing emitted planetary flux before, during,
and after secondary eclipse. This corresponds to 31 of the 100 planets with atmospheric spec-
tra of 5 or more data points (23 planets have both transmission and emission spectroscopy).
In other words, transmission spectroscopy is currently by far the most popular and effective
method of studying an exoplanet’s atmosphere.

This is thanks in no small part to the rise in space based facilities capable of making
these observations. Of the 324 planetary spectra with 5 or more points, the largest shares
were due to the Hubble Space Telescope (HST ) with 193 planetary spectra (60%) and
JWST with 45 planetary spectra (14%). That number is expected to rise quickly and
dramatically for JWST in particular, as the world’s most powerful space-based telescope with
multiple onboard instruments capable of exoplanet atmospheric observations. Consulting the
planetary spectrum publication record (again, only for spectra with 5 or more data points),
since 2022 there have been 93 newly published planetary spectra from HST ; meanwhile,
given that JWST launched on 25 Dec 2021, all 45 planetary spectra have been published
since 2022.

In Chapter 5, we present an application of transmission spectroscopy with JWST to
study the atmosphere of the hot super-Neptune WASP-166b.

Exoplanet Demographics and Evolution

In this section, we discuss exoplanet demographics and how planet formation and evolution
mechanisms like in-situ formation and migration directly inform the nature of the entire
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planet population. We describe how planetary evolution and photoevaporation may be
studied by observing young planets in open clusters for which the stellar ages are tightly
constrained. We also detail the nature and properties of the Hot Neptune Desert and how
atmospheric characterization can probe evolution pathways for planets in and near this
demographic feature.

Young Stars: Planetary Evolution Laboratories

Young stars are excellent for studying planetary evolution. Studying them is akin to taking
a baby photo, capturing planetary evolution processes (like photoevaporation) while they
are ongoing. The timescales for stellar and planetary formation (Myrs) are significantly
shorter than the timescale for most main sequence star (Gyrs), meaning that on a cosmic
scale planets formed at almost the same time as their host stars. Therefore, the age of the
host star serves as an effective proxy for the age of the planet.

Unfortunately, host star ages are typically difficult to constrain well. This can be avoided
by studying stars in open clusters, loose gravitationally bound associations of young stars
and interstellar gas forming new stars. Open clusters are essentially star nurseries, and they
form when a gas cloud collapses and fragments under gravitational instability.

This formation method means the stars in an open cluster have essentially identical ages
(and distances to observer), so a simple isochrone fit to the brightnesses and colors of the
stellar population can place tight age constraints on the entire open cluster.

So why aren’t young stars observed more to study planet evolution? Essentially, many
of the stellar activity issues that plague middle-aged main-sequence stars are compounded
for young stars. Photometric noise and RV noise both tend to be much larger on average for
young stars, raising the noise floors on planet detections via both transits and RVs.

This has resulted in a relatively small open cluster planet population. Amongst over 5000
planets discovered, only dozens have been detected within open clusters. We discuss planet
detection and characterization within open clusters in further detail in Chapter 3.

The Hot Neptune Desert

The Hot Neptune Desert serves as an excellent example of a planet population feature that
we can better understand through cutting-edge atmospheric studies.

The Hot Neptune Desert denotes a region of planetary parameter space at very high
instellation fluxes that excludes planets of intermediate planetary radii. Hot Neptunes, as
they are called, are highly uncommon in comparison to hot, Earth-sized planets and hot,
Jupiter-sized planets (Mazeh et al. 2016). Jenkins et al. (2020) studied transits of LTT
9779, one of the best hot Neptune targets for atmospheric characterization, and Fig. 1.1 is a
reproduction of their Figure 2 that places LTT 9779b in context. The Hot Neptune Desert
does not have a simple upper or lower envelope; (Mazeh et al. 2016) empirically measures
its boundaries with an upper envelope power law and a separate lower envelope power law
in period-radius space. Even as they report their empirical relations, they acknowledge that



INTRODUCTION 9

Figure 1.1: Mass and radius v. orbital period for LTT 9779b and the Hot Neptune Desert.
The Hot Neptune Desert is apparent in both mass and radius space as a paucity that visually
extends up to ∼ 3 days in mass-period space and up to ∼ 10 days in radius-period space.
This figure is a reproduction of Figure 2 in Jenkins et al. (2020).

although these two power laws intersect at approximately 10 days in both period-radius
space and period-mass space, they still observe that the actual Hot Neptune Desert extends
out only to approximately 5 days.

Numerous Hot Neptune Desert formation processes have been proposed. For example,
Mazeh et al. (2016) suggests photoevaporation or Roche lobe overflow as mechanisms to strip
Neptunes and shrink their radii to below the Hot Neptune Desert lower envelope. Neptunes
that migrate inward to shorter orbital periods and enter the Hot Neptune Desert are thus
quickly stripped of their atmospheres and simply become hot Earths. Mazeh et al. (2016)
also suggests an inner disk gap that halts accretion and prevents further migration to even
shorter periods. All of these proposed methods only explain the upper envelope of the Hot
Neptune Desert. The lower desert boundary could be the result of planet cores forming after
protoplanetary disk gas has dispersed (Helled et al. 2016; Lee and Chiang 2016; Rogers et al.
2011).

Alternatively, there are Hot Neptune Desert origin theories that can explain the upper
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and lower desert boundaries simultaneously. Matsakos and Königl (2016) propose high-
eccentricity tidal migration, whereby planets undergo high-eccentricity migration followed
by tidal circularization near their Roche limit. Meanwhile, Batygin et al. (2016) suggested
that in situ hot super-Earth formation can lead to runaway gas accretion and create hot
Jupiters, with hot Neptunes only forming under fine-tuned accretion conditions.

Each of these formation pathways for the Hot Neptune Desert rely on either planetary
migration from the outer system inward or in-situ formation, by which the planet is born
and grows with little or no change in orbital separation throughout the planetary evolution
process. These distinct formation pathways imprint distinct planetary atmosphere composi-
tions. Now that JWST allows us to probe Hot Neptune atmospheres, we can begin to place
constraints on formation pathways for individual hot Neptunes and build a larger picture of
the evolutionary processes that are most impactful on Hot Neptune formation.

Our study of the atmosphere of the hot Neptune WASP-166b is presented in Chapter
5, including discussion of the Hot Neptune Desert and the implications of our study on its
formation mechanisms.
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Chapter 2

An 11 Earth-Mass, Long-Period
Sub-Neptune Orbiting a Sun-like Star

An earlier version of this article was published as: Mayo, A. W., Rajpaul, V. M., Buchhave, L. A., Dressing,

C. D., Mortier, A., Zeng, L., Fortenbach, C. D., Aigrain, S., Bonomo, A. S., Cameron, A. C., Charbonneau,

D., Coffinet, A., Cosentino, R., Damasso, M., Dumusque, X., Martinez Fiorenzano, A. F., Haywood, R. D.,

Latham, D. W., López-Morales, M., Malavolta, L., Micela, G., Molinari, E., Pearce, L., Pepe, F., Phillips,

D., Piotto, G., Poretti, E., Rice, K., Sozzetti, A., Udry, S., 2019, The Astronomical Journal, 158, 165M.

Although several thousands of exoplanets have now been detected and characterized,
observational biases have led to a paucity of long-period, low-mass exoplanets with mea-
sured masses and a corresponding lag in our understanding of such planets. In this paper
we report the mass estimation and characterization of the long-period exoplanet Kepler-
538b. This planet orbits a Sun-like star (V = 11.27) with M∗ = 0.892+0.051

−0.035M⊙ and
R∗ = 0.8717+0.0064

−0.0061R⊙. Kepler-538b is a 2.215+0.040
−0.034R⊕ sub-Neptune with a period of P =

81.73778± 0.00013 days. It is the only known planet in the system. We collected radial ve-
locity (RV) observations with the High Resolution Echelle Spectrometer (HIRES) on Keck I
and High Accuracy Radial velocity Planet Searcher in North hemisphere (HARPS-N) on the
Telescopio Nazionale Galileo (TNG). We characterized stellar activity by a Gaussian process
with a quasi-periodic kernel applied to our RV and cross-correlation FWHM observations.
By simultaneously modeling Kepler photometry, RV, and FWHM observations, we found a
semi-amplitude of K = 1.68+0.39

−0.38 m s−1 and a planet mass of Mp = 10.6+2.5
−2.4M⊕. Kepler-538b

is the smallest planet beyond P = 50 days with an RV mass measurement. The planet likely
consists of a significant fraction of ices (dominated by water ice), in addition to rocks/metals,
and a small amount of gas. Sophisticated modeling techniques such as those used in this
paper, combined with future spectrographs with ultra high-precision and stability will be
vital for yielding more mass measurements in this poorly understood exoplanet regime. This
in turn will improve our understanding of the relationship between planet composition and
insolation flux and how the rocky to gaseous transition depends on planetary equilibrium
temperature.
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2.1 Introduction

To date, nearly four thousand exoplanets have been discovered, but over three quarters of
them orbit their host star with periods of less than 50 days (NASA Exoplanet Archive1;
accessed 2019 April 13). However, this is the result of observational biases rather than a
feature of the underlying exoplanet population. Bias to short periods is especially strong
for the transit method, the most common method of exoplanet detection. Nevertheless,
Petigura et al. (2018) finds that from 1 to 24 R⊕, the planet occurrence rate either increases
or plateaus as a function of period out to many hundreds of days. Therefore, despite the
estimated abundance of long-period planets (i.e., planets with periods longer than 50 days2),
our understanding of them is still very incomplete. Relative to the short-period population,
there are very few long-period exoplanets (particularly in the low-mass regime) with precise
and accurate densities and compositions, and even fewer with atmospheric characterization.

Thus, a larger sample of masses for long-period planets would allow us to address a
number of interesting questions. For example, it would allow us to study the rocky to
gaseous planet transition and how it depends on stellar flux. We could also investigate
planet compositions in or near the habitable zone of Sun-like stars.

Another interesting feature to study would be the planet radius occurrence gap detected
by Fulton et al. (2017) and Fulton and Petigura (2018). Owen and Wu (2017) and Van
Eylen et al. (2018) have proposed that photoevaporation strips planets near their host stars
down to the core, thus creating the gap. Lopez and Rice (2018) have investigated the
period dependence of the gap position and Zeng et al. (2017) have analyzed the relationship
between gap position and stellar type. More long-period planets, with or without planet
masses, would provide new insights into the nature and cause of this radius occurrence gap.

In this paper, we characterize the long-period exoplanet Kepler-538b, the only known
planet in the Kepler-538 system, first validated by Morton et al. (2016). There is a possible
second transiting planet candidate with a period of 117.76 days, but its existence is very much
in question; we briefly discuss this candidate in Section 2.5. We determine the properties
of the host star, a G-type star slightly smaller than the Sun. We also determine properties
of the exoplanet including the orbital period, mass, radius, and density by modeling transit
photometry, radial velocity (RV) data, and stellar activity indices. We find that Kepler-538b
is the smallest long-period planet to date with both a measured radius and RV mass.

The format of this paper is as follows. In Section 2.2, we detail our photometric and
spectroscopic observations of the planet and its host star. We then discuss stellar parame-
terization in Section 2.3 and modeling of photometry and spectroscopy in Section 2.4. Our
results are then presented and discussed in Section 2.5. Finally, we summarize and conclude
our paper in Section 2.6.

1https://exoplanetarchive.ipac.caltech.edu/
2We define long-period planets as exoplanets with periods greater than 50 days. This may seem short

relative to planets in our own solar system or many of the multi-year period exoplanets already found, but we
think it is appropriate, given the relative scarcity of such planets in the known, low-mass planet population.

https://exoplanetarchive.ipac.caltech.edu/
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2.2 Observations

Photometric observations of the Kepler-538 system were collected with the Kepler spacecraft
(Borucki et al. 2008) across 17 quarters beginning in 2009 May and ending in 2013 May.
Kepler collected both long-cadence and short-cadence observations of this system. Short-
cadence observations (in quarters 3, 7-12 and 17) were collected every 58.89 s, and long
cadence observations (in all other quarters) were collected every 1765.5 s (∼ 29.4 minutes).
In particular, we used pre-search data conditioning (PDC) light curves from these quarters
downloaded from the Mikulski Archive for Space Telescopes.

Although Kepler-538 was not validated until Morton et al. (2016), it was flagged as a
Kepler Object of Interest well before that. As a result, we have conducted a great deal of
spectroscopic follow-up on Kepler-538 since it was identified as a candidate host star by the
Kepler mission.

First, we collected two spectra with the Tillinghast Reflector Echelle Spectrograph, i.e.
TRES (Fűrész 2008), an R = 44, 000 spectrograph on the 1.5 m Tillinghast reflector at the
Fred Lawrence Whipple Observatory (located on Mt. Hopkins, Arizona). These spectra
were collected on the nights of 2010 May 28 and 2010 July 5 and had exposure times of 12
and 15 minutes respectively.

We also downloaded RVs from 26 spectra collected with the HIRES instrument (Vogt
et al. 1994) at the Keck I telescope from 2010 July 25 to 2014 July 11. These spectra
were originally collected as part of the Kepler Follow-up Observing Program. The standard
California Planet Search setup was used (Howard et al. 2010) and the C2 decker was utilized
to conduct sky subtraction. Exposure times averaged 1800 s.

Finally, we gathered 83 spectra with the High Accuracy Radial velocity Planet Searcher
in North hemisphere (HARPS-N) instrument (Cosentino et al. 2012, 2014), on the 3.6 m
Telescopio Nazionale Galileo (TNG) on La Palma. These observations were made from 2014
June 20 to 2015 November 7, all with exposure times of 30 minutes. They were collected
as part of the HARPS-N Collaboration’s Guaranteed Time Observations (GTO) program.
Using the technique described in Malavolta et al. (2017), we confirmed that none of these
spectra suffered from Moon contamination.

BJD RV RV Error FWHM BIS log10(R
′
HK) log10(R

′
HK) Error Instrument

(m s−1) (m s−1) (km s−1) (km s−1)
2455402.854339 −8.78 1.32 ... ... −5.078 ... HIRES
2455414.971547 −1.24 1.33 ... ... −5.003 ... HIRES
2455486.859621 −0.83 1.50 ... ... −4.985 ... HIRES
2455544.719659 −5.95 2.14 ... ... −4.971 ... HIRES
2455760.087400 4.58 1.39 ... ... −4.982 ... HIRES
2455796.934228 −3.56 1.25 ... ... −4.974 ... HIRES
2455797.920566 −1.33 1.22 ... ... −4.972 ... HIRES
2455799.056115 −5.98 1.48 ... ... −5.005 ... HIRES
2456114.931149 −6.02 1.27 ... ... −4.944 ... HIRES
2456133.896429 −2.53 1.31 ... ... −4.933 ... HIRES
2456147.919325 0.44 1.31 ... ... −4.967 ... HIRES
2456163.912379 6.63 1.31 ... ... −4.922 ... HIRES
2456164.801818 −0.23 1.30 ... ... −4.924 ... HIRES
2456166.047782 1.05 1.37 ... ... −4.927 ... HIRES
2456166.759374 −2.55 1.44 ... ... −4.913 ... HIRES
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2456167.990464 −3.55 1.51 ... ... −4.912 ... HIRES
2456451.100822 2.47 1.48 ... ... −4.953 ... HIRES
2456483.086583 5.47 1.94 ... ... −4.943 ... HIRES
2456486.833662 0.39 1.31 ... ... −4.938 ... HIRES
2456488.822611 7.76 1.19 ... ... −4.926 ... HIRES
2456494.987645 5.79 1.29 ... ... −4.926 ... HIRES
2456506.780605 1.27 1.21 ... ... −4.931 ... HIRES
2456507.968496 −0.32 1.23 ... ... −4.947 ... HIRES
2456532.877110 2.73 1.14 ... ... −4.940 ... HIRES
2456830.887055 −0.74 1.39 ... ... −4.962 ... HIRES
2456850.049952 2.59 1.26 ... ... −4.954 ... HIRES
2456828.616553 −37327.64 6.07 6.63443 −0.02220 −4.9522 0.0699 HARPS-N
2456828.651774 −37320.76 1.50 6.66839 −0.03107 −4.9819 0.0106 HARPS-N
2456829.664594 −37319.24 1.56 6.66376 −0.03206 −4.9788 0.0111 HARPS-N
2456830.665375 −37319.62 1.83 6.67197 −0.03353 −4.9882 0.0146 HARPS-N
2456831.690035 −37319.77 1.70 6.66691 −0.03495 −4.9634 0.0128 HARPS-N
2456832.615999 −37314.68 1.80 6.66854 −0.03182 −4.9975 0.0150 HARPS-N
2456833.672301 −37322.65 2.12 6.67240 −0.03957 −4.9553 0.0182 HARPS-N
2456834.581042 −37315.83 2.01 6.66876 −0.03718 −4.9764 0.0169 HARPS-N
2456834.677908 −37321.70 1.98 6.66877 −0.03961 −4.9768 0.0169 HARPS-N
2456835.587887 −37318.54 2.07 6.65839 −0.02603 −5.0090 0.0197 HARPS-N
2456845.576470 −37322.26 1.44 6.66668 −0.03079 −4.9739 0.0097 HARPS-N
2456846.662015 −37327.96 2.10 6.65639 −0.02891 −4.9885 0.0184 HARPS-N
2456847.656794 −37321.88 2.67 6.65969 −0.03820 −4.9938 0.0273 HARPS-N
2456848.652903 −37327.73 1.68 6.66082 −0.03667 −4.9900 0.0131 HARPS-N
2456849.657878 −37326.37 2.17 6.66712 −0.02913 −4.9558 0.0182 HARPS-N
2456850.660745 −37324.98 2.17 6.66481 −0.03397 −4.9575 0.0182 HARPS-N
2456851.654237 −37323.89 1.66 6.66590 −0.03297 −4.9625 0.0121 HARPS-N
2456852.655703 −37316.98 2.55 6.67237 −0.03670 −4.9994 0.0260 HARPS-N
2456853.657053 −37318.56 1.62 6.67355 −0.03209 −4.9818 0.0122 HARPS-N
2456865.684262 −37320.32 1.67 6.66629 −0.02961 −4.9818 0.0130 HARPS-N
2456866.681774 −37323.10 3.48 6.66279 −0.04100 −4.9629 0.0388 HARPS-N
2456883.639193 −37324.45 1.89 6.65864 −0.03904 −5.0004 0.0164 HARPS-N
2456884.647365 −37324.61 1.84 6.66539 −0.02953 −4.9982 0.0166 HARPS-N
2456885.644031 −37322.71 1.86 6.66503 −0.03266 −4.9753 0.0159 HARPS-N
2456886.642561 −37346.88 11.81 6.66764 −0.08202 −5.0609 0.2193 HARPS-N
2456887.651622 −37322.33 1.83 6.67033 −0.03390 −4.9883 0.0152 HARPS-N
2456888.580937 −37321.19 2.74 6.65114 −0.02926 −4.9577 0.0266 HARPS-N
2456889.585275 −37324.05 2.15 6.65998 −0.03761 −4.9716 0.0189 HARPS-N
2456903.541993 −37318.65 1.41 6.66569 −0.03568 −4.9851 0.0095 HARPS-N
2456919.514886 −37322.96 2.44 6.66569 −0.03738 −4.9735 0.0224 HARPS-N
2456922.547287 −37323.20 1.67 6.65621 −0.04098 −5.0131 0.0146 HARPS-N
2456923.501548 −37320.74 1.62 6.66346 −0.03370 −5.0026 0.0127 HARPS-N
2456924.510113 −37318.66 2.43 6.65831 −0.03765 −4.9763 0.0237 HARPS-N
2456936.514073 −37326.01 1.72 6.65525 −0.03770 −4.9864 0.0143 HARPS-N
2456939.418861 −37323.19 1.36 6.65561 −0.03499 −4.9986 0.0093 HARPS-N
2456969.402685 −37323.75 3.10 6.65044 −0.03308 −5.0094 0.0377 HARPS-N
2457106.734166 −37320.49 2.77 6.66677 −0.03337 −4.9801 0.0289 HARPS-N
2457116.717298 −37324.15 1.51 6.64918 −0.03136 −5.0282 0.0120 HARPS-N
2457118.706394 −37327.91 1.87 6.64875 −0.03660 −5.0338 0.0181 HARPS-N
2457121.726137 −37324.71 1.61 6.64485 −0.03692 −5.0174 0.0141 HARPS-N
2457153.685174 −37323.84 2.87 6.64814 −0.04127 −5.0063 0.0321 HARPS-N
2457156.714776 −37324.15 12.94 6.66453 −0.05998 −4.9161 0.1624 HARPS-N
2457159.642662 −37323.22 2.14 6.65282 −0.03562 −4.9989 0.0202 HARPS-N
2457160.638323 −37320.99 2.03 6.65589 −0.04059 −5.0130 0.0185 HARPS-N
2457161.626357 −37324.63 1.70 6.65201 −0.04164 −5.0095 0.0140 HARPS-N
2457180.658376 −37322.50 1.60 6.64953 −0.03798 −5.0160 0.0127 HARPS-N
2457181.686408 −37322.02 1.75 6.65033 −0.03871 −5.0016 0.0146 HARPS-N
2457182.670828 −37322.60 1.58 6.64797 −0.03663 −5.0014 0.0122 HARPS-N
2457183.652886 −37321.34 1.81 6.64944 −0.03550 −4.9890 0.0145 HARPS-N
2457184.643705 −37324.94 2.35 6.65649 −0.03450 −5.0265 0.0237 HARPS-N
2457185.662466 −37324.52 1.51 6.65258 −0.03701 −5.0096 0.0115 HARPS-N
2457186.662672 −37325.81 1.52 6.65510 −0.03815 −5.0237 0.0118 HARPS-N
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2457188.679310 −37328.26 1.58 6.65099 −0.03864 −5.0010 0.0123 HARPS-N
2457189.672084 −37322.40 2.63 6.64860 −0.03852 −5.0649 0.0316 HARPS-N
2457190.685669 −37325.59 1.61 6.64984 −0.03343 −5.0211 0.0135 HARPS-N
2457191.685746 −37323.07 1.57 6.65434 −0.03606 −5.0243 0.0128 HARPS-N
2457192.684342 −37324.65 1.67 6.65251 −0.03217 −5.0374 0.0147 HARPS-N
2457193.684869 −37323.90 1.44 6.65760 −0.03912 −5.0097 0.0107 HARPS-N
2457195.594752 −37318.06 1.65 6.65239 −0.03455 −4.9930 0.0132 HARPS-N
2457221.626801 −37324.84 1.37 6.64834 −0.04333 −5.0237 0.0101 HARPS-N
2457222.569536 −37324.99 1.78 6.65155 −0.04076 −4.9982 0.0150 HARPS-N
2457223.579194 −37322.72 3.17 6.63767 −0.04077 −5.0049 0.0375 HARPS-N
2457225.522395 −37319.94 3.63 6.64970 −0.03534 −5.0279 0.0478 HARPS-N
2457226.582966 −37317.08 3.17 6.66790 −0.02615 −5.0750 0.0424 HARPS-N
2457226.606265 −37321.98 2.58 6.65109 −0.03404 −5.0105 0.0277 HARPS-N
2457227.627333 −37316.52 1.67 6.66113 −0.03348 −5.0084 0.0136 HARPS-N
2457228.630703 −37320.68 2.72 6.66677 −0.02712 −4.9272 0.0251 HARPS-N
2457229.584812 −37316.53 2.51 6.65780 −0.02953 −5.0054 0.0266 HARPS-N
2457230.528273 −37320.18 3.34 6.66154 −0.02550 −4.9889 0.0385 HARPS-N
2457254.631919 −37325.16 2.41 6.66627 −0.03812 −5.0093 0.0260 HARPS-N
2457256.398580 −37314.12 2.36 6.64870 −0.04351 −4.9894 0.0239 HARPS-N
2457257.413714 −37315.46 1.88 6.65391 −0.03681 −4.9651 0.0149 HARPS-N
2457267.435503 −37324.84 2.04 6.64591 −0.03502 −5.0136 0.0193 HARPS-N
2457268.492540 −37322.86 2.21 6.64810 −0.04496 −5.0215 0.0224 HARPS-N
2457269.418733 −37320.32 1.69 6.65385 −0.03696 −5.0211 0.0145 HARPS-N
2457270.407599 −37321.14 1.36 6.65014 −0.03809 −5.0301 0.0099 HARPS-N
2457271.408119 −37325.01 1.44 6.65177 −0.03459 −5.0336 0.0110 HARPS-N
2457273.426969 −37326.84 1.46 6.64860 −0.04486 −5.0183 0.0109 HARPS-N
2457301.384627 −37319.51 1.47 6.65573 −0.03632 −5.0121 0.0111 HARPS-N
2457302.383904 −37318.58 1.79 6.65019 −0.03970 −5.0308 0.0159 HARPS-N
2457321.426080 −37318.14 2.40 6.64231 −0.03293 −5.0135 0.0243 HARPS-N
2457330.417736 −37318.77 1.89 6.65257 −0.03583 −5.0053 0.0167 HARPS-N
2457334.397358 −37321.22 1.64 6.65030 −0.04224 −5.0085 0.0131 HARPS-N

Table 2.1: Kepler-538 RV observations and activity indica-
tors collected with the HIRES and HARPS-N spectro-
graphs, determined from the DRS.

2.3 Stellar Characterization

Stellar atmospheric parameters (effective temperature, metallicity, and surface gravity) were
determined in two different ways. First, we combined the two TRES spectra and used the
Stellar Parameter Classification tool, SPC, (Buchhave et al. 2012). SPC compares an input
spectrum against a library grid of synthetic spectra from Kurucz (1992), interpolating over
the library to find the best match as well as uncertainties on the relevant stellar parameters.
This method provides a measure for the rotational velocity as well.

Second, we used ARES+MOOG on the combination of our 83 HARPS-N spectra. More
details about this method, based on equivalent widths (EWs), are found in Sousa (2014)
and references therein. In short, ARESv2 (Sousa et al. 2015) automatically calculates the
EWs of a set of neutral and ionised iron lines (Sousa et al. 2011). These are then used
as input in MOOG3 (Sneden 1973), assuming local thermodynamic equilibrium and using
a grid of ATLAS plane-parallel model atmospheres (Kurucz 1993). Following Sousa et al.

32017 version: http://www.as.utexas.edu/$\sim$chris/moog.html

http://www.as.utexas.edu/$\sim $chris/moog.html
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Table 2.2: Stellar parameters of Kepler-538

Parameter Unit SPC ARES+MOOG Combined
Stellar parameters

Effective temperature Teff K 5547± 50 5522± 72 ...
Surface gravity log g g cm−2 4.51± 0.10 4.55± 0.12 ...
Metallicity [m/H] dex −0.03± 0.08 ... ...
Metallicity [Fe/H] dex ... −0.15± 0.05 ...
Radius R∗ R⊙ 0.8707+0.0063

−0.0060 0.8727+0.0063
−0.0062 0.8717+0.0064

−0.0061

Mass M∗ M⊙ 0.925+0.034
−0.036 0.870± 0.024 0.892+0.051

−0.035

Density ρ∗ ρ⊙ 1.404+0.061
−0.068 1.31± 0.052 1.349+0.089

−0.0716

Distance pc 156.67+0.71
−0.70 156.65+0.70

−0.68 156.66+0.71
−0.69

Age Gyr 3.8+2.1
−2.0 6.7+1.8

−1.6 5.3+2.4
−3.0

Projected rotational velocity v sin i km s−1 1.1± 0.5 ... ...

(2011), we added systematic errors in quadrature to our errors. The value for surface grav-
ity was corrected for accuracy following Mortier et al. (2014). The results from SPC and
ARES+MOOG agreed well within uncertainties.

We then estimated stellar mass, radius, and thus density with the isochrones package,
a Python routine for inferring model-based stellar properties from known observations (Mor-
ton 2015). We supplied the spectroscopic effective temperature, metallicity, the Gaia DR2
parallax (Gaia Collaboration et al. 2016, 2018), and multiple photometric magnitudes (B,
V, J, H, K, W1, W2, W3, and G) as input. Note that we did not use the surface gravity as
an input parameter as this parameter is not well determined spectroscopically, e.g. Mortier
et al. (2014). We ran isochrones four times, using the two different sets of spectroscopic
parameters and two sets of isochrones, Modules for Experiments in Stellar Astrophysics
(MESA) Isochrones and Stellar Tracks (MIST) and Dartmouth4.

All four results were consistent, so we followed Malavolta et al. (2018) and derived our
final set of parameters and uncertainties from the 16th, 50th, and 84th percentile values
of the combined posteriors, minimizing systematic biases from using different spectroscopic
methods or isochrones. The results of this analysis are listed in Table 2.2.

As a useful check, we find that our estimates of stellar effective temperature, stellar
radius, and distance are all within 1σ of the Gaia DR2 revised Kepler stellar parameters
(Berger et al. 2018).

4The Dartmouth isochrones did not use the G magnitude.
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Consistency with Stellar Activity and Gyrochronology

As will be discussed in more detail in later sections, RV observations with both HIRES and
HARPS-N yielded logR′

HK , an indicator of stellar activity. Although logR′
HK , like stellar

activity, is time variable, taking an average or median over time is still a useful metric of
the general activity level of the star. The median logR′

HK with HIRES and HARPS-N was
−4.946± 0.035 and −5.001± 0.027, respectively. The overall logR′

HK across both data sets
was −4.990± 0.034.

We used this logR′
HK value and the B − V color index5 to estimate the stellar rotation

period via Noyes et al. (1984), finding a value of 32.0± 1.0 days. Our full model (described
in Sections 2.4 and 2.4) included the rotation period as a free parameter, which we estimated
to be 25.2+6.5

−1.2 days, in agreement with the stellar activity predicted rotation period to within
1σ. Further, during our processing of photometric data (see Section 2.4), we produced a
periodogram and an auto-correlation function of the photometry. We found signals near 22
and 32 days in the former as well as a weak, broad signal around 20− 25 days in the latter,
all of which are near the activity-inferred rotation period or the rotation period estimated
from our model.

We also checked that our estimate of stellar age was consistent with gyrochronology. We
found a gyrochronological age for Kepler-538 first by determining the convective turnover
timescale from Barnes and Kim (2010) using the B − V color index. Then we used the
gyrochronological relation in Barnes (2010) to calculate age from the convective turnover
timescale and the rotation period (calculated from our full model). In this way, we deter-
mined a stellar age of 3.40+1.86

−0.29 Gyr, consistent within 1σ of our isochrone-derived age of
5.3+2.4

−3.0 Gyr.

Possible Binarity of Kepler-538

In order to investigate whether Kepler-538 may be a binary star or have a companion, either
of which could have an effect on the dynamics or nature of Kepler-538b, we downloaded all
adaptive optics (AO) and speckle data for the star uploaded to https://exofop.ipac.caltech.edu/k2/
before 2019 July 30. The Palomar High Angular Resolution Observer (PHARO) on the
Palomar-5 m telescope collected AO observations on 2010 July 1 in J and Ks band; no com-
panions were found between 2” and 5” down to 19th magnitude. The Differential Speckle
Survey Instrument (DSSI) on the WIYN-3.5 m telescope collected speckle observations on
23 October 2010 in r and v band; no companions were found between 0”.2 and 1”.8 down to
a contrast of ∆m = 3.6. Finally, the Robo-AO instrument on the Palomar-1.5 m telescope
collected an AO observation on 2012 July 28 in the i band; no companions were found be-
tween 0”.15 and 2”.5 down to a contrast of ∆m ≈ 6. In short, there is no evidence of a close
stellar companion in any of the AO or speckle data.

However, it is worth noting that there is a faint comoving object 17” from Kepler-538,
which Gaia found at approximately the same distance of 157 pc (Gaia Collaboration et al.

5determined from https://exofop.ipac.caltech.edu/; accessed 2019 July 29



AN 11 EARTH-MASS, LONG-PERIOD SUB-NEPTUNE ORBITING A SUN-LIKE STAR 18

2016, 2018). This means if the two stars are at the same distance, they are separated by
2700 ± 12 au, a large enough separation to negligibly affect the planet. Both objects have
good astrometric solutions with Gaia (Lindegren et al. 2018), and their relative motion given
by Gaia proper motions is 0.408 ± 0.510 km s−1. However, this relative motion is so slight
that we were unable to meaningfully constrain orbital motion.

We estimated the mass of the comoving object to be 0.1169± 0.0075M⊙ by applying the
photometric relation in Mann et al. (2019) to the Two Micron All-Sky Survey (2MASS) Ks
magnitude (Cutri et al. 2003), which gives a total system mass of 1.009 ± 0.044M⊙. With
this mass and separation, a circular face-on orbit would have a total relative velocity of
0.576 ± 0.013 km s−1. Thus, both the velocity of a face-on circular orbit and zero velocity
are within 1σ of the measured relative velocity. With such weak constraints from Gaia DR2,
we cannot rule out a circular orbit at wide separation nor a highly eccentric orbit, currently
observed at apastron, which brings the companion close enough in to potentially affect the
planet.

2.4 Data Analysis

Our analysis of photometric and spectroscopic data included a simultaneous fit to both data
types. Therefore, we first describe the data reduction process and model components of
photometry and spectroscopy separately, then discuss the combined model afterward.

Photometric Data

We cleaned and reduced the photometric Kepler data using the lightkurve Python package
(Barentsen et al. 2019). Each quarter was cleaned and reduced separately. For a given
quarter, observation times without a corresponding flux were removed. Then, a crude light
curve model based on the exoplanet parameters reported in the NASA Exoplanet Archive10

(accessed 2019 February 16) was subtracted from the light curve so that in-transit data
would not be clipped or flattened out in the next steps. Next, we flattened the light curve
using the lightkurve flatten function, which uses a Savitzky-Golay filter. A window length
of 615 or 41 was selected (i.e., 615 or 41 consecutive data points) for short-cadence and long-
cadence data respectively, which is approximately three times the ratio between the transit
duration and the observation cadence. Then, we clipped outlier data points discrepant from
the median flux by more than 5σ. Lastly, we added the transit model from the earlier step
back to the light curve. The reduced data can be seen in Fig. 2.1, plotted in time and also
phase-folded to the period of Kepler-538b.

We modeled the light curve with the BATMAN Python package (Kreidberg 2015a), which
is based on the Mandel and Agol (2002) transit model. The model included a baseline offset
parameter, a white noise parameter (to allow for instrumental and systematic noise in the
data), two quadratic limb-darkening parameters using the Kipping (2013a) parameterization,

10https://exoplanetarchive.ipac.caltech.edu/

https://exoplanetarchive.ipac.caltech.edu/
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Figure 2.1: Transit plot of Kepler-538b. The top subplot is the pre-search data conditioning
(PDC) Kepler photometry. The top panel of the bottom subplot shows the phase-folded
photometry in and near the transit of Kepler-538b, with the best-fit transit model in orange
and binned data in blue. The bottom panel of the bottom subplot shows the photometric
residuals after subtracting the best-fit transit model.



AN 11 EARTH-MASS, LONG-PERIOD SUB-NEPTUNE ORBITING A SUN-LIKE STAR 20

Table 2.3: Transit and RV parameters of Kepler-538b

Parameter Unit This Paper Priors
Transit parameters

Period P day 81.73778± 0.00013 Unif(81.73666,81.73896)
Time of first transit BJD-2454833 211.6789+0.0010

−0.0011 Unif(211.6671,211.6901)
Orbital eccentricity e ... 0.041+0.034

−0.029 (< 0.11)6 Beta(0.867,3.03)7,8

Longitude of periastron ω degree 140+140
−90 Unif(0,360)

Impact parameter b ... 0.41+0.10
−0.21 Unif(0,1)

Transit duration t14 hr 6.62+0.21
−0.13 Unif(0,24)

Radius ratio Rp/R∗ ... 0.02329+0.00039
−0.00033 Jeffreys(0.001,1)

Quadratic limb-darkening parameter q1 ... 0.164+0.067
−0.042 Unif(0,1)

Quadratic limb-darkening parameter q2 ... 0.74+0.16
−0.22 Unif(0,1)

Normalized baseline offset ppm −2.1+2.7
−2.8 Unif(-100,100)

Photometric white noise amplitude ppm 112.2+2.5
−2.4 ModJeffreys(1,1000,234)

RV parameters

Semi-amplitude K m s−1 1.69+0.39
−0.38 ModJeffreys(0.01,10,2.1)

HIRES RV white noise amplitude m s−1 3.25+0.56
−0.48 ModJeffreys(0,10,2.1)

HARPS-N RV white noise amplitude m s−1 2.24+0.29
−0.27 ModJeffreys(0,10,2.1)

HARPS-N FWHM white noise amplitude m s−1 6.71+0.52
−0.46 Jeffreys(0.01,10)

HIRES RV offset amplitude m s−1 −0.50+0.78
−0.87 Unif(-5,5)

HARPS-N RV offset amplitude m s−1 −37322.07+0.58
−0.73 Unif(-37330,-37315)

HARPS-N FWHM offset amplitude m s−1 6655.4+7.5
−8.6 Unif(6600,6700)

GP RV convective blueshift amplitude Vc m s−1 0.86+0.75
−0.54 ModJeffreys(0,15,2.1)

GP RV rotation modulation amplitude Vr m s−1 4.0+5.7
−3.0 ModJeffreys(0,15,2.1)

GP FWHM amplitude Fc m s−1 13.3+5.9
−4.9 Jeffreys(0.01,25)

GP stellar rotation period P∗ day 25.2+6.5
−1.2

9 Unif(20,40)
GP inverse harmonic complexity λp ... 5.2+2.8

−2.5 Unif(0.25,10)
GP evolution time-scale λe day 370+200

−140 Jeffreys(1,1000)

Derived parameters

Planet radius Rp R⊕ 2.215+0.040
−0.034 ...

System scale a/R∗ ... 87.5+1.5
−1.6 ...

Planet semi-major axis a au 0.3548+0.0066
−0.0068 ...

Orbital inclination i degree 89.73+0.14
−0.06 ...

Planet mass Mp M⊕ 10.6+2.5
−2.4 ...

Planet mean density ρp ρ⊕ 0.98± 0.23 ...
Planet mean density ρp g cm−3 5.4± 1.3 ...
Planet insolation flux Sp S⊕ 5.19+0.31

−0.28 ...
Planet equilibrium temperature Teq (albedo = 0.3) K 380 ...
Planet equilibrium temperature Teq (albedo = 0.5) K 350 ...
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the transit time (i.e., reference epoch), orbital period, planet radius relative to stellar radius,
transit duration, impact parameter, eccentricity, and longitude of periastron.

We assumed uniform, Jeffreys, or modified Jeffreys priors for most of the parameters in
this model, which are listed in Table 2.3. A Jeffreys prior is less informative than a uniform
prior when the prior range is large and the scale of the parameter is unknown. A modified
Jeffreys prior has the following form (Gregory 2007):

p(X) =
1

X +X0

1

ln(Xmax+X0

Xmin+X0
)

where Xmin and Xmax are the minimum and maximum prior value and X0 is the location of
a knee in the prior. A modified Jeffreys prior behaves like a Jeffreys prior above the knee at
X0 and behaves likes a uniform prior below the knee; this is useful when the prior includes
zero (creating an asymptote for a conventional Jeffreys prior). A Jeffreys prior is simply a
modified Jeffreys prior with the knee at X0 = 0.

The only parameter with a different prior was orbital eccentricity. We applied a beta prior
to orbital eccentricity using the values recommended by Kipping (2013b); we also truncated
the prior to exclude e > 0.95.

Additionally, we also applied a stellar density prior. This was done given the fact that
stellar density can be measured in two distinct ways: from photometry for a transiting
exoplanet and from a stellar spectrum combined with stellar evolutionary tracks (we used
the latter method in Section 2.3). Specifically, stellar density can be calculated via the
following equation (Seager and Mallén-Ornelas 2003; Sozzetti et al. 2007):

ρ∗ =
3π

GP 2

(
a

R∗

)3

(2.1)

where the orbital period (P ) and the normalized semi-major axis (a/R∗) are exoplanet
properties that can be derived from the light curve. We applied a Gaussian prior to the
exoplanet-derived stellar density using the density (and corresponding uncertainties) derived
from spectra and stellar evolutionary tracks.

RV Data

Our RV analysis of Kepler-538b included not only the RV values determined from our HIRES
and HARPS-N spectra, but also a number of indicators of stellar activity estimated from
these spectra. For HARPS-N, these included the cross-correlation function (CCF) bisector
span inverse slope (hereafter BIS), the CCF full width at half maximum (FWHM), and
logR′

HK . Our data reduction was performed with the data reduction software (DRS) 3.7
HARPS-N pipeline which applied a G2 stellar type mask. For HIRES, RVs are estimated
with an iodine cell rather than cross correlation, so logR′

HK was calculated but not BIS or
FWHM.
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The RV and FWHM observations (and the corresponding model fit) can be seen in
Fig. 2.2. Additionally, all RV, FWHM, BIS, and logR′

HK values are listed in Table 2.1.
There is a clear long-term trend in the FWHM observations (and to a lesser extent in the
BIS and logR′

HK observations). However, we could not determine whether these trends have
a stellar or instrumental origin, nor why there are no similar trends in the RV observations.
On the one hand, when we checked three standard stars observed by HARPS-N during the
same period of time, only one showed a similar FWHM trend. On the other hand, a FWHM
trend in HARPS-N observations was also reported by Benatti et al. (2017) due to a defocusing
problem, but that issue was corrected in 2014 March, before our first HARPS-N observations
began. Still, perhaps a similar but slower and smaller drift affected our observations.

We first analyzed our observations with a periodogram, then with a correlation plot, and
then constructed a model for our spectroscopic data.

Periodogram Analysis

Before modeling our spectroscopic observations, we first investigated the frequency structure
of our data. We made a generalized Lomb-Scargle periodogram (Scargle 1982; Zechmeister
and Kürster 2009) of logR′

HK , BIS, FWHM, RV, and the window function of the obser-
vation time series, all of which can be seen in Fig. 2.3. logR′

HK , BIS, and FWHM are
indicators of stellar activity (Queloz et al. 2001); also see Haywood (2015) and references
therein. The window function shows how the signals are modified by the time sampling of
the measurements.

The HARPS-N RV periodogram shows a clear peak at 82 days, the orbital period of
Kepler-538b; the HIRES RV periodogram shows a weaker signal at the same period. None
of the other periodograms show a similar feature, lending credence to the RV detection of
Kepler-538b. The RV periodograms also exhibit two larger peaks near 0.03 − 0.04 days−1,
interpreted as the rotational frequency. Indeed, as our model fit discussed later in Section 2.4
and the results in Table 2.3 will show, both peaks fall within the 1σ confidence region of the
stellar rotation period. (See Section 2.4 for a description of our rotation period estimation.)
We also find that the long-term trends observed in the activity indices, combined with the
spectral window, affect the periodograms, since a long-term trend is clearly noticeable (see
Fig. 2.2 and Table 2.1). We removed these trends and found the resulting periodograms
show a peak at the rotational period, but nothing at the orbital period.

Correlation Analysis

We also examined correlations between the RV observations and the other stellar activity
indices. As can be seen in Fig. 2.4, there is a slightly stronger correlation between RV
and FWHM than between RV and BIS or logR′

HK . However, there may also be useful
information in the correlations between RV and BIS or logR′

HK . In order to test this, we
cross-checked results that included BIS and logR′

HK in the modeling against those that did
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Figure 2.2: Stellar activity and corresponding Gaussian process regression of Kepler-538
(with planetary signal removed). The top subplot shows the HIRES (orange) and HARPS-
N (blue) mean-subtracted RV observations and corresponding model fit in the top panel,
with residuals in the bottom panel. The black line is the model fit and the gray region
is the 1σ confidence interval (drawn from the full posterior distribution). The data points
in boxes correspond to the white noise amplitude modeled for each data set. The middle
subplot is a zoom in of the top subplot to the latter two campaigns of observations (only
the HARPS-N data). The bottom subplot shows the mean-subtracted FWHM times from
HARPS-N (matching the time series of the middle panel) and the corresponding model fit
in the top panel, residuals in the bottom panel. Note: two RV data points with error bars
greater than 5 m s−1 were removed from the plots (but not the underlying model fit).
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Figure 2.3: Periodograms of the window function (computed from observation times), RV,
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HK , CCF FWHM, and CCF BIS the Kepler-538 system. Subplots in blue are based on
HARPS-N observations, subplots in orange are based on HIRES observations, and subplots
in pink are based on both HARPS-N and HIRES. The gray region is the 1σ confidence
interval of the rotation period of Kepler-538 (a stellar activity parameter we estimated in
our full model). The gray line is the orbital period of Kepler-538b (P = 81.74 days). Lastly,
the dashed black lines correspond to various false alarm probabilities.(Note the different y-
axis scalings for HIRES.))



AN 11 EARTH-MASS, LONG-PERIOD SUB-NEPTUNE ORBITING A SUN-LIKE STAR 25

not and found consistent results. For this reason, and for the sake of simplicity, in this paper
we only report our analysis of RVs in conjunction with FWHM observations.

General RV Modeling Approach

In order to model our RV and FWHM observations, we followed the method described
in Rajpaul et al. (2015), hereafter R15, which establishes a method to characterize stellar
activity that uses simultaneous regression of distinct data types (with potentially distinct
time series). Here we briefly discuss Gaussian process (GP) regression and the novel approach
to GPs used by R15.

In brief, a GP is a stochastic process that captures the covariance between observations
and allows for the modeling of correlated noise (Rasmussen and Williams 2006). A GP is
specified by a covariance matrix in which the diagonal elements are the individual observation
variances and each off-diagonal element describes the covariance between two observations.
The values of the off-diagonal elements are determined by a kernel function, which describes
the nature of the correlated noise. GPs provide a great deal of flexibility that has made
them an effective tool to account for stellar activity (Haywood et al. 2014). R15 recom-
mended characterizing stellar activity with a quasi-periodic (QP) kernel, which balances
physical motivation with simplicity. The QP kernel uses four parameters (commonly called
hyperparameters) and defines the covariance matrix as follows:

KQP(ti, tj) = h2 exp

(
−

sin2
(
π(ti − tj)/P∗

)
2λ2

p

− (ti − tj)
2

2λ2
e

)
, (2.2)

where ti and tj are observations made at any two times, h is the amplitude hyperparam-
eter (though not a true amplitude, as it incorporates some multiplicative constants), P∗ is
the period of the variability (i.e., the rotation period in the case of stellar activity), λp is
the inverse harmonic complexity (a smoothness factor that acts as a proxy for the number
of turning points and inflection points per rotation period), and λe is an exponential decay
factor (scaling with, though not exactly equal to, the decay timescale of the spots on the
star).

One of the key insights of R15 is the way in which they related multiple GPs to one
another. GP regression can be used on multiple data sets by constructing a covariance
matrix that describes the covariances between two observations of any type. In our case,
this means any possible pairing of RV-RV, RV-FWHM, or FWHM-FWHM data points. The
following equations (based on equations 13 and 14 from R15) relate RV and FWHM:

∆RV = VcG(t) + VrĠ(t) (2.3)

FWHM = FcG(t) (2.4)

Here, G(t) is an underlying GP directly quantifying stellar activity, and Vc, Vr, and Fc

are amplitude parameters corresponding to the RV convective blueshift suppression effect,
RV rotation modulation, and FWHM signal amplitude (note that this means there are
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three amplitude parameters instead of the single h parameter expressed in Equation 2.2).
Because RVs and FWHMs respond differently to the underlying stellar activity, this approach
allows for more rigorous characterization of the stellar activity than methods using only RV
observations, which improves the separation of the stellar and planetary signals.

We followed R15 and simultaneously modeled the HIRES RV data as well as the HARPS-
N RV and FWHM data. This included a separate offset parameter and noise parameter
(added in quadrature to the uncertainties) for both RV data sets and the FWHM data set
(for a total of three offset parameters and three white noise parameters). Finally, the RV
reflex motion due to the planet was characterized by a simple five-parameter orbital model:
reference epoch, orbital period, reflex motion semi-amplitude, eccentricity, and longitude of
periastron.

Because we conducted a joint fit to both photometry and spectroscopy, all orbital param-
eters except for reflex motion semi-amplitude are simultaneously used in our photometric
model. In other words, reference epoch, orbital period, eccentricity, and longitude of perias-
tron are used in both the photometric and spectroscopic components of our full model.

For all of the parameters used in the spectroscopic portion of the model, we assumed
uniform, Jeffreys, or modified Jeffreys priors. The specific types and bounds of the priors
are all listed in Table 2.3.

Parameter Estimation

Overall, our full model included a photometric baseline offset parameter, a photometric
white noise parameter, two quadratic limb-darkening parameters, the impact parameter,
the transit duration, the planet radius relative to the stellar radius, the reference epoch,
the orbital period, eccentricity, longitude of periastron, the reflex motion semi-amplitude,
three spectroscopic offset parameters and three spectroscopic white noise parameters (for
HIRES RV, HARPS-N RV, and HARPS-N FWHM), and six GP hyperparameters (two
corresponding to the two RV semi-amplitudes and one corresponding to the FWHM semi-
amplitude in Equations 2.3 and 2.4, as well as the stellar rotation period, a smoothness factor,
and an exponential decay factor). This yielded a total of 24 parameters, all of which are also
listed in Table 2.3. (Note: because we only modeled the detrended and flattened photometry,
our estimation of the stellar rotation period was derived solely from our spectroscopic data.)

We estimated model parameters using MultiNest (Feroz et al. 2009, 2013), a Bayesian
inference tool for parameter space exploration, especially well suited for multimodal distri-
butions. We used the following MultiNest settings for our parameter estimation: constant
efficiency mode, importance nested sampling mode, multimodal mode, sampling efficiency
= 0.01, 1000 live points, and evidence tolerance = 0.1.

Our full results from this analysis are presented in Table 2.3 and discussed in Section 2.5.
Further, the best-fit transit model is plotted against the photometric data in Fig. 2.1 and the
phase-folded, stellar-activity-removed RV observations and model are presented in Fig. 2.5.
We find Kepler-538b to have a mass of Mp = 10.6+2.5

−2.4M⊕, a radius of Rp = 2.215+0.040
−0.034R⊕,

a mean density of ρp = 0.98 ± 0.23 ρ⊕, and negligible eccentricity (consistent with zero,
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< 0.11 at 95% confidence). Notably, thanks to the Gaia parallax, our uncertainty on the
planetary radius is less than 2%. For context, the average uncertainty, 0.037R⊕, is only
236 km, approximately the distance between Portland and Seattle11. Finally, we also note
that our estimates of transit parameters are all within 1σ of those reported in the original
Kepler-538b validation paper (Morton et al. 2016).

Model Tests

In order to confirm the validity of the results from our RV analysis, we conducted a number
of tests designed to verify both our method of analysis and its output. These tests included
removing our prior knowledge (obtained via transit photometry) of the transit time and
period, injecting and recovering synthetic planet signals into the RV data, and removing the
GP to model only the planet signal.

Removing the Transit Prior

The first test we conducted was to repeat our analysis without any photometric observations,
thereby removing the strong photometric constraints on the transit time and orbital period.
We refit our model with a prior of BJD-2453833 = Unif(172,252) on transit time, P =
Jeffreys(40,120) on orbital period, and the same priors on all other parameters that we
previously used in our full analysis. We fit against only RV and FWHM observations, so we
did not have any photometric parameters. Our choice of transit time prior was large enough
to be naive, but small enough to exclude other transit times modulo some number of orbital
periods. Similarly, our choice of orbital period prior was large enough to be naive, but small
enough (on the lower end) to prevent overlap with the stellar rotation period of 25−30 days.

The results were consistent with the full simultaneous fit to spectroscopy and photometry.
Of course, the posterior distributions on transit time and orbital period were much wider,
which is to be expected. Specifically, the transit time was found to be t0 (BJD - 2454833)
= 203+14

−13 and the period was found to be P = 82.25+0.62
−0.74 days. However, all parameters

agreed within 1σ of those from the full, simultaneous fit results. Further, all uncertainties
(other than those of transit time, period, and eccentricity) were of a similar scale to those
from the full model.

Injection Tests

The next test we conducted was to introduce a 1.7 m s−1, non-eccentric, sinusoidal planetary
signal into the RV data at various periods to see whether the signal could be recovered,
whether the measured RV semi-amplitude was accurate, and whether the uncertainties were
similar to those for Kepler-538b. We ran four separate model fits with a synthetic planetary
signal introduced at 60 days, 70 days, 90 days, and 100 days respectively. For each data set,
we modeled Kepler-538b and the synthetic signal simultaneously, including eccentricity in

11https://www.distancecalculator.net/from-portland-to-seattle

https://www.distancecalculator.net/from-portland-to-seattle
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Figure 2.4: Scatter plots of RV vs. logR′
HK , BIS, and FWHM for Kepler-538. The RVs

have been mean-subtracted and plotted against the other three data types. Blue data points
correspond to HARPS-N observations, orange data points to HIRES. In the top left corner
of each panel is the Spearman correlation coefficient between the two data sets, an indicator
of nonlinear, monotonic correlation. (The coefficients were calculated using the observation
values but not their uncertainties.)
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Figure 2.5: Kepler-538 RVs (with stellar activity subtracted) as a function of the orbital
phase of Kepler-538b. Observations from HARPS-N and HIRES are plotted in blue and
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two RV data points with error bars greater than 5 m s−1 were removed from the plot (but
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AN 11 EARTH-MASS, LONG-PERIOD SUB-NEPTUNE ORBITING A SUN-LIKE STAR 30

the model for both planets. To reduce computational expenses, we did not model the Kepler
photometry for these tests, instead we applied Gaussian priors to the orbital period and
transit time of Kepler-538b based on the values from our main results (see Table 2.3). As for
our injected signal, we applied Gaussian priors to transit time and orbital period, centered
respectively on the transit time and orbital period of the injected signal, with the same
variance on transit time and same fractional variance on orbital period as for Kepler-538b.
Finally, priors on semi-amplitude, eccentricity, and longitude of periastron were identical to
those for Kepler-538b.

In all four model fits, we recovered the semi-amplitude of the injected signal to within
1σ of 1.7 m s−1 (except for the 60d injection test, for which we found a semi-amplitude that
was less than 1.7 m s−1 by 1.1σ). Further, the recovered semi-amplitude uncertainty of the
injected planets were all on the order of 0.4 − 0.5 m s−1, similar to the error bars on the
semi-amplitude of Kepler-538b. Finally, in all four cases, the measured eccentricity of the
injected planet was consistent with zero to within 2σ.

Fitting without a GP

Another important test we conducted was trying to model the RVs of Kepler-538b without
accounting for the stellar activity at all. We did this by simply running the analysis without
the GP. If the GP regression adequately accounted for the stellar activity (rather than
subsume and weaken the planetary signal), we would expect to recover a similar RV semi-
amplitude for the planet when the GP is excluded, as well as either comparable or larger
uncertainties.

And this is indeed what we find. Without a GP, we found an RV semi-amplitude of
K = 2.06+0.49

−0.46 m s−1, within 1σ of the semi-amplitude found when a GP was included.
Similarly, all other parameters in common between the two model fits agreed to within 1σ,
adding confidence to our results.

This particular test illustrates that our choice to use a GP to account for stellar activity
was sufficient for this system and data set, though not strictly necessary. This may be due to
the long evolution time scale of the stellar activity and the large difference in periods between
stellar rotation and planetary orbital period. However, we cannot rely on favorable stellar
features in general, therefore it is best to err on the side of caution and use a sufficiently
sophisticated method (e.g. GP regression) to characterize stellar activity signals.

2.5 Results and Discussion

The results of our stellar characterization and light curve, RV, and FWHM modeling can be
found in Tables 2.2 and 2.3.

After conducting our model fits and running the requisite follow-up tests, we found the
mass of Kepler-538b to be Mp = 10.6+2.5

−2.4M⊕. Combining this with the planetary radius of
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Figure 2.6: Mass-radius diagram of transiting planets with fractional mass and radius un-
certainties less than 50%. Planet colors correspond to orbital period, with short periods in
red and long periods (such as Kepler-538b) in blue. Further, except for Kepler-538b, planets
with larger fractional mass and radius uncertainties are fainter. Venus and Earth are also
labeled and plotted in black for reference. Gray lines correspond to planetary compositions
(from top to bottom) of 100% H2O, 50% H2O, 25% H2O, 100% MgSiO3, 50% MgSiO3 + 50%
Fe, and 100% Fe, respectively (Zeng and Sasselov 2013; Zeng et al. 2016a). Kepler-538b lies
closest to the 25% H2O composition line. The planet likely consists of a significant fraction
of ices (dominated by water ice), in addition to rocks/metals, and a small amount of gas.
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Rp = 2.215+0.040
−0.034R⊕ resulted in a planetary density of ρp = 0.98 ± 0.23 ρ⊕, or 5.4 ± 1.3 g

cm−3.
Owing to its long orbital period, and its location on the mass-radius diagram, Kepler-

538b likely consists of a significant fraction of ices (dominated by water ice), in addition
to rocks/metals, and a small amount of gas (Zeng et al. 2018). Its host star is slightly
less massive than our own Sun. Because the luminosity of a main-sequence star is a strong
function of its mass (typically to the power of 3 or 4), the luminosity of the host star Kepler-
538 is somewhat less than the Sun. Therefore, the snowline in the disk when this system
was formed was closer in, increasing the likelihood for Kepler-538b to accrete ices during its
formation.

The estimated bulk density of Kepler-538b is comparable to that of the Earth. However,
this high mean density is partly due to its high mass resulting in more compression of
materials under self-gravity. Its uncompressed density, as revealed by the mass-radius curves
(Zeng and Sasselov 2013; Zeng et al. 2016a) in Fig. 2.6, is consistent with a composition
somewhat less dense than pure-rocky and/or Earth-like rocky (1:2 iron/rock mixture). One
ready explanation is that Kepler-538b is an icy core, which for some reason had not accreted
as much gas as our own Uranus or Neptune (both are estimated to have a few up to ten
perfect mass of gas).

The eccentricity of Kepler-538b is small (less than 0.11 with 95% confidence). However,
the planet may still have arisen from a dynamical origin, that is, inward planet migration due
to planet-planet gravitational interactions (Raymond et al. 2009). Some planet formation
theories have suggested the formation of multiple icy cores in relatively adjacent space near
the snowline around a host star, increasing the likelihood of dynamical interactions among
them and resulting in inward scatterings for some of them. If Kepler-538b were scattered
inward, then its orbital eccentricity could have been higher initially, and then damped to its
current value through interactions with the disk when the disk was still around. Alternatively,
inward migration through planet-disk interactions may be a more likely scenario, since a disk
would always keep the planet orbital eccentricity low (Chambers 2018; Morbidelli 2018) and
would probably be required to damp any eccentricity from scattering.

In summary, Kepler-538b is only the “tip of a huge iceberg”, likely representing a class
of planets common in our Galaxy, but which are not found in our own solar system. The
absence of planets in between the size of the Earth and Neptune (about four Earth radii) is
linked to the formation/presence of a gas giant – Jupiter (Barbato et al. 2018; Izidoro et al.
2015), and vice versa.

To date, very few exoplanets have been found on long-period orbits that also have any
kind of mass measurements. In fact, according to the NASA Exoplanet Archive12 (accessed
2019 July 31), there are only 10 transiting exoplanets (excluding Kepler-538b) with an RV
mass measurement and an orbital period greater than 50 days. If we look at other common

12https://exoplanetarchive.ipac.caltech.edu/. This number was determined by constraining or-
bital period > 50 days, planet mass < 11MJup, planet mass limit flag = 0 (to remove upper limit results),
planet circumbinary flag = 0, planet transit flag = 1, and planet RV flag = 1.

https://exoplanetarchive.ipac.caltech.edu/
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methods of mass measurement (specifically transit timing variations and dynamical mass
measurements of circumbinary planets), that number only increases to 37.

Further, most of those planets are quite large, more similar to Jupiter or Saturn in mass
and radius than Neptune or Earth. Fig. 2.7 demonstrates where Kepler-538b fits into this
sparse region of parameter space. Kepler-538b is one of the very few small, low-mass planets
well characterized to date.

As the sample of small, long-period planets with precisely determined masses and den-
sities grows, we will be able to address a number of fundamental questions. For example,
what effect does stellar incident flux have on the size and composition of exoplanets? Since
most known exoplanets have periods shorter than that of Mercury, it is difficult to analyze
exoplanet composition and size for incident fluxes comparable to or less than that of Earth.
Similarly, is there a relationship between the location or depth of the planet radius occurrence
gap detected by Fulton et al. (2017) and a planet’s mass or composition? Further charac-
terization of this gap at longer periods would help confirm (or refute) the photoevaporation
explanation of the gap and therefore provide insights about exoplanet formation.

Detection of Kepler-538b with Other Methods

As methods of detecting exoplanets become more sensitive, regions of parameter space ac-
cessible to multiple detection methods will grow, and with them the opportunity to more
rigorously characterize the planet population and calibrate detection methods against one
another. Kepler-538b pushes RV characterization further into the low-mass, long-period
planet regime. As a result, it is interesting to explore whether other methods might also be
able to characterize such a planet.

To begin with, there is no possibility of detecting an astrometric signal of Kepler-538b.
Perryman et al. (2014), which analyzed the expected planet yield from Gaia astrometry,
found that the expected along-scan accuracy per field of view for Gaia would be σfov =
34.2µas for a star like Kepler-538 (G = 11.67). While they required an astrometric signal
of 3σfov for a detection, the astrometric signal of Kepler-538b is only 0.095± 0.022µas, over
1000 times smaller than this detection threshold.

Similarly, a planet like Kepler-538b is very unsuitable for direct imaging. According to
the NASA Exoplanet Archive13 (accessed 2019 July 28), there are no directly imaged planets
less massive than 2MJup or closer to their host star than 2 au, both of which disqualify Kepler-
538b. Further, direct imaging is well suited for young stars which still host self-luminous
planets, but the median estimated age of Kepler-538 is 3.8 Gyr, older than nearly every
host star of a directly imaged planet on the NASA Exoplanet Archive (there are only two
exceptions, WISEP J121756.91+162640.2 A and Oph 11).

Unlike astrometry and direct imaging, Penny et al. (2019) determined that a planet with
the mass and semi-major axis of Kepler-538b would be just inside the microlensing sensitivity
curve of the Wide Field Infrared Survey Telescope (WFIRST). They estimated that if every

13https://exoplanetarchive.ipac.caltech.edu/

https://exoplanetarchive.ipac.caltech.edu/
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Figure 2.7: Orbital period versus planet radius for all transiting exoplanets with P > 50 days
and RV or transit timing variation (TTV) mass measurements. Data for all planets besides
Kepler-538b were retrieved from the NASA Exoplanet Archive (accessed 2019 February 16).
Kepler-538b is plotted as a pink circle, all other exoplanets with RV mass measurements are
plotted as black circles, one exoplanet (Kepler-117c) has a jointly derived mass from RV and
TTV measurements and is plotted as a black square, and exoplanets with only TTV mass
measurements are plotted as gray triangles. (Period and radius uncertainties are plotted for
all planets, including Kepler-538b, but are smaller than the data points in many cases.) At
long periods (P > 50 days), Kepler-538b is the smallest transiting exoplanet with an RV
mass measurement, and Kepler-20d is the only such planet with a lower mass (by 0.5M⊕).
Overall, there are very few mass measurements for planets in the long-period, small-radius
regime of Kepler-538b.
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star hosted a planet like Kepler-538b, we could expect WFIRST to detect a microlensing
signal from roughly 10-30 such planets during the course of the full mission; see Fig. 9 from
Penny et al. (2019).

Potential for Atmospheric Characterization

One interesting question to ask about Kepler-538b is whether or not it may be amenable
to atmospheric characterization via transmission spectroscopy. The James Web Space Tele-
scope, JWST, (Deming et al. 2009; Gardner et al. 2006; Kalirai 2018) will devote a significant
portion of its mission to the characterization of exoplanet atmospheres. The spectra shown
in Fig. 2.8 for the atmosphere of Kepler-538b were generated by the JWST Exoplanet Tar-
geting (JET) code (C. D. Fortenbach & C. D. Dressing 2019, in preparation) assuming five
observed transits. This code first takes the observed planet and system parameters (Rp,
period, insolation flux, R∗, Teff , and J-band magnitude) and then derives other key param-
eters (semi-major axis, Teq, planet surface gravity, planet mass, and transit duration). In
this case we used the planet mass already determined in this paper. We also assumed an
optimistic low-metallicity (five times solar) planetary atmosphere with no clouds. JET then
used Exo-Transmit (Kempton et al. 2017) to generate model transmission spectra and used
Pandexo (Batalha et al. 2017) to generate simulated instrument spectra. We focused on the
Near InfraRed Imager and Slitless Spectrograph (NIRISS) SOSS-Or1 and NIRSpec G395M
instruments/modes since they are, according to Batalha and Line (2017), best suited for
exoplanet transmission spectroscopy. Finally, the JET code performed a statistical analysis
for multiple transits and determined if the simulated instrument spectra fit the model well
enough to confirm a detection. Given current estimates of the precision (noise floor) of these
JWST instruments (as well as visual inspection of the simulated spectra after five transits
in Fig. 2.8), it would likely be very difficult to detect the Kepler-538b atmosphere even with
a large number of transit observations with JWST.

Perhaps other next-generation observatories such as the Thirty Meter Telescope (Sanders
2013), the Extremely Large Telescope (Udry et al. 2014), the Giant Magellan Telescope
(Johns et al. 2012), or the Large UV/Optical/IR Surveyor (The LUVOIR Team 2018) will
be able to make such a project feasible.

Possibility of a Second Planet in the System

Some early versions of the Kepler catalog included a weak transit signal at 117.76 days and
labeled it as a planet candidate (K00365.02). However, one early catalog instead labeled it
as a false positive (Mullally et al. 2015) and the final Kepler DR25 catalog (Thompson et al.
2018) did not detect a candidate at that period at all (or even a threshold crossing event,
the broadest detection category in the Kepler pipeline). Further, the Kepler False Positive
Working Group (Bryson et al. 2017) investigated K00365.02 and could not determine a final
disposition; they did however flag the candidate with a “Transit Not Unique False Alarm”
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Figure 2.8: A simulated transmission spectrum of Kepler-538b with five transits observed
with JWST. The model spectrum, with low metallicity (five times solar) and no clouds, is
shown as a gray line. The black data points are the simulated instrument spectra, using
NIRISS SOSS-Or1 (0.81-2.81 µm) and NIRSpec G395M (2.87-5.18 µm).
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flag, meaning “the detected transit signal is not obviously different from other signals in the
flux light curve.”14

The radius of K00365.02 was reported on the NASA Exoplanet Archive as 0.62+0.10
−0.03R⊕.

Assuming a pure iron composition and using Zeng and Sasselov (2013) and Zeng et al.
(2016a) yields an upper limit mass of 0.37+0.25

−0.05M⊕ and an upper limit semi-amplitude of
5.3+3.4

−0.8 cm s−1, well below the detection threshold for HARPS-N, HIRES, or any other
spectrograph. However, for the sake of rigor, we also ran a two planet model for Kepler-
538b and K0035.02 on our RV and FWHM data (similar to our main model). Instead of
jointly modeling photometry, we applied period and transit time priors on Kepler-538b and
K00365.02 (the former based on our final results, the latter determined from the NASA
Exoplanet Archive15; accessed 31 July 2019). Our results showed an RV semi-amplitude at
117.76 days of K = 0.26+0.28

−0.18 m s−1, negligible and consistent with zero at less than 1.5σ.
Additionally, the periods of Kepler-538b and K00365.02 are not in or near a first-order

mean motion resonance (or second-order, for that matter), so we do not expect a large,
detectable transit timing variation (TTV) signal on Kepler-538b either (Lithwick et al. 2012).
Indeed, the NASA Exoplanet Archive (accessed 31 July 2019) does not report a TTV flag
for Kepler-538b. As a result, with an unverified transit signal, a negligible RV signal, and
an apparently negligible TTV signal, the existence of K00365.02 remains inconclusive.

2.6 Summary and Conclusions

In this paper, we analyze the Kepler-538 system in order to determine the properties of
Kepler-538b, the single, known exoplanet in the system. Kepler-538 is a 0.924M⊙, G-type
star with a visual magnitude of V = 11.27. We model the Kepler light curve and determine
the orbital period of Kepler-538b to be P = 81.74 days and the planetary radius to be
Rp = 2.215+0.040

−0.034R⊕ (for reference, 0.037 = 236 km, approximately the distance between
Portland and Seattle16). These results are in agreement with previous transit fits. We also
determine the planetary mass by accounting for stellar activity via a GP regression that uses
information from the FWHM and RV observations simultaneously. Our model fit yields a
mass estimate for Kepler-538b of Mp = 10.6+2.5

−2.4M⊕. Combined, these results show the planet
to have a density of ρp = 0.98 ± 0.23ρ⊕ = 5.4 ± 1.3 g cm−3. This suggests a composition
and atmosphere somewhere between that of Earth and Neptune, with a significant fraction
of ices (dominated by water ice), in addition to rocks/metals, and a small amount of gas
(Zeng et al. 2018).

To date, there have been very few precise and accurate mass measurements of long-period
exoplanets. Beyond 50 days, Kepler-538b is only the 11th transiting exoplanet with an RV

14https://exoplanetarchive.ipac.caltech.edu/\docs/API_fpwg_columns.html
15https://exoplanetarchive.ipac.caltech.edu/
16https://www.distancecalculator.net/from-portland-to-seattle

https://exoplanetarchive.ipac.caltech.edu/\docs/API_fpwg_columns.html
https://exoplanetarchive.ipac.caltech.edu/
https://www.distancecalculator.net/from-portland-to-seattle
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mass measurement (NASA Exoplanet Archive17; accessed 2019 May 4). Additional, well-
constrained mass measurements of long-period planets will improve our understanding of the
long-period exoplanet population. Beyond that, they will also help to answer questions about
the short-period planet population, such as the nature of the planetary radius occurrence gap
(Fulton et al. 2017) and the effect of stellar flux on exoplanet compositions and atmospheres.

With new, next-generation spectrographs such as HPF (Mahadevan et al. 2010, 2014),
KPF (Gibson et al. 2016, 2018), EXPRES (Jurgenson et al. 2016), ESPRESSO (Mégevand
et al. 2010), and NEID (Schwab et al. 2016) coming online now or in the near future, our
ability to characterize long-period exoplanets will only improve. Better data will require
more advanced analysis methods to extract as much information as possible. The methods
used in this paper, such as GP regression, injection tests, and simultaneous modeling of
RV observations and stellar activity indices, are valuable tools that strengthen the analysis
of spectroscopic data, improve exoplanet characterization, and therefore better our under-
standing of the exoplanet population as a whole.

17https://exoplanetarchive.ipac.caltech.edu/ This number was determined by constraining Or-
bital Period > 50 days, Planet Mass < 11MJup, Planet Mass Limit Flag = 0 (to remove upper limit results),
Planet Circumbinary Flag = 0, Planet Transit Flag = 1, and Planet RV Flag = 1.

https://exoplanetarchive.ipac.caltech.edu/
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Chapter 3

Hyades Member K2-136c: The
Smallest Planet in an Open Cluster
with a Precisely Measured Mass

An earlier version of this article was published as: Mayo, A. W., Dressing, C. D., Vanderburg, A., Fortenbach,

C. Dl, Lienhard, F., Malavolta, L., Mortier, A., Núñez, A., Richey-Yowell, T., Turtelboom, E. V., Bonomo, A.

S., Latham, D. W., López-Morales, M., Shkolnik, E., Sozzetti, A., Agüeros, M. A., Borsato, L., Charbonneau,

D., Cosentino, R., Douglas, S. T., Dumusque, X., Ghedina, A., Gibson, R., Granata, V., Harutyunyan, A.,

Haywood, R. D., Lacedelli, G., Lorenzi, V., Magazzù, A., Martinez Fiorenzano, A. F., Micela, G., Molinari,

E., Montalto, M., Nardiello, D., Nascimbeni, V., Pagano, I., Piotto, G., Pino, L., Poretti, E., Scandariato,

G., Udry, S., Buchhave, L. A., 2023, The Astronomical Journal, 165, 235M.

K2-136 is a late-K dwarf (0.742 ± 0.039 M⊙) in the Hyades open cluster with three
known, transiting planets and an age of 650 ± 70 Myr. Analyzing K2 photometry, we
found that planets K2-136b, c, and d have periods of 8.0, 17.3, and 25.6 days and radii of
1.014± 0.050 R⊕, 3.00± 0.13 R⊕, and 1.565± 0.077 R⊕, respectively. We collected 93 radial
velocity measurements (RVs) with the HARPS-N spectrograph (TNG) and 22 RVs with
the ESPRESSO spectrograph (VLT). Analyzing HARPS-N and ESPRESSO data jointly, we
found K2-136c induced a semi-amplitude of 5.49 ± 0.53 m s−1, corresponding to a mass of
18.1 ± 1.9 M⊕. We also placed 95% upper mass limits on K2-136b and d of 4.3 and 3.0
M⊕, respectively. Further, we analyzed HST and XMM-Newton observations to establish
the planetary high-energy environment and investigate possible atmospheric loss. K2-136c is
now the smallest planet to have a measured mass in an open cluster and one of the youngest
planets ever with a mass measurement. K2-136c has ∼75% the radius of Neptune but is
similar in mass, yielding a density of 3.69+0.67

−0.56 g cm−3 (∼2-3 times denser than Neptune).
Mass estimates for K2-136b (and possibly d) may be feasible with more RV observations,
and insights into all three planets’ atmospheres through transmission spectroscopy would be
challenging but potentially fruitful. This research and future mass measurements of young
planets are critical for investigating the compositions and characteristics of small exoplanets
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at very early stages of their lives and providing insights into how exoplanets evolve with
time.

3.1 Introduction

The timescales on which planets and planetary systems evolve are far longer than any feasible
timescale of scientific observations. The only way to learn about how planets form and
evolve is to collect snapshots at different stages of their development and assemble these
snapshots into a cohesive framework. This is where open clusters prove particularly useful.
Open clusters, close collections of young, recently formed stars, are excellent laboratories for
studying the early lives of stars, because all of the stars in an open cluster, regardless of size,
temperature, metallicity, or location, have a shared formation history, and therefore the ages
of the stars can be very tightly constrained. This logic can also be applied to planets; if they
form very quickly after the coalescence of their host star (Raymond and Morbidelli 2020), it
is possible to determine the age of a planet orbiting an open cluster star, thereby capturing
one of the early snapshots required to assemble the framework of a planet’s evolution.

In this paper we characterize K2-136c, a sub-Neptune planet in the Hyades open cluster.
Orbiting a late K dwarf, this planet is one of the three known, transiting planets in the
system. The system was originally observed in K2 Campaign 13 for 80 days (2017 March 8
- 2017 May 27) and was proposed for observation by seven guest observer teams: GO13008,
GO13018, GO13023, GO13049, GO13064, GO13077, and GO13090. All three planets were
originally discovered by Mann et al. (2018) (hereafter M18) and Ciardi et al. (2018) (a parallel
analysis published simultaneously). Shortly thereafter a subsequent analysis was completed
by Livingston et al. (2018). All three papers are in broad agreement regarding stellar and
planetary parameters, but M18 established the tightest constraints on orbital period for all
three planets.

In their analysis, M18 found an Earth-sized planet (0.99+0.06
−0.04 R⊕) at P = 8.0 days (K2-

136b), a sub-Neptune-sized planet (2.91+0.11
−0.10 R⊕) at P = 17.3 days (K2-136c, the focus of

this paper), and a super-Earth-sized planet (1.45+0.11
−0.08 R⊕) at P = 25.6 days (K2-136d). They

also determined a host star mass of 0.74± 0.02 M⊙ and a stellar radius of 0.66± 0.02 R⊙.
As for the stellar age, there are a number of estimates available. Perryman et al. (1998)

found the Hyades open cluster to be 625 ± 50 Myr. Gossage et al. (2018) found an age of
∼ 680 Myr while Brandt and Huang (2015) determined a slightly older age of 750±100 Myr.
The age we use throughout this paper comes from Mart́ın et al. (2018), who determined the
Hyades to be 650± 70 Myr old. We thus assume that K2-136 and the three orbiting planets
share that approximate age. We chose this age because it is a relatively recent result,
it compares and combines results using both old (Burrows et al. 1997) and new (Baraffe
et al. 2015) standard evolutionary models, and it also agrees broadly with other, previous
estimates. The young age of the system was our primary reason for pursuing K2-136c as a
target: there are very few young, small planets with mass measurements. According to the
NASA Exoplanet Archive (NASA Exoplanet Science Institute 2020), accessed 2023 Mar 12,
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there are only 13 confirmed exoplanets with Rp < 4 R⊕, a host star age < 1 Gyr, and a
mass measurement (not an upper limit): HD 18599b (Desidera et al. 2022), HD 73583b and c
(Barragán et al. 2022); K2-25b (Stefansson et al. 2020); L 98-59b, c, and d (Demangeon et al.
2021); Kepler-411b and Kepler-411d (Sun et al. 2019); Kepler-462b (Masuda and Tamayo
2020); Kepler-289b and Kepler-289d (Schmitt et al. 2014); and K2-100b (Barragán et al.
2019). Of these, only the Kepler-411, K2-100, HD 73583, K2-25, and HD 18599 systems
have an age constraint tighter than 50% (Barragán et al. 2019, 2022; Desidera et al. 2022;
Stefansson et al. 2020; Sun et al. 2019).

We analyzed photometry of the K2-136 system in order to measure the radii, ephemerides,
and other transit parameters of each planet. We also collected spectra of the K2-136 system
and measured radial velocities (RVs) as well as stellar activity indices. Then, by modeling
these RVs following Rajpaul et al. (2015), we determined the mass of K2-136c and placed
upper limits on the masses of the other two planets. We used this system to investigate the
nature, environment, and evolution of young, small exoplanets.

This paper is organized as follows. In Section 3.2 we discuss our observations. Then
we detail our method of stellar characterization in Section 3.3. Next, in Section 3.4 we
describe our RV and photometry models, data analysis, model comparison, and parameter
estimation. In Section 3.5 we present and discuss our results. Finally, we summarize and
conclude in Section 3.6.

3.2 Observations

K2

Photometric observations of the K2-136 system were collected with the Kepler spacecraft
(Borucki et al. 2008) through the K2 mission during Campaign 13 (2017 Mar 08 to 2017
May 27). K2 collected long-cadence observations of this system every 29.4 minutes.

TESS

Photometric observations of the K2-136 system were also collected with the TESS spacecraft
(Ricker et al. 2015) during Sector 43 (2021 Sep 16 to 2021 Oct 10) and Sector 44 (2021 Oct 12
to 2021 Nov 06). TESS collected long-cadence full frame image observations of this system
every 10 minutes in Sector 43 and short-cadence observations every 20 seconds in Sector 44.

HARPS-N

We collected 93 RV observations using the HARPS-N spectrograph (Cosentino et al. 2012,
2014) on the Telescopio Nazionale Galileo (TNG). The first 88 spectra were collected between
2018 August 11 and 2019 February 7 (programs A37TAC 24 and A38TAC 27, PI: Mayo),
and the final 5 spectra were collected between 2020 September 18 and 2020 October 31 by
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the HARPS-N Guaranteed Time Observation program. RVs and additional stellar activity
indices were extracted using a K6 stellar mask and version 2.2.8 of the Data Reduction
Software (DRS) adapted from the ESPRESSO pipeline. Spectra had an average exposure
time of 1776.5 seconds and the average SNR in the order around 550 nm was 51.1. The RV
standard deviation was 6.9 m s−1 and the RV median uncertainty was 1.6 m s−1. Stellar
activity indices also extracted and reported in this paper include the cross-correlation func-
tion (CCF) bisector span inverse slope (hereafter BIS), the CCF full width at half maximum
(FWHM), and SHK (which measures chromospheric activity via core emission in the Ca II H
and K absorption lines). The observation dates, velocities, and activity indices are provided
in Table 3.2.

ESPRESSO

We collected 22 RV observations using the ESPRESSO spectrograph (Pepe et al. 2021) on
the Very Large Telescope (VLT) between 2019 November 1 and 2020 February 27 (program
0104.C-0837(A), PI: Malavolta). RVs and additional stellar activity indices were extracted
using a K6 stellar mask and the same pipeline as the HARPS-N observations (DRS version
2.2.8). Typical exposure time for spectra was 1800 seconds and the average SNR at Order
111 (central wavelength = 551nm) was 79.9. The RV standard deviation was 7.8 m s−1 and
the RV median uncertainty was 0.70 m s−1. These observations and indices are also provided
in Table 3.2.

Hubble Space Telescope

Near-ultraviolet (NUV) observations of K2-136 were taken as part of a broader Hubble Space
Telescope (HST ) program observing the Hyades (GO-15091, PI: Agüeros). The target was
exposed for 1166.88 seconds on 2019 September 13 using the photon-counting Cosmic Origins
Spectrograph, COS, (Green et al. 2012) in the G230L filter and had no data quality flags.

After initial data reduction through the CALCOS pipeline version 3.3.10, we additionally
confirmed that the star was not flaring during observations by integrating the background-
subtracted flux by wavelength over 1 and 10 second time intervals in the time-tagged data.
No flares above 3σ were identified.

XMM-Newton

K2-136 was the target of an XMM-Newton (XMM ) 43 ksec observation on 2018 September
11 (Obs. ID: 0824850201, PI: Wheatley). The observation was processed using the stan-
dard Pipeline Processing System (PPS version 17.56 20190403 1200; Pipeline sequence ID:
147121). The source detection corresponding to K2-136 was detected by both the pn and
MOS cameras, for a total of 800 source counts in the 0.2-12.0 keV energy band. The X-ray
source has data quality flag SUM FLAG=0 (i.e., good quality). No variability or pileup were
detected for this X-ray source.
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Parameter Unit Value Reference

EPIC - .................. .................. 247589423 -
2MASS - .................. .................. J04293897+2252579 -
α R.A. J2016.0 .................. .................. 04:29:39.1 GAIA DR31

δ Dec J2016.0 .................. .................. +22:52:57.2 GAIA DR31

µα mas yr−1 .................. .................. 82.778± 0.021 GAIA DR31

µδ mas yr−1 .................. .................. −35.541± 0.015 GAIA DR31

Parallax mas .................. .................. 16.982± 0.019 GAIA DR31

Distance pc .................. .................. 58.752+0.061
−0.072 b

Age Myr .................. .................. 650± 70 c
B mag - .................. .................. 12.48± 0.01 UCAC44

V mag - .................. .................. 11.20± 0.01 UCAC44

J mag - .................. .................. 9.096± 0.022 2MASS5

H mag - .................. .................. 8.496± 0.020 2MASS5

K mag - .................. .................. 8.368± 0.019 2MASS5

W1 mag - .................. .................. 8.263± 0.023 WISE6

W2 mag - .................. .................. 8.349± 0.020 WISE6

W3 mag - .................. .................. 8.312± 0.030 WISE6

Fractional X-ray luminosity LX/L∗ - .................. .................. (1.97± 0.30)×10−5 This work

Parameter Unit SPC ARES+MOOG Combined7 Reference

Effective temperature Teff K 4517± 49 4447± 149 4500+125
−75 This work

Surface gravity log g g cm−2 4.68± 0.10 4.82± 0.43 - This work
Microturbulence km s−1 - < 1.18 - This work
Metallicity [Fe/H] dex - 0.05± 0.10 - This work
Metallicity [M/H] dex −0.02± 0.08 - - This work

Radius R∗ R⊙ 0.6764+0.0039
−0.0033 0.6770+0.0050

−0.0038 0.677± 0.027 This work

Mass M∗ M⊙ 0.7413+0.0093
−0.0056 0.7430+0.0126

−0.0070 0.742+0.039
−0.038 This work

Density ρ∗ ρ⊙ 2.397+0.017
−0.018 2.397+0.018

−0.019 2.40± 0.31 This work

Luminosity L∗ L⊙ 0.1682+0.0043
−0.0035 0.1664+0.0038

−0.0035 0.1673+0.0053
−0.0049 This work

Projected rot. velocity v sin i km s−1 < 2 - - This work
Table 3.1: Stellar parameters of K2-136

3.3 Stellar Characterization

In order to characterize the star, we started by combining all of our collected HARPS-N
spectra (from 2018-2019) into a single, stacked spectrum with S/N ∼ 300, based on signal
divided by scatter on continuum segments near 6000 Å; see Section 3.1 of Mortier et al.
(2013) for more details. Then we ran the ARESv2 package (Sousa et al. 2015) to obtain
equivalent widths for a standard set of neutral and ionised iron lines (Sousa et al. 2011).

1Babusiaux et al. (2022), Gaia Collaboration and Vallenari (2022), and Gaia Collaboration et al. (2016,
2020)

2Bailer-Jones et al. (2021)
3Mart́ın et al. (2018)
4Zacharias et al. (2013)
5Cutri et al. (2003) and Skrutskie et al. (2006)
6Wright et al. (2010)
7Systematic uncertainties added in quadrature (Tayar et al. 2020)
8Value is poorly constrained, 1σ upper limit reported instead
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We refer to Mortier et al. (2013), Sousa (2014), and Sousa et al. (2015) for our choice
of typical model parameters. Afterward, we calculated stellar parameters using MOOG1

(Sneden 1973) with ATLAS plane-parallel model atmospheres (Kurucz 1993) assuming local
thermodynamic equilibrium. A downhill simplex minimization procedure (Press et al. 1992)
was used to determine the stellar photospheric parameters; see e.g. Mortier et al. (2013)
and references therein. We determined that the stellar temperature was less than 5200 K,
so we reran the minimization procedure with a sublist of lines designed for cooler stars
(Tsantaki et al. 2013); we also constrained our line list to those with equivalent widths
between 5 and 150 milliAngstroms (mÅ), removing 5 lines above 150 mÅ and 1 line below 5
mÅ (lines within this range tend to be sufficiently strong and well-described by a Gaussian).
Finally, we corrected for log g and re-scaled errors following Torres et al. (2012), Mortier
et al. (2014), and Sousa et al. (2011). The resulting effective temperature, surface gravity,
microturbulence, and metallicity are reported in Table 3.1.

Then we determined the same stellar parameters from the same spectra with a different,
independent tool: the Stellar Parameter Classification tool, SPC (Buchhave et al. 2012).
SPC interpolates across a synthetic spectrum library from Kurucz (1992) to find the best
fit and uncertainties on an input spectrum. In addition to the stellar parameters calcu-
lated from ARES+MOOG, this tool also estimated rotational velocity. All atmospheric
stellar parameters from ARES+MOOG and SPC were in good agreement (within 1σ). Like
ARES+MOOG, all SPC parameter estimates can be found in Table 3.1.

We then took our estimated effective temperature and metallicity from ARES+MOOG
and SPC, the Gaia Data Release 3 (DR3) parallax (Gaia Collaboration and Vallenari 2022;
Gaia Collaboration et al. 2016, 2020), and numerous photometric magnitudes (B, V, J, H,
K, W1, W2, and W3) and input them into the isochrones Python package (Morton 2015).
This package used two different sets of isochrones: Dartmouth (Dotter et al. 2008) and
Modules for Experiments in Stellar Astrophysics (MESA) Isochrones and Stellar Tracks,
MIST (Choi et al. 2016; Dotter 2016). Comparing two standard, independent models is
useful for mitigating systematic errors and revealing discrepancies or issues in the resulting
parameter estimates. We used MultiNest (Feroz et al. 2009, 2013) for parameter estimation,
assuming 600 live points and otherwise standard MultiNest settings: importance nested
sampling mode, multimodal mode, constant efficiency mode disabled, evidence tolerance
= 0.5, and sampling efficiency = 0.8. As stated earlier, K2-136 is a member of the Hyades and
therefore has a very tight age constraint of 650± 70 Myr (Mart́ın et al. 2018). We applied a
much broader age prior of 475 Myr - 775 Myr, a 3σ range on the 625±50 Hyades age estimate
from Perryman et al. (1998), which was more than sufficient to achieve convergence. This
yielded posterior distributions from both input atmospheric parameter sets (ARES+MOOG
and SPC) as well as both isochrone sets (Dartmouth and MIST), for a total of four sets of
posterior distributions (based on all combinations of input parameters and isochrones).

The posteriors were then combined together (i.e. the posterior samples were appended
together) to yield a single posterior distribution for each parameter. Lastly, systematic

12017 version: http://www.as.utexas.edu/$\sim$chris/moog.html

http://www.as.utexas.edu/$\sim $chris/moog.html
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uncertainties determined by Tayar et al. (2020) were added in quadrature to the combined
posteriors to yield final parameters and uncertainties. Specifically, we added 4% uncertainty
to R⊙, 5% uncertainty to M⊙, 2% uncertainty to L⊙, and 13% uncertainty to ρ⊙ (propagated
from R⊙ and M⊙ uncertainties). The input Gaia DR3 parallax, distance, photometric
magnitudes, and the resulting stellar radius, mass, density, and luminosity are all reported
in Table 3.1.

BJD (TDB) RV σRV CCF BIS σBIS CCF FWHM σFWHM SHK σSHK
Instrument

(m s−1) (m s−1) (m s−1) (m s−1) (m s−1) (m s−1)

2458341.70618026 39498.9 1.8 6901.1 3.7 63.8 3.7 1.191 0.022 HARPS-N
2458345.70159539 39516.8 1.4 6920.6 2.7 63.4 2.7 1.198 0.014 HARPS-N
2458346.70175761 39515.5 2.0 6948.0 4.0 70.2 4.0 1.274 0.025 HARPS-N
2458361.71645940 39513.6 2.9 6945.1 5.7 75.3 5.7 1.234 0.039 HARPS-N
2458363.75019615 39514.0 1.4 6942.8 2.8 69.2 2.8 1.222 0.013 HARPS-N
2458364.69673319 39516.3 1.4 6941.9 2.8 74.6 2.8 1.251 0.014 HARPS-N
2458365.69775405 39515.1 1.3 6949.1 2.7 71.9 2.7 1.238 0.013 HARPS-N
2458366.72988568 39504.4 1.7 6932.3 3.3 83.8 3.3 1.212 0.018 HARPS-N
2458378.65078445 39517.9 2.2 6947.9 4.4 72.8 4.4 1.294 0.027 HARPS-N
2458379.66372361 39514.4 1.4 6945.1 2.8 80.4 2.8 1.249 0.014 HARPS-N
2458380.65930503 39510.6 1.2 6930.6 2.4 77.3 2.4 1.294 0.012 HARPS-N
2458381.66442355 39504.7 1.2 6921.7 2.3 86.1 2.3 1.251 0.011 HARPS-N
2458382.66425283 39501.7 1.6 6913.0 3.2 78.8 3.2 1.243 0.018 HARPS-N
2458383.66210025 39495.8 2.3 6902.9 4.5 75.2 4.5 1.172 0.029 HARPS-N
2458384.71464839 39498.4 2.2 6896.4 4.4 67.9 4.4 1.160 0.027 HARPS-N
2458385.66982781 39500.0 1.4 6900.7 2.8 63.5 2.8 1.162 0.014 HARPS-N
2458386.73771712 39499.1 1.5 6910.7 3.1 59.3 3.1 1.165 0.016 HARPS-N
2458388.70001017 39504.0 1.4 6916.2 2.9 62.5 2.9 1.213 0.015 HARPS-N
2458390.75891115 39507.6 1.5 6923.3 3.0 66.3 3.0 1.194 0.016 HARPS-N
2458391.74334211 39509.3 1.5 6907.4 2.9 65.3 2.9 1.203 0.015 HARPS-N
2458410.64445231 39506.1 2.2 6903.3 4.3 82.2 4.3 1.165 0.027 HARPS-N
2458410.73761710 39506.9 2.7 6904.2 5.4 81.5 5.4 1.143 0.037 HARPS-N
2458415.61383639 39507.7 2.4 6905.6 4.8 66.5 4.8 1.130 0.028 HARPS-N
2458415.72038413 39504.5 1.4 6916.4 2.9 68.7 2.9 1.163 0.015 HARPS-N
2458421.64508561 39500.0 1.4 6937.6 2.8 74.8 2.8 1.240 0.014 HARPS-N
2458421.72295016 39497.8 4.0 6953.8 8.0 67.1 8.0 1.317 0.062 HARPS-N
2458424.69841781 39505.2 4.4 6922.8 8.8 63.0 8.8 1.255 0.068 HARPS-N
2458424.76629848 39502.2 2.9 6916.1 5.7 69.5 5.7 1.247 0.041 HARPS-N
2458448.58055249 39506.0 1.2 6911.5 2.3 63.8 2.3 1.137 0.010 HARPS-N
2458448.71120394 39506.1 1.8 6917.5 3.6 75.5 3.6 1.160 0.020 HARPS-N
2458449.42303120 39518.1 5.9 6925 12 81 12 1.17 0.11 HARPS-N
2458449.69543641 39507.7 2.3 6903.0 4.5 63.2 4.5 1.158 0.029 HARPS-N
2458451.47509484 39511.7 1.6 6923.5 3.2 69.2 3.2 1.164 0.017 HARPS-N
2458451.61304290 39512.1 1.5 6917.5 2.9 68.5 2.9 1.184 0.015 HARPS-N
2458453.60424787 39495.9 1.6 6922.3 3.3 79.5 3.3 1.242 0.019 HARPS-N
2458453.70820393 39493.9 1.6 6914.4 3.3 78.0 3.3 1.173 0.019 HARPS-N
2458454.46507987 39492.6 1.5 6902.0 3.1 75.7 3.1 1.155 0.017 HARPS-N
2458454.55426377 39488.9 1.5 6907.1 3.0 77.3 3.0 1.180 0.015 HARPS-N
2458456.47471787 39499.7 1.5 6895.0 3.0 68.5 3.0 1.198 0.016 HARPS-N
2458462.64638556 39509.7 1.7 6915.3 3.4 60.7 3.4 1.237 0.021 HARPS-N
2458473.54081960 39494.9 1.3 6911.9 2.5 73.2 2.5 1.092 0.011 HARPS-N
2458473.63947550 39492.6 1.3 6909.0 2.7 74.8 2.7 1.068 0.012 HARPS-N
2458474.47139808 39494.1 1.3 6913.1 2.7 76.0 2.7 1.067 0.012 HARPS-N
2458474.56083109 39491.6 1.1 6911.6 2.2 66.0 2.2 1.1493 0.0099 HARPS-N
2458477.50294855 39506.5 2.9 6915.2 5.8 70.1 5.8 1.164 0.039 HARPS-N
2458477.60820837 39503.8 3.4 6950.6 6.7 64.1 6.7 1.120 0.048 HARPS-N
2458478.43374093 39504.7 1.9 6914.6 3.8 66.9 3.8 1.164 0.021 HARPS-N
2458478.55045568 39502.0 1.3 6917.9 2.7 72.5 2.7 1.250 0.013 HARPS-N
2458479.54013997 39497.3 1.1 6919.3 2.2 65.9 2.2 1.223 0.010 HARPS-N
2458479.59583870 39498.3 1.2 6908.3 2.4 69.5 2.4 1.235 0.012 HARPS-N
2458480.49811363 39498.5 1.6 6904.6 3.3 80.0 3.3 1.164 0.017 HARPS-N
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2458480.61833460 39500.4 3.3 6922.6 6.5 74.6 6.5 1.182 0.049 HARPS-N
2458481.52056002 39494.5 1.9 6896.6 3.8 74.5 3.8 1.150 0.022 HARPS-N
2458481.61815376 39500.0 1.5 6893.8 2.9 74.9 2.9 1.174 0.016 HARPS-N
2458482.47714376 39502.2 1.4 6893.7 2.8 68.9 2.8 1.127 0.014 HARPS-N
2458482.57623761 39502.2 1.2 6888.0 2.4 67.9 2.4 1.135 0.011 HARPS-N
2458483.48217046 39506.5 1.4 6892.5 2.8 66.2 2.8 1.120 0.013 HARPS-N
2458483.57932245 39507.8 1.3 6886.6 2.6 70.6 2.6 1.118 0.012 HARPS-N
2458484.45739679 39506.9 1.8 6894.0 3.6 61.6 3.6 1.160 0.020 HARPS-N
2458484.56221664 39507.2 1.5 6892.7 2.9 71.3 2.9 1.127 0.015 HARPS-N
2458486.56813502 39505.3 2.0 6905.7 4.1 75.7 4.1 1.221 0.027 HARPS-N
2458487.44451438 39500.6 1.4 6899.3 2.8 69.1 2.8 1.192 0.015 HARPS-N
2458487.55454800 39501.7 1.4 6901.2 2.8 69.6 2.8 1.170 0.015 HARPS-N
2458488.41884010 39497.3 1.2 6901.9 2.5 66.8 2.5 1.138 0.012 HARPS-N
2458488.52873713 39499.6 1.9 6900.0 3.9 66.3 3.9 1.206 0.024 HARPS-N
2458489.43534717 39496.3 1.8 6899.7 3.6 70.6 3.6 1.193 0.021 HARPS-N
2458489.58136198 39492.8 1.6 6908.5 3.1 67.7 3.1 1.166 0.018 HARPS-N
2458502.38887026 39505.0 1.7 6903.9 3.3 66.2 3.3 1.123 0.018 HARPS-N
2458502.53993777 39505.4 2.5 6896.3 5.0 77.0 5.0 1.120 0.032 HARPS-N
2458503.37914022 39506.8 1.5 6904.6 2.9 71.5 2.9 1.183 0.015 HARPS-N
2458503.50487143 39505.3 1.2 6903.0 2.5 74.4 2.5 1.170 0.012 HARPS-N
2458504.43989909 39509.9 2.4 6912.6 4.8 81.1 4.8 1.114 0.029 HARPS-N
2458504.55233098 39503.5 2.1 6915.0 4.2 70.0 4.2 1.102 0.025 HARPS-N
2458505.38129467 39500.6 1.7 6905.6 3.3 72.6 3.3 1.200 0.019 HARPS-N
2458505.49840229 39498.6 2.3 6909.7 4.7 77.7 4.7 1.118 0.030 HARPS-N
2458506.36962284 39493.9 3.6 6916.2 7.1 66.2 7.1 1.243 0.055 HARPS-N
2458506.50672836 39488.8 2.9 6899.0 5.8 71.8 5.8 1.171 0.041 HARPS-N
2458518.37653154 39508.5 2.2 6909.8 4.3 66.3 4.3 1.193 0.027 HARPS-N
2458518.45830362 39515.6 4.3 6932.0 8.7 73.9 8.7 1.278 0.072 HARPS-N
2458518.47977117 39509.4 2.8 6914.6 5.5 76.9 5.5 1.203 0.040 HARPS-N
2458519.35187655 39498.8 3.8 6910.8 7.7 74.4 7.7 1.120 0.061 HARPS-N
2458519.45005233 39502.4 3.5 6921.3 7.0 84.8 7.0 1.213 0.055 HARPS-N
2458520.35461693 39497.1 1.5 6893.9 2.9 74.7 2.9 1.142 0.015 HARPS-N
2458520.45526091 39494.5 1.8 6914.5 3.5 72.8 3.5 1.157 0.021 HARPS-N
2458521.40212719 39499.0 2.2 6889.8 4.5 71.3 4.5 1.183 0.029 HARPS-N
2458521.48828747 39498.2 2.1 6899.6 4.2 71.1 4.2 1.147 0.027 HARPS-N
2458522.35495354 39499.9 1.2 6887.3 2.4 65.3 2.4 1.132 0.011 HARPS-N
2458522.43817942 39500.6 1.4 6892.8 2.8 67.9 2.8 1.130 0.015 HARPS-N
2458788.78775712 39499.17 0.89 6953.5 1.8 43.7 1.8 1.1403 0.0020 ESPRESSO
2458804.67601741 39480.32 0.67 6965.9 1.3 65.6 1.3 1.2545 0.0013 ESPRESSO
2458806.80347928 39484.42 0.79 6928.5 1.6 56.1 1.6 1.0794 0.0016 ESPRESSO
2458808.76852035 39504.65 0.83 6941.7 1.7 41.2 1.7 1.0573 0.0018 ESPRESSO
2458820.76166121 39489.22 0.46 6928.21 0.91 48.14 0.91 1.18743 0.00067 ESPRESSO
2458825.59389775 39492.79 0.71 6962.1 1.4 60.4 1.4 1.1525 0.0014 ESPRESSO
2458833.58700359 39486.65 0.70 6934.8 1.4 54.4 1.4 1.1807 0.0013 ESPRESSO
2458839.65413441 39493.99 0.63 6955.9 1.3 54.1 1.3 1.2941 0.0011 ESPRESSO
2458840.58619720 39501.76 0.70 6967.2 1.4 41.1 1.4 1.3193 0.0013 ESPRESSO
2458848.60085991 39501.35 0.49 6942.72 0.98 43.38 0.98 1.17686 0.00075 ESPRESSO
2458849.56597102 39505.53 0.69 6955.6 1.4 38.6 1.4 1.1913 0.0013 ESPRESSO
2458850.58225768 39494.9 1.8 6972.4 3.5 46.6 3.5 1.2761 0.0044 ESPRESSO
2458850.60464655 39497.81 0.92 6955.0 1.8 34.1 1.8 1.2108 0.0019 ESPRESSO
2458851.58865177 39493.17 0.79 6953.3 1.6 57.3 1.6 1.2570 0.0016 ESPRESSO
2458853.68186920 39502.19 0.57 6968.8 1.1 58.0 1.1 1.3340 0.0010 ESPRESSO
2458864.55947341 39502.03 0.65 6954.6 1.3 44.6 1.3 1.2129 0.0012 ESPRESSO
2458864.64168610 39502.17 0.77 6944.7 1.5 53.7 1.5 1.2462 0.0017 ESPRESSO
2458865.59784818 39505.73 0.94 6978.3 1.9 38.7 1.9 1.3126 0.0024 ESPRESSO
2458869.61564757 39488.28 0.56 6996.3 1.1 63.6 1.1 1.2687 0.0011 ESPRESSO
2458886.57544506 39481.55 0.69 6924.4 1.4 52.8 1.4 1.2086 0.0013 ESPRESSO
2458887.57037120 39487.19 0.61 6925.7 1.2 45.6 1.2 1.1117 0.0011 ESPRESSO
2458906.52291945 39500.21 0.67 6988.0 1.3 45.9 1.3 1.2254 0.0012 ESPRESSO
2459110.65183858 39492.2 2.7 6957.0 5.3 66.3 5.3 1.251 0.033 HARPS-N
2459111.66733900 39505.2 1.2 6956.5 2.5 67.6 2.5 1.401 0.011 HARPS-N
2459112.66195511 39508.2 1.9 6955.8 3.8 64.1 3.8 1.294 0.020 HARPS-N
2459120.71102749 39512.7 1.3 6979.6 2.7 70.1 2.7 1.339 0.013 HARPS-N
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2459153.51589766 39502.7 2.4 6939.2 4.7 67.1 4.7 1.216 0.026 HARPS-N
Table 3.2: Kepler-136 RV observations and activity indicators

Stellar Rotation Period

One parameter of special interest is the stellar rotation period, which we include as a pa-
rameter in our RV model (see Section 3.4). M18 conducted a Lomb-Scargle periodogram on
the K2 light curve and reported a rotation period of 15.04± 1.01 days. Ciardi et al. (2018)
analyzed the same light curve and found a rotation period of 15.2±0.2 days through a Lomb-
Scargle periodogram and 13.8 ± 1.0 days through an autocorrelation function. Livingston
et al. (2018) conducted a Gaussian process (GP) regression, a Lomb-Scargle periodogram,
and an autocorrelation function on the light curve and found a corresponding rotation period
of 13.5+0.7

−0.4 d, 15.1
+1.3
−1.2 d, and 13.6+2.2

−1.5 d, respectively. Note: Given an offset and uncertainties
in the photometric data set, a generalized Lomb-Scargle periodogram would be preferred
(Zechmeister and Kürster 2009); however, it is not clear from the referenced papers whether
this generalized method was used or just a basic Lomb-Scargle periodogram (Scargle 1982).

Notably, the estimates via a Lomb-Scargle periodogram are longer than estimates with
other methods. All results are broadly consistent with our findings from our full model
results (13.37+0.13

−0.17 days; see Table 3.4), except the 15.2 ± 0.2 day result from the Lomb-
Scargle analysis by Ciardi et al. (2018). They also have the smallest uncertainties of any
rotation period estimate, so it is possible that their value is reasonable but the uncertainties
are overly optimistic.

A possible explanation of this discrepancy could be differential rotation. Regardless of
activity level, starspots, plage, and other activity may be more prominent at different stellar
latitudes when the K2 photometry and our HARPS-N spectroscopy were conducted. This
hypothesis is also mentioned by Ciardi et al. (2018) to explain a larger than expected vsin i.
Following Barnes et al. (2005) and Kitchatinov and Olemskoy (2012), they estimate that the
equatorial rotation period of K2-136 could be faster than higher latitudes by ∼ 1 day. Then
again, Aigrain et al. (2015) found that claims of differential rotation should be treated with
caution even for long baselines of photometry. We may simply be seeing different starspots
at different longitudes creating phase modulation, combined with greater or fewer numbers
of starspots leading to better or worse constraints on rotation period.

Binarity of K2-136

One of the planet discovery papers, Ciardi et al. (2018), reported a binary companion to
K2-136. In addition to their K2 photometric analysis, they collected spectra from the SpeX
spectrograph (Rayner et al. 2003; Rayner et al. 2004) at the 3-m NASA Infrared Telescope
Facility and the HIRES spectrograph (Vogt et al. 1994) at the Keck I telescope, as well
as AO observations with the NIRC2 instrument at the Keck II telescope and the P3K AO
system and PHARO camera (Hayward et al. 2001) on the 200” Hale Telescope at Palomar
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Observatory. The AO observations at both facilities detected an M7/8V star separated
from the primary star by ∼ 0.7”, corresponding to a projected separation of ∼ 40 AU; the
spectroscopic observations did not detect this companion, and no further companions were
found by any of the above observations. (Notably, this angular separation is more than
enough for HST to resolve; see Sections 3.4 and 3.2.)

Gaia DR3 did not detect the binary companion, leaving the issue of boundedness un-
resolved. However, Ciardi et al. (2018) compared the current position of K2-136 against
observations from the 1950 Palomar Observatory Sky Survey (POSS I) and noted that the
star had moved 6” in the intervening time with no evidence of background stars. These
POSS I observations show that the stellar companion is likely bound.

Further, Gaia DR3 reported K2-136 to have an astrometric excess noise of 96 µas and
a Renormalised Unit Weight Error (RUWE) of 1.23, a mild departure from a good single-
star model. At the separation and brightness of the companion, this excess variability in
the astrometry is unlikely to be due to pollution from its light contribution: at ∼ 0.7”
separation a companion can be detected only with a G magnitude difference of ≲ 2 (Gaia
Collaboration et al. 2021). There is therefore a mild indication of astrometric variability due
to unmodeled orbital motion. Using the formalism of Torres (1999), at the distance of the
system, given its angular separation, and for the mass range of an M7/8 star, the median
astrometric acceleration is expected to be ∼ 25 µas yr−2, with maximum value close to 40
µas yr−2, indicating that in addition to simple astrometric noise, the bulk of the astrometric
variability could be caused by the detection of the acceleration due to the companion.

It is worth considering whether flux from the companion could bias the measured RVs of
the primary K dwarf. Both the HARPS-N and ESPRESSO band passes are approximately
380nm – 690nm and centered on the V band. According to Ciardi et al. (2018), the M dwarf
companion is at least 10 magnitudes fainter than the primary in the V-band. We can use
∆m = 10 as a worst-case scenario and similarly assume the companion star was well-centered
on the fiber for all observations (because the companion and primary are separated by
0.7”, the companion would not be well-centered and the actual flux contamination from the
companion would be less). Cunha et al. (2013) explored the RV impact of flux contamination
from a stellar companion: for a K5 dwarf and an M dwarf (M3 or later) with ∆m = 10,
the maximum impact on RVs is < 10 cm s−1, and therefore negligible for our level of RV
precision.

Ciardi et al. (2018) explored whether the transit signals may originate from the M dwarf.
They found that in order to match the observed transit depth of K2-136c, the M dwarf would
have to be a binary system itself that exhibits significant and detectable secondary eclipses,
which have not been observed. Further, the transit duration of K2-136c is inconsistent with
a transit of an M dwarf. Finally, K2-136c has already been validated by Ciardi et al. (2018)
and all three planets have been independently validated by M18 and Livingston et al. (2018).
Therefore, it is very unlikely that the planets are false positive signals or planetary signals
from the M dwarf.

However, in the Kepler band pass, the companion M dwarf is 6.5 magnitudes fainter,
which leads to a very small dilution effect on the planet transit depths. Following Ciardi et
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al. (2015), we include this effect for the sake of robustness in our final planet radius estimates
(which enlarges each planet by ∼ 0.13%).

This binary companion may also cause a long-term RV trend, which we discuss further
in Section 3.4 and test in Section 3.4.

3.4 Data Analysis

We analyzed the RV data in conjunction with a number of other common stellar activity
indices that are calculated with the ESPRESSO DRS 2.2.8 pipeline, specifically the CCF
BIS, CCF FWHM, and SHK . In this section, we first explore the data set by generating a
periodogram and conducting a correlation analysis between the RVs and other data types.
Then we discuss the transit and RV components of our model, the parameter estimation
process, and how we compare our models. Finally, we conduct tests on our results and
discuss the implications of a binary companion in the system.

Periodogram Analysis

In order to investigate periodic signals in our data (planetary or otherwise), we created
Generalized Lomb-Scargle periodograms (Scargle 1982; Zechmeister and Kürster 2009) of
our RVs and our stellar activity indices. As a point of reference, we also included the
window function of our data (built from constant, non-zero values at each of the timestamps
of our observations). It is used to determine the regular patterns in the periodograms due
to the sampling and gaps in the time series. These periodograms are presented in Fig. 3.1.

To ascertain the robustness of any apparent signals, we also estimated each periodogram’s
False Alarm Probability (FAP), the likelihood that an apparent signal of a given strength
will be detected when no underlying signal is actually present. The FAP was estimated with
the bootstrap method: sampling the observations randomly with replacement while main-
taining the same timestamps. We repeat this process 100000 times, each time constructing
a periodogram and determining the maximum peak. This reveals how often a given signal
strength will appear due only to noise, from which the FAP is calculated.

The strongest RV signals in our combined periodogram (both HARPS-N and ESPRESSO)
are at the orbital period of K2-136c, the rotation period of the star, and near 0.017 d−1 (i.e.
half the length of the ESPRESSO data baseline of 117.7 days), although none are signif-
icant at the 1% level. Among the stellar activity periodograms, the strongest signals are
the rotation period signal in the ESPRESSO FWHM power and a long-period signal in
the HARPS-N FWHM power which can be attributed to the window function. Also, the
strongest peak in the (combined data) window function periodogram above 0.01 days−1 (near
0.03 days−1) does not correspond to any significant signals or aliases in any of the four data
types. As for low-frequency signals < 0.01 days−1, we discuss possible long-term trends in
Sections 3.3 and 3.4. All of this indicates that K2-136c has a more detectable RV signal than
the other two planets, as expected given its size.
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Figure 3.1: Periodograms of RV, CCF FWHM, CCF BIS, and SHK for the K2-136 system.
In the top panel is the window function (computed from observation times only). Each
subplot has the periodogram of HARPS-N and ESPRESSO combined (black), HARPS-
N alone (blue), and ESPRESSO alone (orange). The gray region corresponds to the 1σ
confidence interval of the stellar rotation period (as determined from our model results); the
three vertical, black lines correspond to the orbital periods of K2-136b, c, and d. Finally,
the horizontal dashed lines refer to different false alarm probabilities (for HARPS-N and
ESPRESSO combined).
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Figure 3.2: Scatter plots of SHK , BIS, and FWHM against RV for the K2-136 system. All
HARPS-N and ESPRESSO data have been separately offset shifted according to the median
model offsets listed in Table 3.4. Blue data points correspond to HARPS-N observations,
orange data points to ESPRESSO. In the top-left corner of each subplot is the Spearman
correlation coefficient, which can capture nonlinear, monotonic correlations. (Coefficients
were calculated with data values but not uncertainties.)
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Correlation Analysis

We also examined the relationship between RVs and our stellar activity indices. Because
RVs are measured from small shifts in spectral absorption lines, and stellar activity can
change the shape of absorption lines, stellar activity can significantly affect RV observations,
e.g. Haywood (2015), Queloz et al. (2001), and Rajpaul et al. (2015). Scatter plots between
RVs and all three activity indices are presented in Fig. 3.2. At least in the case of SHK and
FWHM, there are notable correlations with RVs according to the p-values for the Spearman
correlation coefficient (which captures nonlinear, monotonic correlations and uses the same
-1 to 1 range as the Pearson correlation coefficient). According to the Spearman coefficient,
there is a correlation of 0.26 between RV and SHK , a negative correlation of −0.18 between
RV and BIS, and the strongest correlation of 0.39 between RV and FWHM. For a data set of
this size, these coefficients correspond to p-values of 0.004 for RV and SHK , 0.052 for RV and
BIS, and ≪ 0.001 for RV and FWHM. Therefore, for RV and SHK and especially RV and
FWHM, there appears to be a statistically significant correlation. In other words, there is
good reason to believe that this data set includes correlated and structured stellar activity.
In fact, the Spearman correlation coefficient is likely an underestimate of the correlation
between RVs and stellar activity indices, since there can be a phase shift in the amplitude
variation from one data type to another (Collier Cameron et al. 2019; Santos et al. 2014).

K2 Transit Photometry

We cleaned and flattened the photometric data from K2 using the exact same procedure
as was used originally in M18. Their procedure follows the self-flat-fielding (SFF) method
developed in Vanderburg and Johnson (2014) to perform a rough removal of instrumental
variability followed by a simultaneous fit to a model consisting of Mandel and Agol (2002)
transit shapes for the three planets, a basis spline in time to describe the stellar variability,
and splines in Kepler ’s roll angle to describe the systematic photometric errors introduced
by the spacecraft’s unstable pointing (Vanderburg et al. 2016). After performing the fit, they
removed the best-fit systematics and stellar variability components, isolating the transits for
further analysis. The interested reader should refer to M18 for additional detail of the full
procedure.

We modeled the flattened and cleaned M18 light curve with the BATMAN Python package
(Kreidberg 2015a), based on the Mandel and Agol (2002) transit model. Our model included
a baseline offset parameter and white noise parameter for our K2 Campaign 13 photometry
as well as two quadratic limb-darkening parameters parameterized using Kipping (2013a).
Each planet was modeled with five parameters: the transit time, orbital period, planet
radius relative to stellar radius, transit duration, and impact parameter. All parameters
were modeled with either uniform, Gaussian, Jeffreys, or modified Jeffreys priors (Gregory
2007). Only the photometric white noise parameters used modified Jeffreys priors, with a
knee located at the mean of the photometric flux uncertainty for that particular campaign or
sector. All priors are listed in Table 3.3. The raw and flattened data can be seen in Fig. 3.3.
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We also applied a Gaussian prior on stellar density by comparing the spectroscopically
derived stellar density to the stellar density found via the following equation (Seager and
Mallén-Ornelas 2003; Sozzetti et al. 2007):

ρ∗ =
3π

GP 2

(
a

R∗

)3

(3.1)

where orbital period (P ) and the semi-major axis (a/R∗) are derived directly from the
light curve model.

All together, our full transit model includes 15 planetary parameters (5 per planet: time
of transit, orbital period, ratio of planet radius to stellar radius, transit duration, and impact
parameter), 2 quadratic limb darkening parameters, 1 photometric noise parameter, and 1
photometric baseline offset parameter for a total of 19 parameters.

The only parameters in common between our transit model and our RV model (as ex-
plained in further detail below) are transit times and orbital periods.

TESS Transit Photometry

No pre-processed light curves were available for the TESS Sector 43 observation of K2-136,
so we extracted the photometry from the full frame image (FFI) pixel level. Following
Vanderburg et al. (2019), we constructed 20 different apertures (10 circular, 10 shaped like
the TESS point spread function) and selected the one that best minimized photometric
scatter. As for TESS Sector 44 observations, we used the simple aperture photometry
(SAP) light curve produced by the Science Processing Operations Center (SPOC) pipeline
(Jenkins et al. 2016). Light curves from both sectors were then flattened in the same way:
a basis spline fit was performed iteratively on the photometry (with breakpoints every 0.3
days in order to adequately model stellar variability) and 3σ outliers were removed until
convergence; this too, aside from the breakpoint length, follows Vanderburg et al. (2019).
Finally, we conducted a simultaneous fit of the low-frequency variability and the transits in
order to determine the best-fit low-frequency variability.

TESS photometry is not incorporated into our final photometric model, although we
did run exploratory joint transit models on K2 and TESS photometry simultaneously. The
transit signals of the two smaller planets, K2-136b and d were too small to reliably detect in
the TESS photometry: individual transits were indistinguishable in depth and quality from
temporally adjacent stellar activity. However, the transits of K2-136c were easily identifiable
individually in TESS photometry, so we ran a joint transit model on all K2 photometry and
TESS photometry to explore the resulting improvements in the parameters of K2-136c. This
joint transit model included all parameters listed in Section 3.4 as well as additional baseline
offset and white noise parameters for the two TESS Sectors (43 and 44) and two additional
quadratic limb-darkening parameters for TESS photometry for six additional parameters
total. The fit resulted in consistent values for all planet and system parameters as well
as a dramatically more precise ephemeris for K2-136c: Pc = 17.307081+0.000014

−0.000013 days and
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t0,c = 8678.07179+0.00067
−0.00063 (BJD-2450000). For comparison, this period and transit time have

uncertainties that are both approximately 15x tighter than those resulting from K2 transit
modeling alone (see Table 3.3). We report these values here to minimize ephemeris drift and
facilitate planning of future transit observations of K2-136c.

RV Model

We modeled the RV signal of the orbiting planets and the stellar activity simultaneously. We
assumed non-interacting planets with Keplerian orbits. We used RadVel (Fulton et al. 2018)
to model the RV signal from each planet with 5 parameters: reference epoch, orbital period,
RV semi-amplitude, eccentricity, and argument of periastron. The latter two parameters,
eccentricity and longitude of periastron, were parameterized as

√
e cosw and

√
e sinw. As

explained in Eastman et al. (2013), this reparameterization avoids a boundary condition
at zero eccentricity that may lead to eccentricity estimates that are systematically biased
upward. We conducted trial simulations with circular versus eccentric orbits for all three
planets and found excellent agreement in all parameters (less than 1σ). We opted to keep
eccentricity and argument of the periastron as parameters in order to constrain or place upper
limits on each planet’s eccentricity. Additionally, we prevented system configurations that
would lead to orbit crossings of any two planets, as well as overlaps of planetary Hill spheres.
For each planet’s reference epoch and orbital period, we applied a Gaussian prior based on
the transit parameters determined from M18. We analyzed the K2 transit photometry with
and without TESS photometry and verified these M18 values (see Table 3.3).

We also applied additional prior limits on the eccentricities of K2-136b and K2-136d.
Based on preliminary modeling of all three planets with uninformed prior eccentricity con-
straints (and everything else identical to our final model), we found that we could determine
the eccentricity of K2-136c but not its siblings. Thus, we decided to set eccentricity con-
straints by using the Stability of Planetary Orbital Configurations Klassifier, SPOCK (Tamayo
et al. 2020), an N-body simulator that employs machine learning to improve performance.
We input into SPOCK our stellar mass posterior and our orbital period posteriors for all three
planets (from our preliminary simulations). We also input the mass, eccentricity, and argu-
ment of the periastron posteriors for K2-136c (again, from our early simulations). Lastly, we
input uniform distributions for mass, eccentricity, and argument of the periastron for K2-
136b and K2-136d. Planet mass ranged from 0 up to that of approximately 100% iron planet
composition: 3 M⊕ for K2-136b and 30 M⊕ for K2-136d (Fortney et al. 2007). Eccentricity
ranged from 0 to 0.6 and argument of the periastron ranged from 0 to 360 degrees. We took
the subset of our sample that had a > 90% chance of surviving for > 109 orbits (of the
innermost planet) and then determined the 3σ upper limit on the eccentricities of K2-136b
and K2-136d for that subset. We then used those values, eb,max = 0.35 and ed,max = 0.37, as
eccentricity upper limit priors in all subsequent simulations.

Given the M dwarf companion to our host star (Ciardi et al. 2018), we wanted to include
the potential for an RV trend caused by this companion. For further discussion of binarity
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and linear trends, see Section 3.3. Our planetary RV signals and the RV trend therefore take
the following form:

RV =
∑

i∈{b,c,d}

Ki

(
cos

(
ωi + fi

)
+ ei cosωi

)
+mt (3.2)

f = 2arctan

(√
1 + e

1− e
tan

E

2

)
(3.3)

M = E − e sinE (3.4)

M = nt =
2π(t− τ)

P
(3.5)

where K is the induced RV semi-amplitude, ω is the argument of the periastron, f is
the true anomaly, e is the eccentricity, m is the slope of the RV trend, t is the observation
time, E is the eccentric anomaly, M is the mean anomaly, n is the mean motion, τ is the
time of periastron passage (as calculated from transit time, orbital period, eccentricity, and
argument of the periastron), and P is the orbital period.

The stellar activity was handled via a GP on RVs. We first used a simultaneous model
of stellar activity on four different data types: RV, FWHM (a measure of the width of
absorption lines), BIS (a measure of line asymmetry), and SHK (an estimate of chromospheric
magnetic activity via emission in the cores of the Ca II H & K lines). However, we found
that this approach forced the model to include unreasonable amounts of white noise into
each data type via a white noise jitter parameter included in our model. Further, it did not
lead to a notable improvement in our final parameter constraints. We conducted numerous
tests exploring the excess white noise preferred by the model, including modeling different
instruments, different numbers of planets, altering the data reduction pipeline, e.g. trying
the ZLSD pipeline (Lienhard et al. 2022), and creating synthetic data sets to model against.
The most reasonable hypothesis we could find is that for the K2-136, our data (especially
for ESPRESSO) is of a sufficiently high quality, with small enough uncertainties, that the
model we used from Rajpaul et al. (2015) to relate the stellar activity indices to each other
and to the RVs was not complex enough to account for the correlated structure of the stellar
activity of K2-136.

Our RV data and the final RV model fit can be seen in Fig. 3.4. Despite only modeling
RVs without any stellar activity indices, a GP is still robust and allows us to separate
planet-induced RVs from stellar activity to the extent that disentanglement is possible. We
followed the method laid out in Rajpaul et al. (2015), but we constrained the model only
to the portions relevant to RVs rather than additional stellar activity indices. They dictate
that the RVs are related to the stellar activity as follows:

∆RV = VcG(t) + VrĠ(t) (3.6)
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In this equation, G(t) corresponds to the underlying stellar activity GP, while Vc and Vr

correspond to the RV amplitudes of the convective blueshift and rotation modulation effect,
respectively. It is important to include both rotation modulation and convective blueshift
for data types impacted by both, as one phenomenon may play a larger role than the other
depending on the data type and star. In fact, our final results (see Table 3.4) show that for
K2-136, rotation modulation has an outsized effect on RVs compared to convective blueshift;
however, we retain both terms in our model since Vc is still inconsistent with zero. We follow
Rajpaul et al. (2015) further by using a quasi-periodic kernel to establish the covariance
matrix of our GP. A quasi-periodic kernel is a good choice to capture the stellar variability
of a star because quasi-periodicity describes well the variability exhibited by a rotating star
with starspots that come and go. Following Giles et al. (2017), we find a predicted starspot
lifetime for K2-136 of 38+20

−13 days (versus a rotation period of 13.37 days); this estimate is
consistent with our GP evolution time-scale result (48+19

−11 days, see Table 3.4). In other
words, stellar activity during the time frame of a single rotation period is likely to look
similar (though not identical) to stellar activity during the previous and subsequent stellar
rotation periods, since the starspots for K2-136 are likely to be longer lived than the stellar
rotation period. Thus, the quasi-periodic kernel is defined as follows:

KQP(ti, tj) = h2 exp

(
−

sin2
(
π(ti − tj)/P∗

)
2λ2

p

− (ti − tj)
2

2λ2
e

)
, (3.7)

where h is the GP amplitude (which is folded into the amplitude parameters described
above), P∗ is the stellar stellar rotation period, λe is a decay timescale proportional to the
starspot lifetime, and λp is a smoothness parameter that captures the level of variability
within a single rotation period. ti and tj are any two times between which the covariance is
being calculated; for a given time series of N observations, all N2 combinations of time pairs
create the NxN covariance matrix. This covariance matrix (plus a mean model) is a normal
multivariate distribution; G(t) can be explored by sampling from this distribution. We refer
the reader to Rajpaul et al. (2015) for a more detailed description of this method, as well as
Mayo et al. (2019) for an application of this method to the sub-Neptune Kepler-538b.

Finally, we include a jitter parameter (added in quadrature to RV uncertainties) and a
baseline offset parameter for each instrument (HARPS-N and ESPRESSO). All together, our
full model includes 21 planetary parameters (5 per planet: time of transit, orbital period, RV
semi-amplitude,

√
e sinω, and

√
e cosω), 5 GP parameters (2 GP amplitudes corresponding

to Vc and Vr from equation 3.6 as well as P∗, λp, and λe from equation 3.7), 1 linear trend
parameter, 2 RV noise parameters (1 per instrument) and 2 RV baseline offset parameters
(1 per instrument), for a total of 25 parameters.

We used a uniform prior for the RV semi-amplitude for each planet. However, we
conducted a trial simulation to compare a uniform versus log uniform prior for RV semi-
amplitude and found no discernible difference in our results (all parameters agreed to within
1σ).
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Figure 3.3: Transit plot of K2-136. The top and bottom subplots of the top plot are the
raw and normalized K2 photometry versus time from Campaign 13, respectively. In the
top subplots of the bottom plot are the phase-folded light curves and transit model fits for
K2-136b, c, and d. The gray points are the raw data. The best-fit transit model is the orange
line and binning is represented by the blue points. The bottom subplots of the bottom plot
are the residuals after the best-fit model has been subtracted.
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Figure 3.4: K2-136 observations and model fits for RVs (and fit residuals). In each panel, the
blue points (HARPS-N) or orange points (ESPRESSO) are the observations while the black
line and gray region are the model fit and 1σ confidence interval, respectively. RVs have
been mean-subtracted (corresponding to their respective instrument) and planet-induced
reflex motion has been subtracted as well. RV errors have been inflated from their original
values by adding the model-estimated RV jitter term in quadrature. Note the two time gaps
between the first 88 HARPS-N observations, the 22 ESPRESSO observations, and the final
5 HARPS-N observations.

Parameter Unit This Paper Priors
Planet b
Period Pb day 7.97525± 0.00073 Unif(7.96529, 7.98529)

Time of transit t0,b BJD-2450000 8679.083+0.075
−0.074 Unif(8678.58762, 8679.58762)1

Planet-star radius ratio Rb/R∗ - 0.01370+0.00041
−0.00036 Jeffreys(0.001, 0.1)

Radius Rb R⊕ 1.014+0.050
−0.049 ...

Transit duration T14,b hr 2.67+0.086
−0.084 Unif(0, 7.2)

Impact parameter bb - 0.22+0.15
−0.14 Unif(0, 1)

Semi-major axis ab AU 0.0707± 0.0012 ...
Mean density ρb ρ⊕ < 2.82, < 4.43 ...
Mean density ρb g cm−3 < 162, < 243 ...

Insolation flux Sb S⊕ 33.5+1.6
−1.5 ...

Equilibrium temperature Teq,b (albedo = 0.3) K 610 ...
Equilibrium temperature Teq,b (albedo = 0.5) K 560 ...

Planet c

Period Pc day 17.30723+0.00019
−0.00020 Unif(17.30514, 17.30914)

Time of transit t0,c BJD-2450000 8678.0792+0.0088
−0.0096 Unif(8677.0747, 8679.0747)1

Planet-star radius ratio Rc/R∗ - 0.04064+0.00068
−0.00071 Jeffreys(0.001, 0.1)

Radius Rc R⊕ 3.00± 0.13 ...

1t0 centered between K2 and TESS photometry, so ephemeris drift is incorporated into t0 and P .
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Transit duration T14,c hr 3.449+0.039
−0.031 Unif(0, 7.2)

Impact parameter bc - 0.31+0.11
−0.14 Unif(0, 1)

Semi-major axis ac AU 0.1185+0.0020
−0.0021 ...

Mean density ρc ρ⊕ 0.67+0.12
−0.10 ...

Mean density ρc g cm−3 3.69+0.67
−0.56 ...

Insolation flux Sc S⊕ 11.91+0.57
−0.53 ...

Equilibrium temperature Teq,c (albedo = 0.3) K 470 ...
Equilibrium temperature Teq,c (albedo = 0.5) K 440 ...

Planet d

Period Pd day 25.5750+0.0022
−0.0021 Unif(25.5551,25.5951)

Time of transit t0,d BJD-2450000 8675.936+0.072
−0.068 Unif(8675.4401, 8676.4401)1

Planet-star radius ratio Rd/R∗ - 0.02119+0.00057
−0.00061 Jeffreys(0.001, 0.1)

Radius Rd R⊕ 1.565+0.077
−0.076 ...

Transit duration T14,d hr 3.04+0.10
−0.09 Unif(0, 7.2)

Impact parameter bd - 0.677+0.042
−0.049 Unif(0, 1)

Semi-major axis ad AU 0.1538+0.0026
−0.0027 ...

Mean density ρd ρ⊕ < 0.352, < 0.793 ...
Mean density ρd g cm−3 < 1.92, < 4.33 ...

Insolation flux Sd S⊕ 7.07−0.34
−0.32 ...

Equilibrium temperature Teq,d (albedo = 0.3) K 420 ...
Equilibrium temperature Teq,d (albedo = 0.5) K 380 ...

System parameters

Kepler/K2 quadratic limb-darkening parameter q1,Kepler - 0.38+0.22
−0.13 Unif(0, 1)

Kepler/K2 quadratic limb-darkening parameter q2,Kepler - 0.56+0.24
−0.18 Unif(0, 1)

K2 Campaign 13 normalized baseline offset ppm 0.7+2.9
−3.0 Unif(−1000, 1000)

K2 Campaign 13 photometric white noise amplitude ppm 53.9± 1.8 ModJeffreys(1, 1000, 0)
Table 3.3: K2-136 transit and planetary parameters

Parameter Unit This Paper Priors
Planet b
Period Pb day 7.97520± 0.00079 Normal(7.97529, 0.00080)1

Time of transit t0,b BJD-2450000 7817.7563+0.0046
−0.0048 Normal(7817.7563, 0.0048)1

Semi-amplitude Kb m s−1 < 1.22, < 1.73 Unif(0.001, 20)

Eccentricity eb - 0.14+0.12
−0.11 (< 0.212, < 0.323) d, e

Argument of periastron ωb degrees 189+82
−132 d, e

Mass Mb M⊕ < 2.92, < 4.33 ...

Planet c
Period Pc day 17.30713± 0.00027 Normal(17.30714, 0.00027)1

Time of transit t0,c BJD-2450000 7812.71770+0.00086
−0.00085 Normal(7812.71770, 0.00089)1

Semi-amplitude Kc m s−1 5.49+0.54
−0.52 Unif(0.001, 20)

Eccentricity ec - 0.047+0.062
−0.034 (< 0.0742, < 0.163) d

Argument of periastron ωc degrees 124± 99 d

Mass Mc M⊕ 18.1+1.9
−1.8 ...

Planet d

1Mann et al. (2018)
268% confidence limit
395% confidence limit
4Unif(−1, 1) on

√
e sinω and

√
e cosω. See Eastman et al. (2013).

5K2-136b and K2-136d had additional eccentricity prior upper limits of 0.35 and 0.37, respectively; see
Section 3.4.
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Period Pd day 25.5750+0.0024
−0.0023 Normal(25.5751, 0.0024)1

Time of transit t0,d BJD-2450000 7780.8117± 0.0065 Normal(7780.8116, 0.0065)1

Semi-amplitude Kd m s−1 < 0.362, < 0.783 Unif(0.001, 20)

Eccentricity ed - 0.071+0.063
−0.049 (< 0.102, < 0.163) d, e

Argument of periastron ωd degrees 280+130
−110 d, e

Mass Md M⊕ < 1.32, < 3.03 ...

System and GP parameters
RV slope m s−1 yr−1 0.1± 2.5 Unif(−365, 365)
HARPS-N RV white noise amplitude m s−1 0.83± 0.52 Unif(0, 20)

ESPRESSO RV white noise amplitude m s−1 1.57+0.73
−0.62 Unif(0, 20)

HARPS-N RV offset amplitude m s−1 39503.7+2.1
−1.9 Unif(39450, 39550)

ESPRESSO RV offset amplitude m s−1 39494.7+3.5
−3.6 Unif(39450, 39550)

GP RV convective blueshift amplitude Vc m s−1 3.5+2.2
−1.2 Unif(0, 100)

GP RV rotation modulation amplitude Vr m s−1 22.0+12.9
−8.0 Unif(0, 100)

GP stellar rotation period P∗ day 13.37+0.13
−0.17 Unif(1, 20)

GP inverse harmonic complexity λp ... 0.75+0.23
−0.16 Unif(0.1, 3)

GP evolution time-scale λe day 48+19
−11 Unif(1, 200)

Table 3.4: K2-136 RV model parameters

Parameter estimation

We conducted parameter estimation of our model with the observed data using the Bayesian
inference tool MultiNest (Feroz et al. 2009, 2013). We set MultiNest to constant efficiency
mode, importance nested sampling mode, and multimodal mode. We used a sampling ef-
ficiency of 0.01, 1000 live points, and an evidence tolerance of 0.1. Constant efficiency is
typically off, but we turned it on since it allows for better exploration of parameter space
in higher-dimensional models such as our own. Further, sampling efficiency is usually set to
0.8 and the number of live points is usually set to 400. Decreasing sampling efficiency and
increasing the number of live points leads to more complete coverage of parameter space, at
the cost of a typically longer simulation convergence time. Finally, the evidence tolerance is
usually set to 0.8; reducing the evidence tolerance causes the simulation to run longer but
increases confidence that the simulation has fully converged. In other words, the standard

Table 3.5: Model Evidence Comparisons for K2-136 Planet Configurations

Planets in model ∆ log10(evidence) Interpretation
c 0 -
b,c -1.10 Strongly disfavored
c,d -2.06 Strongly disfavored
b,c,d -3.23 Excluded
- -5.54 Excluded
d -7.00 Excluded
b -7.78 Excluded
b,d -9.17 Excluded
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Figure 3.5: Left: Phased RV plots for all three K2-136 planets. For each subplot, we used
our best fit model parameters to remove stellar activity and the presence of the other two
planets. In each subplot, blue data points (HARPS-N) and orange data points (ESPRESSO)
are unbinned RV observations. The black line is the median fit and the gray region around
that line is the 1σ confidence interval. Right: Posterior mass distribution plots for all
three K2-136 planets. It is visually apparent that while there is a strong mass detection
for K2-136c (Rp = 3.00 ± 0.13 R⊕), there is at best only a marginal detection for K2-136b
(Rp = 1.014 ± 0.050 R⊕) and no evidence of a detection for K2-136d (Rp = 1.565 ± 0.077
R⊕). Therefore, therefore we report only place upper limits on the masses of K2-136b and
K2-136d (see Table 3.4).
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Figure 3.6: Top: mass-radius diagram of transiting planets with fractional mass and radius
uncertainties less than 50%. K2-136b, c, and d are plotted in dark orange, with mass
uncertainties on K2-136b and d as 68% and 95% upper limits denoted in light orange.
Data collected from the NASA Exoplanet Archive (NASA Exoplanet Science Institute 2020),
accessed 2023 Mar 22. Venus, Earth, Uranus, and Neptune are also labeled and plotted in
blue for reference. Except for the K2-136 system, planets with larger fractional mass and
radius uncertainties are fainter. Gray lines correspond to planetary compositions (from top
to bottom) of 100% H2O, 50% H2O, 25% H2O, 100% MgSiO3, 50% MgSiO3 + 50% Fe,
and 100% Fe, respectively (Zeng and Sasselov 2013; Zeng et al. 2016b). Kepler-136c lies
closest to the 100% H2O composition line, and is similar in mass to Uranus and Neptune
although smaller and much more dense. Middle: the same sample plotted in mass versus
planet density, with the same solar system references and composition lines (order inverted
from top panel). Bottom: the same sample plotted in planet insolation flux versus planet
density, with the color of all data points corresponding to planet mass (except K2-136b and
d, which only have mass upper limits and thus are plotted in light orange).



HYADES MEMBER K2-136c: THE SMALLEST PLANET IN AN OPEN CLUSTER WITH A

PRECISELY MEASURED MASS 63

MultiNest settings would likely lead to reliable results, but our choice of settings increases
the trustworthiness of our parameter estimation and model evidence results.

Model Evidence Comparison

One of the strengths of MultiNest is that it automatically calculates the Bayesian evidence of
the selected model, making model comparison very easy. We compared the model evidences
of eight different models (RV only, no photometry), based on all possible combinations of
planets b, c, and d. The results of our model comparisons are listed in Table 3.5. We find
that the most preferred model is the one that contains only planet c, and not planets b or
d. In fact, using the Bayes factor interpretation of Kass and Raftery (1995), we find that
almost every other combinations of planets can be decisively ruled out (i.e. the Bayes factor
of the planet c model to any other model is > 100). The only exceptions are the model with
planets b and c and the model with planets c and d, which are only strongly disfavored. This
tells us that neither K2-136b nor K2-136d are unambiguously detected, so including either
in the model quickly worsens the model evidence. However, it is notable that the model
with planets b and c is better than the model with planets c and d, and is nearly in the
more likely “Disfavored” category rather than “Strongly disfavored”. This makes sense, as
K2-136b (unlike K2-136d) has a non-zero peak in its semi-amplitude posterior distribution
(see Fig. 3.5). In fact, although only upper limits are reported for the mass of K2-136b in
Table 3.4, the median mass is actually non-zero at the 2.0σ level (Mb = 2.4± 1.2 M⊕).

Our results tell us that we can be confident that K2-136c has been detected in our
observations. In contrast, the RV signals of K2-136b and K2-136d fall below the threshold of
detection, at least given the quantity and quality of our specific data set. Continued radial
velocity monitoring, particularly with high precision instruments and facilities may be able
to measure their masses, especially K2-136b (which appears to already be near the threshold
of detection with our current data set).

Although the model with only K2-136c is the most favored, we still use a model with
all three planets as our canonical model for parameter estimation for three reasons. First,
we already know from transit photometry that planets b and d exist. Accordingly, the goal
of the model comparison exercise described above is not to question the existence of these
planets but to examine whether the RV signals from each planet can be detected in our
data set. By adopting the three-planet model, we incorporate the uncertainties introduced
by the unknown masses and eccentricities of planets b and d. Second, using the three-
planet model allows us to determine upper limits for the masses of planets b and d, which is
useful for constraining planet compositions and providing guidance for any future attempts
to constrain the mass of either planet. Third, both models agree very closely: all parameters
are consistent at 1σ or less, and all uncertainties on parameters are similar in scale. For the
RV semi-amplitude of K2-136c, our key parameter of interest, our canonical model returned
Kc = 5.49+0.54

−0.52 m s−1 while the one-planet model returned Kc = 5.17+0.56
−0.51 m s−1.
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Model Reliability Tests

In order to rigorously assess the accuracy of our results, we conducted tests to analyze
different components of our model. Specifically, we removed the GP portion of the model,
and we also injected and recovered synthetic planets into the system to compare input and
output RV semi-amplitudes.

For our test models we chose not to include planets b and d, as well as photometry, and we
then compared against the model with only K2-136c (hereafter referred to as the “one-planet
reference model”) rather than the three-planet model; this is despite already selecting the
three-planet model as the canonical model to report our results (see Section 3.4). This was
done for a few reasons. First, the one-planet model is the preferred model according to the
Bayesian evidences, so it is a reasonable point of comparison. Second, as stated earlier, the
one-planet reference model and the three-planet model agree very closely. Therefore, any
test model parameters found to be highly consistent with the one-planet reference model
results will also be highly consistent with the three-planet model results. Third, as a prac-
tical matter, including only K2-136c in our test models significantly reduced computational
complexity, allowing us to test a wider variety of models.

No GP

GPs are very versatile and can fit highly variable and correlated signals. Therefore, it is
reasonable to ask whether a GP may, in the process of modeling stellar activity, “steal”
part of the RV signal from a planet due to overfitting of the data. In order to address these
concerns, we ran a model without a GP, and no alternative method to handle stellar activity.
We found the resulting parameters were broadly consistent. The noise parameters for each
data type in the no-GP model were notably larger, but that is to be expected given no
mitigation of the stellar activity. All other parameters agreed with the one-planet reference
model parameters to within 1σ; for the RV semi-amplitude of K2-136c, we determined a
value of Kc = 5.92+0.89

−0.91 m s−1 (compared to Kc = 5.17+0.56
−0.51 m s−1 for the one-planet reference

model). Finally, it is worth noting we also found that ∆ log10(evidence) = −18.1 compared
to the one-planet reference model, decisively ruling out the no-GP model (Kass and Raftery
1995). In other words, a GP accounts for the stellar activity satisfactorily, whereas ignoring
stellar activity is clearly insufficient.

Synthetic Planet Injections

We also conducted planet injection tests to determine how robustly we could recover the
injected signals. Accurate recovery of such signals builds confidence in the accuracy of the
RV signal recovered for K2-136c as well as the upper limits placed on K2-136b and K2-136d.

We ran four separate tests in which we injected a 5.5 m s−1 RV signal of a planet on
a circular orbit with a period of 4, 12, 20, and 28 days. 5.5 m s−1 was chosen because it
is approximately the same semi-amplitude as the signal induced by K2-136c, allowing us to
directly test our confidence in the recovered RV signal of K2-136c specifically. Our set of
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orbital periods was selected in order to 1) span the range of known periodic signals in the
system (the orbital period of the three known planets and the stellar rotation period), 2)
avoid close proximity to those signals (none are within 1.5 days of the injected signals), and
3) be equally spaced in order to uniformly test the encompassed period range.

All four of the recovered signals agree with the injected signal of 5.5 m s−1 to within 1σ.
In all four tests, the recovered signal of K2-136c also agrees with our one-planet reference
model (Kc = 5.28± 0.56 m s−1) within 1σ, lending further confidence to our results.

High-Energy Observations

HST NUV observations

To compare the UV quiescent activity of K2-136 with other K stars Hyades members, we
measured the surface flux of the Mg II h (2796.35 Å) and k (2808.53 Å) lines. The Mg II lines
are the strongest emission lines in the NUV and correlate strongly with the chromospheric
activity of the star. For accurate emission measurements, we subtracted the NUV contin-
uum by fitting the data outside of the Mg II integration region using the astropy module
specutils. We then integrated over 2792.0− 2807.0 Å to measure the Mg II emission flux.
To convert from observed flux to surface flux, we estimated the radii of the stars using the
relationships between age, effective temperature, and radius given by Baraffe et al. (2015),
except for K2-136, where we use the radius reported in this work.

Figure 3.7 shows the Mg II surface flux as a function of the rotation period for K2-
136 and 13 other observed K star members of the Hyades from GO-15091. K2-136 has a
surface Mg II flux of (8.32± 0.17) × 105 erg s−1 cm−2, whereas the median of the sample is
(9.66± 0.24) × 105 erg s−1 cm−2.

Additionally, Richey-Yowell et al. (2019) measured the NUV flux densities of 97 K stars
in the Hyades using archival data from the Galaxy Evolution Explorer, GALEX (Martin
et al. 2005). The median NUV flux density of their sample of Hyades stars at a normalized
distance of 10 pc was 1.89× 103µJy. We measure a GALEX NUV magnitude for K2-136 of
19.51 mag, which corresponds to a flux density at 10 pc of 1.52 × 103µJy, well within the
interquartiles of the total sample from Richey-Yowell et al. (2019).

X-ray observations

We detected a total of 800 EPIC counts for K2-136 in the XMM observation and can therefore
extract an X-ray spectrum for the star. We used a one-temperature APEC model to fit
the spectrum, which is appropriate for representing the hot plasma in stellar coronae. We
combined this model with the ISM absorption model tbabs using photoelectric cross-section
from Balucinska-Church and McCammon (1992) to account for the neutral hydrogen column
density NH. We set NH to 5.5 × 1018 cm−2, derived using E(B − V ) = 0.001 for Hyades
(Taylor 2006), RV = 3.1, and the relation NH[cm

−2/Av] = 1.79× 1021 (Predehl and Schmitt
1995); allowing NH to float did not improve the fit. The spectra for each of the three XMM
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Figure 3.7: Mg II surface flux as a function of stellar rotation period for K star Hyades
members. The blue star represents K2-136, and the black points are the 13 other K star
Hyades observed in a broader HST program (GO-15091, PI: Agüeros). The rotation periods
are from Douglas et al. (2019) and have assumed errors of 10%, except for K2-136, which we
determined to be 13.88+0.17

−0.18 d in this work. K2-136 does not show any distinct chromospheric
activity or unique rotation period compared to the rest of the sample.
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Figure 3.8: X-ray spectra of K2-136 from the XMM pn (left panel), MOS1 (center), and
MOS2 (right) EPIC cameras. X-ray counts are binned by 20 in the pn camera, and 15 in the
MOS cameras. The orange lines are the best fits using a one-temperature APEC model and
assuming a fixed neutral hydrogen column density of 5.5× 1018 cm−2, typical for Hyads (see
Sec. 3.4). The residuals of each fit are shown in the bottom panels. The best-fit parameters
are presented in Table 3.6.

cameras are shown in Figure 3.8 and the best-fit parameters, which are obtained from a
simultaneous fit to the three, are provided in Table 3.6.

Using the total EPIC energy flux from the spectral best fit, we obtained an X-ray lumi-
nosity LX = (1.26±0.19)×1028 erg s−1 and LX/L∗ = (1.97±0.30)×10−5 (0.1−2.4 keV energy
range). These values are within 1σ of those found by Fernandez Fernandez and Wheatley
(2021) using the same XMM observation4. For the sample of 89 K dwarfs with X-ray de-
tections in the Hyades, the median values for LX and LX/L∗ are 4.5+7.9

−3.3 × 1028 erg s−1 and
4.0+20.8

−1.6 × 10−5, respectively (Núñez et al. in prep.). K2-136, therefore, appears somewhat
less luminous in X-rays than most of its coeval K dwarf brethren. A narrower comparison,
against late-K (K5 and later) dwarf Hyads, shows that the LX and LX/L∗ values for K2-136
are within one standard deviation of the median for that cohort.

In addition to X-ray luminosity, we also estimated extreme ultraviolet (EUV) luminos-
ity using stellar age and Equation 4 from Sanz-Forcada et al. (2011) and found LEUV =

4These authors performed spectral fitting (using a three-temperature APEC model) only to the EPIC
pn detection to derive the X-ray energy flux for K2-136.



HYADES MEMBER K2-136c: THE SMALLEST PLANET IN AN OPEN CLUSTER WITH A

PRECISELY MEASURED MASS 68

Table 3.6: X-ray Spectral Fit Parameters of K2-136

Parameter1 Value Unit

Degrees of Freedom 33
Reduced χ2 0.91
Plasma Temperature 0.65±0.07 keV
Plasma Metal Abundance 0.06±0.02 Solar
pn Energy Flux 3.12±0.68 10−14 erg s−1 cm−2

MOS1 Energy Flux 3.01±0.93 10−14 erg s−1 cm−2

MOS2 Energy Flux 3.02±0.88 10−14 erg s−1 cm−2

EPIC2 Energy Flux 3.06±0.46 10−14 erg s−1 cm−2

(22.6+7.8
−5.7)×1028 erg s−1. Combining LX and LEUV and using the semi-major axis of K2-

136c, we are able to estimate the X-ray and UV flux incident on K2-136c to be FXUV =
(6.0+2.0

−1.4)×103 erg s−1 cm−2. Then, using this incident flux value (along with Mc and Rc)
we estimate an atmospheric mass loss rate with Equation 1 from Foster et al. (2022). This
yields a current atmospheric mass loss rate for K2-136c of Ṁc = (3.4+1.3

−0.9)×109 g s−1 =
(17.8+6.7

−5.0)×10−3 M⊕ Gyr−1. This rate is based on current values, so the mass loss rate in
the past or future may differ. At this current rate, with a H2-He envelope mass fraction of
∼ 5%, it would take 51+23

−16 Gyr to fully evaporate the atmosphere. Even the 95% lower limit
evaporation time is still 28 Gyr, longer than the age of the universe. In other words, in ∼ 4
Gyr, when the K2-136 system is as old as the Solar System currently is, we expect K2-136c
will have likely only lost 5− 10% of its current atmosphere.

We also calculated the Rossby number Ro of K2-136, which is defined as the star’s rotation
period P∗ divided by the convective turnover time τ . We used the (V −Ks)-log τ empirical
relation in Wright et al. 2018 (their equation 5) to obtain τ = 22.3 d for K2-136. Using our
measured P∗ value (see Sec. 3.3) gives Ro = 0.6. This Ro puts K2-136 well within the X-ray
unsaturated regime, in which the level of magnetic activity decays follows a power slope as
a function of Ro; see Figure 3 in Wright et al. (2018). For the sample of 51 K dwarf rotators
with X-ray detection in the Hyades, the median Ro = 0.46+0.06

−0.08 (Núñez et al, in prep.), which
suggests that the lower levels of X-ray emission from K2-136 relative to its fellow Hyades K
dwarfs can be explained by its slower rotation rate.

In conclusion, K2-136 does not appear unusually active in either the NUV or the X-ray
relative to its fellow Hyades K dwarfs.

Considering the Nearby Stellar Companion

As discussed in Section 3.3, prior observations of this system revealed a likely bound M7/8V
companion with a projected separation of approximately 40 AU. The presence of a nearby
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stellar companion can easily cause a trend in RV observations. We wanted to estimate the
range of possible trend amplitudes for our system using some reasonable assumptions. Using
the distance of 58.752+0.061

−0.072 pc from Bailer-Jones et al. (2021) and the projected angular sep-
aration of 0.730±0.030” from adding in quadrature the R.A. and Dec separation components
in Ciardi et al. (2018), we found a projected separation of 42.9 ± 1.7 AU. We considered
the possibility of additional radial separation by folding in a uniform distribution on radial
separation between 0 and twice the median projected separation to estimate an overall sepa-
ration (this broad range was chosen to include radial separations of approximately the same
scale as the projected separation). As an approximation, we treat this overall separation as
the semi-major axis.

Next, the stellar companion was reported in Ciardi et al. (2018) to have a spectral type
consistent with M7/8 (we were unable to find uncertainties associated with this result, but
nearby spectral types were never mentioned). Taking a conservative approach, we assumed
a stellar companion mass between 1 MJup (for a low-mass brown dwarf) and 0.2 M⊙ (for a
mid to late M dwarf).

Then, we combined our separation distribution and stellar mass distributions (primary
and companion) via Kepler’s Third Law to get a broad orbital period estimate of 520+320

−180

years. Including a wide range of eccentricities (Unif(0,0.9)), we estimated an RV semi-
amplitude of 490+340

−320 m s−1. On the timescale of our observations, this centuries-long sinu-
soidal signal would manifest as a linear trend, with a maximum (absolute) slope of 5.3+7.5

−3.6 m
s−1 yr−1. This is a very rough estimate with many assumptions, but it serves to demonstrate
that a drift of only a few m s−1 each year or less is very reasonable. Indeed, from our model
of the RV data we found an RV trend of 0.1± 2.5 m s−1 yr−1, highly consistent with both a
zero trend as well as our estimate calculated here.

3.5 Results and Discussion

The results of our stellar and planet analyses are listed in Tables 3.1, 3.4, and 3.3. Phase
plots of all three planets can be seen in Fig. 3.5. After conducting our analysis and tests, we
find that K2-136c has a mass of 18.1+1.9

−1.8 M⊕ and a radius of 3.00± 0.13 R⊕. This radius is
consistent with and slightly larger than the value estimated in M18 (2.91+0.11

−0.10 R⊕). This is
because we find a stellar radius value slightly larger than M18 (by about 3%).

Using planet mass and radius we find K2-136c has a density of 3.69+0.67
−0.56 g cm−3 (or

0.67+0.12
−0.10 ρ⊕). For comparison, Neptune2 is roughly similar in mass (17.15 M⊕) but larger

in radius (3.883 R⊕); as a result, K2-136c is more than twice as dense as Neptune (2.25+0.41
−0.34

ρNeptune). Similarly, Uranus3 is slightly less massive (14.54 M⊕) but still larger in radius
(4.007 R⊕); thus, K2-136c is nearly three times as dense as Uranus (2.90+0.52

−0.44 ρUranus). This
is visually apparent in Fig. 3.6, which shows K2-136c almost perfectly on the 100% H2O
composition line. It is important to remember that mass and radius alone do not fully

2https://nssdc.gsfc.nasa.gov/planetary/factsheet/neptunefact.html
3https://nssdc.gsfc.nasa.gov/planetary/factsheet/uranusfact.html

https://nssdc.gsfc.nasa.gov/planetary/factsheet/neptunefact.html
https://nssdc.gsfc.nasa.gov/planetary/factsheet/uranusfact.html
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constrain a planet’s composition. Although K2-136c may have a density similar to that of a
large ball of water (an unrealistic reference composition), it is also consistent with a gaseous
sub-Neptune with a massive core or metal-rich atmosphere.

Unfortunately, it is very difficult to determine compositional properties of a planet with-
out atmospheric characterization, especially sub-Neptunes (since there are no analogs in our
own Solar System). On the one hand, sub-Neptunes may include ocean worlds with H2O
abundance fractions not seen in our Solar System (Mousis et al. 2020). And indeed, wa-
ter vapor has already likely been detected in the atmosphere of the sub-Neptune exoplanet
K2-18b (Benneke et al. 2019b). On the other hand, sub-Neptunes like K2-136c may instead
be composed of a rocky, Earth-like core composition, very little water, and an atmosphere
close to solar metallicity and thus primarily hydrogen and helium (Benneke et al. 2019a; Van
Eylen et al. 2018).

As a valuable point of comparison, there are three confirmed planets that share a similar
mass and radius to K2-136c to within 10%: Kepler-276c, Kepler-276d (Xie 2014), and TOI-
824b (Burt et al. 2020). The masses of the planets in the Kepler-276 system were measured
via transit timing variations (TTVs) in a TTV catalog paper. Unfortunately, because they
were characterized alongside so many other systems, there is no discussion regarding the
formation or composition of those two specific planets. TOI-824b, however, was characterized
in a standalone paper that investigated the nature of the planet thoroughly. Unlike K2-136c,
TOI-824b is near the hot-Neptune desert (Mazeh et al. 2016) with a very short orbital period
(1.393 d). Despite its proximity to its host star, TOI-824b still retains a H2-He atmosphere,
which the authors estimate has a mass fraction of ≥ 2.8%. They hypothesize that the larger
than average mass of the planet (compared to planets of a similar radius) helps the planet
retain its atmosphere. K2-136c, with a similar mass and radius and a lower insolation flux,
would therefore be able to retain a H2-He atmosphere even more easily.

We can go further and form a picture of a reasonable composition for K2-136c. We may
assume the planet has a rocky core surrounded by a gaseous H2-He envelope. Going a step
further, we may also assume the rocky core is similar to that of Earth, namely a core-mass
fraction (CMF) of 0.325, i.e. a rock-iron composition of 32.5% Fe and 67.5% MgSiO3 (Seager
et al. 2007). Following the theoretical models of Howe et al. (2014), we find that with an
Earth-like rocky core and a H2-He envelope, the measured mass and radius of K2-136c are
most consistent with a H2-He mass fraction of ∼ 5%.

With this rough envelope mass fraction estimate and the measured mass and radius of
K2-136c, we wanted to investigate the potential for past or ongoing atmospheric mass loss.
After consulting the theoretical models presented in Lopez et al. (2012), Lopez and Fortney
(2013), Lopez and Fortney (2014), and Jin et al. (2014), we concluded that if there is any
historical or contemporary mass loss for K2-136c, it is minimal: likely somewhere between
0− 10% loss of the H2-He envelope across the entire lifespan of the planet.

As suggested in Mann et al. (2016), young planets may be puffier than older planets due
to an early-age atmospheric mass loss phase. And yet, K2-136c is not particularly puffy, in
fact being notably denser than Uranus or Neptune. However, this planet may indeed have an
extended atmosphere but also a lower atmospheric mass fraction than Uranus, Neptune, and
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Figure 3.9: Age-radius diagram for all planets smaller than Jupiter, younger than 5 Gyr,
and with radius and age uncertainties both smaller than 25%. Data point color corresponds
to planet density for planets with mass uncertainties smaller than 25%. Data collected from
the NASA Exoplanet Archive (NASA Exoplanet Science Institute 2020), accessed 2023 Mar
22. K2-136b, c, and d are labeled in red to the left of the planet symbol. There are only four
planets in this figure with a stellar age younger than K2-136 and a mass measurement better
than 25%: AU Mic b and c with stellar age = 22 ± 3 Myr (Mamajek and Bell 2014) and
Kepler-411 b and c with stellar age = 212±31 Myr (Sun et al. 2019). The only other plotted
planet < 1 Gyr with a mass measurement is the open cluster planet K2-25b (Stefansson
et al. 2020), which is slightly larger than K2-136c.
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other lower-density planets. In other words, as this system ages, the atmosphere of K2-136c
may settle to some extent, reducing the planet radius and increasing planet density. Without
atmospheric characterization, further insights into the planet’s composition are very limited.

Bayesian model comparison proved that we could not conclusively detect K2-136b or K2-
136d in our data set (see Fig. 3.5). Even so, we also conduct similar analyses for K2-136b
and K2-136d in order to report upper mass limits and corresponding upper density limits.
With 95% confidence, K2-136b is no denser than 24 g cm−3 (a largely unhelpful limit, since
that would be much more dense than pure iron) and K2-136d is no denser than 4.3 g cm−3,
corresponding to semi-amplitudes of 1.7 m s−1 and 0.78 m s−1, respectively. Referring to
Fig. 3.6, we can see that unlike the middle planet K2-136c, the other two planets K2-136b
and K2-136d could have a wide variety of densities and compositions. K2-136d could range
from a low-density gas planet to Earth composition. K2-136b has an even wider array of
possible compositions and theoretically could range from very gaseous to pure iron.

The RV signals of K2-136b and K2-136d may be detectable with more data from next
generation spectrographs. K2-136d would be particularly interesting, since its radius places
it near the planet radius gap (Fulton et al. 2017). As for K2-136b, the peak of the planet
mass posterior distribution is already non-zero, and a marginal detection may already be
noted at the 2.0σ level (2.4± 1.2 M⊕), suggesting a firm planet mass measurement may be
within reach with further observations.

To check this, we followed the mass-radius relationship laid out in Wolfgang et al. (2016)
and found predicted masses for K2-136b and K2-136d to be 1.17+0.79

−0.72 M⊕ and 4.1+1.9
−1.8 M⊕,

respectively. These correspond to densities of 7.7+3.7
−4.7 g cm−3 (i.e. 1.40+0.66

−0.85 ρ⊕) and 8.4+4.1
−3.7

g cm−3 (i.e. 1.52+0.74
−0.66 ρ⊕), respectively. We note that these mass and density estimates do

not make use of the upper limits determined in this paper. By folding in our stellar mass,
orbital period, and eccentricity posteriors as well as the orbital inclinations determined in
M18, we found the estimated masses of K2-136b and K2-136d correspond to semi-amplitudes
of 0.5± 0.3 m s−1 and 1.1± 0.5 m s−1, respectively. The current RV upper limit on K2-136b
(1.7 m s−1) is much larger than the estimated semi-amplitude and therefore fully consistent.
As for K2-136d, we acknowledge that the estimated semi-amplitude is smaller than the upper
limit (0.80 m s−1), which perhaps suggests K2-136d has a density on the lower end of the
range predicted from the Wolfgang et al. (2016) relationship.

There are very few young and small exoplanets that also have measured masses. As
can be seen in Fig. 3.9, the vast majority of young exoplanets do not have a firm mass
measurement. There are some young planets with both robust radius measurements and
notable upper mass limits, such as the low-density planet TS Duc A b (Benatti et al. 2021),
which can be of interest for follow-up study and comparison. However, according to the
NASA Exoplanet Archive (NASA Exoplanet Science Institute 2020), accessed 2023 Mar 12,
there are only 13 known planets, excluding K2-136c, with Rp < 4 R⊕, a host star age < 1
Gyr, and a mass measurement (not an upper limit): HD 18599b (Desidera et al. 2022),
HD 73583b and c (Barragán et al. 2022); K2-25b (Stefansson et al. 2020); L 98-59b, c,
and d (Demangeon et al. 2021); Kepler-411b and Kepler-411d (Sun et al. 2019), Kepler-
462b (Masuda and Tamayo 2020), Kepler-289b and Kepler-289d (Schmitt et al. 2014), and
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K2-100b (Barragán et al. 2019).
K2-136c is now the smallest exoplanet in an open cluster to have a mass measurement.

It is also one of the youngest exoplanets to ever have a mass measurement. The only planets
with firm age, radius, and mass measurements (< 25% uncertainties) known to be younger
are AU Mic b and c (Klein et al. 2021) as well as Kepler-411b and d (Sun et al. 2019), as can
be seen in Fig. 3.9. In general, measuring the masses of young planets like K2-136c provides
an interesting window into the early childhood of planetary systems, allowing us to probe
how planet masses and compositions evolve over time.

Atmospheric Characterization Prospects

To explore the suitability of the K2-136 system planets for atmospheric characterization, we
calculated the transmission spectroscopy metric (TSM) defined in Kempton et al. (2018). K2-
136c has a TSM of 32.7+4.8

−4.1, which is well below the recommended TSM of 90 for Rp > 1.5 R⊕.
Because K2-136b and K2-136d have unconstrained masses, we followed Zeng et al. (2016b)
and assumed an Earth-like CMF of 0.325 in order to predict planet masses of 0.85+0.27

−0.21 M⊕
and 3.35+1.08

−0.84 M⊕, respectively. For K2-136b, this yields a TSM of 4.20+0.42
−0.37, well below the

recommended TSM of 10 for Rp < 1.5 R⊕. As for K2-136d, its radius of Rd = 1.565± 0.077
R⊕ is very near 1.5 R⊕, where the TSMmetric includes a scale factor that jumps dramatically,
thus creating a TSM bimodal distribution. Thus, for Rd < 1.5 R⊕ we find a TSM of 2.36+0.15

−0.13

and for Rd > 1.5 R⊕ we find a TSM of 13.6+1.0
−1.1. In their respective radius ranges, these values

are both well below the recommended TSM, so K2-136d is also probably not a good target
for atmospheric characterization.

We also calculated the emission spectroscopy metric (ESM) for K2-136b and K2-136d
as defined in Kempton et al. (2018) (the metric applies only to “terrestrial” planets with
Rp < 1.5 R⊕, excluding K2-136c). We find K2-136b and K2-136d have ESM metrics of
0.520+0.049

−0.047 and 0.342+0.043
−0.041, respectively, both below the recommended ESM of 7.5 or higher.

Therefore, these planets do not appear to be particularly attractive targets for emission
spectroscopy or phase curve detection.

The TSM analysis of K2-136c is not very favorable for atmospheric characterization,
but we decided to conduct a more thorough transmission spectroscopy analysis. We used
the JET tool (Fortenbach and Dressing 2020) to model atmospheric spectra and to simulate
the performance of the JWST instruments for certain atmospheric scenarios. We opted for
the broad wavelength coverage of combining NIRISS SOSS Order 1 (0.81-2.81 µm) with
NIRSpec G395M (2.87-5.18 µm), as recommended by Batalha and Line (2017) to maximize
the spectral information content. A single instrument, the NIRSpec Prism, can also cover
this wavelength range, but brightness limits preclude its use here. We assumed pessimistic
pre-launch instrumental noise values (Rigby et al. 2022), so a future JWST program for
atmospheric characterization should outperform our conservative expectations.

The JET tool found that for an optimistic, cloudless, low-metallicity atmosphere (5x solar)
we can meet a ∆BIC detection threshold of 10 (corresponding to a ∼ 3.6σ detection of the
atmosphere compared to a flat line) with 5 free retrieval parameters (i.e., recon level) with
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Figure 3.10: Simulation of JWST transmission spectra for K2-136c using JET (Fortenbach
and Dressing 2020). The top and bottom panels correspond to the NIRISS SOSS-Or1 (0.81-
2.81 µm) instrument, and the NIRSpec G395M (2.87-5.18 µm) instrument, respectively. The
gray line in both panels is the modelled atmospheric spectrum assuming low metallicity (5x
solar) and no clouds, while the blue data points are the simulated instrument spectra for
one observed transit with NIRISS SOSS, and two observed transits with NIRSpec G395M,
including the effects of photon noise, and instrument systematics.
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only one transit for NIRISS SOSS and two transits for NIRSpec G395M. For a less optimistic,
higher metallicity atmosphere (100x solar) with clouds at 100 mbar, we can meet the same
detection threshold with two transits for NIRISS SOSS and five transits for NIRSpec G395M.

With 10 free retrieval parameters (a more typical number), and with the optimistic
atmosphere, we can meet a ∆BIC detection threshold of 10 with only one transit for NIRISS
SOSS and three transits for NIRSpec G395M. For the less optimistic atmosphere, we can
meet the detection threshold with three transits for NIRISS SOSS, but we show no detection
for NIRSpec G395M for up to 50 transits considered. This analysis makes the conservative
assumption that the instrument noise floor is not reduced by co-adding transits.

The resulting spectra for the low metallicity, cloudless, case are shown in Fig. 3.10.
It seems that atmospheric characterization of K2-136c may be within reach (assuming a
relatively low mean molecular weight/low metallicity atmosphere, and low cloud level), but
could require a more significant investment of JWST resources if the actual atmospheric
properties are less favorable.

It should be noted that given the on-sky position of K2-136, the ability to observe the
system with JWST will be limited due to aperture position angle constraints. In addition,
the very close (∼ 0.7”) stellar companion may cause contamination of spectra from both
instruments. This is a common issue for NIRISS since it is slit-less, but NIRSpec can
usually isolate the primary target with its 1.6” square aperture. For K2-136 the companion
star is well inside this aperture boundary and will likely create some contamination. The
companion is significantly fainter than the host star (J magnitude of 14.1 vs 9.1), which
should mitigate the impact to a degree. It should also be possible to reduce the companion
M-star’s spectral contamination effect in post-processing.

The most enticing feature of K2-136 is the young age of the system; it could be argued that
despite the potential difficulty in observing the planets’ atmospheres, the rewards outweigh
the risks for the chance to better understand the atmospheres of very young, relatively small
planets. Observations of this system could help us construct a picture of the environment
and evolution of young, low-mass planets.

3.6 Summary and Conclusions

In this paper, we analyzed K2-136, a young system in the Hyades open cluster. The star is a K
dwarf with M∗ = 0.742+0.039

−0.038 M⊙ and R∗ = 0.677±0.027 R⊙. It hosts three known, transiting
planets with periods of 8.0, 17.3, 25.6 days, and radii of 1.014±0.050 R⊕, 3.00±0.13 R⊕, and
1.565± 0.077 R⊕. We gathered RV observations with the TNG HARPS-N spectrograph and
ESPRESSO VLT spectrograph in order to measure the masses of the three planets. We find
that K2-136c, a sub-Neptune and the middle planet of the system, has a mass of 18.0+1.7

−1.6 M⊕.
This corresponds to a density of 3.69+0.67

−0.56 g cm−3 (or 0.67+0.12
−0.10 ρ⊕). K2-136c is thus similar

in mass to Neptune and Uranus but more than twice as dense as Neptune and nearly three
times as dense as Uranus. K2-136c has a density consistent with an ocean world; a rocky,
Earth-like core with solar metallicity atmosphere; and many other compositions. However,
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assuming an Earth-like rocky core and a H2-He envelope yields a H2-He mass fraction of
∼ 5%. K2-136b and K2-136d have RV signals too small to detect with our data set, but
we have placed upper mass limits with 95% confidence of 4.3 and 3.0 M⊕, respectively.
Atmospheric characterization of K2-136c (or its siblings, if a firm mass measurement can be
made), would be difficult but not necessarily unfeasible, and is the most practical way to
narrow the compositional parameter space for these planets.

K2-136c is the smallest planet in an open cluster to have a mass measurement, and one
of the youngest planets found to date smaller than Neptune. There are very few young
planets with precise mass measurements, and even fewer as small as K2-136c. As a result,
this system provides an important view of planet composition and evolution at ages that are
relatively unexplored.
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Chapter 4

Detecting and Validating New
Short-Period TESS Planets with
TATER and TRICERATOPS

The Transiting Exoplanet Survey Satellite (TESS) has thus far detected hundreds of tran-
siting exoplanets orbiting bright stars. We collected and analyzed 2-min and 20-sec cadence
TESS photometry of 914 planet systems with known planets or planet candidates and ob-
served during TESS Cycle 3 (and any additional Cycle 1 and 5 photometry) in order to
investigate multiplanet system architectures and detect, vet, and validate new exoplanets.
We developed the TATER planet detection pipeline to search for new planets. Using TATER we
were able to detect 1814 threshold crossing events (TCEs, i.e. potential planetary transit
signals) and recovered 89% of the previously detected TESS Objects of Interest (TOIs) in the
Cycle 3 photometry. We vetted our TCEs using the LEO-vetter vetting package1. Of the
remaining TOIs we could not detect, only 13% are confirmed planets, while 83% are planet
candidates and 4% (4/96) have been identified as false positives. Finally, we subjected all
identified candidates to statistical validation using the TRICERATOPS package (Giacalone and
Dressing 2020; Giacalone et al. 2021) and validated 13 as planets. Of these, 4 are newly
validated planets. Ranging in size from super-Earth to sub-Jovian (2.39 − 8.8 R⊕), our
4 new validated planets have relatively short orbital periods (1.04 − 5.31 d). All of these
validated planets had been detected as solitary planet candidates in previous TESS sectors,
but only now could be validated with additional photometry Cycle 3 (and some Cycle 5).
Each of the 4 newly validated planets are the only known planet in their respective systems,
with no known planetary siblings. This work adds new planets to the known population and
provides follow-up research and validation opportunities for our new planets.

1https://github.com/mkunimoto/LEO-vetter

https://github.com/mkunimoto/LEO-vetter
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4.1 Introduction

To date, more than 5600 exoplanets have been detected, and over 40% of those planets are
known to reside in multiplanet systems, according to the NASA Exoplanet Archive (NASA
Exoplanet Science Institute 2020), accessed 15 Apr 2024. In fact, planets orbiting hot stars
(Teff > 6500 K) have an average of 0.8 planetary siblings and planets orbiting cool stars
(Teff < 5000 K) have an even higher average of 1.8 planetary siblings (Yang et al. 2020).
The NASA Exoplanet Archive (accessed 15 Apr 2024) also reports a total of 948 multiplanet
systems have been detected to date, comprising 2390 planets. Just as studying the properties
of other bodies within our solar system informs our understanding of Earth’s history, the
detection of multiple planets around other stars increases our ability to accurately situate
exoplanets within the broader context of their environments. This advantage is particularly
pronounced for systems of multiple transiting planets in which the radii, orbital periods,
eccentricities, masses, bulk densities, and perhaps even atmospheric compositions can be
studied in tandem.

The TESS mission (Ricker et al. 2015), a space-based, wide-field, all-sky planet hunting
probe, has been crucial for detecting exoplanets that are amenable to follow-up observations.
We analyzed high-cadence, 20-s photometry from TESS Cycle 3 (and Cycles 1 and 5 when
available) in order to detect new planet candidates in known planetary systems. Of the known
planets in multiplanet systems, the Kepler mission was responsible for detecting more than
half: 1317 planets in 525 multiplanet systems, or ∼ 55% of all detected planets in multiplanet
systems (NASA Exoplanet Archive, accessed 15 Apr 2024); by comparison, TESS has only
detected 190 planets (∼ 8% of total) in 95 multiplanet systems. However, the median visual
brightness for the multiplanet hosts observed by Kepler was V = 14.6±1.4 while for TESS it
was V = 10.6±2.0, a full four magnitudes brighter on average. In other words, although the
TESS mission has found far fewer planets in multiplanet systems, operating as an all-sky
survey mission has allowed TESS to detect planets orbiting much brighter host stars that
are far more amenable to follow-up observations including radial velocities (RVs) to measure
planet masses and transmission spectroscopy to study planet atmospheres.

We collect high cadence photometry in Cycle 3 of TESS to detect new planet transit
signals, which we then assess via planetary vetting tests followed by statistical validation.
Planetary transits can be very short, shallow, and difficult to detect; transit signals can be
made even more difficult to detect by photometric noise and activity from the host star.
Further, certain astrophysical phenomena, especially eclipsing binary stars, can mimic and
be easily confused with exoplanet transits (Morton et al. 2016). Therefore, detections of
planet transits must be subjected to a suite of test and analysis to distinguish true positives
from false positives. For example, particular multi-star architectures can be photometrically
indistinguishable from planet transits, such as an eclipsing binary with a nearby or bound
star at small visual separation to wash out and minimize otherwise conspicuously deep binary
occultations (Ciardi et al. 2015; Morton et al. 2016). As a result, it is crucial to subject planet
candidates to either mass measurement or statistical validation, quantitatively assessing the
likelihood of the transiting planet scenario in comparison to multiple false positive scenarios
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including eclipsing binaries.
We subject our target sample to a systematic planet transit search. Each planet signal

we detect in TESS Cycle 3 is subjected to candidate vetting with the LEO-vetter Python
package1 and planet validation with TRICERATOPS (Giacalone and Dressing 2020; Giacalone
et al. 2021) to determine which signals can be upgraded to planet candidate and potentially
fully validated as a planet.

In Section 4.2, we detail the observations collected for this work. Then, in Section 4.3,
we explain our stellar parameter compilation procedure. Next, in Section 4.4, we present the
TATER pipeline and our full strategy for planet signal detection and authentication. Then
we present and discuss our results in Section 4.5. Finally, we summarize and conclude in
Section 4.6.

4.2 Sample & Observations

Our sample comprises 914 target stars proposed for photometry with TESS Cycle 3 and
collected through TESS Guest Investigator Program G03278 (PI: A. Mayo). These observa-
tions were collected by the TESS mission during Cycle 3 (4 July 2020 to 6 June 2021). 61%
of our targets were observed for a single sector in Cycle 3 and 16% were observed for two
sectors. Only 13% were observed for more than half of Cycle 3 (7+ sectors) and only 4% were
in the continuous viewing zone and observed for all 13 sectors of Cycle 3. All observations
of our sample targets were collected at 20-s cadence.

We constructed our target list by querying the NASA Exoplanet Archive (NASA Exo-
planet Science Institute 2020) and ExoFOP2 to identify all known, transiting planets as well
as all K2 and TESS planet candidates. We also constrained all planets and planet candidates
to be smaller than 20 R⊕ to exclude likely false positives while retaining inflated Jupiters.
We then used the WebTESSViewing Tool (now the TESS-point Web Tool3) provided by the
TESS Guest Investigator Office to identify the subset of systems observable during Cycle 3
(Sectors 27-39).

All of our target stars already have at least one known planet or planet candidate. A
detailed breakdown of our sample is shown in Fig. 4.1. From stellar properties on the Mikulski
Archive for Space Telescopes (MAST), ExoFOP-TESS, and the NASA Exoplanet Archive
(see Section 4.3), we found that our host stars have a median radius of 1.1+4.8

−0.8 R⊙ (95%
confidence interval) and a median Tmag brightness of 10.7+4.0

−3.1 (95% confidence interval). A
total of 7% of our sample (65 systems) already had 2 or more known, transiting planets.
Known planets in our sample had relatively short orbital periods (4.5+9.9

−2.9 d) but spanned a
large range of radii (5.8+8.4

−3.7 R⊕).

1https://github.com/mkunimoto/LEO-vetter
2https://exofop.ipac.caltech.edu/tess/
3https://heasarc.gsfc.nasa.gov/wsgi-scripts/TESS/TESS-point_Web_Tool/TESS-point_Web_

Tool/wtv_v2.0.py/

https://github.com/mkunimoto/LEO-vetter
https://exofop.ipac.caltech.edu/tess/
https://heasarc.gsfc.nasa.gov/wsgi-scripts/TESS/TESS-point_Web_Tool/TESS-point_Web_Tool/wtv_v2.0.py/
https://heasarc.gsfc.nasa.gov/wsgi-scripts/TESS/TESS-point_Web_Tool/TESS-point_Web_Tool/wtv_v2.0.py/
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4.3 Stellar Characterization

We compiled stellar characteristics for our target sample by retrieving M∗, R∗, Teff , log(g),
and [Fe/H] from the MAST data archive operated by the Space Telescope Science Institute
(STScI), specifically the TESS Science Processing Operations Center (SPOC) data products.
This step was sufficient to identify 88% of target stellar masses (all but 112 stars), 94% of
our stellar radii (all but 55 stars), 95% of our Teff values (all but 46 stars), and 88% of our
log(g) values (all but 112 stars).

For stars lacking any stellar parameters from MAST, we next retrieved parameters from
the ExoFOP-TESS website4. This step allowed us to determine stellar radii for an additional
23 stars (96% total, all but 32 stars), Teff for an additional 32 stars (98% total, all but 14
stars), and log(g) for an additional 41 stars (92% total, all but 71 stars).

After these steps, we then resolved additional missing parameters by consulting spectral
energy distribution (SED) fits from EXOFASTv2 (Eastman 2017) that have been uploaded
to ExoFOP5 and described in Eastman et al. (2019). This step allowed us to determine stellar
mass for an additional 32 stars (91% total, all but 80 stars), stellar radii for an additional 10
stars (98% total, all but 22 stars), Teff for an additional 3 stars (99% total, all but 11 stars),
and log(g) for an additional 19 stars (94% total, all but 52 stars).

Finally, we referred to the K2 table of the NASA Exoplanet Archive to fill in any remain-
ing missing parameters. This step allowed us to determine stellar radii for an additional 4
stars (98% total, all but 18 stars) and log(g) for an additional 1 star (94% total, all but 51
stars). We can see here that the K2 table expanded our list of stellar parameters beyond
that of the previous steps for R∗ and log(g) but not M∗ or Teff .

If, at this stage, R∗, and log(g) were determined but M∗ remained unknown, we would
calculate M∗ directly from the former two quantities. Using this approach, we estimated
the stellar mass for 23 target stars that had only stellar radius and log(g) reported from
other sources, allowing us to determine a cumulative 94% of our stellar masses (all but
57 stars). Comparing all three parameters after this step shows excellent agreement, as
expected; the root-mean-square scatter in disagreement between our adopted log(g) values
and those inferred from M∗ and R∗ is 0.19 dex and the median disagreement is only 0.00092
dex.

We then proceeded with a TATER planet search if M∗, R∗, Teff , and log(g) were all de-
termined for a given system. If [Fe/H] was not available, we assumed solar metallicity, as
[Fe/H] only impacts limb darkening in our TATER search. We could not determine enough
stellar parameters for 60 of our 914 target stars (∼ 6.6%).

TIC Mass (M⊙) Mass Radius (R⊙) Radius log(g) log(g) Teff (K) Teff

Prov. Prov. Prov. Prov.

1003831 0.98± 0.12 MAST 1.122± 0.055 MAST 4.328± 0.076 MAST 5550.0± 117.0 MAST
1129033 0.99± 0.12 MAST 0.934± 0.043 MAST 4.493± 0.073 MAST 5605.0± 111.0 MAST

4https://exofop.ipac.caltech.edu/tess/
5Uploaded 2019 May 31, ExoFOP tag 3993

https://exofop.ipac.caltech.edu/tess/
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1528696 0.74 MAST 0.78 MAST 4.52 MAST 4669.0± 122.0 MAST
2527981 0.635± 0.026 MAST 0.660± 0.030 MAST 4.601± 0.022 MAST 3604.0± 157.0 MAST
2670610 1.00± 0.13 MAST 1.156± 0.059 MAST 4.312± 0.078 MAST 5640.0± 125.0 MAST
2760710 0.212± 0.020 MAST 0.2413± 0.0074 MAST 4.998± 0.015 MAST 3176.0± 157.0 MAST
4616072 1.38± 0.23 MAST 1.237± 0.055 MAST 4.393± 0.088 MAST 6600.0± 134.0 MAST
4646810 0.800± 0.094 MAST 0.744± 0.056 MAST 4.598± 0.099 MAST 4884.0± 140.0 MAST
5109298 2.38± 0.32 MAST 2.22± 0.11 MAST 4.120± 0.073 MAST 9385.0± 207.0 MAST
5772442 1.04± 0.12 MAST 2.55± 0.18 MAST 3.644± 0.085 MAST 5806.0± 123.0 MAST
5868998 0.53 MAST 0.78 MAST 4.37 MAST 3644.0± 122.0 MAST

Table 4.1: Stellar parameters and provenances for 854 of our 914 target stars
with reported stellar parameters. We searched each of these systems for plan-
etary transits. (Not all stellar values have reported uncertainties, which is still
sufficient to run the TATER pipeline.)

4.4 Analysis

We summarize each component of the TATER pipeline and our investigation of the TESS
photometry in this section. In order to detect and characterize planetary signals, we built
and used a custom pipeline, which we call the TESS trAnsiT findER, or TATER6 The pipeline
searches for transit threshold crossing events (TCEs) in each TESS light curve and fits a
transit model to each putative signal.

Downloading and Flattening Photometry

Our transit search was predicated on light curves produced by the TESS Science Processing
Operations Center (SPOC) at NASA Ames Research Center, which also conducts its own
photometric sweeps for planet candidates. SPOC conducts transit searches of the 2-min
Pre-search Data Conditioning Simple Aperture Photometry (PDCSAP) light curves (Smith
et al. 2012; Stumpe et al. 2012, 2014) with a wavelet-based, adaptive matched filter (Jenkins
et al. 2010; Jenkins et al. 2020; Jenkins 2002) and for each TCE flagged, fits an initial limb-
darkened model (Li et al. 2019) and conducts a suite of diagnostic tests (Twicken et al. 2018)
to help make or break the planetary nature of the TCE. The TESS Quick Look Pipeline
(Huang et al. 2020a,b), or QLP, searches light curves from the full frame images (FFIs) of
TESS using the Box Least Squares (BLS) algorithm (Kovács et al. 2002) and constructs its
own diagnostic tests. Candidates passing the diagnostic tests and vetting are alerted as TOIs
(Guerrero et al. 2021) on the online TOI catalog7. TOIs identified via SPOC and QLP are
cross-referenced and compared to all TCEs identified by our own transit search algorithm,
TATER.

TATER accessed and downloaded PDCSAP SPOC lightcurves from the MAST data archive.
The default cadence was 2-min; we either used this 2-min cadence photometry or binned 20-
sec cadence observations up to 2-min if available. Although several targets were observed at

6.
7tev.mit.edu/data/

tev.mit.edu/data/
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Figure 4.1: Histograms and a scatter plot of stellar and planetary properties for our 914
target systems. The top three panels display stellar radius, stellar TESS magnitude, and
planetary multiplicity (left to right). The bottom three panels display planet radius, planet
orbital period, and a scatter plot of orbital period versus planet radius.

higher cadence, 2-min cadence is often ideal for preserving transit detectability. Any observa-
tions with NaN or blank flux values were removed. Then, the light curve was flattened using
a penalized spline with the wotan Python package (Hippke et al. 2019) with a break tolerance
of 0.5 days and the maximum number of splines determined so as to assert a minimum knot
spacing of 0.5 days. Nearly all known planets and planet candidates in our target sample
had transit durations shorter than 0.5 days, thus preventing accidental removal of transit
events through flattening. We flattened the light curve for each TESS sector separately and
then stitched together the normalized light curves.

Our choice of knot spacing at 0.5 days was a reasonable choice for nearly our entire
sample: the median transit duration of known planets and candidates in our sample is
2.5+1.9

−1.1 h with a 95% confidence interval of (0.7, 8.0) h. As an additional check, we looked at
TIC 55525572.01 (TOI 813.01), a sub-Jupiter (Rp = 7.18±0.45 R⊕) and the planet with the
third longest transit duration in our sample (13.6 h). We deemed the longest duration transit
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too shallow too detect (TOI 785.01, tdur = 15.6 h, Rp = 1.18 ± 0.28 R⊕) and the second
longest transit duration unpredictable (TOI 5523.01, tdur = 13.6 h, singly transiting). We
strongly detected TOI 813.01 in our transit search with a signal detection efficiency (SDE)
of 17.7, where the SDE has become the standard test statistic for exoplanet detection. This
demonstrates that TATER is able to detect transits even for unusually long transit durations.

Transit Search

TATER can operate using either BLS as well as the Transit Least Squares (TLS) algorithm
(Hippke and Heller 2019). We use the Astropy Python package (Astropy Collaboration et al.
2013, 2018) implementation of BLS and the tls Python package developed by Hippke and
Heller (2019).

BLS detects planets by convolving a normalized, phase-folded light curve with a box-
shaped transit to calculate the SDE (Alcock et al. 2000). BLS then repeats this process
for a grid of orbital periods, transit times, transit durations, and transit depths. A BLS
periodogram can then be created by selecting the transit time, duration, and depth that
maximizes SDE for a given period.

TLS is an alternative to the commonly used BLS algorithm. TLS is more sophisticated
than BLS because it uses an astrophysically realistic transit model rather than a box as
template for transit searches, including ingress and egress as well as limb darkening. Pre-
dictably, TLS usually outperforms BLS in transit signal detection (especially for smaller
transit signals) but is also much more computationally intensive; TLS can compete with
BLS in runtime at short periods and long cadences, but it also scales quadratically with the
number of data points and runs slower on average when runtimes exceed hour timescales
(Hippke and Heller 2019).

Once BLS or TLS is complete, if the SDE for a given period is sufficiently high, that
signal can be classified as a threshold crossing event (TCE) and merit further investigation as
a potential planet candidate. A “sufficiently high” SDE will vary depending on the preferred
trade-off between false positive and false negatives, but Hippke and Heller (2019) found
via synthetic light curve transit injection and recovery tests that SDE = 7 corresponds to
a false positive rate of ∼ 1%. Given our large sample size, and by referring to the SDE
distribution in Fig. 6 of Hippke and Heller (2019), we opted for a slightly more conservative
SDE cutoff of 8 for our planet search. Once we have identified a TCE with TATER the
algorithm automatically masks the transit signal and repeats the search for additional TCEs
above the SDE cutoff.

For our purposes, in order to maximize the numbers of TCEs we could find, we ran
TATER on all our systems with both BLS and TLS, counting as a TCE any detected signal
that appeared with either algorithm (i.e. not necessarily both).

Out of 1814 TCEs detected (see Section 4.4), we found that 247 (14%) were detected with
BLS alone, 1238 (68%) were detected with TLS alone, and 329 (18%) were detected with
both algorithms. The high performance of TLS relative to BLS is to be expected, as TLS is
able to detect smaller and less significant transit signals than BLS. When we subsequently
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vetted these TCEs in Section 4.4, we found that 25% (107/429) detected with BLS alone
passed vetting, 28% (118/429) detected with TLS alone passed vetting, and 48% (204/429)
detected with both algorithms passed vetting. It is no surprise that a higher proportion
of BLS-only TCEs passed vetting compared to TLS-only TCEs; TLS can typically detect
smaller and less significant signals than BLS, which results in not only more detections at a
given SDE but also more false positives that will fail vetting.

Duplicate TCEs

Any pair of TCEs in a given system with periods closer than 3.5% were considered duplicates
and they were consolidated so that only one was retained for vetting and analysis (whichever
had a larger SDE). 3.5% was chosen as a conservative lower limit for period proximity based
empirically on the closest orbital period pair known to date: Kepler-132 b and c have periods
of 6.178 and 6.415 d (Rowe et al. 2014), proximate to within 3.7%8.

This duplicate cut removed 550 TCE signals with no apparent bias for short or long period
signals. As a confidence check, we found that 70% of these removed duplicate signals were
in a period agreement with the retained signal of better than 0.01%, and 89% of duplicate
signals have period agreement better than 1%.

TCE Sample

Our initial search of the target sample with yielded a total of 2364 TCEs. However, excluding
the 550 duplicate TCEs signals identified and described in Section 4.4 left 1814 unique TCEs.
These TCEs were found around 746 stars in our target sample. As can be seen in Fig. 4.2,
the vast majority of our TCEs are detected at short orbital periods (P < 10 d).

TCE Vetting

Using the LEO-vetter Python package2, we vetted all 1814 TCE signals detected at SDE
> 8, a conservative cut made relative to Hippke and Heller (2019) who found that SDE = 7
corresponds to a false positive rate of ∼ 1%. LEO-vetter takes as input stellar parameters
including radius, mass, density, effective temperature, surface gravity and corresponding
uncertainties; the light curve including time series, unflattened fluxes, flattened fluxes, and
flux uncertainties; signal properties including period, epoch, and duration. LEO-vetter

then performs numerous tests to identify false alarms and false positives. Instrumental false
alarms are identified through any of the following tests:

• Non-uniqueness: After conducting a model-shift uniqueness test (Thompson et al.
2018), the signal must be unique and strong when compared against the red noise,

8Lissauer et al. (2014) reports Kepler-132 is a binary and propose planets b and c orbit different stellar
components; if true, our 3.5% proximity limit is thus even more conservative.

2https://github.com/mkunimoto/LEO-vetter

https://github.com/mkunimoto/LEO-vetter
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Figure 4.2: Histogram of the period distribution of the 1814 unique TCEs detected in our
target sample with SDE > 8.

the strongest phased tertiary signal (i.e. excluding the primary transit signal and any
secondary eclipse), and the strongest phased positive signal (i.e. the strongest signal
due a flux increase). 1081 TCEs failed this test.

• Weak signals: The Multiple Event Statistic (MES, i.e. signal-to-noise ratio of the
phased transit) must be > 9. 1079 TCEs failed this test.

• Bad fit: The reduced χ2 for the transit model fit must be smaller than for a straight line
fit. Further, LEO-vetter also requires that the Akaike Information Criterion (AIC) for
the transit model must be such that AIC(transit) - AIC(line) ≤ −20. 578 TCEs failed
this test.

• Chases: The transit signal must not have too many nearby “chases”, i.e. nearby signals
of comparable amplitude to the transit signal. Thompson et al. (2018) quantifies this
metric so that no nearby significant signals yield a chase metric of 1 and an nearby
signal identical to the transit yields a chase metric of 0. A median chase metric of
< 0.8 constitutes a failed test. This test is only conducted for signals with fewer than
five transits. 329 TCEs failed this test.

• Bad transit shape: The average flux during transit should decrease, not increase during
the transit event. 313 TCEs failed this test.

• Single event: The most significant SES must not be more than 80% that of the MES.
This test is only conducted for signals with fewer than five transits. 204 TCEs failed
this test.
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• Difference in mean and median: The distribution of transit depths as calculated from
mean and median depth values must be consistent within 1.5σ. 138 TCEs failed this
test.

• Invalid transits: After bad transits are identified (not enough in-transit data, Signal
Event Statistic (SES) < 0, or reduced χ2 > 5), there must be at least 2 remaining
good transits. 137 TCEs failed this test.

• Noisiness: The baseline red noise (σr) must be sufficiently small in comparison to the
baseline white noise (σw):

√
Ntransitsσr/σw < 4. Ntransits is the number of observed

transits, σw is the standard deviation of the flux and σr is the standard deviation of
the multiple event statistic (MES) amplitudes (Jenkins 2002). The baseline is all data
outside the primary transit and the most significant secondary signal. 115 TCEs failed
this test.

• Unphysical duration: a/R∗ must be > 2, the best trapezoidal fit duration cannot be
longer than half the period, and best transit fit duration cannot be shorter than half
the trapezoidal fit duration. 110 TCEs failed this test.

• Sinusoidal: The best fit amplitude to a sinusoidal fit must not be significant at the 10σ
level or higher (i.e. sinusoidal amplitude uncertainty cannot be < 10%). This would
indicate too much agreement with a sinusoidal model to conclusively rule it out. This
test is only conducted for signals with P< 10 days. 64 TCEs failed this test.

• Asymmetric: The transit duration before and after the transit midpoint (as determined
from the transit ephemeris) cannot be discrepant by more than 5σ. 8 TCEs failed this
test.

Similarly, astrophysical false positives are identified when TCEs fail any of the following
tests:

• Odd/even: The transit depth and epoch of odd versus even transits cannot be dis-
crepant by more than 3σ and 10σ, respectively. 96 TCEs failed this test.

• Secondary: A secondary eclipse must not be too high in amplitude when compared
against the red noise, the strongest phased tertiary signal (after the primary transit
signal and any secondary eclipse), and the strongest phased positive signal (i.e. the
strongest signal due a flux increase). The only exception is if the secondary eclipse
signal is consistent with that of a planet. LEO-vetter defines these conditions as:
albedo < 1, Rp < 25 R⊕, b < 0.95, and δsecondary < 0.1δtransit. 69 TCEs failed this test.

• Large: The transiting object cannot be larger than 25 R⊕. 20 TCEs failed this test.

• V-shaped: The transit shape cannot be too V-shaped due to high impact parameter
or large radius, with a requirement that b+Rp/R∗ < 1.5. 2 TCEs failed this test.
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A TCE only passed vetting if it did not fail any false alarm or false positive tests. TCEs
that passed vetting were then promoted to planet candidates. Of the 1814 TCEs we detected,
the LEO-vetter vetting package failed to complete vetting for 118 TCEs (6%), 1095 (60%)
failed vetting as false alarms only, 79 (4%) failed vetting vetting as false positives only, 93
(5%) failed vetting as both false alarms and false positives, and 429 (24%) passed all false
alarm and false positive tests and were upgraded to planet candidates.

An Application: TIC 281575427

To demonstrate how TATER detects planets and how LEO-vetter conducts planet candidate
vetting, we present a representative system to detail the inputs, outputs, and procedures for
planet detection and vetting. We selected TIC 281575427 (TOI-205) as our demonstration
system. TOI-205 is an F star with M∗ = 1.20 ± 0.18 M⊙, R∗ = 1.454 ± 0.072 R⊙, and
Teff = 6220 ± 130 K. The TESS SPOC pipeline originally identified a single TCE (P =
4.252984±0.000016 d, Rp = 2.27±0.15 R⊕). We detected the same TCE in the BLS iteration
of our TATER pipeline, a 4.252986+0.000074

−0.000073 d signal produced by a super-Earth candidate
(Rp = 2.39+0.11

−0.10 R⊕). The periodogram and transit model fit produced by TATER can be seen
in Figs. 4.3 and 4.4. Our vetting of this TCE with LEO-vetter was successful, upgrading
it to candidate status. Our LEO-vetter results can be seen in Fig. 4.5.

TOI Validation

Once TCEs successfully passed vetting, we upgraded them to planet candidate status and
subjected them to statistical validation. We conducted validation with TRICERATOPS (Gi-
acalone and Dressing 2020; Giacalone et al. 2021), a Bayesian tool for vetting and statistical
validation of TESS Objects of Interest (TOIs). In order to operate, TRICERATOPS needs only
the TIC ID, the TESS sectors in which the target was observed, the best-fit orbital period,
the phase-folded light curve centered on the transit, and target star properties. This tool
uses the properties and positions of the target star and nearby stars, calculates the prior
planetary occurrence probability as a function of orbital period from an empirical broken
power law (Dong and Zhu 2013; Dressing and Charbonneau 2015; Howard et al. 2012; Mul-
ders et al. 2015, 2018; Petigura et al. 2013) with a break point at P = 10 d, and similarly
calculates the prior eclipsing occurrence probability as a function of orbital period from an-
other empirical broken power law (Kirk et al. 2016) with a break point at P = 0.3 d. These
models of planet occurrence and stellar multiplicity are applied to a specific system and
transit signal to quantify the relative likelihoods of the on-target transiting planet scenario
and plausible false positive scenarios.

The planet radius must be smaller than 8 R⊕ in order for validation with TRICERATOPS

to be valid. This is roughly the minimum radius for a brown dwarf, and thus objects larger
than this radius are extremely difficult to distinguish as planet or brown dwarf through
photometry alone; RVs are typically also needed to estimate the mass (or an upper mass
limit) and prove the object is low enough in mass to be planetary.
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Figure 4.3: Example TATER periodogram of TIC 281575427 identifying a TCE with period
of 4.252986 d (blue region). Aliases of the primary signal are located at vertical dashed
blue lines and the horizontal red dashed line represents an SDE lower limit of 5. This
TCE is a known planet candidate (TOI-205.01) and independently passed vetting with the
LEO-vetter planet candidate vetting package (see Section 4.4 and Fig. 4.5).

The likelihood of all false positive scenarios combined is the false positive probability
(FPP). If all false positive scenario likelihoods are cumulatively low enough, the candidate is
upgraded to a validated planet. Specifically, we use the default TRICERATOPS cutoff FPP of
0.015. Further, TRICERATOPS also requires that the nearby false positive probability (NFPP),
i.e. the probability of the transit signal originating from a nearby resolved star, must be less
than 0.001. We adopt the same requirements for validation in this work.
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Figure 4.4: Example TATER transit model and residuals for the phased light curve of TIC
281575427. TATER detected a TCE with a period of 4.252986 d which we vetted and upgraded
to candidate status with LEO-vetter. Black data points are the raw flux, red data points
are binned flux, and the blue, overlapping lines are posterior samples of the transit model.
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Figure 4.5: Example output of vetting for TIC 281575427 (TOI-205) with the planet vetting
Python package LEO-vetter. The 4.252986 day signal being vetted is a candidate warm
Neptune. The top two panels are the raw and normalized light curves, with identified
transits marked in orange (odd transits) and green (even transits). The next panel below
(on the left) is the phased light curve (with gray unbinned data points, black binned data
points, red model line, and black triangle to denote the most significant secondary signal).
The next row below includes the same phased light curve now focused exclusively in and near
transit (left) and the light curve split into odd and even transits (right, with two subpanels
plotting the odd transit model in orange, the even transit model in green, and the total
discrepancy in odd/even transit depth noted). The bottom row includes the phased light
curve near the most significant secondary signal (left, with signal depth and significance
reported) and near phase = 0.5 (right). Right of these bottom three rows is a vertical panel
plotting each transit separately. Finally, on the far right a table of TCE, model, planet, and
stellar properties are reported.
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Table 4.2: Table of all TCEs detected with TATER (full table available for download)

TIC TOI Period (d) t0 Rp (R⊕) Transit depth SDE Vetted Validated

1003831 564.01 1.6511500+0.0000090
−0.0000060 1518.2073+0.0039

−0.0016 3.448+0.095
−0.080 0.000794+0.000037

−0.000044 56.97 Y N

1129033 398.01 1.3600370± 0.0000080 1410.9796+0.0039
−0.0046 12.66+0.41

−0.22 0.0154+0.0005
−0.0010 138.35 N N

1528696 448.01 0.8820630+0.0000060
−0.0000050 1438.4015+0.0028

−0.0036 6.03+0.13
−0.23 0.00499+0.00038

−0.00021 74.12 Y N

1528696 7.725+0.064
−0.049 1440.408+0.066

−0.063 2.2+4.1
−1.6 0.0006+0.0010

−0.0025 9.35 N N

1528696 8.769+0.058
−0.057 1441.251+0.074

−0.067 3.4± 1.9 0.0016+0.0017
−0.0018 9.33 N N

2527981 4.082+0.061
−0.067 2039.616+0.070

−0.063 4.2+2.2
−3.0 0.0035+0.0049

−0.0036 10.78 N N

2527981 4.712+0.025
−0.037 2036.459+0.067

−0.065 4.2+2.1
−3.0 0.0035+0.0049

−0.0034 13.56 N N

2527981 5.8476± 0.0044 2037.2091+0.0075
−0.0069 13.69+0.71

−0.75 0.0361+0.0040
−0.0037 16.97 N N

2527981 10.307+0.055
−0.073 2037.705+0.049

−0.052 4.6+2.2
−2.9 0.0041+0.0052

−0.0040 8.97 N N

2670610 2.50487+0.00017
−0.00023 1659.172+0.018

−0.019 2.23+0.34
−0.50 0.00031+0.00014

−0.00010 8.32 N N

2670610 13.479+0.063
−0.054 1656.943+0.061

−0.062 3.4+0.8
−1.0 0.00071+0.00043

−0.00032 9.78 N N

2760710 0.8028+0.0014
−0.0017 1354.738+0.014

−0.015 1.04+0.30
−0.85 0.0016+0.0025

−0.0009 8.87 N N

2760710 2.089+0.055
−0.066 1355.291+0.049

−0.068 1.09+0.58
−0.77 0.0017+0.0024

−0.0018 8.84 N N

2760710 2.65188+0.00022
−0.000090 1355.296+0.017

−0.013 1.27+0.18
−0.25 0.00232+0.00091

−0.00064 8.2 N N

4616072 2.125+0.037
−0.039 1469.624+0.074

−0.067 2.5+1.3
−1.8 0.00034+0.00050

−0.00035 8.14 N N

4616072 2.42711+0.00013
−0.00012 1469.907+0.016

−0.015 3.25+0.52
−0.91 0.00058+0.00033

−0.00019 9.28 N N

4616072 466.01 4.187616+0.000024
−0.000022 1469.0608+0.0034

−0.0039 12.08+0.16
−0.20 0.00801+0.00027

−0.00022 72.3 N N

4616072 98.483+0.064
−0.068 1514.830+0.072

−0.059 3.2+1.6
−2.1 0.00057+0.00075

−0.00056 11.07 N N

4646810 461.01 56.4455+0.0045
−0.0061 1430.838+0.017

−0.040 0.98+0.49
−0.25 0.00015+0.000070

−0.00015 14.03 N N

5109298 1.6184+0.0009
−0.0011 2202.963+0.011

−0.010 7.40+0.31
−0.70 0.00093+0.00018

−0.000080 13.18 N N

5772442 979.01 1.1057+0.0018
−0.0014 2230.077+0.012

−0.023 3.78+0.41
−0.37 0.000185+0.000037

−0.000040 14.1 N N

5868998 749.01 1.2710620+0.0000070
−0.0000060 1572.4717+0.0028

−0.0040 13.14+0.25
−0.88 0.0236+0.0032

−0.0009 83.92 N N

5868998 5.418+0.039
−0.056 1572.145+0.071

−0.068 2.8+3.9
−2.2 0.0011+0.0017

−0.0030 8.81 N N

Table 4.3: Table of all vetted TOIs detected with TATER (full table available for download)

TIC Period (d) t0 Rp (R⊕) Rp/R∗

175310067 11.284+0.010
−0.008 2240.2431+0.0058

−0.0057 8.56+0.23
−0.66 0.0511+0.0040

−0.0014

343648136 1.65420+0.00060
−0.00063 2362.1443+0.0057

−0.0060 3.71+0.17
−0.18 0.0243+0.0012

−0.0011

915110182 4.5238+0.0017
−0.0020 3017.090+0.011

−0.010 15.3+3.0
−4.2 0.171+0.033

−0.047

4.5 Results & Discussion

Crossmatch to known TOIs

We compared our results against those of prior studies to characterize the performance of
the TATER pipeline and its planet search algorithm. Because we selected our sample so that
each target has at least one known planet or planet candidate, we could check whether we
are detecting these known signals and assess what planetary radii and orbital periods are
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Table 4.4: Table of all planets we validate with TRICERATOPS.

TIC Alias Period (d) t0 Rp (R⊕) a (AU) Newly Validated

89020549 132.01 2.109683± 0.000010 1326.9055+0.0026
−0.0015 3.32+0.10

−0.16 0.03119+0.000030
−0.00044 N

139285832 332.01 1.5541+0.0017
−0.0014 2063.222+0.010

−0.013 2.68+0.28
−0.26 0.025164+0.000094

−0.000065 N9

183593642 355.01 1.03731+0.00036
−0.00056 2088.421+0.008

−0.011 2.79+0.15
−0.18 0.02090+0.000090

−0.00029 Y

220029715 825.01 3.1853150± 0.0000050 1601.9350+0.0019
−0.0012 5.25± 0.13 0.03963+0.000030

−0.00015 N

234994474 134.01 1.4015220± 0.0000080 1326.0380+0.0041
−0.0018 1.368± 0.047 0.020500+0.000028

−0.000013 N

280437559 969.01 1.82372+0.00072
−0.00083 2230.1404+0.0043

−0.0050 2.88+0.10
−0.09 0.02543+0.00020

−0.000070 N

281575427 205.01 4.252986+0.000074
−0.000073 1326.333+0.013

−0.005 2.39+0.11
−0.10 0.054578+0.000066

−0.000073 Y

305424003 907.01 4.585043+0.000063
−0.000043 1631.6317+0.0043

−0.0047 8.8+0.4
−2.2 0.05742+0.000050

−0.00011 Y10

350153977 908.01 3.183768+0.0000090
−0.000012 1629.7399+0.0063

−0.0021 2.900+0.097
−0.094 0.04178+0.000030

−0.00032 N

355703913 111.01 2.106160+0.000021
−0.000016 1326.1096+0.0034

−0.0028 7.35+0.54
−0.21 0.0316+0.0012

−0.0001 N

369455629 2199.01 3.376987+0.000022
−0.000035 2038.5064+0.0022

−0.0036 7.33+0.25
−0.70 0.04390+0.000030

−0.00016 N

403224672 141.01 1.0082480± 0.0000050 1325.5289+0.0007
−0.0011 1.51+0.11

−0.05 0.019931+0.000011
−0.0000070 N

421894914 1056.01 5.307978+0.000071
−0.000061 1326.068+0.010

−0.014 2.54+0.12
−0.11 0.06256+0.00019

−0.00013 Y

Figure 4.6: Phased light curves for TIC 281575427.

beyond the reach of TATER detection.
We crossmatched our detected TCEs to all the known candidates and planets in our

target sample, in order to determine what fraction of the known candidates and planets
could be detected as TCEs with TATER. As can be seen in Fig. 4.11, we recover the vast
majority of known candidates and planets; approximately 89% are detected with an SDE
> 8. If we lower the detection threshold to SDE = 5, the detection efficiency increases to
94%, but at the cost of thousands of additional TCEs to screen detected at low significance
and thus composed mostly of false positives.

Newly validated planets

Our TATER planet detection pipeline, in concert with LEO-vetter for candidate vetting was
able to detect hundreds of planet candidates. Of these candidates, we were able to use
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Figure 4.7: Phased light curves for TIC 183593642.

Figure 4.8: Phased light curves for TIC 305424003.

TRICERATOPS to statistically validate 4 new planets. All 4 of these newly validated planets
were previously known planet candidates.

As can be seen in Fig. 4.10, the newly validated planets are all quite short in orbital
period (all have periods < 10 d) but mostly moderate in size (only 1 of 4 is a sub-Jupiter,
the remaining 3 are all sub-Neptunes).

Our full list of detected TCEs is available in Table 4.2. Additionally, newly validated
planets are available in Table 4.4. We discuss each newly validated planet in detail below.

TIC 281575427 (TOI 205.01)

This 4.25 d planet (2.39+0.11
−0.10 R⊕) orbits a F-type star (Teff = 6220±130 K, R∗ = 1.454±0.072

R⊙, M∗ = 1.20±0.18 M⊙, log(g) = 4.192±0.087). Difference image centroiding from SPOC
data validation reports places the transit source within 6.011” (1.63σ) of the target star.

For this particular planet, there were already 2 HARPS spectra collected in 2018 (R
= 115000, SNR per pixel ∼ 90 at 550 nm) which we used along with photometric value to
estimate stellar parameters. We subjected published host star photometric values to As-
troARIADNE, a stellar spectral energy distribution fitting code based on Vines and Jenkins
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Figure 4.9: Phased light curves for TIC 421894914.

(2022), and estimated that Teff = 6335+23
−37 K, log(g) = 4.06 ± 0.05, and [Fe/H] = 0.03+0.02

−0.03.
Both photometric estimates of Teff and log(g) are in good agreement with the stellar values
collected from the literature and used by TATER.

We next used the photometric results as inputs for synthesizing a spectrum based on
Kurucz Atlas 12 models (Kurucz 1979). We compared these synthetic spectra against the
2 co-added HARPS spectra collected for this target in order to assess stellar parameters
with SME (Piskunov and Valenti 2017; Valenti and Piskunov 1996). This spectroscopic
fitting procedure yielded estimates of Teff = 6330± 150 K, log(g) = 4.17± 0.25, and [Fe/H]
= 0.18± 0.09, all in good agreement with literature and photometric values.

Additionally, with SME we were able to determine that [Mg/H] = 0.19 ± 0.06 (at the
5160−5184 ÅMg triplet) and v sin(i) = 13.5±0.7 km s−1. This is assuming Vmic = 1.34±0.12
km s−1 (Bruntt et al. 2010) and Vmac = 5.24± 0.45 km s−1 (Doyle et al. 2014).

We subjected this planet to modeling, vetting, and validation using photometry from
TESS Cycle 1 (6 transits in Sector 1, 7 in Sector 2), Cycle 3 (5 transits in Sector 28, 4
transits in Sector 29), and Cycle 5 (5 transits in Sector 68).

We conducted statistical validation and determined a NFPP of 2.74× 10−5 and FPP of
2.78× 10−5, thus validating the planet.

TIC 183593642 (TOI 355.01)

This 1.04 d planet (2.79+0.15
−0.18 R⊕) orbits a F-type star (Teff = 6050±130 K, R∗ = 1.317±0.066

R⊙, M∗ = 1.13±0.15 M⊙). Difference image centroiding from SPOC data validation reports
places the transit source within 3.699” (0.81σ) of the target star.

We subjected this planet to modeling, vetting, and validation using photometry from
TESS Cycle 3 (18 transits in Sector 29, 22 transits in Sector 30) and Cycle 5 (17 transits in
Sector 69). There was also 10-min cadence full frame image (FFI) photometry from Sectors
2 and 3 which we did not employ in our analysis.

We conducted statistical validation and determined a NFPP of 2.42× 10−7 and FPP of
4.35× 10−3, thus validating the planet.
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Figure 4.10: Period versus radius for all signals vetted or validated in this work. Black
and blue points are candidates vetted with LEO-vetter and planets statistically validated
with TRICERATOPS, respectively. Large, blue, bold points are validated planets that are new,
meaning this work has validated them for the first time.

TIC 305424003 (TOI 907.01)

This 4.59 d planet (8.8+0.4
−2.2 R⊕) orbits a F-type star (Teff = 6220±130 K, R∗ = 2.060±0.092

R⊙, M∗ = 1.20±0.17 M⊙). Difference image centroiding from SPOC data validation reports
places the transit source within 0.686” (0.25σ) of the target star.

This target has also been independently confirmed via an RV mass measurement with
the HARPS spectrograph (Neilsen et al. in prep; HARPS ESO programme ID 0103.C-0874).
It is for this reason that we permit validation of this planet with TRICERATOPS; it’s radius
may be larger than 8 R⊕, but there are RV measurements that constrain the planetary mass
and allow us to eliminate the possibility of a brown dwarf scenario.
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Figure 4.11: Period v. radius for all TCEs detected (or otherwise detectable) with TATER.
New TCEs are black, while TCEs that match with known TOIs are blue. Also plotted in
orange are additional known TOIs in our target systems that we were unable to detect with
TATER.

We subjected this planet to modeling, vetting, and validation using photometry from
TESS Cycle 1 (4 transits in Sector 12) and Cycle 3 (6 transits in Sector 39).

We conducted statistical validation and determined a NFPP of 2.24× 10−14 and FPP of
2.23× 10−14, thus validating the planet.

TIC 421894914 (TOI 1056.01)

This 5.31 d planet (2.54+0.12
−0.11 R⊕) orbits a F-type star (Teff = 6120±120 K, R∗ = 1.370±0.063

R⊙, M∗ = 1.16±0.16 M⊙). Difference image centroiding from SPOC data validation reports
places the transit source within 3.531” (1.06σ) of the target star.
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We subjected this planet to modeling, vetting, and validation using photometry from
TESS Cycle 1 (6 transits in Sector 1, 6 in Sector 13), Cycle 3 (5 transits in Sector 27), and
Cycle 5 (4 transits in Sector 67).

We conducted statistical validation and determined a NFPP of 9.20× 10−4 and FPP of
1.90× 10−3, thus validating the planet.

4.6 Conclusion

In this paper, we analyzed a sample of 914 stars comprising every star observable during
TESS Cycle 3 with at least one known planet or planet candidate in order to look for
additional planets with high cadence photometry. We developed a pipeline called TATER to
search for transits in the photometry from each star using the BLS (Kovács et al. 2002)
and TLS (Hippke and Heller 2019) search algorithms. We vetted any signals at SDE > 8
(1814 total) with the LEO-vetter Python package2. Then we subjected all candidates that
passed vetting (435 total) to statistical validation with the TRICERATOPS Python package
(Giacalone and Dressing 2020; Giacalone et al. 2021).

These efforts resulted in the validation of 13 planets, of which 4 have not been previously
validated are thus new contributions to the known planet population. All 13 planets were
previously known planet candidates, have orbital periods < 10 d, and orbit F-type stars.
Although we set out to find new planets in known planetary systems, all 13 of these newly
validated planets were previously solitary planet candidates; thus, none of them have any
known planetary siblings.

One of the newly validated planets is a sub-Jupiter: TIC 305424003.01 (TOI 907.01, P =
4.59 d, Rp = 8.8+0.4

−2.2 R⊕); this planet also has a forthcoming independent mass confirmation
(Neilsen et al. in prep; HARPS ESO programme ID 0103.C-0874). The other three newly
validated planets are all sub-Neptunes: TIC 281575427.01 (TOI 205.01, P = 4.25 d, Rp =
2.39+0.11

−0.10 R⊕), TIC 183593642.01 (TOI 355.01, P = 1.04 d, Rp = 2.79+0.15
−0.18 R⊕), and TIC

421894914.01 (TOI 1056.01, P = 5.31 d, Rp = 2.54+0.12
−0.11 R⊕).

2https://github.com/mkunimoto/LEO-vetter

https://github.com/mkunimoto/LEO-vetter
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Chapter 5

Detection of H2O and CO2 in the
Atmosphere of the Hot
Super-Neptune WASP-166b with
JWST

We present observations with the James Webb Space Telescope (JWST ) to conduct transmis-
sion spectroscopy of the hot super-Neptune, WASP-166b. Our proposed Small GO program
involves observations with NIRISS SOSS Order-1 and NIRSpec BOTS G395M/F290LP on
Dec. 31, 2023, and Jan. 16, 2024, with the aim of providing unprecedented insights into
the key molecular features and formation pathway of WASP-166b. We use state-of-the-art
data reduction tools like Ahsoka and Eureka! and atmospheric retrieval tools like POSEIDON
and PLATON to determine the atmospheric composition of WASP-166b, assess the relative
likelihood of in-situ and migration formation scenarios, and thus test formation theories for
the Hot Neptune Desert more broadly. We detect the presence of H2O (20.22σ) and CO2

(4.90σ significance) in the planet atmosphere, and report non-detections of SO2, NH3, and
an observable cloud deck. We also find a high planetary metallicity (Z = 397+62

−54) and sub-
stellar C/O ratio (C/O = 0.49+0.10

−0.16), which suggests a migration pathway for WASP-166b
and points toward planetary migration as an important mechanism for the formation of the
Hot Neptune Desert.

5.1 Introduction

Although the current known exoplanet population has by now exceeded more than 5000,
only a small fraction have had any constituents of their atmospheres measured. According
to the NASA Exoplanet Archive (accessed 2024 Feb 2), only 235 of 5572 known exoplanets
have an observed planetary spectrum of 5 or more points, less than 5%. And yet, exoplanet
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atmospheres are quickly becoming one of the most fruitful areas of study for understanding
planet formation, evolution, and demographics.

In this paper we present atmospheric analysis results for WASP-166b, a hot super-
Neptune (P = 5.44 d, Mp = 32.1 ± 1.6 M⊕, Rp = 7.1 ± 0.3 R⊕). This planet is located
within the Hot Neptune Desert, a region of parameter space at high insolation fluxes and
intermediate planet radii that is extremely sparsely populated (see Fig. 5.1). WASP-166b
is therefore part of a rare planet class and worthy of investigation to more fully understand
the nature and formation mechanisms of the Hot Neptune Desert.

WASP-166b was originally detected in transits collected by the WASP survey over 2006-
2012; it was then followed up with RV mass measurement and confirmation from CORALIE
and HARPS over 2014-2018 Hellier et al. (2019). Then Bryant et al. (2020) analyzed addi-
tional transits of WASP-166b collected in February 2019 with the Next Generation Transit
Survey (NGTS) and the Transiting Exoplanet Survey Satellite (TESS) in order to further
refine the transit ephemeris and planet radius. The first report of an atmospheric constituent
for WASP-166b came from Seidel et al. (2020) who reported a tentative (3.4σ) detection of
neutral sodium through ground-based HARPS transmission spectroscopy. This tentative de-
tection was subsequently confirmed with additional ground-based transmission spectroscopy
from ESPRESSO (Seidel et al. 2022), helping demonstrate its goodness for additional atmo-
spheric characterization. Those same ESPRESSO observations were also used by Doyle et al.
(2022) to utilize the reloaded Rossiter McLaughlin technique (Cegla et al. 2016) and mea-
sure the sky-projected star-planet obliquity; they found the planet orbit to be well aligned
with the stellar spin axis (λ = −15.52+2.85

−2.76 degrees), pointing toward planet formation within
a protoplanetary disk. Further analysis of the same ESPRESSO observations (Lafarga et
al. 2023) led to a tentative detection of water vapor and a suggestion of either low water
abundance or high altitude clouds.

We present here the atmospheric conditions of WASP-166b with the goal of constraining
molecular abundances, estimating the overall atmospheric metallicity, and determining the
C/O ratio. These constrains allow us to investigate the formation pathway of WASP-166b
in order to explore the origins of the Hot Neptune Desert.

In Section 5.2, we present our observations of WASP-166b. In Section 5.3, we discuss
our data reduction procedure and atmospheric forward modeling method. Then we present
the results of our reduction and analysis in Section 5.5. Finally, we present our summary
and conclusions in Section 5.6.

5.2 Observations

We obtained JWST transmission spectroscopy during two transits of WASP-166b. These
observations were part of JWST Cycle 1 General Observer (GO) program 2062 (PI: Andrew
Mayo, Co-PI: Dressing). The first observation was obtained on 31 Dec 2023 at 03:03 - 12:54
UTC with NIRISS, the Near Infrared Imager and Slitless Spectrograph (Albert et al. 2023;
Doyon et al. 2023). It was collected in Single Object Slitless Spectroscopy (SOSS) mode
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Figure 5.1: Insolation flux versus planet mass, with the Hot Neptune Desert labeled on
the left. Small black dots are confirmed exoplanets; large dots colored by planet radius are
confirmed planets with mass and radius uncertainties < 10% and bright host stars (J < 9).
Our target is WASP-166b (“W”); LTT 9779b (“L”) is also shown and discussed later in the
text (see Section 5.5.
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Table 5.1: System parameters used in this paper. (1) Hellier et al. (2019), (2) Doyle et al.
(2022).

Parameter Value Reference
WASP-166

M∗ (M⊙) 1.19± 0.06 (1)
R∗ (R⊙) 1.22± 0.06 (1)
Teff (K) 6050± 50 (1)
[Fe/H] 0.19± 0.05 (1)

WASP-166b
P (days) 5.44354215+0.00000307

−0.00000297 (2)
t0 (BJD-2457000) 1524.40869201+0.00030021

−0.00029559 (2)
a (au) 0.0668+0.0040

−0.0044 (2)
i (deg) 88.85+0.74

−0.94 (2)
Rp (RJup) 0.6155+0.0306

−0.0307 (2)
Mp (MJup) 0.101± 0.005 (1)
Teq (K) 1270± 30 (1)

(Order-1) covering a wavelength range of 0.9 to 2.8 µm at a native Spectral Resolving Power
(R) of ∼ 650 at 1.25 µm.

The NIRISS SOSS science observation employed the GR700XD grism combined with
the clear filter, making use of the SUBSTRIP96 subarray (2048 columns by 96 rows). The
transit observations comprised 4836 integrations, with 2 groups per integration. Our effec-
tive exposure time during the observational window was 21413.808 s, yielding an effective
integration time of 4.428 s (21413.808/4836). We added a recommended GR700XD/F277W
exposure following our science exposure1, which included a total of 20 integrations, with 2
groups per integration.

The second observation was obtained on 16 Jan 2024 at 11:53 - 21:01 UTC with NIRSpec,
the Near Infrared Spectrograph (Birkmann et al. 2022; Böker et al. 2023; Espinoza et al.
2023; Jakobsen et al. 2022). It was collected in the Bright Object Time Series (BOTS)
mode using the G395M grating and F290LP filter, covering a wavelength range from 2.80 to
5.18 µm with R ∼ 1000 at 3.95 µm.

The NIRSpec data was taken using the 1.6” square aperture (S1600A1) with the SUB2048
subarray (2048 pixel columns by 32 rows on the NRS1 detector), and NRSRAPID readout
pattern. Spectra were dispersed across approximately 1320-pixel columns of the subarray,
with moderate curvature of the trace. The observation comprised a total of 8880 integrations
taken in a single exposure, roughly centered around the 3.6 h transit. The observation was
set up for maximum efficiency while remaining below an 80% full well threshold to avoid

1See NIRISS SOSS recommended strategies at https://jwst-docs.stsci.edu/

https://jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph/niriss-observing-strategies/niriss-soss-recommended-strategies
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detector non-linearity. Due to the brightness of WASP-166 we used 3 groups per integration,
resulting in an effective integration time of 2.706 s.

5.3 Analysis

Once our transit observations had been collected, we reduced the data from pixel-level data
to a planetary transmission spectrum. In the following subsections we present and detail our
data reduction procedures for the NIRISS SOSS and NIRSpec instruments.

NIRISS SOSS Data Reduction

We used the Ahsoka pipeline (Louie et al. in prep) in our NIRISS SOSS analysis. The Ahsoka
pipeline is comprised of six separate stages, and combines software modules from the JWST
Science Calibration (Bushouse et al. 2023), supreme-SPOON (Feinstein et al. 2023; Radica
et al. 2023), nirHiss (Feinstein et al. 2023), and Eureka! (Bell et al. 2022) pipelines.
Additionally, we found that applying the nirHiss spectral box extraction routine to our
data resulted in excessive scatter in our extracted stellar spectra. We therefore developed a
custom optimal extraction routine for NIRISS SOSS data based on the procedures outlined
in Horne (1986).

Below, we describe our application of Ahsoka detector-level and spectroscopic processing,
as well as spectral extraction, to our WASP-166 b data in sections 5.3, 5.3, and 5.3. The
output product from Ahsoka stage 3 is a time series of 1D (flux versus wavelength) stellar
spectra. Ahsoka exclusively employs Eureka! to generate spectroscopic light curves, fit light
curves, and produce the transmission spectrum (Eureka! Stages 4, 5, and 6). We describe
our application of Eureka! to NIRISS SOSS stellar spectra in section 5.3.

Ahsoka Stage 1: Detector-level processing

We begin by downloading the uncal.fits (uncalibrated, pixel-level data) files from MAST,
and then perform the following jwst pipeline2 stage 1 detector-level3 steps: dq init,

saturation, superbias, and refpix.

We next apply the supreme-SPOON group-level background subtraction and 1/f noise
removal steps (Radica et al. 2023). The 1/f noise (Rauscher et al. 2014; Schlawin et al.
2020) is introduced during detector readout. As explained by Albert et al. (2023) and
Radica et al. (2023), 1/f noise is one of the last noise sources affecting JWST near infrared
(NIR) detector data, and should therefore be one of the first noise sources removed, which in
turn requires removal at the group level. During the 1/f noise removal step, we must mask

2https://jwst-pipeline.readthedocs.io/en/latest/jwst/user_documentation/introduction.

html
3calwebb detector1, see https://jwst-pipeline.readthedocs.io/en/stable/jwst/pipeline/

calwebb_detector1.html

https://jwst-pipeline.readthedocs.io/en/latest/jwst/user_documentation/introduction.html
https://jwst-pipeline.readthedocs.io/en/latest/jwst/user_documentation/introduction.html
https://jwst-pipeline.readthedocs.io/en/stable/jwst/pipeline/calwebb_detector1.html
https://jwst-pipeline.readthedocs.io/en/stable/jwst/pipeline/calwebb_detector1.html
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or remove sources of flux that could bias our results, which include field star contaminants,
target star flux, and Zodiacal light. The location of field star contaminants can be masked
using the F277W exposure, while target star flux is masked by using the spectral trace.4

The supreme-SPOON background subtraction step operates by scaling the STScI back-
ground model5 to group-level median frames of our observations. The 2 median frames (one
for each group) are created from the out-of-transit integrations for each of the 2 groups
(Radica et al. 2023). Scaling was performed in a small region in the lower left of our median
frames unaffected by other flux sources, located at pixel locations: x ∈ [5,401], y ∈ [5,21].
In applying this step to our data, we found that Zodiacal light subtraction was unnecessary
in the stage 1 group-level integrations. (The supreme-SPOON background subtraction step
yielded a scale factor of 0 for both group-level median frames.) Figure 5.2 depicts the first
(index 0) refpix integration frame for group 2 before and after the background subtraction
step is applied.

We next apply the supreme-SPOON group-level 1/f noise subtraction algorithm, masking
any field star contaminants (negligible for our data, see Figure 5.3) and spectral traces. Here,
the noise-weighted average of each column in the group-level median frames is computed, and
this is subtracted from each column of the raw image frames for each group. The final step
in the 1/f noise subtraction algorithm is to add the background noise back into the image
frames to ensure that additional steps in the Ahsoka pipeline are applied to the as-observed
astrophysical images.6

The F277W filter blocks those wavelengths ≲2.6 µm, and thus allows only the longest
wavelengths of the order 1 spectrum to be dispersed upon the subarray. Additionally, the
F277W exposure may be used to find the locations of any order 0 field star contaminants,
since order 0 field star contaminants only appear at column pixel indices higher than ∼700
(Albert et al. 2023). The median image of our F277W integrations in Figure 5.3 indicates
that our observations have no significant order 0 contaminants.

The Ahsoka detector-level reduction concludes with the following jwst pipeline steps:
linearity, jump, ramp fitting, and gain scale. Since our NIRISS SOSS data only
included 2 groups, the jump step was automatically skipped, as discussed in section 5.3.

Ahsoka Stage 2: Spectroscopic processing

We next apply stage 2 spectroscopic processing7 to our stage 1 output files, which are similar
to the rateints.fits files used as inputs to our NIRSpec stage 2 processing (see §5.3). We
begin with the following jwst pipeline steps: assign wcs, srctype, and flat field.

We then again employ the supreme-SPOON background subtraction algorithm, using the
same procedures and scaling region as with the detector-level process, except that only one

4See section 5.3 for a description of our procedures determining spectral trace location and width.
5See SOSS Background Observations at https://jwst-docs.stsci.edu.
6Refer to Radica et al. 2023 for additional details.
7calwebb spec2, see https://jwst-pipeline.readthedocs.io/en/latest/jwst/pipeline/

calwebb_spec2.html

https://jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph/niriss-observing-strategies/niriss-soss-recommended-strategies#NIRISSSOSSRecommendedStrategies-SOSSBackgroundObservations
https://jwst-pipeline.readthedocs.io/en/latest/jwst/pipeline/calwebb_spec2.html
https://jwst-pipeline.readthedocs.io/en/latest/jwst/pipeline/calwebb_spec2.html
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Figure 5.2: First (index 0) refpix integration frame for group 2 before and after the back-
ground subtraction step is applied. The box we used to scale the STScI background model
is outlined in red.

median frame need be constructed during stage 2. Here, the computed background scaling
factor was 0.76582.

We conclude Stage 2 with the supreme-SPOON BadPix custom cleaning step to flag and
correct outlying/hot pixels (Radica et al. 2023). The BadPix step first creates a median
frame using the out-of-transit integrations from the background subtraction step. Then,
each pixel of the median frame is compared to surrounding pixels. Any pixel with a NaN or
negative value, or that differs from surrounding pixels by more than 5σ, is flagged. A mask
records the locations of the flagged pixels on the NIRISS SOSS subarray, and flagged pixels
are then replaced by the median value of surrounding pixels. Finally, the outlying/hot pixels
(indicated by the mask) in each integration frame from the Stage 2 background subtraction
step are replaced by the corresponding pixel values on the corrected median frame, which is
scaled to the transit white light curve.
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Figure 5.3: Median image of our F277W integrations. The F277W filter blocks those wave-
lengths ≲2.6 µm, and thus allows only the longest wavelengths of the order 1 spectrum to
be dispersed upon the subarray. The F277W exposure may be used to find the locations of
any order 0 field star contaminants, which would appear as bright chevron shapes if present.
Our observations have no significant order 0 contaminants.

Figure 5.4: Comparison of the CRDS spectral trace, the pastasoss-derived spectral trace,
and the pastasoss trace shifted by 10 pixels, all overplotted on our BadPix output frame
from integration 0. We found that the pastasoss trace shifted by 10 pixels aligned best
with our data.
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Ahsoka Stage 3: Spectral extraction

The Ahsoka pipeline described by Louie et al. (in prep) produces a time series of 1D (flux
versus wavelength) stellar spectra by applying the box extraction algorithm from nirHiss

to the BadPix step output frames derived in Stage 2. Ahsoka employs the STScI-developed
pastasoss package8 (Baines et al. 2023a,b) to determine the spectral trace position and
wavelength solution. During observations, both the NIRISS SOSS spectral trace and wave-
length solution are known to vary by a few pixels depending upon the precise position of
the pupil wheel, which aligns the GR700XD grism with the optical path. The pastasoss

package takes the pupil wheel position into account to determine the order 1 spectral trace
position and wavelength solution to sub-pixel level accuracy.

Direct application of both the pastasoss package and nirHiss box extraction algorithm
to our SUBSTRIP96 data were problematic. Below, we describe in turn how we overcame
problems encountered with these two algorithms.

The pastasoss package was developed and tested on the SUBSTRIP256 subarray. We
found that the pastasoss-derived trace was not centered upon the spectral trace of our
SUBSTRIP96 data. Upon further investigation, we discovered that the order 1 spectrum for
SUBSTRIP96 is shifted 10 pixels from the trace on SUBSTRIP256, as described by Albert
et al. (2023). Figure 5.4 compares the CRDS spectral trace, the pastasoss-derived spectral
trace, and the pastasoss trace shifted by 10 pixels, all overplotted on our BadPix output
frame from integration 0. We found that the pastasoss trace shifted by 10 pixels aligned
best with our data, and used that trace moving forward.

To apply the nirHiss box extraction algorithm to our data, we tested a variety of spectral
extraction widths varying between 24 and 36 pixels, ultimately choosing a width of 30 pixels.
To select the best extraction width, we computed the mean absolute deviation (MAD) for
out-of-transit points in the raw white light curve produced from our data. We created the
raw white light curve by summing the flux within the extraction width for all wavelengths,
computing total flux for each of the 4836 integrations. We then normalized the flux for each
integration by the median flux of the out-of-transit integrations. For this computation, we
used integration indices [0,1750] and [4000,4835] as the out-of-transit points. Our extraction
width of 30 pixels minimized out-of-transit MAD. Figure 5.5 shows the raw white light curve
for the 30 pixel width box extraction.

Once the extraction width is determined, the nirHiss box extraction algorithm creates
one stellar spectrum for each integration by summing the flux across the extraction width
in each column. This provides a time series of 1D stellar spectra (flux versus wavelength).
The extracted stellar spectra for all integrations are overplotted in Figure 5.6. Examination
of the plot reveals an excessive number of outliers in our stellar spectra. We believe some
of the outliers may be due to cosmic rays, which would normally be flagged during the
JWST pipeline jump step, which was automatically skipped for our data since we only have
2 groups.

8https://github.com/spacetelescope/pastasoss
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Figure 5.5: Raw white light curve for the 30 pixel width nirHiss box extraction. We
normalized the flux for each integration by the median flux of the out-of-transit integrations.
For this computation, we used integration indices [0,1750] and [4000,4835] as the out-of-
transit points.

Figure 5.6: Extracted 1D stellar spectra (flux versus wavelength) overplotted for all inte-
grations. Each stellar spectrum is plotted in partially transparent color (alpha = 0.1 in
matplotlib plot), such that the most opaque region corresponds to the expected stellar
spectrum, while the more transparent regions indicate outlying values of flux. We see an
excessive number of outliers in our initially extracted stellar spectra, and thus opted to im-
plement an optimal extraction routine.
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To deal with the outliers in our stellar spectra, we opted to create a custom optimal
extraction routine for NIRISS SOSS data based upon the procedures outlined in Horne
(1986).

Ahsoka Stages 4, 5, 6: Eureka! application

Our application of Eureka! to NIRISS SOSS was similar to that described for NIRSpec
G395M stages 3, 4, and 5 (see §5.3, §5.3, and §5.3). In this section, we highlight the
differences in our NIRISS SOSS analysis compared to NIRSpec.

We applied Eureka! stage 4 to both white light and spectroscopic light curves. For the
spectroscopic light curves, we binned our time series of 1D stellar spectra into 100 evenly
spaced channels across the NIRISS SOSS bandpass, from 0.83 to 2.81 µm. For each light
curve, we applied a box-car filter of 10 integrations in length and clipped any 5σ outliers,
performing 5 iterations of sigma clipping, removing <1.9% of all integrations for any one
light curve.

During Eureka! stage 4, we also computed quadratic limb darkening coefficients for each
spectral channel using the ExoTiC-LD package9 (Grant and Wakeford 2022).

We used Eureka! stage 5 to fit both white light and spectroscopic light curves. As with
our NIRSpec analysis, we fixed the WASP-166b orbital parameters—period (P), inclination
(ip), semi-major axis (a/R∗), eccentricity (e), and argument of periapsis (ω)—to the Hellier
et al. 2019 and Doyle et al. 2022 values listed in Table 5.2 throughout our analysis.

Like our NIRSpec stage 5 analysis, we modeled the transit light curves using the batman
package (Kreidberg 2015b), used a polynomial model with constant and linear coefficients
c0 and c1 to model systematics, and employed a scatter multiplier to model white noise.

During our white light curve analysis, we fit for Rp/R∗ using a wide normal distribution
N(0.05177, 0.005) as a prior, and for t0 using the prior distribution N(60309.39051721021,
0.05), which was estimated using literature values of period and t0, combined with the known
time of our observations. We fit for quadratic limb darkening coefficients on a uniform
distribution U(0, 1) using the ExoTiC-LD coefficients computed in stage 4 as prior limb
darkening values.

We used prior distributions on our systematic parameters of N(1.0,0.05) for c0 and
N(0.0,0.01) for c1, and we used a prior distribution of N(1.4,2) for the scatter multiplier.

From the white light curve fit, we derived a central transit time t0 of 60309.3909657
+0.000046
−0.000046

BMJDTDB, which has an uncertainty of 3.9744 seconds. We fixed the central transit time
to the median value of t0 during our spectroscopic fits. From the white light curve we saw
no unusual events or substantial systematic trends (e.g., saturation, mirror tilt, High Gain
Antenna move disturbance, etc.).

During our spectroscopic fits, we fit for all the same parameters except for t0, which was
fixed. Our prior distributions for all fit parameters were the same as those for our white light

9https://exotic-ld.readthedocs.io/en/latest/

https://exotic-ld.readthedocs.io/en/latest/


DETECTION OF H2O AND CO2 IN THE ATMOSPHERE OF THE HOT SUPER-NEPTUNE

WASP-166b WITH JWST 109

curve fits. In each spectral channel, we again used the ExoTiC-LD coefficients computed in
stage 4 as prior limb darkening values.

As with the NIRSpec analysis, we did not manually clip any integrations, since we saw
no evidence of failed or degraded integrations in the stage 4 2-D light curve.

We used the emcee (Foreman-Mackey et al. 2013) affine invariant Markov Chain Monte
Carlo package (Goodman and Weare 2010) within the Eureka! pipeline for NIRISS SOSS
stage 5 light curve fitting. For each of our emcee fits, we ran 1000 steps, discarding the first
500 as burn-in, using 200 walkers.

NIRSpec Data Reduction

The primary tool we employed for our NIRSpec data reduction was Eureka! v0.10 (Bell et al.
2022). The full Eureka! data-reduction pipeline takes JWST time-series data through six
stages, starting with the uncal.fits data (i.e. the raw detector pixel-level flux values) all the
way through light curve fitting, and final generation of transmission spectra. The Eureka!
pipeline has been used on many JWST atmospheric analyses and has produced reliable re-
sults (Ahrer et al. 2023; Alderson et al. 2023; JWST Transiting Exoplanet Community Early
Release Science Team et al. 2023; Lustig-Yaeger et al. 2023; Moran et al. 2023; Rustamkulov
et al. 2023).

Throughout the data reduction process, our goal was to properly calibrate the data
and minimize correlated or systematic noise without degrading or introducing bias. Our
procedures for analysis of the NIRSpec WASP-166b data are discussed below.

Our data reduction procedure loosely followed the initial steps for Eureka! [V2], a cus-
tomization of the Eureka! pipeline described and applied in Alderson et al. (2023) for their
reduction of NIRSpec G395H two-detector observations. Our observations were made with
the NIRSpec G395M (single detector) configuration. To the best of our knowledge a descrip-
tion of the data reduction procedure for G395M BOTS observations of exoplanet transmission
spectroscopy has not previously been published. While the procedures for G395H reduction
were a useful starting point, we tailored our procedures for G395M data.

JWST Pipeline Stage 1: Detector-level processing

We started with the rateints.fits files (i.e. ramp-fitting calibrated flux values) available from
the Mikulski Archive for Space Telescopes (MAST).10 These files were generated by the
default Stage 1 of the JWST Science Calibration Pipeline (JWST Pipeline, version 1.12.5)11.
Stage 1 applies detector-level corrections to raw non-destructively read “ramps” from the
uncalibrated uncal.fits data in order to produce 2-dimensional count rate (slope) images per
exposure. The corrections made in this stage include detector dark current subtraction,

10The data described here may be obtained from the MAST archive at https://dx.doi.org/TBD.
11https://jwst-pipeline.readthedocs.io/en/latest/jwst/user_documentation/introduction.

html

https://dx.doi.org/TBD
https://jwst-pipeline.readthedocs.io/en/latest/jwst/user_documentation/introduction.html
https://jwst-pipeline.readthedocs.io/en/latest/jwst/user_documentation/introduction.html
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identifying known bad pixels using the CRDS map, adjustments for detector non-linearity,
dealing with cosmic ray hits, and many other effects.12.

Kirk et al. (2024) has suggested that the default ‘jump’ detection step in the JWST
Pipeline Stage 1 could be unreliable for small group numbers. The jump step will auto-
matically skip execution if the input data contain less than 3 groups per integration.13 As
our NIRSpec observation only used 3 groups per integration, we paid close attention to the
effects of the jump step. However, we saw no evidence of systematics or large scatter in
the transmission spectrum with the default jump step. We conducted a test case feeding
the uncal.fits data through Eureka! Stage 1 while skipping the jump step and saw no dif-
ference between that and the default JWST Pipeline Stage 1 output rateints.fits files. The
remaining reduction stages were processed through the Eureka! pipeline.

Eureka! Stage 2: Spectroscopic processing

Starting with the rateints.fits files from MAST, we used Eureka! for Stage 2 processing.
This stage continues the calibration process of Stage 1, with Eureka! serving essentially as
a wrapper for the JWST Stage 2 pipeline. Based on Early Release Science (ERS) program
literature (Ahrer et al. 2023; Alderson et al. 2023; JWST Transiting Exoplanet Commu-
nity Early Release Science Team et al. 2023; Lustig-Yaeger et al. 2023; Moran et al. 2023;
Rustamkulov et al. 2023), we followed the default steps in this stage, with three exceptions.
First and second, this stage typically performs flat-fielding and unit conversions; however, we
skipped the flat field14, and photom15 steps as they result in a conversion to physical flux
units that is not needed for our relative flux measurements. If included, these steps could
potentially add noise depending on the accuracy of the latest detector flat fields provided
by the Calibration References Data System (CRDS; our data uses version 11.17.5).16 In
addition, the small detector region that is affected by these steps can reduce the precision
on background removal (May et al. 2023). None of the data-reduction pipelines used on
the NIRSpec ERS program data described by Alderson et al. (2023), including Eureka!,
performed a flat-field correction. As Alderson et al. (2023) explain: “the available flat fields
were of poor quality and unexpectedly removed portions of the spectral trace.”

Third, we skipped the extract 1d17 step since we are using Eureka! to perform an
“Optimal” spectral extraction in the next stage (Rustamkulov et al. 2023).

Eureka! Stage 3: Spectral extraction

Stage 3 of Eureka! begins with a background subtraction step, followed by “Optimal”
spectral extraction (Horne 1986) after correcting the curvature of the spectral trace.

12https://jwst-pipeline.readthedocs.io/en/latest/jwst/pipeline/calwebb_detector1.html
13https://jwst-pipeline.readthedocs.io/en/latest/jwst/jump/description.html
14https://jwst-pipeline.readthedocs.io/en/latest/jwst/flatfield/index.html
15https://jwst-pipeline.readthedocs.io/en/latest/jwst/photom/index.html
16https://jwst-crds.stsci.edu/
17https://jwst-pipeline.readthedocs.io/en/latest/jwst/extract_1d/index.html

https://jwst-pipeline.readthedocs.io/en/latest/jwst/pipeline/calwebb_detector1.html
https://jwst-pipeline.readthedocs.io/en/latest/jwst/jump/description.html
https://jwst-pipeline.readthedocs.io/en/latest/jwst/flatfield/index.html
https://jwst-pipeline.readthedocs.io/en/latest/jwst/photom/index.html
https://jwst-crds.stsci.edu/
https://jwst-pipeline.readthedocs.io/en/latest/jwst/extract_1d/index.html
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Figure 5.7: The measured, smoothed, and integer-rounded relative position of the spectral
trace on the detector determined with the Eureka! atmospheric reduction pipeline (Bell
et al. 2022). Significant curvature is evident.

The relative position of the spectral trace on the detector is shown in Figure 5.7. Aligning
the spectral trace is accomplished by determining the effective center of light in each detector
column with a Gaussian fit and integer-shifting each column (standard operating procedure
for Eureka!) in order to bring this effective peak to the central row of the subarray field.

For the column by column background subtraction we fitted and subtracted a flat me-
dian value from each column of the frames that were corrected for curvature, assessing the
background median using only the pixels that were more than 6 pixels away from the middle
row. We also applied a two-step outlier removal process in both time and space, with a
10σ double-iteration rejection threshold for temporal outliers and a 3σ threshold for spatial
outliers, to eliminate the effects of cosmic ray events and prevent distortion from bad pixels
in the background correction. We chose these thresholds based on published results that
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Figure 5.8: The aligned spectral trace and residual background are shown. The background
region is outside the bg6 lines, and the spectral extraction aperture is inside the ap4 lines.
Outlier pixels can be seen with certain bad pixels previously identified via the CRDS shown
in black.

we have referenced, and our own trial and error to balance the background subtraction and
filter out obvious outliers.

When constructing the median frame for “Optimal” spectral extraction, we employed an
outlier rejection threshold of 5σ. For spectral extraction, we used an aperture half-width
of 4 pixels on both sides of the center pixel (for a total of 9 pixels, including the central
pixel). During step 7 of “Optimal” spectral extraction (Eureka! ecf parameter “p7thresh”),
as defined by Horne (1986), we used a spatial outlier rejection threshold value of 15σ. No
spectral smoothing was applied to the “Optimal” extraction profile. We ran various trial
cases to determine the best combination of these background and extraction parameters to
achieve the highest precision by minimizing background noise and maximizing extracted flux.

The aligned spectral trace and residual background are shown in Figure 5.8, with the
boundaries outlined.

The result of the “Optimal” extraction process is shown for a single integration in Figure
5.9.

Stage 3 produces a time series of 1-D spectra (a 2-D light curve), first by pixel column,
and then with the wavelength calibration applied.
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Figure 5.9: 1-D spectrum, with flux versus absolute pixel position for Integration 2. We use
the “Optimal” spectrum (Horne 1986) shown in green, although it is almost an exact match
to the Standard spectrum, shown in orange. The vertical spikes along the spectral profile
indicate suspect pixel columns that were, in some cases, masked in Stage 4
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Eureka! Stage 4: Spectroscopic light curves

Using outputs from the previous stage, Eureka! Stage 4 produces spectroscopic light curves
by binning the time series of 1D spectra by wavelength. In addition, Eureka! generates a
broadband (white) light curve. The package also performs sigma clipping of outlier integra-
tions for each light curve at this stage.

Based on careful consideration of the flux level for each pixel across the spectral trace,
and, in particular, evidence of bad pixel columns in the 2D light curves generated in Stage 3,
we manually constructed a pixel column mask for those situations where the existing CRDS
Data Quality (bad pixel) mask or other unmasked outlier pixels could have significantly
impacted the fit and level of the inferred peak flux along a column. The final mask included
10 columns (∼ 0.8% of the active columns). Our goal in building this mask was to improve
the results for the affected wavelength channels, but not to introduce biases that could distort
the final transmission spectrum.

For example, in the case of a fixed spectral resolving power (R = 100), we extracted
the flux from 2.80 to 5.17 µm, splitting the light into 62 spectroscopic channels with bin
width increasing in step with wavelength for equal resolution bins. For each light curve,
we applied a box-car filter of 5 integrations in length and clipped any 4σ outliers. We
performed 20 iterations of sigma clipping in this manner. This procedure removed < 0.08%
of all integrations for any given light curve.

Eureka! Stage 5: Light curve fitting

Stage 5 of Eureka! is generally concerned with fitting light curves, both broadband (white-
light) and narrowband (spectroscopic). The focus, of course, is on determining the value of
the transit depth with errors, across the usable wavelength range.

The orbital parameters of WASP-166b (see Table 5.1): period (P), inclination (ip), semi-
major axis (a/R∗), eccentricity (e), and argument of periapsis (ω), taken from recent litera-
ture (Doyle et al. 2022; Hellier et al. 2019) were calculated from a very high-quality dataset
based on multiple transits, with multiple instruments, both ground, and space based. We
fixed these parameters throughout our analysis.

We fit the white-light curve of our observation to determine the central transit time
(Figure 5.10). The result was 60325.72131+0.000037

−0.000035 BMJD TDB (note uncertainty of < 4
seconds) which we fixed to the median value for the analysis of our spectroscopic light
curves. Similar to the NIRISS SOSS reduction, we saw no unusual events or substantial
systematic trends in the white light curve (e.g., saturation, mirror tilt, High Gain Antenna
move disturbance, etc.).

We used batman (Kreidberg 2015b) within the Eureka! framework to model the transit
light curves.

Throughout our analysis of the white-light and spectroscopic light curves, we fit for the
coefficients of our limb darkening model, following the guidance of Espinoza and Jordán
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Table 5.2: Key parameter priors for the WASP-166b NIRSpec light curve fits with Eureka!
(using dynesty for fitting). N(µ, σ) stands for a normal distribution with mean µ and std
dev. σ; U(a, b) stands for a uniform distribution between a and b. The physical and orbital
parameter priors are from Hellier et al. (2019) and Doyle et al. (2022). The free white light
curve central transit time t0 wlc prior was based on the time determined from examination
of the Eureka! Stage 4 white light curve as well as estimates provided through the NASA
Exoplanet Archive transit ephemeris service. The result of the white light curve fitting
process gave us a high precision (< ±4 sec) central transit time t0 slc, which we fixed for
our analysis of the spectroscopic light curves.

Parameter Prior
Physical & orbital parameters
Rp/R∗ N(0.05177, 0.01)
P (d) 5.44354215 (fixed)
t0 wlc (BMJD TDB) N(60325.72451, 0.005)
t0 slc (BMJD TDB) 60325.72131 (fixed)
ip (deg) 88.85 (fixed)
a/R∗ 11.83 (fixed)
e 0 (fixed)
ω (deg) 90 (fixed)

Limb-darkening coefficients (quadratic)
u1 U(0, 1)
u2 U(0, 1)

Systematic variables
c0 N(1.0, 0.01)
c1 N(0.0, 0.01)

Centroid decorrelation parameters
ypos N(0.0, 0.10)
ywidth N(0.0, 10.0)

White noise parameter
scatter multiplier N(1.1, 0.4)
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Figure 5.10: Broadband (white) light curve for WASP-166b, showing the fitted central transit
time (T0), and showing the exposure-long downward linear trend in normalized flux (-136
ppm/hr). We saw no other indication of unusual events or trends in the light curve.
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(2016). We chose the Eureka! implementation of the widely used quadratic limb darkening
model first described by Kopal (1950) and further discussed by Espinoza and Jordán (2015).

For all light curve fits, we kept the following as free parameters: the planet-star radius
ratio (Rp/R∗), a constant and linear photometric polynomial coefficient (c0 and c1), the
centroid decorrelation parameters (coefficients for linear decorrelation against drift/jitter
and PSF width in the spatial direction), and the scatter multiple (a multiplier to rescale
errors and produce a reduced chi-squared value of ∼ 1.0). Values for the fixed parameters,
and prior bounds for the free parameters are shown in Table 5.2.

In our inspection of the 2-D light curves generated in Stages 3 and 4, we did not see
any evidence of failed or degraded integrations, so we did not manually clip any integrations
from the analysis in this stage.

All light curve fits were performed by the dynamic nested sampling package, dynesty
(Speagle 2020) within the Eureka! pipeline framework and were run until convergence (using
500 live points and a ∆lnZ evidence tolerance of 0.001).

We saw evidence of an exposure-long slope (−136± 1 ppm per hour) in the normalized
transit light curves (Figure 5.10). This is similar behavior to what was seen during the
NIRSpec commissioning campaign reported by Espinoza et al. (2023). Evidence points to
this being a detector-level effect. As of this writing, STScI has not determined the source of
this trend, and is continuing to investigate. This slope is removed/flattened in the calibration
process of Stage 5 and does not appear to affect our results. We otherwise saw no substantial
systematic trends in the data.

Eureka! Stage 6: Transmission spectrum

Stage 6, the final stage of Eureka!, creates and displays the planet spectrum in figure and
table form using results from Stage 5.

We ran two full (pre-binned) data reduction cases for each instrument. First, we ran a
full reduction for R = 100, which resulted in a total of 62 bins with bin size varying with
wavelength. Second, we fixed the bin size to 10 pixels (bin width ∼ 0.01797 µm), for 132
bins and R ∼ 221 at 3.95 µm. The purpose of this case was to provide a consistent set of
data matched to a similarly binned (in wavelength) case for NIRISS to move forward into
our atmospheric analysis phase.

May et al. (2023) have argued that using pre-binned data at the working resolution of
the transmission spectral analysis is the best approach, rather than using the high-resolution
data and separately binning it down to the working resolution post-binning. We choose to
adopt this approach and use the pre-binned 10-pixel NIRSpec spectra for our downstream
analysis.

We show excellent spectral precision with our reduced data. For the case of a constant
10 pixel bin size, we measure transit depth errors from 39 to 108 ppm over the wavelength
range. A simulation using PandExo (Batalha et al. 2017) with this binning shows from
3 - 12% better performance than we show; however, according to Espinoza et al. (2023),
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PandExo likely is underestimating the actual errors by roughly 20%. Our realized precision
exceeds the adjusted PandExo results.

5.4 Atmospheric Modeling and Retrieval Methods

We conduct atmospheric modeling and retrievals with two different modeling packages,
POSEIDON (MacDonald 2023; MacDonald and Madhusudhan 2017) and PLATON (Zhang et al.
2019). In each subsection below we detail the inputs, assumptions, and processes that go
into both atmospheric modeling packages.

POSEIDON

The primary tool for our atmospheric characterization of WASP-166b was POSEIDON, a
Python package for the modelling and analysis of exoplanet spectra. While POSEIDON has
the capability to model 2-D and 3-D atmospheres, we focused, at least initially, on the 1-D
case (the only atmospheric variation is in the radial direction). POSEIDON allows the char-
acterization of atmospheres using both “free” and “equilibrium” chemistry. The simplifying
assumption of chemical equilibrium can be convenient for providing an early estimation of
the chemical composition of hot giant exoplanets such as WASP-166b.

POSEIDON models an atmosphere using a grid of pressure and temperature. We used a
100-layer grid, with a maximum pressure of 10 bars and a minimum pressure of 10−9 bars.
We used a relatively low minimum pressure to avoid clipping strong line cores and distorting
our results19.

POSEIDON incorporates Rayleigh scattering and absorption from pair processes — collision-
induced absorption (CIA) and free-free absorption consistent with the fill gases (i.e., the
dominant atmospheric constituents) that are present and other molecules specified in each
model atmosphere considered (including for the complex equilibrium chemistry situation).

Before considering full retrievals, we experimented with a variety of forward models to
gain insight into how the various model components (e.g. P-T profile, cloud treatment, trace
gas list) can affect our transmission spectrum. This was a somewhat qualitative exercise,
but it helped to narrow down the best candidate models for further retrieval analysis.

We considered both clear and cloudy conditions for our model atmospheres. Specifically
for POSEIDON, we have used the simple “MacMad17” cloud model (MacDonald and Mad-
husudhan 2017) that is characterized by a fixed cloud “type” (e.g., opaque cloud deck) and
a free cloud top pressure (“log P cloud”) parameter.

We explored both an isothermal pressure-temperature (P-T) profile and a two-parameter
gradient profile. Usually, when considering transmission spectroscopy, an isothermal profile
is a reasonable assumption (Greene et al. 2016; Guzmán-Mesa et al. 2020; Howe et al. 2017),
however in some cases even small shifts in temperature in the pressure range probed by

19See POSEIDON High-Resolution Spectroscopy at https://poseidon-retrievals.readthedocs.io.

https://poseidon-retrievals.readthedocs.io/en/latest/content/notebooks/high_res.html


DETECTION OF H2O AND CO2 IN THE ATMOSPHERE OF THE HOT SUPER-NEPTUNE

WASP-166b WITH JWST 119

0.8 1 2 3 4 5
Wavelength ( m)

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0

3.1

3.2

3.3

3.4

3.5

3.6

Tr
an

si
t D

ep
th

 (R
p
/R

∗
)2

×10 3

WASP-166b
Free_Chem_with_offset_v9

Retrieved Spectrum (Median)
Retrieved Spectrum (1σ)
Retrieved Spectrum (2σ)
Retrieved Spectrum (Binned)
JWST_NIRISS_SOSS_Ord1_(v0)
JWST_NIRSpec_G395M_(v58)

Figure 5.11: WASP-166b transmission spectrum from POSEIDON free chemistry retrieval,
based on an early NIRISS data reduction, and later stage NIRSpec reduction. There is a
retrieved transit depth offset between the instruments of 39 ppm; NIRISS data appears to
be ‘relatively’ low by that amount. The data actuals have not been adjusted for the offset on
the plot, but the retrieved spectrum has been. The results shown are using an ‘isothermal’
P-T model with an opaque cloud deck. Fill gases, H2 and He are present at the solar ratio.
Trace gases, H2O, CO2, SO2, and NH3 are included in the model.
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Figure 5.12: The transmission spectrum of WASP-166b with absorption contributions of the
key atmospheric constituents shown. The black markers correspond to the median transit
depths (with a coarse binning) for both instrument reductions. The forward model shown
as a black line is a very close match to the reduced observational data, and to the best-
fitting model spectrum from the POSEIDON retrieval. The colored lines correspond to the
opacity/absorption contributions (including Rayleigh scattering and collision absorption)
of the various constituent molecules at specific wavelengths. The constituent lines have
been shifted in transit depth and rescaled for clarity. The transmission spectrum is mostly
explained by contributions from H2O (20.2σ), and CO2 (4.9σ). The model also considers
SO2 and NH3 but the detection significance is too low to constrain either of these molecules.
The data for NIRISS SOSS has been shifted up by ∼ 39 ppm to account for an instrument
offset.
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Table 5.3: Model parameters and prior distributions used in the atmospheric retrievals of
WASP-166b. U (a,b) is the uniform distribution between values a and b, and N (µ, σ2) is
the normal distribution with a mean µ and variance σ2. X are the various molecular species
being considered (e.g. H2O). The POSEIDON reference pressure is 10 bars; for PLATON the
reference pressure is 100 kPa. Teq is the planetary equilibrium temperature.

Parameter Symbol Prior
Free Chemistry (POSEIDON)

Planet radius at reference pressure (m) R p ref U (0.55Rj, 0.63Rj)
Temp (K); “isotherm” T iso U (600, 1500)
Temp, max pressure (K); “gradient” T deep U (600, 1500)
Temp, min pressure (K); “gradient” T high U (600, 1500)
log(vmrX) (log(bar)) log X U (−10, 1)
log(cloudtoppressure) (log(bar)) log P cloud U (−7, 2)
Dataset offset (ppm) δrel U (−250, 250)

Equilibrium Chemistry (POSEIDON)
Planet radius at reference pressure (m) R p ref U (0.55Rj, 0.63Rj)
Temp (K); ‘isotherm’ T iso U (600, 1500)
Temp, max pressure (K); ‘gradient’ T deep U (600, 1500)
Temp, min pressure (K); ‘gradient’ T high U (600, 1500)
Carbon/Oxygen ratio C to O U (0.2, 2)
log(metallicity)18 log Met U (−1, 4)
log(cloudtoppressure) (log(bar)) log P cloud U (−7, 2)
Dataset offset (ppm) δrel U (−250, 250)

Equilibrium Chemistry (PLATON)
Planet radius at reference pressure (m) R p ref U (0.9Rp, 1.1Rp)
Temp (K) T U (0.5Teq, 1.5Teq)
Carbon/Oxygen ratio C to O U (0, 1)
log(metallicity) log Met U (−1, 3)
log(cloudtoppressure) (log(pascals)) log cloudtop P U (−0.99, 5)
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transmission spectroscopy can have a significant effect on retrieved abundances (MacDonald
and Madhusudhan 2017).

In our “free” chemistry retrievals we considered atmospheric abundances for a broad set
of trace molecular constituents, including: H2O, CO2, CO, NH3, SO2, CH4, H2S, HCN, and
C2H2. The remainder of the atmosphere in our models is composed of the fill gases H2 and
He in a solar ratio; an appropriate assumption for planets ranging from Neptune to Jupiter
in mass and radius and with equilibrium temperature less than 2000 K (D’Angelo et al. 2010;
D’Angelo and Lissauer 2018; Heng 2017; MacDonald and Lewis 2022).

POSEIDON allows for the retrieval of small transit depth offsets between instrument data
sets. We combine our NIRISS SOSS and NIRSpec G395M data for our retrieval analysis,
including a systematic offset parameter (δrel) between the two instruments.

Table 5.3 lists the various model parameters, symbols, and prior distributions used in
our retrievals for POSEIDON.

POSEIDON uses MultiNest (Feroz et al. 2009, 2013) to sample the Bayesian evidence,
and determine posterior distributions. MultiNest is used through its Python implementa-
tion PyMultiNest (Buchner 2016). As suggested by the POSEIDON documentation, we used
400 live points (which determines how finely the parameter space will be sampled) for our
exploratory retrievals, and for our final published work we used 2000 live points.

POSEIDON provides information to judge the quality of the model fits, including χ2 and
reduced χ2 values. In addition, it allows us to perform Bayesian model comparisons. For
each retrieval case it generates the Bayesian evidence (Z) value which quantifies the quality
of the model fit to the data. If we want to compare nested models (e.g., for a second model
a particular molecule is removed from the first model’s free parameter list), POSEIDON has
the facility to determine the Bayes factor and the “Equivalent” detection significance (σ) of
a particular free parameter.

We began the atmospheric characterization process of WASP-166b by performing recon
retrievals with POSEIDON using free chemistry, testing various model/parameter scenarios.

For the retrievals, we fixed the system parameters to those shown in Table 5.1 and fit
the free atmospheric model parameters presented in Table 5.3.

An example of a combined instrument, free chemistry retrieval with POSEIDON is shown
in Figure 5.11. This is a case with an isothermal P-T profile, and an opaque cloud deck. We
have included H2O, CO2, SO2, and NH3 trace gases in the model.

In conjunction with our retrieval studies, we have used forward modelling to examine the
essential shape and character of spectral features resulting from various trace gases. By con-
sidering spectra for these gases individually, we can identify candidate molecules to include
in further retrieval studies. Figure 5.12 shows forward models of the transmission spec-
trum of WASP-166b with all potentially active gases combined, and then with the spectral
contributions of the individual constituents.

Thus far, our POSEIDON retrievals have yielded a very strong detection of H2O, at a
significance level of 20.22σ. This detection significance is determined from the Bayesian
evidence odds ratio between two models, with and without the molecule in question, H2O
in this case. Similarly, we detected CO2 with a significance of 4.90σ. The other molecules
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Table 5.4: Retrieved free parameter posterior median values from POSEIDON for selected
cases. The P-T profile and Clouds define the particular parameterizations used for the
retrieval cases. The remaining columns are the median values of the marginalized posterior
distributions for the free parameters considered in each case. Beginning with Case 12, we
reduced the minimum pressure of the model atmosphere grid from 10−6 to 10−9 bars.

ID P-T profile Clouds Rp,ref Tiso Thigh Tdeep H2O CO2 SO2 NH3 logPcloud δrel
(Rj) (K) (K) (K) (log vmr) (log vmr) (log vmr) (log vmr) (log bar) (ppm)

5 “gradient” “deck” 0.560 – 659 1474 -1.86 -3.00 -5.58 – -2.52 -41
9 “isotherm” “deck” 0.570 865 – – -1.52 -2.85 -5.08 -4.07 -2.99 -39
12 “isotherm” “cloud-free” 0.599 680 – – -1.24 -1.83 -7.02 -3.89 – -50
13 “isotherm” “cloud-free” 0.616 608 – – – – – – – -79
14 “isotherm” “cloud-free” 0.607 711 – – -0.81 – – – – -89
15 “isotherm” “cloud-free” 0.602 784 – – -1.00 -1.52 – – – -55
16 “isotherm” “cloud-free” 0.601 814 – – -0.95 -1.56 -5.65 – – -51
17 “isotherm” “cloud-free” 0.599 682 – – -1.23 -1.83 -6.95 -3.91 – -50
18 “isotherm” “deck” 0.595 724 – – -1.20 -1.99 -6.41 -3.81 -1.78 -47

considered in our POSEIDON retrievals, SO2 and NH3, were not detected with any significance
relative to retrievals without each of these molecules.

PLATON

In order to corroborate/confirm our POSEIDON “equilibrium” chemistry results we used the
python package PLATON (Zhang et al. 2019), based on the well-known atmospheric modelling
code, ExoTransmit (Kempton et al. 2017).

We relied on POSEIDON for constraints of individual molecules and used PLATON to esti-
mate the planetary C/O ratio and metallicity. Additionally, we used both POSEIDON and
PLATON as tests to compare the goodness of both models against each other.

Table 5.3 lists the various model parameters, symbols, and prior distributions used in
our retrievals for PLATON.

We find that PLATON estimates a planetary metallicity of log(Z) = 2.599 ± 0.063 (Z =
397+62

−54); WASP-166b is thus quite metal-rich, roughly 4− 6x more so than Neptune, which
has 71− 100x solar metallicity (Karkoschka and Tomasko 2011).

PLATON also estimates a planetary C/O ratio of C/O = 0.49+0.10
−0.16. By comparison, the

host star WASP-166 has [C/H] = 0.15 ± 0.09 and [O/H] = 0.21 ± 0.09 from the Hypatia
catalog (Hinkel et al. 2014), which yields [C/O] = [C/H] − [O/H] = −0.06 ± 0.13 and a
resulting stellar C/O ratio of C/O = 0.87+0.29

−0.22. Thus, although WASP-166b has a C/O ratio
consistent with the Sun’s C/O ratio of 0.54 (Asplund et al. 2009), its C/O ratio is slightly
substellar in relation to its host star, low by 1.6σ
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Table 5.5: Detection significance of various atmospheric constituents based on POSEIDON

with free chemistry. The “σ to baseline” column indicates the significance level at which
each scenario is favored against the baseline, obtained by calculating the Bayes factor (lnZ).
The “factor” column shows what individual molecule or model was added from the previous
run (also bolded in the “Free parameters” column). The last column gives the single-factor
detection significance. The offset between the instruments has been included as a free pa-
rameter for all scenarios. The fill gases, H2 and He are present in all cases at the solar
ratio. The negligible ∆σ for SO2, NH3, and clouds points to non-detections for all three
components.

ID Free parameters lnZ σ to baseline factor ∆σ
13 Fill gases (H2 and He), isothermal P-T, cloud free (baseline) 1619.27± 0.16 – – –
14 H2O, isothermal P-T, and cloud free 1820.64± 0.17 20.22 H2O 20.22
15 H2O, CO2, isothermal P-T, and cloud free 1931.50± 0.19 25.12 CO2 4.90
16 H2O, CO2, SO2, isothermal P-T, and cloud free 1932.12± 0.19 25.14 SO2 0.02
17 H2O, CO2, SO2, NH3, isothermal P-T, and cloud free 1934.27± 0.20 25.23 NH3 0.09
18 H2O, CO2, SO2, NH3, isothermal P-T, and clouds 1935.56± 0.20 25.28 clouds 0.05

5.5 Discussion

Our transmission spectroscopy analysis of WASP-166b yielded detections of H2O and CO2

in the planet’s atmosphere and placed upper limits on the abundances of SO2, NH3 and the
upper altitude of any cloud deck that may be present. We compare these results to prior
analyses of WASP-166b, explain the broader context of similar Hot Neptunes and the Hot
Neptune Desert, and investigate how the atmospheric composition of WASP-166b informs
our understanding of the planet’s formation and history pathway.

Prior Atmospheric Observations of WASP-166b

The first study of the atmospheric composition of WASP-166b used HARPS transmission
spectroscopy to detect neutral sodium (Seidel et al. 2020), later confirmed by ESPRESSO
transmission spectroscopy (Seidel et al. 2022). Both studies focused on the Na I doublet
at 588.9950 and 589.5924 nm. This doublet is extremely sensitive to even small quantities
of sodium, and thus all prior sodium detections have been accomplished through the Na I
doublet (Cabot et al. 2020; Casasayas-Barris et al. 2017, 2019; Charbonneau et al. 2002;
Chen et al. 2018, 2020; Deibert et al. 2019; Hoeijmakers et al. 2019; Jensen et al. 2018;
Nikolov et al. 2016; Redfield et al. 2008; Seidel et al. 2019; Sing et al. 2016; Wyttenbach
et al. 2017). Our observations, collected with the NIRISS SOSS and NIRSpec to provide
wavelength coverage across 0.9 − 5.2 µm, are thus entirely insensitive to the presence of
sodium. However, our results are consistent with that of Seidel et al. (2020) and Seidel et al.
(2022) in that all three analyses point away from a flat transmission spectrum and toward a
low or negligible cloud deck.
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The same ESPRESSO transmission spectroscopy observations (2 transits from 2020 Dec
and 2021 Feb) used to confirm sodium detection by (Seidel et al. 2020) were subsequently also
used to investigate the presence of water vapor and clouds in the atmosphere of WASP-166b.
They were able to strongly exclude scenarios with high water content and high pressure (low
altitude) clouds that would yield the strongest water absorption signals, but they are also
able to moderately exclude scenarios with low water content and low pressure (high altitude)
clouds that would yield a non-detection. They find good fits at intermediate model with
either low water content and cloud pressure or high water content with low cloud pressure,
identifying a maximum likelihood near log10(H2O) = 4 and log10(Pcloud/bar) = − (i.e. no
cloud deck). Our results are consistent in that we do not detect the presence of clouds and also
make a strong detection of H2O. However, our measured water abundance (log10(H2O) =
−1.2) is quite high which would suggest a corresponding low cloud pressure according to
(Seidel et al. 2022). However, as they note, (Seidel et al. 2022) fix the temperature and scaling
factor and also did not consider any other sources of opacity as we do; these simplifying
assumptions may explain this slight inconsistency.

Comparison to Hot Neptune LTT 9779b

There is only one other planet in the Hot Neptune Desert that already has atmospheric
characterization with JWST: LTT 9779b (Mp = 29.32±0.8 M⊕, 4.72±0.23 R⊕, P = 0.792 d),
first detected by Jenkins et al. (2020). LTT 9779b is also the most irradiated known Neptune
planet to date. The location of both LTT 9779b and WASP-166b within the Hot Neptune
Desert can be seen in Fig 5.1. Radica et al. (2024) collected and analyzed a full phase curve
and transit with the NIRISS SOSS instrument (0.6−2.85 µm) but found only muted spectral
features. Although their findings were discrepant from a flat transmission spectrum, they
could not fully break the degeneracy between metallicity and cloud top pressure. By applying
additional constraints on planetary metallicity through interior structure modeling, Radica
et al. (2024) found that millibar pressure clouds in a H2O or CH4 dominated atmosphere was
the most likely scenario. Not only must the atmosphere LTT 9779b withstand much more
irradiation than that of WASP-166b (2500 S⊕ versus 440 S⊕), the planet is also far smaller
than WASP-166b (4.72 ± 0.23 R⊕ versus 7.1 ± 0.3 R⊕) despite very similar planet masses,
resulting in a smaller scale height and smaller spectral features. It is possible that LTT
9779b has only retained a thick atmosphere via the presence of a cloud deck that reduces
the efficiency of atmospheric loss; meanwhile, the (still high but) relatively lower stellar
irradiation for WASP-166b may allow for a puffier atmosphere with fewer clouds without
extreme atmospheric mass loss.

The Formation of WASP-166b and the Hot Neptune Desert

The high planetary metallicity (Z = 397+62
−54) and substellar C/O ratio (C/O = 0.49+0.10

−0.16)
of the atmosphere of WASP-166b allow us to constrain formation pathways for this planet.
As discussed by Öberg et al. (2011), in situ formation should lead to approximately stellar
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abundances and metallicity. On the other hand, a discrepancy between stellar C/O and
planetary C/O can be explained by planetary formation at a larger orbital separation, beyond
the H2O snow line or other snow lines (e.g. CO or CO2) where the relative abundances of
key molecules in gas or ice phase is distinct from the environment close to the host star.
Planet formation beyond a snow line at one particular C/O ratio can preserve that C/O
ratio in the planet’s atmosphere even following later inward migration across that snow line
(Madhusudhan 2019). Therefore, it appears likely that this planet underwent some degree
of planetary migration from a larger orbital separation between formation and present day.

As WASP-166b is an usual planet residing within the Hot Neptune Desert, direct theories
of how the planet formed necessarily also shed light on the formation mechanisms involved
in the origin of the Hot Neptune Desert broadly. Although the extent and paucity of the Hot
Neptune Desert have been well documented, its origins and mechanisms are less clear. Hot
Neptune Desert origin theories generally invoke either planet migration or in situ formation.
Mazeh et al. (2016) proposed that the desert upper boundary is an inner migration limit
due to either photoevaporation (atmospheric loss) at high insolation fluxes or a gap in the
inner protoplanetary disk during early planetary formation. Matsakos and Königl (2016)
theorized the desert forms as planets undergo high-eccentricity migration followed by tidal
circularization near their Roche limit. As for in situ theories, the lower desert boundary could
be the result of planet cores forming after protoplanetary disk gas has dispersed (Helled et al.
2016; Lee and Chiang 2016; Rogers et al. 2011). Batygin et al. (2016) suggested that in situ
hot super-Earth formation can lead to runaway gas accretion and create hot Jupiters, with
hot Neptunes only forming under fine-tuned accretion conditions.

Because WASP-166b likely underwent migration, this suggests that the formation of the
Hot Neptune Desert must be explained at least in part by processes governed by migration.
Formation theories for the Hot Neptune Desert that invoke migration should be explored
more thoroughly, such as photoevaporation (Mazeh et al. 2016), inner migration disk gap
(Mazeh et al. 2016) or high eccentricity migration followed by tidal circularization (Matsakos
and Königl 2016).

5.6 Conclusion

We present our atmospheric characterization of WASP-166b, a super-Neptune (P = 5.44
d, Mp = 32.1 ± 1.6 M⊕, Rp = 7.1 ± 0.3 R⊕) located within the Hot Neptune Desert. We
collected two transit observations of the planet with JWST, one transit with NIRSpec BOTS
G395M/F290LP (2.80−5.18 µm) and one transit with NIRISS SOSS Order-1 (0.9−2.8 µm)
to achieve sufficient and complementary wavelength coverage.

We reduce these observations to planetary transmission spectra and conduct forward
modeling and retrievals on the combined planetary spectrum in order to constrain the
planet’s atmospheric constituents. We find the planet’s atmosphere contains abundances
of H2O (20.22σ significance) and CO2 (4.90σ significance). We also include SO2 and NH3

in our atmospheric models but do not significantly detect either molecule. We could not
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constrain or detect any cloud deck; if there is a cloud deck, our results point toward clouds
below the observable region of the photosphere.

Puffy planets like WASP-166b are prime targets for detailed atmospheric analysis. Our
transmission spectroscopy of WASP-166b yields meaningful constraints on molecular abun-
dances, metallicity, and C/O ratio, thereby providing insight into the formation pathway and
evolution of this low-density hot super-Neptune. The high planetary metallicity (Z = 397+62

−54)
and substellar C/O ratio (C/O = 0.49+0.10

−0.16) of WASP-166b are better explained through
planetary migration than in-situ formation. This in turn provides evidence that planet mi-
gration mechanisms played an important role in the formation of the Hot Neptune Desert.
Collecting further atmospheric observations of additional Hot Neptunes will give us the in-
sights necessary to better discriminate between the various formation models for the origin
and nature of the Hot Neptune desert.

In this thesis I have presented new results across four papers, published and unpublished,
that span several methods of exoplanet detection and characterization. My work from Chap-
ters 2 and 3 corresponds to two published papers and focuses on measuring the masses of
planets in the Kepler-538 and K2-136 systems. I present cutting edge methods of stellar
activity mitigation and apply these to small RV signals within noisy data sets to detect and
constrain small planet masses. Methods like those I use must continue to develop in order
to keep up with better spectrographs producing higher quality RV observations. Improved
stellar activity models applied to observations from next-generation spectrographs will open
the field to smaller RV signals and allow for the detection of more Earth-like planets and
planets orbiting more active stars. I explore the latter case more thoroughly in Chapter 3 by
measuring the mass of K2-136c, now the smallest planet mass measurement ever made in an
open cluster. This and future studies of other young open cluster planets will yield insights
into planet evolution by providing snapshots of young, small planets. My work from Chap-
ters 4 and 5 corresponds to two draft papers that will soon be submitted for publication. In
Chapter 4 I collaborate in the development of a planet detection pipeline which I apply to
high-cadence TESS photometry to search for new planets. I expand the known planet popu-
lation by validating four short-period planets (one sub-Jupiter and three sub-Neptunes) that
may be amenable to additional characterization including RV mass determination and atmo-
spheric analysis. The work in Chapter 4 will be submitted for publication shortly. Finally,
in Chapter 5 I present a study of WASP-166b, a puffy super-Neptune in the Hot Neptune
Desert. The work in Chapter 5 will be submitted for publication shortly. By constraining
the atmospheric constituents, the planetary metallicity, and the C/O ratio, I find evidence
for a migration formation pathway for WASP-166b. These results are intriguing evidence
for planetary migration as an important mechanism in the formation of the Hot Neptune
Desert. Thus, I recommend further study of the atmospheres of additional planets in the
Hot Neptune Desert, in order to better constrain the relative importance of migration versus
in-situ formation in sculpting the Hot Neptune Desert into its present form.
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Chapter 6

Future Work

The work presented in this thesis opens up several avenues of interesting potential research
that will become only more relevant and feasible as new observing programs commence
and new telescopes and instruments come online. We have discussed the impact of current,
ground-based RV surveys and space missions like TESS and JWST on future work extending
beyond this thesis; however, these current programs and instruments will in coming years
be replaced by next-generation instruments that will be even more powerful.

From the ground, there are already several extreme precision spectrographs operating
with sensitivities well below 1 m s−1 such as EXPRES (Brewer et al. 2020), ESPRESSO
(Pepe et al. 2021), KPF (Rubenzahl et al. 2023), and NEID (Schwab et al. 2016). These
instruments have begun to bridge the order-of-magnitude gap between our previous noise
floor (∼ 1 m s−1) and the sensitivity necessary to detect habitable Earth analogs orbiting
solar-type stars (∼ 10 cm s−1).

New extreme precision spectrographs will soon come online that will be able to compete
with and outperform these contemporary instruments. For example, the G-CLEF spectro-
graph (Szentgyorgyi et al. 2016) is being commissioned for the Giant Magellan Telescope
(GMT), with completion expected in the early 2030s. G-CLEF is expected to achieve RV
sensitivity below 50 cm s−1 and has a goal to reach 10 cm s−1.

The ArmazoNes high Dispersion Echelle Spectrograph (ANDES) spectrograph (Marconi
et al. 2022) on the Extremely Large Telescope (ELT) is another planned spectrograph that
will exceed current technical capabilities. Among its several scientific goals, ANDES is being
designed in order to be able to probe the atmospheric composition of habitable, terrestrial
planets.

Approaching 10 cm s−1 sensitivity will push our detection sensitivity to smaller planets
orbiting noisier stars at longer periods, yield more detections of habitable, terrestrial worlds,
and help complete the family portraits of many planetary systems. This will allow for more
effective studies of the outer reaches of stellar systems, similar to our work on Kepler-538
in Chapter 2. It will also allow for larger and more comprehensive studies of planetary
evolution. As discussed in our work on K2-136 (Chapter 3), young stars tend to be much
more active than their older counterparts, making RV detections of young planets relatively
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difficult. Improved RV sensitivity pushing toward 10 cm s−1 sensitivity will help open the
way to larger population studies of young planets orbiting young stars, a necessary regime
for study in order to answer questions of planetary evolution.

Ground-based spectrographs are not all that will be pushed further in coming years. The
TESS mission still has several years’ worth of fuel remaining that can be used to carry on
observations potentially into the 2030s. Just as with improved RV sensitivity, additional
baselines via new TESS sector observations will pave the way for new TESS planet hunting
projects like the results we present in Chapter 4, lead to further planet detections, and
provide tighter constraints on currently known planets. In particular, TESS sensitivity will
improve for longer-period planets, planets orbiting fainter stars, and planets orbiting stars
that are noisier due their relative youth or old age.

TESS will be further aided by the upcoming PLATO mission, another space-based tele-
scope designed to detect transiting planet orbiting bright stars (Rauer et al. 2014). PLATO
is planned for launch in 2026 and is expected to detect thousands of transiting exoplan-
ets, including an expected handful of terrestrial, habitable planets amenable to atmospheric
characterization.

The Nancy Grace Roman telescope is expected to launch in May 2027 and will detected
thousands of additional exoplanets via microlensing. Unlike detection methods like transits
and RVs that become less effective at larger orbital separation, microlensing detection ef-
ficiency peaks near a semi-major axis range of of several AU. Thus, Roman will be more
sensitive to the poorly understand outer reaches of solar systems.

In addition to mere planet detection, opportunities will only improve for detailed plan-
etary follow-up observations, especially atmospheric characterization. The JWST mission,
already the most powerful space telescope ever launched, will only continue to expand our
understanding of exoplanet atmospheres. By providing unparalleled resolution and access to
the near-infrared (NIR) and mid-infrared (MIR) between 1 and 10 µm, JWST is far more
sensitive than even Hubble to numerous common atmospheric molecules like H2O, CO, CO2,
CH4, and NH3.

Our current understanding of broad exoplanet demographic features like the Hot Neptune
Desert is still very limited and nascent. Studies like our analysis of the atmosphere of WASP-
166b in Chapter 5 are an important first step to constraining Hot Neptune formation, but
individual Hot Neptune studies will need to give way to larger studies of multiple Hot
Neptune atmospheres. Only JWST or other future (i.e. unbuilt) instruments will be sensitive
to small enough exoplanet atmospheres to probe questions like this.

Another instrument that could compete with and replace JWST is the Habitable Worlds
Observatory (HWO), a proposed space mission recommended by the 2020 Decadal Survey
on Astronomy and Astrophysics (Astro20201). Planned for launch in the early 2040s, this
would be the first mission capable of performing atmospheric characterization of habitable,
terrestrial exoplanets. It is therefore the first mission that may be capable of detecting (or

1See the full survey at https://www.nationalacademies.org/

https://www.nationalacademies.org/our-work/decadal-survey-on-astronomy-and-astrophysics-2020-astro2020
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at least placing statistical constraints on) the presence of biosignatures in habitable, rocky
planet atmospheres.

In this thesis I have presented new results across four papers, published and unpublished,
that span several methods of exoplanet detection and characterization. My work from Chap-
ters 2 and 3 corresponds to two published papers and focuses on measuring the masses of
planets in the Kepler-538 and K2-136 systems. I present cutting edge methods of stellar
activity mitigation and apply these to small RV signals within noisy data sets to detect and
constrain small planet masses. Methods like those I use must continue to develop in order
to keep up with better spectrographs producing higher quality RV observations. Improved
stellar activity models applied to observations from next-generation spectrographs will open
the field to smaller RV signals and allow for the detection of more Earth-like planets and
planets orbiting more active stars. I explore the latter case more thoroughly in Chapter 3 by
measuring the mass of K2-136c, now the smallest planet mass measurement ever made in an
open cluster. This and future studies of other young open cluster planets will yield insights
into planet evolution by providing snapshots of young, small planets. My work from Chap-
ters 4 and 5 corresponds to two draft papers that will soon be submitted for publication.
In Chapter 4 I collaborate in the development of a planet detection pipeline which I apply
to high-cadence TESS photometry to search for new planets. I expand the known planet
population by validating four short-period planets (one sub-Jupiter and three sub-Neptunes)
that may be amenable to additional characterization including RV mass determination and
atmospheric analysis. Finally, in Chapter 5 I present a study of WASP-166b, a puffy super-
Neptune in the Hot Neptune Desert. By constraining the atmospheric constituents, the
planetary metallicity, and the C/O ratio, I find evidence for a migration formation pathway
for WASP-166b. These results are intriguing evidence for planetary migration as an impor-
tant mechanism in the formation of the Hot Neptune Desert. Thus, I recommend further
study of the atmospheres of additional planets in the Hot Neptune Desert, in order to better
constrain the relative importance of migration versus in-situ formation in sculpting the Hot
Neptune Desert into its present form.
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Kovács, G. et al. (Aug. 2002). “A box-fitting algorithm in the search for periodic transits”. In:
A&A 391, pp. 369–377. doi: 10.1051/0004-6361:20020802. eprint: astro-ph/0206099.

Kreidberg, L. (Nov. 2015a). “batman: BAsic Transit Model cAlculatioN in Python”. In:
PASP 127, p. 1161. doi: 10.1086/683602. arXiv: 1507.08285 [astro-ph.EP].

Kreidberg, Laura (Nov. 2015b). “batman: BAsic Transit Model cAlculatioN in Python”. In:
PASP 127.957, p. 1161. doi: 10.1086/683602. arXiv: 1507.08285 [astro-ph.EP].

Kurucz, R. (1993). “ATLAS9 Stellar Atmosphere Programs and 2 km/s grid.” In: ATLAS9
Stellar Atmosphere Programs and 2 km/s grid. Kurucz CD-ROM No. 13. Cambridge,
Mass.: Smithsonian Astrophysical Observatory, 1993. 13.

Kurucz, R. L. (May 1979). “Model atmospheres for G, F, A, B, and O stars.” In: ApJS 40,
pp. 1–340. doi: 10.1086/190589.

— (1992). “Model Atmospheres for Population Synthesis”. In: The Stellar Populations of
Galaxies. Ed. by B. Barbuy and A. Renzini. Vol. 149. IAU Symposium, p. 225.

Lafarga, M. et al. (May 2023). “The hot Neptune WASP-166 b with ESPRESSO - III. A
blue-shifted tentative water signal constrains the presence of clouds”. In: MNRAS 521.1,
pp. 1233–1252. doi: 10.1093/mnras/stad480. arXiv: 2302.04794 [astro-ph.EP].

Lee, E. J. and E. Chiang (Feb. 2016). “Breeding Super-Earths and Birthing Super-puffs in
Transitional Disks”. In: ApJ 817, 90, p. 90. doi: 10.3847/0004-637X/817/2/90. arXiv:
1510.08855 [astro-ph.EP].

Li, Jie et al. (Feb. 2019). “Kepler Data Validation II-Transit Model Fitting and Multiple-
planet Search”. In: PASP 131.996, p. 024506. doi: 10.1088/1538-3873/aaf44d. arXiv:
1812.00103 [astro-ph.IM].

Lienhard, F. et al. (July 2022). “Multi-mask least-squares deconvolution: extracting RVs
using tailored masks”. In:MNRAS 513.4, pp. 5328–5343. doi: 10.1093/mnras/stac1098.
arXiv: 2204.13556 [astro-ph.EP].

Lindegren, L. et al. (Aug. 2018). “Gaia Data Release 2. The astrometric solution”. In: A&A
616, A2, A2. doi: 10.1051/0004-6361/201832727. arXiv: 1804.09366 [astro-ph.IM].

Lissauer, Jack J. et al. (Mar. 2014). “Validation of Kepler’s Multiple Planet Candidates. II.
Refined Statistical Framework and Descriptions of Systems of Special Interest”. In: ApJ
784.1, 44, p. 44. doi: 10.1088/0004-637X/784/1/44. arXiv: 1402.6352 [astro-ph.EP].

https://doi.org/10.3847/1538-3881/ad19df
https://arxiv.org/abs/2401.06043
https://doi.org/10.1111/j.1365-2966.2012.21126.x
https://arxiv.org/abs/1204.4261
https://arxiv.org/abs/1204.4261
https://doi.org/10.1093/mnras/staa3702
https://arxiv.org/abs/2011.13357
https://doi.org/10.1051/0004-6361:20020802
astro-ph/0206099
https://doi.org/10.1086/683602
https://arxiv.org/abs/1507.08285
https://doi.org/10.1086/683602
https://arxiv.org/abs/1507.08285
https://doi.org/10.1086/190589
https://doi.org/10.1093/mnras/stad480
https://arxiv.org/abs/2302.04794
https://doi.org/10.3847/0004-637X/817/2/90
https://arxiv.org/abs/1510.08855
https://doi.org/10.1088/1538-3873/aaf44d
https://arxiv.org/abs/1812.00103
https://doi.org/10.1093/mnras/stac1098
https://arxiv.org/abs/2204.13556
https://doi.org/10.1051/0004-6361/201832727
https://arxiv.org/abs/1804.09366
https://doi.org/10.1088/0004-637X/784/1/44
https://arxiv.org/abs/1402.6352


BIBLIOGRAPHY 143

Lithwick, Yoram et al. (Dec. 2012). “Extracting Planet Mass and Eccentricity from TTV
Data”. In: ApJ 761.2, 122, p. 122. doi: 10 . 1088 / 0004 - 637X / 761 / 2 / 122. arXiv:
1207.4192 [astro-ph.EP].

Livingston, John H. et al. (Mar. 2018). “Three Small Planets Transiting a Hyades Star”.
In: AJ 155.3, 115, p. 115. doi: 10 . 3847 / 1538 - 3881 / aaa841. arXiv: 1710 . 07203
[astro-ph.EP].

Lopez, E. D. and K. Rice (Oct. 2018). “How formation time-scales affect the period de-
pendence of the transition between rocky super-Earths and gaseous sub-Neptunesand
implications for η⊕”. In: MNRAS 479, pp. 5303–5311. doi: 10.1093/mnras/sty1707.

Lopez, Eric D. and Jonathan J. Fortney (Oct. 2013). “The Role of Core Mass in Con-
trolling Evaporation: The Kepler Radius Distribution and the Kepler-36 Density Di-
chotomy”. In: ApJ 776.1, 2, p. 2. doi: 10.1088/0004-637X/776/1/2. arXiv: 1305.0269
[astro-ph.EP].

— (Sept. 2014). “Understanding the Mass-Radius Relation for Sub-neptunes: Radius as a
Proxy for Composition”. In: ApJ 792.1, 1, p. 1. doi: 10.1088/0004-637X/792/1/1.
arXiv: 1311.0329 [astro-ph.EP].

Lopez, Eric D. et al. (Dec. 2012). “How Thermal Evolution and Mass-loss Sculpt Populations
of Super-Earths and Sub-Neptunes: Application to the Kepler-11 System and Beyond”.
In: ApJ 761.1, 59, p. 59. doi: 10.1088/0004- 637X/761/1/59. arXiv: 1205.0010
[astro-ph.EP].

Lustig-Yaeger, Jacob et al. (Nov. 2023). “A JWST transmission spectrum of the nearby
Earth-sized exoplanet LHS 475 b”. In: Nature Astronomy 7, pp. 1317–1328. doi: 10.
1038/s41550-023-02064-z. arXiv: 2301.04191 [astro-ph.EP].

MacDonald, Ryan J. (Jan. 2023). “POSEIDON: A Multidimensional Atmospheric Retrieval
Code for Exoplanet Spectra”. In: The Journal of Open Source Software 8, 4873, p. 4873.
doi: 10.21105/joss.04873.

MacDonald, Ryan J. and Nikole K. Lewis (Apr. 2022). “TRIDENT: A Rapid 3D Radiative-
transfer Model for Exoplanet Transmission Spectra”. In: ApJ 929.1, 20, p. 20. doi: 10.
3847/1538-4357/ac47fe. arXiv: 2111.05862 [astro-ph.EP].

MacDonald, Ryan J. and Nikku Madhusudhan (Aug. 2017). “HD 209458b in new light:
evidence of nitrogen chemistry, patchy clouds and sub-solar water”. In: MNRAS 469.2,
pp. 1979–1996. doi: 10.1093/mnras/stx804. arXiv: 1701.01113 [astro-ph.EP].

Madhusudhan, Nikku (Aug. 2019). “Exoplanetary Atmospheres: Key Insights, Challenges,
and Prospects”. In: ARA&A 57, pp. 617–663. doi: 10.1146/annurev-astro-081817-
051846. arXiv: 1904.03190 [astro-ph.EP].

Mahadevan, S. et al. (July 2010). “The habitable zone planet finder: a proposed high-
resolution NIR spectrograph for the Hobby Eberly Telescope to discover low-mass ex-
oplanets around M dwarfs”. In: Ground-based and Airborne Instrumentation for Astron-
omy III. Vol. 7735. Proc. SPIE, 77356X, p. 77356X. doi: 10.1117/12.857551. arXiv:
1007.3235 [astro-ph.IM].

Mahadevan, S. et al. (July 2014). “The Habitable-zone Planet Finder: A status update on the
development of a stabilized fiber-fed near-infrared spectrograph for the for the Hobby-

https://doi.org/10.1088/0004-637X/761/2/122
https://arxiv.org/abs/1207.4192
https://doi.org/10.3847/1538-3881/aaa841
https://arxiv.org/abs/1710.07203
https://arxiv.org/abs/1710.07203
https://doi.org/10.1093/mnras/sty1707
https://doi.org/10.1088/0004-637X/776/1/2
https://arxiv.org/abs/1305.0269
https://arxiv.org/abs/1305.0269
https://doi.org/10.1088/0004-637X/792/1/1
https://arxiv.org/abs/1311.0329
https://doi.org/10.1088/0004-637X/761/1/59
https://arxiv.org/abs/1205.0010
https://arxiv.org/abs/1205.0010
https://doi.org/10.1038/s41550-023-02064-z
https://doi.org/10.1038/s41550-023-02064-z
https://arxiv.org/abs/2301.04191
https://doi.org/10.21105/joss.04873
https://doi.org/10.3847/1538-4357/ac47fe
https://doi.org/10.3847/1538-4357/ac47fe
https://arxiv.org/abs/2111.05862
https://doi.org/10.1093/mnras/stx804
https://arxiv.org/abs/1701.01113
https://doi.org/10.1146/annurev-astro-081817-051846
https://doi.org/10.1146/annurev-astro-081817-051846
https://arxiv.org/abs/1904.03190
https://doi.org/10.1117/12.857551
https://arxiv.org/abs/1007.3235


BIBLIOGRAPHY 144

Eberly telescope”. In: Ground-based and Airborne Instrumentation for Astronomy V.
Vol. 9147. Proc. SPIE, 91471G, 91471G. doi: 10.1117/12.2056417.

Malavolta, L. et al. (May 2017). “The Kepler-19 System: A Thick-envelope Super-Earth
with Two Neptune-mass Companions Characterized Using Radial Velocities and Transit
Timing Variations”. In: AJ 153, 224, p. 224. doi: 10.3847/1538-3881/aa6897. arXiv:
1703.06885 [astro-ph.EP].

Malavolta, L. et al. (Mar. 2018). “An Ultra-short Period Rocky Super-Earth with a Secondary
Eclipse and a Neptune-like Companion around K2-141”. In: AJ 155, 107, p. 107. doi:
10.3847/1538-3881/aaa5b5. arXiv: 1801.03502 [astro-ph.EP].

Mamajek, Eric E. and Cameron P. M. Bell (Dec. 2014). “On the age of the β Pictoris
moving group”. In: MNRAS 445.3, pp. 2169–2180. doi: 10.1093/mnras/stu1894. arXiv:
1409.2737 [astro-ph.SR].

Mandel, K. and E. Agol (Dec. 2002). “Analytic Light Curves for Planetary Transit Searches”.
In: ApJ 580, pp. L171–L175. doi: 10.1086/345520. eprint: astro-ph/0210099.

Mann, A. W. et al. (Jan. 2019). “How to Constrain Your M Dwarf. II. The Mass-Luminosity-
Metallicity Relation from 0.075 to 0.70 Solar Masses”. In: ApJ 871, 63, p. 63. doi:
10.3847/1538-4357/aaf3bc. arXiv: 1811.06938 [astro-ph.SR].

Mann, Andrew W. et al. (Feb. 2016). “Zodiacal Exoplanets in Time (ZEIT). I. A Neptune-
sized Planet Orbiting an M4.5 Dwarf in the Hyades Star Cluster”. In: ApJ 818.1, 46,
p. 46. doi: 10.3847/0004-637X/818/1/46. arXiv: 1512.00483 [astro-ph.EP].

Mann, Andrew W. et al. (Jan. 2018). “Zodiacal Exoplanets in Time (ZEIT). VI. A Three-
planet System in the Hyades Cluster Including an Earth-sized Planet”. In: AJ 155.1, 4,
p. 4. doi: 10.3847/1538-3881/aa9791. arXiv: 1709.10328 [astro-ph.EP].

Marconi, A. et al. (Aug. 2022). “ANDES, the high resolution spectrograph for the ELT:
science case, baseline design and path to construction”. In: Ground-based and Airborne
Instrumentation for Astronomy IX. Ed. by Christopher J. Evans et al. Vol. 12184. So-
ciety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, 1218424,
p. 1218424. doi: 10.1117/12.2628689.

Martin, D. Christopher et al. (Jan. 2005). “The Galaxy Evolution Explorer: A Space Ul-
traviolet Survey Mission”. In: ApJ 619.1, pp. L1–L6. doi: 10.1086/426387. arXiv:
astro-ph/0411302 [astro-ph].

Mart́ın, Eduardo L. et al. (Mar. 2018). “The Lithium Depletion Boundary and the Age of
the Hyades Cluster”. In: ApJ 856.1, 40, p. 40. doi: 10.3847/1538-4357/aaaeb8. arXiv:
1802.07155 [astro-ph.SR].

Masuda, Kento and Daniel Tamayo (Nov. 2020). “Revisiting the Architecture of the KOI-89
System”. In: AJ 160.5, 224, p. 224. doi: 10.3847/1538-3881/abb8cd. arXiv: 2009.06850
[astro-ph.EP].

Matsakos, Titos and Arieh Königl (Mar. 2016). “On the Origin of the Sub-Jovian Desert in
the Orbital-period-Planetary-mass Plane”. In: ApJ 820.1, L8, p. L8. doi: 10.3847/2041-
8205/820/1/L8. arXiv: 1603.00414 [astro-ph.EP].

https://doi.org/10.1117/12.2056417
https://doi.org/10.3847/1538-3881/aa6897
https://arxiv.org/abs/1703.06885
https://doi.org/10.3847/1538-3881/aaa5b5
https://arxiv.org/abs/1801.03502
https://doi.org/10.1093/mnras/stu1894
https://arxiv.org/abs/1409.2737
https://doi.org/10.1086/345520
astro-ph/0210099
https://doi.org/10.3847/1538-4357/aaf3bc
https://arxiv.org/abs/1811.06938
https://doi.org/10.3847/0004-637X/818/1/46
https://arxiv.org/abs/1512.00483
https://doi.org/10.3847/1538-3881/aa9791
https://arxiv.org/abs/1709.10328
https://doi.org/10.1117/12.2628689
https://doi.org/10.1086/426387
https://arxiv.org/abs/astro-ph/0411302
https://doi.org/10.3847/1538-4357/aaaeb8
https://arxiv.org/abs/1802.07155
https://doi.org/10.3847/1538-3881/abb8cd
https://arxiv.org/abs/2009.06850
https://arxiv.org/abs/2009.06850
https://doi.org/10.3847/2041-8205/820/1/L8
https://doi.org/10.3847/2041-8205/820/1/L8
https://arxiv.org/abs/1603.00414


BIBLIOGRAPHY 145

May, E. M. et al. (Dec. 2023). “Double Trouble: Two Transits of the Super-Earth GJ 1132 b
Observed with JWST NIRSpec G395H”. In: ApJ 959.1, L9, p. L9. doi: 10.3847/2041-
8213/ad054f. arXiv: 2310.10711 [astro-ph.EP].

Mayo, Andrew W. et al. (Oct. 2019). “An 11 Earth-mass, Long-period Sub-Neptune Orbiting
a Sun-like Star”. In: AJ 158.4, 165, p. 165. doi: 10.3847/1538-3881/ab3e2f. arXiv:
1908.08585 [astro-ph.EP].

Mayor, M. and D. Queloz (Nov. 1995). “A Jupiter-mass companion to a solar-type star”. In:
Nature 378, pp. 355–359. doi: 10.1038/378355a0.

Mayor, M. et al. (Dec. 2003). “Setting New Standards with HARPS”. In: The Messenger
114, pp. 20–24.

Mazeh, T. et al. (May 2016). “Dearth of short-period Neptunian exoplanets: A desert in
period-mass and period-radius planes”. In: A&A 589, A75, A75. doi: 10.1051/0004-
6361/201528065. arXiv: 1602.07843 [astro-ph.EP].
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